{THRU)

______4_,4__,7,__-—-——

(CODEY/. -~
a

P
s s

(CATEGORY)

e

GPO PRICE $—
csFTt PRICES) § e

Hard copy (HC) .——G-’L-C) S

NN/ S

Microﬁche (MF

i 653 July 65

_ R

gt



W

ROCKETIDYNE

A DIVISION OF NORTH AMERICAN ROUKWELL CORPORATION
6633 CANOGA AVENUE. CANOGA PARK, CALIFORNIA 91304

R-7450-2 9
J-2 ENGINE AS-502 (APOLLO 6)
FLIGHT REPORT
S-II AND S-IVB STAGES

VOLUME 2: S-II STAGE FAILURE ANALYSIS

\— J

Contract NASB-19
Exhibit A
Para. A.%.a

PREPARED BY

Rocketdyne Engineering
Canoga Park, California

APPROVED BY

WL,

P. D. Castenholz
J-~2 Program Manager

NO. OF PAGES 28% & xiv REVISIONS DATE 1Z7_June 1968
DATE REV. BY | PAGES AFFECTED REMARKS

FORM R18-G REV. 967




PRECEDING: PAGE BLANK NOT FILMED.

F*OREWORD

This report was prepared by Rocketdyne, a
division of North American Rockwell Corp-

oration, under Centract NAS8-19,

ABSTRACT

FETY

This is Volume 2 of a five-volume report
on the operation of the J-2 engines during
the flight of Apollo/Saturn AS-502. This
volume presents the analysis of the prema-
ture shutdown of J-2 engines J2044 and
J2058.

The volumes of this raport are:

Volume 1: Flight Performance Analysis

® Volume 2: S-II Stage Failure Analysis

Volume 3: S-IVB Stage Failure Analysis
Volume %4: Flight Failure Verification Testing
Volume 5: Post-Flight Design Modifications
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"NTRODUCTION

This report presents results of analysie and investigation of S-II stage
J-2 engine and related svstem operation during flight of the AS-502 vehicle.
Information as contained herein supplements che J-2 Engine Performance
Analvsis Report for Flight AS-502, S-II and S-IVB stages, and relates
primarily to flight anomalies associated witu early shutdown of S-II1
engine 202 (J2044). Included are: (; summary of S-II events from AS-502
vehicle liftoff through S-~II stagingxggadfinal cutoff, including aromalies
noted; a description of the primary failure mode; tonclusions with regard
to flignt failure related anomalies; discussion of flight failure related
anomalies, including hypotheses or conclusions, analyses, calculdtions, and
corroborative data; discussion of anomalies not related to the flight fail
ure; testing accomplished in support of the AS-502 flight; and alternate

hypotheses considered.
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SUMMARY
DESCRIPTION OF EVINTS

Operation of S-IT stage J-2 engines was normal until approximately 220
seccnds range time, at which point a series of events commenced which
culminatednin failure and shutdown of engine 202 (J204%) and subsequent
shutdown of engine 203 (J2058). The general hypothesis stated in_the
following paragraphs was developed from analysis of flight data and engiﬁe

test data conducted in support of flight failure analysis.

220 to 260 Seconds Range Time

Observed Occurrences. Gradunal decrease of S-II engine compartment

temperatures.

Causes. Partial failure of engine 202 ASI fuel line downstream bellows,
resulting in approximétely 1 1b/sec fuel leakage into the engine compart-
ment, with attendant cryogenic chilldown ¢f compartment area. Reduction
in ASI fuel flow resulted in ASI mixture ratio increase to above 2.5,
raising ASI combustion temperature, and initiating erosion of the ASI

nozzle (main injector).

260 to 319 Seconds Range Time

Observed Occurrences. Continued chilling of engine compartment area;

engine 202 components indicate chilling. Engine 202 gradual performance
decay becomes apparent. At 282 seconds range time, the engine 202 yaw
hydraulic actuator AP indicates an increase and engine 202 EAS (engine

actuation system) hydraulic temperatures indicate chilling.

Couses. Gradual increase in ASI fuel line leakage to approximately 2

1b/sec, resulting in engine gradual performance decay of approximately

6 psi. Progressive ASI fuel leakage resulted in increased ASI mixture

R--7450-2 x




ratio to above 8, with attendant increased ASI combustion temperature
and accelerated erosion of the ASI nozzle (main injector). Cryogenic
chilldown of the engine 262 yaw hydraulic actuator AP transducer resulted
) .n an erroneous AP indication. Ingine 202 EAS hydraulic temperature de-

creases resulted from increased ASI fuel line lealage.

319 Seconds Range Time

Cbserved Occurrences., FEngine 202 rapid performance decay (22.9-psia

chamber pressure decrease), Ingine 202 yaw and pitch hydraulic actuators
indicate compressive forces (7800 and 7150 pounds, respectively). General

chilling of engine compartment and engine components continues.

Causes. Eiosion o* ASI nozzle progressed beyond penetrationvof the main
injector fuel mahifold, resulting in structural degradation of the in-
jector face (Rigimesh) and oxidizer feed posts. A fragment of the central
portion of the injector face, fuel sleeves, or ASI nozzle broke away from
the injector, and was accelerated through the thrust chamber throat,
striking tﬁe intericr wall of the thrust chamber near the exit prior to

ejection from the chamber; rupture of several thrust chamber tubes with

attendant fuel leakage to the interior of the thrust chamber bell occurred.

Ingine performance degraded as ¢ result of the thrust chamber fuel leakage
(approximately 9 1b/sec). Fuel leakage to the interior of the thrust
chamber bell caused displacement of the engine thrust vector in such a
manner as to result in compressive loading of the yaw and pitch hydraulic
actuators to the values measured. Engine 202 rebalance occurred, stabil-
izing both ASI fuel line leakage and engine periormance; perforunance con-
tinued to be relatively stable until 412.3 seconds range time. Main in-
jector internal erosion continrued, including violation of oxidizer in-

jector manifold passages.

412.3 to 412,921 Seconds Range Time

‘Observed Occurrences, FEngine 202 slight performance decay followed by

rapid performance decay, characterized by increase in oxiiizer and fuel

4 R~7450-2
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flows and decrease in main chamber pressure. Engine compartment forward
temperatures and pressures increased rapidly with associated aft parameters
lagging behind. ~Operation of engine 202 terminates at 412,921 seconds

range time.

Causes. Continued erosion of the ASI nozzle finally resulted in failure

of the ASI-to-main injector seal, providing a low resistance path for the
oxidizer, fuel, and hot gases pouring into the nozzle area. This oxidizer-
rich flow of hot gases past the ASI injector into the engine compartment
area quickly eroded into the oxidizer dome proper, resulting in a slight
initial performance decay followed by overboard flow of oxidizer, rapid
dropoff of performance, and dropout of mainstage 0K (oxidizer injection)

pressure switches, and cutoff of the engine.

414,.2 Seconds Range Time

Observed Occurrences. S—~II engine 203 (J2058) operation was prematurely

terminated.

Causes. Cutoff of engine 203 was typical of a normal oxidizer depletion
cutoff, and was initiated by dropout of the engine mainstage OK pressure
switches. Engine 203 cutoff resulted from an oxidizer prevalve closing

signal originating in the engine 202 prevalve control circuit, i.e.,

crossed oxidizer prevalve control commands between engines 202 and 203.
AS-502 S-II EVENTS
The AS-502 vehicle was launched on schedule from launch complex 39-A at

Kenncdy Space Center on 4 April 1968. Events prior to liftoff were

normal, and the final 8 hours of countdo'u proceeded without interruption.

R-7450-2 5




Flight events recorded during the S-IC stage and S-II stage boost portions
of the AS-502 flight are listed in Table 1.

Operation of J-2 engine J2044. 5-II engine 202 (Fig. 1), is described

in general in the following paragraphs.

Fuel Feed System

Engine 202 fuel feed system operation (upstream of the main fuel valve)
was satisfactory through cutoff. Rapid decay of fuel inlet pressure-at
cutoff has been attributed to a ruptured instrument sensing line and

not a major leak in the fuel feed system, Investigation of other system
parameters indicates that the fuel feed system upstream of the main fuel
valve was basically intact following cutoff., TFlight data i.dicate that
AST fuel feed system leakage existed as early as 220 seconds range time
and that fuel feed system leakage downstream of the main fu~1 valve re-

sulted from damage to the thrust chamber at 319 seconds range time.

Oxidizer Feed System

Oxidizer feed system operation was satisfactory until cutoff, at - hich

time system integrity appears “o have been lost.

Gas Generator and Exhaust System

Several ancmalies occur in this system during flight and following engine
202 cutoff; however, system operation was generally satisfactory. During
the range time period from 220 seconds to 413 seconds, the gas generator
valve position trace indicates valve closure of approximately 5 percent.
Engine performance, however, does not reflect this change, and subse-

quent laboratory tests revealed that cryogenic chilldown of a gas gen-
erator valve notentiometer resulted in indication of the closing character-

istic observed in the flight data. At approximately 416 seconds range

6 R-7450-2
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HEAT SHIELD .

(View Loowna det)

Figure 1. AS-502 S-II Engine Cluster Positions and
Serial Numbers
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time (following cutoff of engine 202). the gas generator valve actually
reopened, as indicated by flight data. During the engine 202 ~cutoff
transient, gas generator chamber pressure spiked to 450 psia; this occur-—
rence is a result of the type of shutdown expericnced by engine 202,

Following cutoff, the engine 202 oxidizer turbine bypass valve did not

open fully.

Gaseous Hydrogen Start System

Start system performance was satisfactory during engine 202 operation,
but system integrity was lost following cutoff, as evidenced by rapid

dropoff of start tank pressure.

Pneumatic Svstem

Engine 202 pneumatic system operation was satisfactory until the cutoff
transient, at which time the oxidizer turbine bypass valve opening con-
trel line appears to have been damaged. This dumage resulted in slow
opening of the OTBV and reopening of the gas generator valve following
cutoff, The gas generator oxidizer injection purge appears to have been

obstructed at cutoff.

Instrumentation Systems

Operation of engine 202 primary and auxiliary flight instrumentation

gystems was satisfactory, and valid data were given throughout the flight.

Fuel Pressurization System

Overall operation of the engine 202 fuel pressurization system was satis-
factory throughout operation of the engine, with tank ullage pressure

maintained within the required limits.

10 R-7450~2




e

'm"‘!-r\

Oxidizer Pressurization System

Operation of the engine 202 oxidizer tank pressurization system was satis-
factery until engine cutoff. Flight data indicate failure of the engine
202 heat exchanger outlet flex line downstream of the heat exchanger
outlet te:perature transducer and upstream of the stage oxidizer pres-

surization manifold check valve,

Related Systems and Conditions

Stage Hydraulic System, Operation of the stage hydraulic system associated

with engine 202 was satisfactory until 282 seconds range time, when abnormal

drift was indicated by the yaw actuator AP transducer,

S~11 Engine Environment., The S-I1 engine compartment temperature environ-

ment during the A3-502 flight was lower than experienced during AS-501
operation. Environmental parameters exhibited normal trends until 220
geconds, at which time cryogenic chilling of the engine compartment was
noted. The chilling effect continued through the remainder of engine 202

operation.

CONCLUSIONS

Operation of AS-502 S-II J-2 engines was normal until approximately 220

seconds range time,

A leakage failure of the engine 202 ASI fuel line occurred at approxi-
mately 220 seconds range time, precipitating the following events and

eventually resulting in premature termination of engine 202 operation:
l. Cryogenic chilldown of the engine compartment area, engine com-

ponents, and stage compounents (chilldown continued until er_ine
202 cutotf)

R-7450-2 11




2. Reduction in ASI fuel flow, with attendant high ASI operating
mixture ratios and erosion of the ASI nozzle (main injector).
The erosion process continued, structurally weakening tae
central portion of the injector until, at approximately 319
seconds range time, a fragment of the injector broke away,
was ejected through the thrust chamber throat, and struck the
interior of the thrust chamber nozzle near the exit, resulting
in damage to thrust chamber tubes, leakage of fuel to the inter-
ior of the thrust chamber, a shift in engine performance, and

loading of the gimbal actuators,

3. Degradation of ASI-to-injector sealing capability occurred at
approximately 412.3 seconds range time because of continued
erosion internal to the main injector, producing a leakage path

for oxidizer, fuel, and comwbustion products to atmosphere,

4. These oxidizer-rich hot gases escaping through the degraded ASI
sealing surface rapidly eroded and penetrated the oxidizer dome.
Engine performance decayed rapidly at approximately 412.,7 seconds
range time and oxidizer injection pressure was lowered to the
point where dropout of the engine mainstage OK pressure switches

occurred, signalling engine cutoff at approximately 412.921 seconds.

5. Illot-gas leakage to the interior of the engine compartment, com-
bined with oxidizer and fuel leakage external to engine 202, pro-
duced a fire within the engine compartment, as evidenced by rapid
rise in compartment temperatures and pressures. The fire at cutoff
of engine 202 produced other anomalies,

Engine 202 hydraulic actuator A P anomalies occurring from approximately
260 to 319 seconds range time were erroneous, and resulted from malfunc—

tion of actuator A P transducers whe: chilled to cryogenic temperatures,
Engine 202 hydraulic actuator A P indications noted at 319 seconds range

time resulted from creation of a loading moment about the gimbal bearing

created by leakage of fuel to the interior of the thrust chamber nozzle.

12 R-7450-2
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Engine 202 hydraulic actuator A P indications following cutoff of the
engine are attributed to loading because of pressurization of the fuel

inlet duct.

Premature termination of engine 203 operation resulted from crossed pre-—
valve control signals between S-1I cluster positions 2 and 3, i.e., shut-
down of engine 202 resulted in closing of the engine 202 fuel prevalve and
the engine 203 oxidizer prevalve, thus precipitating on oxidizer depletion-

tvpe cutoff of engine 203.

Performance shifts noted for S-II engines remaining in operation following
cutoff of engines 202 and 203 were erroncous, and resulted from a shift

in telemetry signal strength.
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AS-502 S-1T ANOMALIES
Anomalies discussed in this section are directly associated with cutoff
of engines 202 and 203, either as contribution factors or as resulting
from contribution factors.

S~11 THIEPMAL ENVIRONMENT

Temperature Decav: Range Time 220 Seconds

Description of Event. Engine component and stage temperature parameters

indicate that portions of the S-II hoattail region experienced a cooling
trend beginning at approximately 220 seconds range time. Temperature plots
(Fiz. 2 through 28) iliustrate boattail thermal characteristics as a func-
tion of time, The engine compartment cooling region generally related to
the area occupied by engines 201, 202, and 205, and extended from. the heat
shiceld forward to the base of the oxidizer tank. Comparative data from
flight AS-501 are included in Fig. 1 through 24 to illustrate that the
cooling trend was not encountered during that flight. The chilling trend
continued through S-II flight until cutoff of engines 202 and 203 (range
times 412.925 and 41%.277 seconds, respectively).

Hypothesis. Cryogenic leakage into the engine compartment resulted in the
area temperature decay. The so»urce of cryogenic leakage was primarily the
engine 202 AST fuel line at or near the downstream flex section. The cryo~
genic leakage increased with time until it reached approximately 2 seconds at
290 seconds range time., At 319 seconds range time, a fragment of the eroding
main injector struck several thrust chamber nozzle tubes, resulting in an
engine performance shift. Cryogenic leakage continued after this abrupt
performance shift vntil engine 202 cutoff was initiated, maintaining *he
compartment chilling trend. Data also indicate the possibility of a small
eryogenic leak of similar nature in the engine 205 ASI fuel line. This

possible leak has no effect on stage operation other than local chilling,

Corroboration of Hvpothesis. Definite indications of engine 202 performance

decay commenced at approximately 260 seconds range time,

R-7450-2 15




Additional Comments. The overall pattern of engine compartment chilling

is difficult.to attribute to a single leak source located at the downstream
end of the engine 232 ASI fuel system. In particular, thrust cone stringer
temperature 897, thrust cone forward ambient temperature, instrumentation
container aft surface temperatnre 514, and engine 205 main oxidizer valve
and closing control line temperatures €032 and CO33 are relatively remote
from the hypothesized engine 202 ASI fuel line leakage location; these
parameters suggest the existance of several cryogenic leak sources, not
necessarily related to shutdown of engine 202, In particular, data indi-
cate a small leak from the engine 205, possibly a failure of the ASI fuel

line,

Heat Flux Increase: Range Time 319 Seconds

Description of Event. The three heat flux measuresments €665, €722 and

C858 around engine 202 indicate a step increase of approximaieliy 10 percent

at 319 seconds range time (Fig. 2).

.vaothesis. A calculated fuel loss of approximately 7.9 lb/sec occurring “
at 319 seconds would result in a thrust chamber mixture ratio change of
+0.4% to+0.5 mixture ratio units This increase in mixture ratin would,
in turn, cause the heat flux from the thrust chamber exhaust plume to
increase approximately 10 percent, thus accounting for the indicated

flux increase.

Corroboration of Hypothesis, Calculations indicating the 10-percent heat

flux increase are based on MSFC-supplied thermal environment data which
vield an increase in  of 25 percent when changing the mixture ratio from
4,7 to 5.5. The indicated change in thrust chamber mixture ratio of +0.4
mixture ratio units was extrapolated from the MSFC data, yielding the
approximate increase in heat flux that was noted during flight. The
outboard location of the ruptured nozzle tubes is such that minimum effect
of the fuel discharging into the exhaust plume is seen by the calorimeters,
Thus, the calorimeters can sense the change in injector end combustioa

accurately,

16 R-7450--2
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PERFORMANCE

Fngine 202 Performance Decay: Range Time 260 to 319 Seconds

Description of Kvent. A number of engine parameters indicated a gradual

decay in engine 202 performance beginning approximately at the 260-second

rang - time period and coutinuing to the 319-second point, at which time

an abrupt dowashift in engine performance was eaperienced. A list of
“engine parameters over this time interval is presented in Table 2. Graphic

pluots of main chamber pressure and gas generator chamber pressure are pre-—

sented in Fig. 29 and 30, illustrating the gradual decay in these parameiersg

llypothesis, Cryogenic leakage, which had begun to chill down the engine
compartment at approximately 220 seconds range time, was progressive in
nature, increasing with time. After 260 seconds range time, it was of
sufficient magnitude to be unoted in measured performance parameters, The
source of leakage was the ASI fuel feed system, in or near the downstiream
1/2-inch Lellows section., Based on the fuel punip flow cvefficient rela-
tionship ¢/N, leaknge from the ASI fue. line increased to a maximum level
of approximnieiy 2 1b/aec at 290 seconds. At 319 seconds range time, an

abrupt performance loss occurred., The 319-second performance shift is

explained in the next sectioun,

Corroboration of Ilypothesis, Tuel pump speeds and flows for all five

engines were compared over the 250 to 318 seconds interval (Table 3).

The ratio of Apump sPeed/zxpump flow was the lowest for the No., 2 engine
fuel pump, suggesting a decrease in downstream resistance (fuel puy
outlet and main chamber pressure), Stage acceptance uata for this pump
were then compared rver the same portion of the acceptance test (Table 3),
A higher ratic of A pump speed/é;pump flow was noted during the acceptance
test than on the flight indicating that a change in enginé 202 pump

speed/flow characteristics had occurred daring the flight,

Wk R—?’!SO—Q




ﬁi TABDLE 2

INGINE 202 PERFORMANCE CHANGES, 250 1o 318 SECONDS RANGE TIME

{(kngine J2044 In-Run Flight Performance Shifts)

Parameter Measured Iiight Snift
Number Parameter (250 to 318 seconds)

Temperature, I

C001-202 Fuel Pump Discharge +0,03
C002-202 Oxidizer Pump Dischavge -0.02
C003-202 Fuel Turbine Inlet ~0,7
C00L~200 Oxidizer Turbine Inlet =34
C008-202 Gas Generator Fuel Valve Inlet -0,52
C009-202 Gas Generator Uxidizer Valve Inlet 0, 04
€014-202 Main Tuel Injection +1,3
£326-~202 Oxidizer Turbine Outlet -4.0
C329-200 Thrust Chamber Jacket -1.0
C585-202 Hleat Exchanger Ouilet -65.7
€663-202 Fngine Inlet Oxidizer ~0,02
£664-200 Ingine Inlet Fuel +0.03
Pressure, psi
D0O01-202 Main Trel Injection +4, 0
DO02-202 Gas Generator IMuel Injection w0
D004~202 Fuel Pump Balance Piston Cavity -2,1
D005~202 Fuel Pump Discharge ~1.3
D006-202 |- Main Oxidizer Injecticn -0.5
DO07-202 Gas Generator Oxidizer Injection +3, 2
DO08-202 Oxicizer Turbiuc Inlet +0. 0
D010-202 Oxidizer Turbine Outlet ~0.1
D011~202 Oxidizer Pump Discharge -7.7
D013~202 Thrust Chambey 0.4
DO14~202 Gas Generator Chamber 7.9
D091.-202 Engine Inlet Oxidizer +0, 18
D092-~202 Ingine Inlet Fuel -0.49
D166-~202 Yaw Actuator +19270,4
D167-202 Pitch Actuator +26.1
D191~202 PC Valve Outlet 0.1
D192-202 Oxidizer Pump Primary Seal +0.5
D231-202 Fuel Tank Pressure Regulator Inlet =, 6
Flowrate zpm
FO01-202 Main Fuel +86. &
1002-~202 Main Oxidizer 2,2
Speed, rpm
7001-202 Fuel Pump +105,8
T002-202 Oxidizer Pump =22, 2
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Chamber Pressure Perfermance Decay, 250 1o 318 Seconds
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TABLE O

COMPARATIVE PERFORMANCE OF S-IT ENGINES

Range
Time, neine Number
seconds 201 209 ] 203 204 205
Flight Data AS-500
Fuel rpm 250 07,237 1 26,400 | 27,048 | 26,820 | 2,320
Yuel rpm 318 27,313 | 20,597 | 27,178 | 26,98 | 27,390
rpm 250 to +G6 + 98 4130 +98 +70
318
Fuel gpm 250 7,901 7,803 7,836 7,995 8,119
Fuel opm 318 7,923 | 7,850 | 7,875 | 8,017 1 8,136
o pm 250 Lo +29 +27 +39 -2 +11
518
Ratio Arpm/Agpn 4,36 2,08 3.33 4,45 6.36
Oxidizer rpm 250 8,569 8,547 8,611 8,620 8,603
Oxidizer rpm 318 8,563 8,526 8,602 8,617 8.601
rpm 250 to -t -1 -9 ) -2
318 - ‘
Oxidizer gpa 250 2,846 2,820 2,854 2,841 2,837
Oxidizer gpm 318 2,846 2,813 2,848 2,8% 2,835
gpm 250 to Iy Wy -6 -3 s
318
Stage Acceptance Data
Fuel rpm 250 ~ 1 06,655 - - -
Fuel rpm .18 - 26,773 - - -
N\ rpm 250 to - +148 - - -
318
Tael gpm 250 - 7,845 - - -
Tuel gpm 318 - 7 ,80% - - -
2\ epi 2350 to - +48 - - -
318
Ratio Ovpa/\gpm - 3,08 - - -
Oxidizer rpm 250 - 8,651 - - -
Oxidizer rpm 318 - 8,653 - - -
rpm 250 to - +2 - - -
718
i
Oxidizer gpm 0RO - 2,854 - - -
Oxidizoe gpm 318 - 2,856 - - -
Z\gxpm 250 to - +a - - -
| 318
48 -7450--2
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ﬁ Oxidizer pump speed and f{low relatienships for all five eunines were also
compare ¥ {Table »), vver the 230- 1o 318-second time interval, charac-
teristically the oxidicer flows and speed are normally qguite stable, The
only noteworthy observation was that engine 202 oxidizer pump speed de-
creased more than twice the rpm of anv other envine {although the ramre
was small)., Stage acceptance data were then coméared over the sawe por lon
of the acceprance test. IFlight and acceptance flowrates aureew well in
character, but the acceptance pump zpeed did new show the fall-ofl {n rpu
that was observed durinr the flicht, The implicatrion is that the decrease
in dewnstiream resistance (namely, ovidizer pump outlet pressure and main
ciiumber pressure) is a real phencmenoun, since 1t was confirmed by beth

fuel and oxidizer pump charactcristics,

gf eight critical p.essure parametiers related 10 gas generatrr and ihrust
. - s i .

chamber operation, five indicated gradual decreases: gas renerator
chamber, main chamber, oxidizer injection, and fuel and oxilizer pump

dischargze pressures,

A 1.3 F iucrease in fuel “ajection temperature was noted during the 250-
to 318-second lime intervual, despite the slight imcrease in total engine
fuel flow in that same period, suggeating that less fuel was passing
throwrh the thrust chamber, The differerce between less thrust chamber
fuel flow and more engine total fuel vlow can be considered as cryogenic
leakage chilling the engine area,

xidizer system resistance data during this performance downtrend remained
wnaffected, even holding firm after the 319-second performance shifr,
Hence, the oxidizer system integrity for engine 202 during the time peviod

in qnestion is not su.pect,

Data Not in Jgreement

In general, engine data over a 03-second interval arve in'lacnced by wany

s sepacate Trend chr racteristics, so that a clear confirmation or refutation
a.
R-7450-2 "9
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ef o graduatl small performance degradation is difficult. Seme of the

contradictory data are:

I, Three eritical pressure parameters increased during this time
interval: main fuel injectibn. gas geverator fuel injection,
and gas generator oxidizer injection pressures., Theze contra-
dict the performance decay trend indicated by the other five

previsusly noted pressure measurements,

2, The possibility was investigated that the chilldown in instru-
mentation package temperatures was respensible for transducer
drift and, therefore, misleading measurements, Although such
drift can ¢cecur, the gas generator and main chamber pressure
downtrends halted after 319 seconds range time, despite continued
chilling of the instrument packages. Therefore, the temperature
effect, if any, on these transducers is not a factor in the ob-

served performance trend.

Ingine 9202 Gas Generator Performance Shift: Range Time 262 Seconds

Description of Event, The 100—sample/second trace of gas generalor cham~

ber pressure indicated an abrupt shift at 202 seconds range time, Data
samples talen before (261.5 seconds) and after {266,5 seconds) indicatle

the gas generator chamber pressure dropped 4 psi (Fig. 30).

Conclusions. An instrament zero shift occurred at this point, giving a

false reading from this point on through the remainder of duration,

Covroboration of Hypothesis, Ingine data reduction immediately before

and after the indicated chamber pressure shift revealed an increase in
both gas generator system resistances postshift, The system resistances

then remained essentially at their increased value for the remainder of
the test (Table 4 ).
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Engine 202 Performance Shift: Ramge Time 319 Seconds

Description of Lvent, At 319 seconds range time, engine 202 experienced

a rapid performance shift. Changes in significant parameters are re-
corded in Table 5 and shown in Fig. 31 through 47. At the same time as
the performance shift, engine environment chiildown rates became jireater,
indicating cryogenic leakage of increased severity; further, hydraulic
AP transducers on Soth of the engine gimbal acluators indicated a com-

pressive loading of approximately 600 psi each,

Hypothesis, The engine 202 performance shift noted at 319 seconds range
time resulted from partial failure of the main injector, a portiion of
which struck the interio~ of tl-~ thrust chamber bell near the oxii plane,
rupturing several f{uel tubes., Gradual performance decay of engine 202,
comnencing at 220 seconds, was caused by gradual failure of the ASI fuel
line, which resulted in progressive erosion of the ceniral portion ol
the injector. At 319 seconde, the erosion had progressed to the point
that a section of the main injeztor broke away and struck the chamber.
The ruptured thrust chambe. tubes leaked a total uf 7 to 10 1b/sec of ‘
fuel, resulting in the sudden performance shift and displacement of the
thrust vector with attendant loads of approximately 7800 pounds in ecach

actuator,

Corroboration of lypothesis, TInitial analysis of flight data indicated

a decrease in all pressures, an increase in gas generator temperuatures,
snd an increase in main fuel injection temperature for engine 202 at 319
seconds range time. An initial postulation of external fuel leakage was
made, based upon flight data coupled with the decrease in environmental
temperatures. Using engine model data and engine performance calculations

(Table 6), an oxidizer leak was rejected as a possibility.

Observed specific impulse shift of -15.0 seconds is equivalent Lo a 10,0

1b/sec fuel flow leakage upstream of the thrust chambe-. The following
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TABLE 5

AS-5092 S-IT IN-RUN FLIGHT PERFORMANCE SHIFTS

(Sngine J2044)

Parameter

Measured Flight Shift

Number Paranetey (319 seconds)
Temperature, F
€001-202 Fuel Pump Discharge -0,31
C002-202 ()xidizer Pump Discharge ~0,09
€003-202 Fuel Turbine Tnlet -11.,9
C0CGL~-202 Oxidizer Turbine Inlet +10,0
C008-202 Gas Generator Fue! Valve Inlet -, 20
C009-202 tins Generator Uxidizer Valve Inlet ~0.17
{014-202 Main Fuel Injection +15.8
C3526~202 Oxidizer Turbine Outlet 27,9
€329-202 Thrust Chamber Jacket ~2,5
(585-202 lleat Exchangzer Outlet +160.7
663-202 Engine Inlet Oxidizer 40,04
C664-202 Engine Inlet Fuel +0,03
Pregsure, psi
D00O1-202 Main Fuel Injection -31.4
D00O2-~202 Gas Generator Fuel Injection ~13.9
D004-202 Fuel Pump Balance Piston Cavity -2k
D005-202 Fuel Pump Discharge 41,9
D006-~202 Main Oxidizer Injection -22,7
D007-202 Gas Generalor Oxidizer Injection ~14.5
DO0B-~202 Oxidizer Turbine Inlet ~1.6
D010-202 Oxidizer Turbine Outlet ~0.,6
D011~202 Oxid¥zer Pump Dis~<harge -28,2
D013-202 Thrust Chamber ~22,9
DO14~202 Gas (tenerator Chamber -11.8
D091-202 Ingine Inlet Oxidizer ~0.16
D092~202 Ingine Inlet Fuel ~-0,28
D166-202 Yaw Actuator AP +657.5
D167-202 Pitch Actuator AP +499.9
D191.-202 PU Valve Outlet ~5.0
D192-202 Oxidizer Pump Primary Seal +0.73
D231-202 Fuel Tank Pressure Regulator Inlet -3.9
Flowrate, gpm
1G01~202 Main Tuel +117.5
F002-202 Main Oxidizer ~7.h
Speed, rpm
T001-202 Fuel Pump ~83.0
T002~202 Oxidizer Pump -53.5
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calculation is lsed on a gain factor obtained from an input error eval-

uwation of the altitude reduction program: -1 lb-sec input error in fuel
flow = 1.%1 seconds error in specific impulse: therefore. for the observed
specific impuise shift of -15.0 seconds. -15.0 ~1.41 = 10.6 1b sec (error

ot indicated fuel flow leakage).

Efifect of ASI Fuel ieak on ASI Operalion

Comparative analvsis of QN plots for all five S-II engines duringz the
flight (Fig. 48) indicates that, at 220 seconds range time, a loss in
resistance began to appear on the fuel side of engine 202 (Jo0ouh), As
fiicht time progressed, the Q-N plot departed further from the QN plots
of the cther four engines until the abrupt engine performance shift of
319 seconds. At that fime, an exireme Q/N shift occurred. The Q/N
shifts were then related to fuel leakage flow as shown in Fig., 49, From
this figure it may be seen that ASI fuel leakage. which began after 220
seconds range time, increased to approximately 2 1b/sec at 29C seconds
range time, These data are consistent with compartment chilling data
from a time siandpoint. S-II stage compartment and engine temperature
data do not indicale any source of "heating" until engine 202 cutoff;
therefore, it is assumed that no reverse flow of warm ASI gases into the

engine compartment took place, such as is indicated for the S-IVB stage.

Based on the no-reverse-flow premise, it is hypothesized ti.* a partial
failure of the ASI fuel line occurred, sufficient "head" being maintained
to continue supplying the ASI with minimal fuel from 290 seconds range

time through the remainder of engine operation.

F~om 270 seconds on, the ASI chamber was subjected te high mixture ratio
operation, which resulted in erosion damage to the main injector assembly,
There were no ASI flight flow measurements to determine what the ASI
mixture ratio was that caused this damage, Mixture ratio was first

estimated at 8,0, based on passing 0.1 1b/sec fuel to the ASI injector.
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Tests were then conducted at both SSFL and MSFC, in which ASI fuel flow
was restricted to obtain ASI mixture ratios as high as 10:1 to establish
damage potential to the main injeciur assembly. Erosion .capability was
demonstrated when the ASI was operated at mixture ratios of 2.4 and above.
Rapid severe erosion was noted during MSFC test 217-%, in which the ASI
mixture ratio was raised to between 9 and 10:1. During that test an
eroded injector fragment was expelled within 10 seconds of high-mixture-
ratio ASI operation. During flight, therefore, the ASI mixture ratio
passed through the 2.4 mixture ratio erosion threshold and stabilized

at a value sufficient to deteriorate the main injector in L seconds to
the point (319 seconds range time) where similar injector damage occurred.
Based on the data from the supporting erosion tests, an ASI mixture ratio
between é and 9 probably existed on engine 202 from approximately 270 sec-
onds range time until the end of engine operation.  An ASI mixture ratio
of 6 was assumed at the 290-second range time point, yielding a fuel flow
to the ASI of 0.13 1b/sec. The ASI fuel system was then analyzed to
determine what location could support an external leak of approximately

9 1b/sec and still deliver the minimal amount of fuel to the ASI.

The ASI system is schematically represented in Fig. 50. The range of
oxidizer-side resistance and fuel-side resistance from the block to ASY
chamber pressure was determined from engine J2044 ASI acceptance data.
The range of resistance from the block upstream to the thrust chamber
inlet manifold was that which could be expected from hardware variation.
Using these data, a 2-1b/sec leak would have to be located between the
middle flex section and the  dowmstream 0.5-inch-diameter flex section to
permit the 0.15-1h/sec fuel flow to continue to the ASI injector. The
most probable location is in the downstream 0.5-inch-diameter flex sec-
tion. With a 2-pound leak rate at 290 seconds range time, and a leak
Tocation within the downstream flex section as the basic assumption, the
ASI operation (weight flows and mixture ratio) was reconstructed from
290 seconds range time (normal operation) through to 326 seconds, i.e.,
after the abrupt performance shift (Fig. 5t and 52). No significant

change in ASI operation is visualized from that time on to engine cutoff.
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When the ASL reaches high mixture ratio conditions, it should bhe noted
that the system AP downstream of the leak location is low (approximately
h psi). A minor upward fluctuation in ASI chamber pressure would there-
fore have a large cffect upon the fuel flow into the ASI. Tuel flow
variations, in turn, would have a magnified effect on ASI chamber pres-
sure. The ASI operation after 270 scconds range time is thus character-
ized by highly oscillatory pressure and flow functions. Burning of
parent metal (main injector and ASI) is intermittent, as the ASI mixture
ratio tends to swing from infinity (fuel flow stoppage) to 2:1 (as AST

chamher pressure approaches main chanber pressure.

Other S-II-mounted engine temperatures suggest the possibility that cryo-
genic leakage cmanated from engine 205 (J2041). Chilling of the engine
905 main oxidizer valve actuator and closing control line, which began

at 250 seconds range time, are best explained by a cryogenic leak of
local origin. The data further c¢iggest that the leak direction is from
the-downstfeam 0.5-inch-diameter flex section of the ASI fuel line. Anal-
ysis of the chilling rates of these two measurements indicates the amount
of leak to be approximately 0.1 1b/sec. A leak of this small amount is
heyond the flight measurement ability to discriminate, so there is no
flight data to confirm the analytically determined leakage rate. The

Q/N plot of engine 205 remains within the four-engine data envelope
throughout the engine operation (engine 202 is excluded because of

known leakage),
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HYDRAULC SYSTEM ANOMALIES

Engine 202 Yaw Actuator A P Indication:
082 Seconds Range Time

Description of Event. At approximately 282 seconds range time, the engine

202 engine actuation system (EAS) yaw actuator A P measurement indicated

a AP rise rate of 35 psid/sec; this indication continued for approximately
37 seconds. At 319 seconds range time, an additional step of +600 psid
was indicated; this step also was reflected in the pitch actuator AP
measurement. Yaw actuator A P indicated a further rise to +2200 psid
following the 319-second shift. At 540 seconds range time, the yaw actu-
ator A P measurement indicated a decay rate of 25 psid/sec which persisted
until engine 202 cutoff at 412.9 seconds; the indicated A P at cutoff was
+250 psid. Following engine 202 cutoff, yaw actuator A P exhibited a step
rise to +1700 psid at 442 seconds range time and then a decay to ~-500 psid
at 530 seconds range time (Fig.53); the pitcki actuator A P indication also

was -500 psid at 530 seconds range time.

Related Engine and Supporting System Anomalies, During the period

250 to 318 seconds range time, there was a gradual decay of engimne 202

performance.

Beginning at 220 seconds, there wae general chilling of the engine compart-

ment area.forward of the heat shield.

At approximately 250 seconds range time, engine 202 EAS hydraulic fluid
reservoir temperature started to decrease (Fig. 54 ); comparison of this
measurement to EAS fluid reservoir temperatures for engines 201, 203, and
204 indicates a decay of 16 F by 319 seconds range time. A stage equip-
ment container located just forward of the engine 202 hydraulic fluid
reservoir indicated a cooling trend at 319 seconds range time; this con-
tainer was insulated and equipped with an internally mounted temperature

transducer.
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Engine 202 primary and auxiliary flight instrumentation p. ckaze trans-
ducer= indicated prosressive chilling =tartiog at approximately 200

seconds range time and continuing nnt il emrine 202 cutotf. The privary
flight instrumentation package exhiliited the ureoter temperature drop.

. L Pt ‘ PRI .
Hypothie~is, bngine 2 32 yaw ag tue

,.
-
1

i

2

Corroboration of Hypothesis. During the range time interval 72 to 3519

second=, where the engine 202 yaw actnator AP indication wa- ohserved
to rise, there were no significant changes in command oy pos.tioy =ivnal,
as shown by Pig.53. This would indicate that the actuctor &P teans-
ducer was affected by some influence exterpal to the engine netuation

system,

Chilldewn testing of the hydraulic ¢:tuater performed ai Npace Division

of North American Rockwell Corporatinn. Scal Beach, Californ:a, indicates
that the actuator A P transducer i: adversely affected vy low Jooaperature.
The transducer is of the double bourdon tube type, and is located on the
outboard side of the actuator (as iustalled on ihe ensinc): o resistance
potentiometer modulates a signal ii direct proportjon to the aillerential
pressure across the actuator low- and high-pressuve sides, 1o tesaing
consisted of monitoring the outpui of tive & P truesdoce:r whitte cholling

the transducer with a lirnuid nitroges spray. A= the transducer wars chil-led,
the A P output signal ramped upward ot the rate of 20 peid sce to a peal
vaiue of 800 psid. As the chilling continued, the 4P ranped downvard to
0 psid at about the same rate as the upward rvemp. Chilldown with the LN,
spray was discontinued and, shortly afterward, the AU outpat rose rapidly
to 2370 psid and then decayed to zeru {¥ig. 351, The tese data are in good
agreement in the pattern indicated by flivht data, i.c., a & P rise with
initial chilling, A P decay with contineei oholbing, and A1 carvae apon

tecmination of chilling (zemoval of leakage sources ).
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é% Engine 202 Yaw and Pitch Actuator & P Shift:
b

319 Seconds Range Time

Description of Event. At 319 seconds range time, engine 202 vaw and pitch

actuator A P measurements indicated a shift of -000 psid. The step in

pitch actuator A P persisted until cutofi of engine 202, wt which time the
indicution changed from ~000 to -400 psid., The yaw actuator A P measure-
ment, while indicaliog the 600 psid =hift at 319 secunds, failed to respond

properly because ot cryogenic chilling (Fig. 53 and 50).

Hypothesis. The engine 202 yaw and pitel actuator AP =hife wvuich occurred

at 310 secouds range time was caused by a force external to the engine actua-

tion system.

The force resulted from a portion of the main injector being vjected from
the thrust chamber, and striking urd splitiing several tubes near the thrust

chamber exit in the process.

Fuel leakawe (8 to 9 lb-sec) resulting from rupture of the thrust chamber
tubes produced a localized high-pressure area internal to the chamber near
the exit, and created a predominantly lateral internal load on thie chamber
in the direction of the leak. This load was reflected by yvaw and piteh

actuator A P measurements.

Corroboration of Hypothesis. To ascertain whether or not cngine 202 actua-

tor AP shifts at 319 seconds were rusulis of a force external to the engine
actuation system, an analysis was made of stage suidance commands relative
to actuator position changes:

1. The engine 202 performance shift (thrust decrease) ot 319 seconds

would cause the vehicle to experience + pilteh and - yaw,
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The required corrvctions determined by analysis are:
a. All engines must move —0.04 degree pitch

Engine 202: extend
Engine 201: retract
Engine 203: extend

Ingine 20%: retract
b. All engines must move -0.0% degree yvaw

Engine 202: extend
Engine 201: extend
Engine 205: retract

Engine 20%: retract

¢. Considering the possible thrust misalignment of all engines,
plus the compliance (springback) to the stage structure, a

roll correction of unknown magnitude also would bhe required.

In accordance with the vehicle instrumentation wuit sy stem,
commands given to the engines at approximately 319 seconds were
to correct for a + pitch and counterclockwise roll error of

approximately 1/7 degree.

Rocketdyne tests conducted en a hot-fired engine with the gimbal
bearing chilled to -99 F indicate thai a gimbal actuator load
change of 12,000 pounds (resulting in an apparent thrust vector
rotation of 0.37 degree, as determined by actuator deflection)
occurs before gimbal friction is overcome., This test was con-
ducted at 170K sea level thrust with the engine installed in a
battleship stand. At a 225K thrust level, the actuator force
would be 15,900 pounds and the apparent rotation would be 0.49
degree, Because the spring rate of the vehicle may be expected
to be less than that of the battleship stand, it is possible that
thrust vector changes in excess of 0.5 degree may occur without

overcoming gimbal bearing friction.
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Engine compartment temperature data indicate occurrence of cryo-
genic leak (fuel) in the vicinity of the engine 202 fuel injection
manifold, beginning at approximately 220 seconds range time. The
elapsed time of apj -oximately Y9 seconds between first indication
of the fuel leak and cccurrence of the performance shift at 319

seconds could resuli in chilldown of the gimbal bearing.

Command altitude corrections at 319 seconds were small enough in
magnitude not to overcome cold gimbal bearing friction for engine
202: therefore, the altitude corrections could be accomplished by
elastic deflection of the engine and mount structure (i.e., the
required actuator forces would be applied and maintained to resist

springback until another altitude correction command was applied).

Actuator pressure traces for alil AS-502 §-I1 stage engines exhibit
small, fairly steady differential pressures with short-duration
pressure perturbations occurring whenever a command signal from

the instrumentation unit is given to change éngine attitude. This
indicates that thrust alignment of each engine is fairly good,
requiring small actuator forces to keep engine freebody in equilib-
rium. The sudden compressive force in the engine 202 pitch and
yaw actuators at 319 seconds indicates the presence of a new force
on the engine freebody that was reacted against by the actuators

to keep the freebody in equilibrium,.

Analysis of actuator tapes revealed that the engine 202 pitch
actuator was in a 0.13-degree retract position at 319 seconds
when the loss in engine thrust occurred, The pitch actuator then
moved to a 0.20-degree retract position (0.07-degree retract
motion) at 319.1 seconds; no command signal was given to cause
this mction. The pitch actuator started a corrective extend’
motion when, at 319.9 seconds, an extend command was ordered by
the vehicle instrumentation system. The system actuator stabi-

lized at 322 seconds in the 0.08-degree retract position (extended

0.05 degree from the pre-performance shift position) with a locked-in

R-7450-2




indicated A P of 600 psi. Because no command signal was given
at 319.1 seconds, the actuator compression must have been caused

by an external load on engine 202.

9. Anal.stical and test results not in agreement with (1) through

(6) above are as follows:

a. Rocketdyne tests on a hot-fired engine with the gimbal bearing
at ambient temperature indicates that a gimbal actuator load
change of 4500 pounds (resulting in an apparent thrust vector
rotation of 0.1 degree, as determined by actuator deflecvion)
ocecurs béfore gimbal friction is overcome. “hese sea level
data extrapolated at 225K altitude thrust result in a 6000~
pound force and an apparent rotation of 0.15 degree before
gimbal friction is overcome. No such forces occurred for
pitch and yaw actuators of engines 201, 203, and 204 at

319 seconds range time.

b. The mass of the gimbal bearing and the presence of the pro-
tective boot surrounding the gimbal bearing would result in
relatively slow chilldowa of the bearing. In laboratory
testing conducted at Rocketdyne to study gimbal bearing fric-
tion, a substantial period of time was required to cool the
gimbal bearing, even when the boot was removed and the com-
plete gimbal and the complete gimbal joint was submerged in

liquid nitrogen.

In addition to ascertaining the scurce of engine 202 actuator loads, an
analysis was made to determine the effects of gimbal bearing friction on
these loads in terms of moments about the gimbal bearing. Gimbal bearing
friction envelopes or hysteresis loops were generated by cross plotting
telemetered actuator position and pressure data at discrete points in

time. Results of this analysis are as follows:
1. Both the pitch and yaw actuator loads are compressive, i.e., an

external force attempted to rotate engine 202 in the direction

of the two actuators,

R~7450-2 : 89




9. Accounting for the gimbal bearing friction, the moment about

the engine pitch axis is -65,200 in.-1b, and the moment about

the engine yaw axis is +77,075 in.-1b.

The resultant moment

is 100,000 in.-1b, the force of which acted in a plane located

5 degrees clockwise from a plane bisecting the fuel and oxidizer

turbopumps (looking aft).

3. Calculations:

Engine No. 2 Thrust Misalignment:

AX = -0.010
AZ = +0.178

TH . .
% =MLN(J(AL—AX)
. TH .
1}, = 16.78 (-) (AzZ + &AX)
where

Fj = pitch actuator force
i

Fy = yaw actuator force
Engine No, 2 Inlet Separating Load:

Fuel Inlet

i1

28.5 psia

Oxidizer Inlet = 42,0 psia

i

P, = 28.5 (62) =

f
P o= 42.0 (62) =
M= -21.0 (2600 -
F oo F = 18,900
p 'y 2(0.707)11.875

90

TH = 225K

Area
Area
1700
2600

1700)

"

1

pounds

pounds

62 in.

The calculations are presented below.

Engine 204k
Acceptance Data
Test No., 0624077

-2520 pounds compression

-2270 pounds compression

‘;’

62 in,2

2

-18,900 1b-in,

-1120 pounds cowpression

R-7450-2
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‘ctuator Loads With No Gimbal Friction:

Fp = —(2520 - 1120) = =30640 pounds compression
Fv - _(22=0 - 1120) = -3390 pounds compression
Moo= =3640 (11.875) = =-43,100 in.-1b

M = {-) -3390 (11.875 ~%0,200 in.-1b

i

Actuator loads were essentially zero prior to 319-second failure, indi-
cating misalignment and inlet moment were carried by gimbal friction or

werc less than expected.

Example: At 196 seconds, the pitch actuator indicated

zero load and the yaw actuator 4000 pounds

Because the No. 2 engine actuator loads were normally low on the AS-502
flight, it appeared that the gimbal friction might be carrying tne moment

resulting from thrust misalignmer* and inlet differential pressure.

Actuator force and | 'sition data were then compared for the yaw actuators
of engines No. 1 and 2, as shown in Fig. 57. (Note the thrust alignment
bias of 3000 pounds on engine No. L) Calculations on engine No. 1 thrust
alignment and inlet loads indicate the yaw actuator should have had a load
of 2800 pounds compression for static equilibrium. Data indicate good
agreement with calculations. The No. 2 engine yaw actuator indicates

a force bias of -1000 pounds and calculations indicate it should have

had a -3400-pound bias. This indicates the effective thrust misalignment
of No. 2 engine was much less than expected. This is probably the result

of changing the gimbal bearing on this engine in the field.

The plots in Fig. 57 also show that a change in force occurs with approxi-
mately a 0.2-degree gimbal motion. This indicates the point at which
gimbal friction is cvercome, (Note for the point shown there is reason-
able agreement on the magnitude of the friction force for engines No., 1

L
and 2.)
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Figure 57. Engines No. 1 and 2 Yaw Actuator Comparison
92 S _ ' R-7450-2




Gross plots of the AS-502 engine Ne. 2 pitch and yaw actuator force and

position data were then prepared to determine the magnitude of the iric-

tion moment, as shown in Fig. 58 through 60.

Because the thrust alignment of the No. 2 engine is different than expected,

it will be treated as an unknown.

Resolution of Actuator Forces at 319 Seconds (Prior to Failure):
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Gimbal friction is resisting
actuator extension and is

+1500 pounds

M =0
y
0 = -11.875 (500)
+1500 (11.875)
+M
yu
M = -11.875 in.-1b
yu

Gimbal friction is resisting
actuator extension and is

-2000 pounds

M =0
S P
0 = +2000 (11.875)
-2000 (11.875)
+M
pu
M =0
pu
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Resolution of Actuator Anomalies on No. £ Engine at 318 to 321 Seconds:
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Resolution of Actuator Forces at

%wfﬁaﬁm@/

252‘;%@7

MF 3000

ay, A

L =0

T oy

/’/ '/c/ /dt/u#."é/'
0&24&

MF_y500 7
o v |
Al 7
x5 . /M/)

A =
sy ’

\4
Aft

321 Seconds (After Failure):

Between 319.3 and 321 seconds, an
extended motion of the actuator
took place (0.24 degree) sufficient

to lock in a maximum + friction

moment
M =0
y

0 = -8500 (11.875)
+3000 (11.875
+M

yu
u = +635,200 in.-1b

Between 319.3 and 320.5 seconds,
an extend motion of the actuator
took place (0.12 degree) sufficient
to lock in a maximum -- moment, but
load then dropped 1500 pounds.
Assume residual (—Mf) = -1500

M =0
p
0 = 7000 (11.875)
~1500 (11.875)
+M
pu
M = -65,200 in.-1b
pu

The applied unknown moment is the difference between the pre-failure and

the post-failure moments.

M, = 65,200 - (-11,875) =
M = -65,200 - 0 =
p 5
R-7450-2

+77,075 in,-1b

-65,200 in.-1b

97




me /0/'/5 4 /4;'};

Fesalfor? Y 77,075

g /o'ojc-ot‘//;’/o/j

Y
Yow  Axrs

No. 2 Engine (Looking Forward)

An effort .as made to resolve the force, i.e., to find the location,
diroction, and magnitude of a single force that would cause the engine 202

movements noted and vehicle movements as repoerted by NASA. Results are

as follows:

1. Analysis revealed that the movements were inconsistent. The
resulting equations could not be solved without simplitying
assuptions. The inconsistency is probably caused by the loss
of thrust in engine 202; this thrust loss would introduce a roll
moment of indeterminate magnitude on the vehicle because of in-

itial thrust misalignment and springback of the vehicle thrust

structure.

2. If the observed vehicle and engine moments are assumed to have
resulted from a lateral force, this force would have a magnitude
of 800 to 840 pounds, and would be located at the extreme aft
end of the thrust chamber. This force must act radially outboard

98 R~-7450-2




[P

-if at an angle of 13 to 40 degrees from the + pitch axis toward
the + yaw axis. This would aid in corroboration of that portion
of the hypothesis wherein the actuator A ? shift resulted from
a thrust chamber leak at the invericr of the chamber near the

exit.

3. Calculations: Thc calculations are presented below.

Force Resolution: NASA reports the unknown force produced the following

moments about the vehicle centerline:

Pitch -023% degrees Mmp = -10,900 {£t-1b
Yaw +0.103 degrees va = +48,600 ft-1b
Roll -0.085 degrees Mmr = -2080 ft-1b

Rocketdyne gimbal actuator analysis indicates the unknown torce produced

the following moments about the engine gimbal centerline:

Pock
0y

" Pitch M
ep

i

~-5430 ft-1b

+6430 ft-1b

1t

Yaw M
ey
Problem: Determine the magnitude and direction of the force

necessary to cause these moments.

Mc"/ = /ny/'ne /?0// M@mevl‘

z

18,¢° w"i '
s

72 peer ////////
~ g Vebhicle C.6

:ff;$ | ‘$\*\\\\\
[ 40930 : (A
| =2 ./// ‘\??\\\\\
1, Al T T s

Il'A/ (,ﬂ /e’-/ / 2° . 4%6/

P ‘:'\. Va Y 4
g T
S o

I \‘\\//




Moo - F
or p
\'1 = I /_,
ey 4
S F 4
ep a 2
M - F
mr v
M o= - F
my p
M= - F
mp i

Assume M
or

0 =
6430 =

5830 =

48,660 =

-10,900 -

from Eq. 1 :

= 0

y la 1
- = v . () ll - F () . 19 - L ‘
2080 Ip (6.1¢ y) v ( p)

- F 59
Fp (52.

+F_ (52.
y §

3

(2]

r
a y

v 4) + F (6.19 - Lp)

v) - F, (6,29 -2)

) - F 14X
5430 Fa 'y

P —x.D
p 4
Y
From Ig. 3:
_5l -1
. - 5430 Iﬂ v
- F
4 Y
Substituting in Eq. 2 :
F 4 -
6430 = - ——>
y

100

- F 2
F ) a p
y

e e . N AR 61 M g P A

(8)
(9)
(10)
(11)
(12)

(13)

(14)

R-7450-2




iy

pEg

64350 -

o

z
+ 5430 72 o F 4 - F 4

Substituting in Lq. 4 :

-2080 =

-2080

~2080

Fy

From Eq. 7 :

p

Substituting in

48,600

48,600

~66,400

From Eq. 2

- 6.19 (1.18) F& - 1,18

1115 T

= 1805 lbs

= - 18065

= - 2200 1bs

Fg. 5 :
« - (-2200)(52.5 + L) + F, (6.19 - ip)
= 115,000 + 2200 &a + 6.19 F -F £p

- 92200¢ +6.,19F -1 4
a a a p

1

-F 4 -F 4
p a a p

1l

6430 - 2200 {a

- 6,19 F_ -
¥ ) y

- '{ R . )
F, 1-1§";hL (6.19 = <) - F_ (6.1 - 1.18 1)

(15)
1.18F 1
y v
yd
(16)
(17)
101




Substituting Eq. 11 in kg, 10:

~606,100 //fsgpri/f/::19 Fo+ 6430 - 2209

P | 72,8%0
a 0.19
T = - 11,750 pounds

irom Eq. 11:

0 - 6430 - 2200 L - 11, 7%
a p

3 - 2.92 - 5,54 L (18)
From Lq. 0 :

-10,900 - - 1865 (52.3 + £ ) + 11,750 (6.19 - &y)

~10,900 - - 97,500 - 1865 &a v 72,600 - 11,750 &y

0 = = 14,000 - 1865 &a - 11,750 &y

s 7.5 -4 - 6.3 1

0 7.5 a 6.3 Cy (19)
Substituting Lq. 9 &and 12 in Eq. 13 :

0 C - 7.5 = (2,92 - 5,34 (1,18 L)) - 6.3 ¢

y y
0 == 7.5-92.92 + 6,534 634

0 # -4 /58

Solution is in error; equations are not consistent.
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Including the loss in thrust, NASA reports the following total moments

induced on the vehicle:

Pitch M - +26,100 ft-1b
mp

Yaw M
my

Roll M
my

= +11,800 ft-1b

-2080 ft-1b

Modify the equations to incorporate a -6000-pound thrust at gimbal center

and the above moments

From Eq.

From ILq.

From Eq.

R-7450-2

6430

-5430

-2080

11,800

26,100

- _FpLy + py&p (20)
- “FpLa —Fa&p (21)
- +Fy£a +F &y (22)
- T (6.19 - &y) - F, (6.19 - Lp) (23)

= —Fp (523 + L) - 6000 (£.19) + Fo(6.19 - ﬁ) (2n)

= +6000 (6.19) + Fy (52.3 + &a) - F (6.19 - &y)(es)

4
- T i (26)
y i
-5430 - 7 ¢
= a (27)
. 1.18 &y (28)
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Substituting in bEq. 23 :

-2080

-2080

-2080

From Eq, 26;

Substituting in

From Lg. 21:
-1 {
ap

Substituting Iq.

F

F

104

1,18 4 y _ _ T _ L
L& Ty (6.19 éy) ry (6.19 - 1.18 y)

= 0.19 (1.18) ¥ -1,18 F_ - 6,19 F + 1.18 F 4
y y Y yy

= 1,115 F
¥

1865 1bs

It

il

-2200 pounds
Eq. 24
= -h8,800 + 2200 (52.5 + 4 ) + F, (6.19 - Lp)
-48,800 + 115,000 + 2200 £ + 6.19 T - F &
a a ap

66,200 + 2200 £ + 6.19 F - F 4 (29)
a a ap

= 6430 - 2200 L (30)
30 in Eq. 29:
= 66,200 + 2200 4+ 6.19 F + 6430 - 2200 v
_ =12,630
6,10

= "11’750

R-7450-2




From Eq. 30 :

From Lq. 2%

26,100 - 37,000 - 1865 (52.3 - L)+ 11,750 {6.19 - &y}

<
i

= ~14.0 + 19.85 -~ b5 - 4+ 59 - 6.3 év

v

(32)

o)
1

-7.45 -4 -06.,314
a v

Substituting Eq. 28 and 31 in Eq. 32:

0 = —7.45 - 2,02
® <=
% 0 = 4,353
Solution in error; equations are not consistent,
Assumed Lateral Force:
1. NASA Data
Ignoring roll moment, the vehicle moments caused by the unknown
force can be resolved as follows:
54¢ S F 4 g
19,900 F - Jo,700 .
Missile center of gravity to aft of engine ‘e y >
119.56 . 77 * /3
4 50 > - N\
= )-'-.3 + 10
4 = 62.3 feet : ;: 235 50&
BN ’ V=
49,900 49920 W N
4 - ’ (
F 62.3 ’ i}
a F = 800 pounds at aft end of thrust chamber o
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= o £

/7.5,

No,

IR

8

{

L

C Actuatorv

ocketdyne Data

Wo o r et

110,50

o - 9.6

57390

Bh00 )

10
4

¥

e

870 pounds at aft end of Py
thrust chamber

Anomalies:

s
v
v

Yer

If tire observed vehicle moments and engiine moments are caused by a single

side force, determine the magnitude and location of this force.

Solution:

-cibrl

300 to
LO (
. 1);)00 3 _ 8400
CD b 62, 3-x CD 9.0-x

~0

"SR RN

JOPR O

‘;SNASA Vr///af‘ @

870 pounds in cxhaust plane of the engine.

] ‘
L
! :

A‘a’kf’f)'*’"
%@7

DISTANCE FORWAIRO ~ <7 (X))

b
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Further corroboration resulted from flight support testing conducted at
the MSEPC high-pressure thrust chamber component stanu During the second
of two tests conducted with high AST mixture ratios, and resultant erosion
of the i3] and main Injector, two adjucent thrust chamber up tubes sus-

tained gate-tyvpe splits, The tube domage was located approximately 5

=

inchies from the nozzle exit, at the intevieor (hot gas) side of the nozzie,

i

and was upparently caused Ly eldectoed injcctor dehris, Fuel Flow {vom the

tube splits. estimated at 7 to 8 Ib sec. produced a 14).000 in,~1b moment
load at the gimbal bearing. Analysis of the M3EC thrust chamber compon-
ent testing included calculations of leakage resulting from the thrust

chamber damage and calculations of resultart side loads. These calcula-

tions are presented below and on the following pages.

Leakage Calculatiuns (MSFC), Flight Ju. Simulation:

LEAK FROM HOLE IN TUBE 5.7 INCHES FROM EXIT END (UP TUBE) 4/)

///—LINJECTOR END MANIFOLD
- (LARGE)

Wey 3.7 LB/SEC

0.19 LB/SEC \——» -

“
SECTION A-A

Wey 3.7 LB/SEC
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Side lLoad Test sSwmuary (HSEC), Plight 502 Simulation:

SIMULATION TEST 211-4

"
8362 ,5 ¥4 UK OF EXIT 1L LG

SPLIT TUBES{ = z
. [#363, 5" U/S OF EXIT I"LG

/ PN
!,
i ' FUEL PUMP(REFERENCE)
SIDT THEUSTSBY L e TeveT s
21 HSHGET) SN T
(2150 FSRETS |  (NEGLIGIBLE SRIFT)

/

~ OXIDIZER PUMP (REFERENCE)
\\ ///
| /1177177
GROUNWD
VIEW LOOKING AFT

108 1-7450-2
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1de Load Test Summary (MSFC), Flight 502 Simulation:
. 67.28 (AXIAL DIST. FROM GIMBAL ¢ )

- MOMENT ABOUT
= ’ 2‘ k=4 u-”‘ “ﬁ-.
M= 61.28x2150 15,000 GIMBAL & DUE

%SLﬂq

TO LEAK

X3¢y = WWo~5:8 = 0.2 " (AXIRL DIST. OF LEAK FoR

TUBE 342 TO GIMBAL 4._)
SIMILARLY
X363 = 6=5 ="
X S (X362 #X343)/2 = 1067
THEELEFORE !
vy (EFFECTIVE SIDE LOAD IN PLANE OF LEAK.)

45, 00
= %w = l:fc')?éo = 1210

- N0 . EFFECTIVE sSiDE
Isp = _f/.s_ = Tag - 168 SEC | | oun 1o, FOR
AN INTEERNAL
LEAK 54" FeOM
EXI)T
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Leakage Calceulations (MSFC), Flight 502 Simulation:

PART T (LEAKAGE FROM EETURN MANIFOLD - W, )
) TUBE # 354

TUBE #‘3622

,ﬂ,ﬂ-<:>43 = |5m7/PJL
Poy=s 7

s = :24 INZ

e rbZ =

Q—-—WBA . o¢‘\

)

. — 4
7R L (DA=.20 N

—

—We| Py = IS PSIA

I RETURN MANIFOLD

ASSUMPTIONS:
1, 4OLE SIZE DOES NOT RESTRICT FLOW

2. TEMPERATURE = 6OR

3. STAGNATION PRESSURE IN EETURN M
MANIFOLD (Pp ) = 1100 PSIA

W, MAXIMUM FLOW LIMITED BY CAVITATION
AT A, (P, = 150 PS1a); LESS FLOW IF THE
RESISTANCES ARE SUFFISIENTLY RIGH.

5.STAGNATION PRESSURE LOSSES =
A, I VELOCITY HEAD AT A

B.

+ VELOCITY HEAD ENTRANCE LOSS AT Ay

¢. SUDDEN EXPANSION A, TO Ag (FOR NON
(AVITATING FLOW).

D. FRICTION PROP BETWEEN SECTION 3
AND 4(FOR NON CAVIIATING FLOW)

BY TRIAL AND ERROR Wix = 3,70 B/56C FOR CAVITATING]
FLOW. CHECK AS FOLLOWS !

P =DENSITY AT SECTION | = 406 #/FT3 (FOR
PRESSURE = 1100 PSIA AND TEMPERATURE =60 R.)
VELOCITY AT SECTION | .

Y

110

fi

W -
FAr

320x49 _ ¢55 FT/SEC
Y¥O06K .00

R-7450..2
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Leakage Calculations (Msrc), I'ight 502 Simulation:
Continued

5= DENSITY AT SECTIDN 2 = 394 4/FT7
V;‘-'-VE'\.OCITY A SEC.TION 2

o 3.70X194Y = 092 T/SEC
3,gux.124

AR,‘WOZ_=STAGNATION PRESSURE DROP FROM
SECTION

— T
”%flvnl ”'5"('53—&%- )
<L
- HH576456£;E:;L}’ + Elﬁ?if (7¢7SZ;2 = )87+ 255
P XHY 2AGPY XYY
= Y¥2 PSID

Poy = Por =~ APy .ey = 1100~ Y92
= 658 rsiA

P o oy _%Ji l/}" = (58— 570 = /48 FSIA

SINCE VAPOR PRESSURE =150 PSIASR, CHOKING
CONDITION 1S ME T, ADD\TIONAL CHECK 1S PEQUIRED
To DETERMINE F FLOW 'S RESTRICTED BY

TUBE RESISTANCES AS FOLLEWS ¢

FOE SUDDEN EBXPANSION FROM CECTION 2 TO SECTION 3

Ay _ M3¥ = 79 k= 0¥
A3 57 ’ ' 2*
A0 = K5 Yo ‘0‘”’3.95“(’/0
63-03 Zaj'Jci'\/g' CPy X169
= Q0.4 PSIO

FOR FRICTION DROP FROM SECTION 3 TO SECTION Y-
L = LENGTH FROM SECT.3 TO SECT ¢4 =8."

§ = FRICTION FACTOR =.0t -

D, = HYDRAULIC TUBE DIAW. = 43"

L = 3IOXME o ge v/s 8¢
V3T Jq4xisn g6/ '

111
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Leakare Calculations (MSFC), Flight 502 Simulation:

(Continued) A
£69
APoz-04 = Losfa L J.‘} Vv, ¥ =52 .9 (6.)
on 23 Y3 SV )Yy
= 53.4 P3ID

. W
o2 P‘{ = Poz“" AP,“_-,; —AB’B"‘V _%C]ﬁ\/s
=209 PSIA

SINCE Py IS LESS TIHAN VAPOR PRESSURE OF 150 PSR

FLOW 1S LIMITED BY CHOWKING IN SECTION &

AND
Wox = 3.10 B/<Ec| FOR FLow FRoM RETURN
" MANIFOLD IN TURE & 362

SINCE L FOR TURE 362 |s LesS THAN FOR
TUBE £ 362 THE FLOWS IN BOTH TUBES AREF

TRE SAME.

PAR TIL (LEARAGE FROM INTECTOR END ~Wpyg ) °

BY TRIAL AND ERROR Wiy = .19 B/SEC ;¢ HECK
AS FOLLOWS &
K5 OVERALL RESISTANCE TO LEAKAGE POINT
« 4.1 IN/SE C (AS DETEBMINED FROM
COMPUTER PROGRAM WHERSE |

Cing = aPL
| Wi
D = APPROX, HEAT TO TUBE =110 BTV (FROM
SEC
COMPUTOR PROGEAM) .
AT:é_;@.. = 3_.,”(0”‘ = 157E
Wing

T =200+157 = 279R

3
B = AVG PRESSURE OF RYDROGEN =(B30+30)/2"
= 435 PSIA
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Leakage Calculations (ﬁSFC), Flight 502 Simulation:
(Concluded)

THEREFORYE .
F= AVG. DENSITY = ,0001604 #/IN3

AND

W _/eso -20)((©0001606)
INy ~

i4,)

= ,18 SUFFICIENTLY CLOSE T0.19 USE!

Wins = .19 3/SEC

THEREFORE [

3.70+.19 =
2%X3.89 =

R-7450--2

w&m@:ﬂw\‘w >

3.89 #/sec

778 B/SEC

LEAKAGE IN TURE FROM
INTECTOR. END .

LEAKAGE FROM ONG TVE@E™

LEAKAGE FROM TWO TUBES
NOS 362 & 343
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A review of R&D testing accomplished at SSFL yielded further corroborative
evidence that thrust chamber tube splite internal to the chamber aecar the

exit would produce the type of lateral loading exhibited by engine 202,

1. R&D engine J024-3 incurred thrust chamber damage during an injector
combustion stahility test (623-003) when a bomb fragment was ejected
from the combustion zone and struck the interior of the thrust
chamber wall near the exit. Twoe tube splits vesulted (one 1/4 by
1-1/4 inch, located approximately 15 inches from the exit, and

one 3’8 hy 12 inch, located approximately 4 inches from the exit).

o, The following calculations of loads resulting [rom test 623-005
thrust chamber damage indicates that the lateral force caused by

the fuel '~ak is located approximately 26 inches forward of the
_hamber exit, approximately 11 inches forward of the most forward
damage point; it is believed that the center of pressure of the

bow shock set up by the fuel leak is forward of the actual leak !
location (¥ig. 61 and 62).

Engin 202 Yaw and Pitch Actuator AP Indications:

413-550 Seconds Range Time

Description of fvent. At 413 to 550 seconds range time, i.e., during the

period following engine 202 cut~ff, the pitch actuator A P measurement
indicated -500 psid, signifying loading in tension, The yaw actuator

A P measurement, apparently slow in responding, indicated -500 psid at
approximately 530 seconds range time (Fig.53 and 56). There were no
ongine or supporting system anomalies during this time period that would
contribute to the event in question; operation of engine 202 had been
terminated, and the EAS hydraulic reservoir associated with engine 202

had gone "flat", i.e., had lost fluid.

NLE . R-7450-2
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FUEL INLET

OUTRIGHER # | B ) HORIZONTAL
(=100 % ZiiF T & (0.5 SEC) JAP-L\ (+4e5 # SHIFT)
\ P - \'\
\ 7 \'\ /
/,\\f \\\;/
M=o FE HOR 12N 1AL "\
B "‘/ A‘fO”urHF.) x
» /! )
f\ | \ \\‘* -+ { ‘} -
1'/ /
/
/ /
. " '
\“ . ‘-"
.'\ . / ,,l’
¥ f".n"" e ,/"/
o« \\ i /
S "~ “—:"“ //
OUTRIGGEK 12 o e
(180G BSHIFT PR e tanugl N
) S f/#“~~—--——-LEAK P TUBEH 209(2.637,56C)
LEAY P TURTE 26 7 P 15 (0312 ML Y (ST ES
(3.85 %56 4 r ) \ Ror1 Ex17”

R T ;/rv,/ "/f,(wsxoﬁ'

( Fs JACTUAL

=

1S 70 % (90 FEOM GMBAL CR
c8" FROM EXT)

() EFFECTIVE = | 34,4
LOOKINGa AFT

Figure 61,
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Fngine J024-3 Test No.

623005 Load Analysis
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v, = 300

Pz 0D+ 388 ¢ ~HLO¥

By = FI18O0 =450 T r/350 % |
= = - — ACTUAL
= B0 13850 = Jo29Y6000 = L
Fs = / DO 3 / 6 (2 /8520 CibE
3= 1AN" SOY = jam.592 = 30,6 ° LOAD
/232 .
X = p - TS QC "fb\
VA el |
L= RESULTANT FOCRLE AT OUTEIGGER
=|/ 100™ +1830Y =) 45,0000 = 210 %
GIMBAL = ZIIOX £2.38 =| 43,000 *]

M= MOMENT ABOUT

Upwx MOMENT ARM = 195 00D =} 90.3" FEOM GIMBAL
o 26" FROM EXIT

1570

NOTE, CENTEL OF FORLE 1§ UPSTrE fin of LaAkS
IF TRUE A BOW SHOCK AHTAL OF LEARE MAY

ACC OUNT FOR TTHIS, .

Figure 61 (Continued)
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CALCULATE (F,) EFFECTIVE (S-SECCNDARY INJECTION)

(¥,) EFFECTIVE FOR TUBE 309 =

= 108 x 85 = (12 POUNDS

OBTAINED FROM LINEAR EXTRAPOLATION

(1. ) opr
sp” EFF  op MsFC TEST

(F,) EFFECTIVE FOR TUBE 515

142,000 - 612 x 112 142,000 - 65 000 77,000

101 - 101 B 101

1

4

766 POUNDS
(FS) EFFECT., = 612 + 706 = 1378 POUNDS

TUBE 315 = L8 . o090 skc

(Isp)EFF 2,63

1570 52 ape
(gpdacruar, = Gong = 243 SEC

),
K' (ACTUAL) = 213 9,570

Figure 61 (Coucluded)
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Hypothesis  Engine 202 was externally loaded in such a manuner as to re-
sult in tens on leoading of both the pitch and yaw actuators; the loading

was being applied by the pressurized fuel inlet ducv.

Corroboration of Hyvothesis. Corroboration that tension loading of the

engine 202 pitch and yvaw ectuators was caused by the pressurized fuel
inlet duct was accomplished by balancing of pressure forces existing at

range time 550 seconds.

It was determined that the engine 202 fuel inlet duct was pressurized to
approximately 80 psia at 550 seconds. Although the fuel pump inlet pres-
sure measurement was lost at cutoff of engine 202 (412.9 ceconds), fuel
pump discharge and fuel pump interstage pressure measurements both indi-
cated approximetely 80 psia. The 80-psia pressure level results from
summation of the 35-psia fuel pump inlet pressure ohserved prior to engine
cutof{ and the 40 *5 psid operating pressure of the stage fuel manifold
vent valve. Oxidizer pxmp inlet pressure at 550 seconds was zero, indi-

cating a loss of oxidizer feed system integritv.

The calculations on the folluvwing pages corroborate the hypothesis that
pitch and yaw actuator tension loads observed at 350 seconds were caused
by the pressurized fuel inlet duct:; the calculations also include the
case where the oxidizer inlet duc', rather than the fue: inlet duct, 1s
pressurized, and show that in such a case the actuator loads would be

in compression instead of tension and would be of greater magnitudes than

observed from S-II flight data.
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J-2044 ACTUATOR LOAD SHIFT FROM START TO POST-CUTOFEF (550 SECONDS)

Pitch, pounds

Measured lLoad Shift:
at 550 seconds
at start
Difference

Calculated Load Shift:
w 80 psi 1in LHg duct
0 psi in LOX duct
Inlet Duct Loads
Pressure
Gimbaling
Inertial Loads
Total

Error (Measured-Calculated)

Calculated Load Shift (Reverse AP
w/80 psi in 10X duct
0 psi in LHy duct
Inlet Duct Loads
Pressure
Gimbaling
Inertial Loads
Total

Error (Measured-Calculated)

ENGINE PARAMETERS

Actuator (~is Tension load)

Yaw; pounds

-7150 -6900
-1300 ~1300
-5850 ~5600
~7200 -7200
+1800 +1800
+ 700 + 220
5320 -5800
- 530 v+ 200

Pressure After Cutoff)

+5190 +5100
+1180 +1180
+ 700 + 920
+6980 +6500
-12830 -12100

USED IN ANALYSIS

After Cutoff at

Parameter Start 550 Seconds
Oxidizer Inlet Pressure, psia 42 0
Fuel Inlet Pressure, psia 28.5 80
G-Load 0 1.0
Gimbal Angle
Pitch 0 4,0 (ext.)
Yaw 0 ¢
Actuator AP
Pitch, psi -~ 100 - 550
Pitch, pounds -1300 -7150
Yaw, psi -~ 100 - 550
Yaw, pounds -1300 -6900
Inlet Duct Spring Rates: LOX 435 1b/in.

nou

IHQ

Engine CG and Weight (Dry): Weight
Y
Xg

7
120 G

480 1h/in.

3376 pounds
31.34 inches
0.760 inch

-0.135 inch

G T 1

i
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ACTUATOR 10AD DIFFERENCE BEIWEEN ENGINE START (148 SECONDS)
AND AFTER SHUTDOWN (=500 SECONDS)

Start At Cutoff
Parameters (157 seconds) (2550 seconds)
10X Inlet Pressure, psia Lo 0
L, Inlet Pressure, psia 28.5 80-82
2
G-Load 0 1.0
Gimbal Angle, deprees
Pitch 00 4,0 (ext.)
Yaw 0.0 =0
Gimbal Actuator AP
Pitch, psi - 100 - 550
(-) tension, pounds -1300 -7150
Yaw, psi - 100 - 530
F = & PA = -134 P, pounds -1300 -6900
Engine Weight and CG:
Weight Y Xe Ze xG &G
Dry 3376 pounds 31,34 0.639 0.436 0.760 -0.135
Wet 3510 pounds 36.73 0.730 0.117 0.610 ~0.430

After cutoff, the engine is closer to the dry weight

CALCULATION OF ACTUATOR LOAD DIFFERENTIAL
FROM -START TO 550 SECONDS

Inlet Line Loads:
The actuator loads from inlet line loads are approximately equal for

gimbaling or from pressurization, The loads can be appraximated from

the following equation:

21
Fa‘:;;(TT%§7§S - TTT%?i]E’ [“(pL - Py) DK KF)J
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wvhere
)

A = Duct Area = 62 in."
A = Duct Deflection = 21 sin g = 6.366 o,
o, = Projection of Cant Angle on o Axis
KL and KF = Duct Spring Rates
Koo 475 1h'in, Spee Value (maximum)
Ky = 480 1b/in. Spec Value (maximum)
PL = (xidizer Inlet Pressure
PF = Fuel Inlet Pressure

-} —= Compression

A

For a h-degree pitch (extension):

= ~2,80 degrees

R
»
i
ﬁEWr

Combining terms, F becomes:
&

=y
t

+1.25[§2(PL_Pf) - 0,366 ax(u35+qeoﬂ

n} - + .l" ’ ) s - M
F o= +77.5(P -Pp) - 420 @
At Start:

P, = +77.5 (42 - 28.5) + 20 (0)
= +1050 pounds (compression)
At 4550 seconds:

L +77(0-80) - 420(-2.8)

Foo= -6150 + 1180 pounds

—Fn Start = ~1050 + ©

F 550 = 6150 + 1180

AF = 7200 + 1180 = -6020 pounds (tension)
AT, =P 550 ~ Ya start

Change in actuator loads from inlet lines

122 R-7450-2
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At start

CG Shift Effects :

, G load = 0

At 550 seconds, G load = 1G

CG POSITION (DRY WEIGHT)

| Y XG LG
0 Gimbal Angle 31.34 0.76h -0,135
Shift from h-degree Pitch 0 0 -2,18
(31.34 sin 4 degrees)
Total 31.3%4 0,764 -2.730
Pitch
. \ ' (2.30). F
Piteh Ia = 3376 T.875 a
= +655 pounds (compression) L l
(+0.75) 3376 (16)
Yaw ¥ o = 3576 97575
g° = ~215 pounds (tension)
i R
11.875 2.30

Difference :

E"“'"*E
A

R-7450-2

TOTAL SHIFT FROM START TO 550 SECONDS

Pitch Yaw
-6020 -6020 Inlet
655 215 G Load
-5365 pounds -5805 pounds (tersion)
TOTAL MEASURED SHIFT
Pitch Yaw
-(-1300) -(~1300)
=7150 -6400
-5850 pounds 5600 pounds (tension)

- 495 pounds + 205 pounds

123




- ENGINE 202 PERFORMANCE DECAY AND CUTOFF

Description of Events

Engine Performance Anomalies. Engine cxidizer flow began to increase at

512.% seconds range time and continued to rise until 412,921 seconds, at
which time engine cutoff was signaled by dropout of the mainstage 0K pres-

sure switches (Fig. 03).

Engine fuel flow increased, starting at 412.3% seconds (Vig. 63).

Main oxidizer injectien pressure decayed very rapidly prior to main oxi-
dizer valve closing; oxidizer pump discharge pressure decayed more slowly,

and more closely approximated a normal shutdown (Fig. Oh).

Thrust chamber pressure decreased 10 to 15 pei as oxidizer flow began to

increase at 412.3 seconds.

Fngine Compartment Anomalies. ©ngine compartment gas curtain and heat

shield forward temperatures increased starting at 412.3 seconds (Fig. 65

and 00,

Engine compartment pressures increased starting at 412.5 seconds (rig. 67).

Hypothesis

Engine 202 performance decay (eginning at 412.3 seconds range time) and

subsequent cutoff resulted from failure of the oxidizer dome, precipitated

by the follewing sequence of events:

1. Failure of the ASI fuel line at 220 seconds range time resulted
in fuel leakage into the engine compartment and higher than normal
ASI mixture ratios; the high ASI mixture ratio initiated erosion

of the main injector/ASI nozzle, which continued until 319 seconds.

12k R=7450-2




%N

2. At 319 seconds range time, erosion of the main injector/ASI nozzle
reached the peak of severity because of progressive worsening of
the ASI fuel line leakage; erosion at this time had progressed
into the iﬁner row of oxidizer elements and some of the oxidizer
passages (doghouses) supplying these elements., The higher flow-
rate of oxidizer at this point resulted in a marked redaction in
the erosion rate. The injector had been so structurally weakened
by internal erosion that, at 319 seconds, a segment of the injector
came free and struck the chamber wall near the exit, rupturing
tubes; this resulted in a fuel leak ¢f approximately 9 1b,'sec to
the interior of the thrust chamber, resulting in the ohserved

performance shift end actuator loading.

3. FErosion of the injector at the upper portion of the ASI nozzle
continued at a reduced rate until the ASI seal and sealing surface
integrity was destroyed at 412.3% seconds; oxidizer and combustion
products escaped into the engine compartment, causing further rapid

erosion and perfrrmance decay.

4, Oxidizer injection pressure decayed until enginc cutcff was sig-

naled by dropout of the mainstage NK pressure gwitches,

Corroboration of Hypothesis

Inorease in oxidizer flow at 412.3 seconds precedes changes in all other
engine parameters, indicating loss of oxidizer system integrity downstream

of the oxidizer flowmeter.

Increase in fuel flow resulted from decrease in main chamber pressure.

Decreases in main fuel injection temperature, fuel t rbine inlet temper-
ature, resulted from a decrease in main chamoer and gas generator mixture
raties during the performance decay. The shift of mixture ratios resulted
from reduction of oxidizer flow to the thrust chamber and gas generator

because of failure of the oxidizer system downstream of the flowmeter.

R-7450-2 125




The oxidizer system failure sceurred downstream of the main oxidizer
valve; oxidizer feed system integrity upstream of the main oxidizer valve
following cutoff is supported by data indicating that the system held

approximately 20-psia pressure until the oxidizer bleed valve opened.

Rapid decay of main oxidizer injection pressure, as compared with oxidizer
P
pump d ischarge pressure and increasing oxidizer flow, is indicative of

oxidizer system failure downstream of the main oxidizer valve.
Model studies based on the assumption that oxidizer system failure occurred

downstream of the main oxidizer valve closely approach the actual cutoff

conditions (Fig. 63 through 76).
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CUTOFF ANOMALIES

pnomalies discussed in this section occurred immediately preceding, during,

or following the Engine 202 cutoff transient.

Engine 202 Bleced Valves Open brematurely After Cntotf

Description of Event. Following cutoff of Engine 202, the oxidizer bleed

valve left the closed position at cutoff plus 2.691 seconds and the fue’

bleed valve left the closed position at cutoff plus 2.335 seconds.
Conclusion. There is no anomaly associated with the Engine 202 bleed
valve operation, as compared with operation of bleed valves for the four

remaining S-II engine positions.

Gorrohoration of Conclusion. Comparison of Engine 202 bleed valve times

with operating times for the four remaining S-il engine positions is shown

in Table 7.

Engine 202 Gas Generator Valve Recnens Following Cutoff

-,

Description of Event. At %15.0 seconds range time, approximately 2 seconds

following cutoff, the Engine 202 gas generator valve started open; by
416.0 seconds the gas generator valve had reached 13 percent open, and
by 418.0 seconds the valve returned to 2 percent open and remained at

that position.

Hypothesis. Due to very slow opening of the oxidizer turbine bypass valve,
the oxidizer turbine bypass valve closing pressure gas was more slowly
vented into the main oxidizer valve sequence outlet port. When the fast

shutdown valve closed, the venting gas opened the gas generator valve.

Corroboration of Hypothesis. Oxidizer and fuel system pressures at the

gas generator inlets were approximately 100 psia at 415.0 seconds; with

this pressure at the inlets, approximately 75 psia pneumatic pressure is

R-7450-2 ikl




TABLE 7

1S-502 $-II1 ENGINE BLEED VALVE TIMES AT CUTOFF

B Bleed Valve Times Engine Cutoff to Open, seconds
EMgine Position Oxidizer Fuel

211 2.383 2.700

202 2.691 2.335

203 7.668 3.2206

204 3.167 3.135%

205 3.1067 2.727
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required to open the gas generator valve to the point of contact hetween
the valve actuator and the gas generator oxidizer poppet. Data on oxidizer
turbine bypass valve closing cavity venting rates indicate that oxidizer
turbine bypass valve pneumatic closing (cavity) pressure was 150 to 170
psia at 415.0 seconds. Therefore, if the fast shutdown valve had closed
prior to 415.0 seconds and prevented further venting of gas generator valve
opening pneumatic pressure, the system pressure would equalize and result

in opening of the gas generator valve.

Oxidizer Turbine Bypass Valve Opens Slowly Following Cutoff

Description of Event. The oxidizer turbine bypass valve on Engine 202

started open at cutoff plus 6.885 seconds, and reached a maximum open

position of approximately 95 percent at cutoff plus 10.260 seconds.

Hypothesis. The oxidizer turbine bypass valve opening control pneumatic
line failed in such a manner as to prevent opening pressure from reaching
the valve. The failure resulted in slow opening of the oxidizer turhine
bypass valve by valve spring force only, thus venting closing pressure
much more slowly than normal. The slow venting.of the oxidizer turbine
bypass valve closing side is associated with the anomalous partial opening

of the gas generator valve after cutoff.

Corroboration of Hypothesis.

Pneumatic simulztor tests were conducted with test setups simulating both
a leaking oxidizer turbine bypass valve opening control line and a complete
opening control line failure. The leaking opening control line was simu-
lated by installation of a 3/8—inch gsolenoid at the oxidizer turbine bypass
valve opening port; this solenoid was energized prior to cutoff. Complete
failure of the oxidizer turbine bypass valve opening control line was sim-
ulated by disconnection of the line at the oxidizer turbine bypass valve.

The following oxidizer turbine bypass valve opening delay times were obtained:

.1, Simulated line léakage, 715 milliseconds

2. Simulated line failure, 4810 milliseconds

Oxidizer turbine bypass valve opening travel times were not recorded during

the tests.
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Engine 202 Start System Vents Following Cutoff

Description of Event. The Engine 202 start system (start tank) exhibited

severe leakage/venting characteristics at 41%,8 seconds range time. Figure
77 illustrates Engine 202 start tank pressure and temperature profiles from
engine cutoff until termination of S-II telemetry transmission (approximately
590 seconds range time). The initial leakage/venting flowrate was approxi-
mately 0.2 1b/sec of gaseous hydrogen, decreasing to an approximately constant

value of 0.017 1b/sec after 20 seconds.

Hypothesis. Leakage/venting of the Engine 202 start system resulted from
rupture of the start tank liquid refiil line downstream of the liquid refill
check valve. Rupture of the liquid refill line occurred as a result of the
engine compartment hot-gas fire, which occurred during cutoff of Engine 202.
The decreasing leakage rate characteristic noted from flight data resulted
trom incomplete burnthrough or rupture of the liquid refill line (complete
burnthrough was prevented by the immediate cooling action of the escaping
gaseous hydrogeu), followed by contraction of the liquid refill line as
further cooling of the line by the expanding gas occurred. Figure 78 illus-
trates tne location of the liguid refill line in relation to other engine

components and depicts initial and final line rupture conditions.

Corroboration of Hypothesis. Analysis of flight data revealed that the

start tank discharge valve had »emained closed, and that the leakage/venting
could not be attributed to this component. Review of start system com-
ponent failvre histories failed to reveal failure modes which would coin-

cide with the cobserved failure.

Analysis indicates that start system leakage, based on the hypothesis
stated above, was polytropic in nature, i.e., was initially close to an
isentropic process, and later approached the isothermal case, a3 may be
concluded from Fig. 77. Figure 79 is a plot of the calculated isentropic

and isothermal processes for flow diameters versus time from engine cutoff.

The following calculations corroborate the polytropic process and flow

area change mechanism:
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Figure 77. AS-502 Start Tank Blowdown Anomaly, Engine 202
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An isothermal start tank pressure decay can be approximated

following expression:

P = P e~t/8
o]

where the time constant §8 = pOV/m

for choked flow

CAPS
. 0 0
m:
J/ RT
0
and
Po
po = RT
0

Substituting Eq. 35 and 30 into Eq. 34 yields

K

PRSP SE——
crsvar,

Substituting Eq. 37 into 33 gives

~CA_SART - t/V
P=p e

0 ]

i, /%)

For an isentropic expansion of the start tank

av

w -0

aqQ = € dT +-§-

and from differentiating the equation of gtate

PV + VAP _
T = al

148

by the

(35)

(36)

(37)

(39)

(10)
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Substituting Eq. 40 into Eq. 39

c ’Pav-:-VdP)“gg_\g_ :
v WR JW

or
. P
Cy (PaV + VaP) + R =V = 0

Substituting R - Cp - CV in the above equation,

€y (#av + vdP) + (cp - V) PaV = 0

Dividing by CV VP

ar °p
P 7T,

j=¥)
<

\!

<l

or

Rearranging the above equation

. dVP

LI - AL

P = -k v
and

HTO

aVv = —dW—P—
Substituting

. RT0

P=w 5 k

R-7450~2
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For isentropic flow

CAPS

Woe T

Substituting into Eg. 41

. CAPS k RT_ CAS I \/RT_
P = = = P
BT v
(]

Integration by the LaPlace method yields

VIT CAS k

P = PO e (42)

- JT /K
PP e ° 2

o (423)

W LY k2 x 1
- - 9
Y VReas V767 x m/u osa

Checking the No. 2 engine start tank pressure and temperature decays at
cutoff to cutoff plus 10 seconds for approximation of isentropic flow,

the following equation suffices.

P ) k-1/k )
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for

=
I

1430 psia, P = 950, T = 110 R; T = 96, k = 2.5,

0
110 (950/1430)1-5/2+5 _ g6

3
i

86O R caleculated vs 96 R fiight data and is, therefore, a polytropic process

as expected but approximating an isentropic one.

Similarly checking the flow process after the abrupt pressure decay

change at cutoff plus 40 seconds to cutoff plus 80 seconds

)v
It

680 psia, P = 575, T =84 R; T = 80, k =

A2
N
5

T -84 (575/680)2°%35 _ a4 x 0.887 - 75 1

i

75 R calculated vs 80 R flight data also indicates a polytropic process,

but now more like an isothermal one. (Refer to Fig. 77.)

Since the start tank blowdown initially approaches an isentropic process
and later an icothermal one, the required flow diameters will be calculated
for both situations and compared. Equations 38 and 42 will be solved for
Cdo2 using the start tank pressure and temperature transients over swall

time intervals.

First, the isentropic case:

_vﬁﬁl CA Sk

t
P = P0 e v (&2)
JEO/R -t
P = o e 0 2 (1‘26)
. Vv
K, = —— (n1)
R CAJS k
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/
L erl/ke1 712
k .2 (1,5)
- €e\ k1

Substituating into Eg. 44 for K,

9]
i

Ve 4.2 ft0
R = 767 ft-1b/1b-R
A =T ca?
+
/
k+1 /-1 1/2
S - | kg (=
gc(k+1>
) )/ 2]
K 1.2 x 14k - g.7.8 (liG)

o= 2 2
V767 x ca_” - T/ x Sk ca_“Sk

For particular values during start tank blowdown,

- - ‘ - - 14
to/o = >o/oi10 see To = 110 T 96 R, P = 1430,

P = 950 psia, k = 2.5

i

Solving Eq.45 times k
1/2 1/2
5 | K+1/k-1 ,\3.5/1.5
[kg ('k_‘) = | 2.4 32.2(3--5)
=k x{/21.6

kS = 11.6

Substituting into Eq.46 for K,

K, - 218 1y 6 . 28
Cd Cd
4] 0

152 R-7450-2
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Substituting

p
fn 5= =
(4]

Cd

Cd

Cd
0

this value into Eg.42 and solving for Cdoh

- 2

t =

@it

(5]
&~

N

i
2.4 In P

JE;.t Po

2.4 x 0.408

2 = p—
) B 165 -

950
1430

0.0093

. W (
V10 (10)

2 0.0093

For flow conditions after the knee

tc/o+40 sec

S:

kS
kS

into Eq. 46

K

Substituting

R-7450-2

=>tc/o+80 sec To =84 R, T -

P
]

o ()7

3.5 x 5.14 = 18

680 psia, P = 575

1/2

.14

s




;51 AT ,
ca 2. —22 gy /-'UJ-) ~ 0.258/367 = 0.00069

0 »%& (10) \ 680

0.00069

Cd

For third calculation,

= > 1 .-
¢/o + 100 sec ¢/o + 150 secc

P =530, P =450, T = 79 R, T=76R, k~3.8

0 0]
4.8,/
o\ 2.8[77
=3.8x32h(——5> - J27.2 = 5.21
L8
L
kS = 3.8 x 5.21
LS = 19.8

K, - 27.8/Cd ° 19.8 = 1.8/ca °

D . _
Cdoz __1.8 Ln_% 1.8 (f;_%%) - 6.6 x 107"

Jr o V0.79 (50)
Gd_? = 0.00066
tC/O + 10 sec = > c/o + 20 sec’ 10 =9 R, T =289R, PO = 950 psia,

P =750, k = 2.8

2511/2 /5
. 2 ) =23 = 4.8

S = {2.8 x 32.2 (3.8> }
kS = 13.4
K = 27.8/cd 2 13.4 = 2.08/cd °
, = 27.8/cd % 13.4 = 2.08/Cd_

2 2,08 750
cd © = m = 0,005

o 7 Jog (10) (950>

2
Cd_° = 0.005

15% R-7450-2
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®
& For high Re values, which is the case for gaseous hydrogen flow in small-

diameter tubing, do/dline ratio determines the value of "C."

For

n
o
i

(do/dline) < 0.60, C

]
S
~J

(do/d ) £0.7, C

line

Therefore, the effective flow diameters are as follows:

2
tc/o + do C Cd0

0 to 10 0.115 | 0.7 | 0.0093
10 to 20 0.091 | 0.6 |0.005
40 to 80 0.03% | 0.6 |0.00069

100 to 150 | 0.033 | 0.6 | 0.0006

Equation 38 represeuts the isothermal case

CA_ S VRT
P-=Pe-—>——214
0 \Y

which differs from the isentropic expansion by a factor of k in the expun-

ent only.

Solving for the equivalent flow diameters under constant temperature

intervals

tc/o => c/o + 10 sec T=100R

[9)

K, = 27.8/Cd ° S = 27.8/Cd02 k.65
2

K = 5.98/Cd0 S

2 _3.98 -
4" = 755 *m (0.665) = 0.0224

o

o
)

1l

0,022%

PEEEN

R-7450-2 15
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tc/o + 10 sec = > ¢/o + 20 sec T=92R
- 2 _ 2
K, = 2,.8/Cd0 4.8 = 5.8/Cd0
2 _>5.8 -
Cd,~ =55 in (0.79) = 0.01%
Cd 2 0.014
0
t
¢/o + 4O sec = > c/o + 80 sec
K, = 27.8/Cd 2 5.14 = 5.41/Cd 2
1 : o : o
2 L4l
cd” = 5718 (50 - tn (0.846) = 0.00242
Cdo2 = 0.00242
tc/o + 150 sec = > c/o + 150 sec

K, = 27.8/Cd02 5.21 = 5.33/cd ”

ca 2. -—2:33 4. (0.85) = 0.00196

° 79 (50)

Cdcz - 0.00196

For
C=08atd/d=0.75 and C= 0.6 at d /d = 0.5
2
tc/o + do C Cdo
0 to 10 |0.167 | 0.8 |0.0224
10 to 20 [ 0.141 | 0.7 [0.0140
40 to 80 | 0.062 | 0.6 [0.00242
100 to 150 | 0.059 | 0.6 0.00196
156
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Liquid Refill Line

_ R = 0.180 inch \\\\\\\\\\\

-~

Calculation of the flow area formed by the line fracture:
Surface area of sphere = A =4 7 R2
the included flow area being that portion of a sphere determined by 6

CoAg = EQ‘ s T RS = 2 RS

o QA

AT =28R

where

6 = radians

Solving for the initial flow 6 (c/o - ¢/o + 10 sec) by setting Eq. 40

equal to the calculated area,

A =Ap=26 (0.180)2 - 0.0648 6 in.?

2
A = ﬂ¥19tl31- - 0.0132 in.?

[e o}
I

= 0.0132/0.0648 = 0,204 radians

or

[« o]
"

17 degrees
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Similarly, during the final phase of the blowdown,

_0.0025 )
8 = 0.0132 ¥ 17 = 3.2
Gf ~ % degrees

Fxamination of the expansion/contraction mechanisms

Al =121e AT

where
-6 . . .
e =13 x 10 .m./m. ¥ (stalnless)
£ = refill line length
AT = temperature chenge

(47)

Hot-gas temperatures of 3000+ F would have been necessary to rupture the

refiil line. Assuming (—200 = > +80G.. F) temperature plus or minus 1 foot

from the rupture would yield a &/ by Eq. 47 of:

Al

1

e

Al

2 x 2x 1000 F x 13 x 10‘6 = 0.312 inch

0.3 inch (assuming unrestrained tubing)

This value results in sufficient expansion to produce the required 6,

158
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s Ly 2t/ BL" cos™ Y 12/12.15

= Q degrees or 27 = 18 degrees

~
A

D
1\

= 18 degrees

it is quite feasible that such & rupture area could result frum severe
heating of the tubing. The numbers were quite conservative in 4 and AT,

but neglect internal gtresses.

Chilling of the line by the cold gaseous hydrogen results in the eventual

contraction to the = 3-degree g condition.
Engine 202: Loss of Oxidizer System Integrity After Cutoff

Description of Event. Oxidizer system pressures and temperatures for
Engine 202 decayed following engine cutoff, indicating loss of system
integrity. 1f system integrity had been maintained, pressure would be
locked up in the oxidize¥r feed system (e.ges 38 psia—for engine 203)

after cutoff, and would'indicate gsaturation temperature corresponding

to the pressure.

Conclusion. The oxidizer system was not maintained intact afier engine

202 cutoff.

Corroboration of Conclusion. pData plots of engine 002 oxidizer pump inlet
pressure (Fig. 80), PU valve outlet pressure (Fig. 81), and oxidizer pump
discharge pressure (Fig. 82) indicate abnormal pressure decay following
engine cutoff. Engine 203 exhibited no guch decays in these parameters

following cutoff.

The conclusion that the oxidizer system pressure decays resulted from

1oss of system integrity 1is further supported by decreasing oxidizer feed
gystem temperatures (Fig. 83, 84, and 89). Engine 202 oxidizer inlet tem-
perature, oxidizer puuwp discharge temperature, and gas generator oxidizer

inlet temperature (gas generator bleed valve temperature) decreased o

R-7450-2 159
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approximately 308 F (transducer limit) by 65 seconds after cutoff; slope
of the temperature curves at this point indicated that the temperature

decrease would continue.

Because it is concluded that integrity of the Engine 202 fuel feed system
was essentially maintained follewing cutoff, cooling of the oxidizer feed
svstem conld only be caused by vaporization of oxidizer within the system,

i.e., decay of system pressure to below the oxidizer vapor pressure.

The location and size of the leak is inconclusive, based on available evi-
dence; however, if the assumption is made that heat required for vaporiza-
tion comes only from the liquid oxygen, an approximate minimuni hole size

may ke caiculatea. Results of the calculations shown below indicate that

a minimum hole area of 0.7 in.2 would be required,

Calculation of Hole Area. The following calculations were made:

L

1. Average temperaturc decay = 0.25 F/sec

2. Heat input to liquid from vaporization:

Q = wepA T
d ( - , Btu
E% - w(0.4)(0.25) = 0.1w ==

where

w = weight of liquid in systiem

3. Heat of vaporization of oxidizer = 92 Btu/1b

) . . 0.1lw . 1b
Rate of vaporization = 95 = 0.00109 Lirown

-4

This rate of vaporization represents flow of vapor out of the
system if the leak is above the liquid level or if the flow of

liquid out of the system is being displaced by the vapor volume.

166 R-7450-2




4., Assuming that the system is full (344 pounds liquid oxygen),

then the flowrate of vapor is:

% = 0.00109 (344) = 0.375 1lb sec

5. Critical flow through a nozzle or well-rounded og}fice is:

/ 5 e+l
W = A i f—— k-1
W o= a \/ Pl pE (K-—l)

At -292 F, saturation pressure is 20 psia

2.45
- ' 0.45
= L — s - 23 ] e
0.375 —oc = Ti% Uzo)(laa)j[o.),J 32,20 | 145 75T
2
A = 0.43 in.” at nozzle throat.

6. If the discharge coefficient is assumed to be 0.65 for the hole,
then '

2
A = 0.66 in.

The major significance of the k.9 in.2 area number is that it is larger
than the area calculated for vapor flow and indicates that the actual
hole size is prebably in excess of 0.7 in.2 area. The flow through the
hole (leak path) is probably mixed phase (gas/liquid) rather than single

phase (either gas or liquid).

Eng:ne 202; Loss of Fuel System Integrity at Cutoff;

Long Fuel Pump Speed Decay Following Cutoff

Description of Events. Some flight data suggest that following cutoff

of Engine 202 at 412,925 secunds range time, engine fuel feed system integ-

rity was lost, and fuel was dumped.
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Engine 202 fuel pump speed decay following cutoff was unusually long,
requiring 11 seconds to decay to zero rpm, as compared to approximately

45 seconds for a normal engine shutdown.

Conclusions. The fuel feed system was basically intact at cutoff, with
only minor leakage occurring. The engine fuel inlet pressure instrumen-
tation line (l/h—inch stage line) may have ruptured at cutoff, dumping
fuel. The gas generator fuel valve reopened to allow a maximum of

0.15 Ib/sec flow following engine shutdown. The fuel recirculation re-
turn relief valve was cracked cpen, venting the 80-psia return manifold

pressure back into the fuel tank. No other leakages were found.

The long fuel pump speed decay following engine 202 cutoff was the result
of the gas generator valve opening after cutoff, and of subsequent gas
generator fuel valve opening and fuel flow, which supplied sufficient

turbine power to extend the speed decay.

Corroboration of Conclusions. The two anomalies are related, and corrob-

oration for both is presented concurrently in the following paragraphs.

The sequence of significant events related to the anomalies, referenced

in range time, is as follows:

1. 412,925 seconds: engine 202 cutoff; pump speed decay begins

[§]

514 seconds: engine 202 fuel pump inlet temperature pegs off-

scale (high); engine 202 fuel pump inlet pressure pegs offscale
( 10\'.')
3. h1h,2 seconds: engine 203 shutdown

k. 415 seconds: engine 202 gas generator valve partially reopens;

gas generator presgsure spike occurs

§15-460 seconds: gas generator fuel valve leakage occurs

p1 ]
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6. 416 seconds: fuel bleed valves open (engines 202 and 203)

426 seconds: engine 202 fuel pump inlet temperature pegs

offscale (low)

~1

8, 428 seconds: engine 203 fuel pump rotation stops
9. 520 seconds: engine 203 fuel pump rotation stops

10. 576 seconds: stage command shutdown

Figures 86 through 96 present fuel feed system pressures and temperatures,
gas generator pressures and temperatures. fuel pump speed, and main fuel
flow for engines 202, 203, and 204. The same parameters [or engines 201

and 205 are similar to engine 204, and are not included.

Following shutdown of engines 202 and 203, their fuel bleed valves opened,
engine 201, 204, and 205 fuel bleed valves remained cliosed, and the stage
fuel recirculation return manifold shutoff valve remained closed. Fuel
feed systems for engines 202 and 203 were manifolded to the stage re-
circulation return manifold through the bleed valves and lines. 1In the
time period from 415 seconds to 570 seconds, fuel pump interstage pres-
sures, balance piston cavity pressures, and pump discharge pressures were
75 to 80 psia; at approximately 580 seconds, all of these pressures
dropped to 60 psia. Fuel pump inlet pressure fuor engine 203 pegged off-
scale high at 55+ psia, and the same parameter for engine 202 pegpged
offscale low at 20 psia. Tuel pump discharge temperatures, gas generator
fuel inlet temperatures, and engine 203 fuel pump inlet temperatures in-
dicated -410 F throughout this time period; fuel saturation temperature
at 80 psia is -409.8 F, '

Data indicate that fuel feed systems on engines 202 and 203 were intact
following shutdown, The systems were connected through the recirculation
return manifold because the engine fuel bleed valves opened at engine

shutdown, The common system pressure of 80 psia was maintained by the

R-7450-2 169
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4

relief valve in the stage fuel recirculation return shufoff valve; this
relief valve hag a cracking pressure of 45 jlg psia, with a fuel tank
pressure of 32 psia; the 80-psia pressure would indicate that the relief
valve was at least partially open. Engine 202 extended turbopump rota-
tion after cutoff provided the energy source necessary to maintain the
80-psia fuel system pressure (converthu;turbopump Kinetic energy to heat

in the fuel, forming a gas voluwae sulficient to maintain the pressure ).

Engine 202 fuel pump inlet pressure pegged offscale low immediately at
engine cutoff and fuel pump inlet temperature pegged high to -410 F at
cutoff {h12.977 seconds), and then offscale low at 426 geconds; loss oq
engine inlet pressure suggests either that the instrumentation lines
ruptured at cutoff or that other instrumentation mechanical failure
occurred. The upward temperature spike at cutoff is normal and occurred
oin a1l engines, The downward temperature spike at 426 seconds is
unexpldined. Because the fuel feed system was intact following cutoff
and contained some liquid at this time, the =427 I temperature is con-

sidered erroneous and prohehly resulted from instrumentation failure.

At 415 seconds, the gas generator valve partially opened, and then closed
again. Gas generator chamber pressure (Fig, 92) spiked to approximately
20 ps’a, decays to 5 psia, then rose back to 12 psia for approximaicly

30 seconds. The latter rise appears to be the result of a leaking gas
generator fuel valve. The leaking fuel, picking up heat from the gas
geuerator combustor, entered the turbine at approximately 1000 F and pro-
vided snfficient torque to maintain fuel pump rotation for the extended
period ohserved, Tahle 8 presents gas generator and fwel turbine param-
eter data versus time; it is assumed that fuel within the turbopump was

o

in a gaseous state and that the pump power lood resulted from windage;
turbine torques stated are sufficient to vresult in the ext:nded pump speed

decay,
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Engine 202: Gas Generator Chamber Pregsure Spilke

During Cutoff Transient

Description of Event. At 413,10 seconds, gas generator chamber pressure
(]

(engine 002) gpiked to 430 psia from 380 psia.
Conclusions. The engine 202 gas generator chamber pressure spike lollow-
ing engine cutoff was a result of oxidizer and fuel pump pressure increases

and closure of the gas generator valve oxidizer poppet,

Corroboration of Conclusions. At approximately 413.05 seconds, oxidizer

pump discharge pressure began a rapid increase from 440 psia. This rapid
increase resulted directly from closure of the main oxidizer valve., Fuel
pump discharge pressure continued to decay until 413,10 seconds and then
hegan to increase hecause of closure. of the main fuel valve. At approxi-
mately 413,10 seconds, the gas generator valve oxidizer poppet closed,
stopping oxidizer flow to the gas generator. The gas generator spike is
caused by rapid buildup of oxidizer system pressure in association with

the fuel system pressuve decay,

ingine 202 Oxidizer Turbine Outlet Pressure Increase:

412,5 to 412.9 Seconds Range Time

Description of Event. FEngine 202 oxidizer turkine outlet pressure increased
g I

approximately 3 psi between 412,5 and 412.9 seconds.

Conclusion. Erroneous data,

Corroboration of Conclusior, Tigures 97 through 103 illustrate the

following conclusions:

/

1. Upstream pressures, i.e., gas gencrator chamher pressure and

oxidizer turhine inlet pressure, did not increasc.
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2, Upstiream temperatures, i.e., fuel and oxidizer turbine inlet

temperatures, did not increase.

3, Oxidizer turbine outlet temperature did not change.

. Oxidizer turbine bypass valve position did not change.

Engine 202 Instrumentation Package Temperatures Rise at

Engine Cutoff: 413 Seconds Range Time

Description of Event. Engine 202 primary and auxiliary instrumentation

package temperatures changed at cutoff from a slow continuous decrease
trend to an abrupt rapid rise, and then leveled off during the remaining

140 seconds prec~ding cutoff of S~IT engines 201, 204, and 205 (Fig. 104 ).

Hynothesis. The temperature rise indicated by the engine 202 instrumen-
tation packages is attributed to a fire in the area of engine 202 (assoc-
iated with cutoff), followed by stabilization at a new environmental

condition with engines 201, 204, a d 205 firing.

Corrobhoration of Hypothesis. The abrupt temperature rise indicates

a very high Q in the areas of the instrumentation packages such as might
be caused by an engine area fire at cutoff. This condition is corrob-

orated by numerous temperaturo measurements in the engine compartment.
The new temperature level sought by both instrumentation packages repre-
sents a more moderate level cf heat emission such as would exist with

only engines 201, 204, and 205 in operation.

Engine 202: Decreased Helium Usage at Cutoff

Description of Event. Review of initial data indicated that engine 202

helium usage was low at cutoif.
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Conclusions., There was no anomaly associated with cutoff helium ugage

for engine 202,

Corroboration of Conclusjon., A =utoff helium usage equation that predicts

the normal pressure losz has been developed. This ecquetion is based on
isothermal flow and has heen modified by an empirically verified coeffic-
ient, This equation utilizes helium tank pressure and temperature just

prior to cutoff,

o
1oy !
AP=P - P/%- L
P.Q:..«
o
where
AP = normal expected pressure loss
P = helium tank pressure prior to cuteff
T = helium tank temperature prior to cutoff
o = ratio of apecific heat (1.67 Tor helium) }

K = empirical coefficient = 0.7%0

Using the above equation, the predicted heiium usage for engine 202 was
5h psi; actual measured helium usage was 60 psi, thus corroborating the
conclusion that engine 202 helium usage was normal and that there is no

anomaly associated with decreased helium usage.

Engine 202: Loss of Oxidizer Pressurization System Integrity
Following Cutoff

Description of Event. Ingine 202 heat exchanger outlet temperature

decreased to approximately ~260 F for approximately 3 seconds following
engine cutoff, and then gradually increased to approximately -60 F at
S5-1IT stage cutoif. Figures 105 through 124 describe AS-502 S-IT engine

heat exchanger and stage oxidizer pressurization system operation.
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Hypothesis. Integrity of the engine 202 oxidizer pressurization system
_ wag lost during cutoff of the engine; the point in the system at which

the integrity loss occurred was between the engine heat exchanger outlet

temperature transducer and the stage check valve (stage side of the

customer connect panel).

The dcnrease in heat exchanger outlet temperature to -260 F following
cutoff indicates that heat exchanger oxidizer flow continued after the
heat source (turbine exhaust) to the exchanger had heen removed; the
oxidizer flow continued until the heat exchanger antiflood check ~alve
closed (approximately 7 to 17 seconds after engine cutoff when heat
exchanger AP reached 20 psi). Flow should have stopped almost immediately
on cutoff, i.e., when heat exchenger inlet pressure was equal to or less
than the stage 02 manifold pressure. Because loss of heat exchanger out-
let line integrity upstream of the heat exchanger outlet temperature
transducer would not result in the observed temperature drop (i.e., no
oxidizer flow), and loss of line integrity downstream of the stage check
valve would result in permanent loss of stage O2 manifold pressure, it

is hypothesized that the integrity loss occurred between the two points.

Corroboration of Hypothesis. Engine 202 heat exchanger outlet tempera-

ture de~reased to an unusually low temperature at cutoff, indicating

continuing oxidizer flow (as compared to the engine 203 cutoff).

The loss of stage 02 manifold pressure at cutoff of engines 202 and 203
was temporary, The fact that stage 02 manifold pressure did not recover
to the level observed prior to cutoff of engines 202 and 203 is attributed
to increased heat exchanger oxidizer flow (decreased heat exchanger outlet

temperature) of the three engines remaining in operation.

Main Battery Current and Main D-C Bus Voltage Spikes:
412,8 Seconds Range Time

Description of Event. At range time 412.8 seconds, main battery current

(stage) spiked up from a level of 55 amperes to 86 smperes. Main d-c bus
voltage (stage) spiked down from a level of 29.3 to 28.7 volts.
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Hypothesis. The current/voltage spikes observed in the flight data indi~
cate a momentary short circuit, probably resulting from a fire or insula-
tion breakdown. No evidence can be found to indicate abnormal operation

of any electrical equipment operating on the main battery at this time,.

Corroboration of Hypothesis. Drawing of excessive amperage from the bat-

tery at the 412.8-second time is supported by the associated drop in main
d-c bus voltage (Fig.125 and 126 ), and is typical of short circuit or
ipsulation breakdown conditions. The possibility of an engine compartment
fire as the cause of a momentary short circuit at approximately the same
range time as the currept/voltage spike anomalies is supported by envirom-

mental data.

Engine 202 Propellant Utilization Valve Opens and

Closes Following Cutoff: 418 Seconds Range Time

Description of Event. At approximately 418 seconds range time, the engine

202 propellant utilization valve opened 6 degrees and then reclosed. Analy-
sis of flight data revealed that all S-II engine PU valves had exhibited

the same anomaly. There were no engine performance changes, engine compart-
ment environmental changes, or supporting system anomalies at this time

that wouid contribute to, or result from, the anomalous PU valve operation.
Figure 127 illustrates typical PU valve position traces for S-II engine
during AS-501 and AS-502 flights. Burn time for engines 201, 20%, and 205
was longer during the AS-SOQ flight than during AS-501; therefore, the PU

valves remained closed for a longer duration.

Conclusions. The sudden change in vehicle velocity/attitude which occurred
at cutoff of S-II engines 202 and 203 resulted in sloshing of propellants
within the S-II tanks. Propellant tank liquid level sensors signalled

the PU computer to open the engine PU valves and, when the éloshihg damped

out or ceased, signalled the PU computer to reclose the valves.
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Corroboration of Conclusions. The PU computer error signal corroborates
excursion of PU valves at 418 seconds. Figure 128 illustrates engine 202
pU valve error signal (net error signal) at 418 seconds. No performance
shift was observed for the three g-1I engines remaining 1in operation at
this time because the PU valve has a 14—degree overlap in the closed
position.

ss of Hvdraulic Fluid From the Engine

Engine 202: Lo

\ctuat’.on Svstem Following Cutoff

Description of Event. Approximately 5.5 seconds following cutoff of engine

202, data jndicated loss of hydraulic £luid from the engine actuation Sys—

tem as follows:

1, Sudden loss of hydraulic reservoir pressure, i.e., 170 psi/sec
as compared to 5 psi/sec pormal pressure decay following engine

cutoff (Fig. 129).

9, Sudden decrease in reservoir volume (percent of capacity) from
10 to O percent in 0.5 gecond, @as opposed to a normal increase
to 79 percent approximately 60 seconds after cutoff as @& result

of reservoir £i1ling from the accumulator (Fig. 130%

Conclusions. Loss of engine 202 engine actuation gystem hydraulic fluid
occurred following engine cutoff; the hydraulic fluid loss resulted from
leakage at the low-pressure gide of one OT both actuators. The cause of

the leakage is indeterminate.

Corroboration of Conclusions. The engine 202 accumulator pressure decay
rate following engine cutoff was approximately 30 percent glower than

anticipated. This reduction in decay rate indicates that fluid was not
1eaking at the high-pressure 1ine between the accumulator and actuators,

but rather at the low-pressure gide; the decay rate further indicates that

R-7450-2 219
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viscosity of the hydraulic fiuid had been increased by chilling of the
hydraulic system, beginning at approximately 260 seconds range time.
The accumulator bleeds down to the hyvdraulic fluid reservoir through the
actuator servovalves at a very low rate (approximately 0.2 gpm), and any

change in fluid viscosity will .nversely affect the bleed rate.

The severity of hydraulic system chilling is indicated by hydraulic lockup
of the engine 202 yaw actuator at approximately 3200-psia accumulator
pressure (415 seconds range time). The lockup function is performed by

a differential pressure valve, connected across the actuavor cylinder
volumes, which is actuated whenever the A P across the actuator falls
hetween 1300 and 1700 psi. The lockup condition was achieved with 3400
psia at the high-pressure side, thus indicating that the low-pressure

side had experienced higher than normal pressure because of increased

fluid viscosity.

The engine 202 yaw actuator had indicated chilling conditions at 28 seconds
range time, as evidenced by erratic behavior c¢f the A P transducer, a hypoth-
esis that has since teen verified by ilaboratory testing of the transducer
at the Space Division of North American Rockwell Corp.ration, Seal Beach,

California.

Yaw actuator lockup was indicated by lack of change in actuator positio.
despite application of a signal comreanding position change. Pitch actua-
tor lockup occurred at 490 seconds range time; accumulator pressure was
1700 psia, indicating a normal lockup sequence (Fig. 129 and 130).

ENGINE 203 CUTOFF: RANGE TIME 414.2 SECOND -

Description of Event

Operation of engine 203 (S-II cluster position No. 3, ¢ngine S/N J2058)
was prematurely terminated at 414,277 seconds range time, following cut

off of engine 202,

R-7450-2
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Engine Anomalies. No anomalies were noted ir operation of engine 203

which would result in cutoff.

Supporting System Anomalies. Analysis of flight data related to cutoff

of engines 202 and 203 indicates that events occurred in the following

abpormal sequence:

1. ZEngine 202 cutoff

2, Engine 203 oxidizer prevalve started closed

3. Engine 202 fuel prevalve started closed

4. Engine 203 oxidizer prevalve reached closed position
5. Fugine 202 fuel prevalve reached closed position

6. Engine 203 cutoff, initiated by dropout of mainsiage 0K pressure

switches upon decay of oxidizer injection pressure
7. Engine 202 oxidizer prevalve started closed
8. Engine 203 fuel prevalve started closed
9. FEngine 202 oxidizer prevalve reached closed positien

10. Engine 203 fuel prevalve reached closed position
Conclusions

Control exercised over closing of the engine 203 oxidizer prevalve follow-
ing engine 203 cutoff should have been applied to the engine 202 oxidizer
prevalve; control exercised over closing of the engine 202 oxidizer pre-
valve following engine 203 cutoff should have been applied to the engine
2035 oxidizer prevalve; therefore, engine 203 cutoff resulted from an
oxidizer prevalve closing signal originating in the engine 202 prevalve

control circuit, i.e., crossed prevalve control commands.
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ENGINES 201, 204, AND 205: PERFCRMANCE SHIFT FOLLOWING
CUTOFF OF ENGINES 202 AND 203

Description orf Event

At approximately 415 seconds range time, the majority of instrumentation
parameters [or the three S-II engimes (201, 204, and 205) remaining in

operation at that time shifted.

Hypothesis

Electrical problem; it is believed that cutoff of engines 202 and 203
reduced the main battery load, causing a change in telemetry ground cur-

rents and shifting the telemetry system power level,

Corroboration of Hypothesis

Data indicated that shifts occurred simultaneously for engines 201, 204,
and 205. It is unlikely that simultaneous shifting of performance would

occur in three engines at the same time,

The performance shifts occurred in such independent parameters as helium
regulator out pressures, helium tank pressures and temperatures, and start
tank pressures and temperatures. Instrumentation parameters indicating
shifts, and the magnitude of the shifts for engines 201, 204, and 205,
are listed in Table 9,

R-7450-2 22%




TABIE 9

S-II ENGINES 201, 204, AND 205 APPARENT
PERFORMANCE SHIFTS AT 415 SECONDS

S-II Enginz2

Instrumentation Parameter 201 204 205
Oxidizer Pump Inlet Temperature, F -0.13 | -0.07 | -0.13
Oxidizer Pump Discharge Temperature, ¥ -0.07 | -0.18 | —0.14
Fuel Pump Inlet Temperature, F -0.03 -0.09 -0.05
Fuel Pump Discharge Temperature, F -0.06 | -0.06 | -0.08
Main Fuel Injection Temperature, F -4.5 -0.3 +3.3
Start Tank Gas Temperature, F -0.1 -1.2 -0.7
Helium Tank Gas Temperature, F ' -0.9 | -0.1 | -1.5
Thrust Chamber Jacket Temperature, F -3.0 -2,k -8.1
Oxidizer Pump Bearing Temperature, F +0.1 -0.2 -0.1
Electrical Control Assembly Temperature, k -1.1 -1.0 -1.6
Auxiliary Instrumentation Package Temperature, F +1,7 +1.0 +3.8
Primary Instrumentation Package Temperature, F -0.6 +0.3 -1.0
Oxidizer Pump Irlet Pressure, psi -2.75 | -3.70 | -3.25
Oxidizer Pump Discharge Pressure, psi -4.3 |-13.2 |-10.2
Fuel Pump Inlet Pressure, psi +0.19 | -0.49
Fuel Pump Discharge Pressure, psi ~7.4 -6.4 |-10.3
Main Oxidizer Injection Pressure, psi +1.1  |-11.6 -9.8
Main Fuel Injection Pressure, psi +2.3 -5.7 4.3
Thrust Chamber Pressure, psi -1.5 -5.7 -2.8
Gas Generator Chamber Pressure, psi +0.8 +2.7 -3.8
Start Tank Pressure, psi -0.2 -6.3 -2.1
Helium Tank Pressure, psi -~11.4 |-19.8 |-21.4
Engine Regulator OQutlet Pressure, psi -1.6 ) -4.9
Fuel Turbiue Inlet Temperature, F +3.2
Oxidizer Turbine Inlet Temperature, F -4.3 -7.0 -
Main Oxidizer Flow, gpm -11,0 -5.8 -7.0
Main Fuel Flow, gpm -0.1 =3.4 ~7.5
Oxidizer Pump Speed, rpm -15.1 +2.7 -3.1
Fuel Pump Speed, rpw -31.9 -19.5 [-34.7

226
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ANOMALIES NOT RELATED TO OR NOT CONTRIBUTING TO
FLIGHT FAILURE

Engine 2C° anomalies discussed in this section are either unrelated to
the AS-502 S-II flight failure or are of a minor nature not contributory
to the failure.

ENGINE 202 PEKFORMANCE SHIFT: RANGE TIME 215 SECONDS

Description of Event

At 215 seconds range time, engine 202 experienced a performance shift
characterized by a thrust increase of approximately 900 pounds followed
by a decrease to the preshift value. There were no discernible engine

compartment or supporting equipment anomalies at this tiwe.
Conclusions

Through review and analysis of data, it is concluded that:

jo]

There were two performance shifts, i.e., one at approximately
918 seconds and one at approximately 226 seconds, as reflected

in main chamber pressure.

2. Performance (PC) returned to its preshift value following each

shift.

3. The shifts resulted from minor gas generator oxidizer bootstrap

line AP shifts,

4. No correlation has been established between these performance

shifts and subseguent anomalies.
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Corroboration of Conclusions

Possible causes of the performance shifts investigated and results of

analysis are as follows:

1. Pump inlet pressure change: none occurred
2. Pump inlet density shift: none occurred

3. Hydraulic pump horsepower change: none occurred; no gimbaling

at this time

4, ASI fuel line failure

Unlikely; performance
returned to original
value., Many values
would shift in wrong
direction.

ASI oxidizer line failure

Wt

6. Fuel pressurization line failure

Gas generator oxidizer bootstrap
iine AP shift

-1

Table 10 presents shifts in selected engine parameters between 215 and
219 seconds range time in comparison to parametric shifts normally asso-
ciated with gas generator oxidizer bootstrap AP shift. It may be seen
that the flight shifts are in the direction of the bootstrap line AP
shift, but of lower magnitude, indicating a minor AP shift condition

as the causative factor.

ENGINE 202 GAS GENERATOR OXIDIZER INJECTION PRESSURE
DECAY: RANGE TIME 350 SECONDS

Description of Event

Starting at 350 seconds range time, gas generator oxidizer injection pres-
sure began to decay from 760 psia. All other engine parameters continued
at the 350-second levels. By 412.6 seconds range time, gas generator oxi-
dizer injection pressure had decayed to 390 psia. At 412.7 seconds, gas

generator oxidizer injection pressure spiked to 590 psia, and then decayed

228 R-7450-2
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TABLE 10

S-11, ENGINE J2044 CHAMBER PRESSURE SHIFT AT 215 SECONDS

Oxidizer Shift
Value at Shift at |[Bootstrap Line|215 to 219
] 215 Seconds| 225 Seconds AP Shift Seconds
lemperatures
Fuel Pump Discharge -409 F 0 0 0
Oxidizer Pump Discharge -291.2 F 0 0 0
Fuel Turbine Inlet 1190 F +1 +29 +3
Oxidizer Turbine Inlet 785 F +2 +22 +2
Gas Generatcr Fuel Valve Inlet -408.6 F 0 0 0
Gas Generator Oxidizer Valve Inlet -292 .8 F 0 0 0
Main Fuel Injection 200 R 0 0 0
Oxidizer Turbine Outlet 610 F +2 0 +1
Thrust Chawber Jacket -328 F 0 0 0
Heat Exchanger Qutlet 220 F 0 0 0
Engine Inlet Oxidizer -296 F 0 0
Engine Inlet Fuel -422 .4 F 0 0
Pressures
Main Fuel Injection 850 +3 +10 +5
Gas Generator Fuel Injection 730 +h +11 +5
suel Pump Balance Piston 500 0 +
Cavity
Fuel Pump Discharge 1224 +6 +16 +7
Main Oxidizer Injection 943 +1 +12 +5
Gas Generator Oxidizer Injection 765 +3 +12 +3
Oxidizer Turbine Inlet 840 +0.2 + +0,1
Oxidizer Pump Bearing Coolant +
Oxidizer Turbine Outlet 33 0 0 0
Oxidizer Pump Discharge 1071 -1 +14 +
Thrust Chamber 759 +1 +9 +
Gas Generator Chamber 635 +0 +9
Heat Exchanger Inlet + +
Engine Inlet Oxidizer 424 0 0 0
Engine Inlet Fuel 28.5 0 0 0
PU Valve Inlet + +
PU Valve Outlet 185 0
Oxidizer Pump Primary Seal 17 +0.6 0
Fuel Tank Ullage 0 0
Fuel Ullage 0 0
Fuel Pump Interstage 167 0 + +
Flowmeters
Main Fuel Flow, gpm 8368 - + 0
Main Oxidizer Flow, gpm 2878 +3 + 0

235
; ““2‘3

R-7450-2 ' 229




during the cutoff transient (Fig.131). During the period in question,
engine compartment and engine component temperatures indicated cooling

in the area of Engine 202.

Hypotheses

Decay of gas generator oxidizer injection pressure resulted from plugging

of the gas generator oxidizer injection pressure line, probably with solid
oxygen, between the gas generator oxidizer injection manifold port and the
tee to the gas generator oxidizer injection pressure transducer. Continued
pressure decay resulted from leakage past the gas generator oxidizer purge
check valve or from continued cryogenic chilling of the gas generator oxi-~

dizer injection pressure line.

Corroboration of Hypotheses

Engine compartment, and engine and stage component environmental data

indicate cryogenic chilling in the area of Engine 202, This chilling

could result in freezing of oxygen in the instrumentation line when the
line was chilled to ~5>40 F. The gos generator valve position potentiom-
eter indicates valve closurc of 4 percent; this apparent motion is probably
due to cryogenic chilling of the gas generator valve body, with the same
cryogenic chilling source impinging on the gas generator oxidizer injection
pressure line. The pressure recovery noted is probably due to heating in
the engine area at cutoff, melting the plug sufficiently to allow the
recovery. Just prior to start of gas generator oxidizer injection pres-
sure decrease, the pressure was 760 psi. Therefore, assuming no decay in

manifold pressure at cutoff, the 4P from Py to Po is 370 psi.

_ (370 psi) (144 in.2/ft°)
= 3 = 70 £t
(70 1b/ft7)

head

ah
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By breaking the line into four segments, each with a resistance, the

. 2
Ahead 18 Ahead = hl + h2 + h3 + hli’ where b= %g
LK
1= 5y
Entrance effect K, = 0.50; I, 16-inch tube K, = f (L/D)
Assuming Re = 105 £ = 0,017
K =0,y

2-’—
Exit effect from 1/16-inch tube

KB 0.80 9
10 0.0625 _
0.017 <0.188> < 0.188> = 0.100

1/4- inch tube K,
(0.50 + 0.136 + 0.80 + o.1oo)v2

i

" 700 1 = T
v2 = 32 x 104 ft2/sec2
v = 168 ft/sec
w = pAv
w o= (70 1b/ft3)(2.12 pe 10“5 ftQ)(l68 ft/sec)

I

0.250 1b/sec

For a 0.026 1lb/sec leak below the gas generator oxidizer orifice, fuel

turbine inlet temperature decreases 9.1 F and Pc decreases 2.9 psi,

Bp 00250 (-9.1) ooy

GG 0.026 B

I _
A, | 0.250 (-2.9) _ ~97.8 psi

c 0.026 a

Since the above performance shifts were not realized, the indicated AP

was not due to flow,
Possible cause of the indicated pressure loss is plugging of the iustru-

mentation line, accompanied by slight lealage of the check valve, thus

allowing the indicated decay.
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APPENDIX A

FLIGHT SUPPORT TESTING

Testing in support of analysis and investigation into AS-502 S-I1I flight
problem areas was conducted on both engine system and component levels at
various Hocketdyne facilities and at the NASA-MSFC pres.ure-fed thrust

chamber test stand.

ENGINE SYSTEM TESTING

A combined S-II/S-IVB ilight support test program was conducted at the
Rocketdyne Santa Susana Field Laboratory, test stand VIS-2, utilizing
J-2 R& engines JO04-5 and J-16-4. Three of the tests conducted were
related to analysis of the S-II, Engine 202 anomalies, and are described

in the following paragraphs.

Test 313-035 (Engine J004-5)

The primary objective of this test was to simulate partial failure of the
ASI fuel line, followed by complete failure of the line; i.e., two-stage

failure mode. (Figure A-1 is a schematic presentation of the test setup.)

An initial ASI fuel line leakage rate of 0.5 lb/sec was simulated; no
significant change in engine performance was noted, Complete failure

of the ASI fuel line was simulated by opening an overboarl vent at the
thrust chamber manifold and closing the ASI fuel valve. At the same time,
the simulated leakage rate at the downstream vent between the ASI ruel
line downstream flex section and the ASI injectcr was increased. This
resulted in failure of the tee fitting at ithe downstream vent due to com-
bustion of residual fuel in the ASI fuel line; overboard flow of ASI com-
bustion products occurred at the failed tee, but no dame » resulted from
the fire because of the relatively cool temperature of the combustion
products (estimated at 300 to 500 F). No significant injector loss was
noted. Slight erosion of the ASI nozzle was noted; however, erosion pene-

tration of the injector fuel manifold did not occur.

R-7450-2 A-1
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Tert 313-036 (Fngine JOO4-3)

The primary objective of this test wax to simulate an ipitiai yartial
failure of the ASI fuel line, progressing to complete failure of the line.
Figure A-2 presents a graphic illustration of the test =etup. Lenkage was
simulated in the ASI fuel line between the first (upstream) and second [lex
sections; the leakage rate was increased in such a manner as to obtain a
rapid ASI] mixture increase. Ingine operation continued with an oscillatory
flow condition in the ASI fuel line. until the overboard leakage rate was
again increased; at this time reverse flow from the AST through the ASI
fuel line was obtained. Fosttest hardware inspection revealed that erosion
of the AST cavity and burnthrough into the thrust chamber injector fuel

manifeld had occurred,

Test 313-041 (Engine J016-4)

The primary objective of this test was to obtain slowly increasing ASIT
mixture ratio during engine operation, followed by simulated fa:ilure of

the ASI fuel line. During the test, ASI mixture ratio was slowly increased
from 1.3 to 20. ASI erosion commenced at a mixture ratio of 2.5 and con-
tinued until after the simulated line failure. Severe ASI nozzle erosion
occurred, with hurntirough into the main injector fuel manifold and into

two oxidizer elements. Tigure A-3 illustrates the test setup.
MSFC THRUST CHAMBER COMPONENT TESTING

ASI/thrust chamber ccmponent testing was conducted at MSFU, test prsition
502, a high-pressure, LOX/'LH2 compone .. test stand. Primary objectives
of this testing included determination of the extent of injector damage
incurred when operating with abnormal (high) AST mixture ratio, and deter-

mination of the effect of a damaged injector on engine performance.

A series of four tests was conducted (217-1 through 217-4). Two of the
tests, 217-2 and 217-4, simulated tests applicable to S-II, intend-d to

R-7450-! A-3
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approximate an ASI fuel line rupture and resultant ASI mixture ratio of

10:1 (o/f). The test setup utilized is illustrated in Fig. A-k.

The AST was utilized as the ignition source for the thrust chamber and
employed a sparks-on, 50-millisecond oxidizer lead start. The thrust
chamber was started using a full-flow fuel lead preceded by igniter oxi-
dizer 1o facilitate main propellant ignition. Both the ASI and the thrust
chamber used a fuel-rich cutoff. ASl-only operation was restricted Lo less
than 1.2 seconds by means of sequencing and safety cutoff circuits. The
highest recorded ASI mixture ratio during start transient was 1.42 (o/1).
ASI fuel line leakage was simulated by closing the No. 1 ASI fuel valve

(Fig. A-4) approximately 1 second after attaining stable mainstage operation.

Results attained during tests 217-2 and 217-4 are as follows. Main injector
damage was incurred during test 217-2. Severe continuous main injector
burning and erosion began at approximately 212 seconds mainstage and ap-
peared tc quench after approximately 7.1 seconds; short, sporadic bursts

of intense burning concinued to occur from the initial quenching point

until cutoff.

The ASI nozzle erosion did not penetrate any oxidizer passages, but sub-
sequent vacuum checks disclosed a longitudinal crack that extended into

the oxidizer post of element No. 3, row 1.

Significant main injector, main chamber, and ASI seal damage was incurred
during test 217-4. A total of 15 oxidizer passages (including two oxidizer
"doghouses") were violated by erosion. Very intense continuous main in-
jector burning and erosion began immediately after the No. 1 ASI fuel

valve (Fig. A-4) was ramped closed; the burning continued until approxi-
mately 3 seconds prior to cutoff at which time the burning appeared to
diminish slightly. Two thrust chamber tubes in the lower nozzle were
ruptured during test 217-%; analysis of test data and instrumentation
motion pictures and appearance of the ruptured tubes indicate that the

damage was caused by ejected injector material striking the nozzle interior

A-6 R-7450-2
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wall, These ruptures resulted in (1) 8 to 9 1t/sec of main fuel being
dumped into the lower nozzle, and (2) application of significant side

loads to the thrust chamber,

A ¢* efficiency "tail-off" of 1 percent was observed during the latter
7 seconds of test 217-2 and the latter 12 seconds of test 217-4. The
following suggest that this effect primarily :esulted from pressurant

(nitrogen) dilution of the main oxidizer,

1. The magnitude of c* efficiency loss was the same for hoth tests,

whércas the extent of main injector damage was markedly different.

2, The observed "tail-off" orcurred concurrently with a rise in main
oxidizer temperature; the rate of "tail-off" increased with the

rate of temperature rise,

3. Oxidizer tank ullage was less than 50 percent during the "tail-

off" perioas.

L, The oxidizer tank pressure (approximatel~ 1300 psig) was well
above the critical pressure of oxygen, permitting facile dif-

fusion of nitrogen into the oxygen.

Pertinent test results and data are presented in Table A-1 and in Fig. A-F

through A-9.
CONCIUSIONS
The following conclusions were developed, based upon results of Rocketdyne
tests 313-035, 313-036, and 313-041, and data acquired during MSFC thrust
chamber component tests 217-2 and 217-4:

1. Frosion of the main injector can occur over a relatively long

duration without generation of instability and without catas-

trophic failure.

A-8 R-7450-2
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FOLDOUT faaid

/

TABLE A-1

MSFC THRUST CHAMBER TEST IU

Thrust Chamber ASI
Fuel J
Chamber Injection Chamber Inj
Test Date, Pressure, Mixture Temperature, Pressure, Mixture Temp
No. 1968 Event psia Ratio R psia Ratio
217-1 | 2 May —_— - - - - -
217-2 | 3 May | Prior to 766 6.15 226 860 .68
valve ramp
Following 766 6.18 294 798 5.87
valve ramp
Cutoff 760 0.25 226 807 6.18
217-3 | 7 May - - - - _——
217-4 | 7 May | Prior to v 762 5.70 NG 906 .98
valve ramp
Following 762 5.70 —— 829 9.15
valve ramp
Following 750 5.62% —_— 806 9.15
tube rup-
ture
Cutoff 740 5.63% _— 793 9.70

R-7450-2




TEST RESULTS

FOLDCUTY FELNE 9\

Fuel
Injection
Temperature,
R

Mainstage
Duration,
seconds

Remarks

Hardware Condition

1.0

23.7

High Pc limit
cutoff; check-
out test

Fuel depletion
cutoff; simula-
tion test

Observer cutoff
for fuel fire

Fuel depletion
cutoff; simula-
tion test

No change in har.are coadition

No damag. o thrust -hamber. ASI fuel side
spark p! severely eroded. Main injector
AST noz: erod- ! through to main fuel com-
partment =50 <egrees. Erosion began 1 inch
downstream =zeal = ¥ . 2and extends outboard
to within 0.09 inch ¢: row No. 1 oxidizer
passages. Vacuum check disclosed a longi-
tudinal crack into element No. 3, row No. !
oxidizer post., Damaged spart plug and main
injector were replaced.

No change in hardware condition

Thrust chamber tube No. 362 has a full tube
width gate split from 5.75 to 7.2% inches
upstream thrust chamber exit. Tube No. 363
has a full tube width split from 5.25 te
6.25 inches upstream thrust chamber exit.
AST fuel-cide spark plug severely eroded.
ASI lower lip severely eroded. ASI nozzle
severely eroded over entire length and out-
board to row No. 2, All elements in row
No. 1 eroded away. Elements No. % and 5,
row No. 2 eroded away. Element No. 2, row
No. 2 oxidizer post penetrated at tip.
Oxidizer doghouses No. 3 and 8 violated by
erosion. Face plate eroded away outboard
to row No. 2.
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Figure Posttest Injector Condition, MSFC AST Fuel Line Failure
Simulation (View of Face)
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Thrust chamber P and c¢* efficiency were unaffected by erosion
¢
and penetration of the main injector fuel manifold, oxidizer

marifold, and oxidizer elements in the vicinity of the AST nozzle.
The ¢+ efficiency is reduced by opening fo atmosphece any portion
of the AST injector or main injector.

Frosion of the ASI nozzle can occur with an ASI oxidizer fuel

mixture ratio as low as 2.9,

Damage to the thrust chamber nozzle resulted from ejected in-

jector fragments,

gide forces, i.e,, moment loading at the gimbal bearing, can
result from failure of thrust chamber tubes with at tendant fuel

leakage flow to the interior of the thrust chamber nozzle,

A-15/A-16
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APPENDIX B
ALTERNATL. HYPOTHESES
Specific hypotheses considered during analysis and investigation of major
AS-3502 S-II flight problem areas are listed herein, along with brief suate-
ments of substantiating information and/or data not in agreement with the
hypotheses, Hypotheses listed are referenced to range time.

RANGE TIME 220 TO 318 SECONDS

Gradual engine performance decay, engine compartment and engine component

temperatures decrease,

Hynothesis 1

Progressive fuel leak emanating from fuel tank pressurization system

(thrust chamber injector manifold)

Substantiating;Information.

1. Apparent performance decay at 2060 seconds
2, Fngine components bhegan to chill at 220 seconds,

3. (General direction of chilling scvurce matches the location of

the fuel tank pressurization hoas.

‘4. Amount of leakage required to cause the apparent performance
decay (2.5 1b/sec) is within the flow capability of the fuel

tank pressurization system,

5. This system could then have ruptured at the 319-gecond time,

as noted in the material for that anomaly.

Data Not In Agreement With Hypothesis,

1. Difficult to relate this failure mede to cutoff failure, as

noted in the 319-second anomaly

R-7450-2 B-1




2. No previous line failures

%, Site test data not in agreement with observed flight data

Hzgothesis 2

Progressive fuel leak emanating from the AST fuel line (thrust chamber

inlet manifold)

Substantiating Information,

1. leak at the thrust chamber inlet manifold fitting or in the
lower flex sgection could cause the observed chilling of engine

components beginning at 220 seconds range time,

9, Fngine vibration could cause leakage to increase with time
(fatigue) to the point where engine compartment temperatures
decrease, and finally to complete rupture of the line (319-

second performance shift).

3. Amount of leakage required to cause the apparent performance
decay (2.5 1b/sec) is within the flow capability of the ASI

fuel delivery system.

%, This failure mode can be related to the cutoff failure, as

noted in the 319-second anomaly.

Datn Not In Agreement With Hyvothesis,

1., Leak does not contribute side forces to create observed actuator

loads after the 319-second performance shift.

Hzpothesis 3

Progressive fuel leak at thrust chamber heat shield (external)

B-2 N-7450-2




Substantiating Data.

Failure of one or more tube-to-nozzle tension band braze joints
due to heat shield loading and’or engine vibration could cause

a fuel leak on the inboard side of Ingine 202.

Tuel leak from this ares could cause engine components to chill
down, as it matches the general coolant region defined by the

temperature measurements.

A tube-to-band braze joint failure due to vibration can propagate

from tube to adjacent tube, thus giving rise to progressive per-

Amount of leakage attributed to this type of failure could sup-

Abrupt performance loss at 319 seconds would have te be caused
by sudden failure of a number of tube-to-band braze joints; 10

to 12 tube failures are vequired to have a performance shift,

Difficult to relate this failure mode to cutoff failure

3.
formance loss,
b,
port the noted performance loss,
Data Not In Agreement With Hypothesis,
i.
)
3.

Tnsufficient flowrate to create observed actuator loads

_Hzpothcsis 4

Progressive fuel leak at exit of thrust chamber (external)

Substantiati{g Data,

1.

R-7450-2

Tube leaks could cause chilling of hydraulic system and engine

components,

B-3




Data Not In Agreement With Hypothesis.

1.

To be a progressive leak, it would have to be a tube-to-braze
joint failure, such as Hypothesis 3, probably at the exit mani-
fold or aft hat band location. No known abnormal loading is
imposed in that area during flight in addition to the normal

vibration load from engine operation.

This failure mode does not adapt readily to the abrupt per-

formance decay at 319 seconds nor to the cutoff failure.

Hypothesis 5

Fuel leak at thrust chamber exit (internal)

Substantiating Data.

1.

Tuel leak will cause a performance loss.

Data Not In Agreement With Hypothesis.

1.

2,

Intcrnal tube leak is not progressive and will not yield gradual

performance degradation.

Internal leak is confined to exhaust plume, therefore will mot

result in chilling of engine area as noted in terperature data.

RANGE TIME 319 SECONDS

Engine 2644 rapid performance shift.

Hzgothesis 1

Fuel leak at thrust chamber injector manifold (pressurization hose)

B4
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Substantiating Information,

Leak would be at least 7 1b"sec, which is close to the required

flowrate at this manifold, and dir~~tionally matches the analog

Lealk at this manifold could cause chilling of the hyvdraulic lines

and gimbal actuators and flight instrumentation packages.

Teak at this manifold does not result in cutoff failure unless
the elbow and hose could physically twist around so as to strike
the area (C03a or the ignition detector prebe) and rupture the
dome or cause a fire. lorce generated by flow from the hose is
not sufficient to tear it loose in this manner. Also, knocking

off C03a would not give erough flow area to match the cutoff

model.
2.
Data Not In Agreement With Hypothesis.
1,
failure.
2.

Available flowrate will not create observed actuator loads.

Hznothesis 2

Fuel ! ak at thrust chacher inlet manifold (ASI fuel line)

Substantiating Data,

R-7450--2

Result of leak 2t this manifold directionally matches analog

model.

This leak conld cause erosion of the ASI and ASI fuel line at
the dome, which could cventually erode dome and cause it teo

rupture under pressure,

Cold fuel irom this leak could spray on the flight instrumenta-
tion packages and hydraulic components causing them to chill

dowii.

B-5




L, Flow from this leak could match the 10 lb/sec required to pro-
duce the shift if the ASI fuel line boss on the thrust chamber
fuel inlet elbow failed (produces 7 1l/sec).

Data Not In Agreement With Hypothesis.

1. The fuel pump speed and actuator load changes that were noted
do not fit the model.

9. Available flowr ce will not create observed actuator loads.

Hzgothesis 3

Fuel leak at exit of thrust chamber (external)

SubstantiatiqgﬁData.

1. ILeak could cause chilling of hydraulic system and instrumenta-

tion packages.

Data Not In Agree ent With Hypothesis.

1. Leak would have to be on inboard side of thrust chamber to
create the observed actuater loads; however, this is highly
unlikely because the heat shield protects this part of the
bell from falling objects.

2. TFuel pump speed and thrust chamber jacket temperature go in

wrong direction to match model,

Ezpothesig_é

Fuel leak at thrust chamber heat shield (external)

B-6 R-7450-2
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substantiating Data.

1. leak at this location would give actuator loads in the right

direction,

2. lLeak could cuause chilling of hydraulic system and insfrumenia-

tion packages,

Data Not in Agreement With Hypothesis,

1. 1If heat shield shifted and moved into engine, it would have to
break numercus large-diameter struts to do so, and would also

hit engines 1. 3, and 5 because of the symmetry of the shield.

2, The large turbine evhaust manifold inlet elbow is the first
thing that the shield would hit if it moved over into the engine.

This would cause only » hot-gas leak.

3. Tuel pump speed and thrust chamber jacket temperature change in

wrong direction to match medel.

4. Temperature measurements in this area do not indicate a leak,

~

Hypothcsis 5

Fuel leak at exit of thrust chamber (internal)

Substaatiating Data.

1. Test results indicate that injector pieces may strike the thrust

chamber nozzle creating internal fuel leaks.

2, Tuwel leak of 7 1b’sec at exit manifold would cause observed

actuator loads.

3. Tuel leak at 7 lb/sec would cause observed 319 seconds per-

formance shift,.

R-7450-2 B-7
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Data Not In Agreement Wwith Hypothesis.

1. TFuel pump speed and thrust chamber jacket temperature go in

wrong direction te tatch model.

2, DPatch on tube 123 could blow out, but resultant forc. would be
on wrong side of thrust chember to produce observed actuator

loads.

The follewing hypotheses were investigated as possible causes for the

performance shift aund rejected for the reasons indicated:
1. Oxidizer system leak--analysis indicates that 22 1b sec oxidizer

leak is required to give the observed engine performance decay.

Ingine data do not indicate any oxidizer leak.

2., Valve failure--review of data showed no engine »r vehicle valve

position changes during the performance snift.
RANGE 1T 319 SECONDS
ingine 202 pitch and yaw actuator A P shift.
Hypothesis 1
Inboard external fuel leak of 17 1b'sec at thrusc chamber exit

Substantiating Information.

1. Wenld give required load

Data Not In Agreement With Hypothesis.

1. Performance data indicate only 7 to 10 1b/sec fuel leak.

2, Would not cause ccoling fou.d above heat shield

B-8 R-7450-2
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' 3. Does not égree with calorimeter datn

4, Would require object to drop from under heat shield: none

avoilable

5. Does not match thrust chamber & p

lg\mothesis 2

Inboard external fuel leak of 21 1b/sec at heat shield attach point

Substantiating Information,

= , . - 1. Would giye reguired load
2, Heat shield curtain could damage thrust chamber,
= 3. An object from the interstage could strike the chamber.

4, Would give a cryogenic leak into the boattail )

Data Not In Agreement Wich Hypothesis.

WO

i 1. Pull testson flame curtain did not demage thrust chamber tubes,
L . 2, Flame curtain temperatures do nut chill,

H 3. Flow rate does not match 7 to 10 lb/sec required for performance
3 shift, ’

§ h. Does not match thrust chamber & P

% Hypothesis 3 -

e
¢

Inboard external leak from fuel tank pressurization hose of 15 1b/sec
with hose expanded to flame shield »

TR R e

Substantiating Information.,

1. ~Would give reguived lgad — — - -

R-7450-2° | B9
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Data,Not In Agreement With Exgotheaiat

1. TFlowrate not in agreement with 7 to 10 1b/sec required for per-
formance shift.

2., Flame curtain temperatures do not chill,
3, TR&D tes’ data do not match performance shift.

L4, Stage H2 pressurigzation system data shows line to be intact.
Hypothesis i
ASI fuel line failure

Substantiating Information.

1. Data match observed performance shift.

2. WOuld_ chill boattail

Data Not In Agreement With Hypothesis.

1. Would not give ioad of vrequired direction or magnitude,

Hypothesis 5

Outboard internal thrust chamber fuel leak of 11 1b/sec at exit

SubstantlatgggrInformatiﬁn.

1. Would give required loads

Data Not In Agreomont with Hypotheais.

1. Thrust chamber & P data do not support 11 1b/sec leak.

2, Would not cause external chilling

B-10 | o R-7450-2
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*‘A liypothesis 6

Inboard exhausi system leak of greater than 7 1h/sec

Substantiating Information,
1, Would give required load.

Data Not In Agreement With Hypothesis,

1, Temperatures in boattail do not indicate hot-gas leakage.

2., System analyzed to be intact at cutoff.

PR

3. Does not match perfermance shift

(P

4, Requires a 72'in.2 hole in exhaust system

ﬂxQOtheais 7

Inboard oxidizer leakage o. 180 1b/sec

~
.

Substantiating:Information.

1. Would give required load

2. Would chill boattail

Datn Not In Agreement With Hypothesis,

- 1, Performance lovs was 7 to 10 1b/sec of fuel,

2. leakage rate too high; engine data do not indicate any oxidizer

leak,

gxgotheaie'B

Fuel inlet duct inner bellows preasurized

~ R-7450-2 o B-11
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Data Not In Agreement With Hypothesis,

1. Load in wrong direction

2, AS-502 still had'relief valves on annulus,
Hypothesis 9
Stage oxidizer duct support failed and loaded oxidizer side of engine,

Data Not Ingégggement With Hypothesis.

1. Duct would b2 supported by stage thrust structure,

2, TInsufficient load .

gxnothesie 10

Hole through thrust chamber to hot gas to cause leak of 3.1 1b/sec just

above exit plane,

- Substantiating Information.
1, Would give required load .

Data Not In Agreement with Hypothesis.

1. Aft heat shield temperature dces mot rise.
2, Would require impact of object under heat shield

3; Not indicated in performance data

gxgothesis 11

~

Heat exchanger leak of 7 ib/soc; turbine exhaust gas and main thrust

chamber exhaust gas

B-13 ’ ' R-7450-2
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g Substantiating Information.

1. Would give required load

Data Not In Agreement With Hypothesis.

1, Would heat boattail instead of cooling it
2, TR&D data comparison does not.support failure.

-3, Flight data do not confirm failure mode,

Hypothesis 12

Failure of gimbal bearing fabroid liner by effects of S-IC boost.

fabroid.

'é Data Not In Agreement With Hypothesis.
E {'} 1. Effects of S-IC boost not sufficient to overload and flake

Hypothesis 13

Oxidizer or fuel pump support failure

Data Not In Agreement With Hypothesis,
1, Insufficient load

‘ Hypothesis 14

Unbalance of 1,5-pai compartment pressure across entire engine above heat
shield ‘

R-7450-2 “ B-13
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Data Not In Agreement With Hypothesis.

1. Compartment interstage pressures do not indicate over 0.05 psia.

Hypothesis 15

=

Inboard external leak at fuel tank pressurization manifold of 66 1b/sec

Substantiating Information.

1. Would give required load

2, Would chill boattail

Data Not In Agreement With Hypothesis.

1. Only 7 to 10 1b/sec flow loss indicated
2, Only 80 lb/aec flow through main chamber . o —~

3. R&D test data do net match performance shift observed.

Hypothesis 16

Outboard internal thrust chamber fuel leak of 23 1b/sec near turbine ex-

haust manifold - 9

Substantiating Information.

1. Would give required loads

Data Not In Agreement With Hypothesis.

1. Not supported by thrust chamber A P data and transient data

2. Would not cause external effects and temperatures

B-14 | " R-7450-2 L
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j;;?* t Hypothesis 17

Gimbal bearing failure

Substantiating Information.
1, Would give required load
»Data Not in Agreement With ﬂygothesis.
of gimbal bearing by this amount

Hypothesis 18

Heat shield supports failed and allowed shield to rest on chamber.

Ty
(j’ Substantiating Information.

¢ , ‘1. loading in required direction

Data Not In Aggéement With Hypothesis,

1, Would require heat shield to move agaihst gravity

i‘ v k 1. Cannot explain mechanical failure to account for displacement
|
\
|
\

% 2, Would not explain performance shift
: Hypothesis 19
f Large external indentation in thrust chamber of 10 to 20 in.? projected
3 area
I
‘ -
t Substantiating Information,
4
F; 4 1. Would explain loads
| ,

R-7450.2 | ’ B-i5




2.

3.

PPN -

v

Impact from external object possible

External object could damage ASI fuel line.

Data Not In Agreement With Hypothesis.

1.

2.

3:

Would require 7 to 10 1b/sec fuel leakage to explain performance

shift
Would not explain boattail chiiling prior to 319 seconds

Would require considerable impact to dent chamber (greqter than
2000 ft~1b)

RANGE TIME 412.3 SECONDS

Engine 2044 rapid performance decay and subsequent engine cutoff,

gznothesis 1

Burn through oxidizer dome (internally)

1.

2.

3.

Partial failure‘of the ASI fuel line at 220 seconds results in

high ASI mixture ratio and erosion of the ASI nozzle.

Frosion of the injector continues until 412.3 seconds, at which
time breakthrough to the oxidizer dome occurs and oxidizer flow

begins to increase.

Chamber pressure begins to drop and fuel flow increases; per-

formance decays until cutoff is initiated,

gxgotbasis 2

Burn through oxidizer dome (externally)

1. Partial fialure of the AST fuei line at 220 seconds results in

B-16

high ASI mixture ratio and erosion of ASI nozzle and injector.
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Compiete separation of the ASI fuel line at 319 seconds allows

hot ASI gaéésr;o back flow through the ASI fuel line and impinge

'exterﬁally dn‘the oxidizer dome,

Erosion of oxidizer dome continues until 412.3 seconds, at which
time breakthrough tc the oxidizer dome sccurs and oxidizer flow

beging to increase,

Chamber pressuré beging to drop and fuel flow increases; per-

formance deceys until cutoff is initiated.

Substantiating,Information.

1.

Oxidizer flow increase indicating failure downstiream of flowmeter.

Pressure in oxidizer system is maintained for approximately 60
geconds following cutoff, irndicating failure is downstream of
MOV,

Rapid decay of main oxidizer injection pressure compared to
oxidizer pump discharge pressure indicates failure downstream
of MOV.

The following malfunctions were investigated as possible causes for the

rapid performance decay and rejected for the reasons indicated:

Tuel Feed Systems

1.

2.

- R-7450-

Inlet Duct Failure

a. Tuel injection temperature did not rise.
b. Fuel turbine inlet did not rise.

¢. OUxidizer lurbine inlet did not ris:.

4. TFuel fiow should not increase.

Turbopump Failure ‘

a. Fuel injeclion temperaiure did not rise,

b. TFuel turbine inlet did not rise,

B-17
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‘!’Gas Generator Bypass Vﬁlve Fh:lufe

L7 P VR -

¢. Oxidizer turbinc inlet temperature did not rise.

d.,  Fuel flow should not increasc.
High-Pressure Duct Failure

a. ‘Fuel injecti: 1 temperature did not rise,
b. Fuel turbine imlet temperature did not rise.

c. 0x1dlzer turbine inlet temperature did not rise.

d. Increas1ng fuel eliminates failure. upstream of flowmeter.

Gas Generator Bootstrap Line Fallure:

"a. Fuel and 0x1dlz~r floww should lncrease,r

b. Fuel turbine 1nlet and'oxldtzer turb:ne xnlet temperatnres;_é S RO O P

did not rise., = - - f; i:.y:j?';qwl & ’f«;Ll

a. Posit1on,m1cro 1ndxcates nrOper oyeratlon. L
b. Fuel turbine 1n1ef and oxldlzer turbzne inlet temperatares"f""'

did not rise,

Main Fuel Valve Failure

"a. Pogsition trace indicates proper operatiom.

b. Fuel injection temperature did not rise.

¢. Fuel flow should not increase.

Thrust Chamber

a. Fuel injection temperature did not rise,
b. Yuel turbine inlet and oxidizer turblne inlet temperatures

déid no* rise,

Oxidizer Peed System

1.

Inlet Duct Failure

a. Oxidizer flow would mot increase.

b. Oxidizer pump speed would increase.

¢c. System integrity is waintained after cuteff.

Turbopump Failure
&, Oxidizer flow would mot incrcase.

- B-7450-2
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h.

Gas

b.

C.

Fuel flovw would not increase.

Bearing ccolanl temperature indicated no problem.

High-Pressure Imct Failure

a.

Failure upstream of {lowmeter would not result in increase

in exidizer flow,

Failure any place in dvet would not result in system integrity

being maintained after cutoff,
Generator Bypass Valve Failure

Position micro indicates proper operation.

Failure any place in duct would not result in system ivtegrity

being maintained after cutoff.

Main Oxidizer Valve Failure

a.

b.

Position trace indicates preper operation,

Oxidizer flow should not increase.

Generntor and Exhaust S;stem

Gas

Generator Valve Failure and Combustion - System--Burnout,

Crossover Duct Failure, Oxidizer Turbine Bypass Valve Opens

a.

Failures indicated in this system would result in power
being removed from turbines with no increase in oxidizer

or fuel flows.

Gas genérator valve and oxidizer turbine bypass valve

position traces and micros indicate proper operation.

ASI §zstem

1.

| R-7450~2

ASI

Q.

Oxidizer and Tuel Lines

Loss of either line would not result in cutoff, unless failure
of fuel line earlier ixn test resulted in erosion of ASI through

to oxidizer dome,

B-19




b M e e

[ ]

neda.

_Start §zstem

1. Spin Line Failure

a. Failure would result in power being removed from turbines

with no turbine increase in fuel or oxidizer flows.

B-20 R-7450-2




APPENDIX C
ENGINE 202 (J-2 ENGINE J2044) HISTORY AND CONFIGURATION

S-1I stage anomalies that occurred during flight of the AS-502 vehicle
appear to be centered around Engine 202 (J-2 S/N J2044); accordingly,
analysis of the anomalies included a review of the history of this en-
gine from completion of buildup through vehicle launch. This complete
chronological history, including all significant engine events occurring

prior to launch, is itemized in Table C-1.
ENGINE ACCEPTANCE

J-2 engine S/N J2044 was subjected to a hot-fire acceptance test series
at the Rocketdyne Santa Susana Field Laboratory during this period 13
through 15 October 1965. The engine accumulated 676.1 seconds of main-
stage'operat1bn during the series, which consisted of four tests. The
engine was accepted by the Government on 15 November 1965, onlnw1ng
completion of postfiring electrical and mcchanical checkouts. Acceptance

testing of engine J2044 appears to have been normal in all respects.
STAGE ACCEPTANCE

Engine J2044 wus subjected to two hot-fire operations during acceptance
of the AS-502 S-II stage at the Mississippi Test Facility, with respective
durations of 365.1 seconds and 367.8 seconds. The stage was shipped to
KSC on 20 May 1967, engine J2044 having accumalated 1409.0 seconds in six

starts, well within allowable limits.,
- CONCIUSIONS
Analysis of the chronological history of engine J204%4 (Table C-1) does not

reveal any relevance to the S-II stage anomalies that occurred during
flight of the AS-502 vehicle,

R-7450-2 y C-1




I
T . . 5

*69-62-6 *264-9€wSu]

*I38UY °POW LO2T69-91 »ﬁa

_ *69-62-6 ‘61T~ wnqmm
.b»ac4 .uoacﬂmpamommsaam

2039 2UUOD.
0% paxxnosd0 o9vTED O\

It
T iXTIIXEG X500 TXTCY 251X
x50t TEUXHE1X2LT CLU%eT

nZ

et

nmdmnoﬁanmw~|Mo~wﬁqmeﬂxﬂﬂxmm
38x,8xZgx0§ TIXSIXCL T x40
x13 10¥T8 Guxil K{x2¢x0i*be

TaTExTE TIXTY gx¢ *S13u0p;

[}

214y N/s may ‘elian N/S 210
103831pUT *80s 288GLGY M/S:
m2u *9)12904 N/S P10 4800,

9661909 z\n meN ‘000 z\m.
PID °yuel Jamadu payreIsuy)

R L

*DrFABTIYOR saaryval Qo AH<

*PHABTYOT u&,.u..oon.oo Zf,

*psoutdaa koonnnnr_.ﬁ,m
J099 *pIITUTIBISY 383%!
_ “
£2A0TUDE saaridalqu 1TV

ST

" st e e e e et 0 it &+ i & Lo a0 etz .

\ o . m. ‘ \
: v N i 3
. - v P B N
8I33Tu¥T yxuds ‘aqny d
- uoyjeztinssald juemadseydaygi QLI 2¢4-2f q/s ! o-LT-T11R
o , 1 -TRY
uor3eOTITPON; 89T KTH-2r L
pom £S€8 £8UIBY POICWIV aH 03} €/s mwlonlm.n
*sads! .
*pasztdex p3 30U UOTIBINRSUT #6-d Fnyd 02
ssauITH; saxta (¢) °POW 614 J03 Futamg LueT00 OO €/38 | C9-0¢-11
spauajyfrerls urd ’ N
£x01% ‘paxamado uid jueq ‘dnjooy ‘ )
-0¥J8]3TG 20%393UULVYS TBOTIZOTd Juram( m¢n.30.~6.3 g/s G9-63-11
. E 4 RN
1°9L9 : . . _—
1®1nl| 062¢Q ¢oueidedsdw *acyh [eulrl g/8 1§ S9-SI-11
. ‘ . ; t
Roauo Wwat, _ *I038IIPUT
°ghs -naud! *sod Agdo % 9atea ssudlq (¥909) :
pPeITRg 8uUTqaMN} IIZTPIX0 PpaZuzly) dH0%¢€2 m.mor a/a § S905-01
Jue; 3ivys pedueHy a/u | S9TISOF
ewxxdmw, poovidax 1ess
PATRIVOXY ajvIpPenIaUY J/1 19ng n\m €9-02-01
€9l Suy fuixtg edoueydaody /2 | S9-SI-O%
J
*€06 Bum Jutatry sdowerdaooy _af8 | S9%1-01
(¥on)
6%22 Bug Jurxyd edueydavoy d4T€6T ¥30 ¢/4  S9%1-01
. )
9°¢L Fuu Aurxtg oousidesoy - a/x- “ mﬁwé.ww ,
pmcHaHmoaqu.-nuxwmxawwh_,zx . T80242 SEON - €A 13| RO:LYOCT| J41/7 24 oW
: ToNd/asveg | S, 0% Fiva

g&mg TVOIDOIONOHED %%0C ANIONA

"I-0 VL




s -,

99-1~% ‘016-9¢%<¥

*I38UT “POH BO6.65-8T ITX|

*G9-8T-T1°69¢- on¢mm *X38uY “PON
2¢L2T N/S may ‘148l H/S PIC
on6et N/s may ‘l¢el N/S PIO

G9=%2-T1 *G9%~9¢HGH °*X3Isul
POR €IXO N/S #3N ‘CLO N/S P10

*99-€1-T ‘T-644-9€ 4Gy °I38uy
*Pom 440°C 9ZTS 3DYJTIO0

16-95940% K/d

¢-G28¢ -4 .Nu »PON_

noaaomaanw T1eroads 6#64€99 H/S

*gysf{vUs 0]
Butx2surfug o031 peulniaa alaam
paacmWaX saqui JO UCTIIO0]

*gisf1sus I03 BIOUBY|

FurIesurSulm 03 pauvInax
838m DPIACEIX €3N} JO UOCISIO0d

L10 N/S
moU ‘240 R/S PO #6€-9€46 ¥
*338UI “POW 898901-8T 3ITX

. ———— e s e v emestemmeemamm e o o c— v

SHUVHIH

paouvrday
1898s

a1qesdeddy

NOT11504S1C

- . . e e e eees e s St e o b

Qo3 1As]
sanssauxd m\z jusmaowidey

J3onpsuety
rduel *ful teng jJo juawadeirdey

efand p/J Asse aqn3 PITITPOW

*20137T20 wo38fs
1ox3uod Suyuedo HH PITITPOW

sdemvp 1BAG AQLS

*£ssw J01B18 § S{OOYM
*qxny dundoqany xo1 pajroadsuy

spaxiedax saqny
*paztanssaxd JT auImMII3 3P 0%
(2-9 % 1-9) 3nd sarqed> Yxeds
} 2¢h=2f J08 Bulyst(CmOOOY

*paxiendax saqnuy

*pOZIINBEAId JT BUTWISL 3D 03
N0 (2-5 ¥ [-D) 821qQBO yIeds
Z2iH=2r 304 Burystidwodoy

L1quassw asoy °*ssaad
Auvy uedoxpiy PaTITPOY

*J3S 3834

THOAIS

2/ 50VLE

s w .
812 016-2¢
a dd g9/s| 998179
Y o
16T 69¢-2r a/s 99—+
061 G94-2r| /s 99-2—%
881 GSH=-2r g/s 99-2-%
R
0¢at008 N g/s 99-17Y
' N
suoy! g€/s | 99-1¢~4
94500 ¥on g/s | G9-Lz—¢
SLH500 ¥on a/s | S9-L3-q
vt wés-2r] /s | Gogz
Suon_- mmumh;mmmmwwwu~.
S.d0d , al

(penutuoy) 1-0 FTAVL

@




s e. 4

2

ﬂ..u
(=4
-
) A£x03 . ' M
VOTIONIPAT NT=Gi €Y LLTR [ =D238T3uS T
60 X0y Wt POIIeS LY Ao 108 *fusu sy 3XU3S - pejooduay 8] o o ¢fs 99~92=4
reduTia U9 LIOn @ WA TVeB CASID WOXT - ,
ey J* 1oy e7wpd 3003 oyy Sutacmex uodp 2LoT00Y 3on g/ 99=-92-%
o= =1 ‘Y ,
=KpGr ‘XA .o YT
“0; ¥y 1 8RjT wITTWN . . ~
Jomg=z *LuteLHCY X3 * PO e5uwid SDTIII0 JeFUAPT JUOR LLT 1¢P-2e - gfs 99525
0226L5i~ TF +TY *6L06LIY cH
BfS Msy °LEL LY - [ P ¥0u Jo jucuedvidey we 6st=er gfe 99625
o=t SLOGm 4 ¥y TIIUT * oy o3
PUFYOL==T *0. JFY ULLECL 1/ VOTFRUOLIIISTL A0 WOTIOTAC 922 Log=ef g/s - 99-6T=4
yeosTdex {OJuUIOs ¥ TVY eSS 3eTUY X7/H
=TSPV N/d Te3 guy uoryvedsut 1/3 Xo1 Parang TLITO0H 320 g/s .G9=LT=5
am3a=T *T=PEI=06PGH *I]UT . . wogpns essead |
*OY OU-LY Gu= T 0N 3ITR §/H 2 °*on 3o ucTyio0red 621 G & st §/s . 9%~
3RO DOXPHYD R POTTLICUYEY
© dend x0T 3O 22000 HueY POITLNOX PUE U504E) SEUINGOT
SAITXG( PP3OU ADWLOINYE  [WIOIDTICTINE PTOFTURT BUTGANG UT O LT 4591008 M0 g/s 9o=G2=t
I LR LTS EELT ¢ . e _
*poR =Lt OCATE 3T Pafs TOIIUOO PUW XS AFTPOH 202 G6E=r /s - 99=G2~¥
’ hoyog 308 cud eFUUTY DUU ACYLS
‘ paduTdex ueonqoq o XTIV UOTS ,
Cy-9Gypat N/l wes ~TTLYOUT Juwy 3Iqu Pupmg 6Y9T008 €N a/s 99~Tc-v
wovyoaicuy padzydax puw
DYUTHIHOT )X JULTLLOR POAOHE Uy = ADUIOZOSTY -
TIIND pruoy Sow.GexdrTd JUCHTOH T LHUTD XU} TS &%970°8 3oNn a/s go=02=% M
SEY NOTLISOISIA|  "O¥S ISHL | THOLES 8, ZON=SYTI7 J .?u\?m\&s
| saow/eovag t 8,30F [14) €44 14 kA X114

P! y0 ¢ eiray

(vouutyuon) -0 TIEVE

™




G=CT=YT *T=LCt=3l9GY M v ourT] *XIsuUY .
‘POK RQTYIL=QT~¥ °Ci7 3T dPIUD e d13mT afitgs Oy ISV uorgeraq 1 ANAS o o m\m 9o=LT=T1
SO =0T SEYimar by gy | SUOD YO O jumoE |
*LON «NQYTIL=CTeY YO 3TR I9IBRCABTBIDT 30 WOIFTLPY | Lb7  obe=zp g/s 0 ani 14
0= $ybi=9Crg a7 2 Ay 72 JUIGl Buny 03 8Ty pousol
STOR F9rT:e=31 *ON ITH Paus ot J0US LI 9YGnOp :uhoqu e yyre=zpe m\w o=1-1T1
CHC-5e by a3y PICITUN! Sun *uXT /% Tt
*POY (2351707 *0n 3TX 1023 £O880% *JLSUT IO .m aonwm 2 Shomze [Toels 99-1¢~0T1
paduydag . ‘
T=1¥%c02vy /1 wely pasuuEp ameoTs /3 wPeT00R Non § 29=6c=CT
=20~ CETim L YOy *aysUY . o
*P0 T CLRZLG=CT *ON 3TV UTLXL ALTS 30 Juemeda(iay | $(2 Gee=zf nfe 99=21=01
Jge=5 ‘Cri~kbey cagsuy w7 eund ove obe=zr ‘
ARSI S ) ot GRS & 0/1 WOXF UOTIHTASUT aaowey ECRIE e o g/ 99~5~0T
F9706Iy Ja0ddns BuUTT U )
0nLeoy /3 | Ax03933ST3TY oS Al *LTX0 *douy =20 WII n/2 99~91-6 |
: 199yn UIGING
LSLuLOY 1fs A8sv g/, | AxoouysIjen 3Gy 35ATS Jo uoiadadsuy L=20 qis g/s 99~22~g
. f1ouecee projtus elang /g A
£Lxor0us015ug SUTT IC.DUNpOS J0F pagdadsuy FE=2¢ WIam c/c 99~12=L,
. Gumim $5TLmuChG ) Touowss eung
N SAIVUT L0 LORTP-ITH 3TY JOZIPIXG ISY JO FJual.odourdey Ccee  ege=2pe m\w 95=5T~L
1
12837
#OU ULTA a0
oo .mm.: S USANGRG BTOUT-HO0TC
cgaece K/ vooNTEeE SURAUTD SSOUDY TRTI00TE | c00TOCH B0 :/s 99-0¢=9
e’uL3 3y #OOTT IS LU .wc...ou.oh
OJUT UL TTWIaIT out''us Asse Tangy - oor, QOTCG T . .
CUTIND PEmoy SourNisddnyg 300 WaeYTL O Luuw T ,.:o 069TUCH ¥on a/s 99~-21-9
O8RS ISHL SFY: bl alh: 1 £ (ax/ve /o)
SHIVITEY NOILISNdSIa SRIORH/ZOVIG JHOLIH Ued0d ROILVOO1 A AN

Auauuﬁgunov -0 ITHVE

ety
R/

e

n.




o

R-7450-2

e M 7o \.}ﬂ”
' t L
8puoIsS £¢LT
PATLIEICTT UiA UL ,
3593 T30], *POTTTyoUT SIC LY
OTTL0Y N/s dual paxzom gt M euTe ™y PTR W3TH dund xop L3561
=8x 6H4PC99 H/s dund VIC HO2UD e y3 T pedwidex dumdogan:, X0 | 06STO0Y ION a/s ‘wep GT-L
§T @ eem g C
- - POYSTHIY : _
86t N/d IS 3STX 29uIINS PUY 3FEUS TTTWD 688100 ¥on a/s Lot
I 2T OATRA TOIITOD :
LESCIZ8 N/S 3au WOOYS ey Lm0 AQLS 3O woTjoadeuy PT=2r Wz afs - 99~CT~2T
T~ Fnyd |
PSOTTAdX *20dS UT 30X UOTIWINSUY 8ITA ‘
TI=6L0205 N/d SSeuIvy 6Tb=2r d07 Futazoyzad wodg 169100 ¥on g/c -99-0&~T1
FroyoeInyyug zozTrIqT3e dund (eny yoadsuy | wAv-zp Wx&2|  9/S - 99=62=TT M
SYHIIY, KOTIISOISIO *ons ISAY TIOELe 8, Y00=S, UI4F | ROTZYO0T (33/£3a/0%)
; _ TIDRR/UOTIS : Byl " I 1
i)
b0 ¢ oS (ponuriwod) T-5 FTAVE
. ] V . ¢

. ..
. D s g et = i»!:?i..‘é




o,k i

T

t {.
uwoysde Y09 - .
70 ¥O3Y> Neay Fuianp punog pecutday efeyeal T®ag| QZ0%00 won|  JAIN hm.--$
*jxeld =Jouwy ‘Furxssutug
LA &1 auw paydesce juamaxInboag : -
TonuTa ¢~(2Q¢ ¥ papaIoxa jusq PIoJIUBE seF g0y ur jwaq@| G20400 ¥EHA JIN Lo-n2-3
, *11e38UT af320U ]
JI030eI8 138G xodoxd 0y p€l0 woryoedsuy| Vor~-2f WIJI dIn l9-61-3
g¢H166 Asse Jszdepe eurr TOX} _ .
(10308381185 ~uod Juruado AQLS Jo uorjoedsul| vwgl-zf ¥IIT JIR i=61-2
aldexes |
paoztday Tees 8% jo0y gqxod -x3sur pesnuni ¢20400 ¥IN JIR 19-91=2
sPeyrol Tess Jardeve suly
paoeiday ‘88034 387IN0 JUIQINY °*PIXQ| 220%00 HIA dIN 19-91=-2
¥eal Tees ue3depe| u
peoeTday auty °ssoxd §oTUT sSUTQINT *PIXO| 120400 ¥dQ EAAN L9=-01~3
paoe(day Surrpuey Jadoxdwy ‘sfmwep T2ag| 020400 ¥IA dIH £9=41-2]
l . :
Owevote xu,hn.m 3 nnﬁwxm .
:qum 061 wov~< It H wvﬂnnoﬂ .
YTOINBCIXCL LY GT ﬂwﬁx T 841
ST ﬁlﬁmwﬂ.lu xw el mwm
wmﬂmlwlmxxoﬁ 907 TOTYELXES:
ERCERAARLE TSI A FIAT TR O] ayﬁo
$TXTC_onyRr e Sriotxee ]
X0z STYTT 0¥ N aw °J1Juoy ucw JIN o1 paddiys aeig /s Lo-le-1
o “0as smma K70~ Sdidd (IX/F=q/c}
|YHVALE NOIZISCISIG] INTONT/E Dt 180442 2,403 HDIL~ 207 aiie

(penuiauo)) I-3 FTEVL




o o

yorayg 1uveg wmw %lwh
32 PausYTdwoose UOTIROTITPON Liuo woeys eer| @B ot JIK L9-02=
Pion
£L1030835132g Y3ITE NUel 3I836 JO uworydedsurl vig-2f UIAR) . JIW L9-91-}
*HH0*0 22TJ IO nu,_:» paserdex
PU® PIAOWLT [40°Q I0TITIN SH 261 Lerep jadded 99; 650%00 ¥ON JIN L9=61~¢
h._”p.aowma 3addod JeztpIxa} #50%00 OR :
SPBaIY} UO OQMT 9ATSSAOX®! ¢LOH00 HON JIH Lo-41~4
. watqoxd
*paserdaa aaTeA TOIIUOCH souanbas aaTeA TOXIUOQ 95| 2ZGO%#00-¥LA IR nw..ﬂﬁt.r
*peoutdax ¥eoT Jesdepe
Teog eury -e683xd x0T 33TuT &/E| 950400 ¥On JIR L9-ot-9
‘padetdox , SWIOs QUHS PuITNbOY -
eATBA Jooud GGLLCS N/d 8WIdS OC2T #OTF o3and tang 99| 060%00 ¥oA| JIW pm-m-L
: 82Uy [OIIUCD AJH ¥ AGLO
£x030mysT3¥g| ® oUIT X0l ISY uorgoadsulf ve~2P ¥IJS| - JIN 49-1-4
*3UIT *IISUT OT3EIS ™
§94%%0L~8T ON TN afe3is 1 ISV JO uoryeraQ|9wz  Lew=2Ir JIN L9-l2-¢
|aulY :
G9¢004~2T O 3ITY .nMw xxede pe3uendne -a081day|9s2  GlS-2r JENH L9=L2=2
. ?qoxd{gGe  2e%-z2f
292866-9T OX 3TY X030832p UOT3ITUSY 3uswodelrday (K 0% 4R | lo-lz-g
_*3%5 _I5ag ’ sgon_-_suidd (X757
SynviLy NOILISOASIC |NI DS /HOVIS IGEXE] Tiaod HOILYOO0T JLva

(penutquo)) 1-D TTAVL

e A, Tt s i




P T PP

*pejuevul

-

04 ]

*Yenuwm ¢=Geg¢ ¥ Xad paxtredey % poyronq Jeaoo yuea *I838]  406100 ¥ONn
BUMTT T2X3U0D AIN # A0
aNopoawmﬁaa% ¥ Oury X071 ISV JO uorjosdsur! gGezr ¥IdE dIn
JIoino Jaaxsnqp 088 1°G9¢ 3883 213915 eouejfaosy Jal
*watqoxd
a3u3s 03 onp sswyd ogne jJo
fa3nuUTL /-7 3® pojuUTMIL] 389 *089 - 1537 013%e)s aouwidesdy F#3T)
.oow.wnwvpoh £q pauotirsodoun *Jurnoryisod madﬁo jxoddns xadosdumy
sduuyo 3xoddns ayqwo Iev { T ON 0S4 3suteSev eyqed Igv 0L0%00 ¥on JIR
paosstdex *Jyeal Teos xogdvow
Te8s JUTT °ssaxd 38Ul SATqQIN] °*PIXQ 0€3%00 ¥on JdIH
*ma 7qoxd PO3IOSIIOD jutroef aewxq
Z=LEy~2¢ 0o peynxodxodur pagoafloy eurt °g rov Jo worzosdeuy ¢2=-2r 9143 doR
o o9h2 2-L¢4
logilon N/s ISV 8uUTY ~d ISY JO Nromey! @R 403 JIK
. €2=2f U153 xod eosembapsur
*2-Ll¢4=2r J0% Iad patJivom auly jurol szwag Jo unriexssusg| L60%00 uIM JIK
*aq01dmOD
HOAUD NIAT = POPTaMaT vAIRIS VTWAT PISA AUTT TOI3U0) HY £90%00 ¥oq JIR
‘yoway [veg
1% DPOUBTITUODO® UOTIRATTTIPONK *L1uo 3oowd ¥wol g4I-2f MIIF JIN
*N88 LSIL UG ~ sYiaAd
SuavaR HOILTISOICIC RNIONG /¥y R REN 8,407 NOTEZ0C]

L9-<3

99-0c

W/

(penutyuoy) (-5 Fravi




..

" [}
b
. ‘OATYA JOTYOX . . y &
. L3030 75¥30S P JUGA YUBY 31836 3637 UIY OT=-3f BILY JEN Lo=42=%
. ce , e
, - 00TF1I0 sewddq sugqani{ /22 . ,
826S0E-9T ON 3TX *PTXO0 SPNITIITRIO wotIeTed| My mozmw% JIR Lo=42=4
. oat®A Mooyuo afand , e 8
: Lxo30e36TI88 soxcel Tewy 5/} Jo worjosdsur| G2-2f WIAS I LG=h2=4
OUYT TOXJUO0D AJH ¥ AGLO
£ro108ysT1e8 ¥ eutrT X0l ISY Jo uworydadsuy} G-2f ¥IJ43 T&it Lo~92=4
sfiquesse AQW furtmriex| T2z Ctré-ar|
€6286G6=8T *ON ITW %oy 3addod jo juewsontdey| QM J40% JER L9~4H2=4
*T-d0 2NN wOTy RIUSEMIY SUT 05T ol¢-2r
T 3990X%d ‘2H440L=-8T *ON 3TN 1893 013835 ofwas TwAQWOu| QW a2 | 4N L9~02=%
" cexnswem Lxeuotynwosad Tees 320d *I3EUT XBAO -
se peoceidax Tess qaod *x3suy =950X0 898 30U 3% ©BOJIV DPAYOI0OG LIGLOO ¥On dIn L9=Cl~4
JJjosnd ucuigatdep xoT g*l9¢ 1881 01%3e36 oounqdodoy IR L9=6T~%
N1
: . outy| 8lz GL&-zr
02=-69¢904=8T ©ON 3TX ] xa3tudt yxeds pajusuine sovydey| N do% F 842 L9=$T~y
*UOTINTOAUOD BAOTTEQ UOTIDOE 280400
spasvrdex jong zoddn Asee jonp WOT3X03STQ goa) 4 L9=8~%
_ *aFeyoad
~ ‘kysuy *qyy Lxemtad Jogwynumoow| 12 1ié-2f
TEHLGE~8T ON 3TN *nsud LIqwasse XO3TTF TTPISUVI| GR 402 JIR L9-3~%
*0FS ISEL | SYdN_- SYIAW | ~u»NMMWNmm
SHIT AL onaHmommwc*mzHuzm TOVLS REGRRE] §.90d [NOI&'007 dIva

(psnutqwod) (-0 TTAVE

ae . D sk i k-t P v,




o’ A -

%mmg N/a v . efuety .
8N JO0J PIUTE}SI PUT pPouUvall vcm Ir8ys hmﬂvﬁ UO}SOIX00 AQU] £68L00¥ ¥on , OSX L9=6-9
paocetdey : ,no«mohnoo 3Jeys TTIN™ mmmhoox.mom w asH lo=L-9
, 3Tscdap 83 Tya voadnuado )

°3Sn X0y pauTvVIAX PUB POuUVaIT] , ~uod ga(owvidadex ¢p 3 er Y2E| 9.8L00¥ O o1s) | L9~9-9

*OEN FXQJ v - edIyd 1833W » PaIoos ' :
pauisjex - uyrd paueyyYtrerss | _ . 98B0 ‘3ueq uyd .mmoonno us .

pue a@s8d peovjyanuaz *pauwvoT) : ‘831s80dap waanz J0309UUCD 2= 216€00% ¥on o8y . log=C=9

_ N ﬂwau 2X o _ . : E
mmxw:m 94¢X0 ua X0¢exlee .

X9z XneeXTgate m ﬂmf.aﬂxwom
X0Z [NPETNO0T GLINILT aLtNelT
XRATXTOTXGCINETTHECT THINIAT
N.....fixlmllwuml. ceIxnIt
.\Z: .mo [0 UNBEXIGYs 7

X

98Y%3X2eY 00 elvol 8ovs9vIn
TTNTT o.llw .w?lmy:ﬂ..:m %2 | . .
xZ2yCe TTATT OXT *wyjuoy <Juyz _ 4 oY 03 aSezs dryg dIM| AN L9=02=6
OfM 3uv ysyTduwooow punq I0F : .
38U Q9 O GCO9HI~GT ‘O 3TY epraoad uorjwinsus gusuodwosn| qu 307 JIN L9=g=¢
. _ "qo3TAs| 00T 4EH=2r .
01=2407GG-8T *OX 3TY *esexd g/it g2 oN Jo uorjecoray| @ 07 JIH Lo=¢=¢
‘ : JooNpsuUBIy . !
s..eonpsuuvxy sovrda)y YT PaxInodo 3ytys souwieisay| Lz2dloC ¥on &LK L9-1-€ 9
. 2
(OT=49<L40L=9T) | : N T &~
g oy 1%y ‘youuvsxed aury °slll2 166~z 1 d
oudplaxnooy Lq paysTrdiRosOY . ISy Uu§ achQ 2zelIg JO TBANRIY |qw , 03 Jin L9-L2-%
. IS S%0N - suldad
Y NOTEISOIRIq PRI L

mmwm e«c..:. L,).n \..GE..BS m.?. o
(penurqued) 1-9 FIAVI A
A




-t i .

. v
%
2
>
1-% &
4#¢L%0L-8T ON 3T a391dwoy £yquasse ISV Jo uotyworyIiuveptay| Llz TGG-2r sy L9-9T~11
. . 262 - -
£92966-8T ON 2 TH ajatdwo) 2ATwA ¥oayo jxod jlea jo juewooardou| 68z LO9-2r 39Sy 19=-91-11
. yog TAS x
TTI86G-8T o 371N e3a1duny aanssaxd g /| JO UOTIWOTITIUAPTAY| 162 L8G-2( oSt L9=91-11
: 3onp aanseaxd uydry | 162 2664-2r
T009HT~ST ©oN 3TX s101duo) 39TUT 3INTOA (/) ¢PIX0 JO uol3wInNsUI| CN d0 oSy L9-81-01
*370q 383ouXQ
X030238p UOT3TUIT ISY Jo juswodeidey| 82-2f ¥Iidi as¥ L9-¢~C1
*OuUIT ,
TOX3UCD UO PIOM JO]
soumydooow v o) °C ’
*paoutdoa
arrvyr-furssiy agerd
owsu Yumy 3IVIS °Z,
YO 03 pappy-plamasl ) . .
105 suoistTAOId Oy °| pavutiay pezranssazdxoao wagsfg-94TuA| 08070 ¥oa 28 lo=12-€
pazranssexd
660092-S¥1 8/d pasetday -I9A0 MA16S0-0UTT 3USA UR] 37238 €180T0 ¥)oa oSy 19=12-6
*asn , |
J0J pautrejas P *afuy *tonuew Lq 27qQeMOTIY UBUR »
£q e1qridooow paldrup 20948334 aJexwa [ves suUTqIN: T3ng T4#90T0 ¥on 28} L9-0-8
9€0 JI0J POUTDVIAX
KLesw »p peosuvtdax . .
533987 T1-0L9206 N/< *pacwidey pomIoFap s3I08UT [TOSTTdU (2) V0T | ©£9010 ¥on asX Lo~0c-L
afuulJ 319T3N0 JO 8deIIns JUTTLdE UO
08e80¢ R/ *paouTday Sut31d 2 wOTSOXTOD-2aT®A IGY| THBLOCH HDQ
—— o 8RO - SPIJR
SRy HOILISOISIA AT XX S, 433

NOI&LYOOT

(peuurauo) 1-0 FTEVL




849010
662206 N/3 poocetday . PaJ0ds Jusys uySs *cusxy os¥ 89-42~1
- : : i49010) .
994206 NJd peontday : *Paflewep 1WAI® STAITO=-3RXLE *suUBIy 38y . 89=42-1
*Lrquesse
: _ o1qe80 Ja3TuUfT 99 pue ISY uo =¥ !
862856-8T oN 21|  egerdmop 88ATBA ZITTTY I1¥ JO °IIBISUI| H42 8QL6-2r os¥ £29-L1-1
. ) . L )
*9ATBA UMOD 3NYES 31887 : 249y
pue AqL0 oste me3sfe Y01 jo| 162 186-2r .
020941-0T ON 3IX e3a1dwop u0PIBINSUT WIIBJUT JO TIBISUT| QU 493 oSy 89-L1~1
T0T3IRUTWE] UOD
Lxojonge ;08 e1q¥ssod 103 vor Jo 3oedsul| gHz-2f HIJE oSy - 89=L1-T u
noIjeuT . : .
: _ L1013 0278 138G ~UU3u0d J03 Auraeaq ACH *dSul| 9z-2f ¥IJR osX 89-L1~1
, 2¢8¢0T .,m\.a *asn X073 9TGBMOTT® MOT9Q JIBY SATIRA
TTIax pue arqmiiodoe pafpnp Mooy -Asse proyTwem «8and g/1| 629010 uwOn os¥ 89-01~-1

T B

.mvws ssedax prom
- DAD0TS 3T XwoT PIop °*2

*op~m ssedex preom Tees aurqany g/3 °vIxo CTeul -
= 300 Qqn3s 3T YPSY PIap °T 23914mo) : 8UTT UTRIP Twds ..xvWMTIZ [10¢ 029-2r} oS3 mmomva%
, S .
*osn ) :
CJ paurrjzax pum JFurxsenrduy B v , &
£q at1qnidooow psedpnl suswmnxtnbas L19070 . &
FWIos QCCZ 3v paxussam mMOTJI pecetday| AOTBC mOTY 2ATRAXDAYD sdant| .9T90TI0 ¥2N 0139 4 - gg=g=T
I2eS_oulgan: J/% °cpixp ; !
*39S ISEL , Y00 - SHIdd| . (xx/fsq/fon)
YR NOTLIGOISTA JH ML NT /7H¥]18 o SM0EAT 8,204 NOI&L+001 q37a

(penurjuog) t-p FIAVL

® - )




PR IR RSP RY N

D . an«uouua aoounoo
.;_uo« Omnnoh Aeve rxeidepe, pue
_ .uenummo~ houmﬂdd Jo :oavommwnH_
R~ : ,:. *¥0T PR “AFW

: :..wnﬂh ahonmﬂu ‘epueq 3°% J/1}
oa.nouaaasuna 30 T TTe3sur

ru.o_ﬁ.wwn..ﬁwu ,,

v

e e a e mide & sl

L saetduop|

e omauwoa adon d3T 203 obﬁdh
..s.oonﬁddon AOK Jo uwopsoedsurl:

oA

@fyuu..m“.nuowodwawuan

;.m_ahgﬂuoumwmoﬁ»qm:xoonaom
919d 42 Xoeyo -STOTVOTUNTWOY
cut e3yed- gele pezramesexd
.;.oﬂnaozuopﬁgm«Aﬁ-c voT" *4
o .. °*3tsd.gZ 03 pezy.
»hdnwonmou.ﬁ Tenusl C=(20¢-Y
- xed atqeo xtedey - *2°22

PBMOYE . X20YO UOT3EOTUNIMWOO
ety *93ad g*{2 peztImesaxd.

. _egnwozno«ﬁnmﬁ 40 V03T °¢.
Xpoin syenuenm ¢=-G29¢-¥
7., 2ed pex10omOX- ©0BIINS
. Buytress Jeano 0Zo* Sutp-
gpnnnv J0308UU0O ITEWIL. *2
S erenuen ¢-629¢~F - Jed .

aoxnoaom - .800* ¥ G00* sJuTp

munAN»u Hdowunaoou oaaﬁoh °T

Tod 00ST .anoxm Fub3 TH 00D

25e39 X0d PAMIOJIOI=,Pulre
_-gvq@ xad pexynbed s¥ Jo8yd
" seoT Rupanp Iyed 0G2-622 °%

'96BOIOOP 30U SUA 8INEEIIJ T ;..maoﬁnnmw,w

o . | ~pds Tea%.
~ ' | NOTIIE0JSTT (ST ONE /ZEVES

..;.::m»w momm«;on

Auvsnﬂpaoov 1-0 FI4VL




-

XQTIXOGT OHTx5 50 LETXTE(x2e 1

_ﬂwwwdmwwmﬂu T (AT

| GEC-IS2XLiE TREXIREXTREXGEE]

-t it et o
:mmwcﬂou CeX9oexhzex1ee”bie

. S0LXy (XCOTX09T 61T
AR T C TR S TR e

81{ GUIXBOIX9CIx
C IRLIGEITAOE 9lx

*TZ Sextzx07 TTRTT 6x¢
u.aavduyuuuuou.ocamﬁm

.

m;,.‘;mjw~h¢oh-oa,wom4p«w

"THIMOL-ST *OR 17X

e ﬂNNHVNHOKN m x

__‘atﬁfc XYL ORYEL mm_

A..,owoamaoo

TN

| usee o.mo¢ﬂ,
,,»..mnzo g8 5 3523

mszmm 1490r

: rmNN.

a&mun

,

:o«uduoao.a#w&dn a:ucnooonu avouuo dﬁaoo nowA) vnouho
.uo. mnﬂﬂ«wuumm.no«pauhouuﬂ o:do«uﬂcwwa wuooauou el .

uo«vwanoHShaudH.
Mﬂda o '? 3Ie3e

4 s.a _E...é,? :
.ﬁﬂpdvo.moﬂﬁurca

2

TN Tyl LAY - . co
M.L\—rwvh-r»nm N . .

RICt awma

204maommH$

&rchhm

- epaE/Havye

Anmusﬁunccv -0 FTAVE




UNCLASSIFIED

Security Classification -
DOCUMENT CONTROL DATA-R&D
" (Security classilication of title, body of abatract and indoxing ennotation must be entered when the overall report is classilled)
1 ORIGINATING ACTIVITY (Corporate author) 28. REPORT SECURITY CLASSIFICATION
Rocketdyne, a Division of North American Rockwell UNCLASSIFIED
Corporation, 6633 Canoga Avenue, Cenoga Park, 25, GROUP
California 91304

3 REPORY TITLE

J-2 ENGINE AS-502 (APOLLO 6) FLIGHT REPORT S-II and S-IVB STAGES
S-I1 STAGE FAILURE ANALYSIS

4 DESCRIPTIVE NOTES (Type of report and inclusive datea)

Flight Report

s AU THORIS) (First name, middle initis], lazt name)

Rocketdyne Engineering

4 REPORT DATE 78, TOTAL NO. OF PAGES 76, NO. OF REFS
91 June 1968 298 0

Ba. CONTRACT OR GRANT NO. 98. ORIGINATOR'S REFPORT NUMBERI(S)
NAS8-19 R-7450-2 (Volume 2)

b. PROJECT NO.

c. 9b. OTHER REPORT NOI(S) (Any other numbers that may be assigned
this report)

10 DISTRIBUTION STATEMENT

o

17 SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

NASA-MSFC
Euntsville, Alabama

13 ABSTRACT

This is Volume 2 of a five-volume report on the operation of the J-2 engines curing
the flight of Apollo/Saturn AS-502. This volume presents the analysis of the
premature shutdown of J-2 engines J204% and J2058.

The volumes of this report are:

Volume 1: Flight Performance Analysis

@Volume 2: S-II Stage Failure Analysis
Volume 3: S-IVB Stage Failure Ansalysis
Volume 4: Flight Failure Verification Testing
Volune 5: Post-Flight Design Modifications

e R e

DD f3..1473 UNCTASSIFIED

Security Classificatinn






