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1. SUMMARY

The Real-Time Failure Control program involves development of a failure
detection algorithm, referred to as *System for Failure and Anomaly
Detection (SAFD),* for the Space Shutle Main Engine (SSME). This failure
detection approach fis signal-based and it entails monitoring SSME
measurement signals based on predetermined and computed mean values and
standard deviations. Twenty-four engine measurements are included in the
algorithm and provisions are made to add more parameters if needed. Each of
the (first) values of every measurement signal at the algorithm start is
checked against safety limits determined by a precomputed mean value (MV)+/-
and a given multiple of a precompufed standard deviation (SD). If several
parameters exceed these 1imits a failure is signalled. puring the first two
seconds (after algorithm start) a moving average (MA) and a SD is computed
on-line, by averaging the values of each parameter in a 200 ms duration, and
is updated at every time jnterval. The moving average is checked against a
similar safety band éround the precomputed MV for each parameter and if
several anomalies are registered a failure is signalled by the algorithm.
At the end of the two-second interval the MA is fixed as the mean value for
the rest of the algorithm operation and a safety band is placed above and
below this value equal to a multiple of the computed sD. The MA s
continuously updated and checked against this safety band. Once more if
several parameters exceed the limits a faflure is signalled. At the start
of every scheduled power transient the algorithm is stopped. It s
re-initiated after two seconds from the termination of the power transient
and the process is repeated.

This final report is divided into six major sections. The most encompassing
of all is the discussion section that has sub-sections on: 1) SAFD
algorithm development, 2) SAFD simulations, 3) DTM failure simulations, 4)
closed-loop simulation, §) SAFD current limitations, and 6) enhancements
planned for. The report will cover background information, new
developments, and future plans for the algorithm implementation and
enhancements.
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5. INTRODUCTION

Anomalous behavior during Space Shuttle Main Engine (SSME) hot-fire testing
js presently detected via measurement redlines that are implemented on key
measured parameters. In order to avoid the cost incurred and the impact on
the SSME flight schedule due to failures, it is very desirable to have an
advanced failure detection system that can minimize damage and that can
detect as many failures as possible, quickly and efficiently, prior to
catastrophes. The safe opération of any complex system, such as the SSME,
rests on the reliability of the control and fault detection systems and the
speed of detection and jdentification of component, sensor, or actuator
failures. In the recent past, fault detection and isolation has raised the
interest of many researchers [1-7]. Most major techniques to failure
detection can be categorized as either modei-based or signal-based
approaches.

Model-based techniqueé rely on analytical redundancy [4-8]. Analytically
generated "measurement® outputs are compared with hardware measurements by
using present and/or previous values of some variables in conjunction with
their mathematical relationships. The fault detection process herein
encompasses three major tasks: 1) residual generation that entails taking
the difference between the analytical and measured values, 2) statistical
testing and signature generation, and 3) diagnostics and decision making.

On the other hand, signal-based techniques are hardware intensive and
sensor/actuator driven. In this approach, the major undertakings include:
1) limit/trend checking by comparison of plant outputs with normal
operational 1limits, 2) sensor/actuator/component redundancy, whereby a
single value from measurements of several jdentical sensors 1{s used
according to some decision mechariism, 3) frequency spectrum analyses by
using plant measurements, wherein frequency spectrums are compared with
normal spectrums [9-12].

An algorithm is hereby developed, referred to as "System for Anomaly and
Failure petection (SAFD)," that permits fault detection during SSME hot-fire
testing By a simple signal-based approach.



The method entails monitoring the signal averages for 24 SAFD parameters and
comparing the signal averages to upper and lower signal safety limits. The
reason for monitoring the averages of signals, rather than their actual
values, is to smooth or filter out most of the undesirable effects of sensor
noise. Moreover, the safety limits are placed above and below the fixed
average value for each parameter with a bandwidth of n*SD, where n is a
pre-determined constant that is large enough to avoid false alarms and small
~enough to make the algorithm sensitive to actual failures.

The SAFD algorithm, as it is currently configured, works during SSME
steady-state operation, starting at five seconds after engine start or two
seconds after the completion of each scheduled power transient. Moreover,
an added safety feature 1is included that checks the value of each SAFD
parameter at the first incoming measurement against pre-determined expected
values. In case several parameters exceed or are below their expected
values, by more than a pre-determined margin, then a failure is signalled.
This feature will ensure the normal engine operation by jdentifying any
failure that could have happened during start/power transients. Also, if
any sensor indicates a negative output, it is automatically disqualified and
eliminated from the algorithm. However, there is no means of sensor failure
detection in the present SAFD set-up.

As described in the final reports of Phase I and 1I of the SAFD algorithm
development contract [13], the original algorithm entailed failure detection
based on three approaches. The first approach encompassed the first
two-second interval after algorithm start and it used precomputed mean value
(Mv) and standard deviation (SD) for each of the 23 parameters monitored.
The moving average (MA) was checked against safety limits, placed above and
below the fixed MV, equal to n1*SD. The MA was computed continuously from
the start of the algorithm until the end of the two-second interval and
updated at every sampling instant of 80 milliseconds (thus, at the end of
the two-second interval the MA was the average of 2 sec. worth of 25 data
points). If several parameters indicated exceedence of the safety limits
(due to the MA exceedence (Approach 1)), then a failure was flagged out. At
the end of the two-second interval, the MA value was fixed and used as the
My for tﬁe rest of the algorithm operation. In approach 2, the continuously
updated MA was compared to the safety limits, placed around this MV, equal



to nz*SD. In Approach 3, the actual signal was compared to the safety
1imits placed around the continuously updated MA and equal to a bandwidth of
ns*SD. Five SSME incident tests were simulated during Phase I and II [13]
and the algorithm performed well as compared to the engine redlines.

During the course of the present contract, the SAFD algorithm was refined
and modified in several areas. Namely, the safety feature for anomaly check
at the start of the algorithm, that was mentioned in the summary section

was added and the MA was reduced from a two-second average to a 200
millisecond moving average. The reason for this action was to make the MA
more sensitive to sudden changes. The on-line check for anomaly that used
the actual signal values for failure detection (Approach 2, utilized in the
original SAFD algorithm) was eliminated, since the instrumentation noise
Jevel (excursions) could trigger false alarms. The use of a MA computed as
the average of only the most recent five signal measurement values, as
opposed to twenty-five, is more sensitive to sudden failures and the
averaging process removes most of the undesirable signal noise, thus
avoiding false alarms without having to artifically increase the safety
bandwidth. Some of ‘the originally monitored engine parameters are not
currently in use (the sensors have been eliminated). Thus, the 1ist of
measurements monitored by SAFD were updated and a new set of 24 parameters
were included. Most of the engine redlines are in this 1ist. Moreover, the
sampling 1interval was reduced to 40 msec. with an option of reducing it to
20 msec, if hardware capabilities permit.

Eight SAFD algorithm simulations on actual data from SSME incident tests
were carried out during the current phase of the Real-Time Failure Control
contract. Three real incident tests and two hypothetical failures were
simulated by the SSME Digital Transient Model (DTM). Moreover, over 40
incident tests were carefully studied for useful information. Currently,
the SAFD algorithm can handle only steady-state operating conditions.
However, the start anomaly check is really a post transient failure
detection approach that will detect any anomalous developments that happen
during start or power transient. There are some other perturbations, due
either to transients 1ike fuel or 1iquid oxygen (LOX) venting and
repressurization effects or to fue1 or gasseous oxygen (GOX) valve closure
effects, that makes the present SAFD approach a little sluggish, in that the
safety bindwidth has to be large enough to cover such excursions. Moreover,



there are nonlinear effects that appear in the behavior of some parameters
(such as the HPOT pump discharge temperature that takes over 60 seconds to
reach steady-state and has an excursion of over 50°F) for which special
provisions need to be made to avoid false alarms. In addition, the SAFD
performance is a function of the multiplying factor n, and that of the
number of required parameters that show anomalous behavior for an engine
shutdown decision.

Nevertheless, SAFD, as it is presently configured, is very effective (much
better than redlines) in detecting slow developing failures and it fis
s1ightly better than the redlines in fast failures, such as structural
ruptures. Several of the SAFD advantages include: 1) the requirement of a
multiple parameter anomaly for a failure decision (this avoids false
alarms), 2) the option of choosing a different bandwidth for different
parameters and even for different intervals, 3) the use of a moving average
that removes noise effects and is sufficiently short-term to enhance its
sensitivity and use of the SD and the average values, and 4) the flexibility
of the algorithm for further expansions and enhancements, among others.

There are means of modifying the algorithm that will make it more
encompassing and that will be discussed in what follows. An automated
selection of the optimal safety bandwidth and the number of anomalous
parameters required for a sure failure can be developed. Most of the
shortcomings of the SAFD algorithm can thus be eliminated and plans for
accomplishing this will be discussed later.

This report covers: 1) background information on past SSME failures and
problems involving their detection, 2) detailed descriptions and simulation
plots of the SAFD algorithm, 3) detailed descriptions of the DTM failure
simulations, 4) the closed-loop simulation (DTM failure simulations with the
SAFD in the loop), 5) limitations and advantages of the algorithm, and 6)
plans for future work for the enhancement of SAFD.

The objective of the present contract is to develop a failure detection
algorithm that will enhance and refine the *"failure control techniques for
the SSME‘ and démohstrate the operability of the SAFD algorithm in a
closed-loop manner via engine simulations. The Rocketdyne Digital Transient

-8-



Model (DTM) was used to accomplish the goal. It will be shown that the SAFD

algorithm is capable of detecting performance degradation and anomalous

behavior of the SSME earlier and faster than the existing redline system.
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6. DISCUSSION

Fault detection system design involves several complex issues, such as quick
response prior to significant performance degradation or damage as well as
consideration of system redundancy. Advanced fault detection algorithms,
based on careful consideration of system dynamic characteristics, can often
lead to significant reduction of hardware redundancy. There are three main
concerns in any fault detection and jdentification process. The primary
objective invariably is to establish that a failure has occurred with a high
degree of certainty. The type and location of failure as well as the extent
of degradation are two of the remaining concerns that should be addressed
appropriately. The principal thrust of the present algorithm involves the
fault detection problem.

6.1 BACKGROUND

There were four ﬁajor tasks identified in the statement of work of the
present contract. The first task involved algorithm refinement, the
second task was on provisions for avoidance of premature cutoff, the
third task entailed simulation with the SAFD algorithm using real
incident test data, and the fourth task was related to the c¢losed-loop
simulation of DTM on-1ine with the SAFD algorithm. The initial phase of
the contract was directed towards the study and evaluation of all SSME
jncident tests, identification of areas of refinement in the algorithm,
analyses of the characteristic behavior of key engine parameters and the
availability of sensors and measurements that can easily be utilized for
the algorithm implementation.

-10-
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6.1.1 INCIDENTS

The occurrence of an anomaly or a failure is classified as a "major" or
a "minor" dncident based on: a) the extent of damage, b) pressure,
temperature, speed and vibration levels in excess of normal end item
operating levels, and c) jnternal and/or external fires or explosions

[13].

SAFD Parameter Selection Criteria [14].

The compilation in Table 6.1.1 is the 1list of all major failures or
incidents of the SSME from 1977 to the present. The Table summarizes data
on 40 failures that include: 1) test number, 2) the engine number on which
failure occurred, 3) the date of anomaly, 4) duration from the start in
seconds, 5) engine power Jevel at the time of failure, 6) brief description
of failure, 7) classification of failure as major or critical, 8) the
location or unit that experienced the failure, 9) the redline parameter that
caused engine cutoff initiation, and 10) parameters, other than the redline
parameter, that showed significant change due to the failure.

Forty (40) past incident tests were reviewed, excluding tests where:

- anomaly occurred after engine cutoff or during transient

where no striking changes were indicated.

A total of 40 tests were used to select the 24 parameters for the SAFD
algorithm. Those measurement parameters were chosen that represented "key"
aspects of SSME operation. Fifty-seven (57) measurements were examined
for: a) anomaly induced percentage change from steady-state operation, b)
rate of percentage change, c) interim from first indications of an anomaly
to cut off. Each of the above factors were weighed and accordingly, the
most appropriate parameters were selected for use in the algorithm.

A database was developed whereby all the generic and specific
characteristics of various incident tests were listed. This data was used
to evaluate the significant parameters for failure detection use.



Also included in the evaluations were failure mode qualitative
characteristics where generic descriptions of the incident type and a sample
of indicative parameters were studied. Shown are examples of indicative
parameters where an anomaly induces change from the steady-state value.
These are summarized in Section 6.1.1.1 as failure jnvestigations including
incident and damage descriptions.

A summary of data is a1sorpresented that includes: 1) sensor measurement
standard deviations, 2) test-to-test envelope database definition, 3) data
for time-sliced value deviations from the average steady-state sensor
measurements, and 4) 31 database inputs for each test (see Table 6.1.2).

Generated was data on engine parameters, mean values and standard deviations
from actual and simulated data. This is summarized in the form of predicted
and actual values following one another: P for predicted and A for actual.
These were all from engines with a previous record. As can be seen from
Table 6.1.2A, the prédicted and the actual standard deviations are often
drastically different. once again, looking at the HPOT discharge
temperature channel B values, the engine-to-engine standard deviation for
the predicted value at the 109% power level is 61.07373 while the actual
value is 118.6592 (almost double). '

pDifferences of the above mentioned nature raise the concern of using.
precomputed means and standard deviations for the SAFD. This fact is the
fundamental reason for choosing the first incoming value of each parameter
measurement as the basis for determining the actual mean value to be used by
the SAFD during its first two-second operation rather than using a
precomputed value.

-12-
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6.1.1.1 SAMPLE INCIDENT DESCRIPTIONS
A sample of recent incidents are described in the following paragraphs:

1. Test No. 902-428
Scheduled Duration (SDUR) = 700 seconds
Achieved Duration (ADUR)= 204.12 seconds
Engine NO. 2106
Date: July 1, 1987

Engine performance was nominal until engine start plus 163 seconds. At
163 seconds, HPOT discharge temp in Channel A (CHA) began to rise
indicating the presence of a hot streak in the OPB injector, HPOT
discharge temp in Channel B (CHB) did not respond. The hot streak was
localized and due to the rotating effect of the turbine, only a CHA
sensor responded.

Posttest examination revealed erosion of the oxidizer preburner injector
face and localized burn-through of the HPOTP turbine sheet metal
adjacent to the injector erosion area. There was no external engine
damage and heating was jsolated to the areas noted above.

REDLINE PARAMETER - HPFT discharge temp sensors (231,232) dropped below
their lower limit. Pneumatic shutdown was initiated because a hydraulic
lockup was in effect (part of the test plan).

'
OTHER PARAMETERS SHOW CHANGES

879 HX INT TEMP
459-480 HPFP DS PR-PREBURNER PC = AP1
459-410 HPFP DS PR-PREBURNER PC = AP.I

743 HPOP SPEED

200

201 MCC PC AVG (new redline on this parameter was put after this
incident)

327-328  HPOP BAL CAV AP



2. Test No. 902-471
SDUR = 700 seconds
ADUR = 147.06 seconds
DATE: June 2, 1989

The LPFD #3 flex joint bellows expanded due to a D/S tripod legs break. The
tripod missile ruptures a .035" wall in the LPF duct and a leak is
initiated. Missile impacts flow straightener and comes to rest. At start
plus 147.43 sec. a fire is observed and at 147.58 sec. the lower east
thermocouple temp exceeds redline of 635°R. The cutoff was initiated at
147.64 seconds.

REDLINE PARAMETER - Facility cutoff jnitiated by PID 1493, lower east
powerhead thermocouple redline resulting from hydrogen fire originating in

the region of the low pressure fuel duct near the HPFTP.

OTHER PARAMETERS THAT SHOW CHANGES

270 Fuel density
203,204 LPFP discharge Pr A,B
2035

827 Eng F1 in Pr 3
821 Eng F1 in Pr 1
233 HPOT ds temp A
234 HPOT ds temp B
86 HPFP in Pr avg
1021 Eng F1 in T

819 Eng F1 in Pr 2

43 MCC PC avg

873 LOX Tank disch Pr

-14-



3. Test No. 904-044
SDUR = 1337 seconds
ADUR = 1270.72 seconds
Date: June 23, 1989

A bearing in the HPOTP failed. Non-flight configuration HPOTP post shutdown
hydraulic/H2 fire due to rupture of OPB preburner bowl D below girth weld.
Pneumatic control assembly damage and main oxidizer valve actuator neck
fracture prevented valve closure, propellant shutoff by prevalves. No
facility damage, engine external minor fire damage, no expelled fragments,
FPB/OPB, HPFTP, LPTPs, nozzle, MCC and main injector showed no damage.
Powerhead damage was isolated to oxidizer preburner heat exchanger bowl.
Data and hardware assessment pinpoint source of failure to HPOTP pump and
bearings.

REDLINE PARAMETER - MCC PC CH AVG 400 PSI less than Pc Ref.

OTHER PARAMETERS THAT SHOW CHANGES

40 OPOV ACT POS
42 FPOV ACT POS
N MCC HG IN PR
52 HPFP DS PR

656 PBP BRG BK PR

232 HPFT DS TMP



6.1.1.2 PRELIMINARY SELECTION OF TESTS FOR SAFD IMPLEMENTATION

From the list in the previous Table (6.1.1) and from test histories, a
preliminary selection of incident tests was derived for the purpose of
implementation on the SAFD algorithm with real-test data. The selection was
based on the need to cover a wide range of failure types. Thus, failures
that have been simulated on the SAFD algorithm previously, failures that
were representative of the most critical and most recurrent anomalies, as
well as those that represented fast or slow occurring failures, were
selected. The selected 1ist of 1incidents is presented in a Table (Table
6.1.3) with their corresponding test numbers.

-16-



6.1.2 PARAMETER IDENTIFICATION (PID) NUMBER ASSOCIATION WITH TESTS

D L A e e i

Every individual measurement parameter is associated with a PID number for
each specific engine test. These PID numbers often change from test to test
and from engine to engine, since in some cases, new sensors are added and in
others, existing ones are removed. Thus, the redistribution of the
measurement sensors create the need to jdentify the PID numbers for each
test use in order to apply test data to the SAFD algorithm.

Failure modes, according to the line replaceable units in the Failure Modes
Effects Analysis (FMEA), are listed jn Table 6.1.4.

Test data processing of the SSME includes storage of measurement data in
computer files that only éécommodate 9 PIDs per file (meaning 9
measurements). This 1is apparently necessary for the failure mode effects
analysis (FMEA) that 1§ carried out after every failure occurrence.

In order to make the above mentioned files compatible with the SAFD
algorithm and make more than 9 measurements available to the SAFD algorithm,
a conversion computer code is required.

A computer program was written entitled CONVDAT (see Table 6.1.5), that can
combine up to four (4) data files into one file (36 measurements) accessing
them on the CDC computer NOS operating system. Each of the original data
files must be transferred to the CDC system by using a special procedure and
then edited as follows: 1) remove all blank lines, 2) edit descriptions
jnto the following format - first 1line should give the description of the
test (engine number, date, etc.) using a maximum of 60 characters. The
second line should have the first PID number with descriptions, using a
maximum of 30 characters. The third line should have the second PID number
with descriptions, and so on, until the last PID number fis covered, each
using 30 characters or less.
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Once all the files have been converted the CONVDAT routine can be &sed in
the following manner: 1) attach the first file to TAPE20, the second file
to TAPE21, the third file to TAPE22, and the fourth file to TAPE23; 2)
change the first four lines to reflect the correct accounting information.
Following these steps the output file is generated in TAPE31. Change the
name of this file; 3) updéte the values of the parameters on the namelist
$GIVEN. The parameters in the latter are defined as follows:

NPID1 = number of PIDs on TAPE20
NPID2 = number of PIDs on TAPEZ2]
NPID3 = number of PIDs on TAPE22
NPID4 = number of PIDs on TAPE23
TSTART = data start time

TMAX = data stop time

Following the above mentioned steps, the CONVDAT routine can be executed and
all of the four files will be combined into one file.

6.1.3 UPDATING AND FINALIZATION OF SAFD MONITORED PARAMETERS

Presently, SAFD uses 24 distinct outputs from SSME dinstruments. In the
original 1list of SAFD monitored parameters there were some parameters that
were totally removed from engine instrumentation or e11m1hated as a
redline. Such parameters are: 1) injector coolant pressure (PID No. 366
non-existent), 2) HPOTP primary seal drain pressure (PID No. 951, eliminated
as a redline). From the SSME FMEAs 1ist of the highest ranking failures, 48
engine parameters were selected that encompass measurements related to
HPETP, HPOTP, LPFTP, LPOTP, HEX, MCC, HGM, oP8, FPB, Main Injector, OPOV,
FPOV, CCV, and Nozzle. From these parameters a list of 24 of those
parameters that have the potential of indicating a failure in the shortest
possible time was selected as the final 1ist for SAFD monitoring. The lists
of the original and current SAFD monitored parameters are shown 1in Tables
6.1.6 and 6.1.7, respectively.
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Nine of the original parameters were deleted and eleven new ones were
added. Those deleted were: 1) injector coolant pressure (366), 2) MCC HG
in Pc (367), 3) FPB Pc (410), 4) 0OPB Pc (480), 5) MCC CLNT Dis. Temp. (18),
6) engine OX injector pressure (858-859), 7) LPOTP pump dis. pressure (302),
8) HEX inlet pressure (878), 9) HEX inlet temp. (879).

6.1.4 SSME CRITICAL OPERATING PARAMETERS: A COMPARISON BETWEEN NOMINAL
(PREDICTED) VALUES AND ACTUAL ENGINE DATA

In Table 6.1.8, the engine parameters that are predicted prior to a test and
compared with actual data from several tests on each of three SSMEs (2107,
2011 and 2024), are summarized. The values herein are at 109% power level
and are selected at specific time instants as indicated in the Table. The
Jast two columns list the corresponding nominal values (those values that
are picked when a brand new engine is tested) and their engine-to-engine
standard deviations (SD) calculated from a randomly selected set of actual
hot-fire test data (fhe very last column). As can be seen in several of
these parameters, the difference between the actual and nominal values could
be greater than three times SD (3 sigma). Examples of these are: 1) HPFP
speed, difference between nominal and actual value is about 753 rpm while
the SD is 107; 2) HPOT DS TMP, difference between actual and nominal is
about 104 and the SD is 33; 3) OPOV position, difference between actual and
nominal is about 6.24 and SD is 1.89. The reason for evaluating such
differences 1s - the fact that the SAFD algorithm presently needs a
precomputed mean value for each parameter to check on failures during the
first 2-second dinterval after the algorithm starts. Two of the five
simulations that was performed during the Phase I and II studies, test
901-340 was shut off due to a "false alarm® for the only reason that the
input mean values were much further off from the actual values than 3
sigma. Thus, if such false alarms are to be avoided as much as possible, it
is more judicious to choose a mean value that is closest to the first
jncoming measurement output for each parameter that can be picked up at the
very start of the SAFD algorithm, as soon as the measurements are sensed.
The final approach to such a choice of the starting mean value should be
decided upon after careful analyses of existing mean value predictions and
their corresponding SDs.
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6.1.5 CHARACTERISTIC EFFECTS OF PRESURIZATION AND VENTING ON SAFD
PARAMETERS

During SSME testing, the LOX tank or the fuel tank, or both are either
pressurized or vented several times during the course of a test in virtually
every test. These pressurizations/ventings effect some of the parameter
values over and above the power level variation effects. Thus, at least
eleven of the 24 new SAFD monitored parameters are effected by the
venting/pressurization of especially the oxygen tank. Moreover, closure of
the fluid or the GOX repressurization valves also has some effects on
parameters such as the HPOP and the low pressure fuel pump speed, as well as
the FPOV actuator position (see Figures 1 and 2). Analyses on various
engine data with and without LOX venting was carried out and the results are
summarized in Table 6.1.9. Clearly, 51most all parameters are effected, but
only about half are significantly influenced to be considered in
simulations. Well-defined plans exist to incorporate the effects of such
venting and pressurizét1ons as well as of repressurization valve closures on
the SAFD parameters using existing SSME "jnfluence coefficients." Thus, a
special formula exists that will provide the actual value of any SSME
parameter under a given power level and at steady-state conditions. This
formula will be utilized to compute varying averages (in a piecewise linear
manner) for those parameters effected and a safety band will then be placed
around the actual average value of the parameters. This will provide a much
healthier approach to failure detection under the above mentioned
perturbations.

6.1.5.1 TIME-SLICE TO TIME-SLICE STANDARD DEVIATION VARIATIONS DUE TO LOX
VENTING

A separate study was undertaken to assess the influence of LOX venting on
various SSME parameters under various time interval calculations of the
standard deviations (SD). As expected, when the SD of most parameters were
calculated during very short time intervals (less than 1 second) the values
obtained were low. However, the SD steadies as it is calculated during
jntervals longer than 1 second. Some parameters show an increase in SD due
to trans%ent effects, such as LOX venting, while others show a decrease.
Moreover, all parameters show a level of stabilization of the SDs after two
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seconds. This is a relevant result, since in the present SAFD algorithm the
SD for each parameter will be calculated on-line during the first two
seconds from the start of the algorithm. Thus, the two-second interval
calculated SD should be close to the actual slice-to-slice engine SD.
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6.2 SAFD ALGORITHM AND SIMULATIONS

The original configuration of the SAFD algorithm encompassed three
approaches to failure detection. The first, Approach 1, used during the
first two-second period from the termination of a transient, dinvolves
utilizing precomputed average values and standard deviations (SD) for each
parameter and setting up a 3-times-the-standard-deviation band above and
below the average values for limit checking. Thus if a signal violates
these band 1imits then a warning would be flagged out. If several of such
flags are available at any instant, engine cutoff is initiated.

In Approach 2, the average value calculated for each parameter during the
first two-second period after a power transient was fixed at the end of the
two-second interval for the rest of the steady-state operating regime.
Moreover, the moving average (MA) taken during the first two-second interval
was continuously updated every 80 milliseconds during the course of
algorithm operation (by dropping its last/earliest measurement and picking
up and adding the current value of the incoming measurement and thus,
calculating the new MA). The last MA for each parameter value was compared
with its corresponding 1limits for faults. The limits herein were narrowed
down to one precomputed SD above and below the averages. The third,

Approach 3, also used the same safety band of one SD on each side of the
average for 1limit checking but it utilized the on-line rea1—time running
average instead of the fixed one as a mean value. Herein actual data was
used for comparison with the limits. The latter two approaches were active
after the first two-second interval of algorithm start.

The above three approaches were carefully studied and analyzed and it was
concluded that the two-second Tong running average 1is too insensitive to
changes 1in the SSME. Thus, it was decided to compute MAs at each
measurement step (40 milliseconds in CADS output with an option of 20
milliseconds, hardware permitting), for five (or 10) of the last consecutive
measurements and to continuously update it by dropping the very last
(earliest) of the measurements and adding on the current value to get the
average of each parameter Moreover, a standard deviation is also computed
on-line rea1-t1me during the first two-second interval after algorithm start



and that value is used to arrive at a 2N* SD bandwidth for limit/trend
checking (N*SD above and one below the average value). However, to
determine the validity of such an approach, values of SDs (engine-to-engine,
run-to-run, slice-to-slice) from actual test data were evaluated by
computing them from various time slices, with different sampling intervals,
to find out about their variations. This helped determine if the standard
deviation from an initial two-second data of a steady-state condition does
actually reflect the true standard deviation of the whole steady-state
period of the monitored parameters and if such an approach will not lead to
premature cutoff. It was found that N has to be quite large in some cases
in order to provide a sufficiently large bandwidth that will avoid false
alarms. This s due to the fact that the calculated SD reflects only the
sensor noise levels and does not include the effects of other excursions due
to transients (such as repressurization or venting) and nonlinear behavior.
Also, work was performed on sensitivity studies regarding the effect of
averaging intervals on the average values and the overall performance of the
SAFD algorithm. '

6.2.1 SAFD OBJECTIVE AND SCOPE

The main objective of the Real-Time Failure Control contract is to develop a
real-time failure detection algorithm that is signal-based and that detects
anomalous behavior of the SSME earlier than the existing redline system.

The SAFD works, as it currently stands, only during SSME steady-state tesi
conditions. It utilizes both low and high frequency measurement signals
from 24 key parameters that are currently monitored. However, the option of
expanding the monitored parameter 1ist would not require extensive effort.
Eight of these parameters are facility and 16 are CADS. All major redline
parameters are included in the SAFD, based on the fact that all these are
key to a safe engine operation.
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6.2.2 THE CURRENT SAFD ALGORITHM

The SAFD algorithm in its present configuration starts at 5 seconds after a
start transient or 2 seconds after the completion of a scheduled power
transient. As a safety feature, the first measurement values (after
algorithm start) of all the 24 monitored parameters are checked against
safety limits formed by placing a safety band of N*SDp. where N is a
predetermined multiplying factor (normally 4) and SD_ is the precomputed
SD. If several parameters (the number of which should be decided prior to a
test, usually between 3 and 6) violate these limits then an engine shutdown
is signalled. This check will detect any anomalous behavior that could have
developed during start or a power transient. If no failures are detected at
the first instant then the measurement values of the 24 parameters are
chosen as the mean values for the next 2-second interval of the algorithm
operation. During this time an on-line real-time SD and a moving average
(MA) is calculated that is the average of 200 milliseconds worth of data for
each parameter. This MA 1{s updated at every sampling interval (40
milliseconds for the CADS and 20 milliseconds for the facility) by dropping
the last value of the measurements and picking up and adding on the most
recent one. This MA is checked against a safety band formed by placing

“safety limits around the above mentioned fixed average (the first incoming

measurement value) of N1* SD_ bandwidth (where N] js a weighting
factor normally taken to be 3). If several parameters simultaneously

indicate anomalous behavior then engine shutdown is signalled.

If no anomalies are detected during this two-second interval then the last
computed MA is fixed as the mean value (Mv) for each particular parameter
for the rest of the algorithm operation (until another scheduled power
transient). A safety band is formed around this fixed MV by placing limits
above and below it of "2* SDc (where N2 is a weighting factor and
SDc is the calculated SD). Then the on-line MA, that is continuously
being updated, 1is checked against these safety limits at every sampling
interval. If several parameters indicate violation of the safety limits
then engine shqtdown is signalled.

This progess is stopped at every scheduled power transient and is re-started

two seconds after the completion of these power transients. For a visual
picture of the algorithm operation see the schematic in Figure 3.
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6.2.3  SAFD REFINEMENTS

The SAFD algorithm was further modified (from its Phase I and II condition)
to incorporate all the 24 newly selected parameters (Table 6.1.7) and to
accommodate the 200 millisecond MA and the SD calculated during the first
two-second interval. Moreoever, actual test data from fincident tests was
transferred to the CDC system and all the errors and discrepancies in the
data files were eliminated for processing. Most of these tests resulted in
a premature redline cutoff due to a failure. Test data was then combined
into two data files, one for the facility data and the other for the
controller data. A SAFD input file that included most of the 24 SAFD
parameters, was also prepared for each test and the algorithm was executed.
several adjustments are always needed (during SAFD simulations with real
test data) for the data to be completely usable by the SAFD under all power
levels.

Modifications: to the mode]l were made to incorporate new failure detection
shutdown criteria over the first two-second interval following a scheduled
transient. The new approach involves using the first measurement data as
the mean value of each parameter in the shutdown logic for this interval. A
set of precomputed SD values for the new parameter 1ist must be selected and
incorporated into the model for each test. These SD values are required for
the one-time comparison with the “nominal" (to check for anomaly) and for
the shutdown logic over the two-second interval following a transient.
Moreover, the only time nominal values for key SAFD parameters will be
needed is during the first instant when the actual measurement data is
received. Here the nominal will be compared with the actual and if the
difference 1is greater than 4 SD, this will be considered anomalous
behavior. During the follow-on work logic will be included so that the
model will accommodate transient behavior, occurring as a result of
scheduled LOX and fuel venting, without interpreting these transient
behavior occurrences as failures.

The above mentioned (Phase I and II) three fundamental approaches were
considered in the refinement the SAFD algorithm, as was described earlier.
The under1y1ng purpose of these refinements was to enhance the algorithm

performance, especially for avoidance of premature cutoff. One of the
principal reasons for premature engine cutoff is sensor failure. The SAFD

currently does not address this type of failure. Thus, special algorithmic



and software tools need to be studied that can increase the capability of
the SAFD algorithm to address sensor failures. One way to accomplish
detection of sensor failures is to consider a single anomalous output as due
to the failure of the corresponding instrument while all the remaining
outputs are normal. This approach needs to be studied further and such
cases should be simulated with the transient model.

Additional refinements to the SAFD algorithm were also looked at. One such
refinement is the new "slope-average approach," which entails monitoring the
slopes between consecutive averages. Thus, the difference between each pair
of consecutive averages is divided by the time interval separating them and
the answer is considered as the slope-average. The advantage of such an
approach 1s that it produces very sensitive outputs of signals that have
minimal noise (since the sensor noise fis *f{ltered" out by taking
averages). Moreover, anomalous trends can easily be detected through
evaluation of the sign of the slope-average and whenever there is a trend of
positive or negative é]opes for a few consecutive intervals, then there is a
potential failure. This approach needs to be carefully simulated for
evaluation relative to failure detection and sensitivity to failures.

Preliminary simulations were carried out on actual incident test data and
plots were generated for various parameters. The plots show the parameter
signal, the on-line average, and the fixed average, as well as the
slope-average. Moreover, the plots jndicate that the slope-average could be
used as a reliable indicator of anomalous behavior with the potential of
earlier detection compared to the SAFD algorithm in some cases. For
example, the increasingly positive trend of the slope-average of the three
parameters shown in Figures 4A, 4B, and 4C beginning at about 209 seconds,
indicate that the slope-average approach could provide detection of the
particular transient at an earlier time than the SAFD algorithm. The
slope-average profiles suggest that this test could have been shut down
earlier, perhaps at about 209 seconds, as opposed to the SAFD algorithm
cutoff time of 214.79 seconds.
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6.2.3.1 SAFD REFINEMENT COMPARISONS

In order to compare the performance of the SAFD algorithm with and without
refinements, two SSME hot-fire tests (901-284 and 901-364) were considered.
Three cases for each test were simulated (Cases 1,11,111). The first of
these tests was a failure that occurred during the first 10-second period
due to a Lee Jet anomaly. This caused the measurement values of parameters
to be off nominal and eventually the redlines cut the engine off at 9.88
seconds. The original SAFD simulation had used a recomputed nominal MV and
SDs as well as actual test values for five of the parameters as follows:

Parameter Precomputed Mean Actual Value SD
1. HG6 Inj. delta P 255 151.28 24.53
2. HPFT delta P 1860 1270.5 20.
3. HPOTP delta P ‘ 1800 918.58 46.5
4. MCC Pc ' 2995 1829.5 21.2
5. MCC cint dis. temp. 420 157.97 6.3

variations between the actual values and the precomputed mean for each of
these parameters being larger than three (3) times SD, the original SAFD
algorithm cut off the engine after the first iteration. A similar "false
alarm" occurred in test 901-340 simulations with the SAFD algorithm. 1In
order to evaluate the algorithm performance, Approach 1 (working during the
first 2-second interval) was shut off and Approach 2 and 3 were used. With
the original SAFD algorithm, engine cutoff occurred at 8.86 seconds while
with a 200 msec running average and an on-line computed SD, the cutoff was
at 7.94 sec and 7.14 sec respectively. Similarly for test 901-364 (see
Table 6.2.1).

In the above mentioned three cases for each test, the following were
performed:

1) In Case I, a precomputed sD and the 2-second (50 measurement) MA
were used for 1imit checking at each 40 m111isecopd interval.
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2) In Case II, a precomputed SD was used during the first 2-second
interval and a band of 3-SD was put below and above the precomputed
MV (as in Case I); but after the 2 seconds the SD, that was
computed during the first 2 seconds, was weighted and used for
assigning similar but lower 1limits. The limit checks were again
performed by the 2-second (50 measurement) MA every 40 milliseconds.

3) Case III dinvolves a 200 millisecond MA (every 5 measurements) but
also a calculated (during the first 2-seconds) SD weighted
appropriately and used to assign limits around the calculated mean
value.

Test 901-364 was used once again, to compare performance of SAFD with and
without refinements. Thus, even though there was no failure at 216.71
seconds (the original point of SAFD Phase II simulation cutoff), the signals
were showing a trendv that provided a good base to check the algorithm
performance. It should be pointed out that there was a LOX tank
pressurization at 200 sec. and this was the reason for the trending of many
of the parameters that were used to test SAFD. However, there was a real
failure that was detected by the engine redlines at 293.15 sec., which was
or was not related to this transient effgct. As far as the algorithm is
concerned, these kinds of transient signals are similar to actual failures
in behavior and can be used to do some performance and sensitivity
analysis. The actual failure was also analyzed through the algorithm to
compare with the redline. '

In Tables 6.2.1 and 6.2.2A,8,C,D,E,F, a comparison can be made of the N2*c¢
values (upper/lower signal 1imits defined by mean & N2*o) between Case I
and Cases II and III. For most parameters, the N2*c values are larger for
Case I compared to Cases II and III, yielding more generous upper and lower
signal limits. Upper/lower signal 1imits as close to the signal mean as
possible, without being so restrictive as to trigger a false alarm, are
desired to facilitate SAFD failure detection at the earliest possible time.
The simulation results for the three cases, for each of the two tests, are
presented in the above mentioned Tables.
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6.2.4 SAFD ALGORITHM SIMULATIONS }

Several cases of real-test data from major incidents were applied to the
SAFD algorithm to evaluate and understand 1its strengths and weaknesses.
Also, sensitivity studies were carried out to evaluate the effects of:
1) averaging at 40 msec., B0 msec., 120 msec., intervals; 2) the weighting
factor N for the determination of the safety bandwidth for each parameter;
and 3) the number of anomalous parameters required for a decision for engine
shutdown. The results of the simulations are presented in what follows.

6.2.4.1 ALGORITHM SIMULATION OF TEST 750-285

SAFD model simulation results of SSME hot-fire test 750-285 are presented
herein. Tests 750-285 experienced a premature engine shutdown due to the
development of a small fuel leak downstream of the main fuel valve in
downcomer #8 around 204 seconds following start. The fuel leak resulted in
a fire and was detected by a powerhead thermocouple redline, triggering an
engine shutdown at 223.56 seconds. This test was conducted over a single
power level (109%) and did not dinvolve propellant venting and
repressurization, or propellant transfer.

SAFD model simulation was initiated at 100 seconds fo11ow1ngsengine start.
Since the fuel leak was small, only a small number of parameters were
affected. Seventeen of the twenty-four SAFD parameters were available for
simulation. About eight of these parameters appear to reflect the failure.
For each set of figures, the Figure 5-1 shows the measurement signal, and
the Figure 5-2 shows the SAFD signal average and upper/lower signal limits.
Several simulation runs were made while varying the signal upper/lower
limits (i.e., variations in n) for each of the eight parameters which appear
to reflect the failure. The best of the simulation runs obtained resulted
in SAFD shutdown at 212.48 seconds, compared to the redline shutdown at
223.56 seconds, due to detected anomalies in the oxidizer preburner oxidizer
valve (OPOV) actuator position, the HPFTP coolant liner pressure, and the
HPOTP intermediate seal purge pressure. Table 6.2.3 shows the composition
of the s1gna1 11m1ts (defined by AVG xn*SD) for selected parameters, i.e.,
the average, standard deviation, and n values. The average and standard
deviation values are computed over the first two seconds of the algorithm
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operation and are fixed at the end of this interval. The signal limits can
be adjusted by varying the values for n. A careful review of Figures 5A-1
through 5H-2 will reveal that an attempt to reduce the SAFD signal T1imit
bandwidths will result in a false alarm. This is the case when an attempt
is made to reduce the signal 1limit bandwidths for those parameters that
appear to reflect the failure (Figures 5A1 through 5H2). A false alarm
would result due to signal average variations prior to the real anomaly
occurrence.

As an example, consider the parameter of Figure 5F1-2, the low pressure
oxidizer pump discharge pressure. While Figure 5F1 indicates the anomaly
should be detectable sometime following 205 seconds, Figure 5F2 reveals that
because of the signal limit values 1in relation to the signal average,
reducing the signal 11m1ts'by lowering the value for n would result in a
false alarm by the upper limit prior to detection of the real anomaly by the
Tower 1limit. This of course is a direct result of the particular average
value used in the s1gné1 1imit definition of this parameter.

Values for two of the algorithm variables - #P (number of simultaneously
occurring anomalous parameters required for shutdown) and n (factor which
determines signal 1imits) - must be predetermined. The values selected for
these variables can affect the algorithm's performance dramatically, in
terms of both its reliability and its advantage over the redline technique.
Selection of the #P value should be large enough to insure a reliable and
accurate failure detection, yet small enough to allow the algorithm to-
respond to a potential failure early. Selection of the n value is critical
to reasonable signal limits for the parameters. If the selection for n is
too small, the signal 1imit bandwidths will be too small, possibly resulting
in a false anomaly detection. An unnecessarily large selection for n will
not facilitate early anomaly detection and may even prevent detection of
anomalous behavior. Selection of a value for n to serve all parameters
optimally is difficult since the signal amplitudes and frequencies of
oscillation vary greatly among the parameters. However, ideas exist that
will lead to the development of an automated approach to the selection of n
and #P that can be worked on during the next phase of this program.

Simulation results for test 750-285 reveal that a single n value should not
be used for all parameters to achieve accurate results. It is necessary to

optimally choose an n value appropriate for the behavior of each parameter.



6.2.4.2 ALGORITHM SIMULATIONS OF TESTS 901-340 AND 902-471

SAFD model simulation results of two SSME hot-fire tests which experienced
failure are presented herein. Test 901-340 involved failure of the high
pressure fuel turbine (HPFT) and was shut down at 405.5 seconds by the HPFT
discharge temperature redline. Engine damage incurred included HPFT
turnaround duct wall fractures and torn sheet metal, and secondary rotor
platform seal fractures. The results of simulating this test with the SAFD
algorithm are presented in Table 6.2.4. Four simulation runs, involving
algorithm cutoff by Approach 2, are shown for variations in the Approach 2
signal upper/lower limits (i.e., variations in n2) and in the number of
parameters experiencing anomalous behavior simultaneously required for the
algorithm to signal a shutdown (i.e., variations in #P). The three cases
for n2=26 and #P=6,7 and B resulted in test shutdown by Approach 2 (after
the first two-second interval) at 279.67 and 295.42 seconds for #P=6 and 7,
respectively. The case for #P=8 did not result in a shutdown, however,
indicating that fewer than eight parameters had signals outside of their
respective upper/lower limits simultaneously at any given time. A case was
also simulated with a slightly larger bandwidth around the signal mean
(n2=27) with #P=7. For this case, the algorithm signalied a cutoff at 298.7
seconds, later than the comparison case for n2=26 and #P=7, which had a
cutoff of 295.42 seconds. The simulation results for selected parameters
for the case with n2=26 and #P=7 are shown graphically in Figures 6A1,A2
through 6F1,F2. Both the parameter measurement signals and the algorithm
signal means, with the earliest anomaly time, are shown. For the case with
n2=27, 1.e., larger bandwidths around the means, and #P=7, some of the
parameters reached their respective signal limits at s1ightly later times.

The second simulation was of test 902-471 which involved a -hydrogen fire
originating in the region of the low pressure fuel duct near the HPFTP due
to a leak. This test was shut down prematurely at 147.68 seconds, initiated
by the lower east powerhead thermocouple redline. The simulation was
performed for the hot-fire test data from 50 seconds, at 100% power level,
to the time of the redline cutoff at 147.68 seconds, at 104% power Tevel.
The power 1eve1 change from 100% to 104% was at 140 seconds. Since the
algorithm is for steady-state operation only, simulation was performed in
two stages corresponding to the two power levels. Simulation for the first
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stage was from S50 to 139 seconds, and for the second stage was from 145 to
147.68 seconds. The simulation results are presented in Table 6.2.5. Seven
simulation runs are shown for variations in nl, i.e., in the Approach 1
signal limits, and in #P. In all cases, the algorithm signalled a shutdown
by Approach 1 during the second power level (104%X). There are five cases
for n1=2.5 and #P=4,5,6,7 and 8 showing the later algorithm shutdown times
as a result of increasing the number of simultaneous anomalous parameters
required for algorithm shutdown. A simulation run was also made for n1=2.0
and #P=6 which resulted in a premature shutdown by the algorithm. This case
indicates the signal 1imits did not encompass a large enough bandwidth
around the mean. A simulation run performed for n1=3.5 and #P=6 in which
the algorithm did not trigger a shutdown indicates the bandwidth was too
large. The simulation results for selected parameters for the case with
n1=2.5 and #P=8 are shown graphically in Figures 7A through T7I. The
parameter measurement signals are shown indicating the earliest anomaly time
for the respective parameters as detected by the algorithm. Both of the
above tests were withdut venting/pressurization.
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6.2.5 HEURISTIC EVALUATIONS AND SENSITIVITY ANALYSIS

Several simulation runs were carried out using the SAFD algorithm on SSME
test data from test 901-340. During this test a redline shutdown occurred
at 405.5 seconds from start due to a HPFTP failure (HPFTP turnaround duct
bulged cracked and tore). The original SAFD algorithm simulations had
engine cutoff after 0.08 sec. from the start of the algorithm, which of
course, was a "false alarm." The false alarm was apparently due to the
large difference between thé precomputed mean values for the various engine
parameters monitored by SAFD and the actual values from the test data.
Thus, in order to avoid such premature cutoff, mean values closer to the
actual data were selected and, using three times the standard deviations
(sD), safety bands were set around each, to be used for the first two-second
interval. Moreover, SDs were computed on-line during the first two seconds
of the SAFD running and were used (after multiplication with an appropriate
factor N2) to set the safety band around the monitored parameters. The
measurement signal avérages were also completed during the same interval and
the value obtained fixed as the working mean value throughout the
simulation. The comparative averages were updated every 40-millisecond
jnterval using the latest 50 values. Presently, the last 5 values will only
be utilized for an updating of the above mentioned averages every 200
milliseconds (eventually, when data is available every 20 milliseconds, the
last 10 values will be used to update the average every 20-millisecond
interval).

various sensitivity analyses were performed on this test by varying the
multiplication factor N2 on the SD as well as the number of parameters,
experiencing anomalous behavior that was required for the SAFD algorithm to
trigger engine shutdown. Some of the results are presented in Table 6.2.6.
The SAFD simulation results for the four different runs are presented in
Tables 6.2.7A through 6.2.70 while Figures 8A through 81 show the signal
profiles for some of the parameters. As shown in Table 6.2.6, varying N2
and the number of parameters required for shutdown effect the outcome.
Thus, appropriate values for each of these should be carefully selected.
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6.3 SSME DIGITAL TRANSIENT MODEL FAILURE SIMULATIONS

The SSME digital transient model (DTM) was used to simulate actual SSME test
failures. The SSME transient model is a modular digital computer program
which is being run on the CONVEX computer using a SUN workstation as the
front end system. This particular version of the model has evolved from 25
years of simulating rocket engine transient performance. Several
generations of engines have been simulated and great confidence is placed in
the predictions of these transient models.

The simulations of real engine failures were done for the following
reasons. First, as a preface for the use of the model, on-line with the
SAFD algorithm, to create a closed-loop demonstration of the SAFD
algorithm's capabilities. second, to gain fncreased confidence in the
model's ability to simulate engine failures, and third, to use the SSME
transient model to simulate certain failure modes that are hypothetical and
have not occurred on 5ctua1 engines.

6.3.1 DTM SIMULATION OF TEST 901-284

several of the actual engine failures were simulated by the SSME DTM. The
description of the failures and examples of the model output for each of
these tests are presented with heuristic evaluations.

The effort to simulate measurement and component failures took longer than
expected. The fundamental difficulties in simulating actual failures by
using the SSME digital transient model entail: 1) imperfect matching of
parameter variations caused by actual failures with the simulated values due
to the highly nonlinear dynamics of the SSME, 2) errors in the predictions
of the actual source or cause of failure from effect. Thus, if the cause of
a failure is pinpointed exactly, then the simulations will indicate very
closely matched behavior relative to the actuals. However, even if the
exact cause of a failure in the system is known, being nonlinear as it is,
§t is very difficult to get 100% correlation between actual and simulated
behavior.
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In certain situations, the inverse approach is more efficient. Namely, to
start with the effects and to try to get to the cause, as in the case of
efficiency variations. However, the SSME, being very complex and having
nonlinear dynamics, there are multiple causes that could result in certain
effects and vice versa.

6.3.2 TEST 901-284
puring the incident test 901-284 the following failure was experienced:

1. Channel B of the controller cut jtself off at 3.25 seconds.
Channel B shutdown was caused by failure of electronic components
in the facility power supply.

2. At 3.9 sec, the Lee Jet orifice, used to purge Channel A Pc
transducer passage, became dislodged and caused the Pc transducer
to sense Mcc'coo1ant flow pressure instead of Pc. This erroneously
high reading (3800 psi) caused the controller to close the OPOV to
reduce Pc to the desired 3012 psi. A few milliseconds later, the
controller calculated a mixture ratio of 9.0 and commanded the FPOV
full open in an attempt to reduce the MR to 6.0.

a. The immediate results of the controller action, based on an
erroneous Pc, was operation in an abnormal mode, characterized
by high fuel flow and low turbine inlet temperatures of the 0PB
and FPB. In fact, the OPB jnlet temperature fell quickly to
about 440°R (-20°F) which assured freezing of the water which
makes up 10% of the total 40 1bs/sec.

b. The ultimate result of the controller actions was a fire in the
HPOTP at 9.7 sec due to rubbing in the area of the LOX primary
seal slinger. The rubbing was caused by a high axial load
which displaced the rotor assembly at the pump end of the HPOTP
housing. This high axial load was caused by ice formation in
the cavity between the housing and the 2nd stage turbine wheel
which resulted in reduction in the cavity pressure from about
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2500 psi to near ambient. This reduced pressure on one side of the
turbine wheel and caused an estimated jncrease in rotor axial force of
about 31,000 1bs, which far exceeded the control capability of the
balance pistons to control the position of the rotor.

Plots were generated from simulated data of the above mentioned test and
overlayed on actual plots from real-test data (see Figures 9A-9L). The
parameters indicate very close matching of real data with simulated data,

thus indicating the accuracy of the DTM.
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6.3.3 TEST 902-428

Computer simulation results of the incident test 902-428 are presented in
this subsection. At the 163rd-second from engine start of this test, the
0P8 injector experienced a hot streak. Thus, the HPOT discharge temperature
channel B (PID No. 234) sensor jndicated significantly higher than normal
temperature reading throughout the test.

Figure 10A shows the main combustion chamber pressure model with the test
data overlayed. Figure 10B has the overlays of the HPOT discharge
temperature, channel A. Figure 10C has the HPOT discharge temperature
channel B reduced by 170°R (due to it running 170°R over normal) overlayed
with the Digital Transient Model (DTM) results. The heat exchanger
interface temperature (HXIT) was one of the parameters where the failure was
dramatically exhibited. The present configuration of the DTM output does not
jnclude this parameter. But for this case, the DTM was modified to include
this parameter as an output. The actual HXIT is measured during hot-fire
tests only after oxjdizer coolant is mixed into the flow, which then
reflects a slightly different value. Hence, the model value only is shown
in Figure 10D. For a comparison between the actual HXIT and the model,
Table 6.3.1 below represents the percentage change of the parameter value
during the time jnterval shown (column 1), the value calculated by the model
(volumn 2), the net percentage change occurring from first to the second
time-instant (column 3), the actual measurement values (column 4) and the
net percentage change (colume 5). In Figures 10E, 10F, and 106, overlays of
chamber mixture ratio, fuel preburner and oxidizer preburner pressures are
presented, respectively.

TABLE 6.3.1
TIME MODEL TEST
TOT2MIX HX TEMP 879
Value AX Value A%

160 1335 — 915 —
170 1340 0.37 920 0.55
180 1350 1.12 930 1.64
185 1355 1.50 934 2.08
190 1320 -1.12 940 2.73
195 1225 -8.24 910 -0.55

200 1165 -12.73 847 -7.43
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6.3.4 TEST 750-285

Simulations of the incident test 750-285 that occurred on the SSME on
May 21, 1987, on engine 0210 while operating at 109% power level are
presented herein. The test was cut off prematurely at 223.6 seconds of a
planned 295 seconds, when the powerhead temperatures at the CCV and HPFP
exceeded the redline setting of 660°R. At approximately 204 seconds into
the test, the nozzle #8 downcomer began to leak hydrogen. The posttest
analysis indicated leakage flow to be between .5 and 1 1b/sec, but because
of the complex geometry and difficult access to the downcomer, an accurate
leak size assessment was precluded. The nozzle was replaced before the next
test.

In order to model this fajlure, a flow path was added to the calculation of
flow exiting the downcomer area. This additional flow was set to equal the
leakage flow. The 1epkage flow that was included in the pre-test notes of
the next test was initially input in the model. This flow had a maximum
leakage of .6 1b/sec. This amount of leakage had a negligible effect on the
DTM engine parameters and did not match the test data. Next, the leakage
flow was doubled and the model was re-run. The amount of leakage the model
experienced is shown in Figure 11A. This has a maximum of 1.2 1bs/sec,
close to what the posttest analysis indicated. This amount of leakage
caused the model engine parameters to match better with the test data.

Figure 118 shows the high pressure fuel turbine discharge temperature traces
from the test data and the transient model. The transient model trace has
150°R added to it. This was done because the test 750-285 ran at a higher
temperature than is nominal for this power level. The relevant part of this
plot is the temperature trend. Figure 11C shows the high pressure oxidizer
turbine discharge temperature traces from the test data and the transient
model. The transient model trace has 90°R added to it, for the same reason
as mentioned above. Figure 110 shows the oxidizer preburner oxidizer valve
"position traces from the test data and the transient model. The dead band
for this valve is a few tenths, so this is a good correlation between the
test and the model. Figure 11E shows the main combustion chamber pressure
traces from the transient model and the test data. Figure 11F shows the
engine mixture ratio traces from the test data and the transient model.
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6.4 SSME DTM HYPOTHETICAL FAILURE SIMULATIONS

There are various potential failures that have never occurred. It would be
desirable for the SAFD algorithm to have the capability of detecting any
such failure. Thus, a study was performed that entails use of the SSME DTM
to simulate the aforementioned types of failures. The intent is to utilize
the resulting simulation on the closed-loop (DTM-SAFD) system and assess the
performance of the SAFD algorithm in detecting such hypothetical failures.
while the DTM provides on-line engine data to the algorithm.

Leakage of fuel or oxidizer is one of the major jncidents that could be
catastrophic and that js hard to detect. Moreover, the quantity of
fuel/oxidizer 1leakage that can be tolerated, so that the engine could
continue to run satisfactorily, depends on the location of the leak. Thus,
if a fuel leak is Just downstream of the main fuel valve (MFV) its effect
will be divided among the three parallel flow paths that branch from the MFV
discharge duct. Thesé include the main combustion chamber and the nozzle
cooling channels, and the coolant control valve. Therefore, quite a large
leak can sometimes occur without having a major impact on any one flow
parameter. If, on the other hand, a leak occurs just upstream of the low
pressure fuel turbine, its effect will be significant on one flow path.
Hence, small leaks can only be tolerated in such instances. It should be
noted that any fuel leaks are hazardous and should be detected as early as
possible.

6.4.1 RUPTURE IN OXIDIZER PREBURNER PUMP AREA

simulating leaks with the DTM requires some effort of modifying several
parts of the model by introducing additional flow paths. In such an
undertaking, a rupture in the SSME oxidizer preburner pump area was
simulated. The rupture was assumed to take place on the oxidizer side,
downstream of the preburner pump (see Figure 12). An additional flow path
" for the leak, that would flow from the ruptured area, was incorporated in
the model.
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Three separate runs of the model were made, with a leakage of 1 1b/sec and
5 1b/sec leakage. The results of each run are presented in Figures 12A
through 12J and 12K through 12T, respectively. The engine power level was
assumed to be 104% during the leakage initiation time at 30.0 seconds, after
system steady-state js reached. The engine control system compensated for
the leakage flow by opening the OPOV and FPOV (see Figures 7,8,17, and 18.
The engine was back up to nominal value in a short time, about 1 second.
The following is a 1ist of the parameter descriptions and the figure numbers
of the attached traces.

PARAMETER DESCRIPTION FIGURE NUMBER
1 _LB/SEC 5 LB/SEC
Fuel Preburner Temperature 12A 12K
Oxidizer Preburner Temperature 128 12L
Oxidizer Preburner Préssure 12C 12M
Main Combustion Chamber Pressure 120 12N
HPOP Discharge Pressure 12E 120
HPFP Discharge Pressure 12F 12P
FPOV Position 126G 12Q
OPOV Position 12H 12R
Boost Pump Discharge Pressure 121 128
Main Chamber Mixture Ratio 123 127

A Table (Table 6.4.1) was compiled that shows the effect of each leakage
flow (1 1b/sec, and 5 1b/sec) on each of the parameters studied. The effect
is defined as the percent change from nominal.
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6.4.2 HPFT DISCHARGE FLOW BLOCKAGE

One such failure that involves the HPFT discharge flow blockage, taken from
FMEA files, was simulated with the DTM. The blockage was assumed to occur
between the High Pressure Fuel Turbine and the Main Injector
(see Figure 13A). The amount of blockage was initially set to five times
the resistance of the flow path. The engine power level was assumed to be
104% prior to the failure. The failure was initiated at 30.5 seconds, and
the model was run from 29 to 39 seconds. The engine control system
compensated for the blockage by changing the OPOV and FPOV positions (see
Figures 13M, 13N). The following is a list of the parameter descriptions
and the Figure numbers of the attached traces:

PARAMETER DESCRIPTION FIGURE
Fuel Preburner Temperature 138
Oxidizer Preburner Temperature 13C
Fuel Preburner Pressure 13D
Oxidizer Preburner Pressure 13E
Main Combustion Chamber Pressure 13F
HPOP Discharge Pressure 136
HPFP Discharge Pressure 13H
LPFP Speed : 131
HPFP Speed 13J
LPOP Speed 13K
HPOP Speed 13L
FPOV Position 13M
0POV Position 13N
HPFT Discharge Temperature 130
HPOT Discharge Temperature 13p
Main Chamber Mixture Ratio 13Q
Main Chamber Temperature 13R
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6.5 CLOSED-LOOP DTM - SAFD SIMULATIONS

In order to demonstrate the operability of the failure detection algorithm
the SAFD was combined with the DTM in such a way that the DTM output was
used as inputs to the SAFD algorithm. Any anomalous behavior that effects
some of the parameter values can thus be detected by the SAFD if these
values are over the limits of the safety bands that are set for each of the
parameters. For this purpose, the SAFD failure detection model was combined
with the SSME transient model to form a closed-loop system model. The idea
behind creating the closed-loop system model is to be able to simulate any
failures with the transient model and monitor the parameter signals for
anomalous behavior with the SAFD algorithm on-line and real-time.
Modifications to the code of both models were required for their
combination. For example, subroutine SENSOR of the SAFD model, which reads
in the SSME hot-fire test data from input files, has been eliminated as it
has no purpose in the closed-loop model. The parameter signals generated by
the transient s1mu1af1on model subroutines will be available to the SAFD
subroutines through common blocks and can, therefore, be monitored for
anomalies with the SAFD algorithm. Table 6.5.1 correlates the transient
model parameter variables with the SAFD parameter variables.

6.5.1 CLOSED-LOOP LEAKAGE SIMULATION

An artificial 5§ 1b/sec leakage of 1liquid oxidizer (LOX) was introduced
downstream of the HPOTP preburner boost pump as a simulation of a FMEA
external rupture (mentioned 1in the previous section). A non-zero start
model run at 104% power level was made with a start time of 29 seconds. The
leakage (failure) was initiated at 30 seconds, resulting in anomalous
behavior of many parameters. The SAFD algorithm signalled a shutdown during
the first two-second interval, by Approach 1 at 30.10 seconds. Seven
parameters registered exceedence of the safety band, thus signalling the
cutoff.

These parameters include the HPOTP discharge pressure, the HPOTP boost pump
discharge pressure, the main combustion chamber pressure, the HPOT discharge
temperatdres 1 and 2, the LPOTP pump discharge pressure, and the HPFTP

discharge pressure. The results of the transient failure detection



simulation are presented in the plots of Figures 14A - 141. Each plot
displays four signals which represent the parameter simulated signal, the
signal average, the signal Approach 1 upper 1imit, and the signal Approach 1
lower limit.

Parameter Description Fiqure
HPOTP Discharge Pressure 14A
HPOTP Boost Pump Discharge Pressure 148
Main Combustion Chamber Pressure 14C
HPFT Discharge Temperature 2 14D
HPOT Discharge Temperature 2 14AE
LPOP Discharge Pressure 14F
HPFTP Discharge Pressure 146
HPFTP Coolant Liner Pressure 14H
FPOV Actuator Position 141

6.5.2 CLOSED LOOP BLOCKAGE SIMULATION

A failure was simulated which involved increasing the resistance (by a
factor of two) of thé duct between the HPFT and the main injector as a
simulation of a FMEA HPFT discharge flow blockage (mentioned in the previous
section). A non-zero start transient model run at 104% power Tevel was
made, with a start time of 29. seconds. The failure was implemented three
seconds later at 32. seconds, resulting in rapidly occurring anomalies in
many of the parameters. ' "

The SAFD algorithm signalled a shutdown with Approach 2 at 32.06 seconds due
to detected anomalies in five parameters. Recall that Approach 1 is in
operation during the first two seconds of the algorithm operation, while
Approach 2 is in operation thereafter. The five parameters include the HPFT
discharge temperatures, the HPFTP discharge pressure, the FPOV actuator
position, the HPFTP coolant liner pressure, and the fuel flowmeter. The
results of the transient-failure detection simulation are presented in the
plots of Figures 15A - 151. Each plot displays four signals which represent
the parameter simulated signal, the signal average, the signal Approach 2
upper 1limit, and the signal Approach 2 Tlower 1imit. The plots indicate
clearly the engine steady-state behavior followed by anomalous behavior as a
result of the blockage, and the subsequent recovery to steady-state due to
the enginé contro11er}s command of the FPOV and OPOV actuator positions.
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The SAFD algorithm detected an anomaly in the HPFT discharge temperature
signal far earlier than the potential time of the redline temperature of
1960°R. :

Parameter Description Figure
Main Combustion Chamber Pressure : 15A
High Pressure Fuel Turbopump Discharge Pressure 158
High Pressure Fuel Turbopump Coolant Liner Pressure 15C
High Pressure Fuel Turbine Discharge Temp 1 15D
High Pressure Oxidizer Turbine Discharge Temp 1 15E
High Pressure Fuel Pump Speed 15F
Low Pressure Fuel Pump Speed 156
Fuel Flowmeter 15H
FPOV Actuator Position : 151
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6.6 LESSONS LEARNED

puring the course of the present contract, several features of the SSME were
investigated in detail and information, useful for future failure detection
algorithm development, was analyzed and recorded. Thus, transient effects
other than the start and power transients, were found to significantly
influence parameter values. If these effects are not compensated for, the
failure detection algorithm will lose some of its sensitivity to failures
and thus be more sluggish. Two of these effects are due 1o the
repressurization and venting (of fuel and oxidizer) that are carried out
during SSME ground tests to simulate actual flight conditions on the engine.
These effects are apparent in over half of the 24 SAFD monitored
parameters. Some of the effects of GOX and fuel repressurization valve
closure are presented in Figure 16 and the effect of
venting/repressurization are shown in Figure 17. Moreover, nonlinear
behavior of several SSME parameters, that js inherent to engine
characteristics, were'a1so jdentified. These effects were termed nonlinear
because of the characteristic shape that each parameter takes in time even
in the absence of any vent1ng/repressurization or other transient
phenomena. Thus, it takes over 75 seconds for the HPOT turbine discharge
temperature, the MCC 1liner cavity pressure, and the HPOT seal cavity
pressure to "reach steady-state. While the HPOP intermediate seal purge
pressure is totally nonlinear (see Figures 18A,8,C,D,E). If these
parameters are to be monitored,then it is necessary to develop estimates of
their normal mean values that are piecewise linear or that are represented
by predetermined curves that are close to the real parameter value such that
the bandwidth placed around such a 1ine can be made less restrictive. For,
if the average (mean value) line can be closely represented then the safety
band around it can be made smaller and thus provide an increased sensitivity
to the algorithm.

In order to evaluate the possibility of a predetermined piecewise linear
mean value profile for the parameters that are effected by the
repressurization and venting procedures, the planned versus accomplished
profile qf the engine LOX inlet net positive suction pressure (NPSP) were
studied. "It was found that the planned profile is very closely traced by
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the achieved profile (see Figure 19). Hence, it fis possible to determine a
piecewise 1linear average for the effected SAFD parameters by using a
predetermined NPSP profile in combination with existing computational
routines that calculate the "influence coefficients that reflect the
effects of a given degree of repressurization/venting on a given engine
parameter. In this manner, the new piecewise linear average profiles for
these parameters will be close representations of their actual values. This
will lead to a more sensitive algorithm and thus catch failures in the early
stages.

These and other work can be carried out to enhance the SAFD performance and
expand its scope significantly.
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7. CONCLUSION

Extensive computer simulations with the SAFD algorithm on real SSME incident
test data indicate significantly earlier cutoffs than achieved with the
existing redline system. Cutoffs were found to be a function of the kind of
failure that occurred, the speed with which it progressed and the Tocation
and degree of localization of the anomalies. Thus, in fast occurring
failures, such as ruptures or breakage of structural areas, the SAFD showed
only a slight gain over the redlines. While for slow occurring failures the
SAFD algorithm showed significantly earlier shutdown capability.

The performance of the SAFD algorithm depends heavily on the choice of the
weighting factor N that determines the bandwidth of the safety limits placed
around the average value of each signal for monitoring purposes. Moreover,
the added safety feature that the algorithm has is the requirement for
muitiple anomalous signals for an engine cutoff command. Thus, three, four,
five, six or more sidna1s exceeding the safety limits simultaneously leads
to a cutoff command. This number should be predetermined for each signal
prior to each test. Hence, two factors are important in the decision for
engine cutoff. Namely, the weighting factor N and the number of anomalous
parameters signalling failures simultaneously. There is no procedure for
the selection of these factors other than experience and trial and error
presently. However, work has been performed on finding ways of
automatically determining these numbers at the start of the algorithm during
a test.

The SAFD, as it currently stands, can only handle steady-state test
operating conditions and it is turned off during the start transient, as
well as during power transients. However, the first instant check that the
algorithm {s equipped with (that checks the value of each of the first
incoming measurement signals against a precomputed nominal expected value)
is for detection of anomalous behavior that might have occurred during a
transient. This feature provides some degree of fault detection capability
at start or power transients. Moreover, the option of expanding the
capability to handle transients, as well as other nonlinear and excursion
effects Sfe under conéideration and plans for such augmentation exist. The
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algorithm monitors more parameters than the redlines, with the option of
expanding the 1ist even further. Also, the SAFD avoids “false alarms" by
the above mentioned requirement of the anomalous behavior of several
parameters prior to a decision for engine shutdown.

There are transient effects that effect several engine parameters due to
repressurization and venting, as well as to GOX/fuel repressurization valve
closures. These effects are presently compensated for by jncreasing the
safety bandwidth to cover parameter excursions due to such transients, thus
reducing the sensitivity of the algorithm to actual failures. However,
plans to accommodate such behavior have been worked upon and can be
implemented in follow-on work. Also lacking is sensor failure detection
(except for negative readings). These and other limitations of the SAFD can
be worked on and its effectiveness and écope can be enhanced given
appropriate planning, analyses, simulations, and judicious approaches.

-48-



8. RECOMMENDATIONS

By all means, it is highly desirable to develop a failure detection
algorithm for the SSME that can operate under all conditions (steady-state
and transient) and that is sensitive enough to detect slow and fast failures
at such an early stage that damage to the engine js minimized. There are
certain approaches that, if taken, can lead to the above mentioned enhanced
and expanded algorithm. In this section a few tasks are outlined that will
accomplish some of the enhancements.

8.1 FAILURE DETECTION

The fault detection problem jnvolves a thorough and realistic understanding
and specification of the given system. The various failure modes that may
occur can be described as either fast occurring and progressing or as
incipient (slow deve1pp1ng) faults. Fault detection is approached either
via model-based or signal-based techniques. For analytical redundancy
purposes some kind of validation of nominal relationships of the given
system, using the actual input and the measured output, are carried out and
the dynamics of the system are evaluated on-line in a real-time manner
(Figure 20).

Most advanced fault detection schemes suffer from complexity and often from
inherent weakness in reliability. However, it 1is usually possible to
develop simple fault detection schemes that do not require extensive
analytical development and that work reliably and efficiently. Such an
approach involves the use of the SSME DTM.

Analytical redundancy, especially when applied to key engine parameters, can
provide significant reliability and enhanced performance, especially under
sensor failures. A good analytical model of the engine is required that can
predict the expected outputs very closely (to that of the actual values) and
thus provide analytical values to compare actual outputs with and make a
decision regarding the status of the sensor. The SSME DTM is a very
effective tool that can be utilized (perhaps piecewise linearization will be
required' in order to make it real-time on-line applicable) for such
analytical redundancy purposes. There are many key sensors that need such
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redundancy and that when implemented can enhance engine performance, avoid
engine shutdowns due to false alarms, and that can minimize damage from
failures.

8.2 SENSOR FAILURE DETECTION

Throughout the history of the Space Shuttle program, the only SSME in-flight
shutdown occurred during flight 51F July 30, 1985, due to the malfunction of
the HPFT discharge temperature sensors. This type of failure can be easily
avoided given a good (simple) sensor failure detection approach.

Such an approach was evaluated using the information from past engine data
as well as simulations via the SSME DTM. It is clearly jndicated in the
sensor outputs from flight 51F (see Figure 21) that the only parameters that
showed anomalous behavior were the two HPFT discharge temperature sensors,
while all the other parameters were nominal. This is sufficient cause to
believe that it is a sensor failure. Moreover, computer simulations by the
DTM of the same sensor output (as was shown in Figure 21) was artifically
induced and the effects on other parameters were plotted. Figure 22 shows
the dramatic influence of a sudden temperature rise of the HPFT discharge
flow on several other parameters. Since no such effects were recorded
during flight 51F the "failure" was a false alarm. Similar indications are
shown in Figure 23. Herein, a change in any one of the parameters shown,
results in a corresponding change in each of the other sensor outputs.
Thus, sensor outputs can be correlated in such a manner as to generate
useful information regarding the status of sensors.

The implementation of such a scheme is straight forward, does not require

extensive computational effort and can significantly enhance the performance
of the SAFD algorithm.
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8.3 SAFD PERFORMANCE ENHANCEMENTS

In accordance with the observations made in the previous pages, jt is highly
recommended that work be continued on the SAFD algorithm development and
enhancements directed towards expanding the capabilities of the algorithm.
These expansions should address SAFD operation during start and power
transients, accommodations and compensations for nonlinear effects and
transient effects due to fuel/oxidizer repressurization/venting and fuel/GOX
repressurization valve closures. In addition, sensor failure detection
schemes should be simulated that are simple and easy to jmplement in order
to study their feasibility and effectiveness.

The capability exists at Rocketdyne to evaluate the SSME from a systems
point of view and develop failure detection schemes based on practical
jmplementation and feasibility issues and formulated on sound mathematical
and advanced fault detection knowledge. Advanced observer-based estimation
routines can be utilized, using the OTM, that can provide analytical
redundancy and enhanced failure detection capability. various options have
already been studied and their feasibility has been evaluated.

This useful effort should continue without the s1ow—dowh of unnecessary

contractual breaks in order to have the engineers devote their full
attention to the important task of SSME failure detection.
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TABLE 6.1.2 MEAN VALUES AND STANDARD DEVIATIONS

STUDY (£0211,184%PL) 81838

-55.-

D sLict 10 ““é,é:?:‘p.?o‘% b b {sue2119) DATE ~ 11/20/%9
TIME - 18:20:48 L vES - 1 TOTAL MaS - 1 1OTAL SLicES = 168 ,T”}'q
SIGMA SL 9';
10 §  PARAMETER TITLE MEAN SIGMA EE A’ lS‘f‘f SIGMA sv.B ﬁ /
) ¢ wcmm il 1 e - 5.434758 o 9a8814
b s N Ua s e iateve - 5.03869¢ 3 504976
- 54 ) WFP CLNT LR D 3437. 483 - 5.662143 3.999374 ~niainAal PAGE IS
418 ) P8 PC NFD 5"":3,:: - 51143 3.8 RIGINAL PAG
prr R R 3721 932000 - 5.387480 5.248941 P
© a8 ) MGC OX INJ PR 3721.9 - 8.367a%0 2 OF POOR QUAUT‘ ,
isy ) were oS PR & - 3.282973 3.289927
200 MCC PC A AVG (MCPA)  3127.332008 3.20873 3.20m27
291 MCC PC B AVG {McP8)  3123.712004 - : 2.972988
18 ) McC oLyt oS ne . e sea0ss z 48124890 782.823700
35206 . BRC08E - »
n -G - 979. 008800 381.731700
201 WPFP SPEED B 332055200008 - ?.seco0e 1731700
n o e o ure 792008 - 2.828767 4.318079
m T oS e A 1 Taicee - 2.688628 3.553888
LA oor 55 e 8 teae sirane - 2.232872 3.878632
ot T 0% P Bt - 0.287596 0.173158
854 ) FAC OX fu OS PR 80.917140 - 8287500 8.173158
838 ) EMG OX IN PR 1 81.6882480 - 0. 4ovete 8.269300
858 ) B OX Ner e AT - 1.201687 1.290648
209 HPOP INLET PR A 347.739808 1201087 1290849
219 HPOP INLET PR 8 347.884308 - 121 1-3gease
870 ) WX INT PR 3871.834800 - 7.040%4 2.431778
879 ) WX INT T 926923488 - ¢.582079 341008z
683 ) HX VENT DP $3.351418 820872 o.103012
148 ) OPOV ACT POS & (0PV2) 67.891488 - . 138297 o 107088
141 0POV ACT POS B (RvDE=1) 67 75R598 - o.e30024 8.es385
142 FPOV ACT POS A (FPV2) 8e. 507880 - o.1sa7se ¢. 188132
143 FPOV ACT POS B (MVDB-2) B8, 254529 - 0. 106084 .. 110037
283 HPFP [NLET PR A 231.048808 - 1. esaz00 1112084
204 WPFP INLET PR 8 (P1B)  231.122200 - 1172412 1112812
821 ) O FL IN PR | 24.263370 - ¢ 123000 o.008117
a1 ) O FL INPR 2 24.321080 - ¢ 129330 $.089053
334 HPOP DS PR NFD 4115.777080 - . 3 9ee901
341 ) PeP DS PR NFD 7535. 685000 - 8.713989 .
SAFD SLICE TO sucinzla:a £ InE :;;:y‘w snﬂv(um.mvn [SL2206) ,“
- :87:0 G TAT PROGR, - .
Tive - 13:37:0 TOTAL ENGINES - | TOTAL RUNS = 1 63{!;& suces - 1 oy "/6 §L ﬁ(\ﬂ
sL
10§ PARAMETER TITLE MEAN SIG €E \0 Gu sLP SIGMA a M»
24 MCT HG INJ PR A 14, 250008 - — ~gensan
? 53 ; HPFP CLNT LNR A 3410. 638608 - :.;;3::: :.?“J“
3 WPFP CLNT LNR B 3429293008 - 3.727888 3-1ea383
4 i PR PC NFD 7% PSIA  S135.500008 - S H 3217088
488 ) OPS PC 10k PSIS  5249.523088 - ¢.0368% 3.933460
395 ) WCC OX Iy PR SK PSIS . 3704240000 - 3.084248 an
59 ) HPFP OS PR NFD  9See PS| ' 6137.223000 - 8.367843 3.6160e8
200 MCC PC A AVG (MCPA)  3125.90000A - 3720154 31
201 MCC PC B AVG (McPB)  3125.272008 - 4 3908023
A 18 MCC CLNT DS TWP B 417.689900 - 3”.22:%1“ ay Sieee
S ) 268 HPFP SPEED A 34985, 880080 - 333228788 s
T 281 HPFP SPEED B 35065 368080 - 0. 471008
o 231 WPFT DS TWP A 1749.575000 - 1 qeuez
32 HPFT DS NP B 1726.712008 - 2.227783 2.406753
zz.’u’ ::g; gss ne s 32335& - 1858005 §.07268¢
. : 1167400
854 ) FAC OX P DS PR 358 PSIS B1.6205W0 - ._;g:& :.::;«:
gs8 ) NG OX IN PR { 238 PSIS 81.796858 - 8577688 9. 3382
gse ) ONG Ox IN PR 2 230 PSIS 82. 109098 - v.581692 .33,
209 LPOP DISCHG PR A 334.062500 - 1229638 1310709
218 LPOP DISCHG PR 8 334375000 - 28470 1.
878 ) WX INT PR s PSIS 3372.78R008 - z 1222 1.341849
g78 ) WX INT T 160/1908  925.721700 - 8241222 1-3iean
833 ) MX VENT OP 256PS1D 124730708 - .,";”7 0. 000205
148 ) OPOV ACT POS A (0PV2 68383128 - o 05337 e. 137298
141 OPOV ACT POS B (RVOR-1 §7.596010 - ».0s0197 0.¢52040
142 FPOV ACT POS A  (FPV2 79.503318 - . 108358 8. 134831
143 FPOV ACT POS B (RVOB-2) 79.392419 - 0.108 o
203 LPFP DISCHG PR A 226.483188 - 0. 882098 QHEL
204 LPFP DISCHG PR 8 (P18)  228.373388 - 0094343 9.897852
€21 ) DIG FL In PR 1 100 SI 24145138 - o, 18248 o. 120084
819 ) OG FL IN PR 2 19 PSI 24136830 - ._,.::;: o-1iste
33¢ ) HPOP DS PR NFD 7K PSIA 4072430600 - Y S 1
361 ) PBP DS PR NFD 9500 PSI  7498.227000 - 17.589358 14 ‘/f
SAFD SLICE 10 sug:m:m'u M IN va;w‘m sn‘m;‘(run.mm) [SL2029a} &
- : 36 TAY PROGR. v - . L
TIME - 08:36:48 TOTAL EMGINES — | YOTAL m‘l«‘f;f ' rﬁuz\i:ztlzts - e g Q}f}i (£2029. 109%PL)
SIGMA SL
10 §  PARAMETER TITLE MEAN &IM SL c_ st ﬂ sicau sLA it
404
( 2¢ uCC MG INJ PROA 3355 153008 7.31747% ;3:;3 ::?i:g: S Sressr
83 HPFP CLNT LMR A 3415.870080 7.107748 et 3.0181%8 HEA A
54 HPFP CLNT LNR B 3418, 165000 6. 757848 3.425m8) 3.4 S5
418 ) FP8 PC NFD 7% PSIA  S5146.6250088 8.237459 M o.n‘mnu Rt
a0 ) orePC 1 PSIS  $185.887008 10.26309¢ 33en AR 3 araier
398 ) MCC OX INJ PR 5K PSIS 3698755800 .98488) 3o S-aee HH4 A
WSe ) MR DS PR NFD 3506 PSI  $125 37080 14.172908 ] ” 3. 967ase et
200 MCC PC A AVG (ucPa) 3128800000 4.899558 3:‘5‘”"“! 3T 2 aae2e
201 MCC PC § AVG (MCPB) 3124, 1E%00n $.375388 & P+
18) Mconl s pg 34 1.831879 384561508 350, 175000 495898200
288 ) HPFP SPEED A 35025.200009 313. 483000 304515108 347.008100 499950200
28 HPFP SPEED B 33018520000 476, 688500 pif 4 Rt % Jeases
m HPFT DS TWP A 1618 782680 8.568338 i fit i & Trre3e
232 WPFT DS TP © 1851 . 8%AAN0 8 588847 320400 3.neam 8.2m74%
233 HPOT DS TWP A 1337.545080 3.447358 2 aiens 2 3 a330es
234 1PaT DS TWP B 1369 .830000 1.658313 .3 L Oe: S +-+++
854 ) FAC OX fu DS PR 358 SIS 80543870 9.538383 .‘2,’““““ i o aren
858 NG OX IN PR 1 250 PSIS 82.31670 9.741817 o 37e3%s 4 Seise A
280 ) NG OX IN PR 2 258 PSIS 82. 743380 o 745810 270374 0301302 0. 41758
208 LPOP DISGIC PR A ss7.5w.‘: 1.883409 1.20213 1304008 1. oea7ee
216 LPOP DISCHG PR B 358.4019 1.843244 3 285287 it PRt ot
878 ) M INT PR sk PSIS  1757.926000 . 168820 1 es 3.20430 I
a8 ) WX INT T 160/1980  853.489700 0.231170 LT o de7ess 8. 326841
283 ) HX VENT OP 250PS10 #0. 714668 8.08723¢ L ey e
148 OPOV ACT POS A (0PV2) 87.358760 0177738 44 o.er382) 8- 130182
141 0POV ACT POS 8 (RVDE-1) §7.467108 9. 158450 it 8050074 0. 12503
142 FPOV ACT POS A (fPV2) 79.705468 o. 131187 . e 8128105 813433
143 FPOV ACT POS B (RVDE-2) 79 789840 9. 190748 o. 128133 0 130418 . 1oe7ie
203 LPFP DISCHC PR A 246701600 1.095974 1481000 1383438 1.303524
284 LPFP DISCHG PR B (P1B)  246.932800 1.502097 l'm”“tn )-297%8 | seaze?
821 ) ENG FL IN PR 1 108 PS] 7.361840 ».142097 820002 ¢. 221785 o. 170803
Y .t:c”n. ";a’:r: '7:.»:?: us;'?;::a :;m;f . 951523 5. 983859 4.481032
4 . . . .
51 PEP o;"n NFD 9500 PS1 7228 781988 15272738 8.043372 8. 158652 7.186768
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TABLE 6.1.2 (cont.) g /5D-158 st
. c }q;l;.i;_s'i.‘) Sﬂ‘L"

SAFD SLICE TO SLICE SIGMA DNGINE VARIATION STUDY (£2187,184%PL) [S12107A] 1S -/ 1%
TIME - 08:43:08 COGTAT PROGRAM VERSION - 1.8V . o ) LYse
TOTAL DIGINES - 1 f e A 1yse ‘
SIGWA SL A siau sL 1ok =
10§  PARAMETER TITLE MEAN 7.385488
7.464488 ¢
2 MCC HG TNJ PR A J345. 100800 7.483822 877443 5.960570
53 ! HRFP CLNT LR A 3478880808 3;:;;3 et “57..;.4
54 HWPFP CLNT U § 3425 . 900000 s pafteatd 4.754979
418 P8 PC WD ™ PSIA 5808 . 141000 . 2 7 085517 6.038044
438 ) 0P8 PC 19K PSIS 5138528068 §.34888 1 eeees 6.740214
395 ) wcc ox INJ PR 5K PSIS  3648.339000 5. 308635 8. 774783 7.612884
439 WPFP DS PR NFD 0360 PS| 6131.523008 7.852388 . 090819 4.127852
200 ) ML PC A AVG ?C?A) 3134.217008 9305 3. 427774 3.678489
201 MCC PC B AVG MCPE)  3118.284008 ?-.“m o 917812 9.805558
1 MCC CLNT 0S ™ § 489835008 75 118208 474.737100 503.199790
200 MPFP SPEED A 33130, 480000 7.1 a7 821380 194, 114588
281 HPFP SPEED 35152.720000 463.803208 2 903884 2.943817
23 HPFT DS TWP A 1657. 457600 4.4m:; 3 223823 3.408932
232 HWFT 0SS P 8 1698.375000 ‘-g"’ 3 3 180307 2.944332
33 HPOT 05 TWP A 1343. 970008 2-‘ ";’:‘ 2767787 1.995550
234 HPOT DS TWP B 1349385000 2.699 " 444 9. 357458
834 ) FAC OX FM DS PR 358 PSIS 81.398798 . 0"0; o 7128 0.504644
858 | ©G Ox [N PR | 258 PSIS 82.251019 0.540071 i 8. 513072
839 ) ENG OX [N PR 2 230 PSIS 82.463278 6.354338 1241402 1.254539
F] LPOP DISCHG PR A 340.901108 1.110156 1 Se2217 1. 19m828
219 LPOP DISCHG PR B 341.049300 1.175853 2 757680 2.939332
878 ) KX INT PR 5K PSIS 3809 778084 2 osm: 233003 8. 185124
079 } Mx INT T 160/1908  B75.299100 1.09544 o 818379 5.041186
883 ) MX VENT OP 258PS [0 92.1267%0 o.orm? v heas ® 133381
148 OPOV ACT POS A (0PV2) $6.516010 o.tsu_sl hapreetd 9.053853
141 OPOV ACT POS B (RVOB-{ 85067560 0.980278 it o 137298
142 FPOV ACT POS A (FPV2 80.549599 6. 148853 V138323 118406
143 FPOV ACT POS B (AVDB~2 56. 618940 0.144232 S oireet 0877708
203 LPFP OISCHG PR A 224538400 ' lnu: g pdbedd o 878274
204 LPFP DISCHG PR B (P18)  226.887368 0.99679 b4 o 11399
921 ) ENG FL IN PR 1 100 PS] 24.340240 0.969152 0.130287 o 122834 .. 125304
019 } ENG FL IN PR 2 188 PS| 24.2899%0 0.075478 0. 138419 ME b+ . 781738
334 ) HPOP DS PR NFD 7K PSIA  4130.766880 4595385 $.397250 1M 19.818818
N POP DS PR NFD 9586 PS!  7215.783060 19.22795¢ 10.783899 M
SAFD SLICE TO SLICE SIGMA ENGINE VARTATION STUDY (E2188) [SLZ186A] /;‘)//5"’7_
TIME ~ 08:58:11 GENSTAT PROGRAM VERSION -  1.8X o5 AN
TOTAL ENGINES - ¢ TOTAL mﬁs.L GE 1 rom;a sLfces = e N 7ES
Yy {30y 0
ID§  PARAETER TITLE MEAN STGuA SL Slﬂkﬂ;lﬁ/’l sic St
2400 uccH tw A 3330, 04000 gf.?.&.ﬂ 7. 983008 7880037
- 53 HPFP C A 426. 910088 829860 . 188118
{‘R!G‘NAL PAGE IS S4 HPFP CLNT LNR B 3421515080 §. 950028 5.420203 5.947689
4 -ri 410 FPB PC NFD 4928. 852008 B.461238 6.283927 3.95579
crF POOR QUAL! Y ( «ae ) op@PC 5228395000 7.080837 $.915784 7.965409
"l 398 ) MCC OX INJ PR 3891.271000 7.252082 S.403094 5.562891
459 ) HEFP DS PR NFD §163.512000 0.020118 §.787116 7.085141
200 MCC PC A AVG (MCPA)  3128.757008 4.400788 3.9138%0 4.161818
201 MCC PC B AVG (mcPe}  3125.325000 3.846486 3.819827 3.991468
18 MCC CLNT OS TP B 449750000 0.000000 0. 000000 0.6000%0
260 HPFP SPEED A 3s120. 150080 124.850200 210.130800 215.909080
201 HPFP SPEED 8 33132. 280080 136249800 212.982500 215.813200
231 HPFT OS TMP A 1673.925008 2.198820 2.380777 2.747358
232 HPFT DS NP 8 1748 438060 3.1817¢7 2.500991 2.367879
233 HPOT DS TWP A 1354140000 3.598733 3.207838 3.297979
234 HPOT DS TWP B 1432.285000 2.12092¢4 2.254703 2.755508
854 ) FAC OX FW DS PR 81.824958 0.354292 0.323580 0.321845
838 ) ENG OX IN PR 1| 81.467388 0.458172 0.288327 6332449
858 ) ENG OX IN PR 2 81.397519 0.477773 €.291398 ..
208 LPOP DISCHG PR A 340558600 1.221948 1139924 1.
210 LPOP DISCHG PR B 341884800 1.18049¢ 1188860 ..
878 ) HX INT PR 3358. 836008 3.994182 3.092008 3.
879 ) HX INT T 906 168008 9.213884 1.41838¢ 1.
a83 HX VENT DP 125.327400 0.138427 9.192530 [ B
148 OROV ACT POS A (oPv2) 85.249210 4.102188 ®.1358712 [ B
141 OPOV ACT POS 8 (RVDS-1) 84 885700 0.138371 €. 854404 ..
142 POV ACT POS & (FPV2) 70 885888 0.144271 0. 11894% 6.
143 FPOV ACT POS 8 (RVDB-2) 79683350 8.158189 8.127863 [)
203 LPFP DISCHG PR A 257 877908 1.096218 1.837498 [ ]
20 APFP DISCHG PR 8 (P1B)  257.852308 1.188797 1.091758 1.
921 ENG FL IN PR 1 25. 139040 0.1507%3 0.158225 ..
19 ) OG FL IN PR 2 24947980 8.15202¢ §.155143 ..
334 ) HPOP DS PR NFD 4973838008 5.593088 5.730128 s
341 ) PRSP OS PR NFD 7498.121000 13. 483048 11.383410 13.
SAFD SLICE TO sucg’;:?:‘ mxﬁ vm?g‘m m:',;v“ non_ e ) |SL2e2s]
- 99:18:9 Gl PROCRAM VERSION - : . = ~
TIME - 99:18 TOTAL ENGINES = IOTAL RS - ! n(;;n"-;l :«'5;‘5 o ‘, ER SIS
; TGMA SL ;
10§  PARAMETER TITLE MEAN SIGMA EE Ri‘/]ﬂ’,l?‘;"-’}n H /07 %
8.318218 Rary)
24 MCC MG INJ PR A 3363 . 305080 - . 238272 ' < i
53 ) WFP CLNT LW A 3435 az000 - 3345088 S0 (50715 ¢85
S4) WP CINT LIRS 3441155008 - < Sei1e
418 ) FPB PC NFO TX PSIA 5170, 797088 - S as19
488 ) orB PC 100 PSIS  5163.879508 - ez
S 398 ) MCC OX INJ PR 3k PSIS  3859.814008 - 4300132
459 ) HPFP DS PR NFD 9500 PSI  6219.105808 - Jiase
200 MCC PC A AV %ﬂA) 3126515008 - 2.763387
201 WCC PC B AVG MCPB)  3126.30A000 - 1.681738
18 MCC CLNT DS WP 8 493.524%90 - so Bo1TS
200 HPFP SPEED A 35389. 750008 - 340, 550508
261 MPFP SPEED B 35338. 520000 - 3 3a3288
F23) MPFT OS T A 1842, 862000 - 2 218328
232 HWPFT DS WP B 1632. 5802000 - 1 784804
233 HPOT DS TWP A 1215. 462000 - 1 Ses3es
234 WPOT DS TWP B 1242, 145000 - o 208724
8¢ )} FAC Ox FM DS Pr 350 PSIS : - o 401487
858 ) NG OX IN PR 1 256 PSIS 82.011780 - o imez
859 ) ENG Ox IN PR 2 230 PSIS 82.936330 - 1 eessd2 -
209 ) - LPOP DISCHGC PR A 335.9497300 - 1.904842
219 LPOP DISCHG PR B 338.414300 - 1 rete
878 MY INT PR 5K P3IS 3741 874080 - 4t ..Jl)dﬂ
0 ) Mx INT T 160/1900  §22.794760 - PPy Mperet
©( 883 ) HX VENT DP 250PS10 88.727480 - 8- sue2s3 8.025108
148 ) OPOV ACT POS A (0PV2) $4.994080 z o 078047 9.064333
141 OPOV ACT POS B (RVDB-1 §3.78V170 - 8. 131911 .‘ﬂ'ﬂﬂl
142 ) FPOV ACT POS A (FPV2 70.336719 : 148944 0147371
143 FPOV ACT POS B (RVDS-2) 78.739148 - 1 aasy3s 1257410
203 LPFP DISCHC PR A 231.779400 - A ) ieese?
204 LPFP OISCHG PR B (P18)  231.521549 - o teesss o 1ee3
821 ) ENC FL INPR 1 188 PS 8.249372 - -+ o isests
819 ) ENG FL IN PR 2 180 PSI 8.317538 - ME TN S aro8e2
334 ) HPOP DS PR NFD 7K PSIA  4628.423009 - 5 350987 . aaaves
34 PBF OS PR NFD 3508 PS) 722%.527008 - N ‘



-~

TABLE 6.1.2A (cont.)

PERFORACE PARG AVG VALUE & SIGM DG TO ENG (184X PL) PRED V3 ACTUAL
DATA FROM A2 TEST STAND-TESTS 2620398 TO 38284135
(WITH ONE PUMP CHANGE)
T - 25005 pais - PROGRAM VST = % ot suices . ' 1 8
AL - - CES -
Te A 31“—&* ToTD[ SL’C’S
PARAMETER TITLE AN Slﬂnm T Gu R, AN Si-RrRE
PrTOTAP 1674. 167008 .12 ves2. seeeeelf 3.538534 1673. 125008 19.620230
22188130
HPFTDTAA 1695. 600000 50. 000000 1675. 500080 . 080000 1678, 250000 legTie
HPFTOTES 1740000000 49398308 1732.300080 17.8776T8 1754, 375000 22 10326
HPFIDTBA 1789.167000 52.001800 1742. 500000 10.608800 1745875800 22. p3ze
OHPFTDTA 42.500000 28.416558 -Seeeee 3.538834 11.675008 18 iaz2e
DHPFTOTE 34. 188880 28.5361 0 19. 000008 7.071088 10, s0snee .
HPOTDTAP 1380.033008 48.88757% 1327.500008 1348, 3!.55!.5:
HPOTDTAA 1341, 667008 41.190818 1337.500000 17677678 1358873000 38. 18689
HPOTOTEBP 1421.567080 £8.478400 1417 580008 30 896878 et 625808 46.982030
HPOTOTBA 1399 167000 39549558 1407 . 500000 31 19810 131 2iaee 43.732138
DHPOTDTA 24. 188880 32.774490 19. 000008 T4, 142148 16 875000 16.689350
} DHPOTOTE 27.500000 22.384700 50. 000080 14, 142148 2‘:;75“. 20.777308
5208332000 27.329208 5220 008008 14, 142140 5215, 625080 18.915378
LPOPSPA 3211.854008 15.055458 2780 00008 T lane sgn.snm ‘;;.;::;3
wg:. ‘?;“::.gguu ;;::;:m 28473 . 500008 104085000 285365258800 198.714108
LPFPSPPR 15949, 160088 526.6726000 28503 o eee 134.330300 28348 008000 55979420
FPSPA §022_508000 433.715300 1810 Sovece 20.284270 16282. 506880 65.233080
rads-ay 38376, seeven 75.011008 IS Soeate 21.213218 16213.730000 104.738108
HPFPSPA 35253, 338000 105, 188208 B 35.358330  35278.230088 101.831400
OLPOPSP 15006004 16.960000 B esces 56588548 35263750008 3.728119
. . . : 1. :
wees o et st - R e s B
: o 5. 500000 7.071088 16.250080 n.e
) OHPFPSP 46000000 45.186370 15. 200080 21313218 17, 580800 18.322510
oPOVPR 06.633338 9.840833 £5.348098 9.98362¢
- 0494973 §5.730080
e s 100see v i dsveee e R
FROVA 81.418888 1 Sieee n 0.676715 B1.062508 1536639
el e - 20349998 0.638403 50.712498 e
.7 8.451684 PIRT A 337568 9.348152
OFPOV o.550080 6361939 . 180000 HIMAN o 380008 .368450
PERFORMAMNGE PABSS AVG VALUE & SIGMA DNG TO DNG (184K PL) PRED V3 ACTUAL
DATA FROM A1 TEST STANO-TEST 5810498 TO 3016311 E1105
WITH NO PUMP CHANGES
TIME - 15:29:18 GENSTAT PROGRAM VERSION - 890
TOTAL ENGINES - ! TOTAL RIS = 1 TOTAL SLICES - 12
oA S4/CEE B
ID§  PARAMETER TITLE MEAN sicwa EE uean 2,
3 ) HPFTOTAP 1652. 983000 34.341758 1637580000 3.535834
¢ 4 ) HPFTDTAA 1855.833088 35021840 1647560088 31.819518
s ) HPFIDIBP 1683, 750800 40. 346319 1450000088 §.008008
s HPFTOTBA 1685.833080 408.442830 1280 . 008088 28.284270
7 ) OHPFTOTA 19.583338 13.392390 25, 000008 14.142148
' ODHPFTDTS 17.918568 14.841338 20. 400800 ¢. 000080
{ 9 ) HPOTDTAP 1389583000 §2.174918 1415. 900000 63.639600
( 10 ) HPOTOTAA 1392. 508000 63.478708 1400 . 600008 28.284270
11 ) HPOIOTEP 1433.333008 €6.834028 1465 568090 £3.839680
12 ) MHPOTDTBA 1437683008 $6.961910 1442 500008 31.819818
13 ) DHPOTDTA 7.918668 7.216878 o5 000000 21.213210
{ 14 ) OHPOTDI® 17.983330 18. 160870 67500008 31.819818
I8 5224, 184008 13.709548 000000 21.213218
E \6 ) Lpopsea 5224. 164000 15.938720 gﬁ:m 21.213210
17 ) HPOPSPPR 28443.33000¢ 387. 112308 28700, 090000 141.421400
18 HPOPSPA 28442500000 352. 441200 28358 . 500008 579.827688
19 ) LPFPSPPR 15842.910000 €3.852148 15585 . 000400 77.7817%0
- 28 A 15852.910000 47.742000 15345 . 000008 148.492400
21 ) WerRSPPR 35483. 330000 364.874300 35316. 000008 153563508
22 ) HPFPSPA 33398 s00oee 368.555200 35215. 040880 49.497489
23 OLPOPSP 4. 166868 4.687184 36000000 14.142148
24 OHROPSP 17 .500000 31.152118 110. 000008 84.832018
23 DLPFPSP 36.833338 38.954138 160.000000 84.852819
26 ) OHPFPSP 26. 688588 23484380 25. 000000 106066000
27 OPOVPR . 1.918783 £7.300000 8. 707187
28 ) OPOVA 67.641488 .997887 67500000 §.424288
29 FPOVPR 79.750008 . 1.530003 79500000 21213
3N FPOVA 79.83339 1.830579 79.730008 1.767767
kTl DOPOV 8.141667 0.308834 0380000 6.202843
32 ) breov . 0.576037 2. 750008 #.3853353
PERFORMNCE PARMS AVG VALUE & SIGMA ENG TO DNG (109X PL) PRED VS ACTUAL
(ENGINE TO DIGINE PREDICTIONS)
TIME ~ 11:14:04 . GENSTAT PROGRAM VERSION - 880
TOTAL DIGINES - S TOTAL RUNS - 8 TOTAL SLICES - 8
IDJ§  PARAMETER TITUE EAN S10MA EE
3 ) WPFIDTAP 1763900000 50.895108
4 ) WPFTDTAA 1752. 006000 45.221088
s ) WeFtOTOP 1772.000000 48845830
§ ) WFIDIBA 1799. 000000 38.955110
7 ) OMPFTDTA 25.000008 38.79433
s FTOTB 31.000000 26.786198
{ ¢ ), HPOTOTAP 1348000000 €8.702288
10 ) ' HPOTDTAA 1481 . 088000 138.211480
11 ) HPOTDTEP 1366. 000000 €1.473730
12 ) HPOTDTBA 1421, 000008 118.859200
13 ) OHPOTDTA . 008008 $3.168520
14 ) pHPOTOTE 97.000008 92.843950
1S ) LPOPSPRR 52. 996060 27.748870
16 ) LPOPEPA 5283 000008 81.670078
17 } HPOPSPPR 000008 328633508 -
10 ) HPOPSPA 28720 500006 321.325400
9 ) LPFPSPPR 16508 000000 509185508
. 20 A 16118900000 352.661408
. 21 ) WeFPSPRR 35496 000000 114.817580
22 ). HPFPSPA 38244, 000000 260344000
23) DLPOPSP— A VP .y 5. 000000 £9.749488
24 ) OwpOPSP 450000008 382.284400
25 ) DLPFPSP 380. 900008 294. 142800
26 ) OHPFPSP 286 . 000000 233.516800
27 ) oPOVPR £9.200000 1.843167
28 ) opova 71.599990 2182174
28 ) (FROVER 04500000 . 0.000088
38 ) (FPOVA 84200000 2.018662
31 ) Oorov -§7 -2 4eeeen 1.294218
12} OFPOV 1. 180009 1.294218



A

TEST #
901-173
901-225
901-285
901-340
901-364
750-285
901-485
750-259
750-175
902-471

902-428

901-307
902-249
901-436
901-136
904-044
SF6-01

TABLE 6.1.3

PRELIMINARY CHOICE OF TESTS FR SAFD SIMULATIONS

REASON FOR CHOICE

RE-RUN OF TESTS FROM SAFD PHASE 2
RE-RUN OF TESTS FROM SAFD PHASE 2
RE-RUN OF TESTS FROM SAFD PHASE 2
RE-RUN OF TESTS FROM SAFD PHASE 2
RE-RUN OF TESTS FROM SAFD PHASE 2
ONLY FEEDLINE FAILURE

ONLY NOZZLE TUBE FAILURE

ONLY MCC NECK FAILURE

OXIDIZER DUCT FAILURE

FUEL DUCT FAILURE -

OPB INJECTOR FAILURE

FPB INJECTOR FAILURE

TURBINE BLADE FAILURE (HPFTP)
COOLANT LINER BUCKLE (HPFTP)
BEARING FAILURE (HPOTP)

BEARING FAILURE (HPOTP)

MAIN FUEL VALVE FAILURE
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TABLE 6.1.4 -

SSME FAILURE MODES FROM

FMEA

T 7 g | T TIRE
-1 — |
Y AN —
P O L L Y T T e —
I | YL
- VLA SuES BP0 Y COWEL, RIS CENMEI, . ]
OAL PRI
— Cit, 1 Ll T S———
T3 S——
T —
T T .
T3 —
o N T T ——
T —
T T LT T
AL 1 AR TV ST SEMMEN AN IR SRS e} | M2 PN ACL AN
—_ DD PG ML,
O GOSN AOW 10 W TSPV RN 6 R R R, |
T§ T 17 A——
LT I —
N0 KL 3
3
GF BRLAVERS QUMQuEYY
m=num
ORI,
o, -
DEPrMOTOEREN_
1]
18 — X O D e AT
ASL TROY o w-——
1 BN,
o
D, e
T T
8 50 KT AP LA
GACAPA T
o ATRET SR,

-59-

ORIGINAL PAGE IS
OF PCOR QUALITY



58-10 WY W0

1 +10101dN=) 0101dN

L +EQIJN+ZAIdN+IQIdN=-E0LA1dN
) +EAQIdN=1 EQIdN 1]

THIAIdN=T1AIdN

TV +ZaTdN+I0TdN=10101dN
1 +ZAIdN=} TATdN
$+101dN=} 1G1dN

* - 08

INNIINGD SO
2'b=p (n’ a.eumuavu.om 1E) ILIWA B
{(B“i=p*OI* PY$1530) ) (06'9) 'ILTuM (-1
(e*t=p ..x avcumuo...om €Z) aviay
(8‘1=1 "(1)¥N02)(0S° ET) avIy
mc 0L 09 (0D ¥QIdN) 41
INNIINGD 09
(EAIdN" 1= .Ao..na.gx.svnumun.v.om..nv 3LIUM or
(EQIAN =X ‘(9°"1=P°(I"M)EDSIA))(05°9) ALIUM
(EQIAN" b=X (8 1=P'(X"r)EDS3A))(0S°ZZ) av3y
O i=1""(1)EN0IY (08 TT) avaw’
09 01 09 (0°D3 €AldN) 41
(ZAIAN" b=X" (B b=p" .x.a.uumunuvAom..nvupuxz g€
Aucunz ..x Au =P (N°r)ZI530) )(0S°9)ILTUM
TLATANT =N .o Pap Ax 7)i9530) YOS 1 €)ILTUN
CLOIaN 1= (8° =P O1" 1) 12530) ) (05°8)3LTUM
.o.—un..uv.:aov-om.-nvu»uaz
(9°1=I'(1)1N0D)(0S°8)31TUM (2]
= (iT 1) 22530) ) (08" 1 Z)GVIY
=0 (X'r)12s30))(0s° oz )aviy
: (01vE)1VWu0d 08
(8 4=I"(1)ZM0D)(0S ) Z)avIy
O =TT (1YiW03) (68" 02 )avIu [+

(04
o'l

sees  SITI4 VAV WOHA SNOILAINIS3IA ONV SITLIL ALIUM OGNV GVIY “ree

00S OL 09 oz
=ONNO4 LNGDNI ASIT3NVN ON. ‘s ININd O}
oz o..gnvuou.un

sess  LISITIWVN ALIUM ONVY GYIY 771 sl

-60-

AL PAGE IS

RY
i

|

fle

TUURVML T LUVAS LT POTdNTEGTAN T EATIN T IATdN /NIATID/ T ISTUINVN
(£2°8)¥2530° (01 )EdWIL '’ (8) YOO NOISNIWIQ
(01)ZdWaL °(LZ°8)€DS3A “(B)EWOD °(01)dnaL *(B)ZNWOD NOISNINWIA
..................... (8)IN0D °(£2°9)22S3a “(LT°9)10530 ° (001 )AMWNG NOISNIWIQ ol
.n«umchiuuua<p VEIAVLTOTIAVIS
* INdIN0=83dVL1‘ LNdNI=S3dVL‘ I €3dVL  LNALNO " LNANTINIVN WYUDOUd

Y

i
¥

i

¢

L ]
............................................... e et e oAt a e e AR K R A A R SRR P E R SR E .. .
“ees 666} AN EN SN P ST Teeen [-]
I "WHLIHODTY a4YS 3HL 0L 1NdNI 3dY s
sess AJHL 30438 S31IJ4 VAVA INIBWOD O1 03SN SI 3INILNOY SIHL [Ty
--------------------------------------------------------------------------- : . P L L LI LI TTLIT LT
. i
) 39vd JO'EE" ¥} "BO/BO/68 0L8+8 % N1d FOVHL 1=1d0 086/vL NIVH WYNDOUNd
e WYH90dd H<:>zou

oy e
e

INILNOY zoumzu.,,wu<h<c G'1°9 374vl px

Nt



-18 081 WW0Jd

«HOLVW AON 00 S31I4 3HL NO S3WIl.‘e INI¥d OOF S0}
00S OL 09
e «AUVISL OL TVAD3 10N 3WIL 1MVLS ViVQ.‘s INI¥d OSE

e SIODYSSIN VOMAI e

.......................... . 08} 01 09
006 04705 (XYWL B3 () ) AnnnNa) 31
(2 64)1vW0d OSZ
(v E146/9 ELI6/% €1 46)LYNEO0d OET
........................................................................................................................ (¥ €146°Z°64)LYWNO4 00T s6
(PO10TaN"E=1" (T AWWNG) (OEZ L E)ILTUN
\ (YOLOIAN"Z=1°(I)AWNNA)(0EZ"0)ILTUM 2
(1 )AMMNA(OSZ LE)ILIUM
/ (1)ANNNG (0SZ°9)3LTUM 2

ssee 1NOINTIY¥d OGNV 1€ 3dVL OL VAVO G3NIONOD ALIUA  »esse

B P vewe NE~§ n.
00% 0L 08 (VY AWNNG "IN~ (i )EdWal) 3T
3NNIINDD SL 1]
: 442
e (Z)EMAL=( 1) ANNNG
POLOTdN"Z0L0TdN=1 84 00
=2
(LPQIdN"3=1°(I)EdNIL) (00T EZ)AVIY o8
S8 01 09 (O °"D3I° ¥OIdN) J4F
ANNTLNOS 08
00y OL 09 ((1)AWNNG 3IN" () )TdNIL) 4dI
INNILINCD OL
.......... ) 142=2 SL
(Z)EMIL=(T) Amhnd o
€0.0IdN° IOLOIIN=1 OL 04
=2
.............. (1EQIIN’L=I°(1)ZdW31)(00Z ZZ)avIY .
08 0L 05 (063" EdidN) 4T oL
00¥ 0L 09((})AWNNG 3N () )dN3Ll)II
ANNIINDOD 00}
.......................................................... . s B AXEX
OO d3L =(1) Annnd
10101dN°ZIAIdN=1 00L 04 8
: =X
(1 ZOTAN"1=1"°(1)dN31)(00Z 1 Z)aVIY
O8E 0L 090 LaVISI LY (i yAWwina) 4t
(1101IdN" ) =1"(1)ANNNG) (00Z°OZ)av3Yy 08L
} +€010TdIN~Z0LA1dN 09
......................... b+ YO1dN+EQTIIN+ZATdNTIOIdN=Y0.101dN
1 +POTdN=1 ¥0 I diN

.

gl 3
s

[4 3bvd 10°€€ ¥l "80/BO/8B8 0.9+8° ¥ N1d 30vYl 1=1d0 088/¥L NIVH WV¥90ud

D | (-qw00)

},/9 318v1 | V )

-61-




i

R

ORIGINAL PAGE IS
OF PCOR G

DAV 'Dd 55W 002
SOd 1OV ADdd4 Z¥)
SOd 1OV AOdO OF)

dMl SO 10dH €€2
dil SO LddH ZET
............. 9 ¥d L3I dOdH O1Z

dWl SO LddH 1EZT
WNT AND dddH  ¥8

e e et e o ML SO ANTDD DOW 81
YIHAND 21 20 ANTONS ¥V P06 1831 Y04 VIV YT 0ULNDS INS|

aN3$

.......................................................... “yo+3L LT)

:

‘ ¥0+38080} °

‘v = —nng*
N3AIDS

(*w0d) Vg 3iavL W

L}
-
<
-
[
o

K

-62-



ald 14 ev sod j0e AQd] r4d
ald 1l ov sod 10e AOdO 12
(co8) escs dV 1uaA XH 0z
(6.18) ss€8 dway Jug XH 6l
(818) vses ud W XH 8l
a/v 1puueyd |.2/0L (o12/a-602/V) 20¢E Ud sadodil | Lt
'ssaid NI d1Od1 ‘012-602 668 — 858 | emsseid NyIXOBUa | 91
vse Ud Sawd001vd | st
vez | z)o dwa sip d1OdH vl
o rd I.L dutd) sip d10dH £l
61 ¢ee | grprdwaysip LiadH | ¢t
8l ({5 v 1dwia) s1p 1 4dH L
192/092 paads diddH | Ol
dway sip P 90N 6
26l ‘es ‘62 (6sv) 9208 Ud Sa dddH 8
ud [ xot fup wew
(s6€) v8Y8 udlmxooom | ¢
85v8 = MaN ‘08v = PIO od €dO 9
851 ‘85 | 0058 = MaN ‘0LY = PIO od add S
g 'V jpuueo ‘s ‘e vs/d — €S/V ud 1 19 d:1dH v .
€9 0€l/191 29L/62L o0dOON | €
ve L9E Ud NIDHOOW | ¢
99¢ = qid PIO ud wio fug !
Jajjonuod ‘ON aid fntoe:d siojawieied a.4vs ‘ON

(11 3 | 8seyd) s1918wWesed patoliuoNl 4-4vsS jeuiblo

o e

91 H? avl

wiyoBly j01u0) ainjie] swi]-eaYy ANSS

-63-



(2) ec1/852
(e) ezzver | (1) ese/ise 1318wmolj jeng | e
A uojsod 1OV AOdd | €2
ov .s_.»m% 1OV AOdO | 22|
eujjpay 1S61 ainssaid Ayaeo Jaull O 12
29l ‘191
ocl ‘62t ¢ ‘1 aBpuq ainssaid QON | 02
65€8 aimesadwa) xpu ssedAq X3H 6}
Z6E8 ainssaid eyop unMueA XaH 8l
Z0¢€ aunssaad abaeyosip dund 410d1 L
SS. ‘vSL rd> peads yeys diddl | 9t
ainjesedway
eujipay 6528 ‘1528 eB1eyosip yuejood Bupesq dwnd 15009 d10dH | St
6661
‘v861 ‘8861
sujpsy ‘9661 ‘6861 jaooe jgjpes dwnd 1s00q diOdH | Vi
6S| ‘6S eunssaid abieyasip dund 1s00q d10dH clL
26-16 esnssaxd ujeip jeas A1epuodas d10dH t
euypey Ziz-Lie ainssaid abund jeas ejelpaunaiul d10dH i
eujpey vee g Jsuueyd asmeladwa) abieyasip auiqum d 10dH ot
sujpay % A v 19uusyo esnjesadwal eBreydsip sulqini d 10dH 6
ovi ‘06 einssaid eB1eyosip dLOdH 8
1St esnssaid Ajiaeo aouejeq diddH l
eujpey ¥G ‘€S einssaid Jauy| JuBj003 dlddH 9
G861 ‘1861
euypey | 56} ‘vv6l jaooe |ejpel di4dH g
6St sl 'es ainssaid aBieyasip diddH v
eujjpey rAxA d jauueys sumeladway ebireyosip sujqint diddH €
eulpey 1€2 vV lauueyo esnjesadwiay 8B1eyosip suiqin dl4dH rA
vels 147 192 ‘092 paads yeys dl4dH b
euppey | aid Awioed aid wbnd gLl aid Jajsweled ‘ON

slojawieled palojuop d4vs waund

Nl P'\!\v:
)

wyioB|y jou0) ainjle awl]-edy FNSS

gyl

-64-



5

OF POCR QUALITY

ORIGINAL PAGE 1T

-65-

i €22 -—— Sezy %L wWez1Z Z0E) 90EY ‘oM 1NN dOdH
—-- 982b L34 8262 e€r |00 - €122 820z "ON 1ING dOd1
1009 9212 Zior 136000 TIov Ny coor 907 *ON LINO didd
€12 Loov - 10228 ey | -k mmee- F44t “ON LIND did)
89t est 091 est | st 8st 16 96 Bst Bt est st 651 8s! 158 85l M:r_ 1d0
" z 11 b7 ¥z [$4 6€ BE (34 b2 £z F24 vZ 24 [ 12 visd) 144
yenio 909 ] 999 |eT10°9 ¥6'S |+110°'9 Jegie'9 [elie'9 | ve'9 T 9| SH9 [e110°9 86’6 | eTI0°9 | €09 .| *1i0'9 CE'9 |*110°9 011Y¥ 33n1XIH
0029 w9 0029 " 099 8059 | 0965 0099 8059 .9 1) 0"z L 099 w89 | 0099 SSN dddi
eecot | ool0t | #8901 | #8901 | 00381 | 00901 | GBETT 0331 | secer | eezii | eetir | oevii | eeser | eorit | eseel | eseid SSN d0d
%”" 2%: B'EQ 3] S ve e 8 1] (4] 4] ve ve vz8 <8 0's8 €0 18 v8 NO1L150d AOdd
652891 gy W s el 89 69 €L 599 oL €L i1 o T 1 o 11 8 NOIL150d AGJO
65 es-oncs | 9821 0001 coLl 5Ll 0281 o8l | esrl osLl ®%Ll e8] Lt 9981 %01 "Ll c19y | w21 | B HD
oll sl SELT o8l st o8l | S9Lv €Lt 731 9Ll sl s9Ll guLl il et | o221 | ¥V KO il 50 LI
& c6vavr | SSEY osEl ecET 921 SeEY ecE] | eoEl 09E1 SIEL (43 scry ”©rl 3 EL ee9r | o€y | 8w
0EY oSET 0ZET 33 141 eoetl | eszt el oGET 11131 1131 oENT o6ET oET 0691 | SLET | Y HD Jil SO 10dH
02 1-2669c] ewoce | owe9e | ®2z9€ | 0099 | 6199 | eSS | eSISE ocore | eceSt | 0S9E | 95096 | esCIE | ezeor | eepE | 0ee9€ | eSESE Q33dS dId
61t €5-9e091] 02691 | 01291 | 2991 | eSELT | #5291 | @SE9T | 0857 ecost | ec191 | esror | esist| eeest | ecesy | eeecy | wzeci | wes9l 03345 did)
1) wosz6cl eecBz | eessz | eecez | 0S16Z | 00267 | Be66Z | 85ALZ se92z | eciz | eeecz | ewzez | wesez | eeesz | eeecz | eez6Z | e9seZ Q33dS dOM
09 s | 09z 0528 %528 (1739 SIES o0es | e81S (Y243 oL€S %2 *BES 96ES 06ES %S ‘98ES | #4ZS @334S dod)
TN

puepue1s] Ran a0d | wnadv | 'o3ud | wniov | add | WAV | “a3ad | Dy "@38d | wnrov | cossd | wnuov | caead | wadv | '@3sd | WNL)Y | M
dSAN Sb1 “IN3A 4| dSaN evi '1N3A 4| dSIN ebT°INGA M TYNINON IS4 8pT 'INGA 19| dSN OFT ‘INIA 14| dSIN GT CINIA THldSdN e¥D CANGA VAT ¥0d

u..._.w.. sl 238 her b 2eor | “S53s wev B %601 | S35 Svv B X601 | SI3S Sh B Xde1 | SIS 84 B X601 5735 eer B X6e1 | SI3s ooy & x6eV | $I3s eer B 68!
wsw3l  eniwon] BLY-286 LLY-206 SLP-206 YLr-206 ELY-206 19v-296 . 99¥-296 S9r-206 WIPWN 1531

<«<——1202 INIIN:—> | <— L1102 INIODNT > | e L0L2 INIINI —>

SYILINVIYd INLLYAIHO WYIILIND INSS
o~




TABLE 6.1.9
LOX Venting Effects on Engine Parameters

SAFD SLICE TO SLICE SIGMA VARIATION STUDY (E2206,184%PL) [SLe79ST]
TEST 9020479, 120-178 SEC

TIME - 11:25:18 GENSTAT PROGRAM VERSION -  1.8Yo
TOTAL ENGINES = ! TOTAL RUNS - 1 TOTAL SLICES - 2508
176-;
ID §  PARAMETER TITLE MEAN SIGMA SL MEAN 20 sec SIGMA SL
W70 Lox VENT vy x LENT
24 ) MCC HG INJ PR A 3358. 536000 7.424200 mt.al‘im‘ g 7.932860
- 83 ) HPFP CLNT LNR A 3418, 472008 §.122985 3419583808 §.289880
54 HPFP CLNT LNR 8 3420.993008 5.847853 3422.872008 5. 886497
s19 ) FPB PC NFD 7X PSIA  5226.430008 8.563354 5199 328008 7.123189
488 ) OPB PC 1o PSIS  5199.685800 8.933334 5205.344800 8.418723
395 ) McC OX INJ PR SK PSIS  36B9.458060 5.116195 3888 150008 5.5040688
489 ) WPFP D5 PR NFD 9308 PSI  6239.496088 8.410079 6242, 445000 8.957813
( 208 MCC PC A AVG Sucn) 3129. 456008 3.794997 3126 470088 < 807133
201 MCC PC B AVG MCPB)  3123.41700€ 4. 108808 3122.822008 4.13648)
18 MCC CLNT DS TWP B 419. 369608 ®.129922 419.388408 ®.250929
260 ) HPFP SPEED A 3I5671. 460600 182.274208 35719, 340000 190. 672208
261 ; HPFP SPEED B 35672.380000 184.883500 35718. 340000 193. 844408
231 HPFT DS TWP A 1743.885089 3.028331 1734, 308008 2.909918
( 232 HPFT DS TWP B 1793. 342000 2.358172 1791.759000 2.243026
233 HPOT DS TWP A 1213.202000 4.296950 1226. 849008 18773588
234 HPOT DS TWP B 1225.651008 3.937029 1239953800 9.369440
834 FAC OX fu DS PR 336 PSIS 6. 128958 . 194578 83.974038 9.410878
8ss ) BNC Ox IN PR 1 256 PSIS 81.70987¢ 0.178293 &5 816836 ¢ 301681
859 ) ENG OX IN PR 2 286 PSIS 51.894158 0.394404 €8 975070 9. 273278
- 209 ? LPOP DISCHG PR A 355.§29400 1.828331 331.221208 13.834740
218 LPOP DISCHG PR 8 356.633360 1.856745 331.047900 13. 880048
878 ) HX INT PR K PSIS  3381.394008 4.679388 3365502000 4.152887
B 879 ) HWX INT T 180/1900  798.222288 0.924097 200 521500 2 494888
8a3 HX VENT DP 256PS1D 120.795408 9.425836 122. 440400 . 15338
140 OPOV ACT POS A {OPV2) 86702968 0.212278 87 734830 & 385388
141 OPOV ACT POS 8 (RVDB-1) §6.152198 0186293 67139838 0.373177
142 FPOV ACT POS A  (FPV2) 84.766460 0.151954 84721830 o 184692
143 FPOV ACT POS B (RVDB-2) 84.388148 0.175358 84.315588 0 179589
- 283 LPFP DISCHG PR A 242.293160 1.139864 238.324400 2.778898
204 LPFP DISCHG PR 8 (P1B)  242.375800 1.166408 238.413708 2.802388
821 ) ENGFLINPR Y 1 [ 23.448910 0. 187982 21.058870 1.636282
: B19 ) ENG FL IN PR 2 106 PSI 23.474418 0.173848 21.084810 V. E3E758
s 334 ) HPOP DS PR NFD 7K PSIA  4848.918608 £.511643 4845992000 5. 814549
341 ) PBP DS PR NFD 9508 PSI  7201.541000 12.087068 7204449080 13.231340
SAFD SLICE TO SLICE SIGMA VARIATION STUDY (£2029,184%PL) [SLesa9t8)
NO LOX VENT
- TIME — 10:09:28 "GENSTAT PROGRAM VERSION -  1.8V% {€2019, 184xPL) [SL4s01S)
TOTAL ENGINES - 1 TOTAL RUNS - ¢ TOTAL SLICES - 580
. w/ie cox VEMT w X .-
i ID§  PARAMETER TITLE MEAN Siowa SL MEAN SIGA SL
{ 26 MCC HG INJ PR A 3414176800 7.597303 3359750060 7.010584
( %3 HPFP CLNT LNR A 3483082000 5.930778 3415322000 7.299684
{ sS4 HPFP CLNT LNR B 3481.936000 §.378578 3421.918008 §.128956
( 418 } FPB PC NFD X PSIA  $216.273808 7.6134712 5155039008 6. 186088
( 480 ) OPBPC 10k PSIS  $259.555000 8.801850 5184.922000 §.574975
{ 398 ) MCC OX INJ PR Sk PSIS 3714.312000 5.484037 3717.690000 5. 481334
( 459 HPFP DS PR NFD 9500 PS1  8187.762088 11.264228 6176.387000 8.927393
200 MCC PC A AVG (MCPA)  3130.245800 4.575542 3127.474000 4.949453
201 MCC PC B AVG (McPB)  3122.980008 4.647684 3125.301000 3.386368
18 WCC CINT DS TWP B 444851808 1.683508 477630300 0.557341
260 HPFP SPEED A 35132. 620008 364 310308 35341. 360000 451590588
281 HPFP SPEED B 35127. 340000 857.677200 450 160600
231 HPFT 05 TWP A 1751.530008 8.583097 5.386070
232 HPFT 0S TV B 1766.972080 18.842100 3.984813
233 HPOT 0S TWP A 1387.077088 7.075738 4.393738
234 HPOT DS TP B 1404884000 2.384313 3.888038
834 ) FAC Ox Fu DS PR 338 PSIS 88387438 0.425198 1.884575
@38 ) ENG OX IN PR 1 238 PSIS #1.163108 . 1.800279
839 ) ENG Ox [N PR 2 238 PSIS 81.273588 ..
209 LPOP DISCHG PR A 385, 433000 ).
218 LPOP DISCHG PR B 354163308 1.
878 ) HX INY PR SK PSIS  3807.715080 S.
( 879 ) HX INT Y Tee/1908  915.102100 s.
883 } HX VENT DP 250PS1D 88.361898 8.
140 OPOV ACT POS A ; 78.626338 ..
141 OPOV ACT POS 8 (RVDB-! 70.514370 ..
142 FPOV ACT POS A (FPV2) 82.185628 8.
143 FPOV ACT POS 8 (RVDB-2) 81.907330 8.
203 LPFP DISCHG PR A 236. 483200 2.
204 LPFP DISCHG PR B (P1B)  238.3641008 2.
821 NG FL IN PR 1 100 PSI 7.64672) 0.219818
Bi19 ) ENG FL IN PR 2 100 PSI 7.588492 $.223712
334 ) HPOP DS PR NFD 7K PSIA 4988 433008 7.482029 .
341 ) PSP DS PR NFD 9500 PST  7123.242008 14.242800 11.357920

ORIGINAL PAGE IS
OF POCR QUALITY
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Tab1e76.2.1

SAFD Simulation Of Hot-Fire Test 901-364
Values For N2* (O

17

Case I Cases II,III
N2 * 0O N2 * &
0 - SD pre-computed (¢ - SD computed on line
N2 = ] N2 = 8

1 Sec Injector Faceplate AP —— -—-
2 Prim Injector Faceplate AP -—— ——-
3 Hot Gas Injector AP 24.53 22.08
4 Coolant Liner AP 29.46 20.48
5 HPFT AP 20.0 27.12
6 HPOT AP 46.5 31.44
7 MCC Ox Inj P - MCC PC 31.6 21.28
8 HPFP Ds P - MCC PC 38.97 34.0
9 MCC PC 21.2 28.0
10 MCC Coolant Ds T 6.3 1.6
11 HPFP Speed 184.2 130.72
12 HPFT Ds Tl A 38.78 24.64
13 HPFT Ds Tl B 30.56 17.36
14 HPOT Ds Tl 18.39 14.56
15 HPOT Ds T2 - 32.3 8.96
16 Facility Ox Flowmeter Ds P 5.88 6.32

Engine Ox Inlet P 4.75 3.12
18 LPOP Ds P 20.94 4.8
19 HEX Int P 27.95 15.68
20 HEX Int T 10.08 3.36
21 HEX Vent AP 1.83 0.32
22 OPOV Act Position 0.759 0.68
23 FPOV Act Position 1.2 0.864
Case I Simulation cutoff at 214.553 seconds

Cases II,IIT Simulation cutoff at 206.75 and 205.75 seconds, respectively

SD - Standard Deviation
N2 - Multiplying factor for Approach-2
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Table 6.2.3 7
Signal Limit Composition, Test 750-285

Parameter

Signal Limit Signal Limit n
Average (AVG) Standard Deviation (SD)

OPOV Actuator
Position

HPOTP Coolant
Liner Pressure

HPOTP Intermediate
Seal Purge Pressure

HPOT Dis Temp A

HPOT Dis Temp B

LPOP Dis Pres

N

Oxidizer Preburner
Boost Pump Dis Pres

FPOV Actuator
Position

68. 0.2 -, 2 63.
3614, 5.0 7.8
275. 0.6 385
1435, 1.94 7.1
1464, 1.5 [% 19.7

355, 0.83 3.8
7944 16.79 25

83. 1.0 [0 5.0

Note: Signal limits,

defined by AVG? n*SD, are shown graphically

in Figures 5A1,2 through 5H1,2 for selected parameters

</
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TABLE 6.2.4
Simulation Results For Test 901-340

n2 #p c/0 (seconds)
26 6 279.67
26 7 2905.42
26 | 8 none
27 7 298.7
redline cutoff: 405.5
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TABLE 6.2.5
Simulation Results For Test 902-47/1

nli =D c/0 (seconds)
2.5 4 146.24
2.5 5 146.28
2.5 6 146.28
2.5 7 146.76
2.5 8 146.76
2.0 6 50.68 (premature)
35 6 none
redline cutoff: 147.68

where nl,n2 - Multilplying factor which determines signal limits for Approaches-1,2.

=p - The number of parameters experiencing anomalies simultaneously
" required for algorithm to signal a shutdown.

c/o0 - The algorithm shutdown (cutoff) time.
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TABLE %.2.6
COMPARISON OF RESULTS, Simulation for Test 901-340

Simulation Run No. N2 No. Parameters Required SAFD
For Shutdown Shutdown Time (Sec)

1 19 4 22.04

2 17 1 21.0

3 17 4 20.28

4 16 4 19.8

T



.

10+300v01 "2 SOd 1DV 3ATVA XO "“Nun@ddd N4

SOd 12V IAIVA X0 ‘Nung3dd X0

d-v1130 IN3A HOX3 »<w:mm

dN31 ANI HOX3 LvaH' O

¥d INI HOX3 1V3IH.! cp

Hd SO dWnNd X0 dd 3045w )

¥d L3INI X0 ONI &= O

¥d SO ¥313IWMOT4 X0 JVJ &) G

dW3Ll SO 3NIGYNL X0 Hd IH{ 4,

dW3L SO INIBYNL X0 ¥d IHEY &
dWaL SO 3NIeuNL N3 ¥d IH
dW31 SO 3NIGHNL Nd ¥d IH
Q33dS dWnd N4 ¥d IH
dW3L SA INTD 2IW
2d JIW
3d JOW - ¥d SQ dWNd Nd ¥d IH
Jd JIW - ¥4 NI XO JIW
dv1130 10dH-3INIEHNL X0 Hd IH
dvi130 13dH-3NIBHNL N4 ¥d IH
d-v1730 H¥3NIT INV100D
d-¥1730 ¥O1JD3CNI SVvO-10M
INIL AHVI E-ddV ANTL AYVI Z-dd¥ IWIL ATHVI 1-ddV  NOILVII4IANIQI INIWIUNSYIN HOSNIS

*
.

UALITY

.
.

—D+wcowmm

OOOOOOOOD

0O00OCOOOODDOOOOOOOL0O0

CQOOOOOQOO"—DOODO OOO

.
.
.

10+300089 "
10+30091L¥° 1 —D+wccwhm
—o+mooowc [4

«D«D

cNooooooOoN

—o+uoomm—

L0+300006° 1 10+300006° 1 0043000007 € 00+300089° 1 20+3006€£9°8 dW3Ll INI HOX3 LVIH
10+300006"° 1 10+300006° | 00+300000° € 10-300000°2 €0+300899° 1 8 dW3Ll SA 3NIGHNL Nd d¥d IH
10+300006" 1 10+300006° ) 00+300000°€ 00+3000S0° v €0+300S9L° | V dW3l Sa 3INIGYNL Nd ¥d IH
10+300006° 1 10+300006° 00+300000°€ 00+300020°¢ Z0+300488° 1 d-v1130 H3NIT ANVI00D
H3ITdLITNN-EN HITTJILINWN-ZN Y3I1IdILINW-LN “A30 QUVONVILS INTIVA FOVHIAY NOITLVIIJILINIOAI LINIWIUNSVIN HOSNIS

-78-

"SHI3HDY DI1907
40 3SNVI3E8 Q3LNNOD 10N SI HILINVHVD 3FHL IIVIIGNI 3A0GY (a) SHSIYILSY ANV F3LON----

LO+300002°2 ----=-=-———————= (SONOD3S "0=1) LYVLIS WOHd 3IWIL
Dc+mocomm 6 ~--ANIISNVY¥L Q3NA3HIS 40 3INIL ON3 WOHI WIHILNI
~—ATVWNONV NV ONILVOIIONI SHOSN3AS 40 HIBWNN

‘0 (0+30v0Z°Z
"0 10+30v02°2 ‘0
10+30v02°2 10+30v0Z2°2 ’
‘0 10+30v02°¢
10+300v02°2 ‘0

"0 Z0+3L950°'6 Z0+3I6E0Z°8 Z0+3vBED"6 Z0O+306E9°8 T0+3.BSO°6 dW3Ll INI HOX3 1VY3H

E0+3ZZZb°L E0+3LVBE"L €0+3ZBbY L EO+I0BEY I €0+3ZZZP’ I Vv diW31l SA 3INIGYNL XO ¥d IHs
0O E0+3E4.9°1 EO0+30LG9°1 €0+3vB99°1L E€0+308v9°1 EOQ+3IELL9°] 8 dW3l SO INISYAL Nd dd IH
"0 €0+31989°1 EO+3€IBL°1L E0+3ILEQL"L €0+430S9L° L €0+31989° 1 V dWN31l SC 3INIBYNL Nd ¥d IH
‘0 ZO+36680°E Z0+3S1S0°Z ZO0+36BriI°Z Z0+30.88°1 Z0+3668B0°E d-Vv.17130 Y¥3INIT [NVI00D

E-HOVOYUddY Z-HIVO¥ddV | -HOVOdddv INIDAV EDAVY ZOAY 19AY viva ANIWIYNSVIN HOSNIS
*ATVWONY NV 153130 LON S30Q HIVO¥ddY 3HL" " ( "0 )
*ATVIWONY NV $133130 HOVOHddY 3WIL™ " " (3WIL) fA3% 9V1d NOILdO HIVOUddY

||||||||| (S)9v1d NOILJO HIVONddY ONV SINIW3NUNSVIW DNIMOTI04 3HL 40 3ISNVI3IA
. 03LVILINI N338 SVH TYNDIS J401ND V

ObE-106 3S2L ‘| "ON°* vzo:g::_.ﬁ . _ w
-/

Y/° . 9~ 378V1 t%.




ez
s14
61
St
vi
€l
4}

10+30000L° 1
10+30000L° 1}
10+30000L° 1)
10+30000L° 1
10+300004° 1
10+30000L° 1
10+300004° 1

DtiotﬁCDOCDOIDO

10+300910°
10+300090°2

[~)=N=N-N-NoR=N=k=)

ANIL ATHVI E-ddV

10+30000L° )
10+30000L°
10+300004° L
10+30000L° 1
10+30000L° 1
10+30000L°}
10+30000L71

00+300000° 1
00+300000° €
10+30000€ " {
00+300000°€
00+300000°E
00+300000°E
00+300000°€

[= R =N=]

10+30089G° |
10+300¢00°2

0
‘0
0

10+300820°2
10+300029° ¢
10+300Z.8B° |

0
"0
"0
‘0

‘0
‘0

IWIL ATWNVI ZT-ddVY

¢0-300001 "¢
00+300089 " 1
00+3000S6° ¢
00+300008°€E
00+300008° ¢
10-300000°2
00+300050° ¢

« e e cesoe

COCOO00D0C000000

INTL ATYvI L -ddv

i0+30004L2°8
Z0+3006€9°8
€0+308658°€
€0+30018Y ")
£0+30008EY "L
EO0+3008¢v9° 1
£0+300S9L° 1

sod
SOd

1OV AAIVA XO “NENe3dud N4
19V IATVA XO "NuNg3add X0
d-V1130 AIN3IA HIX3 LV3H
dW31 INI HOX3 1V3H

dd INI HOX3 LV3H

¥d S dWNd X0 dd MOD

dd 13N1 XO ON3

¥d SA YILIWMOId XO DV

g dW3l Sa 3INIBYNL X0 dd IH

v dW3Ll SO 3INladni X0 dd IH

8 dW3l SG 3NT8YNL N3 ¥d TH

v dW3l Sq 3NIG¥NL Nd dd IH
033dS dWNd Nd ¥d IH

dW3Ll SG IN1D JDW

Jd JIW

2d 9ON - Hd SO dWNd Nd ¥d IH
Jd JOW - ¥d FNI X0 JOW
dv¥1i13a 10dH-3INIGHNL X0 Hd IH
dv1130 13dH-3NI8HNL Nd ¥d IH
d-vi130 H3INIT LNVI00D
d-v1130 HOLD3CNI Sv9-10H
NOTLVDIATANIAGT INIWIHNSYIN HOSNIS
SOd LIV IATIVA X0 “NiIN83dd nd

«O«<D

dW31l INI HIX3 1V3H

¥d ANI HIX3 LV3H

dW3l Sa 3NIguNl X0 ¥d IH
dW3L SO 3INIGHNL XO ¥d IH
dW3l SO 3NIGHNL NJd dd TH
dW31 SO 3NIGYNL N3 dd IH

Y3 INdLITINN-EN

HITTJILINW-ZN

10+30001 "2 "0 "0
‘0 10+30001°2 ‘0
‘0 10+30001°2 ‘0
0 10+30001°C ‘0
*0 10+3000t°2 ‘0
10+30001°Z 10+30001°2 ‘0
10+30004 "2 ‘0 ‘0
£-HIVOY¥ddY Z-HOVON¥ddY | -HIVO¥ddV

*ATVWONY NV 123130 LON 5300

43IV ILTINN-IN

40 3SAVI3E GILNNOD LON SI H¥3L3WVHVd 3HL JLVIIONI 3A0BY (s) SHUSIYILSY ANV

10+30SSE°8 LO+3IZEE"B
Z0+399€0°6 T0+36E0Z°8
€0+30v98°€ EO0+3ILEB'E
€0+3vL6V° L EO+IELZL L
€0+3929¥° 1 ED0+3LrBE" L
£0+38699° 1 €0+3VLS9° 1
E0+31499° L ED+3€18L°1
ONIDAY EOAV

HIVOHddVY 3HL" " " (

0)

*ATIVWONY NV 5123130 HOVO¥ddV IWIL" " (3NIL)

*A30 QUVONVLS

INTIVA IDVYIAY

104300001 " ~——--—-=—=== —
00+300026°8 ~--LNIISNVHL GFINGIHIS 40 INIL ONI WOHd WIYIINI
-=ATVWONY NV ONILVDIONI SHOSN3S JO HIBWNN

10+36922°8
Z0+368EL6°8
€0+3G068°E
€0+3816¥0°1
EO+30VSY |
€0+351589°1
€0+312SL° 1

ZOAY

L

10+4300£2°8 10+30SSE’B
Z0+306E9°8 Z0+399€0°6
€0+38658°E E0+30v98°E
€0+3018v° 1 E€0+3VL6V" 1L
€0+308Er°L E0+39Z9¢° 1L
E0+308v9° 1 €D+38699°1
£0+43089L°t EO0+31L99°1
1 OAV viva

PAIN DVId NOILdJO HIVOUddDY

(S)9¥1d4 NOILAO HOVOMddVY OGNV SIN

OvE-106 3531 ‘2z -ON NP*:2OILVINWIS

q/°2"" W‘

Wl

(SANO0J3S

NOILVDISIANIAI ANINIVNSYIN YOSNIS

*SUIIHD 21901

t3LON-—--

‘0=1) LYVLIS WO¥4 3NIL

SOd 1DV 3ATVA X0 °“NUNE3Yd Nd
dW31 INI HOX3 LV3H
¥Yd INI HOX3 LV3IH

8 dw3l SO 3aNIgdNl X0 d¥d IH
Vv dW31 SO 3INIBUNL XO ¥d IH
8 dN3L SO 3INIBYNL Nd H¥d IH

IH

v dW3l1 SaQ 3INIGYNL N4 ¥d

ALN3WIUNSVIW HOSN3AS

IWIHNSYIN ONIMOTIO04 3IHL 40 3SNVI3E

Q3ILVILINI N33@ SYH TYNDIS J404iND ¥

ORIGINAL PAGE IS

IS I

CF PCOR

-79-



12V IATIVA XO "Nung3dd Nnd
12V IATWWA X0 “Nynaadd X0
d-¥1130 IN3IA HIX3 1V3H
dW31l INI HOX3 1V3H

dd LNI HIX3 L1V3H

Hd SO dWNd X0 ¥d MO

Hd 13INI XO 9N3
H313WM0Td X0 Dvd
INIGBYNL XO ¥d IH
INTIEHNL X0 ¥d 1IH
SQ 3INIGYNL Nd dd 1H
SQ INIEUNL Nd dd IH
a334dS dWnNd Nd dd 1TH
dW3Ll SO IN1D JOW

3d JONW

2d DN - Hd SG dWNd NJd ¥d IH
Jd DOW - Hd FNI X0 JOW
dV1130 LOdH-3INIBYAL X0 dd IH
dvi130 LddH-INIBYNL NJd Hd IH
d-vi130 Y3INIT LNVI00D
d-v1730 ¥OLIIMNI SVI-L1OH
NOILVOIJIAN3AI LN3IWIUNSYIN HOSNAS

S0d
SOd

‘0
‘0

(=}

10+30089G6° |
10+300¢v00°2
‘0

sa
sa
sa

10+300029° |
10+3002.6° 4
"0
‘0
‘0

o000

COOCODODOOOODOOODOOOODO
L4 K 4]

dW3l
dW3l
d3al
diN3l

10+30091Lv°

.

DOOCOCOOOOOOD~0ODOOOO000D0

.

[=N=R=NoRoRoN=)

FNIL ATHV3 €-ddV INIL ATHvV3 Z-ddVv SWIL ATHV3 | -ddV

10+30000L° 1
10+30000L° )
10+30000L°}
10+30000L° 4
HIITdLITINN-EN

10+30000L° 1
10+30000L° 1
10+30000L°
{0+30000L°1
I VA ILINW-ZN

00+300000° €
10+30000€°
00+300000°€
00+300000°€
HITIJILINN-LIN

00+300089 " 1
00+300056°2
00+300008°€
00+300008°
“A30 QUVANVLS

Z0+3006€9° 8
€0+308658°¢€
E0+30018¢ " L
€0+3008ev " L
AINTVA IOVHIAY

dW31 INI HOX3 LV3H

dd LINI HIX3 L1V3H

8 dW3l SO 3INI8UNL X0 ¥d IH

V dW31l SO 3INTEUNL X0 ¥d IH
NOILVIIJILIN3A1 LN3W3IYNSY3IW HOSN3IS

*SMI3IHD 21901
40 3SNVI34E Q3LINNOD 1ON SI ¥ILIWNVHVA IFHL ILVIIONI 3A0GV (s) SHSIYILSY ANV 3LON----

10+300820°% ~~----m~—==-"- ~---- (SONQDJ3S °"0=1) 1HYLS WO¥J 3INWIL

00+30000Z° 8 ---ANIISNVHL GITINAIHIS 40 IWIL ON3 WOHd WIUILNI

v -—ATVNONY NV ONILVIIOGNI SHOSNIS JO HIBANN

0z 0 10+30820°¢ "0 Z0+32Z66°B ZO+36EDZ'B 20+3Z5Z6°8 Z0+306€9°8 Z0+3ZZ66°8 dW31 UINI HOX3 LVv3H
61 ‘0 10+30820°2 "0 €£0+30888°E E€0+31/E8°€ E£0+3Z688°E E0+386S8°'€ E0+30888°C dd INI HOX3 1V3H
Sl "0 10+30820°2 "0 E0+3EE6Y° |1 E0+3€1Z¥°1 EO+3I6SBYV°1 E0+3018v° 1 EO+3IEE6P L 8 dW3Ll Sa 3INIBUNL XO dd IH
vi ‘0 10+308Z0°¢ ‘0D E0+3vbSk 1L EO0+3L¥BE"Ll EOD0+360SV°1 EO+30BEV°1 EO0+3vvSy L Vv dW3l SG 3INIGYNL XO ¥d IH
€1 10+4308Z0°Z 10+30820°2 ‘D EO0+3PSSO°L  €0+3PLS9°1 E0+389v9° 1L  €0+308v9°1 EO+3IVSGI°1L 8 dW3L SG INIGYUNL Nd Yd THe
€-HOVOUddY Z-HIVOlddY |1-HIVOHddY ONIDAV EONV ZOAY 19AY viva ANIWIUNSVYIN HOSNIS

"ATTVNONV NV 123130 LON S30Q HOVOYddY 3HL"""( "0 )

"ATTVANONY NV S133130 HOVOHdAY 3WIL™ " (3WIL) :A3N 9VId NOILdJO HOVOHddV

||||||||| (S)9V14 NOILdO HIVOHddY GNV SLNIWIHNSVIW DNIMOTI03 3IHL JO 3SNVI3E
) Q31VILINI N338 SVH 1VNDIS J3J01ND ¥

T OYE-106 3S3L ‘¢ -OM-MNY NOILYINWIS :
) % b 3evl )

72}

OF POOR QUALITY

-80-



10+300009° 1
10+300009°
10+300009° 1
10+300009°1

cCOO0O00000

.

=

"0

10+30091F "}

‘0
‘0
0

000000

IWIL AHV3 E€-ddV

10+300009 "1
10+300009 "1
10430000971
10+300009° 1

SOd 1DV JATIVA X0 “NHNE3dd N4
SOd 1JV IATVA XO “Niund3dd X0
d-v1130 IN3A HOX3 1V3H
dW3l INI HIX3 1V3IH

Hd ANI HOX3 1V3H

¥d SO dWNd X0 Bd MO

dd L13INI X0 9N3

¥d SO H3ILIWMO4 XO Ivd
dW3L SO INIGHNL X0 ¥d IH
dW31 SO 3INIEUNL XO Hd IH
dW3l SaQ 3NIguNL Nd dd IH
dW34 SO 3INIBYNL A4 Hd IH
a33dS dWNd Nd dd IH

dN3L SO LNTD JOW

3d N

Jd JOW - Hd SO dWNd Nd dd IH
2d JJW - ¥dd NI XO JIW
dv1130 10dH-3NIBYUNL X0 Hd IH
dv1130 lddH-3INIBH¥NL Nd ¥d IH
‘0 d-v113G H3INIT INVI00D
‘0 d-v1130 HOL123rNl SVO-10H
3WIL ATYV3I L-ddVv NOILVII41ANIQL LIN3W3UNSVIN HOSN3IS

10+3009S5°

sooco

l

10+300ZSL° 4
10+300265° 1
10+300ZL8° L
"0
‘0

Ccoo0e~000

CODODODOODOOOOOD
<D «<D

co

cocsoco

ANIL AWV C-ddV

00+300000°€
10+30000E" L
00+300000° €
00+300000°€

00+300089°" 1
00+300056°2
00+300008°€
00+300008°2Z

Z20+3006€9°8
€0+3086G8° €
€0+3001I8¥ " |
€£0+3008EF " 1

dN31l ANI HOX3 LV3IH

dd AINI HIX3 1V3IH

9 dW3l SO 3NIG¥NL X0 ¥d IH
v dW3l SO INIGUNL X0 dd TH

wavy e

Ea vy

e
il

cr

-81-

U3 INdLIITINN-EN Y3 I ILHIN-ZN HIIIJILINW-IN *A3Q OQHVANVLS 3INTVA 39VH3AY NOILYDI4I11N3IQI LNINIYNSVIN HOSNIS
"SHI3IHD D1ID0T

40 3S5NVI38 QILNNOD LON SI1 HILINVYVD FHL 2LVIIAGNT 3A08Y (&) SHSIYILSY ANV :ILON----

10+300086° | ----—=--====-=-=== (SGNOJIS “0=1) LHVLS WO¥d 3WIL
00+3000ZL° L ---1NIISNVEL 03 INAIHIS 40 INIL ONI WO¥J WINIINL - ¢y
v ~ZATVWONY NV ONILVDIONI SHOSN3S 40 ¥3IBWON  nf

0z )
61
Si
vi )
€l 10+30086°1

10+30086° | "0
10+30086° 1 "0 €0+3.268°F
10+30086° 1 "0 E0+3Z68¢° 1
10+300686° | 0 EO+3VYSYTIL
10+30086° 1 "0 E0+39269°1

Z0+31166°8 ZO+36E0Z'EB
E0+31LEB'E
€0+3€IZP 1L
€0+3LV8E" |

€0+3¥/G9° 1

Z0+3vEGDB ™8
EO+3.vBEB°E
EQ+30€6Y " |
€0+3v0SK 1\
€0+326¥9° )

Z0+306€9°8
€0+39658°E
€0+3018¢° )
€0+308€EV° 1
€0+308v9° 1

Z0+31156°0
€0+3LZ68°E
€0+3268v° )
E0+3PYSY -1
€0+4392S9° 1

dW3Ll INL HIOX3 1V3H

Hd INI HIOX3 L1V3H

8 dW31L SO 3INIBYNL XO ¥d IH
V¥V diW3L SO INIGYNL X0 ¥d IH
8 dW3Ll SO INISYNL Nd ¥d IHs

(=R =N
/AR FRIAY T

T

£-HOVOUddY Z-HOVOHddY |-HOVO¥ddVY ONIDAYV €9AY ZOAY 19AY viva ANIWIYNSYIWN HOSNIS

*ATVINONY NY 123130 LON S300 HIVOUddVY aHL " ( "0 )

*ATVNONV NV S133130 HIVOUddV INIL " (INIL) AN DVId NOILJO HIVOUddY

||||||||| (S)9v1d NOILJO HIVOHddY ONY SLNIWIHNSVIN DNIMOTI04 3HL JO 3SNvI3E
Q3LYILINI N338 SVH TVNDIS 440iMD V.




A

TABLE 6.4.1

“PARAMETER DESCRIPTION PERCENT CHANGE FROM NOMINAL

1l lb-sec 5 lb-sec

leak leak
FUEL PREBURNER TEMP -.279 -1.40
O0X PREBURNER TEMP -.743 =2.16
0X PREBURNER PRESSURE -.228 -1.18
MAIN CHAMBER PRESSURE -.192 -0.99
HPOP DISCHARGE PRESSURE -,.255 -1.32
HPFP DISCHARGE PRESSURE -.188 -0.97
FPOV POSITION -.182 0.70
OPOV POSITION -.125 1.20
BOOST PUMP DIS PRESSURE -.454 -2.32
MAIN CHAMBER MIX RATIO -.265 -0.76

-82-



APPENDIX II

FIGURES

= e 3



LR

Aw U $23S° L881S INIONI HOYd Wil BFS'® 106E §335 13915 ANEUND Wlds Wil
[2TA 74 ast 1
»-—-MNN..-» -.Mmﬂ..-. .-..mﬁ..-wa.h..MN-.-&m-...mN- .@Dﬁ Sﬁm gﬂ.w v gv Sﬂ § N SN ﬂ Sﬁ &m &
% — .Gaﬂﬂ# o VU AALL 114d 1A i . | LALL Al L) I Ad Al b--lgﬂ
A @ -
3 G(11 —Apt¥ L5221
5 WA £ - esz1
- / r/ [ 2 / -
M Loy <¢?.-L}x1><..<j HuNN— H ’ i 7 mlmmw—
| .\ jr C_Doc
8 o M i v U
: w8 | ] Ul
gl | | : @ ozl
521 - %\\ g
Z X asel
-00¢1 i
- G/51
setl o0y
5235 - 5/31W0U4 I o it 50 10§52 — o R
z V $038 ~5/3 WOY4 3L
< 0% 0l
e i o o . oo X 009 oge  00¥ o@n ooz 09l 0
P L I
a3s 0Z2 ® AW W .2980
. §2-02 0/ seaugy 00 350107 A.i ANIA 13 u@ﬁ_ il
09 ON-09 23500% ® u).._<> E(J..U&O“.—
AN3A T304 ON 3 etTudan 14350007 Q0ZyoE6!
2 4t
LN3A X0 ON m 0~/S+ dSdNT avon-ay
$538d3Y XD9 GNY T3N3 TYNINON m W
N oov Tt s o
. ] ‘
IRidd: - A 1 | o 3
-2556 . o WyH! -
05z ® 0794 e e (i 4 K
— —06
SL71/ 31 3T tTz'p9 - ok §68 — 00\
- w3015 0 . 3
T Tan -0l 2601~ W %001 ge— [ Lous
0zz 00z tivy & ,
371403d LSNAHL 31403d .—.m:uﬂ\._.cN an3
0GS-106 1531 - 6102 9N3 /s5-10b LSIL -
) bR )

FIGURE 1. Pressurization/Venting Effects on Parameters

[o ],



ENG 2019 - TEST 9oi- &5/
["E—— LN
. THRUST PROFILE e TR0
. 447
‘ ‘o_j Ir-33 1064% RPL 1-1 09% 138
100 — -'_‘—‘L ' 395t [oe "o 12—
90— ¢7 /2 /.7 s =167 o ™
00—
- DuTiaTE élufim DEMONSTEATION o
§ B wa 5
r 6o ' 2% 7 400 8
- INITIATE LOX 63 0PI %
VENT @ 80 —
900 oE ol
E n—‘o—uac.o P +5/-0 : >
195720 ;CLUSEFLNEPRESS E =
INITIATE PROPELLANT VALVE @ 300SEC =
r TRANBFE EL VENT sty ICLOSE 00X REPRESS g
10 GEC|® 20 seC’ ws? VALVE @ 320 [ {~] —J
110 6.0 +2/-0 NPSP .
3 e 7 X PR SN WS TN WA S B S |
0 100 2 300 400 =60 0 52 150 258 Y EARRLERADT "SRR
TIME FROM E/S - SECS e 160 ap 2P e P g ‘P g P
TIME FROM ENGINE START ,SECS o awn
B e T mE Fa— T YT e
5 16200
/-/ SN S 4
] 15758
R B ] - e
2 15508-— - S . L
] &
- B (5250 7
= ) n g
I £ :&J L J \ z
e - P -
- o 15 =
g 15000 L =
g [
: ] - |
J T BN N N U SN BRSNS RS SR s s . @ 4758 &
% 158 s 38 450 558 58 SRR ARRP* "SRR AR " SARLARRDT * SRR Y-
8 108 200 300 400 500 8 100 200 308 400 500
TIME FROM ENGINE START ,SECS on amn TIME FROM ENGINE START ,SECS o amn
A 75 WOTDS PR mm__ & YT POSA [Gat)]
1 85
1375 B4
13584 ”J 83
1325- " I :
' 4 5 I |
1308
12754 8o |
= " || L]
1256 . 5 |
3 A \ = o \ |
122‘: £ \ ; 78 :
1 E wn - L‘%# :
w1 UL A W e S LS UL SLELEL AN WL {anon o o mn an B 0 SR ALALELE RLAMA T Lo mL L SO BN S AR B T T T T T v T
5 - L
s 2 o 1% g 2 g B e e, 5 o P o B BB g B, L
TIME FROM ENGINE STRRT ,SECS o ann TIME FROM ENGINE START ,SECS o

FIGURE 2. Closure of GOX and Fluid Repressurization Valyes'

Effect on Parameters

-RR.



uels

wypoBiy
fose) oum 2082 098 G-
-~}
»- -----
T oberany b eEA
1406)y ¢m—uah.w_w< juswainseal
wiyigobi o1
dois ~
abeioay &_ Y ueeW
m=->°s -..m.m.&.m .....
juajsuel \\ pejoadx3
oo w ewbiS ,'N
"R feies” T T T T + .
™ swbis .—zL
»_E_._
9
(sse001d Jeaday) wiyipoby tsm\ tojes ]

onewsayos wyiiohbly advs

£ 914

-86-

apnydwy juawainseapy



r

YOE-106 3591 | dwe) SO BuLQuni JIZLPLXQ 24nssadd UbLH
HOVOYddY 39vY3AY-3401S - vy 34N9Id

(99S GL°26€ :0/0 BuLLP3Y)

295 6/°¢LZ :0/J wyitdobly
SONDD3S-3HIL
0razz b 0°0GZ 0°0B!

0517

TRy LIV Sl Y RCE

0021

abeuaay-3do|§  ——

S

abeuaay paxl4

abeuaAy aul-uQ

13

Leubis

A 7 /

|

|

|
LA

¥ °930 - 3WNIVY3IdW3l

0S-

0s1

abeuaAy-ado(§

-87-



$9€-106 159] ‘dwa] e JUDIU] J49bueyoxy jesy - dv a4nb1 4
(295 G 26§ :0/) aul|pa3y) yoeouddy abeusay-ado|s
98S 6/°¥L2 :0/) wyiLaobly

_ . | s 00z SONDJ3S-3H11 0081 1
0°022 ~ 038 0S§1-
'HQM.HIVU-T"IH} S PURRD ISUSUN S —
e — ] ;ﬂUM- =< -jﬁﬁ){r&b}
//// \
e sbeusAay poaxid //y/
» . J,
abedaAy Bul-up -
- L\ 3
Leubig— 2
S
m
]
0% ™
o
x
\\\\\wmmgm><uwnc—m
............. . \\\\ .
eoees TS TN DR I . e 000!
0§
— - 2301

-88-



pOE-106 1531 “UOLILSO4 401en31dy A0dO - It dunbiy

yoeouddy abeusay-3do|s

(38S GL°26E :0/) BuL|paY) P
_ 935 6/°v12 10/ wyjLaobly

[ SONBJ3S-3H1L
0oz 0°002

0081

i AN

abeusay-ado|s

9

abeasay dui]-uQ

/]

A
N\

abeuany paxt4

NOILISOd IN3JH3d

abedaay-ado|s

o€

-89-



" _emu pp@ OPOV RCT POSIT  (OPV1)

70 : ,
GE f\ A |
E RS .
663 , ’ / -
T T 7 5
573 1 / x
3 MERSURENMEAST S/e-nAe (e
3 fond
T | g
§ o
g =
857 =
. =
A <
3\ "
635" LR L R O I t i [ 1 1] T s - 1 LB oL + 3 L 1] ] EFJ?
25 75 125 Y 22
2 52 100 15 e
TIME FRCM ENGINE STRRT ,ScCS
Algorithm start: 100 secs.
Figure 5 A1
N s
I |
! !
! i
- Jl t -
AT i
. ,—}u.ﬂ , ey 1
LEAJ TRy m \j! /W
5 v / /
s o /
§ Sieame SVERAGE /
z /
E Signa LIMAL
'/
a /
/
150.0 200.0
TIME-SECONDS
Figure 5AZ2

Test 750-285
-90-



_Psin 9853 HPFP CLT LINER P(HSDA)

: B e
] MW
. » e MAAAAR
] ' / S
. 3
3550 , _
] MEQILERIENT LIbnthtl E}
3500 %
E | o=
3450~ : =
: | z
348@: ' ?’_
< =
3350 S
: =
33@3: l\lll LR 1 T 1 ¢ T 1.1 1 HEREREL T 4+ 1 1 | L ' T3 T 1 I"!%R
25 75 125 175 225
4 58 122 150 208
TIME FROM ENGINE STERT ,SzCS
Figure 5B1 Algorithm start: 100 seconds
H ’
R !
B0
nd
) N MM, iy |
g /
g [
a )/ SIEORE CIMeTS
w /
& | // j/'
200 Skense RvERASE //
/
///
_ 1 __ 7
x|

§ 150.0 200.0
TLME-SECONDS

Figure 5B2 - Test 750-285

-97-



PSR @211 HPOP IMSL PG P A (ISPA)

316+
3@8% ”__,:7~——"’ §§
E (A~
2925 / / &
E —
280 // 2
2783 v 7 =
2602 /-\ / Mz-'ﬁ.rclxzzMi WT ST/ENRL %
2502 5
3 =
: =
:248 é / E%
238 w
228 E I LI ) LELELL DR T ) 1 U L T v « T L L m
25 - 75 125 175 225
) 52 100 158 208
TIME FRCM ENGINE START ,5clS
Figure 5(C1 Algorithm start: 100 second
n' N 1
|
i
» ol -
L~
T 1/ /
< e S——- / /
" g R rakial
E /
SIGrIAL MM /
il e -
A 200.0

150.0
TI{ME-SECONDS

Figure 5C2 - Test 750-285

-92-



R 233 WPOT TR 0S T A (OTDR)

1500
]

14754
- \

14 85 V\\\'AVD.[ MA
7 KRN A
1425 4
: | /

1400

TEST 758285

i 1.1 1 4t
e o

' GSME CONTROLLER DATR FOR

13757 \
1358-‘ L] Poos LY T 1 v i LR L l L. 3 T & i ¥ T T I 1R ¥ ' t v o0
25 75 25 175 22
2 52 e 159 8 °
TIME FROM ENGINE STRRT ,SECS Algorithn start: 100 seco
Figure 5D1
‘m mdececesclecenvedeossvedecasnedulanmnwsecnccdeorocnYeccrongomamoop oSy onTTS
| ] | /
| I /
L, [ ]
NN W0
! il /]

==
\
p—

0EG. R
Ny

N
™~

TEMPERATURE
N
<
~N

ST/&nse RVERAEE

1350, 0 200.0
TIME-SECONDS

Figure 5D2 - Test 750-285 |

-93-



_DER @234 HPOT MR DS TB (OTDB)

1525+
AN )
1475 AT —_
: NAve i
- —
1450- Mg N x
: (e
] //// <
1425+ 7 <
\ MEARNEMENT SR 5
1400 : =
: \ =
- =
13757 S
: =
-1 w
-1 w
135 y ! -'2:T1l T T ||‘75|1 ™7 | EEra— izd L T+ ¢ 175 RS T 7 7 é?s
59 100 T 150 200
TIME FROM ENGINE START ,SeCS
Algorithm start: 100 second
Figure 5E1
15008
1
:- /e AVERRSFE
g‘ i)
g [ | fia
< L
W AR
i Lf'g] | i

130.0
TINE-SECONDS

Figure 5g2 -Test 750-285

-04.



_Bsia @789 LPGP DS PRESS A (LOPR)

357.5+
- W e T ‘wv\r“"‘v‘wm
52.5+ /
BT 7
- . PERURE +HENT S IEARC
350.0-
347.54
345.0-
342-5-IIIIII|IIIIIII|| |.|lll||]||17-‘llTI]‘ﬁ
25 75 25 175
% 50 g ! 150 200
TIME FROM ENGINE START ,SECS
Algorithm start:
Figure 5F1
SBX
------------------ dewsovedeancmerfrennecfosnanndqeanrsaqeevecrsngeannss aewmm= r--..-- -
] ] | 11 j
3B6{
l llll l | 1| ,/
7
| |
| L
: ni
h" B4 111} | ll gt l . 1 /HVI | _—
2 [ AR
g / /
S 12 SIPERPEL /
S/ T2 Lt TE
200.0

225

130.0
TIME~SECONDS

Figure 5Fr2 TEst 750-285

oY~

SSME CONTROLLER DATA FOR TEST 750285

100 seconds



B8 9158 PBP DS PRESS

(BSP2)

51417 -
AR AAA— '**“*‘“"“”A-*w~Aqmﬁv\n~~u~f~\—./-ffv’
- ’/ w
- S
/ s
775@_ / -
- MERRREMENT S/grrffr e
3 g
750@_ g
o
] o
1 =
7256 =
] &
. \J S
- td
- 5
7888 UL + 1 L A [l Py T . {1 LR | L oL LI
125 175 225
%) 2 50 7 100 158 200
TIME FROM ENGINE STRRT ,SECS
Figure 5G1 Algorithm start: 100 seconc
=008
|
J
i A B
| J‘/&lﬂlz f//w;: —
Siemm PVERAEE
/
|
_ ﬁ,
g | 11 |
. TV T | | i
[
g " BLL u
I ! —
J IR NP A SN A —" S RS B B s S

150, 0
T{ME-SECONOS
Figure 562 - Test 750-285

-96-

200.

[}



PNt p@42 FPQv ACT POSIT  (FPV1)

Algorithm start: 100 second:

Figure 5H2 - Test 750-285

)

-97-

84
o RE \ NI P EYNIPS ' V. S
82 7
§ JACRLLUREBAMENT S/snAhL
81
E
79; /
78:|IIT L L L 77'11 R T 1 1 Illl]l T 1 lll122
25 ‘ 75 125 175 - y
0 58 100 158 200
TIME FROM ENGINE START ,SECS
Figure .5H1
: 8.0
Nt
¥
o e cecvemdescsradennnead evedronsnwsdemcusedeccccedrvsvacd{revecctecenacten St
/
f%ﬁdﬁdfj?ﬁaﬁﬂf I /
\\\ _ ] /
§ L1 l N 1 1 et ‘ l
g © i N T ¥ V! / ]
= i i i
g /
/
e /
SHEARL Lot 7757
o nns-sec’é&iso 200.0

' GSME CONTROLLER DATA FOR TEST 7502685



- NIGH WESLIE RDDIIN TUSIE XLTA-
- S TEST H1-F4  (FPROO+| EECHE AT 14T RO STAT)

- PS|

PRESSURE

180.0 200.0 300.0
- TIME-SECONDS -

Figure 6A1 High Pressure Oxidizer Turbine Delta-P, Measurement Signal
Test 901-340

=
I |

e
e
g
| \%

" 796.0
L TIhE sgconos 200.0 T

Figure 6A2 High Pressure Oxidizer Turbine Delta-P, SAFD Algorithm Signal Average
Test 901-340

-98-



i~ AESARE FLEL NAPPE XLT™P
i TRST 1-240 (APRPO+1 ECDE AT -ET Fon STWET)

)

|
- ermyEy o WW‘——
g
lgl
a
"'}
£ o

100, 0 200.0 i 300.0

[ T{ME-SECONDS o

Figure g1 High Pressure Fuel Turbine Delta-P, Measurement Signal
Test 901-340

b )
.
T e
¢
E v l‘r" T 'l'v‘l.! "‘m*
as
ORIGINA
L Pag
* POOR Quagps
E
L m‘nnteigcnnos 408.0 J08- °.J

Figure 53£ High Pressure Fuel Turbine Delta-P, SAFD Algorithm Signal Average
Test 901-340 '

-99-



- 70 4T FOSITION
o — D TEST W1-348 (WPRIOH-1 ECIE AT 12T FON STAIT)

t 4
T l
"
-
o
-
= ; /
| i
| |
5 i |
z (! ;-
E | 4 i g - i 23 [T s Atw"ﬁ-/
§ T Py a 4 v
= N |
g ﬁ! ! | ] i I :
P \
I ]
- ,
P | |
oy i | |
Pl | | ' |
| ooy | |
' ; | 1 |
s ‘ : 100!3 | I Zﬂlﬂ.ﬂ 300.0
| TIME-SECONDS -

Figure 61 FPOV Actuator Position, Measurement Signal
Test 901-340

ORIGINAL pagE
PAGE |
OF POOR QUAurg

=
/}L—
&
g
@
:
&
¢ s A
/M"r\“'f"‘fv L N

100.0 200.0 ) 300.0

L TIRE-SECONGS -

Figure §C2 FPOV Actuator Position, SAFD Algorithm Signal Average
Test 901-340 100-



~
{
PN

- 00 UDE DTS

emme= DL TIST W1-340 (ATEOIO+-1 IFCRE AT I-EC Fon ST

T T T NN
A N T T Y T T P
: L !
]

! .,‘N‘w ‘

'F"""Pw |
=
3 |

|
® 100.0 l ‘I 200.0

Figure €01 HEX Vent Delta-P, Measurement Signal

Test 901-340

300.0
-

L )
i I
i
L
. Ll . II I F “r%“
g' &
> ™ %
E
L t%gglg:cnms 200.0 :uo.n-l

Figure D2 HEX Vent Delta-P, SAFD Algorithm Signal Average

Test 901-340

1M1



- oI e m L

- - e EDEIS TEST S01-D48  (AWORO+-1 EECDE AT (2-EC FRON STARTY

‘u
I |
[ - »~wwvhhmww4?mhmnm~wn«mmmamvvﬂwumm
N s | i
Fl
/ i
!
pow |
w ||
F !
E
I
100.0 200.0 300.0
L TINE-SECDNOS -

Figure 6E1 HEX Interface Pressure, Measurement Signal
Test 901-340 :

N |7 O T !
ittt
[W 1[-
| i l
-
|
¥
g |l
§
YRIGINAL pq
GE 1y
POOR QuALj1y
L . nzugg'sgcnunl e o nJ

Figure 6E2 HEX Interface Pressure, SAFD Algorithm Signal Average
Test 901-340 To



- WP CODLAT LINR TELTA-F
——— SETA ST S-)a8 ¢

O+ ECPE AT 12-EC R STAT)

A
NP

PHESSURE - P51

{ i

l i

) |

!

1003
[ 1 1RE-SECONDS

200.3

300.0
.

Figure 81 High Pressure Fuel Pump Coolant Liner Delta-P, Measurement Signal

Figure 6F2

Test 901-340

=
kv- .
|| N
. /
s "l =
MM

T o |V
£
H

-l

o
L t liﬂn!a-.sotcmi <408-0 388 o..!

-103-

High Pressure Fuel Pump Coolant Liner Delta-P, SAFD Algorithm Signal Average
Test 901-340



HPOT DS TP R

KRN LI
o EHMWWA M, |

|
q N vv u

14@@ IR R AR LA A R A R A R R R A A L R A R R U AR R A N AR R R R LA AR LLEER L lllllllllllTﬂTl

I
I
L
1% 80 () y
5 - 70 el e 110 122 138 140 150

TIME FROM ENGINE START, SECS

Figure A High Pressure Oxidizer Turbine Discharge Temp. A, Measurement Signal
Test 902-471 -

-104-



HPOT DS TP B

1525 |

1508 ,

1458 -

Mw‘“ﬂ%

] A A e b
1425- Inlj1 ' IUIW ("8}
2 - |
U1/ NN I NN N S——————

6@ 1 4
50 70 e 99 168 110 122 138 149 150

TIME FROM ENGINE START, SECS

Figure 78 High Pressure Oxidizer Turbine Discharge Temp. B, Measurement Signal
Test 902-471

-105-



,,,,,

ENG FL FLOW NFD 27KGPH

16508

16258

16000

15758

15500k
1525 -Illllllllséliilllll Hlllllllallllliill ’lllllllllélllllllil AR ERRALLA Bliiilli] Illllfllll l‘l@lllllllll
y .
50 70 ¢ % 109 110 . 138
TIME FROM ENGINE START, SECS
Figure 7¢ Engine Fuel Flow, Measurement Signal

Test 502-471

-106-

150



HPFP BAL CRY PR 1BK PSIS

4750-

4700

4650

4600 :

4550 u ‘

.

4508 '
|

Al o

44@8 R SRR RERTREE RN RN A LN AR R AR RN LR R RS EAS R IR AN R AR AR LR ARRAR LA RERRELS

2 2 140
s 0 79 B w1 122 15 150

TIME FROM ENGINE START, SECS

L4111

Figure 70 High Pressure Fuel Pump Balance Cavity Pressure, Measurement Signal
Test 902-471 ‘

-107-



HPOP DS PR R

-
385& LR R R A R R R R RN A AR R R A R R LA R R LY TT[IITIIléllllllll!‘TT]llll LA lllllillllTTTi”lll LARRERALES

l
59 sa 78 e 9 110 = 130 14 158

TIME FROM ENGINE START, SECS

Figure 7 High Pressure Oxidizer Pump Discharge Pressure A, Measurement Signa1
Test 902-471 '

-108-



MCC PC B2

3150

3125

>

3100

3875

[ U A4 k)

e

-
=4
297\J IR ARERR A R AR R YRR AR R AR RER RN RA LR R Illléll”lllllllllllllfélllllllll‘ll!llilll lllilliii

60
50 n ¥ g @ At

TIME FROM ENGINE START, SECS

Figure 7F Main Combustion Chamber Pressure, Measurement Signal
Test 902-471

-109-



HPFP DS PR A

-l
5758 IS ER SRR AR AARE L RRAAARALAS IAAARERASE RRAELE 1280 LAALARAS LR ll(l'lll]élli‘ll‘ll SRR RN AR R RRE AL
20

: 1 140
50 b2 70 e 9@ léﬁ 110 138 158

TIME FROM ENGINE START, SECS

Figure 76 High Pressure Fuel Pump Discharge Pressure A, Measurement Signal
Test 902-471 )

-110-



HPFP CLNT LAR A

3425

111

3400 |

1 111

3375 i

N

()

(92}

(v
111y lisay

3325
| |

3300

3275 T :

325@' .llllllllllillllllll IERAAR AL LN} Oill‘llllllil 1A SRARELS ERARRAREL Illllllllllllillf!‘fi‘lllill

48
50 .78 % g, 12 M2 50

TIME FROM ENGINE START, SECS

Figure 4  High Pressure Fuel Pump Coo]ant Liner Pressure A, Measurement Signal
Test 902-471

-111-



i

HX INT T

1.1 4.1 Lt . 1 I | 111

w
-t
n

3 T
91 |
1] |
gas-||l|||ll|6élllllll] lllll IAARNAREANAEARS RARALL 1328 KA AARREK] lllllllllzllliiilll “I‘I.IT'lll“‘r‘Il
8@ 6e 20 140
50 78 99 : 119 . 138

Figure 717

TIME FROM ENGINE START, SECS

HEX Interface Temperature, Signal Measurement

Test 902-471

-112-

150



HFFP COOLANT LINER CELTA-P . g/os2 3
r QSAFDO0

SENGOM TEST 901-340 (APPROACH-1 EEGINS AT

12-SEC FROM
------- AVIND% TEST 901-340  (APPROACH-| EEGINS AT 12-5EC FROM
—— - AVCNIDM TEST S01-40  (APPROACH-1 EEGINS AT 12-5EC FROM START)
— e« AVINDH TEST §01-340 (APPROACH-1 EEBINS AT 12-SEC FROM
—— - w— AVIND4 TEST Q01-M0  (APFROAGHI EEGINS AT 12-5EC FROM

& 300 Y
1
w
o
>
7]
7]
w
[« 4
" [
, \ 1
200 IM ll ] A )
hid T VAL o a1 N I O O B e S e
Yit \
' V
|
100 }
10.0 l ' 15.0 20.0 25.0
L TIME-SECONDS .
, ' , Redline
VJ/ L— Algorithm start: 12.08 sec. Cutoff
- . : , Lo5.5 ¢
ORIGINAL PAGE 'S
OF POOR QUALITY
FIGURE 8A

-113-



r HIGH PRESSLIE OX TURBINE DS TBPI gr/05/22 13-
DEIH YEST 901-40 (APPROACH-1 EEDING AT 12-SEC FRCM START) QSAFDOD
. eeesmes AVINIY TEST S01-340  (APPROACH-1 EEGING AT 12-5EC FROM START)
——— AV TEST 201-340 (APPROACH] EBEGINS AT 12-SEC FROM START)
— e = AVENIY TEST S01-340 (APPROACH1 EEGING AT 12-SEC FROM START)
— - AVINIY TEST S01-340 (APPROACH-1 EEDINS AT 12-SEC FROM START)
1500 _
_;-"Fr Y Jn ! Tmp W
I/‘ ' Vo '
1400 /
o «
8
w
3 I
' - N
w
[« 4
2
2 wl\ 1
W 1300
o
(F1]
[
|
]
[
1200 | '
10-0 l 15.0 20.0 25-0
L TIME-SECONDS
l )
| Redline
g L Algorithm start:s 12.08 sec. c/0: 405.5
./
ORIGINAL PAGE IS
OF POOR QUALITY
FIGURE 8B

-114-



S
>

r

TEMPERATURE - DEG. R

mmmmmxmnsm

SNS1S TEST C0I-340 (APPROACH-1 EEGINS AT 12-5EC
AVINIS TEST $01-M0 (APPROACH-1 EEGI
AVEN1S TEST Q01-340 (APPROADH-1 EEGING
AVNLS TEST §01-340  (APFROACH-1 EESINS
AVINIS TEST S01-340 (APPROACH-] EEBINS AT

FROM START)
NS AT 12-5EC FROM START)
AT 12-5EC FROM START)
AT 12-SEC FROM START)
12-5EC FROM START)

g1/05/2 1
@SAFDO0 1

1600
1500
WS
_ L _ N L
- N\ _r-A ) WL
r‘ AL o\
- L//
|/
|
i
1300 |
10.0 1S.0 20.0 25.0
TIHE-SECONDS : e« eo0 -
{
[ Algorithm start: 12.08 sec. Redline
c/0:1 kOS.!
FIGURE 8C

-115-



PRESSURE - PSIA

g7/05/22 lB—‘

HX INT PR
©E19  TEST 901-340 (APPROACH-1 EEGINS AT 12-SEC FROM START) 0SAFDO0
....... AVINI9  TEST S01-40 (APPROACH-1 EEGINS AT 12-SEC FROM START)
CTITTTT A8 TEST S01-340 (APPROACH-] EEGINS AT 12-SEC FROM START)
TT. D AvaNg  TEST SOI-30  (APPROACH-1 EEBING AT 12-SEC FROM START)
T T AVINIS  TEST S0I-340 (APPROACH-1 EEGING AT 12-SEC FROM START)
%000
- N f\’\‘k .l
T \/\/\.Aﬂ/\.w‘-\j \v
) e
::/7\7.: - p —— 11" —_—t— et —y—g——t— T
4
=00 //
=00
[
i
|
|
00 [
10.0 ¢ 1S.0 20.0 25.0
| TIME-SECONDS .
' [ BN ]
{
Redline
[ Algorithm starts 12,08 sec. C/01 405.5 se
FIGURE 8D °

-116-



TEMPERATURE - DEG. R

/
s/ 19—1

X INT TP
SENE20 TEST $01=-M0 (APPROACH-1 EEGING AT 12-5EC FROM START) GSAFDO0
------- AVINED TEST 801-340 (APFROACH-1 EEGINS AT 12-5EC FROM START)
— — - AVENED TEST S01-340 (APPROACH-1 EEGING AT 12-5EC FROM START)
— - AVINED TEST S01-3:0 (APPROACH-1 EEGING AT {2-S£C FROM START)
— - AVINED TEST Q01-M0  (APPROACH-1 EEGING AT 12-5CC FROM START)
a0
1
/—-—-’\/
=
A
/./
‘ /e/ )
/
50 //
800 l/
//
{
|
= I
10.0 1 1S5.0 20.0 25.0
[ TIME-SECONDS |
l - - e & &

L__Algorithm start: 12.08 sec. Redline
- . c/0s L05.5 se

FIGUR
£ 8t . -117-



PRESSURE - PSI

H{ VENT CELTA-P gumS/2 20—
=37~ TEST 901-40  (APPROACH-1 EEGINS AT 12-GEC FROM START) QSAFDOO
------- AVIRRL JEST G0I-340 (APFROACH1 EEGINS AT 12-SEC FROM START)
—— - AVEN] JEST 901-340 (APPROACH-1 EEGINS AT 12-SEC FROM START)
—— AVDEL TEST 901-40 (APPROACH-| EEGING AT 12-SEC FROM START)
—_—— AVINSY TEST 901-340 (APPROADH-1 EEGINS AT 12-SEC FROM START)
S0
h b
LIRD H
Jw rllv{h 1 ll
1 - 'r -.‘—L _———-—ﬁw | e o et o] c— o Sm— — s e —
&
80
{
{
{
= [ -
10.0 l 1S.0 20.0 2S.0
(* T1ME-SECONDS .
l . - [ IR I 4
Redline
L_Alsoriﬂm starts 12.08 sec. c/0s L05.5

FIGURE 8F -118-



PERCENT POSITION

FPOV ACT POSITION g2 @ =2-
©NSZ  TEST S01-M40 (APPROACH1 EEGING AT 12-55C FROM START) GSAFDO0
T, AN TEST S01-40  (APPROACH1 EEGINS AT 12-SEC FROM START)

STITIII AveEs TEST 01340 (APPROACH-1 BEGINS AT 12-5EC FROM START)

TTTT T ABE3  TEST S01-0  (APPROACH1 EEGINS AT 12-SEC FROM START)

TTTC AN TEST 901-340  (APPROACH-| EEGINS AT 12-55C FROM START)

- ]
i ) 1

& 101K rﬂmr—M-1JLn aS BRI

[K T TAp DN TV Uit i _

TR

& oy -
80

{

[

{

(
10.0 (I S.0 20.0 25.0 }

l TIME-SECONDS

l

L Algerithm starts: 12.08 sec. 27%3“1’“5105

FIGURE 8G

-119-



QPOV ACT POSITION

soEe®  TEST 901-3M0
------- AVINZ2  TEST 901-340
- AV2E&2  TEST S01-340
————. A3&2  TEST S01-340
e AV TEST 901-340

(APFROACH-] EEGING AT 12-SEC FROM START)
(APPROACH-1 EEDGINS AT 12-5EC FROM START)
(APPROACH-1 EEGINS AT 12-SEC FROH START)
(APPROADH-1 EEGINS AT 12-SEC FROM START)
LAPPROACH-1 EEGINS AT 12-SEC FRH START)

gr/s/2 2l —
QSAFDOO

-
J iR MY M'_—'—_"'__—"._"_—'_—'__'— T
| VLY 1L '
L“U 1A ‘
» [ | W i\
rrf My
J
e Z -
3 o
[
; —
o
Q.
- .
S =
&
w
o
= -
i
i
{
]
.. i : P
10.0 | 15. 0 20.0 25.0
{ ( TIME-SECONDS e .T

l

‘r-—"ﬂ

l Algorithm starts 12.08 sec.

FIGURE 8H

Redline
c/0s L05.5

-120-



PRESSURE - PSl

HIGH PRESSLRE FLEL TURBINE DELTA-P

AYINOS
AVINGS

TEST $01-240
TEST $01-340
TEST 901-340
TEST §01-40
TEST 801-240

(APFROACH-1 EEGINS AT 12-SEC FROM START)
(APFROACH-] BEGING AT 12-S2C FROM START)
(APPROACH-1 EEGINS AT 12-5EC FROM START)
(APFROACH-] BEGINE AT 12-SEC FROM START)
(APPROACH-1 BEGINS AT 12-SEC FROM START)

g1/05/22 “—l

=1

2100

|

&

A Rt LS A#ﬁﬁ?§¥ﬁ;%l§ff

1900

15

.0
TIME-SECONDS

20.0

Algorithm starts 12.08 sec.

FIGURE 81

25.0

TJ
Redline

c/01" U405.5 sec

-121-



— PERCENT

POSITION

0000

r FPOV ACT POSITION
— YFPOV
42 FPOY ACT POS

ATPDTY START H CNT QODITION 11/89 SHERRY MDOE L DATR
SSIE CONTROLLER DATA FOR TEST 901284 T&=T DATA

8971207 2—

7.0

60.0

10.0

1.0

2.9

%0 40
TIME - SECONDS

FIGURE 9A-Test 901-284

-122-

6.0



OPOV ACT POSITION 895/12. 07 3—-|

r——— XOPOvY ATPOTH START W CNT ADDITION 11/89 SHERRY MoODE L DATA CRTLOOK
0000 40 OPOV ACT POS SoE CONTROLLER DATA FOR TEST 901284 TEST DATA
0.0 An ”

o°°o

' 0
P

&**D ]

§0.0 —n o

4] 0

e g
[+]

= : 0

P

L 49.9

(8]

o

w

e J

1 .

b4

O 0.9

S .o

'—

-

(423

o

o
£20.0
10.0 +
. —t

] 1.0 2.0 2.9 4.0 8.0

L TIME — SECONDS N

FIGURE 9B - Test 901-284

-123-



r

TEMPERATURE - DEG R

2.0x18

1.018

HFT TIRDIS T A

A04

ATPOTH START M CNT ACDITION 11/89 SHERRY MepEL DATA

0000 231 HWPFT TUR D8

89/107
CRTLOOK

SSHE CONTROLLER DATA FOR TEST 901284 TesT DATA

7

y,
J’ao mf;;‘w
m—

TIME - SECONDS

FIGURE 9C - Test 901-284
ORIGINAL FAGE IS

124 OF POOR QUALITY



N

TEMPERATURE - DEG R

‘ a.mo”
J#Féﬁ
1.0mo
) U
0
o
o
——
k: ]
T 0 //ﬂ,,// \\\\\mm“h”“NMnnu,
S’ \_‘*-
0
. 1.8 2.0 %0 ) 5.0
TIME - SECONDS

HPOT IR DIS T A

0000 233 HPOT TUR DS

A6 ATPOTH START M CNT ADDITION 11/89 SHERRY MoDE . TATA

SSE CONTROLLER DATA FOR TEST 901204 TESTTATA

895712407

1

QRICINAL PAGE IS
OF PGOR QUALITY

FIGURE 9D - Test 901-284

-125-



AN

r

MIXTURE RATIO

MIXTURE RATIO
— ERC

000¢0

1.00X10 bl

£.00X10 %0

ATPOTH START W CHT @DDITION 1

X RATIO ™ SSIE CONTROLLER

1/89 SHERRY  MCDEL DATA
DATA FOR TEST 901284 TEST DRATA

89/12. 07 6-‘

oo

N CALLULATED G

CONTROLLER (.S
EERONGCEOYS T .

2.0

TIME - SECONDS

FIGURE 9F - Test 901-284

-126-

.0

4.0

B.0



- PSIA

PRESSURE

MCC CLNT DIS PR 89/1207
Pi&) ATPOTH START H CNT AODITION 11/89 SHERRY MODEL DATA CRTLOOK
00CO0 17 IMCC ONT DS SS'E CONTROLLER DATA FOR TEST 901284 TEST DATH

1508

1.8 2.0 0 4.9 5.0
: TIME - SECONDS

FIGURE 9G -Test 901-284

-127-



(

r oPB PC ' 8971247 9
POP ATPO™H START U CNT ADOTTION 11/89 SHERRY MoDEL DATA CRTLOK

o000 480 0PBPC PSIAL sorE CONTROLLER DATA FOR TEST 901284 TeST DATA

4800

4000

2500
< ¥
—t
0
a

]

2500
¥
o
S
a
wu 2000
[« 4
a

o
0
1600
1000
o
§00
o
1.0 2.0 2.9 4.8 5.0 _

L TIME — SECONDS .

FIGURE 9H - Test 901-284

-128-



f_

- PSIA

PRESSURE

Mce PC

PCIE ATPOTH START W ONT ADDITION 1
0000 383 MCPC1 PSI

1/89 SHERRY  MceDeL DATA

SSHE CONTROLLER DATA FOR TEST 901284 TESC DATA

89/1207 9
CRTLOOK 1

%m“%
of

TIME - SECONDS

FIGURE 91 - Test 901-284
-129-



.

PRESSURE - PSIA

0000 334 HPOPDSPRW

89712907

HPOP DIS PR
CRTLOOK

PoD2 MoDEL DATA

ATPOT™ START 8 CNT ADDITION 11/89 SHERRY :
tEST DATA

SSIE CONTROLLER DATA FOR TEST 901284

10-—I

8000.0

2500.0 s

2.9 2.0 4.9 6.0

TIME - SECONDS

ORIGINAL FAGE 1S

FIGURE 9J - Test 901-284 9F POOR GUALITY

-130-



r HPFP DIS FR - 81207 11—
P(3) ATPOTH START # ONT AODITION 11/89 SHERRY MoDEL DATA CRTLOOK
0000 489 HFP DS PR W SEME CONTROLLER DATA FOR TEST 901284 TEST DRATA
$000.0
< []
4000.8 . [:&Wm‘;
v 0
o
= »
T )
~—a Jpﬂb
i
)
w 9068.0 0 /
g
]
0
L
@
a
2000.9
1000.9
28 4.0 5.0
L TIME - SECONDS -
ORIGINAL PAGE IS
OF PGOR GUALITY FIGURE 9K - Test 901-284

-131-



r PG FL FLOM 89/15407
& ATPOTH START 4 CNT ADDITION 11/89 SHERRY MODE L DATR CRTLOOK
0000 722 BENGFL FLOMN SSIE CONTROLLER DATA FOR TEST 901284 T=ST DATA
2.0 **
Wm
(3]

L Q
S w

o

~

o

4

0
l -

>

o

=

Ty

-e.oxa0
° 1.0 29 .0 2.0 50

L TIME - SECONDS

;‘J-

FIGURE 9L - Test 901-284

-132-



MCC COMBUSTION CHAMBER PRESSURE 90/01024 10—'
— PCIE FAILURE TEST 902-429 90
8
ey ‘ st
\
] N
—\ Test Data PID 200
Model Data -~~~ \, \
1 Y
h\;
\ "~
\N.—_a—
3 -
160 17¢1me — seconps'S0 190 200 N

FIGURE 10A - Test 902-428

7

/1

ORIGINAL PAGE IS
GF -POGR QUALITY

-133-

po-



- o HPOT Dis Temp CH B . W/oims 43—
TOTZ02  FAILURE TEST 902428 TOwrva00
1400.0
‘\\ \
\ N\~ Test Data PID 234 -170
\
\
\

| ; e \
: \

g Model Data \

' om0 :

& [

& i

P

-«

[« 4

jn

% X P p—

/ Ty,
E ‘\‘ - N
1000.0 !
160 170 180 190 7 . 200
_ TIME-SECONDS .
'PRECEDiNG PAGE BLANK NOT FILMED ) ORICINAL PAGE IS

OF POOR QUALITY
FIGURE 10C - Test992-428

-135-




TEMPERATURE - Déi <

TOT211IX HEAT EX TBXP

001 44—
TOT2MIX FAILURE TEST 902-428 TONVDOO0
1400.0 '
'ﬁﬂ\
—— \
1200.0
1060.0 .
160 170 180 190 200

TIME-SECONDS -]

FIGURE 10D - Test 902-428

-136-



— ERC

MAIN CHAEER MIXTURE RATIO
FAILURE TEST 902428

/004 31—

TONVO0O

ORIGINAL PAGE IS
oF POOR GUALITY

FIGURE 10E - Test 902-428

-137-

7.9
S 6.0 ‘;--\—_:l:‘_ o
| o \\
-
P
1
: |_o— Test Data PID 2616
]
35
: !
) Model Data "\/} / \\\
- 7 N
\.;/ ~ <
\-—'—F—
200
- h 170 11w - secibs 190 y



r FUEL PREBURNER PRESSUPE 9001924 8
— pFP FAILURE TEST 902—428 TONv000
€009.0
“ —=\
<
> \
O 008 T m—mt— — e e ) B,
! ™~ O
i ~ \
% AN
& N
‘n ~
w \
\ _~Test Data PID 410
/\I/
Model Data 4\
|
|
L P e
~]
N— |
4000.0
o 160 170 180 190 200
Y TIME - SECODNDS 1
‘ORIGINAL PAGE IS ORIGINAL PAGE IS

GF POOR QUALITY OF POOR QUALITY

FIGURE 10F - Test 902-428 _138-



'— PRESSURE OXIDIZER PREBURMER 90/01m24 9—‘
—— PP FAILURE TEST 902428 - ae
«000.9
N \\
~
~N
N
k‘(/ Test Data PID 480
}
l
N Model Data/\
: .
3 o
4000.0 ~ P —
L N
LJ
) o 4
-
o0
o]
uw
[« 4
o
£000.0 . i
50 T70 T80 190 U0
. TIME - SECONDS .

o GRIGINAL PAGE 1S
OE;GET@;%L FAGE I3 . OF PCOR QUALITY
OF POOR QuALITY '

FIGURE 106G - Test 902-428 -139-



Figure 11A Fuel Leakage Flow

FUEL LEAKAGE FLOW.

MODEL TEST 750-285

LEARACE FLOY (LB/SFC)

204

1
206 208

L
210

1 i i i [ i i i ]
212 2:4 216 218

TIME (SECONDS)

T

zl_.i

¢ i i i

222 224

Figure 11B High Pressufe Fuel Turbine Discharge Temperature
R 7% WFTTRDSTE (Fi0B)

1858

1848
1838

(EETTTTR (AT TIVTOR TR 2TY

1826

181834
180

-

K

1786

{778

176@
1758+

200.9

I 2

TRANS!ENT" morﬂ'. §

L B

11t 1~ ‘r‘u‘ 1 ‘f ' U §

| NEsT DATA pod

<

e

——

>

=

=

(3

&

292.5 205 g 2087.5 210 3 212.5 .. o 217.5 . 222.5 e
TIME FROM ENGINE START ,SECS T €.

-140-

OT= 0.548

ORIGINAL PAGE IS E
OF POOR QUALITY



Figure 11G High Pressure Oxidizer Turbine Discharge Temperature
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Figure (IJE Main Combustion Chamber Pressure
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FIGURE 12A - Hypothetical Leakage Effect
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FIGURE 12C - Hypothetical Leakage Effect
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FIGURE 12E - Hypothetical Leakage Effect
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12G - Hypothetical Leakage Effect
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FIGURE 121
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Figure 12K - Hypothetical Leakage Effect
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Figure 120 - Hypothetical Leakage Effect
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Figure 12Q - Hypothetical Leakage Effect
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Figure 125 - Hypothetical Leakage Effect
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Figure "“13F - Hypothetical Blockage Effect
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Figure 13N - Hypothetical Blockage Effect
QXIDIZER PREDIRNER OXMITER YALVE POSTTRN 28/ if28
— medei rua lor hpilp dis bleckegs 8/70

5. T

5.2

PASETION - PERCENT

59

§4.9

848

f
AN

I
4 | b [t
» 2 5 3 5 n

TINGE - FECTMOS

Figure 130 - Hypothet1ca1 B1ockage Effect
MICH PRESSURE FUEL TURSINE DISCRARGE TEMPERATURE 28/ 4/%0

———— DR modei run for hpilp dis bleckage 690

1620 T

1780 e

1788

1740

1720

{700

1540

1620

¥

X 3 3 3 » “
TINE - CECPNOS

-161-



TEMPERATURE - DEG. R

NIXTURE AATIO

Figure 13P - Hypothetical Blockage Effect

MCH PRESSURE OXIDIZER TUREINE JISCHARCE TEMPERATURE
————— PR madel run (er hyilp dis bleckage U

8/ ¢/

- d

Heo

1180

1

—_—

6.45

i

¢35

50

.20

.15

M

Figure13Q - Hypothetical Blockage Effect

MIXTORE RATR
medel run for hpfly dis Meckege /90

%/ ¢/

-
-

-

8.10

405

1
1
1
i
!
v

!
T
] ]

]
32 b1 b4
TINE - FESUNOS

-162-

e YF o

e GRIGINAL PAGE IS
OF POOR QUALITY



'g‘___)"’

TEMWPERATURE - DEG. R

6580

6540

6520

10

Figure 13R - Hypothetical Blockage Effect

MADI QUIAMBER TEMPERATURE

18/ 8/%0
———NXPF  model run fer hpflp dis bleckage 8/90
A
1] t
il
[\
k! |
i
i
.‘.
\
A
\
\i
~
)
\
T
h 1 1
_ I 1
k b » 38 “

ORICINAL PAGE |

ARUie (8

OF POOR QUALITY

-163-



(’,“
ho

TABLE 6.5.1

10 PARAMETER DESCRIPTION TRANSIENT MODEL SAFD VARIABLE
VARIABLE

1 HPFT Radial Accel PARAM(1)
2 HPFP Balance Cavity Pres. PARAM(2)
3 HPOT Dis. Pres. POT2D PARAM(3)
4 HPOTP Intermediate Seal

Purge Pres. PARAM(4)
5 HPOTP Secondary Seal

Drain Pres. PARAM(5)
6 HPOTP bBoost Pump Dis.Pres. POD3 PARAM(6)
1 HPOTP Boost Pump Radial PARAM(7)
8 " HPOTP Boost Pump Bearing

Coolant Dis. Temp. PARAM(8)
9 MCC PC PC1E PARAM(9)
10 MCC Liner Cavity Pres. PARAM(10)
n HPFP Speed (RPM) ENF2 PARAM(11)
12 HPFT DS T1 A TFT2D PARAM(12)
13 HPFT 0S T1 B TFT2D PARAM(13)
14 HPOT DS T T0T2D PARAM(14)
15 HPOT DS T2 TOT2D PARAM(15)
16 LPFTP Shaft Speed (RPM) ENF1 PARAM(16)
17 LPOTP Pump Dis. Pres., POD1 PARAM(17)
18 HPFT DIS.PRES. PFT2D PARAM(18)
19 HPFTP Coolant Liner Pres. PTD PARAM(19)
20 HEX Int. Temp PARAM(20)
21 HEX Vent Delta Pres. PARAM(21)
22 0oPOV Actuator Position X0POV PARAM(22)
23 FPOV Actuator Position XFPOV PARAM(23)
24 Fuel Flowmeter DW(2) PARAM(24)
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PRESSURE . PS]

HPOTP DIS PRES
. 27/ 6/%0
————SENSO3  SSME/SAFD Closed-Loop Sim., Nez. Ruplure Failure (5 I ox leok
ZIITIAVINOS  SSME/SAFD Closed-Loop Sim., Noz. Rupture Failure {S b ox leak
——PINO3  SSu JSAFD Closed-Loop Sim., Noz. Ruplure Failure (5 Ib ox leak
L¥INO3  SSME/SAFD Closed-Loop Sim., Noz. Rupture Failure (5 fb ox leak
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Figure 14A - Closed-Loop Simulation

of Leakage:
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PRESSURE . pSI

HPOTP BOOST PUMP DIS PRES 27/ 6/%0

———SENSOE  SSWE/SAFD Closed-Leop Sim., Nez. Rupture Failure (S b ox legk)
TITTIIAVINOG SSME/SAFD Closed-Loop Sim.. Nez. Rupture Failure (5 Ib ox leak
———-UPINS  SSWE/SAFD Closed-Loop Sim.. Noz, Ruplure Failure (S Ib ox Jeak

LWINOS  SSME/SAFD Closed-Loop Sim., Noz. Rupture Failure (5 Ib ox legk)
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Figure 14B - Closed-Loop Simulation
of Leakage: Approach 1
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PRESSURE - FSIA

WA COMBIISTION CHAMBER (MOC) P .

SENSO9  SSUE/SAFD Closed-Loop Sim., Naz. Ruplure Failura (5 1b ox Jeak
TITTTCAVINO9 SSWE/SAFD Closed-Loop Sim., Nez. Ruplure Failure {5 [b ox legk
——P19  SSM JSAFD Closed-Loap Sim., Nez. Ruplure Failure (5 [b ox leqk
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Figure 14C - Closed-Loop Simulation
of Leakage: Approach 1
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TEMPERATURE - DEG. R

HIGH PRESSLRE FUEL URBINE (HPFT) DS TEWP? 27/ §/%

——SENS12 SM?SAFD Qosed-Loop Sim., Nez. Rupturs Failure (5 Ib ox leqk
ZITTIIAVING  SSME/SAFD Closed-Loop Sim.. Noz. Rupture Failure (5 Ib ox leak
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Figure 14D - Closed-Loop Simulation

of Leakage: Approach 1
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TEMPERATURE - pEgG. R
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Figure 14E - Closed-Loop Simulation
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PRESSURE . pSIA

PP DIS PRES ' 27/ 6/%
———SENSI7  SSME/SAFD Closad-Loop Sim., Noz. Rupture Failure (S Ib ox leak
TTITTCCAYINIT SSME/SAFD Cossd-Loop Sim.. Noz. Ruplure Failure (5 ib ox leak
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Figure 14F - Closed-Loop Simulation
of Leakage: Approach 1
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PRESSURE - PSIA

HPFIP DIS PRES 27/ $/90
T SENSI8  SSME/SAFD Closed-Loop Sim., Noz. Ruplure Feilure (5 1b ox leak
ZZITIIIAVINIS  SSME/SAFD Closed-Loop Sim.. Noz. Ruplure Failure (5 Ib ox leok
——=IlPIMI8 SAFD Closed-Loop Sim., Noz. Ruplure Failure (5 Ib ox leak
* SSME/SAFD Closed-Loop Sim., Noz. Rupture Failure (5 Ib ox leak
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Figure 146 - Closed-Loop Simulation
of Leakage: Approach 1 :
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PRESSURE -~ PSIA

HPFIP COOL AR PRES 27/ 8/%0 12
———SENS19  SSME/SAFD Closed-Loop Sim., Noz. Ruplure Failure (S Ib ox legk B
TITITCAVINIG SSME/SAFD Closed-Loop Sim., Noz Ruplure Failure (5 Ib ox Isak
——LPINI9  SSME/SAFD Closed-Loop Sim., Noz. Ruplure Failure (5 b ox leok
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Figure 14H - Closed-Loop Simulation
of Leakage: Approach 1
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PERCENT POSITION

FPOV ACT POSITHON 2/ 80

SENS23  SSME/SAFD Closed-Loop Sim., Noz. Ruplure Failure (5 Ib ox leak
cmooo-AVN23  SSME/SAFD Closed-Leop Sim., Noz. Ruplure Failure (S Ib ox leak
T CIPIN23  SSHE/SAFD Closed-Loop Sim., Noz. Ruplure Failure (S Ib ox leak
¢ SSME/SAFD Closed-Loop Sim., Noz. Ruplure Failure (5 b ox leok)
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Figure 141 - Closed-Loop Simulation
of Leakage: Approach 1
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PRESSURE ~ psrA

MAIN COMBIISTICN CHAMBER (WcCc) P /70 s
TT——SENSOY  SSME/SAfD Closed-Loop Sim., HPFT Dis Fley Blockage Fuiturs
"""" AVINOS  SSHE/SARD Closed-Loop Sim., HPFT Dis Flay Blockaqe Failura

T T4 SSHE/SARD Closed-Loop Sim., HPFT Dis Flow Blockage Failyre
LW2N09  SSME/SAFD Closed-Loop Sim., HPFT Dis Flow Bleckage Failyrs
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Figure 15A - Closed-Loop Simulation
of blockage Agpxoach 2
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Figure 158 - Closed-Loop Simulation
of blockage Approach 2
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HPFIP COOL (AR PRES 5/ 7/%
————SENS1Y SSME/SAFD Closed-Loop Sim., HPFT Dis Flow Blockage Failyre
ZITITAVIN SSME/SARD Closad-Loop Sim.. HPFT Dig Flow Blockage Failure
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Figure 15C - Closed-Loop Simulation
of blockage Approach 2
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TEMPERATURE - DEQ. R
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Figure 15D - Closed-Loop Simulation
of blockage Approach 2
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Figure 15E - Closed-Loop Simulation
of blockage Approach 2
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SPEED - RPM
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Figure 15F - Closed-Loop Simulation
of blockage Approach 2
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Figure 156G - Closed-Loop Simulation

of blockage: Approach 2
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