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IPCS NOMENCLATURE

A/B Afterburner
ABPEMN Afte rburner Permission Logical Flag
ABCl —ABC8 Afterbu rner Control Scheduled Funct ions in BONDIG
AFBIAS Difference Between Optimum and Actual Inlet Airflow
AJ Nozzle Area
AJPS Nozzle Area Feedback Pull ey Positio n
A/D Analog-to—Digital —

AlP Acceptance Test Procedure
B/C Bleed Closed
BITE Built In Test Equipment
BLFT Baseline Flight Test
BID Bleed Open
8DM Bill-of-Materials
BOMOIG Bill—of—Material Digital Control
BOTRIG Blowout Logical Flag -:

CADC Central Air Data Computer
CCLI Computer Control Unit
CDR Critica l Design Review
CFE Contractor Furnished Equipment
CLBT Closed -Loop Bench Test
CND Comnand
CMLI Computer Monitor Unit -

CPC Computer Program Component
CPCEI Computer Program Contract End Item
CPU Central Processor Unit
D/A Digital-to-Analog
dB Decibe l
DCS Dig ital Computer System
DCU Digital Computer Unit
DEN Diffuser Exit Mach Number
DFRC Dryden Flight Research Center
DIB Discrete Input Buffers
010 Direct Input/Output Channel
DMA Direct Memory Access Chanrel
DOB Discrete Output Buffers
DPCU Digi tal Propulsion Control Unit
OPLAP Time Rate of Change of PLAP
OS Design Specifications
ECS Environmental Control System
£18 Eng ine Interface Box
ENC Exhaust Nozzle Control - -
ENC1-ENC8 Exhaust Nozzle Scheduled Control Functions in BOPIDIG
EPR Engine Pressure Ratio, P6M/P2
EX Excitation
FAT Flight Assurance Test
FBCANG Feedback Cam Ang le
F/D Frequency to Digital
FM Frequency Modulation
FP~A Failure Node & Effect Analysis
FItCA Failure Mode, Effect, and Criticality Analysis
FPM Feet per Minute
FPS Feet per Second

- - FT Feet
GFE Government Furnished Equipmen t
GSE Ground Support Equipment -

HPC High Pressure Compressor
- 

- HSPT High Speed Paper Tape Punch & Reader
- :;Y . IVIC Hydromechanical Control

Hz Hertz (
~ cycles per second)

I.C. Initi al Control
lCD Interface Control Document-

~~~~ 

- 
- 

Ldle Idle Power Setting
IFU Interface Unit
I/O Input/Output
IPCS Advanced Control Systam
KD Distortion Index 
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LU4UX Low Leve l Ptilt iplexer
LM Local Mach Number
LPC Low Pressure Compressor —

LRD Lamp and Relay Drivers
LVDT Linear Variable Differetlal Transformer

Knot Indicated Airspeed
1/H Left Hand
Max Maximum Ai rburning Power Sett ing
MEDIC Ccamunication and Debugging Program
MFC Main Fuel Control
MFC1 -MFC7 Scheduled Functions in sne 8014 fue l Control , Represented

by Table s or Polynomi nal Curve Fits in BONDIG
Nil Mil itary Power Setting (Max imum Non—afterburning Thrust)
MN Airplane Mach Number
l’T43 Mach Number Stati on 3
18122 Mach Number Station 22
MSB Most Significant Bit
MTBF Mean Time Between Fai lures

F MLIX Nultiplex or I’kilitplexer
lISP lIon Standard Part
Ni Low Pressure Rotor Speed , RPM
142 High Pressure Rotor Speed, RPM
DCV Osc illator Controlled Voltage Circuits Demodulators
P Pressure, See Illustration next page for

Station Designations
Pb Burner Static Pressure
Pb Time Rate of Change of Burner Pressure
PC Prograninable Clock
P/C Printed Circuit

Pulse Code Modulation
PDEM Inlet Control Duct Exit Mach Pressure -:

PDR Preliminary Design Review
P11 Priority Interrupt Lines
PKDA-PKDD Inlet Distortion Pressures (Figure 5. 1—1 )
PLA Power Lever Angle
PLAP Logically Constrained PLA
PLM Inlet Control Local Mach Pressure
P/N Part Number
POT Potentiometer
PPH Pounds Per Hour
PPS Pounds Per Second

- PRBC Pressure Ratio Bleed Control (12th Stage Bleed)
PRI Power Recovery Interrupt
PSDEM Inlet Control Duct Exit Mach Static Pressure
PSLM Inlet Control Local Mach Static Pressure
PSU Power Supply Unit
P614 Turbine Discharge Pressure , Ave rage of Core and Fan

Streams
RAM Random Access Nenory
RFD Recycling Frequency-to-Digital Converters
R/H Right Hand
P145 Root Mean Square
ROM Read Only Mamory
RN! Reynolds Number Index, 6.,BL24
RSS Root Sum Square
RTC Real Time Clock
RID Recycling Time-to-Digital Converters

- - 
- 

- Sec Second
Sense Switch Sense Switch Numbe r - Generated by we ighting the CM.I

-
- - 

- Sense Switches 10 , 4 , 2 , 1 per switch from the left
SEC Specific Fuel Consumption (Fuel Flow/Thrust)

- 
- SFCO Softwere Field Change O~ er

-
. - - - 

- S&H Sample and Hold
SIA Simulation Interface Adaptert SIS Sea Level Static

t
-
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SlID Stepping Motor Drivers
SMITE P&WA Technique for Iterative Soluti ons in Digital

Simulation Program
S/N Serial No.
SOAPP P111* Nodular Progr. Assembly Procedure
SOD Solenoid Drivers
SPS Samples per Second
SST Seal Saver Turn
STE Special Test Equipment
SOV1 Afterburner Fuel Shutoff Valve , Ith zone , i—1 , ...,5
T T~~erature
I/A Turnaround
T/C Thermocouple
THETA Inlet Cone Angle
TIGT Turbine Inlet Gas Temperature
ISV Test Set Unit
ITY Teletype
T2H Total Temperature Station 2
T4H Total Temperature Station 4
T4SYN Synthesized Turbine Inlet Temperature
VCO Voltage Controlled Oscillator
Vex Sensor Excitation Voltage
Vo Sensor Output Voltage
W Airflow Rate , lb/ second
WAT2SX Corrected Ai r Flow Rate at Station 2
luff Fuel flow Rate, Gas Generator, lb/hr.
WFAB Tota l Afterburner Fuel Flow -

WFG Conananded Fuel Flow Rate , Gas Generator
blESS Sensed Gas Generator Fuel Flow
WFZI Conunanded Afterburner Fuel Flow , Ith zone , i—l ,. .. ,5
XZJP Resolver Angle on Nozz le Position Feedback
XMV Nozzle Contro l Pilot Valve Positio n
XCON Cone Actuator Position
XLOOP IPCS Control Loop Indicator - :
xoo Afterburner Control Power Piston Position
XSPK (XORLS) Spike Position (nomealized spike position) - -

XPOLE Primary Real Root of the Open Loop Engine Transfer Function

a Angle of Attack
8 Angle of Yaw

AP Tota l Minus Static Pressure
6 P114.7
e 1/518.69

A suffix RSN indicates a variable sensed by the DPCU

A suf f ix  NHN indicates a va riable obtained from the 8DM harness and processed by the
aircraft 1pst rum entat ion system .
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Suu.ary

The purpose of the flight test program was to demonstrate the feasibility of digita l
propulsion control in a flight environment. The control hardwa re and software had been

— evaluated and refined through a series of tests including closed loop bench testing and
engine testing at sea level and simulated altitude conditions prior to installation on
the airplane . Engine ground rins were conducted after insta llation to eliminate any
airplane interf ace re la ted problems.

The flight test program con sisted of 15 flights in which both BOMD!G and IPCS were tested
to the Mach number and altitude limits of the airplane. BONDIG was established as a valid
representation of the hydromechanical control. A number of new control concepts were
evaluated dur ing the IPCS testing. Generally they were designed to use direct contro l
of the relevant variables , such as turbi ne Inlet temperature and Inlet distortion.

fluring the later part of the program , testing was conducted to evaluate the effect of
exhaust vel ocity profile on noise. Modifications we re made to the IPCS software to
produce profi les of interest . Ground testing included the measurement of thrust, noise,
and exhaust velocity profiles. Preliminary resu lts ind icate that the desired profiles
were appr oximated and some notse reductton was observed. Fl ight tests at 400 feet
altitude and 250 KTS were conducted to evaluate the effect of airp lane velocity on noise
production .

Many detailed conclusions are dra wn from the test results but three major conclusions
relating to the overall system stand Out .

1. The testing demonstrated that digital propulsion control is effective.
The following operational advantages were demonstrated in the flight
test program :

Faster engine acceleration for both gas generator and
- 

- 
afterburner operation
Better thrust and SFC at many flight conditions

. Reduced fl ight idle thrust
Accurate , stable trim set points which compensate
for engine deterioration
Extended service ceiling
Automatic stall detection and stall recovery detection
providing ‘hands off” return to the original power
setting.

2. Software flexibility is essential during the flight test program. The
software control procedures developed on IPCS were effective at maintaining
control while still permitting the required ability to make field changes in
response to test results.

3. Sixteen hour turnaround of printed and plotted data is needed to take
advantage of the flexibility of the digita l controller and to run a test
program efficiently. Most current Installations do not approach this
performance. Dedicat ed , on-site data proce ssing equipment appears to be
a practical way to provide such capability .

Specific reconsn endat ion s have been made in the areas of data processing, software control ,
and hardware modifications.

_ _ _ _ _ _ _ _ _ _ _ _  
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1.0 INTRODUCTION AND SUN1IARY

4 This document reports on the IPCS Flight Test Program conducted from 4 September 1975 to 5
March 1976. It Is subeitted to the government in partia l fulfillmen t Of CDRL Item *007, of
contract F336l5—73—C—2035 . rhe r eport contains discussions of the hardware and software
configuration , test conditions , and results of the fli ght tests and engine runs associated with
those flight tests . The testing was suppo rted by a team of engineers from the Boeing Aerospace
Company (BAC), Honeywell, Inc. (HI) and Pratt and Whitney Aircraft (P111* TN), and the NASA
Dryden Flight Research Center (NASA/OFRC) .
The bill-of -materials hydroinechanical Inlet and engine controls were modified to interface with
the digital propulsion contro l unit (DPCU). The DPCU and modified engine and Inlet were

- 
installed in an F—lll E airplane for flight testing (Figure 1 .0—1). Two digital control systems
had been developed, a dtgital implementation of the bill of mater ials control (BOICIG) and a
control incorporating a nember of advanced concepts to be evaluated in the flight test (IPCS).
These contro ls , together with the backup hydromechanical gas generator control , had been
evaluated in a series of tests prior to the I tght test program. This test series began with a
closed loop bench test, was followed by a sea level static test on the ff30 engine and an —

engine test under simulated altitude conditions at NASA/LeRC. Thus the hardware and software
were rel ative ly well developed pri or to enterin g the flight test program.

The flight test was the last in th is series of tests to evaluate Integrated digital control of
the propulsion system. Its purpose was to demonstrate the feasibil ity of digital propulsion
control in a flight environment. The flight test program consisted of 15 flights in which
both BONDIG and !PCS were tested to the Mach number and altitude limi ts of the airplane.
Comparisons ware made between the hydromechanical control , BONDIG, and IPCS at flight conditions
throughout the flight envelop e (FIgure 1.0—2).

A series of engine ground runs were conducted on each control mode prior to fli ght testing.
These tests served to document the system static performance, identify and correct any problems ,
check out the data systems, and demonstrate the flight worth iness of the DPCU Installed in the
airplane . As a result of the previous testing , most of the preflight testing was routine. The
probl ems were large ly conf ined to data system interfaces , control room displays , etc . The

- flight test program was designed to progress from the relatively easy tasks to the more difficult.
The initial testing was perfo rmed on BON)IG. The firs t few IPCS flights documented the IPCS
performanc e with a baseline control confi guration without many of the special control loops
enabled . In this way system fl ight experience was gained prior to beginning the more difficult
tests.

The testing demonstrated that digi ta l propulsi on control is . effective . The following operational
advantages were demorstrated in the flight test program .

Fas ter engine acceleration for both gas generator and
afterburner operation
Better thrust and SEC at many flight conditi ons
Reduced flight idle thrust
Accurate, stable trim set points wh ich compensate for engine
deterioration

. Extended service ceiling

. Automatic stall detection and stall recovery detection
prov id4ng “ hands off ” return to the original power setting.

The initial f light testi ng established that the 8011018 control of the engine was comparable to
hydromechanical control . The early IPCS flights showed that the basel ine IPCS without the
special loops enabled worked properly. This testing also demonstrated the advanta ges of the

- ‘ IPCS afterburner control . The manifold pref ill logic anticipated the need to open the fuel
shutoff va lves eliminating the dead t ime associated with manifold filling . This resulted in a
15% to 44% reductIon in accelerattoq time relative to IIIC for the Nil to Max trans ient. This

- was acco mplished wi thout any degradation In fan stall margin. During decelerations IPCS had
more fan stall margin due to the deliberate lagging of nozzle area relative to fuel flow.
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During the later flights (21—28 ) the special IPCS loops were evaluated . In addition
a number of change s were made to the high compressor exit Mach number, MN3, control
to reduce gas generator acceleration time. Four var iations of MN3 control were
tested: the basic integral contro l , the integra l control with higher gain (ground
test only) , a non—l inear control operating at the major cycle rate (33 Hz), and the
non-linear control operating at the minor cycle rate (200 Hz). The results of these
tests indicate that the MN3 control is a viable alternative to Wf/Pb control although
it does not solve all the gas generator control problems. Operation with MN3 control
resulted in faster engine acceleration than I4IC.

A measured distortion signal was used to control the compressor bleeds , opening the
bleeds only when the distortion approached the engine tolerance to distortion . This
permitted the 7th stage bleed to remain closed over a significantly larger portion
of the flight placa rd than for the bill of materials bleed control . Closing the 7th
stage bleed increases thrust and reduced SEC. If operated on both engines this
feature could result in a 35% increase tn Specific Excess Power which ts equivalent
to approximate ly 3000 feet increase in service ceiling .

Compressor stal l was detected by measuring the rate of decay of burner pressure and
compar ing It to a reference schedule. Once stall was detected the eng ine PLA was set
to id le and the bl eeds opened . Th is feature was successfully demonstrated at a wide
range of flight conditions. It was able to detect all but very low power stalls and
It discriminated against norma l Pb transients.

During the later portion of the flight test a stall recovery detection scheme was
added. Recovery was detected by comparing burner pressure level to a reference curve.
Stalls that recover quickly (pop—stalls) were accounted for by checking the recovery
curve for 1 second after stall detection and not taking action if recovery was accomplished
within one second. If not , the bleeds were opened and the engine PLA set to idle. Once
stall recovery was detected the engine was returned to the power setting corresponding
to the cockpit throttle position without any pilot action. Stall detection and recovery
was demonstrated on fl ight 25 at Mach 1.4 and 41000 feet.

A portion of the testing was devoted to evaluation of potential noise reduction by controll—
ing the exhaust velocity profile. The intent of this testing was to obtain static and
flight data to evaluate the potential noise benefits of a duct burning engine.In a duct
burning engine the velocity is highest at the outside of the jet and low in the core where
there is no afterburning. Afterburner fuel distribution was modified to produce this type
of profile by operating at maximum zone 4 and reducing the core fuel flow. This was
compared to maximum zone 5 with all zone fuel flows reduced to produce the same thrust.
Noise, thrust and velocity profile measurements were made on the ground and noise measure—
ments were made on a series of flight test points. Analysis of these data is continuing
separately from the IPCS program. Prel iminary results indicate that the desired profiles
were approximated resulting In some noise reduction.

Throughout the test the advantages of the flexibili ty of digital control were apparent in
the ability to identify and correct controller problems. The opportunity to adjust gains
and schedules on a run by run basis greatly facilitated development of the control . The
testing of the high compressor exit Mach control in which the control mode was changed
from integral to non-linear is an examp le of the degree of flexibility of the control.
Noise testing Is another example. The decision to evaluate noise was not made unitl
the middle of January . No provisions for or consideration of noise testing were included
in the origina l contro l design , but it was possible, in a relatively short time, to
develop a configuration for the noise testing.

A problem that became apparent during the course of the test was that the ability to
ref m e  and improve the controller had far outstripp ed the ability to process the data
needed to identify the potential improvements. As a result changes to the control which
might have greatly enhanced the test were not recognized until too late for orderly
incorporation. Therefore, it is strongly reconinended that a data processing system be
usea in future tests that provides turnaround of printed and plotted data In approximately
16 hours .
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2.0 OBJECTIVES

The overall objective of the flight test progrem was to demon strate the feasibility of
dig ital pro puls ion control In a fl ight environment. Mare specifical ly the objectives
included:

1. Demonstration that the digit al implementation of the hydroiiechanmcal
control (8011016) would produce control operation comparable to that
of the hydromechanical control.

2. Evaluation of advanced control modes through the use of the IPCS
program, e.g. , compressor exit Mach n~~ er , stall detection, distortion
control of bleeds , buzz , and airflow control.

3. Ddeo nstrat ion of the advantages of the fl exibilit y of digita l control
to Improve the control development progr .

4. Demonstration of the reliabilit y and effect iveness of the IWCU hardware
operating in a flight env iroement.

New objectives added toward the end of the test warranted a proqr em extension .

1. Measurement of j .t nolsa thrust , and velocity profiles for a flat
velocity profile and an Inverted ve locity profile . similar to that
generated by a duct burning engine.

2. FlIght evaluation of a Mach hold autoth rottle.
3. On-line thrust calculation In the DPCIJ.

1 ‘1
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3.0 PROCED4JRES

This section deals both with the specific procedures used in the tests and with the way
in which NASA and contractor engineers worked to plan and conduct the tests .
3.1 TEST OPERATION -

The test plan document (Reference I ) provided the basic framework for planning the
majori ty of the flights . Three revisions were made to the document during the test
program to reflect significant changes to the overal l test plan , priorities , etc . These
changes were coordinated among the contractors and then discussed with NASA prior to
implementation. The discussions took place in meetings in which the contractors , NASAOperations, NASA Research , NASA IPCS Project Office , and the pilots were reoresented.The implications of the changes were discussed in terms of technical reasons for the
changes, effect on pilot workload, and potential schedule impact. Modifications to
the revisions were made during the cou rse of the meeting and the resulting changesIncorporated in the document . Changes to the scop e of the testing during the later
portion of the test were coo rdinated in a similar manner.
Prior to each flight or engin e run the on—site contracto r engineer s identified a tentativesoftwa re configura tion and specifi c test events . These were coordinated with engineers
at BAC and P&WA to provide a single set of require ments to NASA. Contract or engineersthen worked with the NASA IPCS Project Engineer to produce a set of event cards for the
run. From this point engine runs and flights were handled somewhat differently.

Prior to each flight a technical briefing was held to discuss the flight. Representatives
from NASA Flight Safety , Operations , Research, and the IPCS Project Office attended in
addition to the pilots and engineers directly involved in the flight. The discussions
covered the condition of al l airplane systems, the statu s of data processing , and the
availability of the control room and related equipment for the desired flight date. All
modifications to the IPCS hardware and software were discussed. The specific events for
the flight were discussed in detail and modified as necessary based on pilot inputs.
The day before the flight or day of the flight a crew briefing was held to review the
flight events. Changes were made to the events, as necessary, to take into cons iderationanalysis which was not avail able at the time of the Tech briefing . No changes were madeto the fli ght plan afte r the crew briefing . When lack of time required, the two brief iegs
were held together.

During the f l igh t , strip charts were monitored by contractor and NASA engineers. All
the engineers were able to co~~inicate with each other via an intercom. When It was
necessary to repeat or modify events during the flight, the requirements were coordinated
by the NASA IPCS Project Engineer and relayed to the pilot by the Flight Controller, who
was the only person able to talk to the pilot.
Formal pro-run briefi ngs were not generally held for the engine runs . If the proceduresfor a particular run were complicated, such as the noise measurement runs, briefingswere conducted prior to the run. During a ground run the attention of the crew can bedevoted entirely to the operation of one engine and the DPCU. As a result a greaterdegree of flexibility of test events could be mainta ined. Changes were made to the runcards up to the point of crew entry into the airplane and a great deal of flexibilityexisted during the run for event changes . As wi th the flight test a single NASAOperations Engineer conducted the test; howe ve r , the crew and all engineers monitoring
the run were on the same radio.

Afte r an engine run or flight a data request was prepared from the on-line data str ipoutsby contractor engineers . This request was approved by the NASA IPCS Project Officepr ior to the initiation of data processi ng to coordinate other requirements for data.
3.2 SPECIFIC TEST PROCEDURES

The specific procedures used for individual events are discussed in this section to assistin understanding the test results . A series of maneuvers was developed to explore the
operationa l limits of the prop ulsion system. Obviously there we re quite a number ofdifferen t events. There is no attemp t to discuss each one , but the more signi f icant
events are covered . The test vari ables which affect the engine operation are listed

20 

- -~~~~~~~~~~ -~~~-- -~~- --



— --- — —---—-—

--—

~

-“

~ 

~
- -

-- - 

- 

.r

In Table 3.2-1 along with a definition Of how each was controlled during the flight test program.
Four sense switches in the cockpit mounted Computer Monitor Unit , CMU, were used to select data
output , control modes , etc. Sense switch numbers were specified in terms of an actal number
(10, 4 2, 1 per switch from the left).

3.2.1 Seal Saver Turn (SST)

The SST was designed to subject the inlet to gradually increasing angle of attack up to the
airplane limit. It was defined as the following: an approximately 60° bank turn with increas-
ing positive pitch (back st ick) at a rate of approximately two g ’s per second, holding for
about two seconds at the alpha or normal load factor limit, whichever occurred first.

3.2.2 Yaw to 6 Limit

Yaw tests were conducted to subject the engine to different distortion pattersn. Baseline
flight testing indicated that the distortion was more severe if the inlet was on the leeward
side of the airplane. Thus the yaw transient consisted of a nose left sidesll.p to the beta
limit as defined in TO lflllE-l . Rate of Increase of sideslip was approximately 0.5°/sec.

3.2.3 Throttle Transients - Snaps and Bodies —

Snap transients and bodies consume a large amount of surge margin. A snap throttle transient
was a single direction throttle movement from first to second PLA at a rate corresponding to
less than one second from ground idle to nil. Conditions at the second PLA were stabilized
prior to the next snap transient. Stabilization is defined as follows:

Nil-Max
Max-Nil Nozzle area and fuel flow are stable
Idle—Max

Mil-Idle
Idle-MB Waft X seconds before next transient ,
Max-Idle X is defined in Table 3.2-2

A BODIE is defined as a transient Involving two throttle directions, I.e. , NIL—IDLE--NIL , In
which the engine is not stabilized at the intermediate throttle setting.

3 .2.4 Expand Cone to Stall
Manual Inlet control was used to evaluate the distortion contro l of bleeds and stall detection
features of the IPCS control . Sense switch 12 was used to activate the stall detection and stall
recovery detection loop . The cone angle was increased until the incrensing distortion caused
c~~ ressor surge. Following surge the inlet was returned to automatic control to clear the —

distortion. The specific procedure was as follows:

a. Select sense switc h 12
b. When stabilized on condition, set spike and cone

potentiometers to auto settings
c. Select MANUAL on cockpit mounted manual inlet control panel
d. Expand cone (02) slowly until stall occurs
e. Select AUTO on control panel as soon as stall occurs
f . Leave PLA for 30—45 seco nds

3.2 .5 AIrflow Pias

The airfl ow bias control , AFB IAS , was also tested using the manual inlet control . The cone - -

angle was increased to mismatch the Inlet relative to engine airflow and sense switch 10 selected
to activate the airflow bias loop :

a. When stabilized on condition , set spike and cone
potentiometers to auto settings

b. - Select MANUAL on control panel
— 

- . c. Increase cone angle by 1 unIt C — 2°)
d. Sense switch to 10, hold PLA for 15 seconds and

~~: ~ observe N? change.

L 

- _ _ _
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Table 3.2- 1 ENGINE PERFORMANCE VARIABLES

Var iable Control
Flight Condition -Altitude , Mach Specified on Test Event CardsAngle of Attack Nominal Cruise is unless Specified

on Test Event Cards
- 
. Yaw Zero unless Specified on Test

Event Cards

H T2 Uncontrolled
CADC On
Power Takeoff Both Generators On

Bleed Contro l
ECS Right Hand Engine Only7th Auto Unless Specified on Test- j Event Cards

Throttle Specified on Test Event Cards

Inlet Control Auto unless Specified on Test
Event Cards

DPCU Operation Power Turned on At Time Specified In
Test Event Cards , Left On
Unless Specified in Test Event
Cards

Engage Select Specified in Test Event Cards
Sense Switches Specified in Test Event Cards

Table 3.2-2 TRANSIENT STABILIZATION TIMES

X-STABILIZATION TIME - SEC
Alt (FT ) Mu -Idle Idle-Nil Max-Idle

0.5 , ~0.7 , 
~ 10000 7 7 10.9 J

0.8 30000 8 8 8
0.9 45000 8 35 8
1.4 50000 8 35 8
1.4 30000, 8 8 8

41000
1.06 22000 5 5 6
1.6 45000 5 5 6
1.9 45000 4 4 4
2.1 45000 4 4 4
2.3 50000 - - 4
2.47 54000 - - 4
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3.2.6 Stable Throttle Conditions

For the following events the L/H thr~
’ttle was held steady throughout the transtent:

Event Throttle S
SST (para 3.2.1) MIt. or above
YAW (pare 3.2.2) NIL or above a-
STALL (para 3.2.4) NIL or above
AFDIAS (para 3.2.5) Less than NIL -

The right hand engine was set as required to maintain Mach/Altitude. If s~ffi:fent thrust wasnot available to hold a flight condition , the event was conducted by starting at a higher Mach
number and slowing down to the desired condition.

3.2.7 Autothrottle

All autothrottle events were conducted either 1) by setting the cone pot on the manual Inlet
control (Mn comuar.d) to a desired value, sw-itching to sense switch 11 and stabilizing the
airplane or 2) by switching to sense switch 11 , stabilizing the airplanL , changing the cone pot
setting and s~abtlizing the airplane again.

3.2.8 650 K~ Climbing Acceleration

This airplane acceleration was conducted to evaluate the effect of bleed control on the time to
reach maximum Mach number.

a. Both PLA to Max. A/B
b. Accelerate the airplane at 650 KrS indicated airspeed from

Mach 1.6 to a Mach number where the airplane does not
accelerate or an engine stalls C 2.4).

-~ 3.2.9 500 KT Climbing Acceleration —

The 500 knot climbing acceleration was conducted to evaluate bleed control at high altitude
conditions.

a. Both PLA to Max
b. Climb at 500 KTS indicated airspeed to altitude limit

defined as the point where the rate of climb was small
in the pilot’s opinion.

3.2.10 Buzz

Inlet buzz occurs at low airflow. For sense switch 12 the normal mInimum airflow loop was
disabled to permit low enough airflow to encounter buzz. In flight 21 the RIM engine was used
to attempt to hold the flight condition. On subsequent flights both engines were retarded to
idle to provide a more representative buzz transient. -

Flight 21
a. Sense switch 16 —

b. LIlt throttle to Idle , hold for 30 sec
c. Use R/H PLA to attempt to maintain flight condition

4 Other flights
a. Sense switch 16
b. Both throttles to Idle, hold for 30 sec

3.2.11 Noise

The procedures used in the noise testing are described in Section 6.6.

3.3 SOFTWARE CONTROL PROCEDURES

Revisions C of both BONDIG and IPCS were completed on 23 June 1915. Documentation of this
software has been provided to the government as CDRI. AOOJ. The resulting punched paper
object tapes were checked out in the last week of Altitude Test. Softw a re Field
Change Orders (SFCO) required to make the released object tapes operable were defined
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during this checkout. During the Flight Test these SFCO’s and those defined during
Ground and Flight Test were incorporated into the 601 core contents in accordance with
the procedure defined in the following paragraphs. Figure 3.3-1 shows the sequence of events-H leading to incorporation of an SFCO in the softwa re.
3.3.1 SFCO Generation Procedure

SFCO’ s were generated to document any desired change to program software. The changes corr.cted
anomalies, tested new control designs, or output different data. The requirements for a change
were identified by contractor or NASA engineers. Change requirements were coordinated by the

- Contractor System Engineer. The Senior Contractor Engineer and NASA/DFRC Flight Systems Engineer
reviewed requests for changes and determined those to be coded. The Contractor System Engineer
coded the change and documented it on an SFCO form (Figure 3.3-2) includIng an engineering
description of the function of the change.

The Senior Contractor EngIne’~- and NASA/DFRC Flight Systems Engineer reviewed and approved the
SFCO for technical content arJ coding. As necessary. use was made of contractor engineers atP&WA, HI, and SAC for consultation. The SFCO was loaded intc memory using the teletype (TTY )
and the TTY printed record was annotated with the SFCO number, date, time, initials of operator
and other coninents. Open and/or closed loop testing as deemed appropriate was conducted toverify operation of each SFCO. Within four working days of incorporation, copies of SFCO’s
were forwarded to engineers at P&WA, HI and SAC for review.

3.3.2 Patch Tape Generation and Loading Procedure

-4 The Contractor System Engineer reviewed the Contractor Engineering Log and SFCO file to determine
which SFCO ’s wete to be included in the patch tape. The Senior Contractor Engineer and NASA/DFRC

-
~~ Flight Systems Engineer reviewed and approved the selection of SFCO ’s. The selected SFCO ’s

were documented by SFCO number and core location on an IPCS PATCH TAPE RECORD FORM, Figure 3.3-
- - 3. The documentation was verified by the Senior Contractor Engineer and NASA Flight Systems

Engineer.

ii The following were loaded into core by the Contractor Systems Engineer or designated NASA
personnel; the current program (IPCS or BOMDIG) and the coninunication and debug~ing program,
MEDIC , using punched paper tape and the high speed paper tape reader, and the contents of the

-~ SFCO’ s by TTY as described in the SFCO generation procedure . The memory locations specified in
the Patch Tape Record were verified correct per the SFCO File by comparison. A patch tape was
punched per the Patch Tape Record by the Contractor Systems Engineer or by designated NASA

H personnel . The memory was cleared, the patch tape loaded and the Contractor Systems Engineer
and designated NASA personnel verif led the locations specified in the Patch Tape Record line for

- 
line with the SFCO ’s. The Contractor System Engineer incorporated SFCO’s in the Software-

_ Maintenance Listing , and documented the tape punching in the engineer log and the IPCS Inter-
flight Worksheet and Removal Record. The tape leader was identified with the patch tapenumber from the Patch Tape Record. The Senior Contractor Engineer and designated NASA

- 
personne l verified that the correct nuater was on the tape leader.

- The contractors maintained workbooks - 1 for IPcS, 1 for BOMDIG containing the original SF00’srelevant to each program in numerical order and the original IPCS Patch Tape Record Forms.

3.3.3 IPCS DPCU Software Configuration Control Procedure PrIor to Flight

This r ocedure provided for configura tion control of the contents of the IPCS Digital Propulsion
Control Unit (DPCU) core memory.

-. 

Two modes of operation of the DPCU were recognized . TROUBLE-SHOOTING and FLIGHT. In both
modes of operation it was the responsibility of the computer operator to log DPCU activities in
the DPCU Supplement to the Aircraft Log and to date and annotate the DPCU teletype output in a

1 cogent manner. Any anomalies observed in DPCU operation , either software or hardware related ,were logged as squaw ks in the DPCU Supplement to the Aircraft Log and resolved per standard
NASA/OFRC procedure.
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FIgure 3.3-1 Software Change Procedure
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SOFTWARE FIELD CHANGE ORDER

TITLE OR PROGRAM (1) CHANGE NO. _ _ _ _ _ _ _ _ _ _ _ _ _ _  (4)

PROGRAM NUMBER _________  (2) LOG REF (5)
PROGRAM REV LETTER (3) DATE (6)

CHANGE REQ BY______________
REASON FOR CHANGE:

CHANGE:

CORE INSTR (ARG) OR ADDRESS
LOCATION LOC CONT OCTAL (MNEMONIC) COMMENTS

APPROVAL
CONTRACTOR _ _ _ _ _ _ _ _ _ _ _ _ _

NASA _ _ _ _ _ _ _ _ _ _ _ _ _

Figure 3.3— 2 SFcO Foyi
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Figure 3.3-3 IPCS Patch Tape Record Foru
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In addition to these general resDonslbilltles the procedures described below were followed in
preparing the DPCU for flight.

The fl ight mode started when the Senior Contractor Engineer , the NASA DFRC Operat ions Engineer ,Project Engineer , and Fl ight Systems Engineer had establIshed a flight preparation schedule for
the fl ight. The f light preparation schedule included milestones fo r completion of softwareload, completion of DPCU checkout , pref light engine proof run , and flight.

:1 The Senior Contractor Engineer verified with the Systems Engineer that all software requiredfor the proposed flig ht was incorpor ated on verified patch tapes or in the basic softwarerelease .

The Systems Engineer or designated NASA personnel performed the following :
r 1. Cleared core using MEDIC , residen t diagnostic utility routine

2. Loaded Basic Released Tape (e.g., BON)IG or IPCS)3 . Loaded MEDIC
4. Loaded verified Patch Tapes in sequence of generation

With the exception of MEDIC all tapes were required to read smoothly and cease reading at thelast punched location. The MEDIC tape read through to the end of the paper tape. A load failureof any tape aborted the process. In case of a load failure the process was restarted with step 1.Load failures were logged. The loading sequence was logged in the DPCU supplement and theaircraft log and witnessed by NASA DFRC Quality Assurance . A verified load of tapes resultedwhen a HI released tape and one or more patch tapes generated per Patch Tape Generation Procedurewere loaded per the Flight Mode load procedure without failure indication .

Final verification of flight software was then achieved by running the sequence of hanger andengine run pad tests described In Section 3.4.

The trouble-shooting mode was entered anytime the flight mode was broken by either breaking the
- tape load sequence or the reconnecting the Computer Control Unit, Ccli, after disconnecting Itin the flight mode sequence.

In trouble—shooting mode the systems engineer or his designate modified core contents to anconfiguration suitable to the test activity underway. Test activities were coordinated witthe Senior Contractor Engineer and NASA Operations, Systems, and Project organizations.

In the trouble-shooting mode documentation of core contents was maintained by writing SFCO’sdefining all modifications to the control program (IPCS or RONDIG) with the exception of t~~orarychanges to small numbers of locations (less than 3). The teletype printout, comprising a- - complete record of act lv lties ,was dated and freq uently annotated with time of day and explanatory— remarks . All SFCO ’ s Incorporated were identified by number. All activities were recorded inthe Boeing Log. Squawks, in addition , were recorded in the DPCU supplement to the aircraf t
log. Flight mode was only entered from trouble-shooting mode at Step 1 of the flight modeprocedure.

3.4 SOFTWARE TEST PROCEDURES

Software test procedures fell into two categories:

1. Formal system testing following a flight mode load of the software ,
2. Informal testing used to open loop verify software modification prior

to formal system testing.

3.4.1 Formal Testing

Formal syst em testi ng was performed following completion of a formal flight mode load of theprogr . If the configu ration loaded was one already verified by an engine verificati on rwsthe standard preflight procedure was performed in the hanger. This verified cor rect operationof all DPCU I/O syst s and transducer s . After pilot entry and left hand engine start the DPCUwas engaged and the following series of engine transients was performed to assure safe operationof the engin, during take-off:
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Idle—~ Nil
Ni l Idle
$11 • Zone 3
Nil Max

-~~ Max — - M 1 l
Id le—* Max
Max Idle
Manual disengage In afterburning

If the configuration loaded was not already verified by an engine veri?lcatlon run, a brief
series of DPCU health checks was performed in the hanger verifying OCU abil ity tc ~rack and
engage , and reasonable behavior of all inputs and outputs . Where possible new functions —

incorporated in the software were rechecked at this time. The airplane was then taken to an
engine run pad and all new funct ions testab le on the ground ware demonstrated wi th the engine
running and DPCU engaged. After comp letion of these tests the standard set of engine transients
tabulated above was performed to verify correct engine operation during takeoff. In addition,
trim at idle , mu , and Max was checked by comparison to previous ground run data.

After return to the hanger the software was completel y reloaded and the procedure described
above for use with verified software was followed. Thus, In addition to on line review of
engine verification run data , a period of time was available for detailed review of these data

• pri or to flight .

3.4 .2 Informa l Testing

Informa l test ing was performed on SFCO ’ s prior to their inclusion in patch tapes to verif y
their correct function . Th is testi ng was b sed on a review of the SFCO fuectional requirements.
Open 1oop tests were devised to verify changes in schedules with tab le checks, etc.. appropriate
to the SFCO. As the lab DPCUSPTSU setup became available after repair of the OCU V2 these
tests became both more saphi~ticated and easier to perform. As a result,more ambitious changes
were possible with less risk to airplane hardware and less Interference with aircraft test
activities.
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4.0 TEST CONFIGURAT rOM

The fol lowing paragraphs describe the hardware and control configuration at the beginning of
the flight test program. Appendix A defines the changes on a flight by flight basis..

4.1 IPCS HARDWARE INSTALLATION

The IPCS system was installed in an F-111E for the flight test (Figure 4.1-1). Figure 4.1-2
shows the interconnection between the IPCS components and the airplane. The conf iguration is
def ined in deta il In Reference 3.

4 .1.1 Cockpit Installation

The DPCU was controlled from the cockpit with the computer monitor unit (CI4J), (Figure 4.1-3).
The CP~J is used to select either the IPCS or the backup hydromechanical control. lights display
control information (see Table 4.1-1). Four sense switches and three pots supply on line
In formation to the computer. The pots were used initially to provide the trim functions in —the IPCS and BOMDIG mode which are normally performed in the hydromechanical control. During
the noise testin g (section 6.6) these pots were used to vary control parameters on-line.
The manual inlet control panel (Figure 4.1-4) provided additional on-line input to the computer.A switch selected manual or automat ic inlet operat ion . In manual the two pots supplied comnands
for the inlet control . The guages displayed inlet position regardless of the switch position.During the later portion of the test program the pots were used to vary control parameters such
as the Mach number ca~~nd to the autoth rottle and bias to the ~43 loop.
4.1.2 Inlet Hardware

The hydrcmechantcal inlet controller was replaced with an electromechanical module. The
hydromechanical inlet pressure rotlo dnd position feedback sensors were replaced with electrical
transducers. Four distortion probes were added to the 40 probe compressor face instrumentation
rake system (Figures 4.1-5 and 4.1-6). The installation of the pressure transducers and the
required changes to that Instal lat ion are discussed in section 7.4. One of the 40 kulite
miniature transducers in the rake was used to provide buzz and turbulence signals to the DPCU.

4.1.3 Engine Hardwa re
The major engine modifications were made to the diffuser and fan case for incorporation of the
four (4) new P3 total pressure probes and four (4) PS3 static pressure ports. In addition to

L th. actual engine modifications, which included the necessary plumbing for the above probes,
-: external hardware was also modified or added to the basic engine. This included a P22-T22

combination probe installed in the existing borescope hole at the exit from the low compressor,
two (2) tachometers for measurement of the low (Ml ) and high (P12) compressor speeds, the

-
~ modified main and afterburner fuel controls and the transducer box assembly used to house the

pressure transducers and ther mocouple cold reference junction probes.

The IPCS components and their part numbers which were tested on the engine are noted In Table
4.1-2. Figures 4.1-7, 4.1-8 and 4.1-9 show the engine installed in the airplane.

4.1.4 DPCU Hardware

In addition to the CMU, the DPCU consisted of the power supply (PSU VI) the digital computer(Dcli Vi ) and the interfa ce unit (IFU V l) . These units were installed in an insulated box which
was shock mounted in the weapons bay (Figure 4.1-10) alongside the NASA instrumentation
package.

t..
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Table 4.1-1 cIIU LIGHT FUNCTIONS

Light Function

PWR DPCU Power On

TRACK DPC(J control meets requirements
fo r engaging -:

ENGAGE SEL Pi lot has selected DPCU control

DPCU ENGAGE DPCU is in control

-‘ BACKUP One sensor has failed , synthesized
signa l is being used

FAULT The DPCU has failed specific tests
such as two sensor failures or PLA
> 69° when not engaged (Volume
II , Table 2.3-3 defInes the failures
which cause a fault l ight ). When the
fault light is set the DPCU cannot be
engaged . If it is engaged it will
disenqage .

Table 4.1-2 MAJOR ENGINE IPCS COMPONENTS

IPCS Components P-676627 Engine

- -
- 

CJ-Ul Main Fuel Control P/N 749008 S/N 200874

M-Rl Afterburner and P/N 749009 S/N 1874
Exhaust Nozzle Control

Transduce r Box Assembly P/N 724790

P3 Pressure Probes P/N 724786-300

Ml Tachometer P/N 751103

N2 Tachometer P/N 751103

P22-T2~ Combination Probe P/N 724784-300

Electrical Harnesses
Main Fuel Contro l P/N 724792
Transducer Box P/N l5llC.8

• Afte rburner Control P/N 751169
- -

- Thermocouple P/N 751170
Ml Tachometer P/N 751240
Afterburner Contro l P/N 751302
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4.2 BASELINE CONTROL CONFIGURATION

Figure 4.2— 1, -2, and -3 depict the IPCS baseline control configuration. Wit h a few exceptions,
discussed below, this corresponds to the configuration with which flight test started. The
drawings are derived from those in the Honeywell ICD,Reference 2. The reader is referred to
that document for detailed schedule data and for computational and logical details deleted here
in the interests of clarity .

4.2.1 Inlet Control

As described in Reference 2 (HI lCD) the hydromechanical inlet control and sensors were replaced
with IPCS components. The resu lt ing system Is depicted tn Figure 4.2-1. The bill of materials
(BUN) Inlet control consisted of open loop positioning of the spike and cone as a function of
the local Mach pressure ratio (PRLM) and the duct exit Mach pressure ratio (PRUEN). BONDIG
duplicates this control. The IPCS inlet control included the BUM control plus three additiona l
modes, A/B anticipation , AFBIAS, and distortion adjustment to inlet positioning. Of these

- I modes, only A/B anticipation was active during the flight test program. Both the BUN control
modes and A/B anticipation functioned correctly.
4.2.2 Gas Generator Control

The IPCS control is an tsochronous,integral, high rotor speed governor, feedback limited by
various parameters. Control errors for high rotor speed and the limiting parameter3 are
computed and compared In the select logic. The select .logic identif ies the appropriate control
error and Inputs it to a ser ies integrator, isochronous control , whose output is gas generator
fuel flow conanand. The following paragraphs describe the control modules depicted in Figure
4.2-2.

4.2.2.1 N2 Governing — Loop 7

Base N2 request is a function of PU. Provision is made to automatically set N? request to
idle In case of blowout or stall. The base N? request is modified as a function of c~~ressorface pressure and temperature. Differen t schedules are provided for dry and augeented operation.• The resulting N2 request is compared to a minimum (idle) N?, scheduled as a function of airplane
Mach number and compressor face total temperature, and the greater of the two is selected as
requested $2. Requested $2 is differenced with actual N? and the resulting $2 error Is compensated
by a first order 10 to 1 lead lag whose pole location is scheduled on burner pressure, effectively
cancelling the open loop real pole asso ciated with the high rotor. The resulting compensated

• error Is input to the ioop selector switch , see SectIon 4.2.2.11. A normalized $2 error,
CERN2. is also generated and Input to the select logic for control of the loop select switch.
4.2.2.2 Minimum Airflow - Loop 8

The minim um airflow loop is a governing loop intended to control flight idle , primarily to
maintain inlet airflow above the buzz threshold. The idle N? schedule in the $2 control Is
lowered relative to that in the BUN control to permit operation on the minimum airflow loop.
Engine total airflow corrected at station 2 Is computed based on Ml corrected to station 2,
EPR, and Reynolds Index. This parameter, used elsewhere in the control , Is differenced with a
mini*na airflow request scheduled on airplane Mach number. The resultin g error is normalized
for Input to the select logic and multiplied by a gain scheduled on burner pressure for input
to the loop select switch.
4.2.2.3 Low Compressor Exit Mach Number (Mach 22) - Loop 9

The Mach 22 loop is intended to prevent finamout during engine deceleration due to excessive
fuel reduction requested by the $2 loop. StatIon 22 Mach number Is computed from th. diff erentIal
to static pressure rat io at station 22 and differenced with a reference scheduled on low rotor
speed corrected to stat Ion 2 and Reynolds Index. A bias is provided for operation fol lowin g an
A/B blowout. The resulting error is normalized for use in the select logic and multiplied by a
gain scheduled on burner pressure to provide a control error for input to the ioop select

• 
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4.2.2.4 MinImum Fuel Flow/Burner Pressure (Wf/Pb) - Loop 10

The minimum bit/Pb control serves the same function as the Mach 22 control , decelerati on transient
lim iting. The set point of 10 RU, the same as used in BUN control , Is differenced with actual
Vt/Pb and the re~.i1ting error processed into the select logic as in the other loops . —

4.2.2.5 Buzz Loop - Loop 11

The buzz loop acts as another decel limitin g loop using the logic described in Paragraph 6.5.1.
4.2.2.6 High Compressor Exit (Mach 3) - Loop I
The Mach 3 loop, the first of six so called topping loops, limits fuel flow during acceleration
transients to prevent engine (high compressor) stalls. Mach number at the high compressor
exit , determi ned from dlfferenttal and static pressure at station 3, is differenced with a
reference scheduled on $2 corrected at station 22 and Reynolds Index. The schedule is selected,
ideal ly at least, to parallel the stall line with sufficien t offset to prevent stalls due to
controller error. In practice the baseline Vt/Pb schedule , see Section 4.2.2.11 below, prevented
approach to the stall line so that operation on the ~~ loop was achieved by moving either the
bit/Pb reference or $143 reference. The PM3 control error, once generated, is nor.slized and
amplified in the same manner as other loop for use in the select logic.
4.2.2.7 Turbine Inlet Temperature (14) - Loop 2

The 14 loop limits 14 during both accel s and steady state operation to protect against engIne
overt e~eratu re. The loop error Is formed from 14 synthesIzed , calculated from 12, 13, WFGS,
and $143, and a T4 reference computed from the engine dynamic t~~erature l imi t , 2640 R, corrected
for inlet temperature. Again ,the error is processed Into the select logic in the same manner
as the other loops .

4.2.2.8 MaxImum Airflow - Loop 3

The control l imits engine airflow to prevent high airflow creati ng excessive inlet distortion.
The maximum allowable corrected airflow scheduled on airplane Mach number Is differenced with
corrected airflow already computed for use in the minimum airflow loop and the resulting error
is process ed as indicated in Figure 4.2-2 for use in the select logic.

4.2.2.9 MaxImum Ml - Loop 4

The maximum Ni loop protects engine structural integrity by controlli ng Nl to the 1.0. limit.
Ni is differenced with the 1.0. limit, 10,500 RPM, and processed for use in the select logic.
XPOLE compensation on the control error stabilizes the loop.
4.2.2.10 Maximum 142 - Loop 5

This loop Is identical to maximum Ni except $2 Is controlled to its 1.0. l imit of 15,300 RPM. Both
the Nl and $2 max loops are overdamped by design to prevent overspeeds.

4 .2 .2 .11  Maximum Fuel Flow/Burner Pressure (Vt/Pb) — Loop 6

The BUM control limits Ut/Pb open loop during engine accels to prevent stalls and l imit transient
turbine inlet temperature. The IPCS control uses the BUN schedules in a closed loop mode. The
bit/Pb reference Is scheduled on 142 and 12 and shifted by a fixed bias. The bias was used to
match IPCS and BUM results and shift the Vt/Pb maximum loop relative to the $143 loop . The
reference is differenced with sensed Vt/Pb and the error processed Into the select logic In the
same manner as the other loop errors.
4.2 .2.12 Select Logic

- 
- - The select logic determines wh ich of the 11 loop errors c~~ ands engine fuel flow. The selection

- - -.. •- Is based on the relative magnitude of the normalized unccmpensat.d control errors. The first
select maximum compares the N? normalized error to the normalized errors of the bottoming loops
in order to establish a lower error constraint. This error is then compared to that for buzz,
see SectIon 6.5.1. The resulting lower constraint is compared to the topping ioop errors In
the select minimum checUng for upper contraints on the control . The loop selected by this
process is identified by number and output as XLOOP. XLOOP controls the se lector swi tch to set

- - the control error , DER , equal to the error associated with the selected loop.
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4.2.2.13 Fuel Flow Camuand

The control error, DER, is passed through a variable gain , reducing gain by an order of magnitude
in the secondary manifold tr ansition region in orde r to improve stability margin , to the fuel
flow camumnd Integrator. Fuel is delivered through two sequenced manifolds . The primary
flaws at all delivery rates, the secondary transistions on between 1000 and 1300 pph. The
volma~ of the secondary manifold creates a vari able time delay In manifold response when fuel
flows are in the 1000 to 1300 pph range . The variable gain was removed , in order to improve
accel performance, without incurr ing any significant stability penalty . When the IWCU Is not
engaged the output of the fuel coemand Integrator Is set equal to the current sensed fuel flow
to provide smooth engage transients.

4.2.3 Afterbu rner Control

The afterburner control maintains suppression, P6$/P2 , through modulation of zone fuel flows
and nozzle area. Fuel flow and nozzle area are open loop scheduled on PLAP, a rate limited and
logically constrained variable linearly related in steady state to Pl.A. Suppression errors
relative to the nominal map are corrected by a proportional plus integral control modulating
nozzle area , or fuel flaw If nozzle area is saturated . PrefI ll and sequencing logic , depending
upon the fixed rate advance of PLAP ,opens zone control solenoIds in anticipation of entering
the relevant zone during snap acce ls , thus permitting more rapid transients.

4.2.3 .1 LIght Off and Blow Out Detection

Differencing the airflow request, scheduled on P6M/P2, with corrected airflow and normalizing
by the request creates a normalized airflow error W2ERQ. The derivative of this variable is
used as an indicator of sharp A/B perturbations, light off and blow out, by comparis on to
references scheduled on fan corrected speed. LOPERN, the light off indicator , is tripped by the
W2ERQ pulse and latches prov ided the zone 1 sol enoid , SOV1 , is on. BOTRIG, the blowout indicator,
is tripped by the W2ERQ pulse , provided LOPERM is true, and latches if eithe r SOV1 or ABPERM,
see Section 4.2.3.2 , is true.

4.2.3.2 PLAP Control Logic

The intermediate variable PLAR , from which PLAP is generated , is held equal to zero by ABPERM,
until gas generator operations approach steady state mi l. A8PE!~4 Is set if N2 Is within 5% of
set point , the control is operating on a steady st ate governing loop, and PLA is greater than690. Settin2 A8PERM permits PLAR and thus PLAP , through the rate limited tracking lag, to
advance to I opening the zone 1 solenoid and Init iating ligh toff provided BOTRIG is fa lse.
L0PE~~ follows LOPERM by a .24 second delay to permi t the nozzle to unlock. LOPERMO going
true switches the PLA input from 1. to PLA-69° and engages the prefiil and sequence logic which
sequences PLAP to 510 sub Ject to various constraints. If at any time BOTRIG is set PLAP retards
to 0. at 51°/sec due to the contined act ion of BOTRIG and LOPERMO. Note that LOPERMD introduces p

a delay on the 0 to 1 transitIon only. - -

The prefill logic computes the time required to fill the zone manifold based on the engine
airflow and the fuel/air schedules and, recognizing that OPLAP is 15°/second , computes the zone

- advance angle to permit prefi ll ing the manifold. The logical variables KZ2 and L22 Identify
respectively that PLAP has passed the zone threshold, and that PLAP or PLAR has passed the zone
threshold and that PLAP plus the zone advance has passed the zone threshold.

The sequencing logic opens the zone 2 solenoId if 122 is true then checks KZ2 to determine
whether the solenoid was opened due to prefill requirements or not. It prefill requirements
are not invo lved PLAPA is advanced to 15.30 If PLAP is greater than or equal to 15.3° or set
equal to PLAR if PLAR is within zone 2. If prefill requirements are involved, KZ2,false, the
elapsed time filling zone 2, Z2T, is computed by integration and the logical variable DR is set
if 221 is greater than the manifold fill time and PLAP Is up to the zone 2 threshold. Until
this test is passed PLAPA holds at or below 7.6° (zone 1). Once the test is passed PLAPA is
allowed to respond to PLAR. If LZ2 Is false the zone solenoid coemand is reset and NFT2,
FIOF11, and 221 are initialized and PLAPA is limited to 7.6° .
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The sequencing logic for zones 3, 4, 5, is similar to that for zone 2 except that the
zone solenoid opening is delayed by an amount, DELAY I , equal to the time required to
complete fining the previous zone plus the time for PLAP to advance across th~ ;—reviouszone minus the zone prefill time. One degree hysteresis is provided on Zone 2 , 3, 4,
and 5 solenoid controls to prevent l imit cycles at the zone boundaries.

PLAPA , the output of the sequencing logic, drives PLAP through a rate limited lag . PIAP
advance is inhib ited If the engine Is oversuppressed, W2ERQ > .05.

4.2.3.3 Suppression Control

PLAP , In combination with the zone solenoids , opens the exhaust nozzle and increases A/B
fuel flow according to nominal open loop schedules. Fuel con.nands are scheduled in terms
of fuel/air ratio and multiplied by core or duct airflow as appropriate. A specific
gravity adjustment is provided prior to the error sumatlon for the fuel metering valve
servo loops.

Suppression control is provided by control of airflow error,WA2ERR. v~A2ERR is conditionedby a proportional plus Integral network and added to the base area request to modulate
the nozzle. Logic is provided to reset the integrator during dry operation. When the
nozzl e satu rates , nozzle area request greater than AJ MAX suppression control is provided
by modulating PIAPFA and thus zone fuel flow through a rate limited lag . One degree
hysteresis is provided on the AJMAX comparison to prevent limit cycles .
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5.0 INSTR1RIENTATIO~I

Two different data sources were used throughout the flight test program these were the DPCU and
NASA instrtj nentatlon largely originating with the baseline flight test.

5.1 NASA INSTRUMENTATION

5.1.1 Airplane

A primary purpose of the NASA Instrumentation was to determine the airplane condition for each
test event. Tab le 5.1-1 lists the airplane variables recorded. In addition to the items on
the list , various power suppl y voltages were monitored as well as electronics temperatures and
the main airplane 400 Hz power.

5.1.2 Inlet

The inlet instrumentation consisted of distortion measured by a 40 probe high response compressor
face rake system. Inlet geometric position was measured by the DPCU. Figure 5.1-1 shows the
locatton of the compressor face probes. Each probe has a closed coupled Kulite AP transducer.
One transducer Is isolated from the NASA Instrumentation system for turbulence and buzz sensing.
It Is both energised and monitored by the DPCU. The remaining 39 transducers are energised by
NASA instrumentation , their outputs are recorded for offi tne distortion computation and are
input to an on—li ne , on board distortion computer which calculates and outputs ring KD for each
of the five (5) rIngs and total KD (reference 3).

The rake is designed to compensate for the transducer zero shift due to temperature (Reference
4). The rake mechanicall y switches the reference pressure to both sides of the transducer to
provide zero AP. The zero correction is applied to the pressure levels in the off-line data
processing program and in the distortion computer . The rake zero was normally operated every
minute for approxImately 2 seconds using an automatic zeroing system . The pilot also had the
capability of manually activating the rake zero.

5.1.3 Engine

The airplane previously had been instrumented for baseline testing in which the DPCU was not
available as a source of engine data. Thus a substantial amount of NASA engine instrumentation
was available. Table 5.1—2 lists the engine variables being measured . The only instrumentation
on the right hand engine was Ni , N2, and EPR.

5.1.4 Exhaust Profile Rake

As part of the noise testing (Section 6.6) the exhaust total pressure and total temperature
profiles were measured using a NASA/LeRC rake. The rake mounted behind the airplane (Figure s
5.1-2 and ~5.1-3) and traversed across the nozzle. Most of the measurements were made at the
vertical centerline. Measurements were also made at +6 inches from the centerline. The rake
as used at NASA/LeRC consisted of a gas sample probe, three unshielded rhodium/iridium thermocouples,
and a total pressure probe. In an effort to provide more accurate total temperature data a
platinum shield was placed over one of the thermocouples and a shielded platinum/iridium thermocouple
was placed In the gas sample probe (Figure 5.1-4). As expected,neither of the shielded thermocouples
functioned for long , but data were recorded to use as a calibration for the unshielded thermocouples.
Heat damage occurred to all the probes (Figure 5.1-5). The short probe above the gas sample
probe is the total pressure probe. The unshielded thermocouples at the top and bottom continued

— to function throughout the test as did the total pressure probe.

5.2 CONTROL INSTRUMENTATION

The DPCU serves as a large source of data on inlet and engine operation. In addition to the
output of control sensors, the DPCU was capable of providing calculated variables from the
controller. These data were used as the major information for control evaluation. A total of
59 variables were output at 20 samples per second (SPS). Table 5.2-1 lists the variables for
the early flights. Those variables listed as sensed are the output of control sensors while
the remainder are calculated in the DPCU. Certain variables are different between the BOMDIG
and IPCS control modes as identified in the table. During the later flights it became necessary
to modify the list of data output from the DPCU for special testing, but most of the initial 59
variables were output for the entire test program. In addition to 59 variables 11 channels of
analog data were available. The analog data were updated in the DPCU at 33 SPS and recorded on
the PCM main coin at 200 SPS. These data were used primarily for online stripouts. The variables
output on the analog channels were controlled with the CMU sense switches. The variable list
associated with each sense switch was changed periodically to provide data of Interest for a
particular test. -
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Table 5.1-1 NASA AIRPLANE INSTRUMENTATION

Angle of Attack , cx
Yaw Angle , 8
Altitude

Airspeed

Freestream Total Pressure

Freestream Total Temperature

Wing Sweep

Fuel Quantity - Forward , Aft , Total

Tabl e ~- l -2 NASA EN GINE INSTRUMENTATI ON

L/H Engine

Low Compressor Exit Static Pressure , PS22
High Compressor Exit Static Pressure , PS~STurbine Discharg e Pressure , P6M
Power Level Angle , PLA
Low Rotor Speed, Ni
High Rotor Speed, N2
Engine Pressure Ratio , EPR
Engine Fuel Flow , Wfe —

Total Fuel Flow , Wft
Nozzle Area , Aj

- ; Compressor Face Temperature* , T2
High Compressor Exit Temperat ure*, T3
Computed Turbine Inlet Temperature* , T4
Turbine Exit Temperature*, 15
Fuel Temperature
7th , 12th , and 16th Stage Bleed Position
A/B Fuel Manifold Pressu re s

R/H Engine

Engine Pressure Ratio , EPR
Low Rotor Speed, Ni
High Rotor Speed , N2

*from the BOM Harne ss
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Table 5.2-1 DPCU OUTPUT VARIABLES

Sensed Low Rotor Speed, N 1S
Sensed High Rotor Speed, N2S
Sensed Turbine Exit Pressure , P6115
Sensed High Compressor Exit Static Pressure , PS3S
Sensed High Compressor Exit Total Pressure, P3S
Sensed High Compressor Exit Differential Pressure (P-PS)3S- t Sensed Low Compressor Exit Static Pressure, P522S
Sensed Low Compressor Exit Total Pressure, P22S
Sensed Low Compressor Exit Differential Pressure (P—PS)22S
Sensed High Compressor Exit Total Temperature, T3S -Conranded Fuel Flow, WFG (Channel not used in BONDIG)
Sensed Compressor -Face Total Temperature, 12$
Sensed Low Compressor Exit Total Temperature. T22S
Sensed Transducer Box Temperature , TJBS2A
Sensed Nozzle Area Feedback Pulley Position , AJPS
Sensed Main Fuel Valve -Position, WFSS
Sensed A/B Metering Valve Positions (5 Zones), WFZ1—WFZ5
Sensed Nozzle Servo Valve Position, AJPSV
Sensed Power Lever Angle , PLAS
Sensed Distortion Pressures - (4), PKDAS -PKDDS
Sensed DEN Total Pressure , POEMS— 
Sensed DEN Static Pressure, PSDEMS
Sensed IN Total Pressure, P1115 —
Sensed LII Static Pressure, PSIMS
Sensed Spike Position , X~ LS
Sensed Cone Position, THETAS
Buzz Indicator, IFU BUZZ
Comnanded Spike Position, SPKCON
Conunanded Cone Position , -C~ICONComnauded Main Fuel Flow Rate of Change, DER (Comnanded Fuel Flow, WFG in BONDIG)High Compressor Exit Mach No., 111135 (~~P/P In BONDIG)
Low C~~ ressor Exit Mach No., t~ 22S (~~P/P in BOI4DIG)
Steady—State Distort ion, ZKDS (Not Available In BONDIG)
Airflow Bias , AFBIAS (Not Available in BOPIDIG)
Compressor Face Corrected Airflow , WAT2SX (Approximate Corrected Flow in BONDIG)Turbulence, TUS -
Control Loop Number, XLOOP (Not Available in BONDIG)
Airplane Mach Number from CADC, 11145 —

Angle of Attack from CADC, ALPHAS
Discrete Word #1, DISO1
Discrete Word #2 , 01S02
Discrete Word #3, DISIN1
Synthesized Turbine Inlet Temperature, T4SYN (Not Available in 8011016)Distortion Tolerance, MAXTOL (Not Availab le in BOMOIG)
Compressor Face Total Pressure, P2S
Power Supply Tolerance Flags, DYT1
Transducer Failure Flags , OVT2
Total Afterburner Fuel Flow, WFAB
Corrected low ~otor Speed, Ni / v12Corrected High lotor Spaed,142/ V~~~ (Corrected to Station 2 in 8014016, N2/ 4!)
Gas Generator Ratio Units, WFGVPS3
Rumble Detector, IFU R IIIBL.E 
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5.3 DATA ACQUISITION AND PROCESSING

Two diffe rent f requency response ranges of data were required. High response (1000 Hz) Inlet
distortion data were recorded using an FM multiplex system and processed by Boeing. Lower
response data, largely less than 10 Hz , were recorded using a NASA PCM system. These data were
processed both by NASA and the contractors .

5.3.1 Data Acqutsttton

The majo rity of the data ,mre recorded using the PCM system. Only the compressor face pressures
and the outputs of the distortion 

- 
computer were recorded usin g the FM system . Table 5.3-1 shows

the FM channel assignments. Both PCN and FM data were recorded on a single AR700 tape recorder
with the PCN data recorded on tracks 5 and 7 and time code on track 3. All of the data recorded
on RI were also recorded on pai to prov ide quicker turnaround of Information not requiring high
frequency response . Figure 5.3-1 illustrates the data flow. —

The DPCU data ware recorded on the PCM. Because the DPCU data are 16 bit words and the PCM
system is 10 bit , uth DPCU word was spilt Into two PCN words with the other two bits serving

LI as sync bi ts. The interface between the DPCU and the PCN system was provided by a NASA Interface
box built specif ically for this purpose. This interface ts described in Reference 6 . A few
problems developed during the initial checkout of the PCN interface (Reference 5 ), but no
major changes to the system hardware were required. The analog channels were used primarily
for on-line stripouts to evaluate system operation. During the ground runs the analog channels
ware available directly through the use of the TSU GSE Monitor Panel .

On all the f lights and In general during the ground runs,the PCM data were recorded on a second
ground based tape recorder in addition to the on-board recorder to serve as a backup in the
event of on-board recording prob lems .

5.3 .2 On-Site PCM Processing

The PCN data served two purposes on-site . During a fli ght the data were telemetered to the —

ground, converted from dig ital to analog signa ls and displayed on stripchart recorders and
lights for on—line monitoring of the flight. After the flight the data were decommitated and
processed to produce printed data and tapes for off-site processing. FIgure 5.3-2 illustrates
this procedure.

The on-line display of data consisted of 14-8 channel stripchart recorders, 4 in the control
room and 10 In an adjoini ng room. This provided good visibili ty of the operation of the engine
and controller. Because the DPCU data were recorded as two 8 bit words per DPCU work, only the
most significant or least signi f icant 8 bits cou ld be displayed on a sing le channel . In
addition to the st rlpchart display , l ights ware used to display discrete data. A panel was
used to display the CMLI lights and a series of lights shamed the position of the various solenoids,
sensor failure indicators, and the IPCS loo p indicator, XLOOP.

The processing of digita l data required a series of separate steps to be completed in sequence.
The on-l ine str ipouts from the flight mere used for data editing.

The data request include d the times of Interest and desired s~~ 1e rates . The data tape,
recorded during the flight , was processed by the sane decaimaitation equipment that is used
during the flight for the stripouts. This processing produced a tape containing data for the
specified ti.. Intervals in a format that was compatible with the CDC CYBER computer. This
step at times created same del y due to interference betmeen the need for the equi snt for
flight support and data processing.

— 

The fomatt*d data tape was ron through a cal ibration progra, using a co~~inatian of pro-
selected calibration cur ves and data from the pro- and post-flight calibration of NASA trans-
ducers. This program produced two engineering unit tapes - a ~ track tape for vie at DFRC and
a 7 track tap. for processing at Boeing.
The last step In the process was to run the program to generat. the printed data . Initia lly an

-• existing NASA program mas used to print th. data. After flight 14, the Boeing transient data
;~~ 

- processing prog,ma (pars 5.3.3)  was rewritten to be compatible with the NASA system. This
~~ gram roduced the n4~~er pages of printout ~ more than 40% and provided an ou~ ut format - -.

more compatible with the desired use 0? the data.

M
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Table 5.3-1 FM CHANNEL ASSIGIO(NTS

Tape Recorder:
Type ~~ex WOO14 Bota tracks

- :  15 loch-per second
1.5 hr recording time

PCM System
Serial Dutput to tape on tracks 5 and 7
Time Code Trick 380 -Clmunels psr tru e
10 bit per word

• l60kbit rate

PARAMETER VCO CENTER FREQ. BAND EDGE AR700 Tape CH
PCFO1T 32 kc 28/36k cPCFO21 48 44/SZkc
PCFO31 U 6o/68kd
PCFO41 80 76/84kc
PCFO51 96 92/lOOkc

PCFO61 32 kc 14• PCFOI1 48
PCFO81 64
PCFO12 80
PCFO22 96
PCFO32 32 kc 12PCFO42 48
PCFO52 64
PCFO62 80

• PCFO72 96

PCF082 32 kc 10PCFO13 48
PCFO23 64
PCFO33 80
PCFO43 96

PCFO53 32 kc 8PCFO63 48
• PCF073 64

PCFO83 80
PCFO14 96

PCFO24 32 kc 6PCFO34 48
PCFO44 64
PCFO54 80
PCFO64 96

PCFO74 32 kc 4PCFO84 48
PCFOJS 64
PCFO25 80
PCFO35 96
PCFO45 32 kc 2
PCFO55 48
PCFO65 64
PCF075 80
PCFOS5 96

lCD 32 kc
KD-a 48
lCD-b 64
lCD—c 80
KD-d 96
lCD-. 112

Peak Detector 32 
- 

28/36kc 11
Naferenco Pr.ssure 48 44/S2kc
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5 .3.3 Contractor Processing of PCN Data

Off-line processing of the PCM data was performed at Boeing and P&WA (Figure 5.3—3). The data
tape from NASA was first processed by the transient prog ram. This program refor mats the dita
to be road by the CX 6600, computes a number of parameters and outputs the recorded and computed
data. Reference 7 describes the program in detail. Microfilm Is generated for long term data
storage and transmittal to the government. The program printout is recorded on magnetic tape
for use in a P0111 for plbtttng, as Input data to the steady-state program, and as a data
source for PIWA. Magnetic tape was selected for the data transmittal to P$WA to simplify the
use of plot programs and to reduce the volume required for paper printouts. The use of microfilm
would have delayed data transmittal to P&WA.

At PIWA the tape data was read onto microfilm and then plotted using standard plot programs .
Many of the plots presented in Section 6.0 were generated using the P&WA plot program.

5.3 .4  High Response Data Processing

The FM data wore demultip lexed and digitized at Boeing. Figure 5.3-4 shows the data flow for
the processing of the analog tapes . The typical data s~~ le was a 200 mIllisecond interval
centered about an event such as a period of high inlet -distortion or compressor surge. The
analog signals were low-pass filtered (3 dB at 160 Hz) to retain only the frequency range of
sig nificance to the engine. The data were digitized at a rate of 1000 s~~ les per second and
recorded on tape in a forma t compatible with proce .sin g on the 6600.
The 6600 program applies the calib rations from pre and post flight data , corrects for zero
shifts based on the flight data for rake zero , computes distortion , and generates a plot tape
and data printout. Figure 5.3—5 shows a typical high response time history.

5.3.5 Data Processing Evaluation -

On the whole the data processing scheme described In the preceeding paragraphs worked ree.~anably
wel l , particu larly from the standpoint of producing data for post—test analysis and report
writing. However , data turnaround times were sufficiently lo..~j that most of the data wareunavailabl e for control analy s is in time to affect the course of the testing. Figure 5.3-6
presents average t ime to various stages in the data processing . Th. data for this figure were

- taken from the middle of the test period (1 November -15 January) avoiding both the initial
processing system trouble-shooting phase and the later portion of the test when data output
chang es required program modifications.

- - 
Onring that same time period, the average time between one flight or engine run and the next
was 2.6 days. Thus it can be seen that even the printed data were generally not available soon
enough to be used in the development of the software configuration for the next run. The
capabi lity did exist for relatively rapid turnaround of small time segments (less than 1 minute)
of data to trouble-shoot problems that migh t ground the airplane. This procedure tended to
disrupt normal data processing so it was used infrequently.

It should be noted that at no time did the lack of data result In a fligh t cancellation or in
any way risk fl ight safety . The data turnaround during the flight test was generally better
than at previous tests , particularly wi th respect to the DPCU data needed for control evaluation .
The problem that became appa rent during the course of the test was that the abilit y to refine
and improve the controller had far out stripped the ability to process the data needed to
identify the potential improvements. As a result chang es to the control that might have great ly
enhanced the usefulness of the test ware not recognized until too late for orderly Incorporation.
Working within the constraints of interfacing the DPCU data with existing data processing
systems at any test facility is likely to have this resu lt. Data turnaround will alwa ys be
dependent on availabi lity of equipment shared by a number of programs. The facility data
processing syst em cannot be dedicated to a si ngle program .

- ~~~- - The solution is to provide Independent recording of the DPCU data and a sulall dedicated data
- -  processing capabilit y for this data. In a program like IPCS or the development of a new engine

and controller , substantial time and money can be saved by developing the hardware Interf ace and
software needed for data processing once rather than starting over at each test facility .
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A scheme has been devised using a smal l computer, such as a POP1 1 , to reduce the data. With
magnetic tape, printer, and plotter capability the entire data processing could be done on-site
at each test facility. Since the equipment would be dedicated, very rapid turnaround could be
achieved. This scheme is described in paragraph 7.4 of Volume IV. This type of data processing
is essential if the full use is to be made of the flexibility of digital control.

5.4 MEASUREMENT COPIPARrS0Ns

The following paragraphs present the results of ground calibrations of the DPCU sensors and
comparisons of DPCU and NASA measurements.

- 5.4.1 EngIne Pressure Transducers

5.4.1.1 Ground Calibration

The engine pressures (P22S, PS22S, t~P22S , P3S, PS3S, £P3S, P6MS) were measured with strain
guage transducers housed in the transducer box. The performance of these pressure signals was
monitored throughout the test program using ground calibrations, comparisons with like signals
from NASA instrumentatIon, and overall control mode and engine performance.

The sensors ~perfo rmed throughout the flight program w ithout a single failure . The first pro-
flight ground calibrat ion revealed a minor shift in the P6F~ and P3S transducer calibration as
nnted on Figure 5.4-1. Because this was a consistent offset it was corrected in software. The
remaining ground calibrations are shown on Ftgures s.4-25.4—8. The limits shown on the figures
are a combination of the transducer l imit and the accuracy of the calibration setup. In the
case of PS22S and P22S a 300 psi guage was used for 100 psi transducers resulting in wider
limits . The P535 calibration In the DPCU had an Intentional shift of +1.5 psI offset and +1%
gain so that the l evel recorded by the DPCU matched the Pb seen by.the hydromechanical main
fuel control. This was done to match the Wf/Pb schedules between the controls. The l imits
st own in Figure 5.4—5 reflect the calibr ation changes. Out of limits shifts wer e observed on
tie P22S and P6145 transducers. Neither of these shifts was desirabl e but with the exception
.f the final P22S calibration they are within the +1% of ful l scale considered acceptable for
engine operation. No observable engine problems resulted f rom the shift s. It has been the
experience on the IPCS program that the strain guage transducers are subject to calibration
shIfts over extended test periods . In addition to the four shifts noted during flight test one
transducer was replaced during the altitude test due to a calibration chang e.

5 .4 .1.2  Flight Comparisons

The comparison of the DPCU measurements and the NASA measu rements was used as a guideline to
assess the 1goodness’ of a particular pressure measureme nt in conjunction wi th perfo rmance
analysis but not the absolute accuracy of one or the other. Plots of PS3 , PS22 , and P614
comparisons are shown on Figures 5.4—9 — 5.4— 14. It is interesting to note from Figures 5.4-
10 , 5.4-12 , and 5.4-14 , a ptot of NASA pressure minus DPCJJ pressure versus T2 , that the difference
between the measurements Increased with increasing temperature . This measurement diffe rence Is
also shown as a hysteresis band on Figure 5.4-9 .5.4—li and 5.4-13. Figure 5.4—13 shows the
T2 level for different P6M levels in the increasing and decreasing direction . At the P6M level
of 35 psla where the direction reverses from increasing to decreasing as a result of the Mach
number and altitude changes, the hysteresis band Is small. However , as the T2 continues to
increase the band becomes larger unti l T2 starts to decrease , at which point the hysteresis
band also starts to decrease.

It Is reasonable to assume that the NASA transducers,which were not shielded from the nacelle
envirorunent ,would be affected more by high inlet temperature, thus creating the measurement
difference , rather than the DPCU transducers which were housed in the insulated transducer box.

The PS22 comparison Figure 5.4—11 , shows the DPCU reading low by approximately 2.5 psia at low
- - 

temperatures where the NASA and DPCU transducer calibrations should agree. This difference
- can be attribut ed to the pressure pick -up location on the engine for the DPCU PS22S being -

~different than that for the NASA PS22.

Pressure Signal Noise

- - The only sionificant pressure signal noise which was experienced during the flight test program
was that exhibited by the ~P3S pressure measurement. As discussed in paragraph 5.4.4 the noise
level of the absolute pressure measurements , P35 and P535 is insignificant; however, the AP3S
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signal exhibits a level of 3.43% of point. This AP3S signal noise level was the major contributor
to the T4SYN signal noise and also the NN3 sIgnal noise. In both cases this Is an undesirable
characteristic which should be recognized and assessed early in the design process.

5.4.2 Thermocouples

Considerable difficulties were experienced in measuring temperatures on the engine. Most ofthe emphasis was on the T2 measurement because of its impact on the control.
5.4.2.1 TZS Performance History

Steady State Comparison -;

The existing TF3O bill of material T2 probes were selected for measurement of the T2S signal
for the IPCS program because they met the control requirements and reduced the cost and risk of
Incorporating new probes. These probes are part of the 14 bill of material harness system —

which calculates the 14 temperature used for cockpit display and Instrumentation purposes.
These probes had never been used before as an individual T2S measurement for a control signal
so therewereno previous data available to coepare with the T2S results from IPCS testing.

To assess the accuracy of the T2S measurement used for IPCS It was, therefore, compared to
instrumentation T2 taken off the same probes. This comparison, through all phases 0f IPCS
engine testing, indicated signal noise (until filtered) and a difference between the measurements.
The cause of the difference never was fully defined.
From the results of the altitude testing at NASA/LeRC, It was concluded that a possible cause
for the difference between the 12 measured by the DPCU and 12 measured from the bill of material
14 engine harness was a temperature gradient across the transducer box and heat conduction fromthe exposed connectors of the cold reference junction probes. To correct these deficiencies , a
revised configuration was established which relocated the reference junction probes in the
transducer box and the connectors on the reference junction probes were wrapped with Insulating
material to present heat conduction through the connector. Figure 5.4-15 shows a diagram of
original configuration and revised configuration.

The revised configuration was not installed for the first flight , allowing for a baseline test
of the original configuratIon. Figure 5.4-16 shows the 12 offset during an accel from 0.9 Mn
to 1.9 Mn. The offset is 20° with the DPCU 12 readIng higher than 12 from the 14 harness
during the accel. Prior to takeoff the difference was only 5°.

The results of the revised configuration obtained from data during Flight 16 and spotted on
FIgure 5.4-16 indicate that the 200 offset is still present but with this configuration the
DPCU is now reading lower than the T2 front the 14 harness.

The initial attempt at Flight 18 was aborted due to an out of range 135 signal because of a
break in the extended portion of the T3S leg of the temperature harness. As a result of this
and the 12 difference noted on previous flights, the IPCS temperature harness was eliminated
and a new harness using solid state cold reference junctions (Con—Oheic) was installed. The
results of using this system are shown on Figure 5.4-16 and 5.4—17. It can be noted that the
difference is still present at high 12 but had shifted from a fixed offset of 20° to a percentage
difference. Data taken from different flights indicate that this difference was repeatable In

: direction and level .

For flight 26, the DPCU T2S signal was switched Into t~Ie NASA measurement system, and the NASA
12 signal went into the DPCU system in an effort to isolate the cause of the diffe rence. The
outputs of the Con-Otanic reference junctions were switched. With this configuration the difference
was still present during Flight 26 (Figure 5.4—18) but had reversed such that the DPCU 12S was
now reading lower than the 12 harness at high temperatures . This Is just the opposite of
previous results, indicating th~tt the error was not a function of either the NASA or DPCU (IFU)measurement system, but rather a function of the system from the Con-OPmiic reference junction
back to the engine harness.

- ~~~~~~
- 

- 
- To further Investigate the problem, a test was performed in the hangar where the 12 probe washeated to 300°F, and a heat gun was applied to the different connectors in the system. Thiswas to determine if a thermocouple effect might be present In the connectors , because of different

pin material. The results of the test indicated that the NASA 12 and DPCU T25 were affected
-

- 
-
~ equally when heat was applied to the connectors, indicating that this was not the cause of the

dIfference.
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M in-hangar static calibration was performed by applying heat to the 12 probe from 90°F to
360°F and measuring the output of the NASA T2 and T2S. The results of this calibratIon . as
noted on Figure 5.4-18 show that the two measuring systems are In complete agreement , implying
that the 12 offset is a fl tght—oriente d problem.

The final effort to solve the problem for the lasc flight , 28. was to Insulate the front
terminal block on the engjne where the conunon 12 measurement originates. It was felt that apossible thermocouple effect could exist at the terminal block because of airflow around the
block. This cou ld create a temperature difference across the alumel/ chromel engine lugs , and
the copper/copper leads of the NASA 12 measurement wire , resulting in a U measurement error .
T2 data up to only 180°F was obta ined from fl tght 28 because the flight was terminated early,
however. the data as shown on Figure 5.4—18 indicates that the difference was sti ll present
and unexp lained . -

T2S Noise

Mother problem associated with the measurement of T2S was the noise level of the s igna l . It
should be noted at thts point that the 12S noise did not affect control operation or engine
performance but was confusing In the analysis of the T2S difference problem. An example of this

: meisa, taken from fli ght 16 is shown on F~Igure 5.4— 19. The comparable T2H signal exhibiting a
*1.25° noIse level Is shosm on the same Figure. To eliminate this problem a 1.25 Hz filter was
applied to the 12$ signal. The filtered T2S signal is shown in Figure 5.4-20. The fi lterreduced the average melee level from t5° to ±1°, an acceptable level . :

It was also noted during ground run 23 that the T2S noise had essentially disappeared. - -
,This ground run was made after a change in IFU’s. The T2S noise level after this change is

also plott ed on Figure 5.4-20. These data were obtained from a conver s ion of the raw T2S
millivolt signal taken before the filter.

Testing of both IFUs in the lab after the flight test activity was completed revealed a noisy
T2 signal on the IFU used prior to ground run 23 (Yl), indicating that the noise was not a
function of the ther mocouple or harness but rather the IFU. (Paragraph 7.1.3).
5.4.2.2 T3S and T22 Performance 

- 

-

Measurement of 13 was made using the existing TF3O bill of material probes. These probes, aswere the T2 probes, are part of the bill of material harness system which calculates the turbine
inlet T4 temperature.

The same characteristic Offset existed between 135 measured by the DPCU and the T3H measured byNASAIDFRC as did for the 12 measurement. This offset Is shown In FIgure 5.4-21 during an auto-throttle airplane accel at max A/B during flIght 24. Because the offset (200) was small compared
with the absolute value of 13 (14000) it was not deemed critical for engine or control operation.
The T22S measurement was made from the combination probe, new to the IPCS program. NASA DFRCdid not measure this parameter so there was no comparison. The data obtained during f light didnot Indicate any problems with this measurement.

5.4.3 Fuel Flow, WESS - 

-

~ 
—

A comparison of P676629’ s Idle to military accelerations times at 45000 ft/ 0.9 1*1 conditionduri ng NASA/L RC altitude testing showed the BONDIG controlled acceleration was significantly
slower than the hydromechanical controlled acceleration. The primary source of this slewacceleration was triced to a fuel flow calibration problem in wh ich the fuel f low calibrationwas correct fnr the output data signal, WEGS, but was not correct for the coimnanded fuel flow
to th, engine. Thus the controller sensed more fuel flow than was actually delivered to theengine, resulting in slow accelerations.

Recognitio n of this probl during altitude testing led to further Investigation of the fuel 
- - 

- -
~~fl ow calib ration of th. main fuel control on the f l tght test engine P-676627 and its relationto the nominal IFU fuel f low schedule. This relation Is shown on Figure 5.4—22. As noted fromthe curve both schedules agreed favorably, eliminating the need for any calibration correctionIn software. Substantiation of this calibration agreement can be noted ~~m the results of the

~~~~ ;—- Idle to military trans ient comparison at the 47K10.9 PV( condition between hydromechanicel (IIC)
-- - 

- - 1 operation and BON)IG operation as shown on Figure 5.4-23 . ThIs plot of WFGS/PS3S versus N2Sduring fligh t 20 shows that the IO~C and BON)IG WFGS/PS3S levels for the most critical conditionIn terms of percentage error on absolute WE level are within 1.0 ratio unit during the Initia l
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oart of the acceleration and line on line at the higher level . The acceleration times from
~dle to 95% N2 of 11.0 sec for HMC ~nd-10.0 for BOMDIG indicate that the fuel flow delivered to
the engine Is approximately equal for both modes. As shown in Figure 6.2-44 the HMC and BOIIDIG
Idle to nil accel times are comparable for a number of flight conditions.

5.4.4 Synthesiied Turbine Inlet Temperature

The IPCS mode utilizes the turbine Inlet gas temperature measurement as one of the linit ing
control loops. The flight test engine. P—676627, did not have the T4 probe installed. Therefore,for the fl ight test program the source of the measurement was a synthesized signal . T4SYN.calculated as follows:

T4SYN — T3SC + .95 ( -9.38 s T3SC + 78.750) ~ ~~F1G + TSNB

WAEMG WRTPA3 P53 * -~ T3SC x 3600

WRTPA3 ff41 
(

P3S;AP3 S)

where:
T3SC - Compensated HPC discharge temperature,deg R ; - fuel/Air Ratio

W V T1TSNB - Bias factor ; WAENG — Core airflow ; WRTPA3 - 1 HPC
-~ exit

5.4.4.1 Steady—State Comparison

The T4SYN sIgnal was calibrated using the T4H measured by the bill of material harness as the
baseline. The correlation of the T4SYN signal with harness T4H taken from ground run 16 indicates
an error of approximately 50° at the high temperatures (fIgure 5 .4—24 ). In an effort to reduce
this error, the T4SYN bias (TSNB) was changed from +31° to—29°. Data from ground run 19 taken
after this change are also shown on FIgure 5.4—24 and indicate excellent agreement between the
two signals.

The results of a Steady state max A/B temperature comparison made during an airplane accelerationfrom 1.25 MN to 2.30 MN during flight 24 are shown in Figure 5.4—25. The correlation shows an
average error of approximately 40° throughout the accel . In assessing the T4 Synthesized
equation it can be noted that the signa l is dependent upon valid measurement of 13S, P3S, P3
and WFGS. For the same airplane acceleration there Is a 20° error In T3 (figure 5.4-21).
This will have approximately a 1:1 effect on T4SYtI. Eliminating this error would reduce the145Th error from 40° to 20°. The shift In T4SYN at high Mach number results from opening the
7th stage bleed at Mach 2.29 as indicated .

The noise associated with the measurement of the 145Th signal is documented in figure 5.4-26.
obtained from a military power 2~)K/ 1.4 MN flight 18 condItion. The noise level t15°. for the301(/1.4 tIN condition is slightly higher than the 2.01(/0.0 ,N condition. ±10°, however a totalreview of all the data Indicates that the noise level variation is approximately ±5° to t15°.not dependent Ofl flight condition. In addition to the T4SYN signal noise, the figures also
show the noise levels of the signals that are used in the calculation of the T4SYN sIgnal. It
can be noted that all the signals contribute to the 145Th noise with ~P3 having the highestpercentage noise level of 3.43% of point.

The noise level of the 145Th signal did not have any detrimental effect on the use of this
signal as a l imiting control l oop because the forward path Integrator in the control filters
the noise Sufficiently when the ~4 loop is In steady state control at high Mach numbers (Section
4.2).
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5.4.4.2 T4SYN Transient Response

The maximum turbine inlet tenperatureis one of the gas generator constraining loops, with the
normalized error signal between the reference and actual temperature input to the select low gate.
The select logic selects the control error associated with smallest normalized error for Input to
the fuel flow coninand integrator. Loop operation Is then denoted by the loop indicator XLOOP.

The turbine Inlet temperature selected as the l imiting value was 2640°F, the transient
l imit as defined by the 1F30 T.0. 2J-TF3O—36 and shown on Figure 5.4—27. From figure
5.4—27 it can be noted that the T4SYN signal response Is faster than the T4H harness
signal ; the slow response of the T4H signal being attributed to the slow response of
the thermocouples.

One of the concerns related to increasing gas generator accel times was the thermal
stress on the turbine created by the rapid increase in gas temperature. The thermal
stress problem is a life cycle problem and because of the short duration of the IPCS
program was not deemed a limiting factor, however, an Illustration of how the high
response of the T4SYN signal reduced the thermal stress on the turbine can be noted.
Referring to figure 5.4-28, an Idle to mil transient at 41K/l.4 MN, the high response
of the T4SYN signal causes operation on this loop. This results in a reduction In the
rate of increase of fuel flow and therefore, reduced rate of Increase in turbine inlet
temperature.

Synthesized turbine inlet temperature was also more responsive during compressor stall
than the harness temperature. Figure 5.4-29 shows the synthesized signal increased
faster during a stall and reached the same peak as the harness temperature, but Its
duration above the limit was 0.2 sec., while the harness overtemperature lasted 1.9
seconds. The fuel flow reduction following the stall was accomplished with Wf/Pb
l imiting, and this caused an attendant decrease in T4SYN below the l imit. The longer
duration harness overtmnperature is attributed to the cinwer response turbine discharge
temperature thermocouple.

The magnitude of the peak synthesized turbine inlet temperature largely reflects the drop In
airflow, hence increase in fuel/air ratio, following the stall. Flow stoppage ininedlately
after stall was not detected by the DPCU because of the low response probes and the 30 msec.

, 1 sampling interval tsee Section 6.2.2 for further details). Instead , the DPCU detected small
positive airflow rates following stall which resulted in an increase in fuel-air ratio sufficient
to raise the T4SYN signal by 350 degrees above the pre-stall level .

Since the fuel flow cutback after the stall was accomplished with Wf/Pb limiting , no conclusions
can be made about the synthesized turbine inlet temperature l imiting during a stall. The
results suggest, however, that a smaller fuel cutback would also have produced synthesized
temperatures below the l imit. The 145Th logic was not originally conceived as a protective
measure for stall overtemperatures. Had this been an objective of the IPCS program, logic
modifications could have been Implemented to directly control overtemperatures during stall.
Some possible methods are:

1. Lower the T4SYN l imit when stall is detected.
2. Integrate the T4 error to produce a 14ff Pb coninand rather than a

fuel flow coninand.
3. ModIfy the T4SYN calculation by substituting Wf/PB for fuel air

ratio. This would circumvent the effect of rear stage choking (see
6.2.2) on the airflow calculation during stall.

5.4.5 IPCS Pressure and Temperature Probes

The IPCS engine pressure and temperature probes, which include the P22-122 combination probe,
and the four P3 pressure probes, accumulated a total of 105 hours while installed in P—616627
engine without any failures or indicated problems. Flight test activity accounted for 77 hours
and sea level static engine test at P&WA the other 28 hours. The results from the inspection of
the probes at the conclusion of th. flight test program indicated all probes passed Inspection
with no deviations or problems.
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No problems occurred with the engine modifIcations required for the PS3S stotic pressure measure-
mints.

5.5 HIGH LEVEL ANALOG TRANSDUCERS

The hlth level analog transducers, Inlet surface position measuring LVDTs, and C*J, Manual Inlet
Control, and CADC potentiometers, operated satisfactorily throughout the test program. No evidence
of calibration shifts was noted during the test. The only calibrations required were offset and minor
gain adjustments required to adapt to th, airframe Installation during ground test.
5.6 DIGITAL SENSOR PERFORMANCE

5.6.1 Tachometers - lql, N2

The N2 tachometer system, Figure 5.6—la , operated satisfactorily throughout the Flight Test
Program.

It became apparent during engine run 10 that a noise source was causing [PR oscIllations
which were unacceptable to the pilots. Engine run 11 isolated the source of the noise to the
Ni signal , at that time generated as is shown in fIgure 5.6—lb. Figures 5.6—2, —3, —4 showEPR variations for 125, T3S. and P2S locked with the engine at minimum A/B. Although each ofthese var iables has some contribution to [PR noise none accounts for It. For engine run 12 N1S
was locked at military and [PR variations at the minimum A/B conditions were substantiallyreduced. In addition ft was established that reduction of the suppression control loop gain.see para 6.3.1.2, further alleviated the EPR variations by increasing loop gain margin.
The [PR oscillations were corrected by reducing the A/B suppression control loop gain 6 dB and
adding a six sample block averaging filter to the Ml measurement system as shown in Figure 5.6—
ic. As shown In Figure 5.6—5 the reduction in Ml noise was substantial. The comparison at• military demonstrates clearly that the Ni variations result from Input noise rather than a
suppression loop tnstabflfty as was conjectured at one time. EPR at military is somewhat
quieter after the addition of the Ni noise filter because loop swi tching among N2, Ni max. and
maximum airflow due to noise was el iminated by the filter. The improvement In [PR variations• during A/B operation, Figure 5.6—6 . resulting from the reduction in loop gain and the noise
filter satisfied flight crew concern over A/B roughness from this source.

Experience with Ml during flight test, 14 (TIGT ) during altitude test and N2 during sea level
static test indicates that allasing in digital signals Is a problem to be recognized and
assessed early in the design process.

The IPCS system was developed to acconinodate two different controllers operating at two different
sample rates not clearly defined In the early development stages of the program. To provide
maximum flexibility in development, hardware sample size was minimized consistent with accuracy
requirements. As a result digital data samples In the baseline system used substantially less
than 50% of data available within the major cycle sample. The risk associated with this wasaccepted to minimize program execution time and complexity. In the case of Ni, and N2. events
forced the acquisition of the maximum number of samples. 14 probe performance probably could
have been improved by increasing sample rate. On the other hand, although a potential existed
for similar problems with the Paros transducers, no evidence of allasing was noted and substantial
software complexity was avoided as a result.

Steady state accuracy of the Ml and N2 tachometers, established by comparison with the NASAflight test tachometers , was ±50 RPM as shown in Figures 5.6-7 and -8. This performance wasadequate for all IPCS requirements.
5.6.2 Inlet Pressure Transducers
After resolution of installation related malfunctions , see sectIon 7.4 , the Paroscientificmodel 23OR transducers performed well. A functional check , In the form of a 6 point calibration,
was performed per the requirements of Reference 1. A typical set of calibration data are shown
in Figure 5.6-9. It is important to emphasize that the errors shown in this figure are notrepresentative of the model 230A accuracy, rather, as indicated on the figure, they representthe error buildup of the IFU and the Walla ce & Tiernan guage used to perform the calibration.This assertion is substantiated by Figure 5.6—10 In wh ich the calibrations of three model 230A

-~ transducers before delivery and after completion of the fl ight test program are compared.These data were obtained from calibrations performed on a Texas Instruments Model 145 pressurereference. Serial members 142 and 145 exhibIt good null stabi lIty . .032% is allowable for twoyears of service . Th. apparent span (gain) shift is not within specification. However, the
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parallelism of the two curves leads one to question the stability of the TI reference over the
two year period. Lacking a June 1974 calibration of the Paroscientif ic transducers on a primary

• standard, th. data presented may unfairly penalize the Paroscientific transducers but do provide
a worst case bound on their performance. Serial number 138 was Installed In the wheel well in
a manner sim ilar to those that failed , see Section 7.4. It is hypothesized that excessive
vibration may have caused some of the apparent calib ratio n shift . This transducer was not
subject to predelivery burn in, standard prac tice In currently delivered transd ucers , contributing
perhaps .1% perIod sM-ft. Finally serial number 138 was the qualification test unit, subjected
to extensive environmental test ing. Thus the performance of this transducer Is not consideredtypical of currently manufactured units.
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6.0 RESULTS
(

This section presents the test results organized by control function. As aporoprlate comparisons
of HMC, 801401G. and IPCS are made in each paragraph.

6.1 INLET

As described in Reference 2 (Honeywell lCD) the hydromechanical inlet control and sensors were
replaced with IPCS components. The resulting system is depicted in Figure 4.2—1 . The bill of
materials (BUM) inlet control consisted of open loop positioning of the spike and cone as a
function of the local Mach pressure ratio (PRIM) and the duct exit Mach pressure ratio (PRDEM).
BOMDIG duplicates this control . The IPCS Inlet control Includes the 8014 control plus three
addit ional modes - A/B ant icipat ion , AFBIAS, and distortion adjustment to inlet positioning.
Of these modes only A/B anticipation was active during the flight test program. Both the BUN
control modes and A/B anticipation functioned correctly.

6.1.1 BUM Inlet Control

The BUM Inlet Control was verified In hanger tests by pressurizing the local and duct exit Mach
probes to simulate various flight conditions and verifying correct position of the inlet surfaces
in response to the simulated conditions. In order to reduce system noise sensitivity in steep
gradient portions of the schedules, servo loop gain was reduced during Ground Test. Flight
lest system performance demonstrated that this adjustment was acceptable. Figure 6.1-1 displays
Inlet surface pos3ttoning error at various fli ght conditions. As indicated it is wi thin the
bill of materials error allowance.

6.1.2 Afterburner Anticipation

Afterburner anticipation logic , Figure 6.1-2 was provided to demonstrate the feasibility of
moving inlet surfaces In response to A/B control signals eventually reflecting themselves in
shock motion. The A/B anticipation logic pulses the duct exit pressure ratio, PROEII, coincident
with the A/B li ght to temporarily reduce inlet area to match the reduction in engine airflow
during the li ghting transient. For simplicity in implementation the system Is not inhibited
coming out of A/B, although in a mixed compression inlet this might be necessary. -

In-flight performance of the anticipation logic is depicted in Figures 6.1-3 and 6.1-4. The A/B
manifold fill time at MN 1.4, 50K flight condition is long, approximately 1.3 seconds, so that
the A/B antici pation logic actually completes its activity before the A/B lightoff. Al though
this mistiming is undesirable It does permit verification of the logic operation in Isolation.In application to a mixed compression inlet the .5 second time delay would be replaced by a
manifold fill time delay using a fill time calculation as used for the IPCS A/B sequencing
logic, see Section 4.2, to achieve closer coordination between the inlet surface motion and the• lightoff. Ampl itude of the anticipatory surface motion might also be scheduled on the inlet
pressure ratios. At the MN 1.6, 45K flight condition , Figure 6.1—4, the .5 second time delay

• corresponds fairly well to the A/B lightoff delay and the effect of the antici pation logic is
to slightly reshape, as intended , the normal cone transient during lightoff.

6.2 GAS GENERATOR

A major portion of the flight test was devoted to evaluation of the gas generator control. Thefoll owing paragraphs present the result of that evaluation.

6.2.1 Steady State Gas Generator Governing

The bill-of-material controller governs steady state operation with high rotor speed. It is a
proportional control , and schedules are biased with engin e inlet temperature and pressure. Theschedules are shaped to provide proper thrust levels and to limit turbine Inlet temperature,rotor speeds, burner pressure , and engine corrected inlet airfl ow at the appropriate conditions.
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The IPC~ controller provides integral contro
l of high rotor speed and ten other critical engine

variables , see Section 4.2. The Integral control provides droop-free engine operation in spite
of changes in power extraction bleed status, and engine deterioration. Thus, an isochronous
control results in less thrust loss with bleed or deterioration at the expense of higher turbine
Inlet temperatures required to maintain constant rotor speed.

In addition to controlling power settings with high rotor speed, the IPCS control provides
direct limiting of turbine inlet temperature, rotor speeds, burner pressure, and engine inlet
airflow. The most noticeable limitin g occurred during Idle operation where minimum levels of
engine inlet airflow were maintained to avoid inlet buzz. This direct control of airflow
provided a lower idle thrust than the bill-material control which operated above the schedule
as seen in Figure 6.2-1. Pilots responded favorably to this feature because it enabled faster
aircraft decelerattons at high Mach numbers and less speed brake activity at lower speeds.

A comparison of the FIIC and IPCS military power settings Is shown in Figure 6.2-2 in terms of
the three scheduling parameters : normalized high rotor speed; engine inlet temperature; and
engine inlet pressure. The dashed lines represent schedule adjustments made to account for
engine trim. At the high Inlet temperatures, the IPCS operation was l imited by maximum turbine
inlet temperature, and- thus actual rotor speeds were less than the scheduled values. Differences
between the HMC and r~cs mU power settings are attributed to the HMC cam tolerances and torecovery characteristics of the IVIC sensed engine Inlet pressure and temperature. 

—

A review of the IPCS steady state operation showed:

1. Minimum airflow limiting at idle provided a larger power range
for the IPCS control, and it enabled faster airplane deceleratlons

- L from high Mach numbers while providing protection from Inlet
buzz.

- - 2. The IPCS control maintained its scheduled high rotor speed for
military power settings except at high Mach numbers where turbine
Inlet temperatures were limited .

6.2.2 Engine Health

The TF3O-P-9 test engine, P-676627, accumulated 77 hours and experienced 31 stalls during the
flight test program. Two stalls occurred during Flight 16 which resulted in turbine temperatures
slightly in excess of an overhaul action limit. Perfonnance and visual checks at that time
revealed no evidence of engine deterioration , and authority was granted to proceed with testing
without an overhaul. The performance history of P-676627 during the flight test program is
documented in Figure 6.2—3. It shows no change in performance from the initial ground test
(Engine Run 1) to the post Flight 16 performance check (Engine Run 16) to the final ground test
(Engine Run 35).

6.2.3 Gas Generator Transients H

6.2.3.1 IPCS Accelerations

High compressor discharge Mach number was used to control gas generator accelerations in the
- • IPCS mode. Compressor discharge Mach number is a measure of compressor excursion toward surge

(Figure 6.2-4) and its use as a control parameter is intended to permit faster accelerations
than a Wf/Pb controller while maintainin g compressor stall protection and simplifying control
schedules for variable geometry engines.

The high compressor discharge Mach number (MN3) was computed from four wall Static pressure
- - taps and four total pressure probes spaced approximately equidistant in the circumferential

direction within hardware spacing constraints. Both the total and static pressure signals were
manifolded to separate transducers and the difference was also sensed by a t~P transducer. Thetransducers were Sampled and the Mach number computed every .03 seconds. Discharge Mach number
was sched~~e~4as a function of high rotor corrected speed, and engine inlet Reynolds Index

The IPCS flight test results were evaluated using four criteria:
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1. Thrust Response — Is I-~I3 control a viable alternative to WI/Pb
control In terms of acceleration time?

2. ControllabilIty - How well did the IPCS controller hold t443 to
Its scheduled values?

3. BodIes — Did the ~ 3 controlled bodies result in compressor
excursions no higher than the cold accelerations?

4. Fuel Dericimant during Stall — Does a *3 acceleration control
result In autOmatic fuel decrease after stall?

A discussion of the IPCS fl ight test results with respect to these four criteria follows.

Thrust Response

Engine thrust response depends upon the level of overfueling scheduled during an acceleration.
As overfueltng increases , the rIsks of overte~ erature and compressor stall also Increase. One
objective of the IPCS program was to demonstrate improved thrust response with the *3 control
by Increasing the amount of overfueltng while maintaining compressor surge protection. The
turbine inlet temperature loop was used to limit overtemperature.

Engine response times during accelerations from idle to military power are compared for the
IPCS and hydronechantcal Ch IC) controls in Figure 6.2—5. The comparison is based on time to
reach 95% of the high rotor speed change from a comnon Idle setting. The accelerations weremade back-to-back in the same flight, so that ambient conditions were the same. The !PCS
accelerations were predominantly controlled by MN3 during the initial portion of the accelwhere compressor stall protection is most critical . As shon~ In the figure. the IPCS accelerationswere faster than the ISIC at every condition except 45000 ft/ l.9 Ho where the limited range
between Idle and military power resulted in an IPCS acceleration controlled primarily by the
turbine inlet temperature loop.

Lash of the IPCS accelerations ~h~~i In FIgure 6.2-5, except one, was made with a backlLp btfFPbllml t that
-~ was 4 ratio units above nominal . In some cases, the WffPb limit controlled portlOniof the acceleration.

The aniount of each acceleration controlled by *3 and Wf/Pb is indicated In Figures 6.2-6 -6.2-13. When neither *3 or WI/Pb controlled the accel , the turbine inlet temperature (T4) orhigh rotor speed (HZ) controlled the fuel flow increases. Conditions where the idle settingwas below the secondary manifold filling region (approximately 1000 pph fuel flow) usually
resulted in initial limiting by WI/Pb because some of the fuel scheduled by the control was
used to fill the manifold. Once the manifold was fil led, all of the fue l scheduled by thecontrol was delivered to the engine, and the *3 loop controlled the acceleration. The 30000 -ft/0.8 Ho acceleration, shosm in Figure 6.2-10, illustrates the effect of secondary manifoldfilling on controlling loop. •

One ground run acceleration was made with the backup WI/Pb limit Increased to 8 ratio units
above nominal . This occurred during the last ground test (engine run 35), and as shonm In
FIgure 6.2—5, the acceleration was accomplished in 70% of the tim. it took for the hOC acceler-ation. The rotor speeds, fuel flows , and turbine inlet temperatures for these two accelerations
are co~~ared In FIgure 6.2-14 and the Wi/Pb vs 142 traces are compared in Figure 6.2-15. The1113 controlled acceleration resulted in V.1/pb levels up to 6 ratio units higher than the hOCwithout any WI/Pb limiting. The 1513 excursion in relation to its schedule Is shosm in Figure

The test results presented above domonstrated higher overfueling schedules iind compressordischarge Mach member l imi t ing resulted in accelerations as fast or faster than the hydromechanicalWI/Pb controlled iccels without compressor stall.
Controllability

One measure used to evaluate 1113 control modifications during flight tests was the ability to —

closely track a schedule with minimal undershoots or oscillations. Four different 1113 controller —configurations were tested on the ground, and three were tested inflight. They included theintegral *3 control with a nominal gain; an Integral control with higher gains (not flown); a
- 

- - mon-linear integral control with major cycle sampling; and a non-linear control with minor
cycle s~~1ing.
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Fl ures 6.2—6 — 6.2-13 represent the best P043 schedule tracking achieved In flight with the
major cycle sampling non-linear control. Ground testing from engine run 25 (FIgure 6.2-6)
showed s~~ initial P043 undershoots that were not observed in fl ight. These results along with
the evaluation of the P943 control schemes are discussed below. Additional detatled Information
on the MN3 1oop modifications is provided in SectIon 8.1.2.

The Initial 1043 control configuration was an integral control on 1143 error as shown in Figure
8.1-5.. The percent P013 error was compared to the percent N2, T4, Ni max , and Wf/Pb errors in
a select low gate. FIgure 6.2—17 shows that the initial Integral 11143 control resulted in P943
leve1s significantl y above the scheduled values . Subsequently, the gain of the 11113 loop was
increased to 4 and 8 times the nominal value. This resulted In operation closer to the 1013
scb&edule and oscillations about the schedule as shown In Figure 6.2—18. These gain changes
were only tested on the ground.

The schedule tracking errors demonstrated with the Integral 1943 control were caused to some
extent by the dynamic tracking error of the Integrator which is inherent to an Integral control .
In order to eliminate this dynamic tracking error, a non—linear P943 limiting scheme was devised.
The Intent was to increase fuel flow with the Integral 112 or T4 loops until P943 was below its
schedule , and then to hold fuel constant until P043 Increased above the schedule. Thus , the Mt43
loop operation became more of a limiting function by taking action only when 1943 exceeded Its
limit. It was implemented by placing the *3 logIc doimstrene of the select low gate (Figure
8.1—Sb) and setting the Input to the integrator to zero when P943 was less than its scheduled
value. A 2:1 lead—lag compensation was applied to the signal to help avoid P943 undershoots.
FIgures 6.2-6 - 6.2-13 illustrate the P943 loop operation around the flight envelope with the
non-linear P0(3 control.

Since initial P943 undershoots were observed during the ground tests (Figure 6.2-6) wIth the
non-linear MN3 control, minor cycle (Sm sec.) P043 sampling was l ater used in an attempt to
reduce the amount of undershoot and to smooth the 1043 oscillations. Minor cycle s~~ 1Ing
represented a 6 fold increase in P943 error computation rate over major cycle sampling (3~n
sec.). Figure 6.2-19 shows the P943 In terms of IJP/PS undershoot. In order to minimize
computation time the variable 1.33 8P3/P3 was computed every minor cycle rather than P143, see
Paragraph 8.1.2, and the reference schedule was tabulated In terms of pressure ratio rather
than Mach ni~~er. Oscillations were virtually unaffected by the higher sampling rate. It also
shows the AP component of the hP/PS signal was noisier than the PS signal . The next logical
step in the P043 control development would be to filter the 61’ or hP/PS signal . Unfortunately
signal filtering was not attempted due to termination of testing.

The fact that initIal 1943 undershoots were noticeably larger on the ground than in flight
suggests that special conditions exist for ground operation and contribute to the undershoots.
The 7th stage compressor bleeds and the exhaust nozzle area were open during all ground Idle
operation, and idle fuel flow levels were usually just below the secondary manifold filling
region Ground tests were conducted to isolate the effects of nozzle area, 7th bleed, and
manitQld filling on P043 undershoots. The dynamic simulation was also used to aid in this
analysts.

The secondary manifold has the potential to create P043 undershoots during Its filling period .
Fuel used to fill the manifold has been metered by the control , but Is not available to the
engine. When the control deem not sense an appropriate change in P943 for the fuel It is
c~~ anding, It Increases the fuel comeand In an effort to drive (1143 closer to Its schedule.
Then as the manifold is fllled,more fuel Is suddenly available to the engine, so the change in
1143 with metered fuel I ncr aals, and an undershoot say result.

An attempt was made to isolate the manifold filling effect during engine run 34 by Initiating
an acceleration below the mmnifold filling region (apjwuximately 1000-1300 pph), while both the
7th stage bleed and exhiust nn::~. wars closed. The P943 controller configuration was non-linear wIth minor cyc le s~~ lIn9 o 1013. FIgure 6.2-20 shows an inI t ia l  P043 undershoot occurred
during this acceleration which occurred after the manifold filling point.
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Even though these results suggest the manifold was responsible for the InItial 11143 undershoot
durIng ground tests, i~ cannot be Identified as 

the sole factor because the initial undershootS
were not observed in flight when accelerations were started from below the manifold ftlling

Ij region with the 7th bleed and nozzle area closed (Figures 6.2-10 and 6.2-13). The initial
Wf/Pb limiting that occurred at the 30000 ft/0.8 Mn condition (Figure 6.2-10) may have prevented
the initial undershoot , but Wf/Pb l imiting was not observed during the 50000 ft/ l.4 POt accel
(FIgure 6.2-13).

Accelerations were also initiated from above the estimated manifold fIlling region during
engine run 34 to Isolate the 7th stage bleed effects on 14113 undershoots. FIgure 6.2—20 indicates
the undershoot occurred when the 7th bleed was open and the exhaust nozzle was closed. Since
the 7th bleed closed after the undershoots, the dynamic effect of the closing bleed did not
cause the undershoot. Figure 6.2—21 compares engtne operating point in terms of 1.33 £P3S/
PS3S, effectively 1013, and P42 corrected at Station 22 for ‘~artous idle operating conditions.
Data point separation for each condition reflects signal noise. An open 7th bleed
increased the initIal 11143 and may have contributed to the undershoot problem since it delays - -

switching to the 11143 loop during the transient. An acceleration was not performed front the
same power setting with the 7th bleeds closed to further isolate their effect on 14143 under-
shoots, so a conclusive cause and effect relationship was not established.

The dynamic simulation predicted an initial 1’943 undershoot only when the exhaust nozzle was
open at the Initial steady state point (Figure 6.2—22). The cause of the predicted undershoot
is the increased inItial (1143 error associated with an open nozzle. This change in (1143 with
exhaust nozzle position is not verified by test data , as seen in Figure 6.2-21. Furthermore,
the nozzle closed accelerations in Figure 6.2-20 indicate the undershoot was not eliminated
when the nozzle was closed prior to the accelerations . Since the simulation predictions were
not substantIated by test data, It was not used to evaluate the undershoot.

In stastary, the major conclusions concerning 14143 schedule tracking are:

1. A low gain Integral control resulted in less 14143 oscillation , but
did not track the schedule closely.

2. HIgher gains resulted in closer schedule tracking but larger oscillations
durIng ground testing.

3. The *3 signal Is noisy.
4. Smaller sampling intervals did not improve schedule tracking.
5. Exhaust nozzle position did not affect initial 11113 undershoots during

ground testing.
6. Sufficient data were not available to identify secondary manifold

filling and 7th stage bleed status as the sole sources of P943 under
shoots.

Bodies
The bodie transient is a rapid deceleration from- high power to a lower power setting followed
imeediately by a rapid acceleration . In effect, It is an acceleration that Is subject to heat
transfer characteristtcs of a hot engine . Since the metal temperatures are higher during a
bodte than during a cold accel , heat is transferred from the metal to the gar . In the high
compressor, this additional heat takes the form of a higher operating line during the accel
portion of the bodle. The bodle then becomes the critica l event for establishing acceleration
schedule levels unless the compressor excursion can be controlled directly. Direct control
provides stal l rotectlon during bodies without compromising engine response during co ld
accels . Since cow, ressor discharge Mach ntanber Is a measure of compressor excursion, its
ability to maintain the same compressor path during a bod le and a cold acce l was assessed end
Is discussd below.

A comparison of high com pressor excursions during a ground test cold accel and a bodie with the
BONDIG (WV /Pb) control Is show n In Figure 6.2-23 . The lower rpm bodie turnaround resulted In a
1.6% higher ex cursion , while the higher rpm bodie turnaround resulted in a 1.9% hIgher excursion
than the cold accel. As shown in Figure 6.2-24 , both of these transient s we re governed to the
same Vf/Pb level . Ground test results with the IPCS P943 control also showed a higher compressor
excurs ion for the bodte than for the co ld acce l (Figure 6.2-25), and a compariso n of the WV/Pb
traces showed essentiall y the same leve ls for both the bodie and the cold accel (Figure 6.2— - -

26). A constant corrected inlet high co mpressor airf low data point Is identified on the cold
accel and bodie Vf/Pb traces for reference . A comparison of the 11143 traces for these two
t ransients , Figure 6.2—V , shows the bodie P943 at the constant corrected airflow condition was
s lightly higher than the cold accel 1943 wh ich is an apparent contradiction with the compressor
map trace of Figure 6.2-25.
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These results indicate the IPCS 14113 control produced results comparable to the WV/Pb
control; I.e., identical WV /Pb levels for the cold accel and bod e and higher compressor —

excursions for the bodie. Since this confl icted with results observed during the
altitude chamber testing at NASA/L,eRC, further analysis was performed to explain the
cont rol of a bodie with high compressor discharge Mach number.

Compressor discharge Mach number is related to compressor operating point by the
following :

(6.2.3—1 ) 11143 — —1 — ._.___1 ______ ~~~~ 
l

A P 
Jexit “ ~ in P IN T IN A EXIT

This equation assumes the entry airf low is equal to the discharge airflow . This is not

precisely true during transients , but the magnitude of the difference is considered small.
Assuming further that the compressor discharge area is constant , a bodie and cold accel
will be governed to the same 14113 and the resultant compressor excursion will be evaluated
at constant corrected inlet airflow , the following equations are developed :

P943 bodie • P943 cold accel

(6.2.3-2) (wV i_ ] P Ull .~JTEXIT
) 

(wvr] ~~~~~~~ 
~/T ExIT)

4 FOR 
W vr1

p 
u N  COLD A~C[L IN BODIE

(6.2.3-3) (P 
EXIT 

LIE 
,,

/ (P 
EXIT
,) 

r’T 
L /(

~tT EXIT
)

The last equation directly relates the relative compressor •xcurs lon during a bodie to
the relative compressor temperature ratio when governing to constant discharge Mach
number. A check of the compressor operating temperatures during the bodi. and the cold
accel shown in Figure 6.2—27 indicated :

COLD ACCEL T IN • 6l0°R T EXIT — 791°R ; I OUT/T IN — 1.3

w 

~]2; 
24.9 pps

- . -  BOOIE TIN — 650°R I EXIT .9730R ; T OUT/T IN • 1.5

~ 
/P EXIT\ /1 P EXIT \ 1 1.5

P IN )BODIE/~ 
I\ P IN ) COLD 

• 
1 3 • 1 074

ACCEL
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Though the 7.4% higher excursion predicted by this equation was larger than the 4%
indicated from the compressor map of FIgure 6.2-25 , the effect of the bodie on compressor
match at constant exit Mach number and constant inlet corrected airflow was substantiated
by the test data . In effec t , the heat addition to the compressor during a bodie (hot
acce l) results In a higher discharge Mach number for the same compressor operating point,
or a higher compressor pressure rat io for the same discharge Mach number and inlet
corrected airfl ow .

Since this effect was not obvious from initial studies of the 1943 contr o~ loop or from
earlier testing in the IPCS program, a review of these data was made to determine reasons
for the apparent inconsIstency. A cold accel and bodie were generated with the dynamic
simulation and the resultant compresso, temperatures near Idle are compared to Engine
Run 26 data in Figure 6.2—28. Although the predicted temperature response is faster
than the tes~. data indicate , the predicted temperature ratio for the bodIe Is 1.412, and
for the cold accel it Is 1.342 at constant corrected inlet airflow. These values
indicate the compressor excursion should be 2.5% higher for the bodie, according to
equatIon 6.2.3-3 for constant discharge Mach number and constant inlet corrected air—
fl ow. Figure 6.2—29 shows the cold accel and bodie have the same 11143 at a constant
inlet corrected airflow of 24.9, and Fi gure 6.2-30 shows the bodie excursion is 2%
higher than the cold accel at that ai rflow. The dynamic simulation thus verifies the
higher I~die compressor excursion at constant P1143.

Altitude chamber test results at NASA/LeRC showed the compressor excursio n was lower
for a bodIe at a simulated 10000 ft /O.9 P94 condition when control led with 11113 (Figure
6.2-31). Although high compressor temp erature data for the bodie and cold accel were
not available to explain this apparent discrepancy with the above resu lts , Inspection of
Figure 6.2-31 provides a possible explanation . The ~tdle ” setting for the cold accel
was set artifically high for operational reasons by advancing the throttle to some
point above normal idle. When the bodie was executed, the throttle was retarded to - 

-

its normal Idle setting and then returned to mu after a short period. The resultant
bodie turnaround thus occurred below th~ cold accel “idle”. This can be expected to
produce lower compressor temperature ratios than a bodie turnaround at higher speeds, and
consequently lower compressor excursions. A higher turnaround bodie is also shown in
Figure 6.2—3 1 , and Its slightly higher excursion at the indicated constant corrected
airflow Is further proof that the bodie turnaround speed affects the magnitude of the
compressor excursion.

Additional altitude chamber test results at the 41000 ft./l.4 l4~ conditon did show
lower Wf/Pb levels during the 14113 controlled bodie than durIng a cold accel .
Although turnaround speeds were above the idle setti ng , deceleration rates were
slower at this condition because of the minimum airflow loop operation. Slow decels
would tend to minimize the bodie temperature effect. The P1143 excurs ion and the
compressor pressure ratio as a function of corrected inlet airflow during the cold accel
and the bodie are shown in Figure 6.2-32. Although the initial P943 excursion was
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lower for the bodie (corresponding to the higher pressure ratio~, the cold accel andbodie P943 traces conve rged after the initial fuel flow increase, while the bodie
pressure ratio remained 1.5 percent above the cold accel pressure ratio. This situation
is then similar to the ~iight test results. The temperature histories of Figure 6.2-33
show the square root of the bodie to cold accel temperature ratios is 1.015 thus explaining
the 1.5 percent higher bodie pressure ratio at constant corrected airflow and discharge
Mach number. As seen by the discussion above , the effect of the bodie on the pressure
ratio—discharge Mach number relationship was not readily apparent from the altitude test
results. Further analysis confirmed the results observed during the flight test.

The conclusions concerning discharge Mach number control of compressor excursion during
a bodie are:

1. Discharge Mach number control is equivalent to a Wf /Pb control during
a bodie. It produced approximately the same 1ff/Pb level s for both a
cold accel and a bodie.

2. The relationship between compressor discharge Mach number and pressure
ratio at constant corrected inlet airflow changes with the temperature

-‘ ratio across the compressor. The temperature effect is significant
enough during a bodie to prevent a discharge Mach number control from
maintaining a bodie excursion no higher than a cold accel.

Some alternatives suggested below can circumvent the higher bodie excursion:

1. EstablIsh the 14043 schedule with bodie excursions and sacrifice some
cold accel thrust response as is currently done with the Wf/Pb accel
schedules .

2. Use some “PLA history” crittera in a digital controller to sense a
bodle and shift 11143 schedules accordingly.

3. Control accelerations to compressor operating line P3/P22 vs 111422
directly, thus ensuring equal excursions for the cold accel and
the bodie. Control to pressure ratio establishes stringent transducer
accuracy requirements at low pressure levels.

Fuel Derichment During Stall

When a prolonged compressor stall occurs , the burner pressure, Pb , decreases faster than
fuel flow. This results in a momentary Increase in Wf/Pb above the acceleration
schedule as indicated by the spike in Figure 6.2-34. Shortly after stall , the Wf/Ph
controller responds to reduce fuel to the scheduled trff/Pb level , and with low burner
pressures, this results in fuel derlchment. The engine then decelerates along the
acceleration schedule until the throttle is retarded.

Fuel scheduling after a stall with a high compressor discharge Mach number control Is
dependent upon the behavior of 14043. Test data indicate a short duration decrease in
MN3 occurs after stall followed by an increase to a level above the acceleration

ii schedule where it remains for the duratIon of the stall (Figure 6.2-35). This will
result in a P943 controller scheduling m ore fuel after stall until another control
loop takes coninand. Consequently, a MN3 controller may result in higher temperatures
after stal l and a more difficult recovery than a Wf/Pb controller unless a method is
devised to decrease fuel flow . Stalls that occurred during operation of the 14143 loop
did not result In increases in fuel flow because a backup Wf/Pb limit connnanded a
decrease in fuel .

The increase In high compressor discharge Mach number during a prolonged stall can be
explained b~

c reviewing the physical events after stall. Inunediately after stall the
compressor ‘blows down ” to a low pressure level • and airflow reverses for a very short

— period (several milliseconds). A negative discharge Mach number would occur during
flow reversal , but it would be difficu lt to detect without high response instrumentation
and very short data sample intervals. Following this momentary flow reversal , the
flow resumes its norma l direction but at a very low leve l. Energy continues to be imparted
to the gas from the turning roto r in the form of a small pressure rise and a relatively
large temperature rise. The combination of low airflow , low pressure and relatively
high temperature result in choking of the rear compressor stages which Is reflected
by the larger 14143 values after stall.
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: ~ The choked rear stage(s) in turn throttle the airflow delivered to the compressor and
force the front stag es to remain stalled . The stalled front stages are thus operating

J at a lower Mach number than before stall. Both rear stage choki ng and front stage stall
~~

- wer e reflected by *0 and 19422 respectIve ly after a stall duri ng Flight 25, This is ~ 
-

shown in Figure 6.2—36 which is a high compressor map showing post stall trace s constructed
from 19422 and 11143. Th. higher excursion is based on *22 and indicates operation in or
near the stall regIon, while the lower excursion Is based on 14143 and indicates operation
in the choked regton .

These results ind icate a 14143 acceleration control must include additional logic for fuel
derictanent during stall. Some possible scheme s are:

1. A backup Wf/Pb schedule
2. A stal l detector such as 14) that acti vates a large positive 11113

schedule offset .
3. Integrating 14143 error to produce a Wf/Pb coninand rather than a

fuel flow c~~ and.
4. Turbine inlet te~ eratur e l imiting .

The following major conc lusions we re made from the IPCS 1943 controller test restu ls:

1. The t1143 control demonstrated acceleration times as good or better than
a Wf/Pb contro lled acceleration wh ile governing to discharge Mach

- - number in the initia l phase of the acceleration. It is therefore a
viable alternative to a Wf/Pb controller.

• 2. Initial undershoots below the 14143 schedule were observed during ground
— tests , but were not significant during f light testing.

3. The ff43 signal was noisy.
4. Smaller sampling intervals did not improve schedule tracki ng .
5 . Compressor discharge Mach number control is equivalent to the Wf/Pb

control duri ng a bodie . The Wf/Pb excursion was approxim ately the
same for the bodie and cold accel .

6. Lines of constant compressor discharge Mach number on a co mpressor
map shift toward surg e during hot accelerations , or bodie s. This
prevents a discha rge Mach number cont rol from maintaini ng a bodie
excursion no higher than a cold acce l .

7. Additional logic is required with a P943 control to provide fuel
derictinent during a stall.

6.2.3.2 IPCS Decelerations

Gas generator decelerations in the IPCS mode were controlled by low compressor discharge
Mach number (141422), minimum engine inlet airflow (WAT2Sx), or by a backup 10 ratio unit
Wf/Pb schedule. Low compressor discharge Mach number governing was intended to provide
direct cont rol of the low compressor excurs ion during a deceleration for stall pro—
tection , and minimum airflow limiti ng was intended to avoid airflow undershoots thatcould precipitate inlet buzz. The bill of material 10—ratio-unit Wf/Pb dcccl schedulewas retained as a backup to avoid excessi ve turbine therma l stress during decels andto provide primary burner blowout protectio n .
Selection of the dcccl governing loop was determined by a select high gate as seen
in Figure 4.2-2. Since decels are governed by negative fuel flow rate comnands , theloop providing the least negative error was always selected. Most of the infl ight
decelerations were predominantly governed by the minimum airflow loop. A comparison
of IPCS and IIC dcccl times is provided in Figure 6.2-37, and it shows the IPCS controltook longer to achieve 95 percent of Its nil to idle high rotor speed change than thehydromechanical control everywher, except on the ground. There are twe reasons for the
longer IPCS dcccl times , First, the loop selection criteria with the backup 10 ratIounit dcccl schedule preven ted fuel derictmient rates greater than the HMC. Second, theIPCS idle 142 speed was lower in fl ight than the HMC idle speed because it governeddirectly to a minimum airf low schedule , whi le the HMC govern ed to minimum airflow in-directly with high rotor speed . This is a benefit for the IPCS control in terms ofthrust decay during decels . In order to sh ow time to reach the same thrust leve l , the
IPCS dcccl times to the target I*IC idle speeds are noted in Figure 6.2-37. When
compared on this bas is , the IPCS and 114C decal times are very similar.
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Most of the IPCS deceleratlons to Idle were made without lead/Tag compensation on theairflow signal . The compensation evolved from an initi al 10:1 lead/lag during altitudechamber testing to 2:1 lead/lag during the first IPCS fl ight .l7. Compensation was thenremoved In an effort to decrease decel times at the added risk of incurring inlet buzzdue to airflow undershoots . Figure 6.2-38 shows the uncompensa~e~ airflow did notresult in airflow undershoots at 45000 ft/l.9 ff4. This was also typical at higher Machnumbers where in let buzz was most likely to occur. Airfl ow undershoots were observedwithout compensation at lower Mach numbers , as seen in Figure 6.2-39 for 50000 ft/ 1.4P94, but inlet buzz did not occur at these conditions. The presence of airflow un lershootsU at the lower Mach numbers (1.6 and below) is attributed to the larger Operating rangebetween military and Idle which results In larger changes in fuel flow during thedcccl. Figure 6.2-39 shows the 2:1 lead/lag compensation prevented an airflow undershootand its removal shortened the dcccl time by 0.8 seconds (Figure 6.2-40). If necessary- . for future propulsion system controls, the airflow compensation could be varied withflight Mach number to optimize tOe trade between airflow undershoots and dcccl time .
Low compressor discharge Mach number (141422) limiting during a deceleration providedmore low compressor surge protection than the hydromechanical control. This was accomplishedeven though the 7th stage bleed was open for the HMC decel and closed for the r~csdcccl at 50000 ft/ l.4 194. The low compressor excursions during these decels are shownin Figure 6.2—41 along with the operative IPCS control loops. The 12th stage bleedswere opened during both decelerations as Wf/Pb approached the 10 ratio unit decelerationschedule. This was a feature of the IIIC that was retained for the IPCS control . For anew propulsion system, this dcccl proximity bleed could be eliminated by directlycontrolling the low compressor excursion during a dcccl .
Midway through the low compressor dcccl excursion, the controlling loop switched from141422 to minimum Wf/Pb, as seen In Figure 6.2-41. This resulted In a slight Increase inlow compressor excursion relative to the PC. The cause of the loop switch is shownin Figure 6.2-42 . Soon after rotor speed begins to decrease , the 12th bleeds open andthe P9422 schedule is increased accordingly. As the dcccl progresses through 8000 rpmcorrected low rotor speed , the sch edule turn s down ward which increases the magn itude ofthe 141422 error (141422 ref—MN22 sensed). The 141422 erro r thus becomes more negative thanthe Wf /Pb mm error, and Wf/Pb mm becomes the controlling ioop. This loop switchoccurs once more when the Wf/Pb mm error becomes more negative than the minimum airflowerror, and minimum airflow becomes the controlling loop. Rnflnemcnts to the 141422schedule would prevent loop switching from the P9422 loop to the minimum 1ff/Pb loop.
The following conclusions were made regarding the IPCS decelerations :

1. IPCS idle speeds were lower than the HI4C because of direct control tominimum airflow , end this enabled more thrust decay during decelerationsat rates comparable to the PC. Fuel derictinent rates were limitedto the PC levels to avoid increase d turbine therma~ Stress ~nd primaryburner blowout.
2. The minimum air flow contro l demonstra~~~ deceleratl ns without airflow under-shoots. A compensated airflow signal is required ~ 1ntermcdi~te Machnumbers (1.6 and below) to prevent undershoots at ~ e expense of a longer - 

-decelerati on time.
3. The low compressor discharge Mach number control demonstrated decelerati onlow compressor stall protection with the 7th bleed -~1osed equal to orbetter than the PC with the 7th bleed open.

6.2.3.3 BONDIG Accelerations

Accel times from idle to mil for the I-PlC and BOMOIG controls are compared in Figure6.2-43. Times were measured from the power lever snap to 95% of the high rotor speed(142 ) change. The accel times for both controls were essentially the same , thus reflectingproper implementation of the bill of material mode in the dig i ta l contro l and a correctfuel flow calibrat ion (SectIon 5.4.3).
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6.3 AFTERBURNING

6.3. 1 Steady State A/B

Steady state afterburning operation is influenced by afterburner fuel scheduling and
exhaust nozzle position as well as turbine inlet temperature. Exhaust nozzle area
together with A/B fuel flow determine fan suppression , or level of fan pressure ratio
for a given inlet corrected airflow. The primary function of the fuel control during
A/B operation is to maintain a target suppression level , or fan operating line , by
properly coordinating A/B fuel flow and exhaust nozzle area.

6.3.1.1 Fan Suppression

The BOMDIG mode controlled A/B suppression indirectly with a low compressor discharge
static pressure over turbine discharge pressure (PS22/P6M) vs corrected high rotor
speed (N2/V~~ schedule. This control parameter selection was based on hydromechanical
considerations and the lack of a low rotor speed drive. The indirect control method
is subjecj.to engine deterioration and 7th stage bleed effects, because they influence
the N2/ v~~ vs PS22/P6M relationship. Deterioration Is acconanodated by occasional
trinining , and 7th stage bleed effects are acconinodated by a schedule reset that is
intended to maintain the same fan operating line when the 7th bleeds are open.

The IPCS mode governed directly to fan operating line (P6M/P2 vs WAT2SX) to control A/B
suppression. Corrected engine inlet airflow, WAT2SX. was synthesized from P6I-r~2 andcorrected ~ow rotor speed, 141/ Vö~,accordlng to a correlation curve developed from past
1F30—P-9 test programs. This direct control of suppression eliminates the need for
trinaning after the initial installation , and it automatically compensates for other
effects such as compressor bleed.

A comparison of the BOMDIG and IPCS fan operating l ines during the 650 kt. accelerations
in max A/B is shown in Figure 6.3-1. Both modes show operation above the target fan
operating line because the engine was trinined toward the suppressed side of the allowable
trim band (Figure 6.3-2). Trirening shifts the suppression schedules by a constant
percentage , so both the BOMDIG (N2/V~~vs PS22/P6M)and IPCS (WAT2SX vs P6M/P2) nominal
suppression schedules are offset f rom the data points as shown in Figure 6.3-1 . There
are two conclusions from this BOMDIG and IPCS operating line comparison. First, the
IPCS direct suppression control maintained the trirened target fan operating line , and
second , the indirect BOMDIG suppression control showed up to a 10% higher suppression
level than IPCS at approximately 180 pps corrected airflow when the 7th stage bleeds
were opened.

This 10 percent BONDIG oversuppres slon with 7th stage bleed open is not considered
representative of the bill o’ material , or i~yaromechanical , control operation. Figure
6.3-1 shows the fan operating line l evel demonstrated at high flight Mach numbers during
the TAC 16 F-lll /TF3 O—P—9 developnent testing Is much closer to the target suppression
levels than 801401G. One of the dif’erences between the PC and BOMOIG A/B contro ls is
the turbine discharge pressure source. The HI-IC uses the primary stream pressure, P6,
~~1le the BOMDIG control uses the mixed strea m pressure, P614. The effect of these

I - differences was estimated early in the IPCS program, and the BOMOIG sche&le was• adjusted accordingly. However, there is a possibility that the 7th stage bleed effect
on the relationshi p between these pressures is larger than originally estimated . The
primary stream discharge pressure was not measured, so this pressure difference cannot
be evaluated .

The pilots reported ‘A/B roughness’ during several øf the IPCS 650 kt. accelerations .
This roughness was characterized by 4 percent P6MS/P2S oscillations at 2-3 hz. It was
also observed during the TAC 16 development testing (Figure 6.3-1 ) and was caused by a
marginal unsuppresslon. In an effort to el iminate this reported roughness during the
IPCS fl ights, the target fan operating line was increased in the region whe”e the
oscillations were observ eu as seen in Figure 6.3—3. The first revision el iminated
the roughness, as Indicated by the table sumary in Figure 6.3-3 , but since A/B stalls
were also encountered during this flight , a second revision was made . The second
revI sion resulted In a reoccurrence of the roughness, so a third and final change
wes mads which resulted in neither pilot re~ort1ng roughness or A/B stalls.
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Conclusions made from a review of the IPCS and BOMDIG suppression control are:

1. The IPCS control maintained the target fan operating line for
both bleed closed and bleed open operatIon.

2. Direct control to the target fan operating line minimizes the
need to trim the engine as engine performance deteriorates
during service.

3. The BOMDIG control resulted in high suppression levels when the
7th bleeds were opened. This is not representative of HI-IC
operation and may have been caused by a difference in HMC and

• 8014016 turbine discharge pressure sources.
4. Afterburner roughness during 650 kt. accelerations in the IPCS

mode was eliminated by suppression schedule changes.

I 
I 

6.3.1.2 Afterburner Fuel Scheduling

~_1 In the IPCS afterburner the fuel-air ratio for each zone is scheduled as a function of the rate

~
-
~1 limited throttle signal (PLAP). Corenanded fuel flow is the product of fuel-air ratio and airflow.

~‘~i 
Primary stream flow parameter is calculated from the &3S and PS3S signals and converted to

~
_ _i airflow using P3S and T2S. Fan airflow is computed as the difference between the total compressor

:•~
- i face flow and the primary stream airflow.

¶1 The IPCS afterburner fuel flow scheduling demonstrated better reaction to unscheduled changes

~ 
in engine and duct stream airflow due to bleed operation. Filtering of the Nl signal and a

-~t 
- reduction in suppression loop gains were required to eliminate oscillations during steady—state

L~ ~ 
A/B operation.

~ 
Effect of Fl ight Conditions

~- t the BOMDIG mode of control has a “Theta bias ” (change in zone fuel flow with T2.) schedule that
I modulates zone flow to account for changes in engine bypass ratio. IPCS does not require any

~ 
biasing to account for changing duct stream conditions or bleed effects.

• The ability of the IPCS to schedule fuel flow is illustrated on Figure 6.3-4. Data from three
- - 

- 

flights are shown in the figure - a BOMDIG flight (20), an IPCS flight with bill of material
I bleed logic (19), and a flight with distortion control of bleeds (22). Two observations may be
! made in  compari3on to the BONDIG data. First , IPCS has demonstrated that the “Theta bias ”

~ ~ 
effect is automatic with the fuel-air mode. As flight Mach number increases , engine bypass

~ 
I ratio is inherent In the airflow calculations such that a constant fuel air ratio for peak zone

- - two and zone three operations result in a rising Wf/PS3S similar to the BOMDIG mode. Secondly,
the entire bleed effect is automatically accounted for in the IPCS mode, by a shift in duct
stream air flow, causing higher fuel distributed to the duct stream zones. When the 7th stage
bleeds are open , engine—stream air is ported to the duct—stream resulting in increased air
flows in the duct stream. The BONDIG mode is not prograrened to account for this offset, as

- evidenced by the engine stream zone schedules which do not shift with bleeds. However, main
- burner pressure . PS3S , which falls off with bleed , is In the right direction for reducing

BOMDIG fuel. Engine-stream zone ratios are not illustrated because at Max afterburning the
- amount of fuel delivered by these zones is more dependent on suppression requirements than on a

specific fuel-air ratio leve l . Because of the 12 effect on BOMDIG Wf /PS3S , the relative positions
-
~ of the BONDIG and IPCS data recorded on different flights may not correlate.

-i A/B Oscillations

Oscillations in A/B fuel flow and nozzle area were observed during the ground tests. A review
of altitude test data showed that fuel oscillations existed at max afterburning. Engine running

— identified the cause of the oscillations as Ni noise and showed that reducing the trim loop
gains was effective In reducing the sensitivity to the noise (paragraph 5.6). As a result the
proportional and integral gains were reduced 6 dB. Following flight 17 a six sample block
average filter was used on t~,e Ill signal to further reduce the noise. The secondary advantage
of the reduced gains was el Imination of the AJ overshoot during snap accels. Figure 6.3-5
shows an ~arly engine run (10) snap from MIL to MAX with an area overshoot midway up during theaced . The reduced gains resulted In a flat in the area transition at the same point during a
later run.
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~ The IPCS mode has consistently reacted to a stall event by activating the blowout sequence.
~ Thus , when a stall occur s , the IPCS mode deriches the gas generator, opens the bleeds , andI 

shuts off the afterburner. Afterburner shutdown is ts~lemented by slewing PI.AP to the shutoff
~ position. The fuel shutoff sequence for the five zones of afterburnlng has exhibited an
~1 interesting characteristic that appears related to the fuel-air mode of schedu ling afterbu rner

fuel . Figures 6.3-6 and 6.3-7 illustrate the effect of stal l on scheduled fuel . The stall was
on an Idle-Ma x snap accel st 49000 ft. Mach 2.4. The figures show zones one and five shutting
do~m in an orderly manner , however , zones two, three , and four exhibit a rise in scheduled fuelin response to the stall. The BONDIG mode, being scheduled w ith Wf/Pb , exhibited fuel reductionin all zones In response to the Pb decay caused by the stall event. The IPCS fuel increase inthe three duct zones is apparently caused by the relative rate of airflow collapse in theengine stream relative to the duct stream during the stall. When the engine s tream airflowcollapses faster than the total engine airflow , the duct stream airflow exhibits a momentaryincrease . This causes the duct stream fuel flow to momentarily increase . This is not a potentialshortcoming of scheduling fuel—air ratio , In that fuel flow will follow the airfiows of eachstream to mainta in the desired fuel -air rat io.

6.3.2 Mterburning Transient Operation
M 6.3.2.1 Light Off Detection

The IPCS afterbu rner light-off detection used during the Flight Test Program has remained thesame as that tested during the Altitude Test , with the exception of a low Reynolds Index schedule- change. The schedule adjustment was an unsuccessful attempt at assuring 100% afterburne r ligh treliability at the 45000 ft. , Mach 0.9 flight condition. Post test analysis has indicated thatthe afterbu rner lighting problem is probably associated with the afterburner lighting characteristicsrather than with the mode of detecti on.
1 The IPCS mode is unique in its implementation of afterburner light detection , since it measuresthe time derivative of the actual fan operating point relative to its reference value .
- The derivative calculation involves taking the difference between the current and past value of% airflow error (reference airflow - actual airflow)/reference airflow and divid ing by the —control computer sampling period (.03 see). Originally an average derivative was calculatedover fo ur sample periods, however , appropriate measurement filtering permitted use of thederivati ve calculated during the most recent sample period. The derivat ive threshold wasdetermined during Altitude testing.
-J The IPCS afterburner light off detection was very successful . This was demonst~’ated at all ofthe flight test cond itions during Nil to Max, and Idle to Max transients , except the 45,000feet ., 0.9 Mach number test condition. This condition should not be considered as a failure to
I detect lighting, but a failure of the afterburner to light. This flight condition has exhibitedlighting problems for both contro l modes during the altitude test , and is not considered to bean unusua l problem. The development engines have also exhibited these characteris tics due tothe proximity of the A/B relight envelope imposed by the low duct pressures of the high altitudecondition. IPCS does not permtt false afterburner rel ease , since the logic requi res the tailpipe

I area to be open at least 5 degrees as measured by the area feed back resolver. The tailpip earea will open only if an oversuppression sig nal exists , as would be caused by combustion inthe afterburner. If an EPR spike , due to the igniter squirt occurs, without substaining alevel of oversuppression, then the tailpipe will not open and the afterburner will not bereleased , as was the case at 45000 feet, 0.9 Mach nueber.
I Figure 6.3—8 shows an IPCS aced Idle to Max , with two unsuccessful light attempts , followed byone successful light and afterburner release to Max power. The EPR spike due to the ignitersquirt Is shown on the first two li ght attempts as a short duration rise In EPR. The successful• light on the third attempt not only exhibits the EPR spike rise , but the higher EPR level is- maintained by the afterburner combustion causing the tailpipe area to open and release the-
~ I afterburner to Max power.

-i
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6.3.2.2 Blowout Detection

The IPCS test engines have not experienced afterburner blowouts , except when coupled with
anothe ,- incident such as engine stall. Blowout detection always reacted according to the
design criteria. An interesting fact was the LPCS mode always reacted to stall as if it was a
blowout, however, some BONDIG stalls did not.

IPCS blowout detection is Identical to the light—off detection. discussed In paragraph 6.3.2.1 ,
using the rate of fan operating point motion relative to the reference value as a measure of
blowout indication. The major difference is the direction of operating point movement. For
blowouts , the percen t airflow error decrease s. The negative derivative threshold dete rmined
during the design phase was used successfu lly throughout the program. Upon receipt of a blowout
signal , the IPCS comt~ol turns off the afterburner In one second , while it der iches the gas
generator and opens the 7th and 12th stage bleeds. The BONDIG mode operates on a suppression
error signal and perfo rms the same functio ns, except it does not open the 7th stage bleed.

The afterburner did not blow out except as Induced by engine stall . In each event , the blowou t
detection mode for IPCS operated successfully. The afterburner was shut down end the gas
generator was deriched to prevent overspeed. BONDIG performed in a like manner except the
afterburner blowout signal was not activated by stall in all cases . Figure 6.3—9 shows a 8011016
snap dcccl from Max to Nil w ith stal l occurr ing without an afterburner blowout reaction . A
normal reaction to a blowout signal would be a rapid rate closure of tailpipe area, AJPOS,
and cut off of zone fuel flow.

One of the more Interesting blowout events in IPCS is shown on Figure 6.3—10 which was a 50,000
ft/2.36 Mach “Seal Saver Turn ” (SST) through an angle of attack of nearly twelve degrees while
at max afterbur ning. The first signa l indicating a problem was the buzz detector (the buzz
l oop was not operative for this test, but the signal was available), followed by the afterburner
shutdown and gas generator deric linent. At first, this event was appraised as a stall , however,
the Wf/Pb si gnal , the 14 signals and the fuel valve signals indicate the gas generator was
being deriched. This was followed by an afterburner shutdown. This event was different from
other stall/blowout events , In that the gas generator was derlched prior to the decay in main
burner pressure, therefore, It was concl uded that a bl owout signal was detected. However,
review of tailpip e pressure P6MS, indicates that the afterburner did not blowout since the de-
richment occurs prior to pressure decay.

It is speculated , based upon the data , that the unusual event was tripped by a short duration
“ pop-stal l” in concert vll th inlet buzz. The pop-stal l resulted in the blowout trigger setting
up the deed . A problem occurs when the deed dr ives airflow below the minimum acceptable
value of 153 pounds per second causing inlet buzz to self sustain. This was due to an airflow
schedule reset to permit blowout “temporary deed s” without airflow constraint. This was
corrected by retaining the minimum airflow schedule during blowout for subsequent tests. The
feature of IPCS reacting to each stall as a blowout may not necessarily be considered an advantage
for the case where a momentary “pop—stall” occurs without an afterburner blowout. Detecting a
blowout would interrupt power since the afterburner is shutdown.

6.3.2.3 Afterburner Accel Time Comparisons

The IPCS control consistently demonstrated faster Nil to Max accel times than 8OMDIG during
both altitude and fl ight test. This was due to the IPCS prefill feature which minimizes
manifold filling effects. The aced time is calculated as the time between the start of the
throttle snap and the point -In time when the tailpipe area achieves Its final value.
The IPCS mode Is progranuned to achieve Max afterburning power about 3 1/2 seconds after the
snap from Nil. The variation in flight test aced times, as shown on Figure 6.3—1 1 deviates
from this amount by the time It takes to fill the manifold for Zone 1.

The average savings in aced time was about two seconds with the least improvement being 0.7
seconds at lOl(/O.9 Mn, and the greatest gain of 3 sec occurring at 45K/0.9 Mn and 411(11.4 Mn,
both of which have relatively large manifold filling effects. These savings in accel times

without greatly impacting the control of fan suppression as discussed in paragraph
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The fuel manifold fill delay is eliminated by the IPCS control which calculates the time
to fill each zone manifold , and opens the shutoff valve early in the transient. The
time required to fiti the manifold is computed from fuel-air ratio and airflow and Is —

converted to a fill valve opening time using the rate of the rate limited PLA.

The BONDIG control mode works in a simfiar manner, using a rate lim ited control signal
to schedule fuel , however, fill anticipation Is not Included . Instead , an approximate
zone fill time is scheduled as a function of burner pressure, and when the rate l imited
schedule gets to Its normal ‘level , the shutoff valve Is opened and the rate limited
signal is held constant for a time duration equal to the fill time. This results in a
larger time to accel from Pill to Max.

Figure 6.3-13 shows the comparison of BOMDIG and IPCS data for the 41000 ft/Mach 1.4
flight test condition and illustrates the effect of prefill logic on operation of the
shutoff valves, used as prefill valves. Four sets of data are presented on the figure:
1) WFAB is the DPCU signal that indicates the sum of each zones scheduled fuel (WFZ)
times its shut off valve position (SOY):

WFAB WFZ1 (SOvl ) + WFZ2 (SOV2) + WFZ3 (S0V3) + WFZ4 (S0v4) + WFZ5 (SOV5)

2)P6MS/P2251s the overall engine pressure ratio determined by the quotient of P6145
average tailpipe pressure, and P25,engine inlet pressure. 3) Shutoff valve sequence
Is the time relative to the start of the throttle snap when the zone shutoff valve Is
opened. 4) Zone pressure increase is the time relative to the start of the throttle
snap when each zone first registers an Increase in manifold pressure. The time between
the opening of a zone shutoff valve and the Increase In zone manifold pressure ls the
time to fill the manifold.

For the BOP4DIG mode, the zone fill process is accomplished with a deliberate delay.
Figure 6.3-13 shows this delay time as a flat In the fuel scheduled to UI. afterburner.
These flats also show on the exhaust nozzle area trace on FIgure 6.3-12, and cause the
longer accel t ime for 801401G.

The IPCS prefill logic operates to open the shutoff valve using the zone advance calculated
from the time to fill each manifold. The result Is a relatively smooth increase in
fuel from Pill to Max without the zone fill delay times. It Is Interesting to note that
the zone 4 shutoff valve opens before the zone 3 valve, hoiever the order of zone
pressurizations are in the correct sequence (as showe by the unshaded triangles). This
was due to the zone 4 manifold having a relatively long fill time. As seen on the
figure, zone 3 takes about 0.7 seconds to fill , while zone 4 takes about 1.6 seconds.

During engine run 35, the last IPCS ground run , a test was devised to demonstrate the
fastest engine accelerations possible. Part of the plan called for increasing the rate
limited power lever angle rate, from 15° sec to 51°/sec to decrease the time required
to advance from military to max A/B. Figure 6.3-14 shows the zone 1 Wf rate of change
increasing from 8000 PPH/sec to 26,600 PPH/sec, however, the P4 rate of change did not
increase Indicating that nozzle actuator slew rate limit had been reached with 15°/sec
PLAP rate. A stall occurred at the point that Zone 2 Wf started to increase. Figure
6.3—15 shows the EPR level at point of stall

It can be concluded from the test that for this configuration a 51°/sec PLAP rate Is
too fast because It coimnands a rate of increase Of A/B fuel flow which the nozzle area
can not follow resulting in engine oversuppression. The suppression trim loop was
Intended to hold PLAP constant (prevent A/B fuel flow from Increasing ) when the measured
airflow exceeded the reference airflow by 5%. EIther it was not responsive enough or
the 5% threshold Is too high to prevent the oversuppresslon at the point where Zone 2
fuel flow started to increase.

6.3.2.4 Afterburner Decal Time C~~parisons

The 1PCS dcccl time demonstrated during Altitude Test was Improved upon during the
flight test program by scheduling the rate of PLAP reduction to turn off A/B fuel at a
point In time equal to BOMDIG. This resulted in IPCS dcccl times about 1/2 second
slower than BOt4DIG, when measuring decal times to P4 closure.
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The IPCS was origInally progrananed to result in a Max to Nil dcccl time of 3 1/2 seconds,
the same time as progranred for accels. However since the BONDIG mode was decelerating
in about 2 1/2 seconds, the IPCS mode was changed. This was acc~~ 1ished by changing
the rate of PLAP for decels, from -15 degrees per second to -21 degrees per second. In
essence, this change results in turning off IPCS A/B fuel In about 2 1/2 seconds (51°
PLAP at 21°/sec -2.42 seconds.) With tailpipe area lagging on decels to provide unsupp-
ression during transients, the actual decel times averaged about three seconds as
shown on Figure 6.3-16.

The effect of the decel time Improvement change is illustrated on Figure 6.3-17 and
5.3—18 which shows the nozzle area and the fan suppression respectively. While increasing
the rate of PUP closure improves dcccl time, the effect on the fan map was to use more
excursion room. This trade was considered very satisfactory since the IPCS fan map
excursion does not exceed the BOI4IIG excursion.

6.3.2.5 Suppression Control During Afterburner Transients

IPCS demonstrated fan surge margin control equal to or better than the BOMDJG mode
during afterburner accels and decels. During accels, where manifold prefill was used
to obtain accel time improvements, the envelope of fan suppression is about equal to
the BOMDIG mode. For afterburner decels, the IPCS fan surge margin Is decidely superior
to that demonstrated by BOMDIG. BONDIG was not able to provide sufficient surge margin
to decelerate without stalls at the 45000 ft., 0.9 Mach flight test condition.

- I IPCS afterburner control of suppression during transients operates the same as during
steady state. The 803401G afterburner also controls transient suppression similarly to
steady state except during snap decels, where the nozzle area is shut down at a fixed
rate.

Both modes have a reference suppression schedule. The IPCS mode schedules the fan
operating l ine airflow WV ~2/ 82 as a function of overall engine pressure ratio (EPR)
and the loop is closed with a measurement of engine airflow obtained from EPR and —

corrected speed (Nl/V1~), The BONDIG mode schedules the fan operating line indirectly,
providing a reference engine pressure ratio (Ps22/p6M ) as a function of high rotor
corrected speed (N24WG2) and provides loop closure with a direct measure of PS22/p6M.
The errors formed by the loop closure drive the integrator which trims nozzle area to
maintain the desired suppression. During the transient from Nil to Max , the trim
Integrator operates in both IPCS and BONDIG to ~ontrol suppression. During the transient
from Max to Nil , the IPCS time integrator is operative on nozzle area. For BONDIG, the

‘ I trim integrator operates on A/B fuel . In addition , the nominal IPCS schedules of
afterburner fuel and tailpipe area as a function of the rate limited oower lever signal
(FLAP) are set to provide area lead on accels, and area lag on decels (BONDIG provides
area lead on accels and decels). Figure 6.3—19 Is illustrative of this principle , - -- 

- which always biases the fan match in the lower suppression direction since more tailpipe
area at a given fuel matches the fan away from surge. This deliberate mismatch Is
eliminated by the trim integrator during steady state operation.

The results from the altitude test showed the IPCS decels from Max to Nil to be approximately
one second slower than BOMOIG. The goal during the flight test phase was to improve

4 IPCS dcccl times to be approximately equal to BONDIG, and if possible to be even faster.
This was accomplished by increasing the PLAP shut down rate from -15 degrees/second
to -21 degrees/second. The faster shutdown resulted In the fan operating more unsuppressed
which was considered an acceptable trade for improved dcccl time. The change In dcccl
time was about one—half second as discussed in paragraph 6.3.2.4, and was not pursued
further.

The approach taken to compare suppression effects was to select those DPCU 1.~rameters
which are coninon to each control mode. This resulted in using EPR and Nl/V6Z as an
indication Of fan suppression. Since these data are coninon in each mode, and comparisons —
were made for flights with consistent measurement calibration , a good relative suppression
effect was obtained. To avoid the confusion associated with illustrating numerous data
points, or transients paths overlapping in many different directions, the fan suppressions

- 
- - are presented as envelopes. The fan suppression envelope is the locus of extreme

points during an afterburner transient and provides an ininediate assessment of which
mode is operating with higher or lower suppression at some time during the transient.
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The IPCS and BONDIG modes have consistently demonstrated similar suppression control. This can
be observed by comparing the fan operating path envelope during Nil to Max and Max to Nil
afterburner transients. Figure 6.3-20 shows the locus of the extreme points on Nil to Max
transient operating paths. Test events from the corners of the flight envelope are shown. The
lighting spike ~s determined by light off fuel flow which was the same regardless of mode,
thus , the suppression differences are related to the different steady state operating lines as
discussed In Section 6.3.1, and the transient paths during the accel. The key IPCS feature was
the demonstration of suppression control nearly identical to that exhibited by BONDIG as measured
by the shape and area of the envelopes shown on Figure 6.3—20, even with the manifold prefill
providing faster accel times. Figure 6.3-21 shows the locus of the extreme points on Max to
Nil transient operating paths. The IPCS mode works with nozzle area lagging behind the fuel
flow to unsuppress the fan during decels. This is evident by the suppression envelopes. The
BONDIG mode resulted in engtne stalls at 45K. .9 194 and 45K, 2.1 MN.

The flight test program experienced many non-deliberate stalls i-n each mode, which may be
attributed to afterburner transient operation or steady state suppression effects. Both control
modes stalled during transitions between Max and Idle at 50K/2.4 MN. These stalls may be

p 
attributed to excess airflow variation. The remaining IPCS mode stalls occurred during Flights
23 and 24 with afterburner transients which had a higher suppression schedule in an attempt to
understand the VB roughness problem reported by the pilots. These stalls are discussed in
paragraph 6.3.1. The BOMOIG mode experienced afterburner stalls during Flights 16 and 20 which
are related to steady state suppression coupled with the suppression effect of the Aj closure
rate .
6 .3.3 DPCIJ Disengagement During Afterburning

Test data acquired during P.676629 engine sea level static (SLS) testing showed a potential for
low rotor overspeed when the DPCU was disengaged during maximum afterburner operatIon. When
the DPCU is disengaged the A/B fuel solenoids close and the nozzle closes at its maximum rate.
Since the nozzle takes longer to close than the fuel solenoids, the turbine exit pressure, P6N
is reduced. This Increases fan speed until the nozzle closes. A control change was made to
add a relay to the system to open the 7th stage bleeds for 3 to 5 seconds when the DPCU Is
disengaged or powered down. This feature was tested during the SL.S test with a resultant peak
speed of 10370 RPM Ni from maximum A/B, compared to a limit of 10500 RPM. It was also tested
at each of the test points during altitude testing at NASA/LeRC with the resultant peak speed
of 10250 RPM Ni occurring at the 22K/l.06 MN flight condition.

During the flight test progrem, A/B disengagements were performed during each pre-flight ground
run. The results of a typical maximum A/B disengagement obtained during ground tests prior to
Flight 15 are shown on Figure 6.3—22. The peak Ml speed was 9950 PRM.

6.4 IDLE/MAX OPERATION

IPCS consistently demonstrated faster accels from Idle to Max than 8014016 during both the
altitude test and the flight test. This was basically due to the improvement in Nil to Max
accel time. The Max to Idle decels, however, were decidely faster with BOMOIG during the
altitude test. A change to the IPCS mode Improved the dcccl times for each condition tested by
2 ~o 3 seconds.

- i Both IPCS and BOMDIG must satisfy permission criteria prior to A/B operation. The afterburner
permission signal for BONDIG was a test on proximity to the accel schedule (permission was
granted when Nil governing operation was one to two ratio units down from the accel schedule).
The afterburner permission criteria for IPCS were:

1. XLOOP indication of operation on a steady state loop, and
2. High rotor speed within 5% of the Nil reference
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Another difference between the two modes was the light-off indicator which, for
IPCS used the rate of change of air flow error as discussed In paragraph 6.3.2.1.
The BOMDIG mode worked using a suppression error level indicator. Both modes werked
well, providing appropriate gas generator lockout and positive Indications of after-
burner lights.

In IPCS the Max to Idle transient was originally designed to provide the best control of
fan surge margin, by first decelerating the afterburner, followed by the gas generator
decal after the afterburner shutoff was Indicated by closure of the Zone 1 shutoff
valve.

The serial decel provided better IPCS control of fan suppression during Max to Id le
transients than BONDIG, as evidenced by altitude test data, at the expense of dcccl
time. To Improve on transient decal time, the IPCS mode was changed from serial
decels to parallel decel s , In a manner similar to 801401G.

The effect of this change is illustrated on Figures 6.4-1 and 6.4-2 whIch show the high
rotor dcccl ratesand fan suppression effects respectively. Engine run 10 shows the
serial dcccl for the ortginal IPCS configuration where th. afterburner shuts off prior
to the gas generator dcccl . The data sho,m for the Flight 19 preflIght series
illustrates the parallel dcccl mode showing high rotor speed decelerating at a rate
similar to BONDIG. The fan suppression data shows that while the serial dcccl Is
along a path of more unsuppresslon , the parallel dcccl results in a transient path with
suppression similar to BOMOIG. The transien t path for the IPCS dcccl Is either alon gthe fan steady state part power operating line, or below it , indicati ng surge margin
control equal to or better than during steady operation. The BONDIG dcccl, however,
results In a slight over-suppression at the high power end due to the transient
suppression mode of control. The IPCS mode provides AJ lag on afterburner shutdowns as
di scussed in paragraph 6.4.2.4. to improve transient fan suppression .

Idle to Max and Max to Idle throttle transients were pert of the normal test series at
each flight test condition to Illustrate the gross transient accel and dcccl timedifferences between the two modes 0f control. FIgure 6.4—3 sumearizes the accel timesfor the various flight conditions tested. The accel times were calculated as the time

- l  between the start of the throttle snap and the point In time when nozzle area achieves —

its final value. As showo on the figure , IPCS consistently demonstrated faster acceltimes than 801401G. The average improvement in accel time was approximately 2.5
4 seconds.

Figure 6.4-4 suninarizes the decal times for the various flight test conditions . The dcccl - 

-

times were calculated as the time between the start of the throttle snap and the point
in time when the nozzle area closes or the point where 95% of the change In the highrotor speed occurs , whichever is longer. Since most Max to Idle decels take longerfor the high rotor speed to change than for nozzle area to close, the dcccl times are
closely related to the Nil to Idl e decels, with deviations occurring due to blent
effects or secondary effects of decelerating the gas generator and afterburner simultaneously.
6.5 IPCS SPECIAL LOOPS

Five IPCS control loops were enabled for a portion of the flight test to evaluate special
features : Buzz , distortion control of bleeds, airflow trim, stall and recovery detection,
and autothrottle. These features are discussed In the following paragraphs .
6.5.1 Buzz Loop Performance
In flight.the buzz loop performed essentially as predicted by the approximate simula tionIncorporated in the digital engine simulation . Comparison and analysis were somewhat
complicated by the inclina tion of the engine to stal l when exposed to buzz and a soft-ware error which occasiona lly caused engine accels when the Inlet was not buzzing.
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Buzz occurs when engine airflow drops below the inlet flow stability threshold. If inlet
bypass doors are available they are used to control buzz by raising inlet airflow above the
stability threshold. No bypass doors are available In the F-lll therefore buzz was controlled
by accelerating the gas generator to increase aIrflow. Since the inlet enters buzz precipitously

H and the gas generator increases airflow relatively slowly it is virtually impossible to prevent
buzz within the IPCS constraints. The system described below does, however, increase engine
airflow, eliminating buzz after a short time.
FIgure 6.5—1 depIcts the buzz control system. The output of a dedicated KulIte pressure
transducer in the station 2 compressor face rake system passes through a pass band filter
centered around 10 Hz , the nominal buzz frequency. The resulting signal , full wave rectified

-~ and smoothed with a .1 sec . time constant lag , provides a d.c. signal level proportional to the
level of buzz activity in the inlet. Sampled at the 33 Hz major cycle rate and normalized by
P2 It becomes the control input to the buzz suppression system. As BZZS exceeds a noise suppression
threshold it sets a logIcal flag, BZFLG, and is passed through a high gain and limited to
generate an error signal causing the engine to accelerate. Referring to the waveforms sketched
below the block diagram in Figure 6.5—1 , the effect of even a small buzz level Is to co.miand a
maximum accel . This accel comnand is passed to the fuel flow coninand Integrator if it is
consistent with the restrictions imposed by the select logic. In actual operation an Ininedlate
transfer to the T4 max loop occurs. Loop switching is dictated by the comparison of CERBZZ to
the other normalized errors within the select logic. The normalizing parameter for CERBZZ ,
(BZFAD + CN69G*BZTHR*~S3S), was selected based on simulation studies to provide desired l oop
switching characteristics. To prevent hard buzz from developing , engine decels are rate limited
when the buzz loop is enabled (sense swItch 11).

As the engine accelerates in response to the buzz suppression system accel coninand, buzz decays
and eventually disappears. Switching directly back to the N2 error coninand would result again
in rate l imited dcccl and reentry Into buzz. The remainder of the buzz suppression logic is
intended to provide a gradual transistion from a DER coninand of zero to a dcccl coninand. When
BZ FLG Is reset to 0 it clocks a sample and hold establishing the value of ERRMAX at the moment
of transistlon as the Input to a lag which produces the transistion signal BZFAD. The output
of this lag is held at 0.0 when BZFLG is true Indicating buzz is sensed. The input and Output
of the BZFAD lag are dtfferenced to provide a fade complete Indicator, BZDET. When the inlet
-Is not buzzing and fade is completed- CERBZZ is set to -31 to inhibit buzz in the select
logic. The sense switch input provides for enabling the loop through the sense switches.

Performance of the buzz loop at two flight conditions is depicted In Figures 6.5—2 and 6.5-3.
In Figure 6.5—2 the aircraft was held at constant Mach number using the right hand engine while
left hand PLA was set to idle. The resulting limit cycle in and out of buzz is as predicted by
the digital simulation. In Figure 6.5-3 the aircraft was-allowed to decelerate - both throttles
to idle - to permit a more realistic test of the system. The engine stalled early in the dcccl
making buzz recovery difficult. However, the repeated attempts of the buzz loop to recover and
the overriding effect of the T4 max loop are evidmnt. Recovery from stall and buzz is eventually
achieved and after fading the dcccl is attempted again. In this event buzz is suppressed as
desired. Finally a random accel , discussed below , occurs prior to the advance of PLA leading to
the next test events .

Random accels were originally ascribed to noise pulses on the buzz signal and a fix was attempted
by expanding the buzz threshold. As more data became available It was evident that a software
anomaly existed. Open loop testing of the buzz suppression logic was performed to isolate the
problem. FIgure 6.5—4 displays the results. As buzz increases the logic performs as discussed
above. After buzz Is removed, BZFAD and CN69G*BZTHR*PS3 can decay to a value small enough to
create an overflow of CERBZZ. In closed loop operation this results in the momentary accel
noted previously. Due to the on-site analysis limitations imposed by slow data turn around,
lack of a closed loop simulation on site , and pressure of higher priority problems this prob lem
was not resolved in time to permit retest in flight .

The buzz loop operated as well as expected within the constraint of not having bypass doors.
Engine airflow during deceleration was reduced roughly 30 PPS below the IPCS minimise airflow
schedule as indicated in the figures. Buzz, when encountered, was suppressed —although slowly.
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6.5.2 Distortion Control of Bleeds -

Distortion control of bleeds was successfully demonstrated during the flight test program. The
loop worked by maintaining a continuous comparison between measured distortion and the distortion
tolerance of the engine. Airplane accelerations from subsonic to supersonic conditions showed
that distortion control could keep the 7th bleed closed to Mach 2.25 compared to Mach 1.75 for
the bill of materials bleeds control .

The measured distortion signal was generated from four steady-state compressor face pressure
measurements and a single compressor face turbulence measurement. The four probes were addedto the compressor face rake (para 5.1.2) prior to the fl ight tests. The turbulence sIgnal is
from one of the compressor face Kulites. The output Is filtered and processed by the IFU to
produce a signal proportional to the turbulent activity in the 15-150 Hz range (Reference 8).
Distortion is calculated from a curve as a function of (Pmex-Pmin)/Pmin from the four steady-
state probes plus a constant times the turbulence normalized by Pmin. The correlation was
generated from Baseline Flight Test data .

Ij~ engine tolerance to distortion Is computed as a function of corrected low rotor speed, N1S/
V12, engine pressure ratio, P6MS/P2S. and bleed configuration (see Figure 6.5—5). The tolerance
~s biased by the effect of Reynolds nwnber. Flgura 5.5-6 shows the bleed control. If the
sensed distortion, ZKDS, is withIn 200 KD of th.. bleeds closed tolerance the 7th bleed opens.
If ZKDS is within 200 KD of the tolerance for 7th bleed open the 12th bleed opens. Both bleed
conunands have hysteresis to prevent bleed cycling. If the 12th bleed is open the 7th bleed is
opened when ZKDS is within 100 KD of the tolerance for 12th bleed open. This was necessary as
the 12th bleed can be opened by the non-distortion portion of the bleed control. An increase
in the 12th stage bleed hysteresis prevented premature closure of the bleed during operation on
the deceleration loops (I’m2 and Wf/Pb mjn). A test on large negative fuel flow rate of change
(DER) also provides dcccl stall protection by opening the 12th stage bleed. Both blowout and

- 
I stall open 7th and 12th bleeds.

A portion of the bill of material bleed functions were retained. The hydromechanical PRBC
control was active regardless of control configuration. Since there is no bleed position
measurement, the PRBC logic Is included to predict the 12th bleed opening. The BOIl feature to
open 7th bleed on the ground for PLA <61° was a1~~ retained.

Figure 6.5—7 shows a comparison of the bill of material and distortion bleed controls, both
operating as part of the IPCS control. The steps in the distortion tolerance curve indicate
7th bleed opening and closing. As shown the distortion control keeps the bleeds closed through
most of the transonic acceleration providing more thrust. The bleed cycling above Mach 2.3 was
due to changes in the distortion level. For this flight the hysteresis was 75 KD. It was
increased to 300 KD to prevent bleed cycling. Figure 6.5-8 shows an accel with 300 KD hysteresis.

- - - Performance improvements associated with closing the 7th stage bleeds during a climb to maximum
altitude and during transonic accelerations from 1.7 to 2.3 MN are shown in Figures 6.5-9 and6.5-10. When the left hand (IPCS) engIne 7th stage bleed was closed during an accelerating
climb, a substantial increase in excess thrust resulted as evidenced by the greater rate of -
climb and higher longitudinal acceleration. Figure 6.5—10 shows that the distortion control
reduced the t ime to accelerate from Mach 1.7 to 2.3 on flight 22 by 8% and saved 10% on the
fuel. Performance is also Influenced by the variations in engine inlet temperature for each
flight (Figure 6.5—11). On Flight 26, the act~ieration took 22% longer due to the higher inlettemperature, but the improved operating efficiency 01 the engine with closed bleeds is demonstratedby a reduction of 2.7% in fuel used in spite of the longer time.
Maneuver performance improvements for the F-lllE airplane can be inferred from the changeswhich occurred at the point where bleeds closed in Figure 6.5-9. An important performanceparameter for a combat airplane such as the F-llI is Specific Excess Power, Ps, computed by the
following formula:

Ps • Excess Thrust x Airplane Velocity
Airplane We19ht
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where: Excess Thrust • long acc + Rate of Cl imb
WeIght - g V.iec1t.y~~~ 

-

and , from the flight data :

Bleed Bleed
Open Closed

Average Airplane Weight, lb 60,000 60,000

Average Airplane Velocity ft/
sec 1750 1750

Average Acceleration/g .122 .135

Average Rate of Cl imb ft/
sec -16.7 33.3

Therefore ,
Specific Excess Power, PS 230 270

Since a similar thrust Increase would result on the right hand engine If It too were
control led by the IPCS, the Ps would increase further to 310, representIng a very
signifIcant 35% improvement. This increase in thrust also corresponds to an increase
in service ceiling at this condition of about 3000 ft.
Manual Inlet operation provided another source of distortion induced stalls. Figure
6.5-12 is a distortion time history for a cone angle transient. As the distortion
increases first the 7th and then the 12th bl eeds open. Once the 12th bleed opens a
problem is apparent. Figure 6.5-13 illustrates the situation. As the distortion
increased the 12th bleed opened. When the distortion decreased the sum of hysteresis
and offset for 7th and 12th bleeds resulted in both bleeds closing at the same time.
This eventually resulted in a stall because the bleeds were not open. An Increase in
either the offset or hysteresis would probably eliminate this problem. There was not
sufficient test time after the increase in hysteresis to 300 to retest this flight
condition.

During rapid manual cone induced stalls the distortion bleed control did not always
succeed in opening bleeds prior to stall. This was due to a sudden spike in the high
response distortion that was represented as a slower increase by the distortion signal .
As shown in Figure 6.5-14, the slower increasing distortion signal was sufficient to
comand the 7th bleeds to open before the spike , but bleed actua tion time (approximately
0.1 see) delayed the bleed protection sufficiently to result in compressor sta ll. The
distortion signal , ZKDS, was not designed to follow such rapid transients in distortion.
It is not considered practical to actuate the bleeds in response to such a distortion
spike.

The manu a l cone stalls  are a somewhat artificial case. However, in another airplane
attitude changes may present a similar problem. It is likely that some form of distortion

- - 
- signal compensation as a function of attitude or rate of change of attitude will be

required.
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The IPCS distortion control was developed for an existing system. The inlet distortion pattern
was known and repeatable. Engine tolerance was well documented , and an accepted distortion
Index existed. In a new airplane program the distortion control would have to be developed In
parallel with the definition of the engine tolerance and the inlet patterns. This will certainly
complicate the task, but the flexibility of a digital control will permit adjustment to the
schedules during the test program. The testing on IPCS has shown significant potential engine
thrust benefits to the use of distortion bleed control.

- 1 6.5.3 Airflow Bias , AFBIAS

The Airflow Bias Control demonstrated the ability to modulate the gas generator to match engine
airflow to a reference airflow computed from inlet throat Mach number. Figure 6.5-15 depicts
the relevant portion of the controller. A reference A*/A Is computed based on Local Mach
pressure ratio and compared to actual A*/A computed from engine corrected airflow and Inlet
geometry. The resulting error Is passed through a deadband to reduce noise sensitivity.
clamped to assure limited authority and finally inhibited for subsonic operation. It is then
applied as a delta to the N2 comnand signal, thus only affecting engine operation when the
engine control is in the N2 regulating mode.

In Section 6.1 provIsion is also shown for AFBIAS modulation of the inlet. Review of baseline
test data showed no benefit to using thts mode for the F-lllE inlet. Hence, since the gas
generator mode tests discussed below demonstrate the AFBIAS concept, the inlet mode was not
exercised.

Performance of the gas generator AFBIAS loop was sat1sfactor~?. Typical responses of the loop
to deliberately off design inlet configurations are shown in Figures 6.5—16 and 6.5—17. The
cone is deflected by means of the manual inlet control to create an A*/A error. When the loop
is enabled using the CMU sense switches, the engine responds by decelerating to reduce A*/A
error. In the Mach 1.4, 45K case , response is well damped but steady-state error Is relatively
large. In addition to the evident steady-state error, half the AFBIAS deadband must be incorporated
in the total error. At Mach 1.9 plant gain has increased reducing both stability and steady—
state error. Scheduling compensation on XPOLE is not promising since burner pressure is
essentially identical in the two cases. Scheduling compensation on EPR may provide useful
results. Certainly in a system where an AFBIAS signal Is used on more than a demonstration basis
some form of compensation will be required. Performance may also be improved by reducing or
eliminating the deadband.

6.5.4 Stall and Recovery Detection Loop

Control logic that automatically detects compressor stall and stall recovery was successfully
- - demonstrated. This feature provided “hands-off “ compressor stall recovery capability by

sensing the stall; retarding the power lever and opening the bleeds; sensing the stall recovery;
and advancing the throttle and closing the bleeds. Stall detection was accomplished with a
burner pressure decay rate threshold (Figure 6.5-18), and stall recovery was detected with a
burner pressure boundary which varied with engine inlet pressure (Figure 6.5—19).

The stall loop was tested at the 41000 feet/ l.4 MN condition where the inlet cone was expanded
until compressor stall occurred (Figure 6.5—14). The stall generated a burner pressure decay
rate of 480 psi/sec (Figures 6.5—18 and 6.5—20) which was above the stall threshold thus indicating
the presence of a stall. Burner pressure also dropped below the recovery threshold , and one
second later, the control power lever was coninanded to idle and both compressor bleeds were
opened (Figures 6.5-19 and 6.5-21). The one second delay was incorporated to allow for the
possibility of a quick self-recovery. If burner pressure had returned above the threshold
within the first second , no corrective action would have been taken. This one second delay was
an arbitrary selection and may be different for another propulsion system. By opening bleeds
and reducing fuel flow, the control provided conditions favorable for recovery, but it did not
directly control stall recovery.

The one second delay before reducing power lever angle after stall can increase the risk of
overtemperature if recovery is not accomplished in that first second. Figure 6.5—21 compares
turbine inlet temperature during stalls at the same condition with and without a one second —delay before power lever retard. Fuel flow initially dropped even without power lever retard
because of the rapid drop in Pb (Wf Wf/Pb x Pb). The one second delay before retarding the
power lever resulted In a 0.6 second longer overtemperature.
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The 500 higher peak temperature for flight 21 without the delay was probably caused by a higher
initial fuel flow. Peak temperatures during stall can be expected to vary with fuel flow level
before stall and fuel scheduling after stall.

Stal l recovery occurred approximately 35 seconds after stall. Recovery was detected when
burner pressure returned above the recovery boundary (Figure 6.5—22). Again, a one second
delay was used to ensure the recovery process was stable before advancing the control power
lever to Its pre-stall position. An active efterburnei’ blowout sensor prevented closure of’
bleeds and return to A/B power during this event. The logic was corrected later to clear the
blowout sensor after stal l recovery. As seen by the constant pilot throttle position during
this event , the control automatical ly performed functions normally performed by the pilot to
clear compressor stall.

6.5.5 Autothrottle

The autothrottle is discussed In Section 8.1.5.3 incorporating a block diagram of it, Figure
8.1-12. Initial flights were made with l imited authority and low gains since no simulation
capability was available to support development. Performance of the final system configuration
is depicted In Figure 6.5-23. Given the demonstration nature of the l oop and the total lack of
analytic tools, loop performance is excellent. Response is nicely damped and response times
are limited primarily by airplane acceleration capability which suffers by the IPCS ability to
control the left hand engine only. Operation subsonic and supersonic is similar , apparently
indicating the NXPOLEU compensation used in the autothrottle forward loop is beneficial .
Unfortunately the opportunity to test with and without this compensation was not available.

Opportunities existS for improving the loop performance. The slight steady state offset in
Figure 6.5-23 results from offsets in the lead—lag and integrator Implemented In the software.
These are reduceable by using double precision arithmetic. Since no absolute performance
requirement existed for the system this was not pursued. Limit cycles around engine non linearitles ,
primarily A/B zone turn on, were anticipated. With the exception of zone 1 , where valve chatter
due to noise as the PLA coninand passed through 69° was evident , no such problems arose. Such
difficulties are readily resolved if the autothrottle has access, as It did In IPCS, to all
engine control variables. The IPCS autothrottle with its purely electronic loop closure eliminated
limit cycles resulting from mechanical linkage non—linearities frequently found in autothrottles
mechanically coupled to the PL.A linkage.

6.6 NOISE TESTING

-

I 

6.6.1 Background - -

Duct burning and mixed burning engine configurations produce substantially different jet velocity
profiles. In the mixed burning engine, like the TF3O, the afterburner is downstream of the

4 turbine and afterburning takes place across both the fan and core streams (Figure 6.6-1). At
maximum afterburning this produces a relatively uniform profile. The duct burning engine with
afterburning only in the fan stream and separate nozzles has a high velocity outer layer around
a low velocity core. Figure 6.6-2 illustrates the profile differences.

Model testing simulating these profile differences have shown significant noise reduction for
the duct burning profile. Noise reduction is a prime consideration In any supersonic transport

• development program. Since the duct burning configuration appears suitable for a supersonic —

transport there was considerable interest in substantiating the model test results. Both ground
test and flight test data were needed to eliminate the concern that airplane velocity effects
might reduce or eliminate noise benefits demonstrated In ground tests. By mid January the IPCS
control was mature enough to consider significant control changes to achieve additional program
objectives. Two months of flight test experience had established both the i~ cs control mode andthe software change control and test procedures.
In the TF3O engine there are five afterburner zones , three In the fan flow and two in the coreflow. The outer co,’e zone is turned on first , followed by the three fan zones . Thus at maximtan
zone 4 afterburntng most of the burning is done in the fan stream yielding a profile somewhat
similar to the duct burning engine. Obviously the TF3O could not achieve the high velocity
ratio possible with no core burning and high fan nozzle pressure ratio of a duct burning engine.However, the test offered an opportunity for an inexpensive flight evaluation of the concept.
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6.6.2 ConfIguration and Procedures

Consideration was given to two modifications to the normal afterburner configuration to
increase the velocity ratio, reduction or el imination of the zone 1 fuel flow and increase
in the zone 4 (outer fan zone) fuel flow. As either modification represented significant
deviation from the established afterburner configuration careful consideration had to be
given to theoossibility bf afterburner damage. After reviewing available experience on
non-production TF3O afterburner operation at P&WA , NASA , and the Air Force the following
conclusions were reached:

1. increasing the zone 4 fuel flow would incur too great a risk of
burning the afterburner liner,

2. decreasing or turning off the zone 1 fuel flow appeared unlikely to
result in ser ious problems ,

3. the IPCS rumble detector should be active for all non—production
A/B operation to shut down the A/B in the event of rumble ,- j 4. vIbration sensors should be monitored during the initial ground
running to see if the non-production configuration increased vibration
levels.

-~~ The IPCS control software was modified to provide the necessary capability to reduce and
shut off zone 1 and to reduce all 5 zones to provide the same thrust level as zone 4
(para 8.1.5.1). An additional capability was included to adjust the N2 setpoint during
A/B operation. This varied the total airfl ow and as a result the nozzle pressure ratio.
This capa bility was needed to achieve the same nozzle pressure ratio in flight as in
the ground testing. The software and procedures evolved over a series of engine runs.
Table 6.6-1 presents the procedures used in the majority of the noise testing. For
crew convenience the trim pots were labeled as follows (Figure 4.1—3):

IDLE TRIM Zi
Mu TRIM EPR
A/B TRIM AJ

Table 6.6-1 Noise Test Procedures

I. MAX Zone 4 (Non-Uniform Profile)
A. Normal Max Zone 4

1. PLA to 1111 -
2. Sense switch 10
3. Verify all trim pots full clockwise
4. PLA to Max
5. Record data

• 
- 6. PIA to till

B. MAX Zone 4 with Zone 1 Downtrinined
Repeat i - 4
5. Turn zone 1 pot full counter clockwise
6. Record data
7. PLA to M11
8. Zone 1 pot full clockwise
9. Sense swItch 0

C. MAX Zone 4 wIth N2 Downtrirt ,
Repeat 1 - 4
5. If Zone 1 downtrim required turn zone 1 pot full counterclockwise
6. Turn the EPR pot to the specified EPR
7. Record cockpit AJ
8. Record data
9. Throttle to NIL -

10. EPR pot full clockwise
• 11. Zone 1 full clockwise 

- 
- •12. Sense Switch 0
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II. MAX AJB (Uniform Profile)
A. MAX A/B Do~mtriuined to MAX Zone 41. PLA to till 

-2. Sense Swi tch 0
3. Verify all pots full clockwise
4. PLA to Mix (A/B stable)
5. Sense switch 17
6. Turn P.3 pot to specified cockpit AJ (Match area from IA or IB)7. Record data
8. Throttle to till
9. Aj pot ful l clockwise
10. Sense switch 0

B. MAX A/B Downtrinaned with N2 Downtrlm
Repe at l— 5
6. Turn EPR Pot counterclockwise to specified PER7. Turn AJ pot to specified cockpit P.3 (Match P.3 from IC)8. Record data
9. Throttle to Nil
10. EPR pot full clockwise
11. Aj pot full clockwise
12. Sense switch 0

6.6.3 Testing

Four different kinds of tests were required - ground noise measurement, thrust measurement,exhaust Jet profile measurement, and flight noise measurement. The initial testing wasdevoted to thrust and noise measurement on the ground. Engine runs 26 and 28 were conductedon the Edwards thrust stand. It was necessary to measure thrust since noise reductionat the same thrust is the relevant comparison parameter. The intent of the early testingwas to determine whether or not measurable noise reduction could be achieved within the-
~~ configuration constraints and halt the noise testing if not. These initial runs didindicate sufficient noise reduction to warrant continued testing. The thrust data• also demonstrated that nozzle area is a good indicator of relative thrust. Thus regardlessof afterburner configuration matching nozzle area resulted in matched thrust. Thisfonned the basis for the procedures used in most of the noise testing In which directthrust measurements were not available. The vibration sensors showed no increase invibration due to the non-production configurations.

Noise measurements were made at 35 and 105 foot sideline distances from the Jet centerline
over a flat, concrete surface. Engine run 33 provides most of the noise data, This is the run
with the same contro l config uration as the noise flight and velocity profile run. Table 6.6—2lists the configu rations for which noise data were taken. These data will be supplemented with
data from engine runs 26 and 28. Rt~~le was a problem on two configurations. Rumble always
occurred on an attempt to shut off zone 1 so this configuratio n was dropped. The Max A/Bdowetrimmed to match the area from max zone 4 with zone 1 downtrlnined was marginal on rtaable,but ground data were obtained for this configuration.
Flight 27 was a noise flight . Passes were made over -the microphones at 250 KTS and 400 feet.For most A/B configurat ions the airplane accelerated even with the right hand engine at idle.Therefore, the speed brake was used to reduce the acce leration . Table 6.6-3 lists the config-urations tested. Rumble was detected during one test point at max A/B with the fuel flow doimi-tri niued to a cockp it nozzle area readout of 7.8 . attempting to match max zone 4 with zone 1dmmtriwmnid. One addit ional rumble occurred going into max A/B. A repeat of the trans ient didnot cause rumble .

Jet profile measurements were made with th, rake described in paragraph 5.1.4. This testingproduced total pressure and temperature profiles for the followi ng configurations : Idle76%, 82%. 88%, 92%, Nil , Zone 1 , Zone 2, Zone 3 , Zone 4, and Max A/B with a normal afterburnerconfiguration. Max Zone 4 with Zone 1 downtri .d and Mix A/B doimtrlem,d to match the Max zone4 nozzle area . The only difficulties encountered during this run Involved the survival of theprobes on the rake as described in paragraph 5.1.4.-
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Table 6.6-2 A/B Configurations

For Engine Run 33 Noise Data

1. Nil

2. Max Zone 4

3. Max Zone 4 with Zone 1 downtrinined

-
~ 4. Max Zone 4 with Zone 1 downtrinined and EPR downtrimmed to 2.0

5. MaX A/B

6. Max A/B downtrinineo co match the Mix zone 4 area
-
~ 7. Max A/B downtrtimped to match the area for configuration 3

8. Configuration 6 downtrinnned to EPR 2.0
9. ConfiguratIon 7 downtrlmed to EPR = 2.0

Table 6.6—3 A/B Configurations

For Noise Flight

1. Mil

2. Max . Zone 5

3. )lix Zone 4

4. Max . A/B downtrlmed to MAX Zone 4 P4
5. ~~~~ Zone 4 with Zone 1 down tri naned

6. Gas Generator EPR • 1.74

7. Max Zone 5, N2 downtrinuned to EPR • 1.84
• 8. Max Zone 4 . P12 downtrlnnned to EPR 1.84

9. Max Zone 5 , N2 dow ntri nined to EPR 1.84, downtrinuned to
match the P4 from configuration 8

10. Max Zone 4, Zone 1 downtrlmned with N2 downtrln,ned . EPR — 1.84
11. MiX Zone 5 , N2 downtrluemed to EPR • 1.84 downtrirmned to match

- 
- the P4 of configuration 10

6-10 were repeated
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} 6.6.4 Results
Analysis of the data from th, noise testing is being conducted separately from the IPCSproøram. This analysis Is still underway at the writing of this report. Preliminaryanalysis indicates the oesirsd profiles were approximated and thet s~~ noise reductionwas achieved. Figure 6.6-3 presents prs1i.1na~’y velocity profile dita.
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7.0 HARDWARE PERFORMANCE
Rd table operation of the IPCS equipment reflected the conservative design of the system and
orecautions in system use imposed by test procedures derived from experience on prior programs.
system configuration changes required to achieve adequate performance corrected either mechanical
damage due to mishandl ing or subtle design deficiencies. The Following paragraphs discuss such
changes on a topical basis.
7.1 INTERFACE UNIT (Ifu)

As the central element in the IPCS system aspersions were frequently cast on the IFU. However,
only three anomalies are attributed to the IFU: 1) Auto—disengage; 2) Core location changes
in Section 0, 3) 12 noise.

7.1.1 Auto-disengage

Auto disengages p’agued the system for some time, see Appendix A. Due to the apparently random
• warm up related nature of the problem and the fact that it did not halt flight operations final

resolution of the problem took some time. Briefly the system logic performed as follows: APat frame synch pulse was transmitted by an OCP1124 every 50 macc in response to the PCM system.The 010 decode card is designed so that any instruction using the 1124 argument causes a 1124
signal to be output. The 1124 signal inhibits the real time clock (Increment) line. The
Intent of this Is to inhibit the clock when inputting clock data to the A Register with an INA
1124 instruction. If an 0CP1124 occurs simultaneously with a real time clock interrupt, theInterrupt is inhibited and the clock counter underflows to its maximum value rather than resetting
to the preset 5 macc count value. The result is a 13.19 msec gap between real time clock
Interrupts. The IFU ?al7ure detection circuitry uses a 15 macc +3 one shot as a watchdog timer
to check for excessive gaps between real time clock Interrupts. Thus if the one shot is on the
low side of Its tolerance and an OCPll24 occurs simultaneously with the real time clock failureIs detected and a disengage occurs . ECO-EG3314 co rrects the problem by removing the inhibit of
the real time clock by the 1124 signal . The change also has the effect of allowing the clock to
increment when it Is being accessed by an INA 1124 . This did not impact IPCS since the capability
was never used. Future users of the INA 1124 instruction should consider the effect in their
system design.

7 .1.2 Core Location Changes

The area of core addressable by the IFU DMA Interface (b c 400—777) was subject to change
during power cycling because the address and strobe lines involved are not fully controlled
during power transients. The problem can be eliminated by inhibiting addressing the region
from 600—777 whIch is not used by the DMA in the IPCS logic or by the software fix described in
Section 8.1.4.3 or by more complete hardware changes eliminating the ambi guity In the I/F data
lines. For the IPCS program the software fix was used. For other applications the solution
must be left to the proclivity of the system designer. In a totally new design careful review
of this critical I/F is clearly in order.

7.1.3 12 Noise

FIgures 5.4—19 and 5.4—20 show T2 during steady-state operation for both the V-b and V-2 IFU ’s.
A significant difference in T2 noise is apparent. Lab testing of both IFU ’s after the end of
flight testing, Figure 7.1-1 shows a difference in noise level between the two IFU ’s. Both
units, however, comply with ATP performance requirements. Sof tware filtering of 12 reduced thenoise to negligible levels during the IPCS program. Prior to use in another program the source
of this low level noise in the V-b IFU should be isolated and eliminated.
7.2 ENGINE TEMPERATURE HARNESS

From the results of the altitude testing at NASA/LeRC it was concluded that the IPCS
temperature harness should be revised by extending the 13 leg of the harness to allow the

- • - transducer box temperature thermi stor (TJB ) to be moved next to the 12 and 122 reference Junction
- - - probe (Figure 5.4-15). This woul d insure agreement between the 12 and 122 reference Junction

temperature and the actual measured transducer box temperature thus eliminating an offset
created by a temperature gradient across the box.
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The old temperature harness, P/N 751170, was returned to P&WA from NASA/LeRC, modified at the
vendor by adding 18 inches to the T3 leg, and delivered to NASA/DFRC. During Installation of
this revised harness , P/N 761515 , a problem was encountered with a connector, P/N MS 24266 R12T
l2P. The problem was traced to broken wi res on the backside of the connector and required the
purchase of a new connector. Installation of the new connector corrected the problem. At the
same t ime connector, P/N MS 24266 R 1OT5S (122) also exhibited an open circuit which was traced
to a broken wire on the pin. Replacement of the pin and wire resolved this problem. (Installation
of the revised harness did not significantly reduce the noise or offset of the temperature
signals).

A failure of the revised P&WA temoerature harness , P/N 761515, occurred prior to the initial
attempt of flight 18, resulting in an out of range T3 temperature signal and, therefore,
abortion of flight 18. The problem was traced to a broken copper wire in the extended portion
of the T3 leg of the revised harness. Because of this failure plus the existing T2 offset
problem identified during previous flights, the temperature harness was disconnected and
replaced with a solid state temperature reference system fCon—Oheic) per NASA/DFRC drawing FS-
C-0289. The harness was left in place to maintain the proper clipping and clamping of the
other harnesses.

7.3 DCU V2 MEMORY MALFUNCTIONS

As recounted in the following paragraphs the DCU V2 memory suffered Intermittent failures• during the test program. Because the unit was a spare and the failures were non—repeatable , a
minimum of time was spent pursuing them. As finally resol ved It appears that the problems - -
probably were the result eIther of excess vibration applied to the DCU V2 during tllght
Assurance Testing (FAT) see Table 7.3-1. or “burn in” of hybrid circuits. Thus beyond the
repair described below no corrective action Is required on either DCU.

Near the end of the altitude test on 2 July 1975, a DPCU failure occurred which would not
permit tapes to be loaded. In the loading of the bootstrap it was noted that locat io n-l2 , bit-
12 would not load as a “ one ” . Subsequent testing showed that blt -l2’ s could not be loaded.
The unit “self healed’ the following day. The malfunction was ascribed to a malfunction of the
Computer Control tMit (CCU) because prior experience had shown some difficul ty in comnunications
between the CCU and OCU.

After a week of satisfactory operation the failure of Bit-12 loading reoccurred. Believing the
CCU to be the most probable cause, a second CCU was brought in from NASA/ DFRC and substituted ,
the f a i lu re  remained, thus indicating that the problem was in the DCU. As the altitude test
was completed, further DCU tests were not performed and the DPCU was returned with its OCU V2
to Honeywell for repair and refurbisheent.

The system was run extensively at Honeywell throughout the month of August 1975 in a fruitless
att~~~t to cause the reoccurrence of the Bit-l2 problem which had apparent ly di sappeared

- - during shipment. Therefore , the DPCU including the DCU V2, was installed in the laboratory
at DFRC and an ATP was performed successfully on 11 September 1975. On 16 September 1975.
two “power-downs” occurred. These were due to a loss of Bit -12 in location -73. Again
the DPCU “self healed” and operated satisfactorily until 23 September 1975. In the period between
23 September and 30 September the DCU failed and recovered a number of times leading to a decision
to pursue DCU troubleshooting rather than software development. The DCU A-3 card (memoryinterface), was replaced in order to isolate the failure .
On 6 October 1975 the system failed with the replacement A-3 card Installed . This

- - - 
. indicated that the fai lure Was in the memory. Subsequent memory tests on 9 October 1975

by EM&N at the factory in Hawthorne, California indicated no problem with the memory.
On 13 November 1975, the problem re-occurred, with the exception that bits other than

— - blt-l2 were fai l i ng now. It was ascertained through conversations with EMIJ’t that the
prior memory test on 9 October was an incomplete test. It was then ascertained that
the data guard circuit appeared to be failing in the memory . It was recoumiended that
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lOis 7.3— l DCII 52 VibratIon Test Maunliss

Date Dascription of Failure lest king No,, Fault Isolattos Procedures Action labia

12/11/13 Progrwa stopped ering Vibration portion Visual m ap. revelled that Dassiug end
Sg vibration -at 550 Hz , of acceptance test. the cenguter was net brachat added
300 Hz,l42 Hz, and 7 Hz. .sunt.d s.cwrely. to restrain

labir l azis
stress.
Pried changed.

Internal exuniestlen N~~ ry hardusre
revealed laos. hard. re-fastened and
were fm the car. wire installed .

ary end aissilig
(not lustall.d) ground—
wire on the All board .

1/8/74 DCII power shut dare Vibration portion Internal ex iuation me- Screw replaced
DCU-p.wer fuze blare, of acceptance test veiled coil 034018228 wi th shortir cue.p 

shorted to ground through Print changed to
upper rail cover screw, reflect shorter

screw.
Power supply endule *22 , Print changed tO
found - to fail eden printed provide spacers
circuit board flexed , to eliolnet.
Problan due to Insufficient board flexure.
spacer length allowing *22 nodule
board to flex . S/U P1 replaced

with S/N P2.
(Copponents in
area of aIxi.ua— fissure replaced
e ns/N Fl).

1/24/74 1/0 Test would not run Confidence Test Several wires fro. ax- WireS repaired
ternel connectors to and secured
board Al connector found par Wsrhoanelsip
to be ds.eg.d or open Standard.
due to vibration.

1/24/74 Locations changed Confidence Test Nonory Installed I. DPCU Core ewnory
between power cycles S/N Pt cha ssis. External returned to

( bench) power supplies ware vendor edo
varied to observe power replaced one
status signal. Power status hybrid. I4ion
signal was not being return it was
generated for all required found to exhibIt
conditions . s failure .

- 
- Plenary again sent

to vendor . -ibis
ti.a lt was —
det.rwined that
a core .enory
design change had

• . not been taks.
Into account at2 cc.putar level. (Iii
groreding~ data
guard’ In the KU
parer status signal
was also grounded).
Print changed to
reflect ~rojsrgrounding data
guard”.

2/5/74 Could not turn OCU on. Confidence Test Visua l ex ination of Hoard giyan
~Post vlbrmtIon ,~ power suppl ies revealed he yy coat of2 fractured resistor cobforwal coating

leads . fo~ mdng r~~ sce-
parts. Coil L2 re-
inforced with
spares (like Li).
Print changed to
reflect Idditiosu
of spacer.

2/9/14 DCII fa i ls  punch test Punch test portion Fewer supplies found to Nodule *22 S/U Pt
of acceptance test exhibit excessive 400 Hz replaced with Nodule I -~

RIPPLE under loading. S/U Fl. *23 neduls - - -

capacitor value
h~creesed to

-
~~~ 

- provide adequate
-
~~ - filtering . Print

Changed to reflect I 
-

change . - ~- -
-

- - . 2/11/74 Failed AlP paragraph Acceptance test, Visual en.tn etion of the Coil .race.untW
3.1.3.4 (nat an pest-vibration *22 module revealed coil to beard
electrical failure). faspecti,, (.1 bond broken. - - :
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the memor be returned to EM&M and tested in order to verify the failure. On 17 November, the
unit was tested by EM&II where the data guard hybrid chip Zl was found to trip outside its sense
limits. Subsequent replacement, conformal coating, AlP testing of the memory , and re—Installation
In the DPCU seemingly resolved the so called btt— 12 inter mittent probl em.

On 19 January 1976, aft er approximately six weeks of satisfactory operation, the blt—12 failure
reoccurred while DCU V2 was mounted In the aircraft. On 26 Januar y, the failure reoccurred and
it was ascertained that the memory was not capable of writing u OfleS N into btt-12. Subsequently
the intermittent nature of the failure was confirmed as tt momentarily healed itself while
under test.

The memory was returned to EM&N’s plant in Chatsworth, California for the replacement of the
bit—12 sense amplifier and inhibit line driver hybrid. The tntermittent hybrid was delidded
and examined. No failure was evident leading to the conclusion that the problem resulted from
a flawed bond somewhere In the hybrid. The memory passed an acceptance test and was returned
to NASA/DFRC for reinstallatton on 20 January l97~.

The OCU was used extensively in the lab until the end of flight testing on 5 March and performed
satisfactorily in this period.

7.4 PAROSCIENTIFIC TRANSDUCERS

Early in the flight test program a number of failures either of the Paros transducers or associated
hardware occurred. After correction of these early failures the Pares transducers performed
flawlessly. As discussed below the failures are all attributable to correctable design, installation ,
or assembly errors. The various failures encountered are as follows:

1) S/N 139 and S/N 136 were failed when first checked during ground
test , 14 July.

2) A P2 failure was noted during taxi test but could not be
reproduced in the hanger, 28 August.

3) The Pares mating connector for the PKDC transducer fai led during
engine run up for first flight , 14 September

4) PKDB, S/N 137, failed after first flight during post flight
testing In the hanger , 9 September

5) Vinyl tubing used to provide flexible coupling between Pares
transducers and airframe plumbing failed at a high temperature
flight condition, 6 November

All failures occurred In the wheel well Pares installation - PKDA, PKDB , PKDC, PKDD, PUEM -
pictured In Figure 7.4-1. The original insta l lat ion provided for hard mountin g the five tra nsdu cers

- ‘ to a bracket assembly clamped to the brake accumulator?. Ouring lab calibration and test of
the transducer, the crystal in one unit was broken by a sharp contact of the transducer case
with a hard surface. As a result a shock and vibration isolation case was developed to protect
the units from damage.

Use of this case necessitated redesign of the wheel well bracket assembly to accoimnodate the
added bulk of the case, A gear swing was performed on 30 June to check mechanical clearance of
the Pares installation with respect to landing gear linkages. In fact there was an interferenceand the Pares Installation bracket was bent during the tast.The problem was corrected by moving
one transducer and s awing and grinding the offending brac ket to provide clearance. These
mechanical activities were performed with the remaining transducers installed thus exposing
them to some unknown level of high frequency vibration .

When the system was first turned on, 14 July, both PDKAS, and PKDDS were observed to be failed.
Subsequent testing showed the S/N 136 had a broken crystal while S/N 139 had an electronics
failure causing the output to degenerate under load. S/N 137 experienced a similar electronic sfailure after the first flight. The crystal failure is clearly a handling problem, probablyassociated with the gear swing, although perhaps a result of rough handling during shipping.
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The electronics failures are less clearcut. The Paros transducer electronics consist of an RCA
CD4007 AD FET used as a crystal driver and a complimentary pair output driver capactlvely
coupled through .1 Mf to the output connector. Tuning of the crystal oscillator is achieved by
selection of a fixed resistor during transducer assembly. Units used for the IPCS program were
built early in the company’s history and me~’ as a result have been subject to improper assemblypractices. Thus three possible explanations are presented for electronics failures :

1) An electronic component was broken by mechanical vibration ,
2) Assembly procedures overheated an electronic component or

caused a cold solder joint ,
3) An output short circuit loaded or an airplane power transient

repeatedly exercised by cycling DPCU power overstressed the
transducer output stage.

4’ Item 3) is considered a remote possibility because the failure would only occur under worst
case component selection circumstances combined with a short circuit in the airplane wiring
harness. Since replacement t ransduc ers did not fail , and the cable was continuity checked
before use the probability of a short is considered remote.
Item 2) — this explanation is supported by evidence of rework and excessive resin on one of the
failed boards and the fact that the trim resistor selected when S/N 139 was repaired was
significantly different than that originally selected. Nechanical vibration and aging combined
with a cold solder jo int could create this phenomenon.
Item 1) is also probable since the exposure to vibration is documented. However, since the- 

- units are potted and the failure is load sensitive it is difficult to envision a clear mechanical
failure. Based on two other failures relating to I.e. chips in the IPCS program see Paragraphs
7.3 and 7.6 It fs.perhaps reasonable to assume some form of partial failure - a fatiguedconnecting wire perhaps - in CD4007 chips.

The connector failure of 4 September was eventually determined to result from mechanical stresson the connector combined with use of chlor ine based solder flux resulting in corrosion and
-
~ failure of harness wires. Paroscientific revised their process specifications to eliminate

chlorine based flux. All accessible connectors were inspected visually for signs of excessflux or corrosion. No problems were found on Inspection and no further failures were experienced.
In response to the rash of Pares failures in the wheel well installation the hard stainless
line connecting the transducers to the probes was replaced, as shown in Figure 7.4-1, with a
copper stub, with a grounding wire attached, connected to the original stainless line through a
flex hose. This both Improved vibration isolation and electrical ground return. The flex hose
originally selected had an Inadequate temperature range and failed during its first flight. Itwas replaced with a higher temperature nose which performed satisfactorily throughout the

— rema inder of the flight test. No further transducer failures were experienced after the installation
• of the fl ex hose and ground wires.

7.5 Nl TACHOMETER

As indicated in Section 5.6.1, N1S tachometer noise induced excessive perturbations in A/B fuel
flow . In an effort to isolate the cause of the problem the N1S tech was removed while the
engine was removed from the airc raft for other reasons and run on a drill motor as was theinstrumentation 141 tachometer. Neither anomalies in output wave forms nor crosstalk between
tachometers were observed in this testing. In the course of this testing it was observed that
the breakout torque on the DPCU system N1S tachometer was substantially higher than normal .Although no substantive evidence was available that this was affecting system operation, a
spare tachometer was available on site so the questionable unit was replaced. The interchange
of units had no effect on system operation. Since access to the N1S tachometer was relatively
awkward with the engine in the airplane , the spare unit remained installed for the remainder ofthe test. - •
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7.6 FLIGHT 28 TEMPERATURE MEASUREMENT FAILURE

Flight 28 was aborted during the supersonic accel due to what appeared to be a failure of
12S and a cockpit indic ati on of excessive 14 on the left hand engine. Post flight trouble-
shooting revealed that a failure in the NASA PCM System low level Input section caused 12
volts to appear on the T2S input of the DPCU. As shown In Figure 7.6-1 , this 12 volt

- 
- signal traveled through the entire floated, low Impedance, engine thermocouple harness

saturating DPCU T3S and T2S and the cockpit 14 Indicator. In addition other DPCU low
level signals were disturbed by crosstalk effects in the over-driven rFU Input mux. Upon
removal of the offending 12 volt signal all DPCU variables returned to normal as did the
cockpit 14 indIcator. No damage to the ~FU was expected because the 12 volts was lessH than the spec maximum of 15 volts. This was verified by running an end point check calibration
of the low level mux prior to the next engine run and a full calibration of the low level
signal s at the end of the test program.

The source of the 12 volt signal was a foreign objec.t (loose wire) inside the dual in-line
chip containing the FET switch used in the 12 input to the PCN system. The existence of
the wi re was verified b~ opening the flat pack. After opening the wire had apparently
moved train its failure inducing position , connecting the 12 input line to the 12 volt
supply.

It is a class ic demonstrat ion of Murphy ’s law that such a failure occurred in the only
area where instrumentat ion and engine control systems were interconnected. This inter-
connection was recognized during design reviews and wcs accepted for a number of reasons :

1 ) Poten tial fa i lures - loss of eng ine temperature measurement -
were non catastrophic,

2) Instrumentation connections to BOM th*~rmocouple harness had been
used throughout F-lll flight test program,

3) Total isolation of DPCU and instrijuentation system was impractical
without addition of probes,

4) PCM system input is high impedance thus probability of PCM
failure impacting DPCU was remote.

The first three items were true and vindicate the design approach. However, it was
an error to assume that a high Impedance input assures isolation In case of a component
fa ilure. Therefore FMEA’s should be reviewed carefully on future programs with regard to
potential failure modes of high Impedance circuits. Careful review may reveal potential
failures , either open ground returns or , as in this case, poor quality control by the chip
vendor , result ing in relatively high voltages emanating from supposedly passive high
impendance inputs.
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8.0 SOFTWARE

Revisions C of both BONDIG and IPCS CPCEI ’s (Computer Program Contract End Item) were used— 
throughout the flight test to implement BOMDIG and IPCS engine control. Field modifications
were made to both CPCEI’s using the procedure documented in Section 3.3 in order to meet the
requirements of the flight test. Checkout of both CPCEI’ s was conducted at the end of altitude• test and resulted in numerous SFCO’s to make the system operable. Further SFCO’ s were generated
in adapting the DPCU system to the aircraft during Ground Test. Those SFCO’ s generated prior
to flight test are discussed in the Altitude and Ground Test Reports, References 9, and 5
respectively. For the convenience of the reader all SFCO’s to the Revision C CPCEI’s are
tabulated in the following write up although the reader Is referred to the appropriate references
for a detailed discussion of SFCO’s generated prior to the start of flight test.
In Section 8.1, Configuration History, all SFCO’s associated with Revision C software are

- - tabu la ted to permit rapid determination of changes in effect for a given engine run or flight.
SFCO’s modifying controller function are discussed in detail as are those which correct DPCU

- - hardware problems . In addition a history of controlle r coefficient chang es is presented.
SectIon 8.2 discusses the reasons for software changes and cements on their implications .
Section 8.3 presents an overview of the IPCS program execution sequence and timing describing theframework within whtc~ the changes were made .

8.1 CONFIGURATION HISTORY

Figure 8.1-1 is a summary of all SFCO’s used with Revision C of the BOMOIG program. Figure
8.1-2 is a similar diagram for IPCS. The intent of these diagrams is to permit the reader to
determine the software configuration used for any engine run or flight during the flight testperiod. These data were compiled by reference to the SFCO ’s and the Patch Tape Records. As an
example consider the differences between flight 22 and engine run 21.

The software for flight 22 consisted of IPCS C + Tapes 7508111, 7509171, 7501241, 7511251,7512121 , and 7512221. Tape 7512221 was incorporated into a new tape, 7601081, which also
included the basic autothrottle code and a revision to the suppression schedule, WAXM. Tape7601082 was generated to incorporate niodiftcations to the autothrottle code. Thus the configuration
for engine run 21 was IPCS C + MEDIC + TAPES 7508111, 7509171, 7510241, 7511251, 7512121 ,
7601081, and 7601082.

The following paragraphs discuss the significant changes made to the CPCEI ’s during the flight
test program. Minor changes are not discussed.

8.1.1 Stall Detection

-t The stall detection system defined in paragraph 3.2.4.6 of Reference 2 was modified during
altitude testing to the configuration shown In Figure 8.1-3. This system, which retards the
gas generator to N2 mm for 2 seconds after stall is detected and then return s PLA to its
setpoint , operated satisfactorily In the altitude cell. During flight test stall recovery took
substantially longer than 2 seconds and was unpredictable. As a result SFCO’s 96, 96A converted
the stall detector to the system shown in Figure 8.1-4. Stall is detected by comparing rate of
change of burner pressure against a schedule as a function of burner pressure as in the original
scheme. After a one second delay stall is verified by comparing PS3S to minimum P535 (7th
and 12th bleed open operating line) scheduled as a function of P2S. If a stall is ’detennined
to exist the stall flag Is set and stays set until 1 second after recovery occurs, as determined
by PS3S level compared to scheduled PS3S level . Performance of the revised system is discussedIn Section 6.5.4.

- j  8.1.2 AcceleratIon Loop Control Modifications

The baseline IPCS control limited fuel flow during acceleration through the action of linear
~~ and Wf/Pb error signals actIng through the select logic - see Section 4.2 and Figure 8.1-5A. In order to establish the source of tracking errors In these loops a series of controller
changes were made:
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p
~3 (A ~ Ps3 - PS3)/ .o9O + BIAS ~~IS PAST VALUE OPERATOR

NOTE: FSTLL SCHEDULE
THRESH FSTLL (PS3) IS NEGATIVE

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
NO STALL

SET COUNTER
FOR 2 SEC

ISTC -66 DELAY

ISTC ~ ISTC + 1 DOWN COUNT DELAY

ISTC :0

isit. • 1 1511 — 0 CLEAR STALL FLAG

SET STALL FLAG

ISTC . -1 RESET DELAY COUNTER

EXIT ‘

Figure 8.1-3 lCD (IPCS C) Still Detector
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1) Wf/Pb was removed from the select logic and Instead used to directly
l imit the output of the fuel comand Integrator , FIgure 8.1—6. —

2) MN3 control was removed from the select logic and replaced by a non-
linear control operating on the integrator input , Figure 8.1-58.

3) The non-linear MN3 control was further modified by lead/lag
~ I compensation of the MN3S signal in an effort to introduce dampIng

on the Initial transient.
4) The original MN3 control was restored and its loop gain varied from

l—.-8 times nominal .
5) The non-linear MN3 control was implemented at a high samp le rate,

Figure 8.1-7.

The first four of these modifIcations are straight forward In that data sampling rates are
unchanged from the baseline system and they are functionally described by block diagrams.

High rate sampli ng of the MN3 loop combined with non—linear 11113 control and high sample
rate fuel comm and outputs requires further comment and discussion. FIgure 8.1-7 descrIbing

- It  this system shows that the control is both dual rate and asymetric. MN3 command reference
Is generated at a 33 Hz rate based on N2S and T22S, This is justIfIed by the relatively
slow change of MN3 reference during the accel . Likewise, 112 error, which defines the
magnitude of DER input to the integrator, changes slowly and was, therefore, computed at
the 33 Hz rate. Sensed 11113, the rapidly changing variable , was sampled at a nominal 200
Hz rate. However, as shown In the timing diagram , unI form 5 msec Intervals were not
possible due to the structure of the CPCEI executive. In order to reduce computation time
the normal sensor processing and failure detection logic for PD3S and PS3S were not used
for the 11N3 control although the computations were retained In the 33 Hz loop. For MN3
control the pressure ratio was computed directly as a ratio of raw Counts from both sensors.

-• An offset calibration for PD3S was incorporated to permit use of previously developed
MN3 schedules which were converted to AP/P form to el iminate the MN3 table lookup at the
200 Hz rate. This introduces a minor problem in that the RNI correction cannot be translated

- 1 directly from MN3 to ~ P/P sInce the appropriate AP/P is a function of operating point.
The error Introduced is small relative to system noise and is not considered significant.
The results produced by these modifications are discussed in Section 6.2.

8.1.3 Schedule Changes and Minor Revisions

As controller testing proceeded changes were required to various parameters. Figure 8.1-8
provides a simunary of these changes relating them to calendar date, and engine run/flight
number. When necessary successive schedule data are tabulated in Figure 8.l-8a ,b etc.

8.1.4 Hardware Adaptions

It was convenient or in some cases necessary to modify software to adapt the system to
hardware peculiarities. These changes are discussed In the following paragraphs.

J.l.4.l Noise Filters

A 1.25 Hz Tustin first order lag at 33 Hz sample rate was used to filter T2S noise in
IPCS. The filter was a duplicate of Tustln lags used elsewhere.

An .N1S filter was required to minimize fuel flow variations during steady-state A/B
operations caused by the effect of MiS on corrected airflow and thus the A/B suppression
control . N1S sample rate was increased to 200 Hz - a relatively simple change since fuel
flow and N2S were already sampled at 200 Hz - and the resulting six samples per major
cycle were averaged with equal weighting to produce Nl at the 33 Hz major cycle sample
rate.
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MFC2 - Base ~2 Reruest

REV C C52
PLA % N2 (8/11/75)

%N2

0 .671 .625
18. .671 .625
20. .693 .678 —

31. .801 .816
40. .866 .883
45. .890 .908
60. .958 .981
65. .980 1.000

it H
MFC3 - Dry N2 Governor Bias

IT2S/ P2S 1.5 2.5 3.0 4.5 8.0 11. 15. 40.
%N 2

-65 .874 .884 .896 .896 .899 .899 .899 .899
+15 .931 .966 .977 .977 .979 .979 .979 .979
+60 .932 .967 .984 .986 .990 .990 .990 .990

-~ +100 .911 .963 .984 .991 .986 .996 .999 .999 .999
+120 .898 .955 .972 .992 .986 .998 .996 1.003 1.003 1.003
+135 .887 .946 .970 .991 .987 1.000 .996 1.004 1.006 1.006
+160 .887 .932 .961 .988 I 1.001 .996 1.006 1.010 1.010
+225 .887 .887 .930 .970 C2OA .985 t .995 1.001 1.001
+260 .887 .887 .913 .957 .966 C20 .984 .991 .991
+430 .887 .887 .913 .895 .905 .928 .939 .944
+435 .887 .887 .913 .892 .897 .913 .924 .931
+600 .887 .887 .913 .892 .897 .913 .924 .931

NOTE: ~20 (7-9—75) and C2OA (8—11—75), shown In brackets, modifIed nominal MFC3 Schedule.

Figure 8.l-8a 112 Governing-Schedule Changes
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MFC4 - Augmented N2 Governor Bias

T2S/P2S 1.500 2.500 3.000 4.000 5.000 8.000
%N2

-65.0 .830 .850 .860 .868 .868 .873
15.0 .898 .931 .945 C21A .953 C21A .953 C21A .960
40.0 .896 .940 .953 .960 .963 .967 C21
78.0 .877 .936 .953 (.947) .962 (.953) .965 (.956) .972 (.970)
115.0 .837 .920 .942 .960 (.951) .964 (.958) .974 (.972
153.0 .794 .900 .930 .950 .960 .974 (.97?
215.0 .794 .850 .888 .929 .948 .973 (.971)
265.0 .794 .799 .836 .902 .935 .971
332.0 .794 .730 .756 .850 .904 .964
415.0 .794 .730 .756 .750 .848 .948
540.0 .794 .730 .756 .750 .776 .873

-~

T2S/P2S Il .000 15.000 20.000 40.000
%112

—65.0 .873 .873 .876 .876
15.0 .960 .960 .964 .964
40.0 .970 .970 .974 .974
78.0 .976 .978 .981 .981
115.0 .980 .984 .986 .986
153.0 .981 .986 .988 .988
215.0 .980 .984 .988 .994
265.0 .980 .986 .990 .972
332.0 .976 .984 .990 .942— 

415.0 .968 .978 .986 .904
540.0 .968 .918 .926 .848

NOTE: C2l (7-9—75) and C21A (8-11-75), show,, in brackets modify nominal MFC4 Schedule.

• Figure 8.l-8a 112 Governing Schedule Change s
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HPCS Base 11113 Loop Schedule
CgI

Rev C (12—10—75) C88 12—18—75 C88A (1-16-75) ClOl (2-11-76)
N2C22 MN3 11113 N2C22 11113 N2C22 MN3 1.3332 AP/ P
9000. .26 .255 9000 .29 9000 .285 .~7674
9600. .26 .255 9300 .29 9300 .285 .07674
9800. .26 .255 9800 .301 9800 .295 .08161

U 10000. .26 .255 10000 .306 10000 .295 .08161
fl 10200. .264~ .2585 10200 .311 10200 .295 .08161

10400. .2649 .262 10400 .311 10450 .295 .08161
10600. .27 .27 10600 .311 10700 .300 .0842
10800. .275 .275 10800 .311 10850 .3075 .08964
11000. .281 .281 11000 .311 11000 .315 .094 46 

- -

12000. .305 .305 12000 .311 12000 .315 .09446

FMN4 MN3 Reynolds Index Bias

Rev C C9E (9— 17—75)
REI/N2C22 9000 9600 10500 9000 9600 10000

11113 MN3 -
~~~

0 .025 .025 .025 .025 .025 .025
.5 .025 .025 .025 .025 .025 .025
.8 .0275 .0275 .0275 .01 .01 .01

1. .03 .035 .03 0. 0. 0.
C9G (11—11—75) C88A (1—16—76)

M113 9800 10450 10750
0 .03 .03 .03 .3 .014 .0C75 0.
.5 .03 .03 .03 .5 .010 .006 0.
.8 .024 .024 .024 .8 0. 0. 0.

1. .02 .02 .02 1. 0. 0. 0.
REI/N2C22 9800 10450 10750

1.3332 P/P
.3 .008995 - .004819 0.
.5 .006426 .003855 0.

-‘ .8 0. 0. 0.
1.0 0. 0. 0. H

I
Figure 8.1-8b MN3 Loop Schedule Changes
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F~Pl3 Compensation

1. None 6-23-75 through 1-15-76 Rev C
2. ((.614 S + 1)/(.307 S + 1) 1-16-76 through 2—2-76 88A
3. None 2-3-76 through 2—5—76 88CP
4. ((~o5 S + 1) I(.02 S + 1) 2—6-75 only not reta ined 88E
5. None 2-7-76 through 3—5—76

11113 Schedule Offset

1. DM113 = o. Rev C
2. After 1—1 5-76 Variable on Spike Pot C88A
3. After 2-24-76 DMN 3~0 If SS~l4 C88F

11113 Loop Galn

1. Nominal , except from 2—5-76 through 2-10-76
2. Gain was variable from 0-8 on cone pot

MN3 Loop ConfIguration

-~~ 1. Nominal through 12-18-75 Rev C
2. Non Linear 11113 control ER 20, 12-19—75,only C88
3. Nominal through 1-15-76
4. Non Linear 1—16-76 through 2-4-76 C88 , C88A
5. Nominal 2-5—76 through 2-17-76
6. Non Linear at high rate 2—18-76 through 3-5—76 ClOl

T I 7. Offset PD3~.4 PSIA 2— 19—76 through 3—5—76 C1O1B
-~ 8. Resca1e~~P/P ratio 2-25..76 through 3—5-76 C1O1E

Figure 8.l-8c MN3 Loop Configuration Chan~es
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~ 8.1.4.2 Pulse Code Modulation Data Output
I In a philosophical sense thts was perhaps the most radical revision made to the software —

- in that the original design was abandoned and replaced by new code. Both IPCS and BONDIG
were revised in the same manner thus the following discussion applies to both.

~ 
Figure 8.1—9 depicts the PCM system. The aircraft system, or Recorder Monitor Panel ,

~
_1 outputs two signals. The data request every .8333 msec requests a 16 bit output word
~:I from the DCU. The frame synch pulse occurs every 5 msec and requests an Indication of
~ end of frame from the DCU. Since the DCU frame is 60 words long - frame synch word plus
~ ; 59 data words, the DCU ~CM processing software must ignore 9 out of 10 frame synch
~
i I pulses and respond by outputting a frame synch word after the last data word . The major

~ 
- problem with the original PCM processing scheme was that It unmasked PILO8O - the frame

! , synch interrupt - after the 59th data word. The DCU interrupt structure however recogn izes
~-k ~ 

and stores interrupt events even when they are masked out. Thus when PILO8O was unmasked
the software responded to the stored Interrupt rather than waiting for the frame synch.

- This did not impact operation at ground facilities because the DCU PCM data was the only
PCM data. However, on the airplane this phenomenonmade synching impossible.

- - The solution, referring to the flow chart, was to honor all P11080’s and check the data
- - word counter, ERWC . against 59 to decide whether or not a frame synch word output was

required.

- - A second problem developed because the airplane PCM system power supply shutdown transient
was too slow. The result was a burst of PCM Interrupts as airplane PCM output vol tage I -sagged, resulting in DPCU autopower down due to failure to complete a computational cycle
within 30 msec. Again referring to the flow chart , the total number of PCN related Interrupts
between Real Time Clock Interrupts is counted and compared to a maximum allowabl e number.

4 If the number is exceeded both Pat interrupts are masked out and the backup light turned
on. PCM is turned back on and the backup light cleared by toggling the left most CMIJ
sense switch.

- In order to meet an aircraft PCM system requirement for response to the frame synch
- pulse within 62.5 w seconds the reset of the PCM interrupt counter in the RTC interrupt

routine was placed late in the routine. This resulted in an ambiguity in the maximum
- allowable number of counts. This was changed late in the f l i g h t  test program when the

- 
PCM Interrupt ~ounter was used to check the Real Time Clock , see below. However , the
change made frime synch timing marginal resulting in occasional data drop outs.

8.1.4.3 Memory Restoration

During ground test it was discovered that random core locations from location 400 to 777
were occasional ly reset during power down/up cycles due to a design pecularity of the
DMA interface . To correct the problem a memory restore system was added to the power on
interrupt processing. In addition , a check sum of these locations was computed every
major cycle. In combination these changes resolved the problem without requiring any
hardware modifications .

8.1.4.4 Paroscientiflc Transducers

Three Paroscientific transducers were replaced due to hardware failures , see Section 7.4.
The appropriate calibration coefficients were changed in the software to adapt to the
replacement transducers.

- - 8.1.4.5 Autodisengage
- The autodisengage problem is disucssed elsewhere in Section 7.1. By masking out in

software the DCUDWN1 bit In the dIscrete input word, the hardware Built In Test Equipment
(BITE) test creating the “autodisengage” was absolutely inhibited. For demonstration
test purposes the inhibit was incorporated at all times. For flight test and engine

- runs the inhibit was selected for sense switch 04.

27~ 
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8.1.5 Functional Additions to IPCS

As controller deve~opment proceeded it became apparent that many functions could be implmeentedin the software that would provide useful test data in areas not originally envisioned as
part of the IPCS program. These included noise, thrust computation , and autothrottlefunctions.

8.1.5.1 NoIse Reduction

- -- - Various modifications to the software were made to permit variation of A/B flow velocityprofi les to test the impact of such variations on A/B noise. The modified operating modesincluded :

1) Lock A/B operation at max. zone 4 for PLA > 104 °, for Cliii
sense switch 10.

2) While in this condition retard and if desired turn off
Zone 1 fuel flow. ~

- 
- 

~ 3) Permit turndown of all five A/B zones from max. retaining
the max. A/B velocity profile shape (flat) for ctiu sense -;- switch setting 17.

4) Permit variation of Gas Generator N2 set point in any of the
above modes.

5) As a protection against A/B malfunction during tests logic
was provided to cause automatic A/B shutdown if rumble exceeded.5 psia p-p. -

As indicated in Figure 8.1-2 the above modes were developed iteratively as the noise testsproceeded.

8.1.5.2 Thrust Calculation

A gross thrust calculation was implemented based on Reference 10. The computations performedare flow charted in Figure 8.1—10. SimplifyIng assumptions required to permit calculationof thrust within the 33 Hz major cycle loop are sunrarized In Table 8.1-1. These ass4~~tionswere originally predcated on a test envelope l imited to Mach .5 and 500 feet. In point offact the calculation was final ly used only -in ground runs and the ram dr*g was not computed.
The core allocation for the modification was approxImately 700 locatIons and •x.cutlontime In excess of normal IPCS execution time is 1.9 msec. In spite of extensive open loopchecking a data location within the table lookup routine was not correctly Incorporated Inthe software tested in engine run 35. This resulted in erroneous thrust n~~ srs although-

~ the ability to complete all required computations within the 33 Hz loop was verifl.d.Post engine run testing in the lab using PaI data recorded during engine run 28 resiiltidin the data shown in Figure 8.1-11. For this extreme flight condition free strs blent - -pressure was Input as a constant In place of the calculation procedure chasm in th. flow
chart. In future applications free stream pressure might better be obtained from thelocal Mach probe corrected for alpha. The data, lying on the edge of the thrust standerror band, show good agreement between the thrust stand and the computation. The routine —

could be expanded to eliminate the simplifying assumptions at about a 50% expansion incore and time usage.

Table 8.1—1 Thrust Calculation Approximations

Simplification Worst Case Error Contribution
Constant Ratio of SpecifIc -1.6%
Heats

- - -1.38 For Dry Operation
-1.28 For Augeented Operation
No Installation Effects
-Ejector Performance Correction +10%/Mach; Mach ( .5
-Secondary Airflow Correction -5.%-Kidney Bleed Flow CorrectIon +2.5%
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THRUST CAI.CULATIOH PROCZDURZ

TABLE FITS

~C7m ‘T57~ ~t7a~~ti0
FS71

1.0 .0110 .0680 .1285 .1865
1.2 .0155 .0680 .1285 .1865
1.4 .0220 .0680 .1285 .1865
1.6 .0310 .0680 .1283 .1865 Aj

1.8 .0405 .o~ so ‘s” .1060 .1525 •

2.0 .0315 .0660 .0960 .1260
2.2 .0630 .0825 .1033 .1260

(~~7m -

~t1oflaib 
Pe7

1.5 —.0130 —.0110
1.7 — .0055 Li — .0032
1.9 — .0010 5.0, 0 7.05
2.1 ~~~~~ 0

1.0 .000 .700 .090 .968

1.25 .851 .$42.S .932 .983

1.30 .093 .870 .966 1.0015
L3 Li Li

1.75 .9305 3.73 .916 5.0 .981 6.0 1.0170 7.05

2.00 .9605 .943 .9865 1.023

2.25 .977 .936 .98*3 1.0233

2.50 .982 .961 .989 1.026

2.73 .984 .9615 .989 1.026

Cg pri — f(NPR, Aj ) for NPR~ 2.75
— f(2.75 ,Lj) + (*IPR—2.73) * .002 foT tIPI>2.75

(11 — 2.73)

Figure 8.1—10 Thrust Calculation Block Diagram
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8.1.5.3 Autothrottle

- - i The block diagram of Figure 8.1-12 depicts the autothrottle developed on site at DFRC. It
is a simplified version of an autothrottle originally developed for the C—5 and currently
being developed for use on the YF-l2. For use in this application the autothrottle was
operated on the left hand engine and did not Incorporate a pitch attitude correction.
Stabilization was provided by a lead/lag scheduled on XPOLE (Volume II) and the zero

- resulting from the proportional plus integral control . The all electronic implementation
I of the system el iminated stability problems sometime s encountered in throttles using

-
S mechanical PLA linkages having hysteresis and stiction within the control loop. In this

~ 
system Mach comnand was provided by appropriately scaling the cone comand pot for use as

_ S a Mach coninand pot. Cockpit PL.A was entirely disabled when the DPCU was engaged in the
— I autothrottle mode.

~ 
8.2 SOFNARE CHANGE ANALYSIS

~ 
1- Analysis of the SFCO’s generated relative to the two CPCEI ’s used during the IPCS flight

- test reveals interesting cormonalities and differences between them. BOMDIG. a mature
control design and, due to the software development process, the more mature CPCEI was

~ 
most frequently changed to adapt either to special test requirements or plant (engine and

I airframe) pecularities. IPCS had roughly 4 times as many changes as BOMDIG with more
~ emphasis on controller changes. With the increased level of changes and accompanying

- ~ schedule pressures, coding errors are more evident in IPCS than BOMDIG. For both CPCEI’s
: I the preponderance of changes relate to either aircraft integration or test support. It is_

- i Imperative, based on the IPCS experience, to maintain software flexibility during the
~~~ flight test program.

Figure 8.2-1 categorizes SFCO’s into five types :

1) Coding Errors - Discrepancies between coded logic and specified
I logic , scaling errors , etc.

2) Coefficient Adjustments - Revisions to schedules and sensor
I calibration coefficients.

— 3) Test Specials — Special code required to troubleshoot malfunctions ,
- support data acquisition , or to provide special test functions,

for example special bleed configuration , for test purposes.
4) Hardware Fixes - Changes required to accomodate replacement of failed

- transducers or unanticipated hardware pecularities.
5) Controller Modifications — Changes to the controller configuration

— either to Improve or expand its function.

A statistical suninary of SFCO’s is a potentially deceptive accumulation of data. Assignment
of SFCO’s to the categories defined above frequently is subjective because SFCO’s are

-
~~ often multifunctional , one SFCO may change a gain , add a filter network, and provide for
-
~ special data output. In some cases where the SFCO is apparently equally split between

functions, it was allocated to both for the purpose of the tabulation. Many SFCO ’s have a
large number of revisions sometimes reflecting progressive changes to the system over the
course of the flight test and sometimes reflecting one day’s troubleshooting activities.
Where the individual revisions stand as discrete entities they were treated as an individual

- SFCO. Where they represent troubleshooting over a short period of time they are lumped as
one SFCO. Finally, and perhaps most important, SFCO ’s are neither of constant length nor
complexity. Some represent a change of one numerical constant. At the other extreme the
thrust calculation is one SFCO which is over a sector long (512 words). It involves
conversion of the bivariate table lookup routine from straight line code to a subroutine

- 
with variable scaling and array size.

In spite of these qualifications the suninary of Figure 8.2-1 leads to observations
I consistent wtt h those derived Intuitivel y. BOMDIG accounted for only 27% of total SFCOs.

This number Is slightly affected by dropping 5 coding error SFCOs which were written
- against the preliminary release of B0MDI~ and incorporated Into the released version .

I This is somewhat offset by the fact that SFCOs required to fix hardware, adjust co-
efficients, and provide test functions were usually designed in one CPCEI and then
transferred into the other when It was used next resulting in two SFCOs for what Is
essentially a comon change. BOMOIG probably is representative of the minimum number of

I changes one could reasonably expect in a flight test program--controller modifications
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and cod ing errors account for less than 15% of the total BO~I)16 changes. Although
s *ie reduction in the other categories Is possible , more forma l test planning wguld
reduce the number of test spec ial items , more complete Integration testing might reduce
the number of hardware fixes - the absolute min1~~ number of changes probably hovers
around 50.

Conversely, IPCS probably approximates the maximum rate of software changes one might
expect in a development flight test program. Coding errors tend to concentrate in the
early part of the test cyc le resulti ng mostly from the original compilation . Their
correction tends to be distributed over a series of tests as each op.rattng condition
exercises a different portio n of the software . Coding errors found after 1 August are
pr imari ly corrections to SFCOs . The number should be discounted since they frequently

• represent corrections generated either by review of code or open loop checheut and thus
ware never used in engine operati on. Over the entire f light test period the need for a
closed loop system s imul ation capability on site was apparent. It would not have reduced
the number of SFCOs but wou ld have significant ly reduced the time and effort associated
with finding coding errors and v irtually el iminated the possibility of coding errors in
the software configuration used for engine runs and fl ight tests.

Coefficient changes and test peculIar SFCOs comprise better than 50% of the SFCOs and are
spread fair ly evenly over the entire flight test program. Although softwa re organization
could be such as to accoamodate most of the code involved In a fairly small seguent of
core, making it compat ible with a ROM/RM memory configuration , some of these chang es
satisfy requirements only discovered duri ng flight test and thus not easily accofanodated
In a rigidly confined soft ware configuration . For example the 80$ 7th stage bleed was - -:
incorporated into IPCS softwa re to provide bleed control while sufficient distortion data
were obtained to permit activati on of IPCS distortion contro l of the 7th bleed .
Hardwa re fix SFCOs are concentrated early in the program . This Is consistent with their
nature , most correct a design or interfa ce deficiency rather than an outright failure.
They are proba bly the most cost ly SF’COs in that the final SF’CO usual ly reflects extensive
troub leshooting and consulation with all parties involved In a particular interface. On
the IPCS program an attempt was made to avoid problems with the PCM Interface by using a

• I PC$ simulator and data readout device , the Recorder P~nitor Panel , throughout the
development program. As on prior programs the simulator did not adequately represent the
airplane PCN system and a major troubleshooting exercise was required to sort thing s out.
The only certain way to eliminate this problem is to integrate all such hardware prior
to flight test.

The early IPCS controller modifications are primarily noise supp ression filters . After
baseline IPCS testing was complete numerous changes ware made both to improve control
modes and add functions not originally In the scope of the IPCS control.

) The SFCO rate data tabulated in FIgure 8.2-1 may be useful to the program planner in
assessing support and recoa~ilation requirements on future programs. In the IPCS
situation , no program activity anticipa teq after flight test, a decision was made not to
recompile during the flight test once the hurdle of ground test and first flight was
successfully passed. For a continuing progr. a rec~~ 1lation based on the program state

- 
- in mid-August would have been appropriate to avoid allowing the field configuration to

diverg e too far from the library version of the program and to si mplify the field softwa re
job. A fu rt her reco mpilation and a flight test verification of it , perhaps three fl ights ,
would have been required at the end of March to generate a production release of software
had one been required.

H
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8.3 PROGRAM SEQUENCE

Figure 8.3—1 depIcts the executIon sequence of the IPCS program as of completIon of ground test.
BOP~)IG program execution is similar except that Nl processing is handled in the major rather
than minor cycle and there are four rather than six major cycles. EtCC, the minor cycle counter,
is incremented by each real time clock Interrupt. The EMCC value indicated alongside the main
program blocks provides some Indication of the executIon time of each functIon. Each increment
in ENCC represents S tnsec,of whIch .75 msec Is spent in the executive, processing minor cycle
sampled dat~ or transferring data to the PCM system.

8.3.1 ExecutIve Operation

The executive Includes the fol lowing subccmponents: Mode Identfflcatlon/Selectlon, Major Cycle
Executive. Recorder Data and Frame Synch Interrupt Processing (Paragraph 8.4.1.2), Real Time
Clock Interrupt Processing, Power Failure and Recovery Interruot Processing, and the executive
data base.

The major cycle executive controls execution of the program. When the DPCU is turned on a power
interrupt Is generated by hardware. In response the software Initializes all integrator out-
puts and flags and the minor cycle counter EMCC and terminates in a wait loop. The first real
time clock interrupt following entrance to the welt loop is processed by the executive using
path “C’, EIICC is incremented from four to five. This pass serves to transfer all non A/D
data to memory via the DMA system and start AID conversion and data transfer. Minor cycle data
processing P11, P12. fuel flow and the fuel flow validIty check are completed and the program
returns to the watt loop. The next real time clock interrupt causes the program to execute path
“8” of the executive , EMCC Is incremented from five to six and reset to zero. Digital data is
processed to engIneer ing unIts and loop closure data processing for Zone 1 through Zone 4
stepper motors Is completed. The program then waits for completion of the A/D data transfer.
nearly complete at thIs time, before proceeding through minor cycle samplIng and the fuel flow
validity check to the main program.

The main program resets the Paros F/D converters , their data already having been transferred to
• memory, and outputs •Jie digital data formatted earlier and analog outputs fromatted at the end

of the last major cycle. Analog and Inlet pressure data are converted to engineering units for
use in succeeding computations.

One of the anEllog Inputs processed is the IVDT measuring the position of the stepper motor
• controlled exhaust nozzle pIlot valve. This infonnation Is used to compute the pilot valve

stepper motor coimnand which Is tnmiediately output along with the Zone 5 stepper coninand
formatted In the same output word. Closing the exhuast nozzle loop early in the major cycle
allows the stepper motor the remainder of the cycle to slew to its new positIon which is the
key to stabilizing this servo loop. The remainder of the processIng proceeds as indicated —

interrupted every 5 msec by the real time clock to do minor cycle processing and, for EMCC 2,
to start the Pares F,’D converters. PCM data and frame synch Interrupts are processed as they occur
inhibited only durIng the first section of the Real Time Clock Interrupt Routine. Once
Initiated by the Power Recovery Interrupt the process repeats every 30 msec, six minor cycles.

8.3.2 Failure Response

Failure detection and response are performed at various places in the program.

At the end of each major cycle the process complete flag is checked to verify that program
execution time has not exceeded 30 msec . If It has the DPCU is inanediately turned off. Gas
generator fuel flow is checked against upper and lower limits every 5 macc. If the test is
failed in two consecutive minor cycles the DPCU disEngages ininediately following the second
failure.

As each input variable Is converted to engineering units limit tests are performed and In case
of failure an appropriate flag Is set In the so called failure word . The word Is decoded and

• appropriate system response Is made In the designated block.

• Finally a computer self test, In which each Instruction in the repertoire is executed and the
operation results are verified , is performed once each major cycle. If a given instruction test

-~~~~ - fails it is reexecuted . As soo n as two failures are accumulated in the execution sequence ,
either the same instruction twice , or two Instructions once , DPCU powe r is turned off.
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9.0 CONCLUSIONS AND RECOI’IIENDATIQNS
There is much to be learned fran the experience of the flight test program end the var ious
ground tests - that preceeded tt ~ Integrated dig ital propulsion control has been proven effectIve.
Moreover, operational d’vantages have been demonstrated using control modes which would be
diff icu lt to implement In a hydrcmechantcal controller .. Furthermore, current accepted aerospace
engineering and management practice , rigorously applied, can result in a controls develo~~ent
program that cons istentl y meets reasonable technical , schedu le and cost goa ls.
Specific conclus ions grouped by category are presented below.

9.1 CONCLUSIONS

BOMDIG Control .

Successful operation of the BONDIG Control leads to the conclusion that a digital computer can
successfully emulate an analog hydromechantcal control. High A/B suppression levels with the
7th bleeds open in the BONDIG contro l modes are attributed to the difference in HPIC and BONDIG
turbine discharge pressure sources .

• IPCS Steady State Operation.

Based on the accurate and repeatable operation of Integral regulators controlling airfl ow ,
rotor speed s , and engine pressure ratio during A/B operation it Is concluded that the precision
and computational capability of the digita l computer and associated electronics are we ll suited
to engine control requirements. An accurate , drift free Integral control closed directly on the
variables of interest, P6S/P2S as opposed to P6S/PS225 for example, promises to reduce or
eliminate engine trim requirements. -

•

IPCS Gas Generator Transients.
• P1113 control was demonstrated adequate to control engine accels and Is thus considered a viable

alternative to Wf/Pb control . 1113 control may be improved through more detailed and accurate
— 

simulations, improved manifold design and further engine testing. Logic may be required in an
operational system to provide fuel dericlinent duri ng stall and to compensate for the shift of
constant Mach nLunber lines on the compressor map during Bodies.

Decelerations.

Satisfactory operation of the minimum airflow and low compressor discharge Mach nuiter control
modes demonstrates the applicability of these modes to future engines. Further study Is
required to determine a better correlation variable than burner pressure on wh ich to schedule
minimum airfl ow compensation .

Afterburner Transients.

A/B transients fas ter than BONDIG without degradation in suppression contro l and Improved
deceleration fan surge margin demonstrate the utility of the unique IPCS A/B control modes.
Special Loops.

Test results demonstrate that inlet distortion may be adequately detennined for control purposes
using a relatively small number of pressure measurements . Control of engine bleeds by measured
distortion provides significant perfor mance improVements In a substantial portion of the flight
envelope.
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C~~ressor stall and stall recovery can be rel iably detecte d by comparing burner pressure and • 
-

- • rate-of-change of burner pres sure to suitabl e schedules . Incorporation of this feature in
future engIne Controls will reduce pilot workload and engine stress in an operational environ-
ment.

Buzz loop testi ng demonstrated successful operation of the buzz sensing concept and a substantial
reductIon in idle airf low relative to BONDIG. An operational buzz control mode wou ld require
the incorporatI On of high response Inlet bypass doors to fully realize the potential of th is
contro l mode .

Satisfactory operation of the airflow tri ll and A/B anticipation modes provides confidence that
these may be incorpo rated into future controls with stron g assurance of successful application .

H Successfu l operation of the autothrott le leads to the conclusion that direct access to engine
variables for autoth rott le compensation end fully electronic autothr ott le loop closure are
benefi cial to control design and Implementation since they si mplify compensation and eliminate
ob3ecttonable nonl Inearl ties.
Hardware .

Trouble free operatio n of the IPCS hardware clearl y demonstrates th. practicality of the full
authori ty digital electr onic engine control . Calibration shifts in st rain gage transducers
indicate that future sensor selection activities should ~~ hasize sensor stability to assure
achievi ng the ful l potential of elect ronic controls In reducing and simpl ifyi ng maintenance
which Is limited by sensor stabIlity and interchang eability.

Sensor system noise was a significant problem solved primarily on an ~~ Irica 1 basis. Future —

programs may benefit from an early emphasis on noise tolerant control modes and more detailed
analysts of noise effects on system operation.

Quartz crystal pressure transducers , when properly vibration isolated, are an accurate, drift-
free device for propulsion system control variable sensing .

Data Processing .
1) Turnaround of printed and plotted data in 16 hours or less is esse ntial to the orderly
development of a digital control .
2) Interfacing the DPCU with a facility data system at a number of different facilities is
costly and time consuming.

Software.

1) IPCS software, both IPCS and BOMOIG CPCEI ‘ s , was successful and relatively troabl.
free due to good basic design end thorough documentation of the original CPCEI release.
2) Thorough, wa ll documented , module and closed loop simulator system testing is essential to
provld. reliab le software for bench and engine testing.
3) Mouglvl y 50% of software changes after release are either coefficient changes or test
peculi ar modifications. These changes are unlikely to be eliminated by any amount of pm-
release testi ng. The f lexibility of IPCS software was crucial to permitting these changes In
a t issl y msnner.

9.2 RECOI11IENDATIONS

It Is not practical to recouniend sp ecific control features for an unknown future program. The
Methodology Volume (Volume IV) addresses the problem of organizin g a control dsvel~~ snt pm~ am.
Honey, , as a result of the experience from the IPCS program, reccimendations are being mid. In
three specific areas; data processing, softwa re control and modifications to tile IFU:

Data Processing.

It In strongly reccimiended that 16 hour turnaround data reduction capability be provided for
the OPCIJ data . The sane scheme may not be satisfactory for all programs but the requirement for
quick , dependable turnaround is always there . A portable, dedicated data processing capability
for the DPCU data can provide the needed turnaround and eliminate the unnecessary data Interface
problems.
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Software Control .

As with the data reduction capability , software flexibility at the test site is essential to
successfu l control deve lopeent. The specifi c procedures developed for IPCS may not apply to
all programs , but it is reconnended that procedures be developed consistent w ith program
requirements that allow the control software to be modified on-site to respond to test resu lts .

Reassembly and formal documentatloii of software changes should be performed in a timel y manner .
On IPCS a reassembly required at least a wee k . As a result , reassemblys were deferred to
major program milestones and became relatively non~.mental ta sts . A biweek ly reassembly
performed In the later half of the second week of the period would provide better software
qua lity and simp lify staffing requ irements.
The IPCS program was fortunate In avoiding word length problems. Late In the program as software
modif ications were made , the thin design margins inherent In the 16 bit machine were noticeable.
A thorough review of filter performance during module testing Is strongly reconinended to insure
that quant izat ion effects , particularly about nul l , are not overlooked.

IFU Hardware.

Future users of the existing IPCS IFIJ are advised to consider making three revisions to It prior
to using it In a major program.
The current DMA design permits inadvertant changes to data In locations 400 to 777 of memory.
Since locations 400 to 577 are currently used as the DMA buffer only the volatility of locations
600 to 777 Is of concern . The problem may be resolved in sof twa re by restricting use of these
locations to volatile storag e or in hardware by disablin g the appropriate address line . The
hardware modification is described in Appendix C.

The existing automatic failure detection , BITE, system does not adequ ately Identif y in the
data stream the cause of failure response , disengage , or power down . Minor modification s ,

4 
Appendix C, are reconrended to set fl ags in the discrete Input word , OISIN1 , identifyi ng the
specific failure .

- ‘ The Nl /N2 frequency to digital converters are cleared by the first input data pulse in the
pulse tr ain sample. Shorting the input data lines thus may prevent cleari ng and result In a
plausible converter output when the input Is failed . This situation should be corre cted
either by revisi ng the hardwa re to clear the counter prior to every conversion , see Appendix
C, or by usi ng more sophistica ted software val idity checks , for example checking for sequentially
identical speed samples.
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APPENDIX A - CON F IGU RATION CHANGES AND TEST EVENTS

The following paragraphs discuss the changes in hardware and software configuration
and the test events on a flight by flight basis. In general the ground runs are
discussed in the paragraphs for the relevant flight. Table A-i describes the engine
runs and identifies the paragraph in which they are discussed .

The Vl DPCU system was installed in the airplane for flights 14—23. The following
components were changed for fl fghts 24—28 :

~MU (Vl to V2
PSU (Yl to V2
IFU (Vi to V2)

The changes were made as part of the auto—dise ngage investigation and not due to failures
in any component. The units were functionally interchangeable although it was observed
that 12 signal noise was reduced with IFU V2 (see paragraph 7.1.3).

A.l Preflight Engine Runs
A series of ground tests were conducted on each control mode prior to fl ight testing.

H These tests served to do~i~nent the system static performance, identify and correct
any problems, checkout the data systems, and demonstrate the flight we rthine ss of the

H IPCS Installed in the F—h i. The conduct of the tests has been discussed in some
detail In the IPCS Ground Test Report, Reference 5. Table A-l identifies the
engine runs. Table A—2 defInes the software configuration for each run. - -

Most of the preflight testing was routine, establishing the steady-state and transient
performance as a baseline for the flight tests with problems confined to data system
interfaci ng, control room display , etc . One item which did affect both control —

programs was the inadvertent reprogramming of some core locations in the 600-717
portion of sector 0 as a result of a direct memory access (DMA) probl em (Reference
4-1). The problem was so lved with restoration of the affected locations as part of
the power up routine . The DMA problem resulted in afterburner st ells during engine
run 7. The other significant problem was encountered in IPCS . Operating steady—
state In A/B there was a significant oscill ation in A/B fuel flow. As the result of
engine runs ii and 12 the problem was identified as response to Ni noise. The gain
of the suppression loop was reduced by a factor of 2 for flight 17 to reduce sensitivity
to Ni noise.
A .2 Flight 14 - September 4 , 1975

A.2. I Hardware Configuration
The IPCS hardware was in the basic configuration defined in Reference 4-2. One
electrical harness on PKDC (Figure 5.1—1 ) was found to be open circuit and replaced.

A.2.2 Software Configuration — BONDIG

The software for flight 14 was the baseline configuration developed through enginerun 6. Engine runs 8 and 9 (taxi test) also used this software configuration.
A.2.3 Event Stmmsary

The verification engine run (8) ws~ conducted without difficulty . The taxi test was
run with no major problems. Data display in the control room, etc., was revised as a
result of the taxi test.

There were no control problems on Flight 14. The following test events were completed:
Mach 0.5 , 10,000 ft.

IIIC NIL-IDLE-NIL
BOMIOG MIL-NAX-MIL-IDLE- NIL, SST , YAW -~~
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Table 6-1 Engine Rue Si~~~ry

Engi a
Run Ret.

Dit. Per. Comtr5~_ Description

0 1~31/7S 6.1 lIC Trim . Engine Checkout

8/04/75 6.1 il( Steady-Stati and Trivalent
P.rforma,ic.

2 8/04/75 A.) ~~I3IG Gas Ginerator Trim m d  Ste.ó~-St te Perforeenc.
3 8/05/75 A.l 10016 Gas Generator Transi ents
4 8/06/75 6.1 101016 Init i.l A/S Tn . and A/S

Transi ents
5 8/06/75 A.) SOIOIG A/S Trim 8/S Steady-Stat.

Performance

6 8/08/75 A.l 508006 Control Roim Ch eckout. Start.Recheck Ge, Generator Transients
7 8/13/75 A.) IPCS Gas Generator Trim . Ste.dy—Stat.

and Transient Performance. A/I
Stalls Due to 00 problem (Ref. 4—1 )

8 8/26/75 6.2 50111)6 Software Verification fir Flight 14
9 8/28/75 A .2 101116 Taxi Test
10 9/22/75 A.l OPtS A/S Transi ent Performance. Encounter

A/S Fuel Flow Oscillati on

11 9/26/75 6.1 OPtS Diagnostic - A/l Oscillation Problem
12 9/30/75 L I  OPCS Diagnostic - A/I Oscillat ion Problem
13 10/08/75 6.3 101116 Performance Isprevi.ent Evaluation

34 10/29/75 6.1 OPtS Performance Isp. s..—...t Evaluation

15 10/31/75 A.3 500016 Software Ver ification for Flight 15
16 11/12/75 6.1 OPtS Performance leproveiset Evaluation

17 11/13/75 A .S LPCS Software Verification for Flight 17
18 11/25/75 6.6 IPCS Software Verification for Flight 18
18. 11/26/75 LI IPCS Calibration Check on Nozzle Arem

Rigging
19 12/15/75 6.9 IPCS Software Verific ition for Flight 21
19. 12117/75 A.9 OPtS ECS end St ll Detection Level Teat
20 12/19/75 A. l0 IPCS Checkout of the Non-Linear Ill, Lisp
21 1/08/76 6.12 )PCS Software Verification fir Flight 23
22 1/16/76 6.13 IPCS Diagnostic - Auto Dilonguge
23 1/16/76 8.13 OPtS Diagnostic — Auto Disengage
24 ‘/20/76 A l l  O PCS Evaluation of Sin-Linear *3 Lisp

& Nun-Linear 10 lain
25 1/21 /76 6.14 IPCS Software Ver ification trw flight 24

26 1 127/76 6.36 OPtS Noise and flaun t Npauers~~ t
27 2-05/76 6.17 OPtS Softwa re Checkout Per Seine Flight

end Evaluation of Variabl, lain en
Onte~re1 0*3 Lisp

28 2/06/76 A. 15 OPCS Seine and Thrust Sesiur~~~t
29 2/10/76 A. l9 OPtS Soft ware Checheet of ~~~ls

Disable for 5500. C1,sct Ge
Spike Switch

30 2/18/76 6.19 IPCS Software Chechast ef Mimer Cpcle
S~~ 1e 1*3 Leap

11 2/19/76 6.19 OPtS Software Verification fee fli ght N

— 37 2/25/76 A .2O OPtS $cf~~re Veri fication fee flighta
2 7 6 0 6

33 2/25/76 A.20 IKS N.iae Nueadr~~nt

34 3108/ 16 8.23 OPtS Vulecity Prattle Sieaeeenemt
• 35 3/05/76 8.22 OPtS Fast Accel and Threat Noese,maemt
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Table A-I Engine Par S~~ ary

(spine
Net .

No. Site Per. Cantrg~~ Description

0 1~3l/79 8.1 IIC Tpim, Engine Checkout
I ~~SS/7S 8.1 hOC $t.e4y-State and Transient

Performance
2 ~~Sl/75 A. ) 5001116 Ga, Gsnerator Tn. and Stesd~

.
Stat. Perfos sunc.

3 ~ o5/7S A. ) 5001106 Gas Generator Transients
O 8/06/75 A. ) 501110G Ont ti al A/S Tn . and A/I

Transients
5 5/05/75 A.1 100016 A/S Trim A/S Steady-State

Performance
6 0/05/75 A.) 501106 Control Roon Checkout. Start.

Recheck Gas Generator Trana ants
7 8/13/75 A. ) O PtS Gas Generator Trim . Steady-State

and Transient Performance, All
Stalls Due to 00 Pnoblon (Ref. 4—1)

8 8/26/75 6.2 801106 Software Verification for Flight 14

• 8/28/75 A .2 50006 Taxi Test
10 9/22/75 A.l IPCS A/S Transient Performanc e. Encounter

A/S Fuel Flow Oscillation
11 9/26/75 A.) IPCI Diagnostic - A/S Oscillation Problem
13 9/30/75 A. ) OPtS Diagnostic - US Oacille tion Problon
13 10/00/75 A .3 1011116 Perfo ,mance Improvement Eve iwation
It 10/29/75 6.1 OPtS Performance lig. .......... t Evaluation
1S 00/31/75 8.3 501111G Software Verification for Flight IS
16 11/12/75 A. l Opt S Performance 1.prove.ent Evu lwation
17 11/33/75 8.5 OPtS Software Verification for Flight 17
IA 11/25/75 A. 6 IPCS Software Ver lfi cati em for Flight 1$
lAs 11/26/75 6.6 opts Calibration Chuck on Nozzle Area

Rigging

09 12/15/75 6.9 OPtS Software Verifi cation for Flight 21
19. 12/17/75 A .9 OPtS EtS and Stall Dut.ction Li,,) Teat
20 12/19/75 6.10 OPtS Checkout of the Nun-Linear 1013 Lisp
21 1/08/76 6.12 O PtS Software Verification for Flight 23
22 1/16/76 0.13 OPtS Diugnostic — Auto Diusnguge
73 1/16/76 A. 13 OPtS Diagnost ic - Pinto Disengage
24 1/20/ 76 A. 14 OPtS Evaluation of Nan-Linear *3 leo,

I N~n-Lineer 011 lain

25 1/21 /76 A. l4 OPtS Soft,mre Virificatien for Flight 24
26 1127/76 6.16 OPtS Noise and Threat Noesurement
27 2-05,76 8.17 OPtS Softwa re Checkout for Note. Flight

end Evaluation of Vari able Sal. on
Ontegral 0*3 Loep

25 2/06/76 6.19 I PCS Noise and Thrust Naesur~~nt
29 2/10/78 A . 19 OPtS Software Checkout of ~~~l.Disabl e for SSO4. Check Ge

Spike Switch

30 2110/76 A .l9 Opts Software Checkout .f in., Cyc le
S~~ le 1513 Leo,

30 2119/76 A l l  OPtS Softwa re Venific.tien far Flight N —

32 2/25/76 *20 OPt s Software Verif ication Per Fl ights

33 2/25/76 6.20 OPtS Seine Naeaune.nt
34 3/04110 *21 IPCS Velecity PrOfile Seeaor~~~t
35 3/05/78 A.72 OPtS Fiat Aecel and Thrust Naese,~~ mt - —
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TABLE A-2 SOFTWARE CONFIGUUTIGH
FOR PREFLIGHT ENGINE RUNS

OATE ENGINE RUN TAPES HAND LOADS
7/31/75 

— 

0 BONDIG-C , 7507291 BONDIG C.- 15A
8/04/75 1 BONDIG-C , 7507291 B0P~)IG C—iSA , C-158 ,

T r i m s - I d l e s
007018 NiL a 37654e
A/B . .3765~~

8/04/75 2 a N

8/05/75 3 N N

8/06/75 4 C

8/08/75 5 m BONDIG C-iSA , -158,
-15C. C-28, C-25A ,
Trims -NIL

IDLE — 01440
8

A/B . 3733688/08/75 6 10 5

8/13/75 7 IPCS-C , 7508111 IPCS C-37G
8/26/75 8 BONDIG-C , 7507291 ,

7508221 , 7508251 Noflø —

8/28/75 9 a N

(Taxi Test)
9/22/75 10 IPCS -C , 7508111 . IPCS C—63

7509171
9/26/75 11 IPCS-C , 7508111, IPCS C-5OA , C—63 ,

7509171 C-U. C-65
9/30/75 

- 
12 IPCS-C , 7508111 , IPCS C-12C. C-5OA , C-63.

7509171 c-U , C-65 A
10/08/75 13 BOMDIG- C , 7507291 , BOIIDIG — C -42

7508221 , 7510031,
7510071

10/29/75 14 IPCS-C, -7508111 , IPCS C-63A, C-SOD,
7509171 , 7510241 C-il

10/31/75 15 BONDIG—C , 7507291, BOMDIG-C—42A -:
7508221, 7510031,
7510291

11/12/75 16 IPCS.C, 7508111 a IPIS 500
- - 7509171 , 7510241 ,

7511111
11/13/75 17 IPCS—C , 7508111, !PCS 500

75O9171~ 7510241,
751 1) 11. 7571131

j  
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Mach 0.7 , 10,000 ft.
~IIC NIL—IDLE -NIL

Mach 0.8, 30,000 ft.
- HMC NIL—IDLE—NIl. - 

. 

- . - - -
~

Mach 0.9 0 10 ,000 ft.
HNC NIL-IDLE—NIL
BONDIG NIL—MAX -NIL—IDLE—NIL , SST, YAW

Mach 1.06 , 22 ,000 ft.
~f lC NIL—IDLE- NIL
BOMDIG NIL-MAX-NIL-IDLE-NIL, MAX-IDLE —MAX , SST

Mach 1.6 , 45,000 ft.
BONDI G MIL-MAX—MIL—IDLE—MIL , SST , YAW

Ma ch 1.9 , 45,000 ft.
U BOMOIG NIL-MAX—NIL-IDLE-NIL , SST, YAW

An ECS problem requ ired operation throu ghout the flight on L/H ECS which takes bleed
air from the IPCS engine . Later fl ights were all flown with the ECS on the R/H
engine .

A .3 Flight 15 - November 6, 1975

A .3.1 Hardware Configurat ion

Parosclentlf Ic transducer S/N 137 (PKDB) failed after fl ight 14. It was replaced
with S/N 147. A flexible line segment was Installed In each Of the pressure lines
for the td~ee1 well mounted Pares transducers. The specific gravity adjustment on the
~I4C control was changed from JP-5 to JP-4 prior to engine run 10. After engine run
13 the engine was reno~ied. The probes were Inspected and the IPCS temperature harness
replaced.

The effect of the harness change was to change the location of the cold references
relative to the thermistor (FIgure 5.4—15.) While the enaine was r~~ved the Ni taeh.
was replaced to see if this would reduce the Ni noise ~paragraph 7.5).

A .3.2 Software Configuration — BONDIG

The following software changes were made for engine run 13: Incorporate the coefficients
for transducer S/N 147, enable A/B reset changes for sense swItch 17 and PLA > 50°
rather than sense switch 17 and 7th bleed closed, outpu t WFG. lower 12th bleed thresholds
by .6 psI to the lower edge of the IIIC tolerance band, revised upper validity l imits 0
cleared backup and fault on a transition of sense switch #1., and provide automatic
Inlet coaunands for both positions of the manual control switch.

The followi ng additional changes were made for engine run 15 and flight 15: revise
the sensed main fuel flow (WFGS ) calibration to match the IFU calibration and open
the 7th bleed at Mach 1.75 rather than 1.8.

A.3.3 Events S mvnary

Engine run 13 was a checkojit of the performance improvements approved at the 1 October
1975 meeting (Reference ~). No problens were encountered. Engine run 15 was the
software verification run for flight 15. No software problems were encountered .
However, there were two DPCU auto—disengages during the engine run. It was concluded
that since the disengages occurred soon *tter turning the system on, It was acceptable
to go ahead with the fl ight as planned.

- 9
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An additional disengage occurred during the pre-taxi engin, running. No auto-disengagesoccurred In flight. The following events were successfully completed:
Mach 0.5. 10,000 ft

MAC NIL-IDLE-NIL
BOMOIG MAX-IDLE -MAX

Mach 0.7, 10,000 ft.
Is~C NIL-IDLE-NI L

Mach 0.8, 30,000 ft.i*c NIL-I DLE-NI L
BOMOIG MIL-MAX —NIL- IDLE-NIL , MAX—IDLE-MAX , SST , Yaw

Ma ch 0.9 , 10 ,000 ft.
IIIC NIL—IDLE-NIL
BONDIG NIL-MAX-NIL-IDLE-NIL, MAX-IDLE-MAX

Mach 0.9, 45,000 ft.
MAC NIL—IDLE-NIL

Mach 1.06, 22 ,000 ft.
HMC NIL—IDLE-NIL

Mach 1.4, 41,000 ft.
IIMC NIL-IDLE—NIL

During the acceler ation to supersonic conditions failures occurred in the flexiblel ines to the wheel well Paroscientif Ic transducers at app rox imate ly Mach 2.2. Thelines were unable to operate in the temperatures encountered at supersonic flightconditions. The DPCU system responded properly to the reduction in sensed com pressorface pressure. It disengaged when two failures were detected and indicated failuresof PDEMS and P2S for all subs equent flight conditio ns except when the wheel wel lpressure was within acceptable limits (2.8 - 26.25 psia). A compressor stall resultedfrom the disengage tran sient.
- A.4 FlIght 16 — November 10, 1975

A .4 .l Hardware Conf iguration

Th. f lex ible lines for the wheel well Paros cient if ic transducers were replaced withhigh temperature lines.
A.4.2 Software Configuration - BONDIG

No software changes were made since fl ight 15.
A.4 .3 Events Suaunary

The following events ware c~~ 1eted during the flight. Four stalls occurred asIndicated :
Mach 0.7 , 10,000 ft.

BONDIG NIL—MAX -NIL—IDLE-NIL , MAX-IDLE-MAX , SST, YAW
Mach 0.9, 45,000 ft.

MAC NIL-IDLE-NI L
BONDIG MAX-NIL (STALL), MAX-NIL, MIL-NAX, NIL-MAX-NIL(STALL) -

- 
- Mach 1.4 , 41,000 ft.

BOMDIG NIL-MAX-NIL—IDLE-NIL , MAX-IDLE -NIL , SST, YAW
Mach 2.47, 50,000 ft.

BONDIG MAX-IDLE -MAX (STALL), YAW . SST (STALL)
- 65O KT kcel

500 KT Cl ieb 
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~‘ie auto-disengage occurred during the pretaxi ground running .
The first supersonic stall occurred duri ng a max-to-Idle transient and the second
occurred during an SST maneuver. These stal ls were recovered without any significant
engi ne over-temperature. Both subson ic stalls occurred during max to eli transients
and were caused by operatton at mtntmi zone fuel fl ows during the A/B shutdo~m. The
minlmua fuel f lows limited fuel derlcteient as the nozzle area was closing do,m until —

engine stall occurred . Engine overt emperatu res did result from the two subs onic
sta lls. An attempted reltgPit fol low t ng the seco nd st all was hot , the engine was
shutdo,m and the airpl ane returned to base on the right hand engine. A subsequent
engine run (17) demon stra ted that there was no performance loss and thus the engine
was not damaged by the overtenperatu re.
A .5 Flight 17 - November 17, 1975

A.5 .l Hardware Configuration

No hardware changes were made fol lowin g fl ight 16.

A .5.2 Software Configuration - IPCS

As this was the fi rs t IPCS Flight the software for both engine run 11 and flight 17 was
the baseline IPCS configuration developed through engine run 16.

A .5.3 Events &emnary

The following events were comp leted :

Mach 0.5 , 10,000 ft.
IPCS MIL-MAX-MIL-IDLE-I’IIL, MAX-IDLE-MAX , SST , YAW

Mach 0.7 , 10,000 ft.
MAC NIL-IDLE-NIL
IPCS MIL-MAX—NIL—IDLE-MIL , MAX-IDLE-MAX , SST , YAW

NIL—MAX -NIL , IDLE—MXL—IDt. E(2)
Mach 0.8, 30,000 ft.

IPCS NIL-MAX-NIL-IDLE-NIL, MAX-IDLE-MAX, YAW, SST

Mach 0.9, 10,000 ft.
IPCS NIL-MAX-NIL-IDLE-NIL , MAX-IDLE-MAX , YAW , SST

Mach 1.06, 22.000 ft.
IPCS NIL-MAX-NIL-IDLE—NIL , MAX-IDLE-MAX , YAW , SST

Mach 1.4 , 50,000 ft.
MAC NIL-IDLE-N I L
IPCS NIL-MAX-NIL-IDLE-NIL, MAX-IDLE- MAX , YAW , SST

Mach ).6, 45,~~ ft.
IPCS NIL- MA X-MIL- IDLE- NIL , MAX-NIL-MAX-IDLE-MAX, YAW
SsT

Mach 1.9 , 45,000 ft.
IPCS MX-NIL-IOLE-NIL-MAX, MAX-IDLE-MAX, YAW , SST

I 

—
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Two relatively minor controller anomalies were observed during the flight . Operation
in afterburner, particu larly dur ing the airplane acceleration to supersonic speeds,
showed oscillations in fuel flow which produced thrust variations not ice*ble to the
crew. The oscillations were due to noise on the low rotor speed signal (l4lSl, Early
nozzle release occurred during idle to max transients at supersonic flight conditions.

— This appeared to result in an afterburner mis-light ~t Mach 1.9 , 45,000 feet. The
early release was caused by a nozzle unlock conniand from the airflow match loop
(AFBIAS).

An auto—disengage occurred during the pre—taxi engine running.

A.6 Flight 18 - December 2, 1975

A.6.l Hardware Configuration

A new temperature harness configuration was tested and appeared to work well . The
old harness used for DPCU measurement of T2, 122, and 13 developed an open circuit in
the T3 leg which resulted in cancellation of an attempt to fly flight 18 on November
17. The open circuit was traced to the failure of a splice incorporated by the - 

--

vendor to lengthen the T3 leg for the transducer box configuration change (figure 5.4—1).
The harness was replaced with a NASA harness and the cold junctions In the transducer
box replaced with sol id state references mounted in the wheel wel l to Improve accuracy.
The nozzle area feedback pully was adjusted +1.5° to correct the reading to the DPCU.
A.6.2 Software Configuratton— IPCS
The software changes since flight 17 consisted of 1) Incorporatton of an Ni filter to
reduce A/B fuel f low oscillations , 2) inhibit Nairfiow trim ’ nozzle unlock which
resulted in pi emature nozzle opening during Idle max transients, 3 ) modifications for
the incorporation of solid state references for the 12, 122, 13 thermocouples, 4)
open 7th stage bleed at 1.75 Mach rather than 1.8, and 5) elimInation of the leadlag
compensation on the minimum airflow loop.

A 6.3 Event Suninary

The following events were completed on fl ight 18:

Mach 1.4, 30,000 ft.
INC NIL-IDLE-NIL —

IPCS NIL-MAX—NIL-IDLE-MIL , MAX-IDLE-MAX, YAW SST

Mach 1.4, 41,000 ft.
IPCS NIL- MA X-NIL-IDLE-NIL , MAX- I DLE-M AX , YAW SST

Mach 1.4 , 50,000 ft.
INC NIL—IDLE—NIL
IPCS NIL-MAX-NIL—IDLE—NIL

Mach 1.6, 45,000 ft.
INC MIL~1DLE-MIL
IPCS MAX-IDLE-MAX (2 for different 0/A output) .

Mach 2.o, 45,000 ft.
IPCS MI L MAX M IL- ID LE- M IL , MAX-IDLE-MAX , YAW , SST

Mach 2.3, 50,000 ft.
IPCS MM-IDLE-MAX , YAW , SST (STALL)

The two control anomalies identified during fl ight 17 (A/B fuel oscillations and
premature nozzle opening) were corrected. No sign if icant controller problems ware
Identified. The pilot reported emall EPR oscillations (j.02) at Mach 1.6 durIng the
supersonic acceleration. Du. stall was encountered during an SST at Mach 2.3 wIth
no overtemperature.

During afterburner operation suppression is maintained by controlling nozzle area as
a function 0f suppression error. When the nozzle is at the maximum stop, zone 5 fuel

-: flow ii modulated to control suppression. At Mach 2.1 nozzle oscillation resulted
from switching between the two suppression control modes . - :
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A.7 Flight 19 — December 2, 1975

A.7.l Hardware Configuration

There were no hardware changes for this flight.

A.7.2 Software Configuration — IPCS

There were no software changes for this flight.

A.7.3 Event Sunniary

The following events were completed In night 19:

Mach 0.7, 21.000 ft.
INC NIL-IDLE-NIL BOOIE
IPCS NIL—IDLE-NIL BODIE

Mach 0.85, 21,000 ft.
INC NIL-IDLE-NIL BODIE -
!PCS NIL-IDLE-NIL BODIE(2)

Mach 0.9, 45,000 ft.
INC NIL —IDLE-N IL NIL—IDLE- NI L BOOZE
IPCS NIL-MAX-NIL—IDLE-NIL , MIL— IDLE— IIIL BODIE ,

NIL-MAX-IDLE—MAX , YAW , SST

650 KI Mcml
500 KI Climb
Mach 2.4, 54,000 ft.

IPCS MAX-IDLE-MAX (STALL)

The controller operated well over the Ma ch range from 0.7 to 2.4+. The MAX-IDLEtrans ient at 0.9 Mach, 45,000 ft., which resulted in stal ls B0I~)IG, was Successfully
executed in IPCS control. One stall occurred at Mach 2.4+ during an IDLE-MA X transientwithout serious overt.~srature. Recovery from the stall was difficult at thiscondition due to the strength of the inlet buzz induced by the stall. Another stal loccurred in Max A/B at approximately Mach 1.8 and 40,000 ft. This stall recoveredvery rapidly with no overtemperature. At Mach 0.9, 45,000 ft. there were two apparentafterburner mislights.

The pilot again reported EPR oscillations (i.0l ) at high Indicated air speed .
During the pretext ground running two auto disengages occurred at idle PLA.
A.8 Flight 20 December 5, 1975

A .8.l Hardware Configuration
There were no hardware changes.

A.8.2 Software Conflguration—BONDIG

The only software change from the last 8014010 fl ight (Flight 16) was to Incorporatethe sol id state cold reference system for temperature measurements.
A .8.3 Event Siamiary
The following events were completed on Flight 20

Mach 07 , 21,000 ft
INC NIL-IDLE-NIL BODIE (2)- 

- IPCS NIL-IDLE-NIL BODIE I
Mach 0.85, 21,000 ft.- -~~ - INC NIL-IDLE-NIL BODIE -

BONDIG NIL-IDLE -NI L BODIE

1?
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Mach 0.9, 45,000 ft.
INC NIL—IDLE-NIL
B0l~)IG NIL—IDLE-NIL. NIL—MM—NIL (STALL)

- 

-

- 

Mach 1.06, 22,000 ft.
INC NIL—IDLE -NIL
BONDIG NIL-MAX-NIL-IDLE-NIL

Mach 1.4, 30,000 ft.
BONDIG MIL-MAX-NIL-IDLE-MIL, MAX-IDLE-MAX , YAIi $51

Mach 1.4, 50,000 ft.
INC NIL—IDLE-NIL
BONDIG NIL-MAX -NIL-IDLE-NIL , MAX-IDLE-M AX

Mach 1.6, 45,000 ft.
INC NIL—IDLE -NIL, NIL- IDLE-NIL 7th Bleed Closed
BOMOIC NIL-MAX-NIL—IDLE-NIL , MAX—IDLE-MAX , NIL-IDLE-NIL

7th Bleed Closed
Mach 2.1 , 45,000 ft.

B01IDIG NI L-MA X-MIL—I DLE -M IL (STALL), NAX-IDLE-NAX(STALL) ,
YAW, SST, A/B Retard(STALL)

Mach 2.3, 50,000 ft.
BOMDIG A/B Retard (Stall), MAX-IDLE(STALL) , YAM, SST,

A/B Retard(STALL)

At most flight conditions the control icr operated quite successful ly. Seven caipressor
stalls were encountered, six occurring at high Mach nianber (2.3 and 2.1) and one at

— 0.9, 45,000 ft. None of the stalls resulted in serious overtemperature. The supersonic
stalls all occurred as the result of throttle retards from max A/B. The stall at
0.9. 45,000 ft. , also during a max to ml 1 transIent, was consistent with the results
of flight 15 and the performance of the hydromechanical cont roller . One auto disengage
was experienced during the pretaxi engine running.
A .9 Fl ight 21 December 23, 1975

A .9.l Hardware Configuration

An incorrect pin material was discovered In the Cr pin of the ConOlnaic box connector
in the DPCU 12 harness. The pin was replaced and the lead connecting the shields
across the ConOlinic box was added.

The ring A card 2 of the distortion computer (not DPCU related) was replaced with a
spare card due to excessive noise on the ring A output on the previous flights
A.9.2 Software Configuration IPCS

Flight 21 was the initia l fl ight with the IPCS special loops enabled . Many of the
software changes were to enable these loops. The following software changes for
fl Ight 21 were made since the last IPCS flight (19):

1) Reduced light off detection schedule fo r REX < .4, 2) add hysterisis to the test
- - ‘ : -  f or use of fuel flow rather than nozzle area for A/B trim, 3) re—enable manual Inlet - 

-

control , 4) enable distortion control of 7th and 12th stage bleeds , 5) enable eiPflow
trim of gas generator on sense switch 10, 6) set up stall flag in discrete word
49 (bit 16) . 71 Incorporate revised 1943 schedule, 8 lncor te revised nozzle ares
calibration, 9) revis, the T4 syn offset (+3J to-2~’). 1O~

°
~ corporate a Wf/Pb fuel

f low l imi t on the dosmstrea ratl’er than the upstreem side of the control Integrator
A f lag indic ating when thi s limit is In use Is included In word 49 (bIt 8), 11)
revised P33 decay rate bias for stall detection (A P~3 150 pat/sec) , 12) corrected
sign error on the blowo ut bias to the NN22 schedule

-
~~ 

- - . - 
- -
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Engine run l9a (12-17-75) had the seme configuration except the stall detection rate
bias was ~P*3 • 250. The ~ PI3 150 rate bias was validated in engine run 20 (per.
4.11). p

Engine ru~ 19 had the flight 21 configuration except for the sta ll detection rate
bias (4P~’3 . 350) ~nd it did not contain the sign correction on the blowout bias to
the No22 schedule. It also Included a ground patch to enable AFBIAS for test purposes.
A.9.3 Event Sunwiary

Engine run 19 verified most of the software for flight 21. Two problems were Identified
during the run - lnadyertant sta ll detectionduring a NIL-IDLE or MAX-IDLE snap and
incorrect operation on the 19i22 loop following stall detection during the MAX-IDLE
tran sient. A stgn error on the blowout bias to the 1bi22 loop caused the later problem
(sta l l tr iggers blowout trigg er In A/B).
The stall detection leve l bias was reduced to 250 for engine run i9a.
Engine run 19a was Intended as a checkout of the airplane ECS system following repair ,
but it was also used to checkout the reduced stall detection rate. Since 250 still
resulted In incorrect stall detection during transients a level of 150 for the bias
was selected for flight 21. Engine run 20 (pars . A .lO) validated this nueber .

The following events were completed during flight 21:

Mach 0.5, 10,000 ft.
IPCS NIL-IDLE-NIL BODIE (2)

Attempted expand cone to stall (stall at low
power setting)

Mach 1.4, 41,000 ft.
IPCS Expand cone to stall, AFBIAS—Steady-state and
zone 3—IDLE-NIL

Mach 1.4, 50,000 ft.
IPCS MAX-IDLE-NIL-IDLE-NIL

Mach 1.6, 45,000 ft.
IPCS Expand cone to stall

Mach 1.9, 45,000 ft.
IPCS MAX-IDLE -MAX , SST, BUZZ(NAX—IDLE) , AFR IAS-STEADY-
STATE and IDLE-MAX

Accel to Mach 2.3 (DIstortion Bleed Control )

This flight was the first evaluation of the IPCS special loops - distortion control
of bleeds,stall detection, buzz ,and airflow trim. In general, these loops performed
quite well . The buzz loop was tested at Mach 1.9, 45,000 ft with the right hand
engine used to hold the fl ight condition . The loop detected buzz and Increased engine
speed. This resulted in the anticipated limit cycle. The pi lots did not find the
limit cycle to be a problem. The airflow trim 1oop, also tested at Mach 1.9 , 45,000ft., worked as anticipated. The distortion control of bleeds worked well during the
acceleration to Mach 2.3 opening the 7th bleed at approximately Mach 2.2 without a
compressor stall. Stall detection was good, detecti ng all but very low power stalls
and not inadvertently detecting stalls during throttle transients. Recovery from
stall was quite slow in most cases and the stall loop did not seem to assist In
recovery. No significant overteinperatures resulted frcm the stalls. The pilots
reported oscillations in EPR during the acceleration to supersonic conditions.

- 
- - - One auto—disengage occurred during the pre-taxt engine running .

A 10 Engine Run 20 - December 19, 1975
The hardware configuration for engine run 20 was the sems as for flight 21. The
software was the same as flig ht 21 except for the P113 loop. A nonlinear P113 loop, - -

described in paragraph 8.1.2, replaced th. integral 1913 loop ussd previously. The
rue was conducted to provide an early evaluation of the non-linear P113 loop which was - -flown on Flig ht 24. Several IDLE-NIL snap accelerations were conducted and the loop S
appeared to work satisfactorily. - - .
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A .ll Flight 22 — January 7, 1976

A.ll.l Hardware Configuration
lhere were no hardware changes since flight 21.

A.l l.2 Software Configuration - IPCS

There were no software changes since fl ight 21.

A .ll .3 Event Suuunary

The followi ng events were completed during fl ight 22:
Mach 0.9 , 10,000 ft.

II~C NIL-IDLE-NIL (ECS both and ECS R/ M ERG)
r~cs IDLE-MI L-IOLE

Mach 0.9, 45.~~ ft.
IPIC N !L—IOLE-MIL(2)
IPCS MAX—IDLE-NIL-IDLE—JIAX, MIL-MAX—NIL(2)

Mach 1.4, 41,000 ft.
IPCS AFBIAS

Mach 1.9, 45,000 ft.
IPCS Stall attempting to set up for AFBIAS test.
IPCS AFBIAS (Reduced cone incr ement)

Mach 2.1 , 45,000 ft.
. IPCS BUZZ , SST

Mach 2.4+, 50,000 ft.
IPCS MAX-IDLE—MAX , YAW (SST (Stall)

650 KT Accel

This flight extended the fligh t range over which the special loops had been tested
to Mach 2.4. The buzz , airf low trim , and distortion control loops were tested withgood results. Changes to the lightoff detection were tested at Mach 0.9 , 45,000 ft. ,
with relatively l imited success. Afterburner lights at this flight condition are S

marginal . Two high power stalls were encountered, one at Mach 2.4 during an SST and
one at Mach 1.9 during airflow trim testing. The Mach 1.9 stall occurred as the
result of high distortion induced by manual cone operation as part of the airflow
trim test. The test was successfully repeated with a eller Increase in cone angle.
The pilots again reported EPR oscillations •t transon ic speeds. The pilots rspou t.d
for the first t ime an airplane disturbance in the 10-20 Hz frequency range at Nick
0.9, 10,000 ft., in IPCS engine idle and between Mach 1.06 and 1.3 at mu *11.
One auto disengage occurred during the fir st few minu tes of DPCU operation.
A .l2 Flight 23 — January 12, 1976
A .12.1 Hardware Configurat ion

There were no hardware changes since flight 22.
A .l 2.2 Software Configuration — IPCS

The following changes ware made to the flight 22 softwa re for fl ight 23 and engine
run 21: 
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-4 1) Inlet uses auto comeands for either manual or auto control selection —used In
Fl ights 15-20. 2) Increase the N2 loop selection gain to force the control to stay
on the 1913 loop for more of the acceleratIon. 3) +4 ratio units on the do~mstream
Wf/Pb limit for sense switch 14. 4) Double the nlnl*a airflow loop gain. 5)
Revised suppression schedule which increases EPR in the treascnic Mach region to
eliminate EPR oscillatIons. 6) Incorporate a Mach hold auto throttle. 7) Correct
an error in the PD3 failure detection logic which resulted In a backup l1~ht during start.
A.12.3 Event S~~~ ry
The following events were completed on flight 23: —

Mach 0.5, 10,000- ft.
IIC IDLE-MIL—IDLE-MIL

S IPCS IDLE-PilL—IDLE—MAX

Mach 0.8, 30,000 ft.
114C IDLE—NIL—IDLE—NIL
IPCS IDLE—NIL—IDLE—MAX , NIL—IDLE- PIlL BODIE ,

NIL-PT PWR-PIIL, MIL-ZONE3-ZONE4-ZONE3 ,
ZONE3-MAX—ZONE3—MIL

Mach 0.9. 10,000 ft.
IIIC IDLE—NIL—IDLE—NIL
IPCS IDLE-NIL—IDLE-MAX

Mach 1.4, 50,000 ft.
IIIC IDLE-MIL—IOLE—MIL
IPCS IDLE-NIL-IDLE-MAX

Mach 1.9, 45,000 ft.
ISIC IDLE-NIL-IDLE-NIL
I PCS IDLE-M IL-I DLE-M M -MI L , PT PWR-MIL-ZONE3 , -

ZONE3-ZONE4-ZONE3-MAX-ZONE3-MIL-pT PWR( STALL)

S Mach 2.1 . 45 ,000 ft. 
-

IPCS MAX—IDLE-MIL-IDLE—MAX (5TALL), MAX-PIlL-IDLE—NIL—
ZONE2

Autothrottle

It was a good flight achieving most of the objectives. The control operated properly
throughout the flight. Autothrottle testing showed the system to work properly.
Oscillations in fuel flow were encountered when the integral portion of the autothrottle S

control was saturated due to the very limited authority used In this initia l test.

Two stalls occurred during the flight - one during a max to Idle transient at Mach
2.1, 45,000 ft. , and the other during a ZONE3 to mu transient at Mach 1.9, 45000 ft.
Both stalls recovered in 5-6 seconds without overtemperature problems. The EPR
oscillations In the transonic range were essentially el iminated with the higher
suppression.

During the taxi beck to the hanger the right hand engine was shutdown with the DPCU
engaged. This resulted in a disengagement apparently due to the power transient
associated with the shutdown of the R/H generator. A subsequent engine run (23)
showed that generator transfers either on or off at high power settings did not -

~result in disengagements. At low pow~r settings turning on a generator did cause the
DPCIJ to dise ngage about half the t ime, but turning off the generator did not cause ; 

-

disenga geent In this test right hand engine shutdown did not result In a disengagement
A 13 Autodisengage Engine Runs

An attempt to fly fl ight 24 on January 12, 1976 was aborted due to severa l auto
disengages during the prefl ight engine running.

S -
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As a rssult the OeJ and IFU were replaced with the spare units (CMU Yl to Y2 and IFU
Vl to V2) . Hanger testing was conducted in which the DPCU was engaged for several
minutes to see If It would autodisengage. Disengages occurred with this configur ation .
An additional hanger test with the Dcli and PSU replaced (Vl to V2 in both cases)
also resulted in di sengages, demonstrating that the proble m was not due to a hardware
failure.

Engine run 22 was conducted with the fl ight 23 software plus the non-linear MN3 loop
tested In engine run 20 and a softwa re inhibit of the IFU tests of the DMA and the
real time clock for sense switch 04. In a 30 minute test with the inhibit on, there
were no autod isengeges. During testing without the Inhibit , the OCU experienced a bit
12 failure which caused a program halt and DPCU disengage. The bit 12 failure was in
no way related to the auto dise ngage probl em. The bit 12 problem Is discussed in
paragraph 7.3.

The DCII was interchanged again (V2 to Vl) and engine run 23 repeated the testing
planned for engine run 22. No disengages occur red during a 20 minute test with the
mask on. Testing In the lab identified the autodisengages as the result of a detected - 

S

fai lure of the real time clock — either due to a real loss of the clock or a failure - -
of the detection circuit. Lab testing also Indicated that the use of a pull—up
resistor on the 0624 instruction line, which couiaands reprograsming of the real time
cloc k rate , eliminated the auto dtsengages. This testing was not regarded as conclusive
and subsequent results showed that the pull-up was not effective.

A decision was made to incorporate the pull—up resistor in the flight IFU and use the
software Inhibit of the real time clock and DMA checks during takeoff. The pull up
resistor was not put in until after engine run 26 to avoid schedule impact.

A.14 Flight 24 - January 22, 1976

A .14.l Hardware Configuration

Since flight 23 the following components were changed :

l) c*i Yl to Y2
2) PSU Vi to V2

H 3) IFU Vl to V2)

A.14.2 Software Configuration -IPCS

The following software changes were made to the flight 23 software for flight 24 and
engine run 25:

1) Changed the ~V43 control loop to the non—linear control . (para 8.1.2) 2) Non-
linear N2 gain — for N2 error greater than 5% the N2 gain is doubl ed. This is designed
to work With the Mn3 control to Improve the acceleration tIme. 3) Expanded authority
of the Integral portion of the autothrottle to 18°—120°. 4) Revised stall logic -
the loop uses the stall detector validated in previous flights to begin action. One
second after stall is detected the loop checks burner pressure for one second to see
if the compressor is still stalled . If not no action is taken . If it is stalled the
PLA cormand to the engine is reduced to idle and 7th and 12th bleeds are opened .
After the burner pressure ind icates stal l has cleared the engine is returned to the
pre—st al i configura tion (see para . 8.1.1) . 5) Manua l inlet control active .~r sense
switch 12 and manual inlet control switch at manual. 6) RevIsed suppression schedule —
stalls were encountered at Mach 1.9 and 2.1 on flight 23 so the sup pression was
reduced In that range (see para 6.3.1.1) 7) Increased the hysterisis on the distortion
control of 7th bleed from 75 to 300. 8) Revised the fuel coimnand logic to operate
on the accel schedule during start. 9) Changed PCII data outputs to examine the 0/A

S power supplies . 10) Inhibit the IFU checks on the real time clock and write request
for sense sw itch 04. Thts prevents the Inadvertent disengages experienced on previous
flights. 11) Increased the threshold on buzz detection from .Ol ’ to .02.
The softwa re for engine run 24 was the same as for fli ght 24 except for the range on the
~ P~3 schedule input with the spike pot (~~1 for engine run 24 - +.02 for fl ight 24) and
coding errors in the variable N2 gain whi~b were corrected for engine run 25 and flight 24.
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A.l4.3 Event Simmary

Engine run 24 had a successful IPCS start, but exhibited problems at idle. The idle
problems were identified as being due to coding errors In the variable N2 gain. A
rn.ber of accels were run to evaluate the non-linear MN3 loop. The errors were
corrected and the range of the 61*13 schedule pot doubled for engine run 25. No DPCU
related problem developed In engine run 25, but the Inlet spike unlock indicator
light was on again during the run.

The following events were completed on fl ight 24:

Mach .5— .9, 10,000 ft.
S 

IPCS Authothrottle Accel

Mach 0.8, 30,000 ft.
IVIC IDLE-NIL, IDLE—NIL-IDLE
IPCS IDLE—MIL—IDL E— (O AMn3),

- IDLE-NIL—IDLE (— .O24I’~i3)IDLE-NIL—IDL E (+.02 £Ma3),
Autothrott le

Mach l.—2.3, 650 KTS
Autothrottle Accel

Mach 1.4, 50,000 ft.
I*1C IDLE—N IL—IDLE
IPCS IDLE—NIL-IDLE (0 ~Mn3)

IDLE—NIL-IDLE (— .02 A*~3)

Mach 1.9, 45,000 ft.
IPCS Expand Cone to Stall , ZONE3-MIL

Mach 2.3, 50,000 ft.
BUZZ

FlIght 24 was a good flight and no control system anomalies were observed. The autothrottle
was tested at subsonic and supersonic speeds with good results. The buzz loop was
evaluated at Mach 2.3. The loop is functioning properly; however, the buzz resulted
in several off idle stalls. Three stalls occurred at Mach 1.9, 45,000 ft., in afterburning
with the inlet expanded beyond the normal position. None of the stalls resulted in
an overtemperature. The ZONE 3 to mil throttle transient at 1.9, 45,000 ft., did not
result in a stall with the reduced suppression schedule, but the pilots reported that
the EPR oscillation was back. Engine acceleration c~~arisons were made between HMC
and IPCS at Mach 1.4, 50,000 ft.. and Mach 0.8, 30,000 ft. In these tests the cone
pot on the manual Inlet control was used to input a bias to the MN3 schedule to run
different acceleration rates and force the controller to operate more or less of the
time on the Mach control .

A.15 Flight 25 - January 23, 1976 —

A.l5 .1 Hardware Configuration

There were no hardware changes between fli ght 24 and 25.

A.l5.2 Software Configuration - IPCS

There were no software changes since flight 24.

A.15.3 Event Suenary

The following events were completed :

~ Mach Alt
IIIC IDLE-NIL—IDLE I .5 10,000
IPCS IDLE-NIL-IDLE (0 ~Mn3) I .7 10,000

IDLE-NIL—IDLE (+.02 41*13) ). .9 10,000
IOLE-MIL-IDLE-MAX (- .02 APb~3)I 1.4 41,000

J 1.9 45,000
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Mat~h .85, 21,000 ft.
114C NIt—IDLE-NIL BODIE (2)
IPCS NIL—IDLE—NIL ~0DIE

Mach 1.4, 41 ,000 ft.
Stall Loop (Expand Cone to Stall)

f l ight 25 was routine, prov iding data on the nonl inear MN3 loop at a number of flight
f 

- conditions. The revised stall loop was tested at Mach 1.4 , 41 ,000 ft., by manually
j expanding the cone to stall. The stall loop worked exactly as intended, detecting

stall , throttling the engine back to idle , and returning the engine to the prestall
configuration after the stall cleared . The overtemperature was of short duration.

The DPCU d isengaged dur ing the taxi bac k to the hanger possibly as the result of
shutting down the right engine.

A. l6 Engine Run 26 — January 27 , 19Th
Three engine runs were conducted to measure noise - engine run 26 (1-27—76), eng ine
run 28 (2-06-76), and engine run 33 (2—25—76). The results of this testing are
discusse d in section 6.6.

The following software changes from fl i9ht 25 were made for engine run 26: 1) Disable
AFBIAS, 2) limit the control PLA to 104 (max ZONE4) for sense switch 10, 3) downtrim
all zones of A/B with the A/B trim pot (changes SGA), 4) enable rumble for SGA <l.
Rumble will add .1 to SGA with a l imit of 1.0 for SGA. Rumble threshold varied with
the NIL tr im pot. 5) Revise the stall loop to clear blowout trigger when the

• stall flag Is set, 6) revIse the suppression schedule, and 7) double the integral
gain on the autothrottle.

Thrust measurements were made by attaching the airplane to the Edwards thrust stand.
Noise data were recorded twice , once at 35 feet from the airplane and again at 105
feet in a separate run series. The second series was necessary because there was not
sufficient space with the airplane on the thrust stand and the thrust measurements
were required for one series. 

S

After the run a problem was discovered in the turned down max A/B case. At max A/B
the nozzle Is on the stop and suppression is controlled by cutting back on ZONE
5 fuel flow relative to the other zones. Thus rather than uniforma lly cutting back

• al l zones, ZONE 5 was cut back much less than the other zones.
A.17 Engine Run 27 — February 5, 1976

A.17.l Hardware Configuration

The pull up resistor to reduce noise on the conmiand to reprograui the real t ime clock
was added. The change was made to the real time clock card from IFU ‘41 and this card
interchanged with the real time clock card in V2 which was in the airplane. IFU V2
was reinstalled In the airplane.

A.17.2 Software Configuration - IPCS

The following changes were made since engine run 26: 1) Revised the STALL loop to
reset ABPEI~4 along with resetting blowout trigger when the stall flag Is set and to
use m~n airf low. 2) Corrected the problem with the max A/B downtrim (See A.l6 ) . 3)
Inclu ded a downtrim of the A/B reset on N2 for either Sense swItch ‘10 or 11 using the
spike pot. 4) Went back to the Integra l MN3 loop using the schedules flown on S

-; ~ - flights 24 and 25 with the loop gain a variable controlled with the cone pot. 5)
Shut off ZONE1 solenoid for Sense Switch 10 and Manual Inlet Control On.

H
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A.17.3 Event S~amiary

Since the weather was not suitable for noise measurement, thts run was devoted to
evaluation of the performance of the integral 14143 loop with various gains and schedule

4 offsets. This testing Involved a number of IDLE-MIt. throttle snaps. As a part of
the run the software for the next noise run was checked out. A problem was discovered

— with the pot setup . Both the 1113 offset and the A/B reset of 142 ware controlled by
the spike pot and the setti ngs are not compatible.

A.l8 Engine Ran 28 - February 6, 1976

The software of engine run 27 was modified to read the pot for AMN3 for sense switch
position ‘14. The weather permitted only limited testing. Thrust was measured along
with noise at 35 feet from the airplane .

A.l 9 Fl ight 26 - February 20, 1976

A.19.l Hardware Configuration

The following hardware changes were made between light 25 and flight 26: ‘1) Pullup
resistor on the real time clock card (pare A.l7.l). 2). Separate 12 inputs from the
engine to the NASA data system and t~’e DPCU were reversed to provide data on the
source of the 12 difference (para 5.4.2).

A. l9.2 Software Configuration - IPCS

The following software changes were made between flight 25 and flight 26: 1) ModIfy
the non—l inear MN3 loop to operate at the minor cycle rate. 2) Modified stall loop -
use minimum airflow and relight A/B If stall occurred in A/B (clear blowout trigger
and ABPERII). 3) Revised suppression schedule. 4) Double autothrottle integra l
gain. 5) Disable AFBIAS so sense switch 10 is available for noise. 6) LImit PU to
1040 (max ZONE4) for sense switch 10. 7) Turn down ZONE1 fuel flow with the idle
trim pot for sense switch ‘10. 8) Turn off ZONEI fuel flow for sense switch 10 and
manual inlet control on. 9) LimIt PL.APFA (PLA Input to the A/B fuel air curves) to
the current value and reduce the fuel flow to all A/B zones with the A/B trim pot for
sense switch 17. 10) Reduce the gas generator N2 set point (A/B reset) using the
spike pot for sense switch positions 10 and 17. 11) Set the blowout trigger If
rumble is detected except for sense switch 04. This has the effect of forcing the
control out of A/B and opening the 7th and 12th stage bleeds. The risible threshold

- ; is set with the mil trim pot using sense switch 17.

The software for engine run 31 was the same as flight 26. The only changes between
engine runs 30 and 31 were the correction of a coding error and the addition of +.4
psi to ~P3 in the minor cycle sample PU1~ loop. The twç changes between engine runs
29 and 30 were the incorporation of the minor cycle 1414.5 loop and an increase in the

4 authority of the ZONE1 downtrim pot.

A. l9.3 Event Suutmiary

Engine run 29 was a short, non-data run to check out the hardware changes, checkout
the spike light fix and checkout the software change to disable rumble for sense
switch 04.

Engine run 30 evaluated the minor cycle sample 14143 loop. Two required changes were
identified. An error caused oscillations In the idle fuel flow and the failure to
include a .4 psI correction to the ~ P3 resulted In a 11i3counputat ion error. These
were corrected and no problems were encountered in engine run 31.

The following eventS were completed during flIght 26:
- Mach 0.7, 10,000 ft.

~~ IDLE-NIL-IDLE
IPCS IDLE-NIL (AP~i3 • .004), IDLE-NIL (A Mn3 —.004)
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Mach 0.8, 29,000 ft.
IPCS Autothrottle

Mach 0.8, 30,000 ft.
HNC IDLE-NIL
IPCS IDLE—NIL (o~4113 .004), IDLE-NIL (A*i3 — -.004)

IDLE—NIL-IDLE—MAX (~~b~3 = .0024)

Mach 0.9, 10,000 ft.
IPIC IDLE—NIL—IDLE
IPCS IDLE-NIL (A1*i3 — 0, +.004, +.008, +.012)

IDLE—NIL—IDLE MAX (A14~3 —— .004)

Accel to Mach 2.3

Evaluation of Noise Procedures 4 4

Three problems were encountered during this flight. In spite of these difficu lties a
great deal of needed data were acquired. The acceleration to Mach 2.3 provided T2
data which Identif led the temperature harness rather than the recording devices (PCM
or IFU) as the source of the difference between NASA and DPCU T2 measurement. The
autothrottle was evaluated with higher Integral gain. The minor cycle sampling 14n3 Icop
worked successfully at several subsonic flight conditions for various schedule offsets .
Toward the end of the flight data were recorded on the A/B operation in some of the
configurations intended for the noise flight test.
The desired level of rumble threshold was not set during the prefl ight procedure.
Therefore during the early portion of the flight the threshold was zero causing the
control to continuously indicate rumble. This In turn kept the blowout trigger set
except for sense switch 04. The problem was not discovered during the ground runs
since sense switch 04 was used for all running prior to takeoff. The effect of the
low threshold was twofold — it held open the bleeds and prevented afterburner operation .
A scheduled test of the DPCIJ disen gagement when the burner pressure exceeds the limit
failed because the bleed s kept the pressure down. It was decided to continue with
the acceleration to Mach 2.3 for 12 data using sense switch 04.

After the supersonic portion of the flight a test was conducted to identify the sense
switch positions which result in the open bleeds. During this test the problem was
identified and the planned testing proceeded with the autothrottle test and t4~3
acceleration tests at subsonic speeds.

4 The final portion of the planned test was a trial run of the Intended noise flight
test procedures. The initia l test of the max ZONE 4 condition worked satisfactorily.
The attempt to test the downtrliiwned max A/B resulted in some problems. —

Sense switch 17 was set prior to going AIB. This tied the effect of limiting the
afterburner fuel flows to the minimum for each zone. On one light the sense switch
was changed from 17 to 14 while in A/B. This caused a large increase in A/B fuel flow
and a compressor stall. No serious overtemperature resulted from the stall.

As a result of the sense switch transition through 14 a cold acceleration bias was
set into the P’m3 loop. This caused slow accelerations and prevented A/B operation.
At this point the pilots elected to disengage the IPCS and return to base.

One additional difficulty occurred in the later portion of the flight during operation
on sense switch positions other than 04. Autod lsengages occurred at a rate that made
testing difficult.

A.20 Fl ight 27 - February 27, 1976

A.20.l Hardwa re Configuration

Lab testing identified the cause of the autodisengage problem (para 7.1). As a result
the INA 1124 instruction line was disabled on the real time clock card previously
modified with the pull up resistor. The 12 thermocouple sense lines were insulated
at the engine ~3 box In order to further isolate the source of the 12 measurementdiscrepancy.
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A .20.2 Softwa re Configuration - IPCS

A number of software changes were made in response to the difficulties encountered
during flight 26. In general these changes were designed to simplify DPCU operation
and reduce the problems which result from switching through the various sense swttchpositions . These changes included: 1) Moving the 142 reset for A/B operat ion from
the spike pot to the NIL trim pot. 2) EliminatIon of the var iable rumble threshold
(previously on the NIL trim pot) and set the threshold at 0.5. 3) ElimInation of the
capability to shut off ZONE 1 afterburning. This capability had been Included for
noise and wds tected in ground runs. Since it resulted in A/B blowout it W.~ nolonger requIred. 4) Return the’4143 offset to 0, ~equiva1ent to spike pot = 500) for
all sense switch positions other than 14.

Two changes were made to check on possible autodtsengages. The tolerance on the PCH
Interrupt was reduced to detect failure s of the real time clock. A check of the 142
raw data was added to test the I~lA. Twenty—four successive s~~ les that are equal isregarded as a DMA failure . Either failure will set the backup ltght with the PCN testalso hal ting PCP4 data output.

Three changes were made for IPCS i~.st purposes : 1) The proportIonal gain on the
autothrottle was doubled. 2) The 4143 loop scaling was revised to improve resolution.

3) The outputs of the ZONE 1 downtrim and the A/B 142 reset pots wereadded to the PCM data for the noise flight.
The software for engine runs 32 and 33 was the same as for flight 27.

A.20.3 Event Stmmiary

Engine run 32 was the software ver flcation run for flight 27. All the noise procedures
were evaluated without any problems. Engine run 33 was for noise measurement. Nothrust measurements were made. Noise data were recorded at- both 35 ft. and 105 ft.for all of the afterburner configurations planned for flight 27. On flight 27 noisemeasur ements were made for the following engine configurations :

1) NIL
2) Max Zone 5
3) Max Zone 4
4) Max A/B down tri meed to Max Zone 4 AJ
5 Max Zone 4 with Zone 1 turndown to Mm fuel flow
6 Gas genera tor EPR — 1.74

• 7 Max Zone 5, 142 downtrlemed to EPR • 1.84
8) Max Zone 4 , N2 down tr iemed to EPR 1.84
9) Max Zone 5, N2 downtri uuned to [PR - 1.84, downtri miied to match

the Aj from 8.
10) Max Zone 4, Zone 1 downtrlm with N2 downtriumed to [PR 1.8411) ~4ax 2one 5, 142 downtrl,mned to [PR • 1.84 downtrlmeed to match

the AJ of 10
6-10 were repeated .

Rumble was detected during one test point at max A/B with the fuel flow do,mtrlmeed
to a cockp it nozzle area reading of 7.8. One additional rumble occurred going Into
m ax A/B. A repeat of the transient did not cause rumb le so It caused no major problem.

A.2l Flight 28 — Febraury 27, 1976

A.21 .l Hardware Configuration

There were no hardwa re changes since flight 27.
A.2 l.2 Software Configuration

There were no software changes since f light 27
A.21.3 Event Suimnary

The following events were completed on flight 28: 
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Mach 0.5. 10,000 ft
tic IDLE-NIL—IDLE
IPCS IDLE-NIL-IDLE ( AMi3 ~ .002)

IDLE-NIL-IDLE-MAX-IDLE (4Ma3 • -.002)
IDLE-NIL-IDLE (6Ma3 ~ -.006)

Mach .8. 30,000 ft.
IPCS Autothrottl e

Mach 1.2 , 30,000 ft. —

ZPCS Autothrottl e

Onring the acceleration to Mach 2.3 a dlSturbance was observed on many of the low
level PCN channels followed by saturation of the cockpit T4 guage and a rumble shutdown
of the A/B. As a result of the indicated overtemperature on the cockpit guage, the
pi lots shut down the left hand engine and the remainder of the flight was aborted.
Subsequent testing identi fied the problem as the failure of an IC chip in the PCM
data syst . The failure put 12 volts on the T3 thermocouple which is c~~~n to the
cockpit T4 , the IWCU and the PQI data system. This resulted in a disturbance in the
OPCIJ T2 m d  T3 signals causi ng the A/B fuel flow to increase suffi ciently to initiate
rumble. Examination of the data shows that the engine did not have a real overtemperature,
An oil semple was analyzed and found to be acceptable. As in flight 27 there were noH autodis.ngages.

A.22 Engine Run 34 - March 4, 1976

As a part of the noise measurement study, it was necessary to measure the velocityprofiles created by th. different afterburner configurations. No DPCU hardware or
software changes from the flight 27/28 configuration were made. An exhaust survey
rake from NASA/LeRC was used to measure the total temperature and total pressure
profile doimstreem of the nozzle. Profiles were measured for the following conditions:
IDLE, 76%, 82%, 92%, NIL. ZONEl, ZONE2, ZONE3, ZONE4, Max A/B with a normal afterburnerconfiguration, Max 201184 with ZONE 1 dosmtrimnaed, Max A/B downtrimned to match Max
Zone 4 nozzle area .

A.23 Engine Run 35 - March 5, 1976 =

The last engine run was devoted to evaluation of an inflight thrust calculation In
the DPCU softwar. and att~~ ts to run very fast IPCS accelerations. No hardware
changes were made. The following software changes were made: 1) Thrus~ calculationincorporated, 2) Wf/Pb limit set to +8 ratio units for sense swItch 14, end, 3)PUP rate for A/B accel increased from 15°/s.c to 5l sec
The gq generator accels worked simli resulting In a 4.8 sec. idle-eli compared to the
~iC e.w sec . The ptjp rate in the afterburner was too high and resulted in a stall.
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Appendix B - Preflight Procedure

HANGER PREFLIiNT CHECKLIST
Flight No. 

_________

• 11/12/75

A. Equipment Required

1. Test Set Unit (TSU) with Ccuputv Control Unit (CCU) connected.
2. Teletype (Try)
3. Aircra ft Power connected
4. Ai rcraft Cool ing Air connected
5. Ops. Van with Test Point Panel
6. TM Van or Control Room available
7. RequIred Documents:

SFCO File
IPCS Patch Tape Record
Contractors Engineering Log
IPCS Interflight Worksheets & Removals
Software Maintenance Listing

B. Preparation

1. Identif y Main Program Tape, and Patch Tapes to be used for
flIght and check correct identification numbers. =
Program Tape
Patch Tapes

Loaded In following order:

1. NEDIC, 35000. Copy 
_____________2. Patch to 

______________
, No. 

______________, Copy 
______________3. Patch to ______________, No. ______________, Copy 
______________4. Patch to 

______________ No. ______________, Copy 
______________5. Patch to 

______________ , No. ______________• Copy 
______________

2. IdentIfy SFCO s to be Included in any additiona l patch tape
for flight.

3. Prepare Patch Tape Record Form
4. Generate Patch Tape if required

a. Load Main Program (BOImIG or IPCS)
b. Load Medic

~~~~~ c. Load Patch Tapes
Note : The followi ng tape loading procedure Is used for

• all tapes.

1. CCU Pwr ON
2. DPCU Pwr OII
3. Selector Sm. to S. I.

Fetch/Store Sm. to Fetch

______________Accomplished by: _______________________ 
Inspector

______________________ 
flight Systems Tecimician

________________________ 
Flight Systems Engineer

- -
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4 . Press P/Y Button =

5. Press MASTER CLEAR, then CLEAR registe r
6. Enter 1 into P register
7. Press A Register button
8. CLEAR register
9. Selector Sw . to RUN
10. Tape Reader ON (2 mm warmup)
11. Press START

Note: If tape fai ls to transport , reload
Bootstrap per included procedure

5 . Load contents of SFCO s into memory by T~ using MEDIC. Do not
execute IPCS or BONDIG at this time.

Note : The followi ng procedure Is used to
execute all programs:

1. Selector Sw. to S.!. —2. Depress P/Y Button
3. Press MASTER CLEAR , then CLEAR
4 . Enter program startin g addres s on CCU panel :

IPCS (Rev. C) - l2l5~
BOMDIG (Rev. C) - 11148
MEDIC - 350008

5. Selector Sw. to RUN
6. Press START

6. Verify that contents of SFCO s have been properly loaded Into memory
by accessing all locations usi ng the TTY , and comparing the TTY printout
with the SF00’ s . Date and identif y TTY printout.

Type: Memory location then colon ( : )
for data (numeric mode )

Type: Memory location then slash ( / =
for Instructions (nineno nic mode

7. Punch patch tape from computer memory. Date and identify each patch
as follows:

a. Main Program and Rev .
b. Patch tape load sequence No.
c. Code No. first two digits - year

second two digits - month
third two digits - day
last digit - number that day
EXAMPI.E: 7508281

8. Clear memory usi ng MEDIC, type: (0) 72 - 34777 F
9. Load patch tape, into memory using tape reader

10. Call for memory search of all non-zero locations as data
Type: 123: ( for numeric mode)
Type: (0) 72-34777 U

11. Call for memory search of all non—zero locations as in struct ions
Type: 123/ (for omenonic mode )
Type: (0) 72—3477 7 U

12. Load Memory wi th all One’s type: (1) 72—34777 F

312 )
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13. Load patch tape into memory using tape reader
14. Call for memory search of all zero locations as data

Type: 123
Type: (0) 12.34777 $ -

15. Compare TTY printouts obtained In steps 10, 12 line by line with
SFCO contents. Step 14 ident Ifies any zero locations intentionally
loaded by patch tape. Date and identify patch tape on leader.

16. Prior to flight all SFCO’s Incorporated into the new patch tape
will be entered and verified in the Software Maintenance Listing

17. If a new patch tape Is made a verification bngine run will be
made prior to a flight utilizing this patch tape.

C. Preflight Operation

1. Clear memory using MEDIC type: (0) 72—34777 F —

2. Load Main Program
3. Load MEDIC
4. Load Patch Tapes in correct numerical order

Note: All tapes should read in smoothly and
cease reading at the last punched location.
However , the MEDIC tape reads through to
the end of the tape . The T~Y will make an
audible response when tape reading is
complete.

Failure of any tape to load completely
indicates a loading error; it Is then
necessary to reload all tapes In sequence.
Direct load into memory from TTY is not
permitted after above tape loads.

5. Execute the program using correct starting location.
Observe that program runs and note on CMU :

Track l ight - ON
Backup light - OFF• Fault light - OFF

6. Log loading sequence, tape numbers and any loading failures In
the IPCS supplemen t to the aircraft log (interfllght worksheets)

7. Power dowo system
a. Selector Sw. to SI
b. DPCU Pwr. OFF
c. CCU Pwr. OFF

8. Disconnect CCU cables

9. Connect Test Point Panel cables to connector In nose wheel well

10. Turn on system
a. DPCU Pwr ON
b. Check: Track light OIl

Backup light OFF
Fault light OFF

Note : Power lever must be less than 8.50 In
order to TRACK. It is permissible to
cycle power more then once to get tbe
correct light indications.

= -~~ — ~~~~~
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li. Instrumentation Syst em — ON (Check with Instrumentation Crew)
12. Transducer Static Check

a. Ver ify all 0/A channels at Test Point Panel :
set $$ — 07 (DUUU) , check + JOVOC + .3 all channels,
also verify SSO1 wired dowe.

b. Make checks listed In- 8—2 and 8-3 changing sense switch
positions as Indicated In first column

13. VerIfy correct waveform of all Paroscientific Transducers on Test Point Panelcheck: 4 to 6V pp square wave with period 23.2 to 32 mlcrosec .
(Freq. 43—31 KH

~
) (See Table B-I)

14. Verif y exhaust nozzle stepper motor not stepping. Verify all steppermotors have two coils high and two low.

14a . Engage IWCU
Check: +28 VDC to

Enga 
__________

SW 1 
_ _ _ _ _ _ _

SW 07 
_______

!nleaso 
_________

15. TM Checks
a. Verify Subcom lockup - —

b. Verify all variables correspond to values l isted in step 12b
16. OPCU DIsengaged

TABLE 8-1 PAROS VOLTAGE CHECK

Transducer Voltage V Period, KS
POEM

PKDA

PKD3

PKDC

PKDD

PSOEN

PLM

PSLN

17. Aircraft Hydraulics ON

- - 
- • ; -

_ 
18. Manual Inlet Control Check (if MIC enabled In program).

I. NIC sw. to MANlJ*L
- - b. Spike control ~ ob ON then CON, verify spiha moves ~ 11

aft than f~~.c. Cone Control knob ON then CON, verify cone expands f~l1y
- - -- - then contracts.

d. MICSm t 0 AUTO -•
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Table 8-1 Pares Vol tage Check (cant)

19. DPCU engage
check: no movement of inlet

20. IPCS system power down
a. CPCU - disengag e
b. DPCU pwr - OFF

21. Ai rcraft Close out (check with crew)
a. Hydraulics OFF
b. Cooling Air OFF
c. Power OFF
d. Remove Test Point Panel Cables and instal l caps.

22. Verification engi ne run if new patch tape has been generated.
Note : If CCJJ is reconnected for any reason,

all tapes must be reloaded and Pro-flight
Operation must be repeated

BOOTSTRAP LOADING PROCEDURE

1. CCU Pwr. ON
2. Selector Sw. to MA
3. Press MASTER CLEAR 

—4. Press P/Y register button
5. Press CLEAR
6. Enter 1 into P register —

7. P+ l/ P switch t o P + l
8. Fetch/Store switch to Store
9. PFI/PFH switch to PAl
10. ASR/PTR switch to PTR
11. Press N register button
12. Press BOOTSTRAP button
13. Press START
14. Selector Sw. to 5.1.
15. Fetch/Store sw. to Fetch
16. ASR/PTR sw. to ASR
17. P + l/P sw to p
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Taole 8—2 Transducer Preflight Calibration Check Form - Vol tage

SENSE SW CHANNEL NON VAL .
POSITION NO. VARIABLE (ENGR umITS) LOWER LIII UPPER LIII OBSERVED NOTES

0000 1 P6115 13.52 psia 2.00 2.32
2 PS3S 13.52 .210 .330
3 PD3S 0.0 -.08 +.08
4 P53 13.52 psla .210 .330
5 P5225 13.52 spia 1.002 1.162
6 PD22S 0.0 -.08 +.08 —
7 P22S 13.52 1.002 1.162
8 T2S 70°F 2.60 2.70
9 T3S 70°F 2.60 2.70
10 T4S Not Available See note B —

11 T22S 70°F 2.60 2.70
0001 1 TJBS2A 70°F 1.0 1.8

2 PVJPS 120° 9.36 9.84
N 0° -.24 0.24

3 WFGS 0.202 9.5
4 WFZ1S 1200 0.281 0.469
5 WFZ2S 1280 0.613 0.988
6 WFZ3S 1300 0.625 1.0
7 WFZ4S 1550 0.781 1.156
8 WFZSS 2000 1.063 1.438
9 MPV -6.193 1.290 Nozzle Open

10 PLA 0. -.2 0.2 Nozzle Closed
11 (Spare)

0010 1 P2KDAS 13.52 psla 4.283 4.37
2 P2KDBS 13.52 psia 4.283 4.37
3 P2KDCS 13.52 psia 4.283 4.37
4 P2KDDS 13.52 psia 4.283 4.37
5 PDENS 13.52 psia 4.283 4.37
6 PSDENS 13.52 psIa 4.283 4.37
7 PLMS 13.52 psi. 4.283 4.37
8 PSLMS 13.52 psla 4.283 4.37
9 XORLS 2.29
10 THETAS 8.5 2.64 2.80
11 (Spare)

0011 1 IBIS 0 - .256 +.256
2 ALPHAS Note- A
3 SPKCOII
4 COIICON

-~ 5 MSPIKE
6 M~ONE7 IOLTRN IPCS S

IDl.TRN $011016 5
8 MILTIBI IPcS S

MILTRM 1011016 5
9 ABTNN IPCS S

A8TIBI . 1011016 5
10 (Spare)
11 (Spare)

Note A - Pmgle of Attack Range: + 8.02 V
- .88 V

~~~

-

~~

-- Note B - LiamL im +.OO6 (OAT-b ) 
- 

-
•

31$



— -

- —.——---—- - - - — -- —-— ———————- --— -.— — -.—- -———--—- - — -— - — s__n~~~_____ _ _ ____________ .____________ ..- —

Table 1-3 Trainduc.r Preflight Calibration Check For. — Octal

O00UEL OCTAL
NO VUIMLE TN (ENGR l~ITS) imi~a un ie,ta LIM ossano NOTES

I P606 Channel 3 .15412 06 .15000 .16000
1049/50 13.52 pita

2 P535 Channel 4 .01543 $9 .01240 .02040 N
10-62/63 13.52

3 P035 Channel 6 .00000 171271 .00607 P~~ -1-7/8 0.0
4 P35 Channel 5 .01543 .01240 .02040

10-72/73 13.52 pita
S P5225 Cliaan.l 7 .08606 .06205 .07206

1—22/23 13.52 pita $7
6 P022S Channel 9 0 177271 .00601

1-49/50 0.0
7 P22S Chaiin.l 8 .06605 .06206 .07206

1-32/33 13.52 $7
$ T25 Channel 12 .20440 .20200 .20700

2-7/8 70°F Il l
S T35 Channel 10 .20400 .20200 .20700

142/13 70°F $11
10 T45 Net Available
11 T22S Channel 9 .20440 .20200 .20700

2-22/23 70°F Ill
TJSSZA Cheimel 14 tOSOG .05200 .13200

2—32/33 70°F 09
2 AJPS Channel 15 .74000 .72400 .75400 louIs Open2.4Sf .. 120°

AlPS .0-0 176400 .01400 Nozzle Cloond0•
3 ~~GS ~~ens1 16 .01206 .73300

242/63
4 ~~Z1S Ch.nnel 11 .02280 .01604 .02734

2-12/73 1200 *300
S ~~Z2S Channel 18 .06000 .03650 .0613

3-7/8 1280 peb
S iFZJS 3-22/23 .06060 .03720 .06200

Channel 19 1300
7 WFZ4S 3-23/33 .06034 .04704 .07144

Chaniml 20 1550
8 WFZSS 349/50 .01540 .06510 .10770

Chanpel 21 2000
S MPY 3-62/63 131227 .10040

Chanael22
10 PtA 3-72/73 0-0 176600 .01200

Oisnnel 23
11 (Spare)
1 P2KMS 4-7/8 .33024 .32612 .33240

Channel 24 13.52 pita
2 P2IC$S 4—22/23 .33024 .32612 .33240

Charnel 25 13.62 pita
3 P2KDCS 4-32/33 .33024 .32612 .33240

Channel 26 13.52 pita
4 P24005 4-40/50 .33024 .32612 .33240

Channel 27 13.52 pail
5 P01115 4-62/63 .33024 .32612 .3i240

Channel 28 13.52 pile
6 PSOE11S 4-72/73 .33024 .32612 .33240

Channel 29 13.52 pale
1 PtNS 5-7/8 .33024 .32612 .33240

Channel 30 13.52 pale
8 PSLNS 5-22/23 .33024 .32612 .33240

Channel 31 13.52 pita
*041.5 5—32 /33 2.29

CIia.wiel 32
10 TNETAS 5-49/50 .21000 .20400 .21400

Channel 33 8.5°
11 (Spars)
1 115 749/50 0-0 176315 .01463

Channel 45 0.
2 PILPNAS 7-62/63 0. +1. ’ •23 on Indicator

cIiannsl 46 -

3 SPNcCN 5-72/13 mc AntsChannal 3S
- 

-
. 

4 COISC04 6-7/8 8 ’  mc hatsCha,wiel 3S
5-72/73 NIt ~~ nnlChennal 35

S 110001 6-7/8 8.’-
. -

~~~~ Ckannnl 3S

— — - —p
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APPENDIX C - SUGGESTED IFU HARDWARE REVISIONS

The following paragraphs depict the changes required to implement the recomendations of Secti&i
9.0. Al l changes should be Implemented using fl ight qualit y hardware and revision techniques,
conformel coating and component mounting, used on previous changes.

C.l Restrict DMA Address to Locat Ions 400 - 577

As shown In Figure C-i the DMA address capabi lity can be restricted by grounding the DMA 091
line on the DMA Control Logic Card . The line is isolated by cutting the fotl lead as indicated
and grounded on the card by use of a j umper.

‘V C.2 Transfer BITE Data to Discrete Input Word

Figures C—2a, b depict a direct approach to the problem In which spare discrete Input channels
9 

are wi red to the BITE s igna ls. Since all signals are IlL the signal conditioners on the A2l
card are deleted .

Al ternatively the same result can be achieved by using available discrete output buffers as
follows :

Wire - PILO1OS1 and WRQOS1 out to spare pins on status and engage card A25 (10048738)

Wire - These two signals and the fol lowing three to the spare DISO1JT#1 outputs

DISO1 Bit 7 (Plio loSi )
DISO1 Bit 8 (WRQOS1)
DISO1 Bit 9 (FAIRK1)
DISO1 BIt 11 (SAHFO)
DISO1 Bit 12 (AIFO )

Wire - The above five outputs back In to the IFU as inputs

DISIN Bit 2 (PILO1OS1 )
DISIN Bit 3 (WRQOS1)
DISIN Bit 4 FATRK1 )
DISIN Bit 12 SAHFO)
DISIN Bit 13 ANFO)

C.3 Modify Ml , N2 Converters to Clear Prior to Each Sample

Thi s change requires the add ition of an I.C. to the A16 card and the- use of an existing
spare inverter as s hown in Figure C-3. The chang e has the effect of clearing the converte r
data registers before counting of a new sample coimnences.

.~
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