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FOREWORD
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Edwards, Califormia. The study was performed under NASA Contract NAS4-2364,
"F-15 Inlet/Engine Test Techniques and Distortion Methodolugies Study."
The work was performed from March 1977 through February 1978 with Mr. Jack
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Dryden) for his comstructive criticisms and suggestioas.
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This report consists of nine volumes. Technical discussions of the
program, results and Appendices A and B are presented in Volume I (NASA CR
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CR 144867-144874) which present the distort.on analysis plots and the assoc—
iated statistical functions used for the analvses.
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SUMMARY

Recent emphasis on increased maneuverability r. . .rements for fighter
aircraft has necessitated an extensive engineering developmentL effort be
directed towards inlet/engine compatibility. Inlet/engine compatibility must
be assessed earlv in the aircraft development program to allow necessary
inlet and engine design modifications to be defined and irplemented at minimum
cost impact. This early assessment of inlet/cngine compatibility is determin-
ed by engine stability audits computed using inlet distortion levels trom
subscale inlet model data and engine sensitivities to inlet distortion.
Therefore, the accuracy with which subscale inlet model digtortion levels
predict flight test vehicle distortion levels is a crucial element in assess-~
ing inlet/engine compatibility.

The primary goal of this distortion methodologies study was to determine
if time variant distortion data taken from a subscale inlet model can pre-~
dict peak distortion levels for a full scale flight test vehicle., The data
base used to accomplish this goal was collected in separate programs by MCAIR
and NASA/Dryden. Subscale and full scale wind tunnel data were collected by
MCAIR during the F-15 develupment program, and flight test data were collected
by NASA/Dryden during the “ASA F-15 inlet/engine compatibility flight test
program, This data base has a Macl. number range of 0.4 to 2.5 and an angle
of attack range from -10 degrees to +12 degrees.,

The primary objectives accomplished in meeting the overall program goal
wer. to determine the effects on peak distortion of: (1) Reynolds Number/
scale, (2) engine presence and (3) frequency content. In addition, the rapa-
bility of the P&WA stability audit system to predict engine stalls was
evaluated, and the capability of Melick's procedure, Roference (1), to pre-
dict peak time variant distortion ievels was evaluated. Using the Pratt and
Whitney Aircraft distortion descriptor, Ki,, the data indicate the following
significant results for the F-15/F100 inlet/engine propulsion system.

o Peak time variant distortion from igyscale inlet model wind tunnel

tests are representgi&ve of full scale flight test distortion.

o The time variant pressure data of this study are random stationary
data, thereby allowing valid statistical analyses to be cond.icted.

o The effect of the engine presence on total pressure recovery, peak
time variant distortion and turbulence level is small but favorable.

o The Renolds number/scale evaluation indicates a general trend of
increasing total pressure recovery, decreasing peak time variant fan
distortion and decreasing turbulence with increasing Reynolds number/
scale,

o The frequency content evaluation indicates that peak time variant
fan distortion and turbulence increase with increasing filter cutoff
frequency for all of the data evaluated in this sctudy.

o The capability of the Pratt & Whitney Aircraft stability audit system
to predict engine stalls has been verified for both stall and non-~
stall flight test cinditioms.,



¢ Predictions of peak distortion values using Melick's procedure are
accurate to 11.3 percent average error for fourteen data points
having nominal turbulence levels and are accurate to 20 percent
average error (the maximum error approaches 40 percent) for eight
data points having high turbulence levels.



INTRODUCT ION

Recent emphasis on increased maneuverability requirements for fighter
aircraft has necessitated an extensive engincering development effort be
directed towards inlet/engine compatibility. Inlet/engine compatibility
sust be assessed earliy in the aircraft developuent program to allow neces-
sary inlet and engine design modifications to be definea and implemenced a
minimum cost impact. This early assessment of inlet/engine compatibility is
determin:d by engine stability audits computed using inlet distortiom levels
from subscale inlet model data and engine sensitivities to ialet distortiem.
«u."afore, the accuracy with vhich subscale inlet model distortion levels
predict flighr test vehicle distortion lewvels is a crucial element in asses-
sing inlet/engine compatibility.

During the development program of the F-15 air superiority fighter air-
craft, the time variant pressure data were analyzed as vequired ro ensure
the F-15/F10C to be a compatible inlet/engine systen prior to fleet intro-
duction, but no in-depth analyses were conducted to investigate distortion
methodologies and test techniques. This distortion methodologies and test
tectniques study utilizes the extensive MCAIR F-15 development test data base
and the data base collected during the NASA/Dryden F-15 inlet, c..,.ne com—
patibilicty flight test program. The wind tunnel data base was collectad
during the period of March 1970 through March 1972 using a subscale inlet
model (1/6th Scale), a full scale inlet model without engine {FS5CP) and a
full scale inlet wmodel with engine (FSE) which were all tested at the Armold
Engineering Development Center (AEDC) at Tullahoma, Tennessee. The wind
tunnel test conditions simulated both level flight ani high energy wmameuver-
ability flight conditions. The flight test data base was collected in the
NASA inlet/engine compatibility flight test program during the period of
April 1976 through Jume 1976 usicg F-15 aircraft number 71-0281 which was
tested at the NASA/Dryden Flight Research Center at Edwards Air Force Base,
California. The aircraft test conditions duplicated the selected wind tunmei
test conditions for both high energy maneuverability and level flight test
conditions. These two data bases were integrated to provide the data matrix
used in this study.

The F-15 inlet system is a two-dimemnsional, external compression, over-
head thrae ramp variable capture area design with an internal diffuser ramp.
This unique design is capable of rotating the entire upper cowl and compres-
sion ramp system of the inlet, thus providing a variable capture area and
aligning the inlet with the approaching airflow over a wide range of Mach
numbers, angles of attack, and engine airflows. The Pratt and Whitney Air-
craft (P&WA) F100 turbofan engine, is a twin spool, high pressure ratio,
lightweight engine with mixed flow augmentation and variable area convergent-
divergent exhaust nozzle, the fan modul: has three stages and the compressor
has ten stages. The fan and compressor are each driven by dual turbine
stages and the fan and core airflows are mixed in the augmentor prior to
afterburning.

The primary goal of this study was to determine if subscale inlet model
peak time variant distortion data will accurately predict full scale flight
test peak time variaat distortion data. To achieve this goal., several speci-
fic technical objectives were established including: (1) evaluate the



quality of the time variant data, (2) determine the effect of engine pre-
sence on distortion levels, (3) establish Reynolds number/scale effects on
distortion levels, and (4) investigate the effect of frequency content on
distortion levels.

The first sections of this report provide descriptions of the inlet
modeis, test programs ard the associated data acquisition and data reduction
systems. The followiag sectioms describe the evaluation of the time variant
data quality, effect of (1) engine presence, (2) Reynolds number/scale and
(3) frequency content. In addition, the capability of the PS&WA stability
audit system to predict engine stalls is evaluated and the capability of
Melick's procedure, Reference (1), to predict most probable peak time variant
distortion values are evaluzied. The appendices contain a sample calculation
of the distortion descriptor, Kaj, the distortion analysis plots and the
associated statistical functions used for the analyses.



MODEL DESCRIPTIONS

The tire variant pressure data from which the peak values of time var-
iant distortion were calculated for this study were collected using a 1/6th
scale inlet wind tunnel model, a full scale inlet wind tunnel model tested
with and without an engine and the full scale flight test vehicle, aircraft

71-0281.

Schematics of these three test articles are shown in Figure 1. The

applicable test series, test dates and test facilities are as follows:

X MCAIR
Inlet Test Test Test Facility
Mode) Series Date Facility Test Series
Aircraft No. FLT June 1976 NASA/DRYDEN NASA F-15 Inlet/
71-0281 Edwards, Calif. | Engine Compatibility
Test
Full Scale FSE Mar 197z AEDC#* TF269/SF144
With Engine Tullahoma, Tenn.
Full Scale . | Fscp Nov 1971 AEDC* SF144
Cold Pipe Tullahoma, Tenn.
(Without Engine)
1/6th Scale VIII June 1971 AEDC* SF139
' Tullahoma, Tenn,
1/6th Scale Vil July 1970 AEDC* TF242/SF130
Tullahoma, Tenn.

*Amold Engineering D:-velopment Center

The general physical characteristics of the F-15 inlet configuration,
full scale flight test vehicle, full scale inlet wind tunmel model, 1/6th
scale inlet wind tunnel model, and engine face total pressure rake are dis-

cussed below,

F-15 Inlet Configuration

The inlet configuration is a two-dimensional, external compression,
overhead three ramp variable capture area design with an internal diffuser
ramp, and the ramp and bypass system geometries are illustrated in Figure 2.
The inlet consists of the three forward compression ramps and a diffuser or

fourth ramp.

assembly about a pivot point near the cowl lip.

The cowl rotation system rotates the first compression ramp
The second,

third and

fourth ramp systems are slaved together and are positioned simultaneously.
The boundary layer bleed systems consist of the second and third ramp porous

surfaces, throat slot bleed and inboard and outboard sideplate bleeds.

The

throat slot in conjunction with the bypass door acts as the inlet bypass sys-
tem for inlet/engine matching.




Full Scale Flight Test Vehicle

The flight test data for this study was obtained using F-15 aircraft
number AF 71-0281 on bail to NASA from the U.S. Air Force and is showm in
Figure 3. This aircraft which is fully instrumented was used initially as
the Flight Test Propulsion Subsystem Development Aircraft for the MCAIR
F-15 flight test development program.

On the F-15 aircraft, the second, third and fourth (diffuser) inlet
ramps are linked together and are positioned by a utility hydraulics power
actuator. The variable capture area feature is accomplished by a single
actuator which rotates the cowl (including the first, second and third ramps)
about the lower cowl lip. The bypass door is positioned by a third hydraulic
actuator.

The positioning of the three actuators is accomplished by an Air Inlet
Controller (AIC) which uses freestream Mach number, inlet throat Mach numbecr,
total temperature, and angle of attack signals from the aircraft sensors.

In addition, this aircraft is equipped with manual air inlet controller
capability (not a production item) to allow inflight pilot control of the
ramp and bvpass door positioms.

The F-15 aircraft is powered bv two Pratt and Whitney Aircraft F100-PW-
100 turbofan engines. The F100 engine is a twin spool, high pressure ratio,
lightweight engine with mixed flow augmentation and a variable area conver-
gent-divergent exhaust nozzle. The fan module has three stages and the com-
pressor has ten stages. The fan and compressor are each driven by dual tur-
bine stages and the fan and core airflows are mixed in the augmentor prior
to afterburning. The combustor is an annular design. The F100 engines used
for this study were Serial Numbers P690063 and P690081. Engine S/N 063
which is a pre-production engine and denoted as an F100(2 7/2) was retrofitted
with a production fan and engine controls. This engine was installed in the
left engine nacelle and instrumented with a high response engine face rake.

Full Scale Inlet Wind Tunnel Model

The full scale inlet wind tunnel model, shown in Figure 4, was tested
with and withcut an engine installed, therefore providing the data necessary
to evaluate the effect of the engine presence on peak time variant distortion
levels. This full scale inlet test article includes the basic components of
the inlet, inlet controls, engine and transonic and supersonic partial fore-
bodies.

The full scale inlet amodel, including the entire diffuser section, repra-
sents the true aerodynamic configuration of the aircraft. This inlet model
is fabricated of flightweight hardware and the aircraft inlet description
of the previous section is an accurate description of this inlet model.

The inlet ramps, variable cowl and bypass door were positioned using the
same model AIC as on the flight test aircraft, The AIC used the freestream
Mach number, inlet throat Mach number, total temperature and angle of attack
signals from either the model or wind tunnel sensors to position the ramps,
variable cowl and bypass door. This AIC also had a manual mode (same as the
flight test AIC) which allowed the test operator to vary the inlet ramps,
variable cowl and bypass door while the tunnel was operating.

6



For the full scale inlet testing with engine, Pratt and Whitney Aircraft
(P&WA) furnished the XF100-PW-100 ground test engine designated as XD-13.
This engine is of the same basic design as the prototype and production F100
engines with minor differences in the aerodynamic gas path. For the full
scale inlet testing without engine, a flow control/measurement system, de-
noted as the cold pipe, was used in place of the engine, i.e. full scale
cold pipe. The size, mounting and face geowetry duplicated the P&WA engine.

The complete aircraft forebody could not be simulated at full scale be-
cause of tunnel size limitations. Therefore, transonic and supersonic partial
forabodies were designed to simulate the local flowfield at the inlet. Pre-
vious inlet development testing using the 1/6tk scale model indicated that
transonically over the range of angle of attack and zero sideslip covered
in the full scale wind tunnel testin}, the inlet performance aad distortion
characteristics were not significantly affected by the presence of the for-
ward fuselage. Therefore, a small partial forebody was designed, which was
primarily required to function as a fairing forward of the fuselage. The
supersonic partial forebody shape was defined during the F-15 Forebody Flow-
field Development Test. Flowfield comparisons between the full forebody and
the partial forebody showed that the full forebody generated more downwash
at the inlet plane. This downwash was duplicated during the full scale inlet
testing with the partial forebody by rotating the entire model negatively,
with the amount of rotation as a function of fuselage augle of attack. The
full scale test article and supersonic partial forebody are shown in Figure 4.

The boundary layer bleed system was identical to that on aircraft 71-~0281.
However, a test peculiar auxiliary bypass door was built into the test article
forward of the engine face. The auxiliarv door eliminated inlet instabilities
during engine startup and windmilling. During normal engine operation, the
auxiliary door closed to make a smooth diffuser line. All bleed systems on
the full scale model were individually calibrated prior to testing,

1/6th Scale Inlet Wind Tunnel Model

The 1/6th inlet wind tunnel model was used during the F-15 inlet develop-
ment program. The model consisted of a fuselage forebody assembly, a remote-
ly controlled left inlet and an inlet to engine duct that is internmally
sinulated to the engine compressor face station. The main duct aft of the
engine face station is equipped with a remotely actuated mass flow plug.

The tunnel installation of this model is shown in Figure 5.

The 1/6th scale inlet model, including the entire diffuser sectionm,
represents the true aerodynamic configuration of the aircraft. The cowl
rotation system, which includes the first ramp assembly, and che second,
third and fourth ramp system is identical to the full scale ramn system and
can be remotely positioned using two iudependent drive systems. The inlet
assembly can be tested isolated or with the forebody.

The aerodynamic configuration of the boundarv laver bieed svstem is
identical to the full scale test articles, however, bleed flow ducts were
attached to the bleed exits and these ducts were fitted with remotely ac~
tuated mass flow plugs. The ducts could be removed if desired.



Engine Fa:e Total Pressure Rake

The engine face rake configuration has eight legs and six rings equal
area weighted with the high response and steady state pressure probes located
side bv side. The 1/6th scale configuration is an exact scale version of
full scale engine face rakes as shown in Figure 6. The full scale engine face
rake was used for the full scale inlet wind tunnel testing and also on the
flight test vehicle.



TEST DESCRIPTIONS

Valid comparisons of peak time variant distortion data from flight test
and wind tunnel test require that the inlet configurations, test conditioms,
analysis times and inlet airflows, be equivalent, The inlet configuratioms,
described above, are identical for each of the test articles. The techniques
used to obtain comparable test conditions, analysis times and inlet airflows
of flight and wind tunnel test articles are discussed below.

Flight Test Procedure

The data base for the 1/6th scale inlet and the full scale inlet wind
tunnel models existed prior to the NASA F-15 Inlet/Engine Compatibility Test
Program. Test conditions were selected from these data that would provide a
high level of turbulence and steady state distortion. Some of these selected
test conditions have extreme aircraft attitudes such as -10 degrees angle of
attack and +10 degrees angle of sideslip at 0.9 Mach number and -4 degrees
angle of attack zt 1.6 Mach number. While wind tunrel models can be posi-

t’ 1ed in these extreme attitudes for indefinite periods of time, the aircraft
cannot fly at these flight conditions indefinitely and still maintain Mach
number and altitude. To achieve these extreme attitudes, the aircraft had

to be maneuvered into the desired test condition. For the -10 degree angle
of attack and +10 degree angle of sidesiip at 0.9 Mach number, Figure 7,

the aircraft was first inverted and then sideslipped. For the 1.6 Mach
number at -4 degrees angle of attack, the aircrafc was accelerated to the
desired Mach nusber, then "pulled-up" to positive angle of attack (increasing
altitude and decreasing Mach number) and then "pushed over" (decreasing alti-
tude, increasing Mach number) to achieve -4 degrees angle of attack, 1.6

Mach number at the correct altitude as shown in Figure 8.

Analysis Time

The available analysis times (time at desired flight condition) for the
extreme flight maneuvers are relatively short since simultaneous matching of
the first ramp, variable cowl position, second, third and fourth ramp position,
bypass door position, angle of attack, angle of sideslip while maintaining
constant Mach number, airflow level and altitude are required to properly
assess the data comparisons between flight and wind tunnel data.

The analysis times for the flight data ranged from .600 to 2.8 seconds
depending on the desired test condition., Using the acoustic scaling criteria
of Reference (2), the respective analysis times for the 1/6th scale inlet
wind tunnel model are .100 to .467 seconds.

Engine Airflow Level

An engine power setting of intermediate power or afterburning power was
required for most of the flight maneuvers to achieve or sustain the flight
maneuver. These two power settings both have maximum corrected engine airflow.
Therefore, most of the data comparisons for flisht test conditions are limited
to one corvected engine airflow. However, for the wind tunnel test articles,
the engine power setting was varied or the mass flow plug was translated to
provide a range of corrected engine airflow levels for both supercritical



(without engine only) and subcritical inlet operation for 2ach test condition.
Therefore, data points for two engire corrected airflow lev-ls were selected
from the wind tunnel data to bracket the airflow from the flight test data

point. This allowed interpolation to match the flight test airflow levels.

10



DATA ACQUISITION AND REDUCTION

Two similar procedures were used to acquire and reduce the time variant
pressure data, one for the wind tunnel tests and one for the flight tests.
The primary difference between the two procedures is that the Analog Distor-
tion Calculator was used in reducing the flight test data but not the wind
tunnel test data.

The Analog Distortion Calculator (ADC) was used during the NASA F-15
inlet/engine compatibility flight test program. Analog values of distortion
data were computed as a function of time, and electronic flags were placed on
the wide band M pressure data tapes corresponding to peak distortion values.
The analog pressure data were then digitized +300 milliseconds about this peak
flag. and the digital time variant distortion data were calculated. This
procedure which was also used during the F-15 inlet development wind tunmnel
program represented a suvbstantial cost savings since it eliminated digitizing
lengthy data segments (thirty seconds for the F~15 inlet development program).
However, for this study, the ADC was not used for the wind tunnel data reduc-
tion procedure since the maximum analysis time was only 2.8 seconds. The
analog pressure data were digitized, and peak distortion values were calculated
for the entire analysis time., The data segment to be digitized was randomly
selected from within the thirty second data record. Approximately 35 million
pressure values were digitized and used to compute the time variant distortion
data and the required statistical functions for this study. The data reduc-
tion paths for the flight test data and wind tunnel test data, the filter
characteristics, the pressure probe substitution technique, the distortion
data accuracy and the time history comparisons of analog and digital dis-
tortion data are described below.

MCAIR Flight Test Data Processing System

The system consists of a network of equipment located at MCAIR/Edwards
and at MCAIR/St. Louis linked together by a high-speed digital transmission
svstem utilizing a leased telephone line. The heart of the system is a high
speed digital computer located at the MCAIR/St. Louis facilitv. The total
system is composed of the preprocessor subsystem, digital transmission sub-
svstem, high speed digital computer subsvstem and the formal data display
subsvstem. A flow diagram depicting the data processing system is shown in
Figure 9.

Preyrocessor Subsystem — The purpose of the preprocessor subsystem is
to acczapt the onboard tape recorded signals, perform the necessary processing
controls, convert the analog signals into a digital form, merge the analog
and pulse coded modulation (PCM) data, provide time synchronization of the
data and produce a computer compatible tape. Header information on this
preprocessed tape provides the necessary instructions to the high speed digi-
tal computer to allow it to perform all the requested computations and plots
on the test runs preprocessed. The preprocessor has a mini-computer central
processing unit (CPU) and a special purpose digital computer. Set-up of the
preprocessor is accomplished through the use of process control cards that
include the job definition cards and measurand definition cards. These cards
are denoted as the Instrumentation Ground Equipment (IGE) cards and are also
used for pre-flight instrumentation checkout and set-up of the programmable
airborne data acquisition syvstem. In addition, the preprocessor subsystem
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uses a data compression algorithm that reduces data transmission time by
removing redundant data points during transmission.

Digital Transmission Subsystem - Low- and high-speed digital transmis-
sion subsystems utilizing voice-iraue telephone lines interconnect the MCAIR/
St. Louis and the MCAIR/Edwards facilities. The low speed system is used for
computer file updates and the high-speed system is used as a tape-to-tape
system managed on both ends by identical controllers. The high speed trans-
mission system tramnsmits synchronously (constant bit rate) and operates in
a full duplex mcde which allows simultaneous transmission of data and error
signals. Effective transmission rates of aprroximately 67C0 bits per second
are being obtained. The lcw-speed transmission systems at the MCAIR/Edwards
facility consists of a mini-computer interface subsystem configured with a
keyboard and printer, card reader, and card punch. It is connected to the
high speed digital computer in St. Louis. Transmission is asynchronous at
rates vp to 14.8 characters per second in a half-duplex mode.

High Speed Computer Subsystem - This high speed digital computer subsystem
provides storage space for the information files and the computational capa-
bility to rapidly process and display the required data in support of the
MCAIR flight test activities. To handle this task, the system is configured
with a 512 thousand byte memory, a 400 million byte disk storage, four nine-
track dual-density (800/1600 BPI) tape units, a line printer (1100 LPM) and
a combination card reader/punch (1100 C?M read and 300 CPM punch). The sub-
system is operated in a Virtual Storage (VS~l) environment which is currently
configured to allow four multiprogrammed partitions of 512 thousand bytes.

If necessary, any partition size can be increased to 4 million bytes of vir-
tual memory. This arrangement nrovides many features of a very large comput-
ing system without the large scale costs.

Formal Data Display Subsvstems - The Formal Data Display subsystem con-
sists of line printers and electrostatic plotter/printers. The MCAIR/St.
Louis facility has an electrostatic plotter/printer interfaced (on-line)
to the high speed digital computer. This plotter/printer is capable of pro-
ducing a completely annotated hard copy plot in approximately 4 seconds and
a tabular printout at approximately 2500 lines per wminute. A printer (1100
lines per minute) is also interfaced to the high speed digital computer, The
MCAIR/Edwards facility has an electrostatic plotter/printer which operates
as a "stand alone" system controlled by a mini-computer. In this configura-
tion, a magnetic tape is the input to the subsystem.

MCAIR Wind Tunnel Test Data Processing System

The data processing system consists of a network of equipment located
at MCAIR/St. Louis. The total system is composed of a data recording sub-
system, data digitizing subsystem, a high speed digiral computer subsystem
and a formal data display system,

Data Recording and Playback Subsystem - The high response wind tunnel
pressure data is recorded on one inch wide band magnetic tape using counstant
bandwidth (CBW) techniques., The subscale data were recorded with six data
channels per track and the full scale data were recorded with seven data
channels per track. In addition, two tracks were allocated to record the
IRIG time code and a reference oscillator signal, and two tracks were left
blank for use during the digitizing process.

12



Data Digitizing Subsystem - To identify the cata segment for digitiza-
tion, the magnetic tapes are replayed on the tape recorder as shown in Figure
10a., During playback, the IRIG time code is electronically processed by the
time code reader and associated electronics and a D.C. level digitizing pulse
is recorded on one of the blank tracks to identify the data segment selected
for digitization.

The tapes were then replayed again as shown in Figure 10L, and the data
were discriminated (two tracks for each pass), filtered with the desired four
pole Bessel filters and digitized using sample and hold modules and an
analog-to-digital converter. Since the data were digitized during multiple
passes of the tape, it was necessary to time correlate these data. This
was accompl:shed by gating the D.C. level digitizing pulse with the IRIG
time code and then gating the reference oscillator signal to the analog-to-
digital converter. The digitized data were then buffered into a core memory
and recorded on a nine track, eight hundred bits per inch digital tape.

High Speed Digital Computer Subsvstem - Using the digitai data tape
generated during the digitizing process as the primary input, the multiple
pass digitized data segments were merged into a single pass data segment
which was output to magnetic tape (merged high response data) having a blocked
format with one data file per data segment, as shown in Figure 10b. The merg-
ing process was controlled by a high speed digital computer which used a
80 megabyte disc for working files. The output data format was a 24 bit
binary integer which corresponded numerically to the 16 bic¢ input data.

The merged high response pressure data were then read from the magnetic
tape by a high speed digital computer and calibration scaling was applied to
obtain high response pressure data in engineering units. These data were
used to compute the time variant fan distortion data. The time variant pres-
sure and distortion data were then output to magnetic tape.

Formal Data Display Subsystem - Using the time variant pressure and
distortion data magnetic output tape and the appropriate software packages,
high quality time history traces of distortion data, total pressure contour,
power spectral density plots, cross spectral demnsity plots, autocorrelation
plots and cross correlation plots were produced using a high speed
electrostatic printer/plotter.

Filter Characteristics

Low band pass, 4 pole adjustable Bessel filters were used for this study,
the frequency response characteristics of which are shown in Figure 1l. The
filter cutoff frequency could be adjusted, thus allowing the entire set of
data used for the study (wind tunnel and flight test) to be reduced using
this one set (48) of filters, thereby, eliminating inconsistencies in fre-
quency response characteristics for the model and flight data. High response
pressure data used to compute time variant distortion data for the F100 engine
stability audits are filtered at 170 Hertz cutoff frequency as specified
by P&WA which corresponds to design rotor speed.

13



Pressure Probe Substitution Technique

During the computation of digital distortion and generation of engine
face pressure profile plots, it was sometimes necessary to substitute for
inoperative probes on the rake tc -~tain values at all 48 probe loratioms.

A probe was considered to be out of tolerance whea the total pressure
recovery for that probe location was greater than 1.1 and less than 0.2. The
output from each probe of the rake was examined prior to data recduction, and
probes were deleted if the probe output was suspect. In addition, data
reduction was halted if more than six probes were inoperative on two adjacent
legs or more than twelve probes were inoperative on the forvty eight probe
rake.

A set of probe substitution criteria which were developed during the
F-15 inlet c:velopment program were used for the study are are presented 1in
Figure 12, If these criteria failed to determine a forty-eight probe set,
the adjacent most radial and circumferential three probes were averaged and
used to obtain a probe location valu Probes were obtained by proceeding
in a radial direction first and in a  rcumferential direction second.

Distortion Data Accuracy

An error assessment was made in Reference (3) for the F-15 flight test/
full scale inlet wind tunnel model engine face rake configuration. Typical
error in the fan distortion factor as a function of pressure error is shown
in Figure 13.

Analog and Digital Distortion Data Comparisons

The Analog Distortion Calculator was used during the NASA F-15 inlet/
engine flight test program to flag peak values, therefore identifying the
da'.a time segmeant to be digitized. It is important that the ADC calculate
peak time variant distortion accurately so that the correct time segment is
selected for digitization. To illustrate the accuracy of the ADC, time his-
tory traces of analog distortion data and of digital distortion data for the
flight test program are compared in Figure 14 and additional comparisons
are made in Appendix A, As can be seen from the figures, the ADC computes
peak distortion values to within +3 percent of the digitally computed peak
distortion values.
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DATA BASE SELECTION

The data base for this stu.iy was established by assembling data from
four distinct inlet test series: (1) the NASA inlet/engine compatibility
flight test program, (2) the MCAIR full scale inlet development test without
engine (FSCP), (3) the MCAIR full scale irlet developmert test with engine
(FSE), and (4) the MCAIR 1/6th scale inlet development test. To meet the
objectives of the study, test conditions were selected which encompasrsed
wide ranges of Mach number, angle of attack, angle of sideslip and corrected
engine airflow and had high levels of peak distortion.

The inlet configuration, as previously described, was identical for all
the wind tunnel models and the flight tast vehicle, The programmed inlet
ramp and bypass door scheuules were also identical. The inlet ramp angles,
as defined in Figure 2, were identical tu within +0.5 degrees for each
selected data point and test article for a given test condition. The bypass
door areas were eitiucr fully open or fully closed for each :est condition
with the exception of three data points which had partiaily opened bypass
positions. The test conditions for each data point, model scale, Mach
number, angle of attack, angle of sideslip, inlet cowl rotation angle,
inlet third ramp angle, bypass door position, percent ccrrected engine air-
flow, Reynolds number, analysis time and part-point number for this study
arc¢ summarized in Figure 15.
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DISTORTION DESCRIPTOR

One of the objectives of this study was to evaluate the capabiliiy of
the Pratt & Whitney stability audit procedure to predict engine stalls.
Since current state of the art distortion descriptors are dependent upon the
engine configuration, evaluation of the Pratt & Whitney stability audit
procedure necessitates using the Pratt & Whitney distortion descriptor, Kaz,
since it is the distortion descriptor for the F-15 powerplant, the F100
engine,

During the development phase of the F-15 inlet/engine propulsion system,
the aistortion descriptor was repeatedly improved as the experimental data
base increased to better define the relationship between the distortion
descriptor and the engine stall margin. As a result of the repeated improve-
ment of the distortion descriptor, the wind tunnel distortion data and flight
test distortion data were not comparable on a direct basis. To make valid
comparisons of distortion levels, the distortion data for all the test
coanditions of Figure 15 were computed using the curreat distortion descriptor
per Reference (4). The mat :ratical formulae of the disrortion descriptor
used to reduce the data for this study and previcus F-15 development data are
presented in Figure 16. The parameters that have been changed throughout the
devalopment phase of the F100 engine are the reference radial profile and
the radial distortion weighting factor. A sample calculation of the distor-
tion descriptor is shown in Appendix B, and the reference radial profiles
and radial distortion weighting factors for the F100 (2 7/8) engine are also
presented.

Distortion descriptor values are derived to have a linear relationship
with remaining engine stall margin, and the distortion limit is defined as
the distortion level for wnich no remaining stall margin exists (engine stall).
Therefore, the significance of a distortionm level is its relative magnitude
to the distortion limit level for which an engine stal. mayv occur. The
levels or distor:ziom values for which a stall may occur for the F100 (2 7/8)
«lgine are shown in Figure 17. This curve is a screening curve which is con-
servative relative to predicting engine stalls since it uses the lowest
ievei of distortjon for a given airflow that could possibly stall an engine
for any given Mach number and aititude. It is termed a screenirg curve since
values from this curve are not to be used as distortion limits for engine
stall; instead when an inlet distortion level for a particular airflow ex—
ceeds the value from this curve, additional analvsis should be conducted to
determine if there is any remaining engine stall margin for the particular
test condition., It shculd be noted from Figure 17 that the variation in
engine toierance to dis:ortion level from high to low airflow is significant
since the respective ranges of distortion level from the screening curve
range from 0.75 (high airflow) to 16.75 (low airflow).

The range in distortion level from high to low airflow is primarily a
result of significant changes in the radial distortion weighting factor, b.
This factor is shown ir Figure 18 to raage from 0.93 (high airflow: to 29.29
(loew airflow) as a funcrion of airflow. Since fan distor:ion is the sum of
circuznferential distortion and radial discortion multiplied bv the radial
distortion weighting factor (Ka2 = (9 +b - Kra), and since the levels of
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civcumferential and radiz distortion generally have values between 0.25 to
1.9 for the engine airflows of interest in this study, radial weighting fac-
tors correspcnding to low engine airflows (b = 25) can easily result in fan
distortion values of 16 or greater. The radial distortion weighting factor
implies that at reduced engine airflows, the fan is more sensitive to radial
distortion than to circumferential distortion. As a result of discontinui-
ties in the radial distortion weighting factor, Figure 18, at approximately 82
percent corrected engine airflow, an interpolation procedure was required

for distortion data comparisons at constant corrected engine airflows. This
is discussed in the Interpolation Procedure section.

The irregularity in the radial distortion weighting factor is directly
related to the subtle aspects of the P&A F100 stability audit system. The
decreasing sensitivity of the F100 fan to circumferential distortion and the
increasing sensitivity to radial distortion, as corrected eagine airflow is
reduced, results in the irregularity at approximately 82 perceant corrected
engine airflow as shown in Figure 18.



TIME VARIANT DATA GQUALITY

The aata comnarisons necessary to satisfy the primary objectives of
this study require that the camples of time variant distortion data be
stationary randoa data. This implies that the statistical properties of
each data sample are constant with time and are repeatabtle, With constant
statistical properties and identical test conditions, reduced data from the
various inlet test programs can be meaningfully investigated for the effects
of Reynolds/scale effects, frequency content and engine presence. Detailed
investig:tion into the data classification, description and characterization
were made and samples of wind tunnel and flight data were evaluated in detail
for stationary random data verification. In additior, comparisons of sta-
tionary random data and periodic data were made for two samples of flight data.
The test conditions selected from the complete data matrix, Figure 15, for
evalu.tion of stationary random characteristi~s are shcwn in Figure 19.

Data Classification

Data from observed phenomena are gemerally categorized as either deter-
ministic or random, and the various classifications of data for both deter-
ministic and random data are shown in the schematic of Figure 20. Determin-
istic data can be categorized ac being either periodic or non-periodic.
Periodic data can be further categorized as being either sinusoidal or non-
sinusoidal (complex periodic). Non-poriodic data can be further categorized
as being either "almost periodic" or transient. 1In addition, combinations
of these deterministic forms may also occur.

Data representing random physical phenomenon cannot be aescribed by an
explicit mathematical relationship siac: each observation of the phenomenon
is unique. Any given observation will represent only one of many possible
resuits that could have occurred. A single time historv representing a ran—
dom pheromenon is called a sample record, and the collectiom of all possible
sample records which the ranacom phenomenon could have produced is called a
random process. Therefore, a sample record can be thought of as one physical
occurrence of the random process. Random processes can be categorized as
either non-stationary or stationarv. Non-stationary random processes can
be furcher categorized into specific tvpes of non-stationary phenomenon.
More iccailed discussions of non-stationarv data can be found in Reference
(6)., Stationarv random processes can be further categorized as either
ergodic or nonergedic.

Data Description
Examples of each data classification are as follows:
o Deterministic Data

- Sinusoidal Periodic - Described mathematically by the periodic function:
x(t) = X sin (27fo + 3)

- Complex Periodic -~ With few exceptions can be described mathematically
by the Fourier series:
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= —-o— - i . b ]
x(t) 3 + I [an cos (Z?nflt) + bn sin (melt),

n=1

- Almost Periodic - Has an iafinitely long fundamental period and does
not satisfy: x(t) = [x(t) + NTpl relationships,

Example: x(t) = Xl sin (2t + Gl) + X, sin (3t + ez)

0t

+ X, ein (v¥350t + 3

3)
o Random Data

- Non-Stationary - includes all random processes which do not meet the
requirements r£or stationarity. Example: x(t) = X(t) -
A(t) where X(t) is random and A(t) is deteraministic.

- Weakly Stationary - Mean Value (first moment) invariant with time
- Autocorrelation (jcint moment) invariant with time

- Strongly Stationary - All possible moments and joint moments iavar-
iant with time,

- Ergndic Stationary - Mean value (first moment) invariant with time
for all sanple records

- Autocorrelation (joint moment) invariant with
time for all sample records

For deterministic data in general, explicit mathematical functions will
describe the dependent variable as a function of time for a particular cate-
gory of data. In contrast, there are no explicit matlematical functions
that will describe the random data observation since it is unique. However,
time averages of stationary random data will be constant over the sampilie
record of interest, and if the datz is ergcdic statioaarv random, the time
averages will be constant for all sampie records for a given ensemble of
data. In actual practice, if random data exhibit stationarv physica! phenom
ena, the data are generally said to be ergedic and random stationaritv can
be measured properly from a single sample record ratrher than an ensemble of
simple records.

Data Characterization

Since no explicit mathematical functions exist for stationary random
data, four main types of statistical functions are used tc characterize the
basic properties of stationary random data. These statistical functioms are
(a) mean square values, (b) probability density functiomns, (c) autocorrelatiocn
functions, and (d) power spectral density functions.

The mean square value f{urnishes a description of the intensity of the
data. The probability density function (PDF) furnishes information about the



data in the amplitude domain. The autocorrelation function and the power
spectral density function furnish information about the data in the time
domain and the frequency domain respectivelv, For stationary random data,
the power spectral density function furnishes no new information relative to
the autocorrelation function since the autocorrelation function and the power
spectral density function are transform pairs of one another.

For most stationary random data, it is unnecessary to derive all of the
statistical functions discussed above. Using four basic assumptions, which
are listed below, stationarv random data can be verified using the time
varying mean and time varving mean square values. These statistical param—
eters must have a constart value for the sample record. It should be noted
that the mean square of the fluctuating pressure component is aqual to the
variance of the instantaneous pressure (steady state pressure component plus
the fluctuating pressure component) and is referred to as the instantaneous
pressure variance throughout the remainder of the report.

Mean Square of T T

R 5 2
Fluctuating Pres- = ;i:-% Il Pti(t)]2 dt = ;::-% J [Pti(t) - Ptss] dt
sure Component ° o

= Variance of Instantaneous
Pressure

Theoretical proof of stationarity requires that all statistical properties

of the random process be invariant with time. Verifications of this tvpe

are clearlv not feasible since there are an infinite number of statistics that
would have to be computed for an ensemble rather than a single sample

record. However, four basic assumptions can be made, thereby allowing prac-
tical tests for stationarity.

The first assumption is that the statistical properties of a short time
interval of data will not vary significantly from a short time interval of
the next sample., This simply means that self stationarity of individuai
records can be accepted as stztionarity of the random process from which the
sample records were taken.

The second assumption is that verification of weak stationarity is suffi-
cient. If this assumpticn is accepted, stationaritv can be verified using
only the mean value and the autocorrelation function of the sample record.
Two reasons make this assumption accaptable. Power spectra and autocorre-
lation analvsis do not require more than weak stationarity to be valid and
random data will generally be strongly stationarv if weakly stationary. For
the case of data with a ncrmal probability density function, weak stationary
data are strong stationary data since all higher order statistical properties
of normal data are determined bv the mean value and autocorrelation fuanction.

The third assumption is that the sample record to be investigated is long
compared to the random fluctuations of the data time history. In effect, the
sample must be lengthy enough to permit long term trends to be differentiated
from the time history fluctuations.



A fourth important assumption is that if the variance cof the sample data
record is stationary then the autocorrelation function is also stationary.
This assumption which is somewhat less dependable than the first three
assumptions simplifies the testing procedures and is usually valid since
it is highly unlikely that nonstationary data will have a time varying auto-
correlation function for any time displacement t without the value at 1 = 0
varying. Since the variance equals the autocorrelation function at <t o,
the variance rather than the entire autocorrelation function is used.

[}

With these assumptions, the stationarity of random data can be verified
using only the mean and the variance of the sampie data record. These assump-
tions are verified in the following section by examining power spectral
density functions, autocorrelaticn functions, probability density functioas,
mean values and variance values for selected flight test and wind tunnel
data points.

Verification of Random Stationary Data

Statistical data analvses were made to: (1) verify the use of the pres~-
sure variance and the mean pressure values to determine if data are randoa
stationary, (2) verify the flight test data to be stationary random for
relatively short analysis times and (3) illustrate the differences between
stationary random data and periedic (deterministic) data.

Otie vf the most extreme flight test conditions, Mach number 1.6 at angle
of attack of -4 degrees and sideslip angle of 0 degrees, was selected to
verify the assumptions for stationarity of random data. This test condition
required a transient flight mareuver, shown in Figure 8, to obtain the desired
flight attitude. The test condition was obtained by a pull-push maneuver and
the aircraft was on condition for approximately 0.6 seconds as nored in Figure
15, 1If this data point, with the underlying assumptions for statjonaritv
exhibits the properties of stationarv data, the assumptions for stationarity
should also be valid for the wind tunnel data and one "g" flight conditions.

The power spectral demsitv function (PSD) of Figure 2]1(a), generated
using data for the flight test condition from Figure 8, exhibits the sane
frequency characteristics of wide band random noise typical of random sta-
tionary data, per Reference (6). In contrast, the PSD function of Figure
21(b) shews periodic data with discrete frequency spectra of approximately
9, 18, 27, 39, 45 and 54 Hertz. This corntrast of the PSD functions empha-
sizes the pressure data randomness (no discrete frequency spectra) of the
selected flight test condition.

The autocorrelation functions for the two flight test conditions are
presented in Figure 22, The autocorrelation function of Figure 22(a) shows
no correlation for the inlet rake pressure probe L6R3 at the engzine face.
This is tyvpical of random data, and very rapidly approaches 2 constant value
as a function of lag time wnich also is typical of stationary data, there-
fore the data again exhibits the properties of stationarv random data. For
the periodic data of Figure 22(b), almost perfec: correlation is obtained
for the same prassure probe location as used for the random data analvsis.
The elapsed times between the peak correlations for the pressure probe of
Figure 22(b) are 0.111 seconds which correspond to the fundamental frequency
of 9 Hertz obtained from the PSD function. As expected, the autocorrelation
function does not approach a constant value.
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The probability density functions for the random and periodic data sets
for the same pressure prote used in the comparisons of the PSD and autocorre-
lation functions are plotted in Figure 23. Even though only a limited number
of pressure dara are available, the random data set are seen to approach a
normal distribution and the periodic data set are seen to approach a sine
wave distribution as expected. Since the random data is approximately nor-
mally distributed, the higher order statistical properties will be stationary
since the autocorrelation function (variance when using the fourth assumption
as described above) and the mean are stationary.

The time history values of freestream total pressure, instantaneous probe
pressure L6R3 and the associated mean and variance values are presented in
Figure 24 for both the random and periodic flight test data sets. The
time history mean and variance values can be seen to be statiomary for the
random data of Figure 24(a), whereas the time history mean and variance
values of Figure 24(b) are periodic as expected for the periodic data.

The statistiral functions used to prove random statiomarity for the flight
data have also been used to verify random statiomarity for the wind tunnel
data. Taese statistical functions are presented in Figure 25 thrcugh
Figure 30 for data collected using the full scale model with engine, the
full scale coldpipe model (without engine) and the 1/6th scale inlet model.
High frequency spikes occurred in some of the wind tunnel PSD plots as shown
in Figures 25a, 27a and 29a. The cause of these spikes is unknown, however,
the frequency at which they occurred is significantlv above the frequency of
interest for this study. The normalized autocorrelation function of Figure
27 shows a bias or offset of approximately -0.2. The cause of the offset is
unknown, but the level of correlation is insignificant. These two discre-
pancies have no impact on this study. The time historv plots of instantanecus
pressure, of mean pressure and of the pressure variance for selected probes
trom each of the test conditions listed in Figure 19 are presented in Appen-
dix C.

In summary, representative data from the complete data matrix have been
st.own to be random staticnary. In addition, assumptions have been verified
that allow random stationary data to be demonstrated using only the time
averaged mean and variance of the pressure values.



INTERPOLATION PROCEDURE

One of the primarv considerations in establishing the study base was
identifying test conditions with comparable engine airflows for each test
article., Since actual inflight engine airflows could not be predicted for
every combination of Mach number and altitude combination during the develop-
aent phase of the inlet, the data collected during the wind tunnel testing
and the data collected during flight testing generally have different engine
airflow values even though the geometrical configurations are identical.
Significant differences in distortion level can occur not only because of the
differences in the total pressure contours at the engine face, but also as a
result of significant changes in the engine related weighting factors which
are a function of engire airrlow.

As an example, the effect of filter cutoff frequency on fan distortion
and turbulence is illustrated in Figure 31 where the airflow for each data
point of the test condition is ditfferent. These data are not directly com-
parable since each curve is for a different airflow. Therefore, to illustrate
the effect of engine airflow, the data with filter cutoff frequency of 170
HYertz are plotted in Figure 32 as a function of corrected engine airflow for
each of the three test articles. Since only ome airflow level (78.9 percent)
is available for the flight data, the full scale cold pipe data and the full
scale with engine data have to be interpolated and extrapolated respectively
to obtain comparable distortion and turbulence values. Note that the full
scale cold pipe far distortion levels at 78.9 percent engine airflow are
significantly higher than those of the other two test articles.

In general, the circumferential and radial components of fan distortion
are well behaved functions of airflow. Since fan distortion is not oalv
dependent on these descriptors but also on the radial distortion weighting
factor wiich is not a well behaved ifunction orf airflow (as discussed above),
fan distortion is not expected tc be a well behaved functicn of airflow.
Therefore, interpclation of circumferential and radial distortion data is
technically feasible wnereas interpolation of fan distortion is questicnable.

A technique involving linear interpolatiom/extrapolation of circumfer-
ential and radial distortior data was developa2d for this study. The inter-
polated values are used together with the appropriate radial distortion
weighting factor as a function of engine airflow to define fan distortion
vaiues at constant engine airflow. The solid svmbols of Figure 33 were
compuied using this technique. Ia the engine airflow range of 82 percent, the
interpolated values of fan distortion strongly reflect che characteristic
variation of the radial distortion weighting factor with airflow, as might be
expected. However, comparison of the differences between the distortion
levels (#0.%4) at 78.9 percent for the three test articles and of the screening
curve, Figure 17, distortion level (8.3) illustrates that the differences
are relativelyv insignificant.

The results of interpolating the fan distortion and turbulence at all
frequencies for 78.9 percent engine airflow is shown in Figure 34. For a
constant tilter cutoff frequency, increasing zurbulence correlates with in-
creasing fan distortion, and for a particular test article increasing the
filter cutoff frequency increases both fan distortion and turbulence.



Interpolated/extrapolated fan distortion values with respect to airflow
have been computed using this technique throughout the study to make direct
data comparisons when comparisons at identical airflows are not available,



ENXGINE PRESENCE EFFECT ON DISTORTION LEVELS

The data for this study are unique since there are limited sets of
data where the same inlet has been tLested both with and without an engine.
The effect of the engine installation was evaluated for the test conditions
shown in Figure 35. Sixteen data points for supersonic flight conditions
were used to establish the five test conditions for evaluation.

The inlet models used to generate the data are the full scale with
engine (FSE) and the full scale cold pipe (FSCP) which in effect is the
same inlet model tested with and without an engine. Therefore, the inlet
geometrical configurations are identical for these test conditions with

the axception of bypass door areas which differ for two test conditions as
noted in Figure 35.

However, the bypass area differences were only significant for the
Mach 2.2, a = -2° test condition, therefore only this coundition was elimin~
ated from the comparisons to determine engine presence effect. In deter-
mining the effect of engine presence on distortion level, the following six
items were investigated: (1) steady state and instantaneous pressure con-
tours, (2) power spentral density functions, (3) derived turbulence level,
(4) total pressure recovery, (5) fan distortion descriptor, and (6) mea-
sured turbulence level.

Contour Plots and Power Spectral Density Plots

The crmparison: of steady state total pressure contours, instantan-
eous total pressure contours and power spectral density (PSD) plots with
and without engine are shown in Figures 36 through 45. In general, the
steadyv state total and instantaneous pressure contours compare favorably.
In particular, the steady state contours of Figure 40 are almost identical.
The engine airflow differences between these contours is 1.0 percent. The
smal] differences in the steady state contours of the other comparisons may
be due to small differences in the airflow levels.

Although the patterns for with and without engine are similar for both
steady state and instantaneous pressure contours, one qualitative dirfference
was observed. In Figure 40, the "islands" in the upper right quadrant for
both the steady state and the instantaneous contours tend to be slightly
rotated counter clockwise for the with engine contours, the same rotational
direction as the engine.

The steady state pressure contours are labeled with the static pressure
ratios and their locatioms in Figures 36 through 30. A compilation of these
static pressure ratios is presented in Figure 36 for increasing engine air-
flow for each test condition. In addition, the average hub and average tip
static pressure ratios have been computed for each data point and are plotted
in Figure 47. For these five test conditions, the data indicates that the
engine presence decreases the average tip static pressure ratio relative
to the average hub static pressure ratio. These relative changes in hub and
tip static pressure ratios reflect relative changes in hub and tip duct velo-
cities that are conducive to improved inlet engine compatibility for these
test conditions.



The power spectral density (PSD) plots, with and without engine are
presented in Figures 41 through 45. Additional PSD plots for each of these
data points are presented in Appendix D, and the corresponding auto-correlation
functions are presented in Appendix E. The PSD functions are well behaved
for all the data points and test conditions evaluated.

Turbulence, derived from these PSD plots by integration, is presented
as a function of filter cutoff frequency in Figures 48 through 52 for the
respective PSD plots of this section. The characteristic function of cur-
bulen. e as a function of frequency is consistent and well behaved for these
pressure probes. Turbulence values for every PSD plot of this study were
derived and presented as a function of frequency in Appendix F. No apparent
engine effect was observed for the PSD plots or for their respective integrat-
ed functions.

Pressure Recovery, Distortion and Turbulence

Total pressure recovery, peak time variant distortion and turbulence
values with and without the engine present are compared in Figures 53 and
54. 1In these figures, favorable engine effects are indicated for total
pressure recovery values above and time variant distortion values below
the line of perfect agreement. For each of these three inlet parameters,
the data indicated that the engine has a small but favorable effect.

In summary, a qualitative assessment of the total pressure contours
and power spectral deusity plot comparisons indicates that the "with" and
"without engine'" inlet configuration result in no significant differences.
However, a quantitative assessment of total pressure recovery, peak time
variant distortion and turbulence level ccmparisons indicate a small but
favorable effect of the engine installation. In addition, the data indicate
that the engine presence decreases the average tip static pressure ratios
relative to the average hub stetic pressure ratios.
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REYNOLDS NUMBER/SCALE EFFECTS ON DISTOKTION,
PRESSURE RECOVERY AND TURBULENCE

To evaluate the effect of Reynolds number/scale on peak time variant
distortion, steady state distorticm, total pressure recovery, spatial dis-
tortion and turbulence, 62 data points were utilized from a tocal of 82 for
the study. The respective test conditions for the 62 data points are shown
in Figure 55. The Reynolds number/scale evaluation was conducted using
time variant data filtered at 170 Hertz for full scale data and at 1040 Hertz
for 1/6th scale data. The Reynolds number/scale values are computed by
multiplying the Reynolds number per foot values obtained from the test
conditions by one fcot (unit characteristic length) for full scale data and
by 1/6th foot for the 1/6th scale data.

In gemeral, the range of Reynolds number/scale values for each of che
test articles are shown in the following table. An F-15 flight envelope
as a function of Reynolds number/scale and Mach number is shown in Figure 56.

Inlet Model Reynolds Number/Scale
1/6th scale 0.2 x 10% - 0.4 x 10°
Full Scale Cold Pipe (ESCP) 1.2 x 10% - 1.5 x 10°
Full Scale With Engine (FSE) 1.2 x lO6 - 3.6 x 106
Flight 0.8 x 10° - 3.6 x 10°

Plots cf total pressure recovery, turbulence levels, peak time variant
distortion values and time variant spatial distortion (at peak time variant
distortion) as a function of Reynolds number/scale are presented in Figures
57 through 82. 1In addition, steady state fan distortion data and steady
state spatial distortion data are shown as solid symbols and exhibit the
same trends as che corresponding time variant data. The majority of the data
show the expected trends of increasing total pressure recovery and decreas-
ing peak time variant distortion and turbulence with increasing Reynolds
number scale. Time variant spatial distortion was evaluated at the sw.me tine
frame at which the peak time variant distortion level occurred and shows no
consistent trend with increasing Reynolds number/scale.

The data trend of increasing pressure recovery and decreasing fan dis-
tortion and turbulence as a function of increasing Reynolds number/scale does
have some inconsistencies, exawnples of which are shown in Figures 58 and 62.
The discrepancies occur in comparing 1/6th scale inlet data at low Revnolds
number/scale values (.2 - .45 x 106) to full scale inlet data (either flight,
FSE or FSCP) at low Rev-olds number/scale values (approximately 1.5 x 106).
These discrepancies do not occur when comparing 1/6th scale inlet data at
low Reynolds number/scale to full scale data at large Reynolds number/scale
values (5.5 x 106). The discrepancies noted represent only a small percent-
age of the data evaluated for the effect of Revnolds number/scale and may
be due to several possible factors.
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Peak time variant distortion is a statistical parameter since it is
computed from random stationary time variant pressure data. The peak value
for a given time segment may not repeat itself exactly, but may fall into a
range of values for the specified time segment. Therefore as the range of
Reynolds number/scale values is reauced, the variation in the peak distortion
values for a given time segment may overshadow the change in peak time
variant distortion for small changes in Revnolds number/scale values. Note
that the discrepancies did not occur for large differences in Reynolds number/
scale values. In addition, the discrepancies in the Reynolds number/scale
data trend occurred for comparisons of 1/6th scale inlet data and full scale
inlet data. While these two sets of data were acquired with identical rake
configurations, different dynamic probes and different data acquisition
systems were used.

In summary, the data exhibits a definite trend as a function of Revnolds
number/scale, i.e., increasing total pressure recovery, decreasing peak time
variant distortion values and decreasing turbulence levels as a function of
increasing Reynolds number/scale. The time variant spatial distortion value
take.. at peak time variant fan distortion did not correlate with the peak
time variant fan distortion value.
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FREQUENCY CONTENT EFFECT ON DISTORTION AND TURBULENCE

The test conditiuns and the thirty two associated data points used to
deternine the effect of frequency content on peak time variant fan distor-
tion, turbulence level and time variant spatial distortion values (at peak
time variant fan distortion) fo. variou., values of Reynolds number/scale are
shown in Figure 83. For each test condition, the data were evaluated at the
engine corrected airflows listed in Figure 83.

To relate frequency content to peak time variant distortion, the analog
pressure data were filtered at sealected filter cutoff frequencies, and peak
time variant fan distortion, turbulence and spatial distortion were calcu-
lated and plotted as a function of the filter cuitoff frequencv. The filters
used for this study were the adjustable four pole Bessel filter: described
in Figure 11. The full scale filter cutoff frequencies were selected to be
both greater than and less than the P&WA specified engine filtering frequency
of 170 hertz. The 1/6th scale filter cutoff freaquencies are scaled to match
the full scale filter cutoff frequencies using the frequency scaling criteria
of Reference (2). The {ilter cutoff frequencies used for full scale pressure
data were 45, 100, 170 and 500 hertz, and the filter cutoff frequencies used
for the 1/6th scale pressure data were 275, 615, 1040 and 3070 hertz. The
frequency content effect on fan distortion, turbulence and spatial distortioa
for the 1/6th scale test is plotted as a function of the egquivalent full scaie
filter frequencies to simplify the comparisons between the 1/6th scale and
-ull scale data. To accurately represent these data digitally, the analog
pressure signals were sampled at approximately five times (or greater) the
appropriate filter cutoff frequency. The sampling rates varied from 270
samples per second to 21,000 samples per second, and these rates are listed
in Figure 11 for each of the respective filter cutoff frequencies.

t% Filter Cutoff Frequency Effect

Increasi filter cutoff frequency is seen to ..crease peak time vari-
ant distortion as shown in Figure 34. This effect of filter cutoff trequency
on peak time variant fan distortion and turbulence ic expected if a phyvsical
understanding of the frequency content is recognized. A power spectral
densitygplot is shown in Figure 84a, with dependent and independent parametars
of APZ{THz and frequency respectively. The area beneath the curve from zero
frequency to a selected "cutoff" frequency is proportional to turbulence.
Since turbulence is proportional to the area beneath the PSD curve, the larger
the cutoff frequency for a particular pressure probe tha large the turbulence
as shown in Figure 84b. This same logic follows f{or peak time variant fan
distortion values. Since time variant distortion is calculated usiug time
variant pressureﬂgﬁncreases in time variant pressure variance (increases in
turbulence) increase the probability of larger peak time variant <istortion
values with increasing cutoff frequency.

Peak time variant fan distortion increases as filter cutoff frequercy
is increased, but the peaks do not necessarily occur at the same segment time.
This effect can bLe seen in Figure 85 where time history traces of time varian
d#- ortion for cutofi frequencies of 45, 100, 170 a- d 500 Hertz are shown for
data point 43. Time history traces of time variant distortion are shown in
Appendix G for all of the data points in this section. The time history data
traces include 100 milliseconds of 1/6th scale (600 milliseconds for full-
scale data) time variant distortion data and the peak distorticn level.
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Peak time variant distortion, turbulence and spatial distortion data
are presented as a functicn of full scale filter cutoff frequency in Figures
86 through 93. The curves for turbulence pass through zero turbulence at
zero cutoff frequencv. This simply implies that at zero frequency response
the time variant pressure (witl. no variance) is equal to the steady state
pressure. Similarly, the time variant distortion value at zero frequency
response is equal to the steady state fzn distortion. The steady state fan
distortion levels are denmoted bv solid symbols in the plots.

For all test conditions, iacreasing filter cutoff frequency increased
both the levels of peak time variant fan distor:ion and turbulence. For
all but one test condition, the test article with the highest turbulence alsc
has the highest distortior level for a given filter cutoff frequency. The
time variant spatial distortion data at peak time variant fan distortion did
anot indicate any correlating properties with ;eak fan distortion. The plotted
values of spatial distortion appear to occur randomlv zbout the steady state
ievel.

Combined Effecz of Filter Cutoff Frequency and Revnolds Number/Scale

The effect of Revnolds aumber/scale on peak time variant fan distortion,
turbulence level and spatial distortion is shown in Figures 94 through 101
€or constant levels of filter cutoif frezuency. The trend of decreasing
turbulence level and decreasing peak time variant fan distortion for increas-
ing Revnolds number/scale is similar to that shown in the section for Reynolds
auxber/scale effects. This trend in the data appears to be consistent Zor
levels of Zilter cutofif frequency. Since much of the same data is
lized here as in the Revnoids number,/scale anaiyvsis, some of the same dis-
epancies occu.. Since they were discussed in the previnus section, they
are not reiterated here.
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In summary, turbulence level and peak time variant faan distortion in-
crease as filter cutoff frequency is increased. This data trend is main-
tainred when evaluating turbulence level and peak time variant distortion as
a function of Revnclds aumber/scale for constant filter cutoff frequency.
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PEAK TIME VARIANT FAN DISTORTION PREDICTIONS

The primary objective of this analysis was to compare the predicted most
probable peak distortion values as computed by Melick's procedure to the mea-
sured peak time variant distortion values. Melick's procedure was developed
under NASA Contract NAS2-6901 and is described in detail in Reference (1).

The necessary inputs to Melick's procedure, an evaluation of the dis-
tortion prediction capability and an assessment of the hypothesis used in
developing the procedure are described below.

Inputs to Melick's Procedure
The necessary inputs to Melick's procedure are:

o Unfiltered turbulence for each of the dymamic probes to be used
in the prediction (each data point was evaluated using unfiltered
turbulence levels for all 48 dynamic probes),

o Ratio of filtered mean square pressure variation to unfiltered
mean square pressure variation for each of the dymamic probes
to be used in the prediction (each data point was evaluated using
mean square pressure ratios for all 48 dynamic probes),

o Filter cutoff frequency for the filtered mean square pressure varia-
tion,

o Airflow velocity at the engine face, normalized dynamic pressure,
(q/Ptz) at the engine face and engine cutoff frequency, (fc/o) eng,

o Reference radial profile, radial distortion weighting factor, and
analysis time,

o Steady state total pressure array at the engine face and the
average engine face static pressure ratioed to freestream total
pressure.

Measured and Predicted Peak Instantanecus Distortion Value Comparisons

The data points used to evaluate Melick's procedure are shown in
Figure 102. This data set is composed of two sets of data, one with nominal
average turbulence with no engine srails and one with a high level of average
turbulence such that an engine stall occurred for each data point. The com-
parison of measured peak time variant distortion values and the predicted
most probable peak distertion values for the data with nominal turbulence
levels and no engine stalls is shown in Figure 103. The average error for
th: predicted data is 11.3 percent. The comparisons of measured peak time
variant distortion values and the predicted most probable peak distortion
values for the data with high turbulence levels and engine stalls is shown
in Figure 104. The average error for the predicted data is 20 percent with
the maximum error approaching 40 perzent. Note that the predicted distortion
levels are lower than the measured distortion levels for all test conditions
for the distortion data with high turbulence levels.
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Vortex Diameter and Cross Correlatior Coefficient Comparisons

Melick hypothesized in Reference (1) that inlet turbulence results from
a random distribution of discrete vortices being convected dowmstream by the
mean flow, and in Reference (7), that the cross correlation coetficient (at
zero laz time) between two dynamic probes is a function of the probe spacing
normalized by the vortex radius for these set of random vortices. To in-
vestigate these hypotheses for every pressure probe at the engine face would
incur an exorbitant data reduction cost. BHowever, Melick indicates in Reference
(1) how the mean vortex position can be found, therefore allowing judicious
selection of probes to be cross correlated. The procedure rfor finding the
position of the vortex, an example of its use, and an investigation of Melick's
hypothesis regarding the presence of vortices are discussed below.

Using the steadv state total pressure data at the engine face, the rake
legs having the minimum and maximum total pressure recovery are determined.
If these two legs divide the engine faca iato two urequal circular segments,
the vortex should be found in the smaller circular segment midwayv between the
two legs. If the two legs with minimum and maximum total pressure recovery
divide the engine face into two semi-circles, the vortex should be found =id-
way between the two legs in the semi-circle with lowest overall pressure
recovery.

An example of how the probes were selected for computing cross correla~
tion functions uses the steady state total pressure contour shown in Figure
105. The rake legs with minimum and maximum total pressure recoverv pracket
the circumferential section of interest and are noieé¢. The prcbes are
selected on the rake leg apnroximately midwav within the designzted circum-
ferential sector. The circumferential section and rake leg iocation is aoted
in Figure 105. C(Cross correlation functions for the sclected prches are pre-
sented in Figures 106, 107 and 108, and the peak correlation coefficients
between tle orobes are noted in each figure. Cross correlation functions
for each of the data points evaiuated (wirhout engine stalls) are presented
in Appendix H and the respective cross spectral dersitv plots are 2resented
in Appendix I.

Using Melick's hypotheses of References (1) and (7) as previously dis-
cussed, the values of the computed vortex radius using Melick's amalysis
and the Cross Correlation Coefficieats (at zero lag time) derived from
measured pressure data are presented in Figure 109 for selscted probes lo-
cated in the region of the hypothetical random vortices. Using Melick's
analysis, Reference (7), the cross correlation coefficients were derived that
correspond to the computed vortex radius and probe spacing for each of the test
conditions of Figure 109. The derived cross correlation coefficients anc the
measured cross corrcelation coefficients for each se:t of probes have been
tested for similariry using the Chi-Square Test. Acceptance of the null
hypothesis (H,: derived cross correlation coefficient = measured cross cor-
relation coefficient) would confirm the existence of a random set of vorvices
and would confirm the rfiuid dvnamic model (Melick's analvsis) representing
the random set of vortices. However, the data for the test conditions cor-
responding to Figure 109 indicate that the null hypothesis can be relected
with amore than 99.95 percent probability, i.e., Probab.lity (derived cross
correlation coefficient # measured cross correiation coefficient) > .9995.



However, the evaluation of these statistical data is ianconclusive as to the
determination of the existence or non-existence of a liscrete set of random
vortices. It is possible for the vortices to exist and the mathematicai
relationship between the vortex radius and cross correlation co=fficient to
be inaccurate, therefore vielding low probability of similarly between the
measured and derived cross correlation coefficients.

In summary, Melick's procedure predicted peak distortion values to
within 11.3 percent average error for fourteen data points havirg an average
turbulence of 0.0155 and to within 20 percent average error for eight data
points vhere engine stalls had been induced having an average turbulence of
0.109. The procedure is inaccurate for test conditions with high levels of
inlet turbulence. The derived and measured cross correlation data is incon-
clusive as o the determination of the existence or non-existence of a dis-
crete set of randem vortices. If the vortices are present, then the theory
for mathematical modeling of the vortices is inaccurate, and if the mathe-
macical model of the vortices is correct, then the vortices are ncn-existent.
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ENGINE STABILITY AUDIT EVALUATION

P&WA has established a stability audit system for the F100 engine which
has been successfully used throughout the F-15 development program. The capa-
bility of the P&WA stability audit procedure to predict Fl00 engine stalls was
evaluated for the ten flight conditions of Figure 110. Engine stalls were
induced during the NASA F-15 Inlet/Engine Compatibility Flight Test Programs
by positioning the inlet ramps to an off-design position, thereby artificially
creating high inlet disrortion levels. Ducing this test program, aircraft
instrumentation was installed to accurately measure inlet distortion and
pertinent engine parameters necessary to conduct stability audits.

Stabilicy Audit Procedure

The F100 engine stability audit procedure was developed to predict fan
and high compressor stability level for steady state operation from idle to
maximum augmentation. In addition, it can also be used to predict fan and
high compressor stability levels for normal augmertor transients within in-
termediate power to meximum augmentation powver setcing. The engine audited
in this study is an F100 (2 7/8) engine with Serizl Number P690063. The F190
{2 7/8) engine ccmpression system components consist of an Improved Stability
Fan (ISF) with a -25° to -5° inlet guide vane schedule and an Advanced Aero-
dvnamic Compressor (AAC) with a Scheme VII inlet guide vane schedule.

An engine matching precedure was established which matched FiQ0 (2 7/8)
data obtained during sea level tests, flight tests and simulated ground test-
ing at AEDC. Sufficient instrumentation was available during the NASA F-15
Inlet/Engine Compatibility Test Program to ottain complete engine match points
for the stability audits by matching the following measurands with the engine
matching procedure. The procedure then provided precictions fcr any other
raquired parameters.

522 A Fan inlet average total pressure
T:z ~ Fan inlet average total temperature
Nl " Low rotor speed

CIwWw ~ Fan inlet guide vane angle

Pt6 /Pt2 » Engine pressure ratio
m

RCWV ~ High Fressure Compressor (HPC) inlet guide vane angle

The surge line destabilizing influences accounted for in the stability
audit include Revnolds number, engine-to-engine variations and inlet distor-
tion as shown in Figure 111. Operating line destabilizing infiuences accounted
for include distortion rematch and augmentor combustion anomalies.

The surge line destablizing influences appiied to the highest available
surge line (Point A) are shown in Figure 111. These influences include Rey-
nolds number (Point B), engine-to-engine variations (Point C) and inlet dis-
tortion (Point D). The operating line destabiizing influerces applied to
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the original match Point 1 are aiso shown. These include distortion rematch
(Pcint 2), augmentor blowout (Point 3) and augmentor reignition (Point 4).
After accounting for all destabilizing influences, the stall margin remaining
is determined by subtracting the final operating pressure ratio from the final
surge pressure ratio and normalizing this with the highest available surge
pressure ratio, e.g. (PRD - PRA)/PRA'

Surge line losses due to Reynolds number effects are based on a correla-
tion of surge line loss versus Reynolds number for various engiaes including
the F100. These losses were applied to fan and HPC undistorted surge lines
previously obtained f£rom numerous rig and engine tests. The surge line loss
attributed to engine-to-engine variation was audited at one percent for both
the fan and high compressor.

The surge line loss due to inlet distortion was based on time variant
distortion measured with the 48 probe engine face rake. Fan and HPC sensi-
tivities to inlet distortion have been previously determined from F100 rig
and engine tests. Peak time variant distorticn values were determined using
an analog distortion calculator to "flag" maximum time variant distortion
levels for non-stall test conditions. For test conditions with engine stall,
values occurring 8-20 milliseconds prior to the engine stall were used for
the audits.

The destabilizing effect on fan and high compressor operating lines due
to distortion rematch was 1% and 0% respectively as determined from data
collected during previous engine testing.

For sor. of the test conditions where engine stalls were inducad by
fully extending the third ramp actuator an augmentor anomaly (blowout and
reignition) would occur. The effect of this anomaly on the fan operating
iine has been determined from measured engine parameters and factored in‘to
the stabilitv audits of this study.

Induced Stall Procedure

The data fer the induced engine stalls were obtained om a T100(2 7/8)
test engine with Serial Number P690063 which was mounted in the left hand
side of Aircraft Number 71-028l. Stalls were induced bv mznually extending
the left inlet third ramp actuator shown in Figure 2 bevond the scheduled
position.

Extending the inlet third ramp actuator bevond the scheduled position
results in a smallier inlet throat area which significantly reduces total
pressure recovery and increases fan distortion factor, K;, as shown in
Figure 1i2. XNote the reduction in total pressure recoverv and increase in
distortion which occurs relative to normal third ramp scheduling (53 = 11°).
This total pressure reduction brings about an increase in the effective
pressure altitude at the engine face. The "as tested" altitude and Mach
number for each of the stability audit points as well as the engine face
effective pressure altitude is shown in Figure 113,
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Stability Audit Test Conditions

The ten test conditions of Figure 110 were selected to provide represen-
tative stability audits throughout the F-15 flight envelope. Engine stalls
vere induced for eight of the ten test conditions by fully extending the third
ramp actuator. The Mach number range for these eight test conditions is 0.4
to 1.2. The remaining two test conditions are for Mach number 1.6 and 2.0.
For flight safety reasons, engine stalls were not induced at the high super-
sonic Mach number flight conditions. The instrumentation pertinent to mea-
suring time variant fan distortion and for detecting the stalling component

(fan and high pressure compressor) and augmentor instabilities is shown in
Figure 11l4.

During the process of inducing engine stalls on engine P6900€3, augmentor
combustion anomalies occurred for three of the ten test conditions. For Data
Points 3, 4 and 16, augmentor blowouts occurred and were followed by stalls
{induced by augmentor reignition pressure pulses. The augmentor blowouts
occurred because the augmentor was operating outside the design envelope.

This occurred because the repositioned inlets ramps reduced the engine face
total pressure to a level corresponding to an altitude outside the design
envelope, as shown in Figure 113. The stability audit can accournt for the
eifect of augmentor blowout and reignition on the fan operating point by using
the fan discharge high response probe data.

Upon examining the time history traces of fan distortion, it was found
that the fan would, for some test conditions, tolerate distortion lavels
higher than those that finallv stalled the fan. As the total pressure at the
engine face was reduced, due to third ramp actuator extension, the engine
operating pressures were reduced and the fan would match to a lower operating
fan pressure ratio, thereby allowing tolerance to higner distortion levels.
As the engine control system matched the fan back up to the normal cperating
fan pressure ratio, a peak distortion level would be encountered of sufficient
level to stall the fan, thereby explaining the engine's temporary znlerance
to higher than stalling distortion levels. These fan operating point excur-
sions are depicted on a fan map in Figure 115.

Stability Audits

Five stability audits representstive of the ten audits conducted are
presented in the set of Figures 116 through 120. The audits for the remain-
ing five test conditions are presented in Appeadix J. The first figure of
each set presents data traces of fan discharge high response pressures, fan
inlet high response pressure and inlet third raamp actuator position at the
time of the stall point audited or for the time at which peak distortion
occurred during a non-stall point. The second figure of each set indicates
the peak distortion value selected just pricr to stall or the peak value
during the event for a no-stall point. The third figure of each set presents
the fan inlet pattern audited for each flight point, and the fourth figure
of each set presents the fan and HPC stability audit results for each test
condition.

For the fan and HPC stability audits, the corrected airflows presented
were converted from the engine value to an equivalent fan and HPC "rig basis'.
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Stability audits are conducted on this basis since the original stall margin
loss and distortion correlations were established from rig data. Stability
audits for five of the ten test conditions are discussed below.

Stabilitv Audit (Mach 0.39, Altitude=7610m, WAT2=104.1%, I.D.=2) - A fan
stall during steady state augmentor operation with the third ramp actuator
fully extended is illustrated in Figure l16a. An audit of the peak distortion
just prior to stall (see Figures 116b and 1l6¢) indicate a negative 6.2 percent
fan stall margin and a positive 18.3 percent HPC stall margin remaining as
shown in Figure lléd.

Stability Audit (Mach 0.52, Altitude=10960m, WAT2=107.1%, I1.D.=3) - A
rumble induced augmentor blowout followed by an augmentor auto-ignition re-
light, which induced a fan stall with the third ramp actuator full exteaded
is iilustrated in Figure 1ll7a. An audit of the peak distortion prior to surge
irom Figure 117b indicates stable fan operation after the blowout but prior

’

to augmentor reignirion. Once reignition occurs, a negative 27.4 percent fan
stall margin is shown in Figure 117d along with 14.7 perceat positive HPC stall
margin remaining. The augmentor blowout and reignition effects on the fan
operating point were determined from the fan discharge high response pressure

probe traces.

Stabilitv Audit (Mach 0.85, Altitude=107ém, WAT2=104.2%, I.D.=15) - A
fan stall during steady state augmentor operation with the third ramp actuator
fully extended is illustrated in Figure 118a. Fan stability audits of the
nighest non-stall distorticn, as well as the peak stall inducing discortion,
from Figure 118b are presented in Figure 118d. The non-stall case indicates
+0.6 percent positive fan stall margin remaining while the stall case indicates
a negative 6.4 percent fan stall margin. The HPC stability audit is shown in
Figure 113¢ and indicates a positive 13.0 percent HPC stall margin remaining.

Stabilitv Audit (Mach 1.2, Altirude=11220m, WAT2=98.37, I1.D.=34) -A fan
stall during steadv state augmentor operation with the third ramp actuator
fullv extended is illustrated in Figure 119a. An audit of the peak distortion
prior to stall from Figure 119b indicates a negative 3.1 percent fan stall
margin and a positive 16. percent HPC stall margin remaining as shown in
Figure 119d.

Stabilitv Audits (Mach 1.6, Altitude=18470m, WAT2=89.3, I.D.=44) - High
response pressures and inlet third ramp actuator positon at the time of peak
distortion are illustrated in Figure 120a for this test condition. This was
3 supersonic aon-stall event with the engine power set at maximum augmentation,
and the inlet third ramp automatically scheduled to its ncrmal position. The
peak distortion factor shown in Figure 120¢ was audited and the results are
shown in Figure 120d. The audits indicate a positive 22.4 percent fan stall
margin remaining and a positive 17.0 percent HPC stall margin remaining.

Screening Curve Verification

The levels of distortion values for which a stall mav occur for the F100
(2 7/8) engine are shown in the distortion screening curve of Figure 121. It
is a screening curve in the sense that the values from this curve are not to
be used as distortion limits for engine stall, but when an inlet distortion
level for a particular airflow exceeds the comparable value from the screening
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curve, additional analysis should be conducted to determine if there is any
remaining engine stall margin for the particular test condition. The fan
distortion levels for the audited test conditions are plotted on the screeniag
curve of Figure 121. For the eight test conditions where engine stalls were
induced, the distortion levels lie above the line in the region of predicted
stabilicty problems and the distortion levels for the two no stall test condi-
tions lie below the screening curve in the region where stable operation is
predicted. These results lend credibility to both the stability audit system
and the screening curve.

Identification of Stall Inducing Distortion Peaks

For each of the stall points audited, the peak time variant distortion
value just prior to the stall was chosen as the level which induced the stall.
For each test condition evaluated, the data record time at which the peak dis-
tortion and the engine stall occurred are summarized in Figure 122, and the
elapsed time from the beginning of the distortion data record to the engine
stall is presented. The elapsed time from the audited peak distortion to the
stall point, as indicated by stall overpressure, ranged from 8 to 20 milli-
seconds for all events. Numerous studies have indicated that this is the
time interval magnitude required for the peak distortion pressure wave to
travel from the instrumentation plane to the engine stalled compression stage,
for the stall to occur, and for the stall overpressure to return to the instra-
mentation plane.

In summary, evaluation of the stability audit system indicates that suf-

ficient technology exists to successfully pradict inlet/engine compatibility
status during the early phase of the inlet/engine development programs.
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CONCLUSIONS AND RECOMMENDATIONS
Conclusions

The following conclusions can be drawn from the results of this pro-
gran:

0 Peak time variant distortion values from subscale inlet model wind
tunnel tests are representative of those from full scale flight
test aircraft.

o The time variant pressure data are random stationary data, thereby
allowing valid statistical analyses to be conducted.

o The effect of the engine presence on total pressure recoverv, peak
time viriant distortion and turbulence level is small but favorable.

o The Reynolds number/scale evaluation indicates a general trend of
increasing total pressure recovery, decreasing peak time variant fan
distortion and decreasing turbulence level as a function of increas-
ing Reynolds number/scale.

0 The frequency content evaluation indicates that peak time variant
fan distortion and turbulence level increase as a function of in-
creasing filter cutoff frequency for all of the data evaluated
in this study.

o The capability of the Pratt & Whitney Aircraft stabilitv audit svsten
to predict engine stalls has been verified for both stall and non-
stall flight test conditions.

0 Predictions of peak distortion values using Melick's procedure
are accurate to 1l1.3 percent average error for fourteen data points
having nominal turbulence levels and are accurate to 20 percent
average error (the maximum error approaches 40 percent) for eight
data poins - having high turbulence levels.

Recommendations

Based on the results of this program the following recommendation is
made:

0 A statistical studvy should be made to evaluate the properties of the
time variant distortion data. Specificallyv the distribution and
variance of the peak time variant distortion values should be
investigated as a function of analvsis time tc further aid in the
interpretation of the data for this study.
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FIGURE 1
COMPARISON OF TEST ARTICLES FOR FLIGHT TEST. FULL SCALE INLET
WIND TUNNEL TEST AND 1/6th SCALE INLET WIND TUNNEL TEST
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\-COWL ROTATION PIVOT
THIRD RAMP

SECOND RAMP

FIRST RAMP
Gr1e-0323-2

Note: Sideplate bleed not shown

FIGURE 2
F-15 ENGINE INLET
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FIGURE 3
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DESCRIPTION

FIGURE ¢
F-15 FULL SCALE INLET WIND TUNNEL MODEL
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FIGURE 5
F-15 1. 6th SCALE INLET WIND TUNNEL MODEL




MODEL
DESCRIPT!ION

o°
s

RAKE LEG TYP

—RAKE NO.

51 '450
92=90°
3= 135°
Oq= 180°
5)5'22'5o
85'279°
99 = 315°
ds’350°

Al 1/6 SCALE INLET MODEL

31 =45°
9= 90°
93 = 135°
4= 180°
9g = 225°
dg = 270°
37 = 315°
g = 360°

Notes:

rHug * 237 cm
r=3N
rp=4.22

r3= 5.09

rg= 583

15 = 6.49

rg= 7.09

rTie = 7.37

ryyg = 14.02cm
ry = 1848

rg= 25.19

r3 = 30.46

rg= 3494

5= 36.91

rg = 4251

Tip = 44.20

View l00king aft at engire compressor face,
O Denotes ¢luctuating pressure locations
X Denotes steady state total pressure location
4 Denotes static pressure location

8 FULL SCALE INLET MODEL AND FLIGHT TEST AIRCRAFT crreane

FIGURE 6
F-15 ENGINE FACE RAKES
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FIGURE 7
EVALUATE QUALITY OF TIME VARIANT DATA SAMPLE FLIGHY CONDITIONS
Mach094 a=—-89% =102 1D Number=19 Flight 421 Run '4

~

ey



TEST

DESCRIPTION
1890 (62 — — T 21
TIME AT WHICH 1
DESIRED FLIGHT .
CONDITIONS \
WERE ATTAINED |
1829 (60) + | 1.9
ALTITUDE |
/?\\ |
1768 (S8) 1 17
e " TR,
MET
ETERS NUMBER
(FT) o |
17.07 (56 15
MACH
|
|
1646 (54) t 1.3
|
i t
1585 (52) ‘11
10 , — 10
A . 1 s
OF f OF
ATTACK 04 ‘0 SIDESLIP
DE t e Dt
¢ - FATTACK [T 5 €6
~10 l L -10
43.09 (900) ~ T
FREESTREAM l L[
TOTAL P‘D
PRESSURE 3352 (700) ,
v N ,
{PSF'
. ]
2394 (500) — L i ‘
o 10 20 30 40
ELAPSED TIME - SEC
FISURE 8
SAMPLE FLIGHT CONDITION
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FIGURE 9

MCAIR FLIGHT TEST DATA MANAGEMENT SYSTEM
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14 CHANNEL
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TIME
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FIGURE 10

MCAIR WIND TUNNEL TEST DATA PROCESSING SYSTEM
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FIGURE 10 (Continued)
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DATA
ACQUISITION
AND
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~ FIEQUENCY
{
10 - ]
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20 4 —— ;
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NORMALIZED FREQUENCY RATIO - f/f./,
GPT-0323-3
FIGURE 11

FILTER ATTENUATION CHARACTERISTICS AND CUTOFF FREQUENCIES



I DATA
ACQUISITION
AND
REDUCTION

A) SUBSTITUTION CRITERIA

INOPERATIVE PROBES

SUBSTITUTION TECHNIQUE

SINGLE PROBES ON RING 2,3,4,9R §

2,30R 4 ADJACENT RADIAL PROBES ON
RING 2 3, 40RS

2ADJACENT CIRCUMFERENTIAL ANDO RADIAL
SIMULTANEOQUSLY

SINGLE PROBES ON RINGS 1 OR 6

ZADJACENT CIRCUMFERENTIAL PROBES ON
RING 1 OR6

GREATER THAN 2 ADJACENT CIRCUMFERENTIAL ON
RING 1 OR 6

3 ADJACENT CIRCUMFERENMTIAL AND 1 ADJACENT
CIRCUMFERENTIAL AND 1 ADJACENT RADIAL

SUBSTITUTE AVERAGE 2 ADJACENT RADIAL PROBES

SUBSTITUTE AVERAGE OF 3 ADJACENT PROBES
{2 CIRCUMFERENTIAL AND 1 RADIAL)

SUBSTITUTE AVERAGE OF ADJACENT RADIAL AND
2 ADJACENT CIRCUMFERENTIAL

SUBSTITUTE AVERAGE OF 3 ADJACENT PROBES
{2 CIRCUMFZRENTIAL AND 1 RADIAL)

SUBSTITUTE AVERAGE OF 3 PROBES ~<IRDICATED
IN FIGURE 128

SUBSTITUTE THE OUTERMOST PROBE PER 5 ABOVE
AND THEN USE SUBSTITUTION PROCEDURE

SUBSTITUTE AVERAGE OF 2 ADJACENT CIRCUM-
FERENTIAL AND 1 ADJACENT RADIAL

B} ENGINE FACE PRESSURE RAKE PROBE SUBSTiTUTION

BAD PROBES

GPTe-0123-200

BOUNDARY
(HUB)

Oa
b O
@9«

Ot
Od

Pb =1/3 (Pa+ Pe + Pd)
Pc = 1/3 (Pa + Pf + Pd)

GPTe-0122-¢

FIGURE 12
PRESSURE PROBE SUBSTITUTION TECHNIQUE
Example Diagram
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DATA
ACQUISITION
AND
REDUCTION 12 o
10 /
8 /
PERCENT
ERROR
IN EAN
DISTORTION
4 /
2 /
0 ,
0 1 2 3

PERCENT ERROR IN PRESSURE

GPT-33-7

FIGURE 13
TYPICAL ERROR IN FAN DISTORTION
AS A FUNCTION OF PRESSURE ERROR
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ACQUISITION
AND
REDUCTION

A) DIGITIZED

1.6

FAN DISTORTION
“b”" FACTOR

1.2

04

0
0 0.1 0.2 0.3 04 05 0.6 0.7
21:12:22.657 ELAPSED TIME - SEC
8) ANALO
2.0 ==y=== ———
FAN DISTORTION E=E
“b” FACTOR
10
Ka,
b
03 0.4
21:22:22.7 ELAPSED TIME - SEC

GP78-0373-200

FIGURE 14
COMPARISON OF ANALOG DISTORTION CALCULATOR AND
DIGITALLY COMPUTED FAN DISTORTION TIME HISTORIES
Mach04 a =164 =—08 p=69 1A3=276
WAT2=104.1% Bypass = O 1.D. Number = 1



DATA BASE

SELECTION
DATA
ANALYSIS
POINT | MODEL & 3 0 A3 % | RENO.
M - - »e
10. |SCALE| "° | (bec) | (DEG) | wea) | oG | BYPASST | warz|, 4g-6| TIME | PART-POINT
(SEC)
NO.
1 FLT { 04 | 164 | -08 | 69 | 276 c ! 144 0.5 424
2 FLT [ 058 | 139 | 09 | 70 | 266 c W 208 0.6 15
3 1 052 | 100 | 07 216 1071 ] 1.33 0.6 4174
4 069 | N5 | 10 265 1042 | 0.84 06 4172
5 1/6th | 060 | -10.0{ 10.0 | -3.0 | 10.6 c 972 | 043 0.144 164-1
6 1/6th | 0.60 | -10.0{ 160 { -3.0 | 10.6 c 9.2 | 043 0.144 164-3
7 FLT | 069 | -84 | 106 | 06 | 105 c 1012 | 140 0.8 42110
(] 1/6th | 060 | 4.0 (] 70 | 108 C 766 | 0.43 0.181 1127
9 16th | 0.60 | 40 0 70 | 106 c 108.56 | 043 0.181 1125
10 FSE | 0.60 | 4.0 0 52 | 100 c 977 | 2.41 1.110 116-2
1 FLT | 067 | 43 | 07 | 68 | 111 c 844 | 358 0.72 4282
12 069 | 34 | 07 | 69 | 11 | 781 | 368 0.76 4255
13 059 | 46 | 12 | 70 ] 111 1079 | 1.74 0.62 a122
14 0.60 4.6 0.6 6.9 110 76.2 1.66 n 424-11
15 FLT {085 | 88 | -05 | 7.0 | 276 c 104.2 | 2.21 0.60 173
16 FLT | 092 | 56 | 06 | 70 | 266 c 1045 | 1.04 0.50 174
17 | t/6th | 090 | -10.0| 100 | -30 | 106 c 702 | 034 0.113 1577
18 ] 1/6th | 090 | -100] 100 { -30 | 106 c 10631 0.34 0.113 1575
19 FLT {094 | -89 102 | 10 | 105 c 1071 16 0.69 42114
20 FSE [ 090 | 40| 0 | -10]| 82 ¢ 978 | .64 1.990 102-2
2 FLT | 090 | -28 | -0.2 | -1.2 | 87 c 975 | 325 1.23 42410
p7] FLT | 093 (-33] 0 | ~12] 86 c 1048 | 117 1.99 4253
23 | 1/6th | 090 | 40 0 70 | 106 c 768 | 034 0.369 679
24 | 16t | 090 | 40 0 70 | 108 C 1043 | 034 0.369 677
25 FSE | 090 | 40 0 73 | 104 c 977 | 362 2.260 126-2
2 FLT (092 46 | 07 | 60 | 110 ¢ 96.2 | 347 0.39 4209
r4) 091 | 52 | 05 | 68 | 111 93.1 | 3.28 1.18 4222
28 092 | 42 | 01 | 70 | MO 761 | 247 134 4215
2 090 | 41 | 05 | 69 | 1.1 986 | 243 1.46 4249
30 090 | 51 | 01 | 70 | 110 1057 | 242 0.69 214
N 080 | 35 [ 02 | 70 | 110 s | 18 2.26 4216
32 090 | 52 | -01 ] 70 | 110 1001 | 1.79 0.70 4217
1 090 | 43 | 02 | 79 | 1 1 l10ss| 130 | 106 4218
*C = Closed GP78-0323-8
**For flight test. these data are flight-run numbers
FIGURE 15
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DATA BASE

SELECTION

UATA ANALYSIS

POINT | MODEL a 3 0 A3 % |RENO.

M BYPASS* - .

10. |scate| ° |(oec | (oec! ! (DEG) | (DEG) WAT2 |, 1g-8| TIME | PART-POINT
NO. (SEC)
YHENEEERE 0 60 | 276 c 983 | 297 0.60 4234
3 | FBLT | 124 30 0 | 67 | 216 c 96.4 | 1.52 0.60 4233
3 | 1/6h [ 1.2 | 100 o 70 | 106 c 76.6 | 045 0.198 1317
37 |16 | 12 |109] o 7.0 | 106 c 1079 | 045 0.198 1315
38 FLT | 118 | 77 03! 718 | 110 c 780 | 122 1.21 12812
39 12 | 74 ! -a1 | 70 | 1 944 | 135 1.19 42413
40 117 [ 106 | 00| 70 ' 1.0 1034 | 140 0.60 42117
X FLT | 154 | 15 0 | -14] 270 | Auvto | 954 | 217 0.60 420.6
42 | 16t | 16 | 40| o | -20] 135 c 87.3 | o2 0.10¢ 206-9
43 | 1/6th | 16 | -40 | 0o | -20| 135 c 96.9 | 0.21 £.106 16-5
4 FLT | 157 | =36 | 07 | -23 | 137 c 83.3 | 148 0.€ .2
45 | 16t | 18 [-20] o | -30 174 c 805 | 022 0.2 53
a6 | 1/6th | 1.8 | -20| 0 | -30| 174 c 91.0 | 022 0.20: 155
4 FLT | 175 ' -26 | 04 | -22 | 167 c 80.7 | 141 1.23 451
48 | FSCP | 18 |20 o0 | -30 | 187 c 75.1 | 145 0.680 353-15
49 1 l -2.0 | -30| | 1 822 | 145 0.680 3525
50 -20 ‘ -30 ' 85.4 | 144 0.680 353-12
51 FSE | 18 | -20 | o0 | -29 | 188 C 80.6 | 146 0.680 523-2
52 FSE | 1.8 | -20 | 0 | -29 ) 186 c 798 | 146 0.680 5254
§3 | FLT | 1.81 | -23 | 02 | -29 | 182 c 789 | 153 0.680 416-1
54 | FSCP | 1.8 | 40 0 25 | 18.7 c 799 | 145 2.800 1558
55 FSE | 1.8 | 40 0 25 | 187 c 80.8 | 1.46 2.800 528-2
56 FSE | 1.8 | 40 0 25 | 187 c 79.7 | 146 2.800 5294
57 FLY | 20 | 25 | 02 | 23 | 209 | Auwo | 770 | 172 2.800 4522
*C = Closed GP78-0323-9

**Fgcr flight test, these data are flight-run numbers

FIGURE 15 (Continued)
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DATA BASE

SELECTION
DATA
ARALYSIS
POINT | MODEL a 3 ) A3 % |RENO.
. TIME —POINT**
10. |scae| ™ |oec {wee |oes: | oEer | ST war2 |« 1078 PART-POINT
(SEC)

20.

8 {vem | 22 [ -20] o ! -a8; 225 c CTRIEEY vL10e 2507
s9 |fscp | 22 [ -20| o | 48| 225 c $92 | 143 | 0cee ams
8 | vem | 22 [ -20! 8 | a0 250 0 58 | o2 eise 2495
61 | s | 22 (-20| & | a0 250 o s29 | a2 0108 2089
& |FscP | 22 !-28] & | 48] 250 o 6.7 | 148 s 3855
6 |Fscp | 22 |-20] 0 | -an! 250 0 §23 | 148 0.500 €2
64 | FSE | 22 | -20| o0 | -48 ] 2.8 ’ 582 | 127 ) 542:2
6 | FsE | 22 |-28| 8 | -a0] s ’ s | 12 ase0 5434
& |em | 221 @ 9 | -20] 225 c 83| en 0106 1987
J Jwsm | 221 @ o | -2l as ¢ 58 | w2 0.106 1945
8 |fscPjo22] @ e | -20| 225 c 16 | 147 0550 a3l
o (FscP | 22 o o | -20| 225 c 603 | 147 0650 a3z
7 VR ] 2z ev | a2 | 22| 229 ¢ e | 2 8.650 425
n {Escp | 22| «0; @ 0o | 250 0 o7 | 1as 0 500 323
72 | FSE | 22 | 48] ® 19 | 258 “ 592 | 1.28 0500 5452
73 1 FSE ! 22 { a6 @ 18] 0 0 582 | 1.2 0509 5464
% e | 22 {120 @ 6o | 50 0 93] 022 2100 2528
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FIGURE 22
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FLIGHT TEST DATA PROBABILITY DENSITY FUNCTIONS
Random vs Periodic Data
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FIGURE 34
INTERPOLATION TECHNIQUE FOR FAN DISTORTION
EFFECT OF FILTER CUTOFF FREQUENCY ON INSTANTANEQOUS DISTORTION PARAMETERS
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NUMBER SCALE |

EFFECTS }
'SYM[ MODEL |1.D. NUMBER
O | 1;6th SCA 17
Flags indicate interpolated or Percent 6th SCALE .18
extrapolated data relative to airfiow WAT2 C | FsCP
alfr 19

A) TOTAL PRESSURE RECOVERY

0.2
0.90 /
TOTAL PRESSURE y
RECOVERY | !
P(Z’Pto | !
038 |—O
0386
B) AVERAGE TURBULENCE
0.03 ‘
NG|
AVERAGE 0.2 S
TURBULENCE
\..\Ptz)"m !
5 i |
Pry 0.1
L
0 1 2 3 a
REYNOLDS NUMBER x 10~% BASED ON scaLE

SGPT-032)-38

FIGURE 61
EFFECT OF REYNOLDS NUMBER ., SCALE ON TOTAL PRESSURE
RECOVERY ANO TURBULENCE
Mach 09 a=—1C B=10 p=3 A3=106 Bypass=00

e
<
p—t



REYNOLDS

NUMBER /SCALE
EFFECTS
SYM MODEL 1.0. NUMBER
Solid symboi - steady state
Open symbol - corresponds to Percent O | 1/6th SCALE 17,18
peak time variant f>n distortion \:‘()A?T;I 0O | Fscp
Flags incicate interpolated or — ) O |Fse
extrapoiated data refative 10 airflow A lrLt 19
{A) FAN DISTORTION
12
FAN DISTORTION 038
Kap 198 SCREENING CURVE
‘ LEVEL =038
el
04
. |
B) SPATIAL DISTORTION
003
d_-_-—_‘A
002 |-
SPATIAL
DISTORTION
0,
0.01
0
0 ] 2 3 4
REYNOLDS NUMBER x 10-6 BASED ON SCALE
QP7-8313-%4
FIGURE 62

EFFECT OF REYNOLDS NUMBER.'SCALE ON FAN
DISTORTION AND SPATIAL DISTORTION
Mach 0.9 a =z —10 B =10 p-3 d3=106 Bypass=00




REYNOLDS

NUMBER SCALE
EFFECTS
SYM| MODEL 1.D. NUMBER
O | 1/6eh SCALE
Flags indicate irterpolated or F::er;nzx O | escp
extrapolated cata relative 10 airflow 0 978 o
- FSE 20
7.
a 95 A JFLT 21

A} TOTAL PRESSURE RECOVERY

1.00 :
i
|
3
0.98
TOTAL PRESSURE
RECOVERY
Pe,/Prg
096
0.94
B) AVERAGE TURBULENCE
003
AVERAGE
TURBULENCE 002
(AP
?
2 on
0
0 1 2 3 s

REYNOLDS NUMBER x 10~ BASED ON SCALE

GPYS-CII3 8T

FIGURE 63
EFFECT OF REYNOLDS NUMBER.'SCALE ON TOTAL PRESSURE
RECOVERY AND TURBULENCE
Mach 09 az—4 B=0 p= =1 A3°82 Bypass =00



REYNOLDS
NUMBER. SCALE
EFFECTS

Solid symbol - steady state

Open symbol - corresponds to

peak ume variant fan distortion
Flags indicate interpolated or
extrapolated data relative to airflow

Mach 09

104

12
038
FAN DISTORTION

Kay

04

0

03

02

SPATIAL
DISTORTION

D7

0.1

o

Percent
WAT2

O 978
A 975

SYM

MODEL

1.0. NUMBER

po0oO

1/6th SCALE
FSCP

FSE

LT

2
21

A) FAN DISTORTION

SCREENING CURVE
 LEVEL = 1.1

4

B) SPATIAL DISTORTION

!

i

.

0 1

2 3

4

REYNOLDS NUMBER x 10 -6 BASED ON SCALE

a=-4

FIGURE 64
EFFECT OF REYNOLDS NUMBER 'SCALE ON FAN
DISTORTION AND SPATIAL DISTORTION

3=0

p =1

A3=82

GPT-413-2

Bypass = 0.0




REYNOLDS

NUMBER/SCALE
ESFECTS
sym| wmODEL [1.0.NuUMBER
'w"A""n“ O | vem scaLE 23,24
Flags indicate interpolated or 91.7 o | ssce
extr " ve foqirtlow onoman 775 QO | FSE S
A |eLT 26-33
1.0 A TOTAL PRESSURE RECOVERY
&
| - -t T
d—’ﬁ/y f“"*-—-o
TOTAL PRESSURE
RECOVERY
PiofPrg
096
0.9¢
8} AVERAGE TURBULENCE
003
AVERAGE 0.02
TURBULENCE
(APe)
Py 0.01
o o i} 2 3 4
REYNOLDS NUMBER x 10~ BASED ON SCALE
arn-aa2-se
FIGURE 65
EFFECT OF REYNOLDS NUMBER /SCALE ON TOTAL PRESSURE
RECOVERY AND TURBULENCE

Mach 0.9 a=4 B=0 p=7 A3=104 Bypass=00
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EFFECTS

REYNOLDS
NUMBER SCALE

Solid symbo! - steady state

peak time variant fan distortion

Flags indicate inte:polateC or
extrapolated data relative to airflow

SYM] MODEL 1.0. NUMBER
Open symbol - cocresponds to F:zr:?zt QO ] 1/6eh SCALE 23,24
A | FLT 26-33
A) FAN DISTORTION
16 T T
SCREENING CURVE
LEVEL =99
O——4— =0/
12 p -«
== T — * o “
FAN DISTORTION g g
K'z SCREENING CURVE
LEVEL = 1.1

106

0s -$— ——

8) SPATIAL DISTORTION

03

02
SPATIAL

DlST%F;TION ),4
01 r‘% ry =y

8=~
0
0 1 2 3 4
RE YNOLDS NUMBER x 10~5 BASED ON SCALE
GETe-4313-00
FIGURE 66

EFFECT OF REYNOLDS NUMBER /SCALE ON FAN
DISTORTION AND SPATIAL DISTORTION
Mach 0.9 az=4 [ =0 p=7 A3=104 Bypass=00




REYNOLDS
NUMBER/SCALE
EFFECTS

Flags indicate interpolated or
extrapolated data relative to airflow

TOTAL PRESSURE
RECOVERY

ProPy

AVERAGE
TURBULENCE

3Pt s

5‘2

EFFECT OF REYNOLDS NUMBER/SCALE ON TOTAL PRESSURE

Isym

MODEL

Percent
WAT2

— 103.4

FsScp
FSE
FLT

- e 76.6

pboQOO

1/6th SCALE

E 1

A) TOTAL PRESSURE RECOVERY

.00
1 /‘ﬁ

0.98 |- "761/
%t

0.96

0.94
B) AVERAGE TURBULENCE

0.03

0.01

O‘—!N-

e

P oy

0
0 1 2 3

REYNOLDS NUMBER x 10~8 BASED ON SCALE

GITe-B33-8Y

FIGURE ¢7

RECOVERY AND TURBULENCE

Mach 1.2 az10

B=0 p=7 13=106

4

Bypass = 0.0
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REYNOLDS

NUMBER SCALE

| EFFECTS
Solid symbol - st state SYM|! MODEL 1.D. NUMBER
Om“ symbo] . co"-'spmds to Pefcef“ 0 1/6th SCALE 36, 7
peak time variant tan distortion WAT2 Q | Fscp
Flags indicate interpolated or 1034 0
extrapolated data relative to airfl - = 76.6 FSE
£ i A
ata relative to airflow A et 38,39 40

108

A) FAN DISTORTICN

16
%—p- — | s . et
O~ 1T " SCREENING CURVE
12 LEVEL = 10.8 ~—
FAN DISTORTION 038
"tz
SCREENING CURVE
LEVEL >~ 0.9
0_4 ._%‘\
o 1
8) SPATIAL DISTORTION
0.3
0.2
SPATIAL
DISTORTION A
D2 e
——t =
- TR e o
5=
0 4
0 1 2 3 4
REYNOLDS NUMBER x 10~5 BASED ON SCALE

GPTe-4323-82

FIGURE 68
EFFECT OF REYNOLDS NUMBER/SCALE ON TOTAL PRESSURE
RECOVERY AND TURBULENCE
Mach 1.2 a=10 B8=0 p=7 J1=106 Bypass=00




REYNQOLOS
NUMBER/SCALE
EFFECTS

SYM] MODEL 1.0. NUMBER

O | 1/6th SCALE 42,43
Flags indicate interpolated or ?:mt
extrapolated data relative to airflow Q | Fsce

A [ FLT 44

A) TOTAL PRESSURE RECOVERY

1.00

0.98 /
TOTAL PRESSURE /
RECOVERY 096

Pty/Prg ©

0.94

0.92

8) AVERAGE TURBULENCE
0.03

AVERAGE 0.02
TURBULENCE

(AP}

ms

i’t 0.01
P—t\

0
0 1 2 3 4

REYNOLDS NUMBER x 109 BaSED ON SCALE

Qrn-en3-8

FIGURE 69
EFFECT OF REYNOLDS NUMBER/SCALE ON TOTAL PRESSURE
RECOVERY AND TURBULENCE
Mach 1.6 a=—4 B=0 p=—2 A3=135 Bypass=0.0
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REYNOLDS
NUMBER/SCALE
EFFECTS

Solid symbol - steady state
Open symbc! - corresponds to
peak time variant fan distortion

Flags indicate interpolated or
extrapolated data relative to airflow

FAN DISTORTION
Kaz

SPATIAL
DISTORTION
D2

Mach 1.6 az=z—4
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12

038

0.4

0.3

0.2

0.1

0

SYM MODEL 1.D. NUMBER
Percent O | 16thSCALE| 42,43
WAT2 3 } FSCP
A | FLY 44
A) FAN DISTORTION
SCREENING CURVE
K N LEVEL =23
\Q
3) SPATIAL DISTORTION
—_
1 2 3 4

REYNOLDS NUMBER x 10~ BASED ON SCALE

B=90

FIGURE 70
EFFECT OF REYNOLDS NUMBER/SCALE ON FAN
DISTORTION AND SPATIAL DISTORTION

p=—2 1A3:=135

GP78-0323-84

Bypass = 0.0




REYNOLDS

NUMBER/SCALE
EFFECTS
SYM| MODEL 1.D. NUMBER
O | 1.6th SCALE 45,46
Flags indicata interpolated or ‘;.:erc:"\zt o
extrapolated data relative to airflow 80 7 Fscp
L] N
¢ I=se
A|RLT a7

A} TOTAL PRESSURE RECOVERY
0.98

TOTAL PRESSURE
RECOVERY  0.96

P‘2IP‘O d//

0.94

0.92

B8) AVERAGE TURBULENCE
0.03

AVERAGE 0.02

TURBULENCE
(AP}
4 s
ﬁt 0.01
2 : I\
A
0
] 1 2 3 4

REYNOLDS NUMBER x 10~ BAsED ON SCALE crmnes

FIGURE 71
EFFECT OF REYNOLDS NUMBER/SCALE ON TOTAL PRESSURE
RECOVERY AND TURBULENCE

Mach 1.8 a=-2 =0 p=-3 A3=174 Bypass09
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REYNOLDS
NUMBER:SCALE
EFFECTS

X SYM MODEL 1.D. NUMBER
Sotid symbol - steady state
Opan symbol - corresponds to Percent O | 1/6th SCALE 45, 46
peak time variant fan distortion WAT2 a | rscp
Flags indicate interpotated or ot 80.7 O |rse
extrapolated data resstive to airflow A |leLt &7
A) FAN DISTORTION
1.2
c l
\ SCREENING CURVE
LEVEL =6.8
0.8 |-u \\A +
FAN DISTORTION \ !
Ka N
2
04 —
]
B) SPATIAL DI!STORTION
0.3 l—-
!
0.2
SPATIAL
DISTORTION
D2
0.7 3
F—‘:4
0
0 1 2 3 4

REYNOL.DS NUMBER x 105 BASED ON SCALE

FIGURE 72

GPTI-0323-86

EFFECT OF REYNOLDS NUMBER/SCALE uN FAN

DISTORTION AND SPATIAL DIST2ATION
Mach 1.8 as =2 B=0 p=—3 1A 3:=174
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Bypass = 0.0




REYNOLDS
NUMBER.SCALE
EFFECTS

SYM{ MODE<L 1.D0. NUMBER

O | 1/6th SCALE

2
Fiags indicate interpolated or ‘\;':.er"z[ a | esce 48, 49
extrapolated data relative to airticw .
—— /8.9 O | FSE 51,52

A | FLY 53

A} TOTAL PRESSURE RECCVERY

098 T
TOTAL PRESSURE A
RECOVERY 0.96
2"
o
0.94
0.92 -
0 1 2 3 a

REYNOLDS NUMBER x 10~ BASED ON SCALE

B) AVERAGE TURBULENCE
0.03

AVERAGE 0.02

TURBULENCE
('\PtZ,rms
Pr, 0.01 7
A
0
4] 1 2 3 4

REYNOLDS NUMBER x 10~% BASED ON SCALE
GP7e-0323-67
FIGURE 73
EFFECT OF REYNOLDS NUMBER/SCALE ON TOTAL PRESSURE

RECOVERY AND TURBULENCE
Mach 1.8 a=—=2 B=0 p=—3 A3=187 Bypass=00
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REYNOLDS 1
NUMBER.SCA
EFFECTS

ul

. SYM MODEL 1.0. NUMBER
Solid symbol - steady state
Open symbol - corresponds 10 Percent O | 1/6th SCALE
peak tume variant fan distortion WAT2 O | Fscp 48,49
Flags indicate interpolated or 789 O | FSE 51,52
extrapolazed data refative 10 airflow A leut 53

114

A) FAN DISTORTION

16 I
o
12
| SCREENING CURVE
LEVEL = 8.4
FAN DISTORTION o3
Ka $
A
04
0
8) SPATIAL DISTORTION
03
02 I
SPATIAL
DISTORTION
02 o4
AR 2t
0
0 1 2 3 4
REYNOLDS NUMBER x 10~8 BASED ON SCALE

CIT-CII-8

FIGURE 74
EFFECT OF REYNOLDS NUMBER/SCALE ON FAN
DISTORTION AND SPATIAL DISTORTION
Mach 1.8 az—=2 B-0 p: -3 15=187 Bypass=00



REYNOLDS
NUMBER.SCALE
EFFECTS

SYM{ MODEL $.D. NUMBER

. Percent O | 1/6th SCALE 66, 67
Fiags indicate nterpoiated or w AT2~ o lescp
extrapolated data relative to airflow
—— 73.0 O |FsE
A& |FLT 70

A) TOTAL PRESSURE RECOVERY

A

092

TOTAL PRESSURE
RECOVERY g9

PeyPrg C/

088

086

B) AVERAGE TURBULENCE

0.03

]
!
‘
i
1

AVERAGE  0.02 ;
TURBULENCE o’\ !
i

('\P‘z'mu \

ﬁtz 0.01 i
‘
1]
0 1 2 3 4
REYNOLDS NUMBER x 106 BASED ON SCALE

GPT-aX13-09

FIGURE 75
EFFECT OF REYNOLDS NUMBER /SCALE ON TOTAL PRESSURE
RECOVERY AND TURBULENCE
Mach 2.2 a=0 A=0 p=—2 A13=225 Bypass=00



REYNOLDS

NUMBER/SCALE
EFFECTS
SYM MODEL 1.D. NUMBER
Solid symbol - steady state
o Dol - 5 to Percent O |venscaLe| ©6.67
peak time variant fan distortion WAT2 a | escp
Fiags indicate inXerpolated or 30 O | FSE
extrapolated data relative to sirflow a | LT 70
A) FAN DISTORTION
12
FAN DISTORTION 8
Ksy SCREENING CURVE
LEVEL = 138
4 k%— A
(1]
8) SPATIAL DISTORTION
0.3
0.2
SPATIAL
DISTORTION
02 <
0.1 P — A
F -
0
(] 1 2 3 4
REYNOLDS NUMBER x 10~6 BASED ON SCALE
SPTe-433-1

FIGURE 76
EFFECT OF REYNQLDS NUMBER /SCALE ON FAN
DISTORTION AND SPATIAL DISTORTION

Mach 2.2 a=0 J8:=0 p=—2 1A 4:225 Bypass=00
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REYNOLDS
NUMBER.SCALE
EFFECTS

Fiags indicate interpolated or

extrapoiated data relative to airflow

TOTAL PRESSURE
RECOVERY

th"lp to

AVERAGE
TURBULENCE

(AP}
P

rms

2
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WAT2

E— 6‘ .7

Al TOTAL PRESSURE RECOVERY

SYM
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1.D. NUMBER

po0oO

1.6th SCALE
FScP
FSE

FLT
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0.94

I

0.92
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0.88
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2.01

0

8) AVERAGE TURBULENCE

1 2 3

4

REYNOLDS NUMBER x 10~ BASED ON SCALE

FIGURE 77

GPTe-A3T3 7Y

EFFECT OF REYNOLDS NUMBER/SCALE ON TOTAL PRESSURE

Mach 2.2

RECOVERY AND TURBULENCE

a==2 =0 p=—4 13:250

Bypass 0.071



REYNOLDS

NUMBER/SCALE
EFFECTS
Solid symbol - steady isym| WMODEL  [1.D. NUMBER
§ - steady state
Open symbol - corresponds to Peroent O | 1/6tn SCALE 60, 61
peak time variant fan dictortion WAT2 O | rscp 62,63
Flags indicate interpolated or — 617 0 |FsE
extrapolated data refative 10 airflow A lrLr
A} FAN DISTORTION
16 T T T
SCREENING CURVE
K_i LEVEL = 166
]
12 0 +
FAN CISTORTION 8
Ka2
4
0
8) SPATIAL DISTORTION
03
02
SPATIAL
DISTORTION
D2
0.1
P ﬂ
‘ — ﬂ
0
1] 1 2 3 4

REYNOLDS NUMBER x 10~ BASED ON SCALE

GO

FIGURE 78
EFFECT OF REYNOLDS NUMBER/SCALE ON FAN
DISTORTION AND SPATIAL DISTORTION
Mach22 a=-2 B=0 p=—4 13250 Bypass=0071
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REYNOLDS

NUMBER.-SCALE
EFFECTS
SYM MODEL 1.0. NUMBER
O | 1/6h SCALE 74,75
Flags indicate interpolated or Percent o ,
extrapolated data relative to airflow WAT2 FsSce 6
A | FLT

A) TOTAL PRESSURE RECOVERY

096
- "\;
TOTAL PRESSURE /
RECOVERY 092
P™ <
0.90
028
8) AVERAGE TURBULENCE
0.03
0.02
AVERAGE
TURBULENCE
(3P,) o _
th F— LV-
0
0 1 2 3 a

REYNOLDS NUMBER x 10~ BASED ON SCALE

arre-ans-n

FIGURE 79
EFFECT OF REYNOLDS NUMBER /SCALE ON TOTAL PRESSURE
RECOVERY AND TURBULENCE
Mach22 a =11 B=0 p=68 A3=25.0 Bypass = 0.077
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REYNOLDS
NUMBER SCALE
EFFECTS

Solid symbol - steady state

Open symbol - corresponds to
peak time vari.ant fan distortion

Flags indicate interpolated or
extrapolated data relative to airflow

16

12

FAN DISTORTION g
K

Iz
4q
0
03
02
SPATIAL
DISTORTION
0,
0.1
0

SYM| MODEL |1.D. NUMBER
Percent O | 1/6th SCALE 74,75
WAT2 a | escp 76
A |fRLT
A) FAN DISTORTION
C'\ SCREENING CURVE
\D): LEVEL = 16.7
B) SPATIAL DISTORTION
b:;ﬂ
0 1 2 3 a
REYNOLDS NUMBER x 10~ 5 BASED ON SCALE  asnesne

Mach 2.2 =1 B8

FIGURE 80
EFFECT OF REYNOLDS NUMBER /SCALE ON FAN
DISTORTION AND SPATIAL DISTORTION

=0 p =

6.8

A3:=2250

Bypass = 0.077
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REYNOLDS

NUMBER/SCALE
EFFECTS
SYM| MODEL 1.0. NUMBER
Flaas indicate i ted Percent O | 176th SCALE 79,80
ags indicate interpola or WAT

extrapolated data relative to airflow P 12 Q |esce 81,82

e O |FsSE

A |FLT

088 A) TOTAL PRESSURE RECOVERY

0.36 /-

TOTAL PRESSURE /
RECOVERY (g4
Pe/Po
0.82
080
B) AVERAGE TURBULENCE
0.03
AVERAGE (g2 Aﬁ
TURBULENCE
Pt rms
F‘z 0.01
o
0 1 2 3 4

REYNOLDS NUMBER x 10~ 8ASED ON SCALE ormvenn

FIGURE 81
EFFECT OF REYNOLDS NUMBER /SCALE ON TOTAL PRESSURE
RECOVERY AND TURBULENCE
Mach 2.5 =0 B:=0 p=—-4 A, 26.0 Bypass = 0.077
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mmm“m

FREQUENCY
CONTENT
EFFECT
Data Point
Identification Number
Full Full
1/6th | Scale | Scale Flight M, a 3 P 33 — L
Scale | Cold | With Test (deg) | (deg) | (deg) | (deg) [BYP*™] waT2
Pipe | Engine
6 - - 7 0.6 -10 10 -3 10.6 C 101.2
5 - —
17 - - 19 0.9 -10 10 -3 10.6 C 107.1
18 - -
42 - - 44 1.6 -4 0 -2 135 C 89.1
43 - - -
- 42,49,50| 51,52 53 1.8 -2 (1] -3 18.7 C 78.9
45 - - 47 1.8 -2 0 -3 17.4 C 80.7
46 - -
60, 61 62,63 [64,65°°" - 2.2 -2 0 —4 25.0 60.4
66 68 - 70 22 0 (4] -2 225 [ 73.0
69"* -
81 - - 25 0 a -4 26.0 0 63.1
80 82 - -
*0Q = Open bypass, C = Closed bypass, P = Partially open bypass
**These data exhibited harmonic characteristics and are not inctuded in this anslysis orme-I7

* **These data have different bypass door nasitions dud are not included in this analysis

FIGURE 83
TEST CONDITIONS FOR
EVALUATING FREQUENCY CONTENT EFFECT
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FREQUENCY

CONTENT
EFFECT
A) POWER SPECTRAL DENSITY PLOT FOR PROBE L8R1
3 1PSIA = 6.8948 kPa
4754 x 10 .
Y
4 ;
( AP‘ ’2 7.54 x 1)
2
rms
Mz : -
a7s5ax10-5 L 2"3\?5: =2
/u:.2> - — — — e
rz " AkPay g (3 PSIA, ) = 0.951 (0.138) ]
47.54 x 106 | — PROBE WITH MAXIMUM TURBULENCE ==~ . = ———m—r—e e
4758 x 10~7
10° 10! 102 103 104 10°

FREQUENCY - Hz

8) DERIVED TURBULENCE vs FILTER CUTOFF FREQUENCY FOR PROBE L8R1

0.030
TURBULENCE 0.020 =
(.sl’t.‘_,)‘,ms
Py, 0010
5‘2 = 44.40 kPa (6.44 PSIA)
. R

0 4 8 12 16 20
FULL SCALE CUTOFF FREQUENCY - Hz x 10~2

FIGURE 84
INTEGRATION OF THE POWER SPECTRAL DENSITY PLOT TO OBTAIN
TURBULENCE AS A FUNCTION OF FILTER CUTOFF FREQUENCY
Mach22 a=-2 f8=0 = —4
A3=2560 WAT2=-617% Bypass=0 1D. Number=62
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FREQUENCY

CONTENT
EFFECT
fojo= 45 Hz PEAK AT TIME = 0.129840 SECONDS
Z.Di : — ; ‘ ;
FAN 16— ! . .
2 1.2 { ‘AW‘A/ % f\j \f\/vdi\\:\]t ’\V/\—\; J}ﬂ\\‘\\ pwy)
f\,/' S '_f_\’,\f__ N T S R __)/_"’I _
d.,-wouz PEAK AT TIME = 0126534 SECONDS
20 , — e —
b -L...__. Pgu_k b ':'_;_' I ‘_-__',.'_?_ e ! e
i F 2D o . L .
A i . 1 v i
FAN 167 ; . I j 3 N
! Ve b Afid —_ ! I8
onsr.:)nnou E‘LY—T’A K : ‘.I\\‘i , : — T T
32 1.2 j *%JJI‘!LJI ﬁ;’g Y l { W_JYL:Q\[\ _&!\ ‘r'\ \/\:@1\\' fay A-l:
B AT A A REAS S Tk
ol S RS TR R RS
felo ™ 170 e PEAK AT TIME = 0.121184 SECONDS
T Pk | U O Y A
AR VM A 0 S S SR S —
! { H i i i ) : . ”
it ; o ! [ S S
DISTORTION  if =yt ——HiH P — et :
Ko, 12 }W PR :AJ‘:E,\‘ Ly f"hn’ Ll i lf Moy L p
- b1 RS AR I t It ’ f' v ]
T e RN ""__' il JWW_ i
[ 13 i
NI I R
fe/o = 500 Hz PEAK AT TIME = 0.012795 SECONDS
. L 1R ‘ |
& :r i
FAN o
DISTORTION -
K, X
2 y

I.
0 0060 0.120 0.170 0.240 0.300 0360 0420 0480 0540 0.600
TIME - SEC

FIGURE 85
COMPARISON OF TIME VARIANT FAN DISTORTION TiMc HISTORIES
FOR VARIOUS FILTER CUTOFF FREQUENCIES
Mach 1.8 a=-2 =00 p=-3
A3=187 WAT2=822% Bypass=0.0 I.D. Number =49
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FREQUENCY

CONTENT
EFFECT
SYM MODEL 1.0. NUMBER
Solid symbol - steady state P,
Open symbol - correspunds to v;rAc;nzt O | v/6th SCALE 56
peak time variant an distortion 0 | Fscp
- . ommne—— 101.2
Flags indicate inwarpolated or O |rse
extrapolated data relative to airflow A [FRLT 7
A) FAN DISTORTION
1.8
1.2
SCREENING CURVE
LEVEL=10
FAN DISTORTION
M 0.8
22 ’ A
r———l}' ‘8
0.4 ﬁ
0
B) AVERAGE TURBULENCE
0.03 ‘
AVERAGE 002 ' 1)
TURBULENCE | —— | A
12 rms
p‘2 0.01
A
0 100 200 300 400 500
FULL SCALE FILTER CUTOFF FREQUENCY
GPI-OIN-TE
FIGURE 86
EFFECT OF FILTER CUTOFF FREQUENCY ON FAN DISTORTION,
TUF.OULENCE AND SPATIAL DISTORTION
*4ach 0.6 a=—10 =10 p==3 1A3=106 Bypass=0.0
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FREQUENCY
CONTENT
EFFECT

Solid symbol - steady state SYM MOODEL 1.0. NUMBER
Open symbol - corresponds to Percent O | 1/6th SCALE 56
peak time variant fan distortion WAT2 O | Fscp
Flags indicate interoolated or m—101.2 O | FSE
extrapolated data relative to airflow
A [ FLT 7
C) SPATIAL DISTORTION
03 l
/STEADY STATE
o2 - J‘L
SPATIAL
DISTORTION  V—C /
Dy 7
0. <
0
0 100 200 300 400 500 600
FULL SCALE FILTER CUTOFF FREQUENCY
GPTS-032)-79
FIGURE 86 (Continued)
EFFECT OF FILTER CUTOFF FREQUENCY ON FAN DISTORTION,
TURBULENCE AND SPATIAL DISTORTION
Mach 0.6 a=—-—10 B =10 p=-—3 1A3=106 Bypass=00
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FIGURE 87
EFFECT OF FILTER CUTOFF FREQUENCY ON FAN DISTCRTION,
TURBULENCE AND SPATIAL DISTYRTION
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FIGURE 90
EFFECT OF FILTER CUTOFF FREQUENCY ON FAN DISTORTION.
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FIGURE 91

EFFECT OF FILTER CUTOFF FREQUENCY ON FAN DISTORTION,
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FIGURE 92
EFFECT OF FILTER CUTOFF FREQUENCY ON FAN DISTORTION.
TURBULENCE AND SPATIAL DISTORTION
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FIGURE 92 (Continued)
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FIGURE 93
EFFECT OF FILTER CUTOFF FREQUENCY ON FAN DISTORTION,
TURBULENCE AND SPATIAL DISTORTION
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FIGURE 93 {Continued)
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FIGURE 94
EFFECT OF FILTER CUTOFF FREQUENCY AND REYNOLDS NUMBER
ON FAN DISTORTION. TURBULENCE AND SPATIAL DISTORTION
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FIGURE 94 (Continued)
EFFEC* OF FILTER CUTUFF FREQUENCY AND REYNOLDS NUMBER
ON FAN DISTORTION. TURBULENCE AND SPATIAL DISTORTION
Mach06 a=—10 f8=10 p=-—3 A3=106 Bypass=00
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FIGURE 95 (Continued)
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FIGURE 96
EFFECT OF FILTER CUTOFF FREQUENCY AND REYNQLDS NUMBER
ON FAN DISTORTION, TURBULENCE AND SPATIAL DISTORTION
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FIGURE 96 (Continued)
EFFECT OF FILTER CUTOFF FREQUENCY AND REYNOLDS NUMBER
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FIGURE 97
EFFECT O~ FILTER CUTOFF FREQUENCY AND REYNOLDS NUMBER
ON FAN DISTORTION, TURBULENCE AND SPATIAL DISTORTION
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FIGURE 97 {Continuved)
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FIGURE 98

EFFECT OF FILTER CUTOFF FREQUENCY AND REYNOLDS NUMBER
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FIGURE 100
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FIGURE 102
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FIGURE 103
COMPARISON OF MEASURED AND PREDICTED
PEAK TIME VARIANT DISTORTION VALUES
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PREDICTION PROBES ON RINGS 2, 3 AND 6
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LEG AVERAGE

MAXIMUM
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(K.z,s = 0.4033
ENGINE FACE PRESSURE PROFILE
LEFT FRONTAL VIEW
QPTS-432)- 00

Note: Inlet profile in terms of percent deviation from mean face pressure

FIGURE 105
PROBE SELECTION FOR CROSS CORRELATION COEFFICIENT CALCULATIONS
Steady State Pressure Contour

Mach069 a=—84 S:=106 LID Number=7 Flight421 Runi0
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FIGURE 106
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158



HETORTION
PREDICTION

NORMALIZING COEFFICIENT = Rir = 0). Rir = 0} » (0.614/{0.296) = 0.182kmed
LeRE ez

PROBE LaRg PROBE LBR2

RYX LT ENGINE INLET (PT21 LERS) (PT2! LERZ)

A6

G e
m’tz;ﬁ 1 - L . . Hntateaig b ‘ i
o 8 @(@(?Q P er ko A L, o . e Mm;;;ww e
% %

w2883 1

LAGTIME - SEC o

FIGURE 107
CROSS CORRELATION COEFFICIENTS
Mach068 a=-84 B=1061D Number=7 Flight 421 Run 10
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NORMALIZING COBFFICIENT = Rir =0} . B [r « 0) » (0.869)(0.296) » 0.267 kw?
Ry LRy

e

PROBE LBR2 PROBE LBR2

RYX LY ENGINE INVET PT LERD) (PT2I LEBRD)

w‘f =103 .
e

~119.8
o

Mach 0 69

160

a=-—-84 B=106

b g0z a4 Loe
LAG TIME - SEC

FIGURE 108
CROSS CORRELATION COEFFICIENT
LD. Number = 7 Flight 421
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DISTORTION

PREDICTION
DATA voRTEX  |"NORMALIZED “NE.
PART-POINT | POINT | M, a | B | SCALE | XWAT2 m(\&?s CORRELATION] PROBES o -0y
1.0. NO. COEFFICIENT
0.9995 L3R2, LIR3 | 0.3801
1841 5 06 [-10| 10| ven | 9.2 487 7288 LIRZ, LIRS | 0.2005
0.5303 L3R, LIRS | 0.3991 |
08177 LBR2. L8R3 | 0.2576
118 7 07 | -8 | 10| FLT 101.2 104 w2107 L8R2, L3RG | 0.1819
0.1637 L§R3, LSRG | 453
0.9793 LIRZ, LIRI | 14784
1575 1] 09 | -10 ] 10| 16 | 1063 5.96 0.3571 LIRZ, LIRS | 0.2858
0.8314 LIR3. LIRS | 1.2504
06177 LIR2, LIR3 | 8.4C62
42114 19 09 | -9 | 10| FfLT 107.0 404 6.3676 LIR2, LIRG | ©.5349
ce219 LIR3, LIRG | 0.508
0.965! L6R2, L6R3 | 0.1374
2069 Q 16 | -4 | 0 | 1sth | B3 1.64 0.4706 L6R2, L6R6 | 0.0608
0.5679 L6R3, L6RG | 0.0516
0.5881 L6R2, L6R3 | 0.2034
4182 “ 16 ! -a 0 FLT 294 194 04543 i6R2, L6R6 | 0.2328
| 23379 L6R3, L6R6 | 0.2629
03898 | L8RZ2 L8R3 | 0.2888
2485 s 22 -2l 0| vewm | 650 236 07372 | L3R2, L8RS | 01126
09197 | L8R, L8RS | 0.1536
09904 | (1R2 L1RI | 0.3109
385-2 63 22 | -2 0 | Fscp 23 237 05399 | LI1RZ LIRG | 0.0552
03926 | LIR3. LIRE | 0.0467
09836 | L8R2 L8R3 | 0.7174
5434 65 22 |, -2 0 FSE 60.5 316 06323 . LBRZ L8RS | 0.2347
09542 | LBR3.LBAS | 04716 |
09839 | LBA2 L8R3 | 0.4936
1847 66 22 0 0 176th | 69.3 349 02991 | 18R2 i8RS | 0.2536
0.3479 | L8R3, L3RS | 0.3524
05846 | LIA2, LIR3 | 3.4956
4251 70 22 0 8 FLT 73.0 451 03035 LIR2, LIRS | 3.3396
03953 LIR3, LIRS | 3.1147
;I 0.9960 L5R2, LSR3 | 0.6614
22717 79 25 | 0 0 1/6th | 631 4.29 0.9564 L5R2, LSRS | 0.3554
‘ 0.9892 L5R3. L5RS | 0.4442
' 29911 LSR2, L8R3 | 5.4367
4558 8 25 0 0 | FSCP | 628 340 0.6492 L3R2, L8RE | 0.1018
0.9120 LBR3, L876 | 0.1480
(0, 17 = 0] srmvena
*Normalized cross correlation coefficient = ————————
) 1 1 \/ro'y
**N.F. = Normalizing Factor
FIGURE 109

COMPARISON OF NORMALIZED VORTEX RADIUS AND CROSS CORRELATION
COEFFICIENTS FROM THE ENGINE FACE RAKE PRESSURE PROBES



STABILITY

AUDITS
Data Point .
) Tom Altinade | «a S » 33 Airflow Resu
| Mo | imetnrs) | dop) | (dog) | tdon) | o) | B " Maveweer
1t Q4 7,050 - 0 79 - Closed Max Statt 5¢ wind up turn. While
— " holding turn, step increase

2 0.59; 7.610 - 0 7.0 Ciosed Max Seall . 300 L/ inlet only until

3 Q.52) 10,960 - 7.0 - A/B Blcwout/Relight, Stai! | engire stalls.

q° 070} 16,440 - 7.0 - A/B Blowout/Relight, Stall

1S 0.85} 10,760 - 0 70 - Closed Max Stall

16° 0.92] 16,930 - - - A/8 Blowout/Relight, Stall

34 1.2 111,22 - 0 Var - Ciosed Max Stail

35° 1.2 16,210 - Q9 Var - Cios=d Max Stalt Windur Y, but sustain
Mg, alur While hoiding
tuen, step «ncrease A3 on
L/’H inlet only until engine
staits.

44 1.6 | 18.470 -4 -2 135 No Stait Pushover

57° 20 } 19.c30 - Qo 25 19 Auto- Max No Stail 1g level flight

mauc
“Stabxiity audits are in Appendix K So70-00m- 11
FIGURE 110
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STABILITY
AUDITS

PRESSJRE
RATIO

B to C - Engine-to-engine variation
C to O - Distortion loss

Legend
Surge pressure ratio Operating pressure ratio
A - Highest available 1 - installed match point
A to B - Reynoids no. loss 2 - Distortion rematch

3 - Rematch due to augmentor blowout
4 - Rematch due to augmentor reignition

| |

HIGHEST AVAILABLE SURGE TD’

A l .
/ REYNOLDS NUMBE: © ~Ft

:E ENGINE-TO-ENGIN VAR » iC
-~ I +
@0 JINLETDISTORTION
PERCENT
STALL MARGIN
REMAINING
o)
02 }DISTORT!ON AUGMENTOR
o1 J REMATCH REIGNITION
/ A} AUGMENTOR
/ 03 { BLowout J
CLEAN '\PERATING—/
POINT

PERCENT FLOW arTe-0a23- 11

FIGURE 111
STABILITY AUD'T FAN MAP NOMENCLATURE

163




STA8ILITY
AUDITS

TOTAL
PRESSURE
RECOVERY

PefPro

o8

06

05

_J.WWLE POSITION
\ \
PEAK
Fan
DISTORT:ON
FACTOR
oFF DESIGN| "o
POSITION:
4
~—t
17 6 2 24 28
THIRD RAMP SNGLE. 5 3 - DEG
FIGURE 112

20
16
OFF DESIGN
~ THIRD RAMP
DESIGN
SCHEDULE
oz POSITION
|
04
|
o ]
s 12 16 20 24 28

THIRD RANP ANGLE, A 5 - DEG

EFFECT OF THIRD RAMP ANG'E ON INLET PRESSURE RECOVERY AND FAN DISTORTION

Mach04 a=:64 S:=-08

154

#=69 WAT2T1041

Bypass = 0.0

1.D. Number = 1



[sTasiLiry

AVOITS 26.25 (80)

H | 1
O-Sat
01- Sl “ollowing augmentor biowowt/reignition
A-No sl

19.69 {60)

ALTITUDE x 1073
METERS (FT)

13.12 (4}

656 (200

“ 5?7
(rd RANP Ww
35 AUTO;

STEADY STAYE
AUGMENTOR JPERATION ——

ONLY - NO TRANSIENTS

3 15 O34 !
®
A
6 N—~F-15
{ ENVELOPE
f—2 ¢
|
Solid symbol denctes
effective pressure aititude
3t the engine f5ce
]
0s 16 24 32
MACH NUMBER PR 1T

FIGURE 113

COMPARISON OF F-15 FLIGHT ENVELOPZ AND TEST CONDITIONS AUDITED



STABILiTY
QUnrs

e
@

! STATION 25
&

i,
=™

'
STATION 2 |
i

01’,

3 /

¢
o \67
;\, "_\'\ ‘s
zsz%»f’\” "\\/‘ ~
ag° ;

; T Pasc
\

, ¢ / t" 5H
L) i
‘*‘x ENGINE

N ﬂ \ STREAM
\ FAN
S STREAM
215%0
FAN INLET FAIEXIT
FORWARD LOOKING AFT FORWARD LOOKING AFT
LFTRE32E <y

FH3URE 114
F1006(2 +) ENGINE HIGK RESFONSE PRESSURE INSTRUMENTATION
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STABILITY
AVDITS

FAN AVERAGE
PRESSURE
RATIO

36

34

A

FAN STALL
PHESISURE RAT;O

A

FAN MATCHING DOWN
DURING THIRD RAMP

ACTUATOR EXTENSION —

//

30

28—

26

FAN MATCHING UP
AFTER THIRD RAMP

ACTUATOR EXTENSION =
[

g !
| l

7

102

103 104

105 106 107

PERCENT FAN INLET FLOW - %WAT2

FIGURE 115

GPT-TRR- '

FAN PRESSURE RATIO OPERATING POINT EXCURSIONS
DURING THIRD RAMP ACTUATOR EXTENSION
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STARILITY
AuDirs

Al TIME HISTORIES OF HIGH RESPONSE PRESSURE PROBE DATA

FANSTALL
213 309 / .
Pronc” -

%Pa 8
PRIAL

~%558 518~
5212 o056~ 1"

ﬁm«m

~52.12 (~7.56) —
2089 (303~

P,

kPa

iPSIAS

20891303 -
RAMP 2934 {1155} - .
ACTUATOR

X1
POSITION § ey

1303 B3 -

won
anmg

"Brobe Weatnns ace Hustrated o Foaurs 114

FIGURE 116
STABILITY AUDIT ANALYSIS PLOTS
Mach 089 =138 8:09 ,:-70
32266 WAT2:1027% Bypass=0 1D Number = 2




STABILITY
| AUDITS
8) SELECTION OF PEAK FAN DISTORTION VALUE
55.18 8.0 T

: HAMMER SHOCK
1| TIME AT wincH
ENGINE STALL |
| OCCURRED ‘
»
4826 1.0} : -+ |
[ ]
AVERAGE TIME ATWHICH |
TIME STALL INDUCING PEAK : |
VARIANT OCCURRED :
PRESSURE | : |
— 4137 (60) s
l : l
kPa | : |
iPSIA) ! : |
" : i
34.47 {5.0) :
| : *
! i
| : '
1 : i
2758 (4.0) -~
207 ~ - Y
] |
| : |
FAN | 5 /\ |
DISTORTION 1.0 A : .
K il 4 J 4
| : |
] : |
'y 2 - 1
1.0 T - 1
HIGH :
COMPRESSOR : |
DISTORT'ON | ; :
Ke2 | : |
0 A : L
-30 -20 ~10 2 10 20 30
TIME RELATIVE TOSTALL -mSEC Pre-|a121

FIGURE 116 (Continued)
STABILITY AUDIT ANALYSIS PLOTS
Mach05° a=139 g=09 p=70
13=266 WAT 102.7% Bypass=0 1D. Number=2
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STABILITY
AUDITS

C) TOTAL PRESSURE CONTOUR AT PEAK FAN DISTORTION

K.z=l.‘l

=07
Kc,=0

AP (MAX-MIN)
P AVG

View of left inlet
looking downstream

GPY-0323-'22

FIGURE 116 (Continued)
STABILITY AUDIT ANALYSIS PLOTS
Mach059 a=139 B8=09 p=7
23=266 WAT2=1027% Bypass=0 1D Numb: r=2

"1

170



STABILITY

AUDITS
Legend
Surge Pressure Ratio Operating Pressure Ratio
A - Highest avai.able 1 - installed match point
A 10 B - Reynolds number loss 2 - Distortion rematch

B to C - Engine-to-engine variation
€ to D - Distortion ioss

di FAN AND COMPRESSOR MAPS FOR THE STABILITY AUDIT

FAN COMPRESSOR
42 104
A
B
c
— @0
38 A 9.6
/c
FAN l
COMPRESSOR 18.4% PUSITIVE
AVERAGE —_ (b 2
34 PRESSURE 8.8 | STALL MARGIN ‘
PRESSURE 1 ped o
RATIO
— @D
6.2% NEGATIVE !
3.0 - STALL MARGIN—1 8.0 é)
REMAINING — 012
26 7.2
98 100 102 99 101 103
PEF.CENT FAN INLET PERCENT COMPRESSOR
FLOW - X WAT2 ELOW - % WAT2SH

GPT-033-12]
FIGURE 116 (Continued)
STABILITY AUDIT ANALYSIS PLOTS
Mach 0.59 a=713.9 8=09 p=70
..\3 =266 WAT2=1027% Bypass = 0 I.D. Number = 2



STABILITY
AUDITS

A} TIME HISTORIES OF HIGH RESPONSE PRESSURE PROBE DATA

RUMBLE -\ sLOWOUT -\RELIGHT\ /FAN STALL

28.41 (4.12) —

Py sc” e ‘ sty
kh B ... ..‘ i - . . . - .

{PSIA] .
-3558 (~5.16) —
§2.12(7.56)
Prasu’
kP2 o
(PSIA)
-5212(-756) =
20.89(3.03) —
Py,
kPa
(PSIA)

—m.eg ‘_3.03, L ek T S S AT S S I ) _:
RAMP  29.34 (11.55) -+ = : T ITTT TR
ACTUATOR N _l,_¢ _~:' s o am Lew 4 . o] o - ‘ Tt +
POSITION “ T EXTENDED "~ R : e = - . C et
cm 15.031(5.13) + SO : - —
(IN.) o

“Probe !ocations are iilustrated .n Figure 114,

FIGURE 117
STABILITY AUDIT ANALYSIS PLOTS
Mach 052 a=100 f8=007 p=70
A3=276 WAT2=107.1% Bypass=0 LD. Number =3

TITTITTAT TAGE @

-~ ZCGR QUALITY

.‘ e



STABILITY

AUDITS
B) SELECTION OF PEAK FAN DISTORTION VALUE
34.47 (5.0 T -
TIME AT WHICH TIME AT WHICH |
STALL INDUCING PEAK ENGINE STALL MAMMER
AVERAGE OCCURKED OCCURRED SHOCK
TIME : .
VARIANT 2758 400 : I
PRESSURE I E |
kPa | : !
| : J
I : I
1379 (20) -
20 . !
FAN | : u
DISTORTION :
K, 1.0 $
2 ]
0 :
20 -
; ! 1
: | i
HIGH : | !
COMPRESSOR : |
DISTORTION 1.0 —fl‘_—-\ + -
" ’\/J |
| > |
d '
~-30 -20 -10 0 10 20 30

TIME RELATIVE TOSTALL - mSEC
GPTE-0323- 128
FIGURE 117 {Continued)
STABILITY AUDIT ANALYSIS PLOTS
Mach 0.52 =100 B8=07 p =70
A3=276 WAT2=1071% Bypass=0 I.D. Number=3



STABILITY
AUDITS

C) TOTAL PRESSURE CONTOUR AT PEAK FAN DISTORTION

Ky, = 1.4

2
K. =0.86
C2

.)P(MAX~M|N

P\ ave

) = 55.6%
P

View of left inlet
looking downstream

GPTS-0323-128

FIGURE 117 (Continued)
STABILITY AUDIT ANALYSIS PLOTS

Mach 052 a=100 B8=007 p=70
A3=276 WAT2= 107.1% Bypass=0 1.D. Number =3



STABILITY

AUDITS
Legend
Surge pressure ratio QOperating pressure ratio
A - Highest available 1 - Installed match point
A to B - Reynolds numbe. loss 2 - Distortion rematch
B to C - Engine-to-engine variation 3 - Rematch due to augmentor blowout
C to D - Distortion los: 4 - Rematch due to augmentor raignition
D) FAN AND COMPRESSOR MAPS FOR THE STABILITY AUDITS
FAN COMPRESSOR
44 A l 108
/ @B A
ec /
04 1
4.0 10.0
 E
27.4% NEGATIVE
FAN STALL MARGIN
AVERAGE REMAINING COMPRESSOR —7 P
RATIO 14.7% POSITIVE
STALL MARGIN
REMAINING
Q2 |
3.2 O 8.4 :
1 ]
—-L— 012
(1o
1
28 Q3 76 !
102 104 106 99 101 103
PERCENT FAN INLET PERCENT COMPRESSOR
FLOW - % WAT2 FLOW - % WAT25H

GPTE-0323-127

FIGURE 117 (Continued)
STABILITY AUDIT ANALYSIS PLOTS
Mach 0.52 a =100 B8=007 p=70
A43=276 WAT2=1071% Bypass=0 |D Number=3



STA8ILITY

AUDITS
A) TIME HISTORIES OF HIGH RESPONSE PRESSURE PROBE DATA
3558 (5.16) — .
Prysc”
kPa 0 -
(PSIA) D
[} . i .
[ it
~35.58 (-5.16) — H..;i_- Purcra

b—o——o—o&—o.—o—&-

52.12 (71.56) "Tﬂ'r—v r*""‘"“'“r—'—"" -

e A T SR e SIS O

Yoo P

et T

'\P‘2.5H.
kPa
(PS1A)

-5212(-7.56) — ~: - - -

T N I |

20.89 (303)—"-""*";“
* .
_\Ptz
kPa 0 o
{PSIA) ; .
anp 2089 (-303 =i e
2 L i o = H
ACTUATOR 29.34 {11.5%) BEXT = -r—‘v—t
PCSiTION ST
nny 1303 5% ~ '
*Probe iocations are illustrated in Sigure 114, Gerem e

FIGURE 118
STABILITY AUDIT ANALYSIS PLOTS
Mach 0.85 a =88 B=-—05 p=70
.\3 =276 WAT2:=1042% Bypass=0 |.C. Number =15

176



[srasiLiTy ‘

_AVOITS
B) SELECTION OF PEAK FAN DISTORTION
48.26 (7.0) - :
L 1D TIME AT WHiCH]
AVERAGE TIME AT WHICH | ENGINE STaLs
TiMg  41.37 (601~ HIGHEST NONSTALL N OCCURRED
VARIANT PEAR oiCUFRED TIME AT WHICH A
PRESSURE . H
ESSURE 3447 5.00 STALL /NDUCING PEAK
Pr2t ! ! OCCURREN : |
kP2 2758 (4.0} e~ e —— - T HAMKCP
{PSIA} | i P sHOoK
20.68 (3.0) - L 1l S G
20 - :
FAN i : !
DISTSRTION 10 N i N'\’ : . ]
a \/—\ J
2 ! | i ="\
oL i 2 e e 3
20 : " . .
COMPRESSOR ; 5 i
DISTORTION 10}- | T : '
Xes N\ : e l ? N
Q A . 1
250 -0 -30 -0 ~10 0 10

TIME RELATIVE TOSTALL - m$SEC

FIGURE 1186 (Continued)
S TABILITY AUDIT ANALYSIS PLOTS
Mach 0.85 o« =82 = —0.5 ¢ =710
A3 =276 WAT2 = 104.2% Sypass =0

GPTE-0323-72¢

i.D. Number = 13



STABILITY
AyDetTs

C} TOTAL PRESSURE CONTOUR AT PE~X FAN DISTURTION

K,, =16
ke =12
©

AP [MaX-MN
= (————) - 49.7%
P\ AVG

Viewy of lett inlet
(00KING GRS TTBAM

LRI

FIGURE 118 (Convnuedt
STABILITY AUDIT ANALYSIS PLOYS
Mach 08, a-88 R :2-05 o =70
33=276 WAT2=1042% dypass=0 !D Number=15

pRIGIAE ey
OB POOR GUA

>4
&



STAB:LiTrY
ALOITS ]

Legend

Suige Pressute Ratio
A - Fighest auz'iabie
A 10 B - Reynolas minber t0ss

8 10 C - Eng:ne 1o endine vanai=m

< 10 D - Distortion loss

Operzting Pressure Ratio
1 - ins=3iley match point
2 - Dstort:on rematch

3. Augmentde anemaly

di COMPARISON OF STALL AND MONSTALL STABILITY AUDIT FAN MAPS

. NOSTALL STALL
s T 1 42 ]
r a W A %
: 8 8 :
1 /s c : ;
38 , . asyp - -
: ! ! :
! H 5.3% { .

! i NEGATIVE !

FAN : Fay sTALL | '
AVERAGE , { ____1 AvERAaGE 1| MARGIK ! !
PRESSURE ; 1 PRESSURE [ REMAINING !

RATIO o ! RATIO .. d- :
T "2 ! 3 iy i
: 1! i i QA :
. o1 23%PCSITIVE | __ L
“0 feraLL MARGIN T . ] f = P :
REMAINING ; — i ;
i ‘ ;
H i {
5 ! : !
¢ L | | 2.6 | |
100 192 104 100 102 104
PERCENT FAN INLET “ERTENT FAN GSLET
FLOW - %L WAT2 FLONY - % WAT?
FIGURE 118 (Coativued; 358832373

STARLITY AUDIT ANAL' SIS PLOYS
Mach = GRS =g#° e I A

=g
A3=276 WAT2 - 104 2% Bypass - OC

23 7?
tD My~iper = 5

10



STagiLiTy

AuD!TS
Legend
Surge Fressure Rato Onecating Pressure Rato
A - Heghest avanlable 1 - Installed march pent
A 20 8 - Feynolds number toss 2 - Distoruon remaich
B to C - Engne-toengine vir.ation 3- Augmenior adomaly
C to G - Distortion loss
e} FAN AND COMPRESSOR MAPS FOR THE 3TABILITY AUDIT
FAN 1 COMPRESSOR
4.2 — y .4 . -
: @ D> N
g { i 8 t
c . 8c .
{ : 9.6 T T
38 ' ; ‘D@ — !
1 :
64% :
AN MEGATIVE | 5 asb |_15.0% POSITIVE
AVERAGE STaLL © COMPRESSOR _ STALL MARGIN
34] MARGIN . PRESSURE . REMAINING
PRESSURE 1™ pemarninG! « - '
RATIO 3 : : RATIO !
— G2 H 8.0 : i
T4 ! 120 ———
| d ! i ) ‘ .
3.0 3 i : ! \ :
k4 — i
— __au : 7.2 1
i
s i |
| |
26 L — 6.4 H
100 102 104 a8 160 102 104
PERCENT FAN INLET PERCENT COMPRESSGR
FLOW - % WAT2 FLOW - % WAT2SH

CoOve-223- 122

FIGURE 118 (T ontinued)
STABILITY AUDIT ; NALYSIS PLOTS
Mach Q85 =88 35:=-=05 az 276
A3=276 WAT2:=1042% Bypass=02 D Number=15
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STABILITY

AUDITS
A) TIME HISTORIES OF HIGH RESPONSE PRESSURE PROBE DATA
/_STALL
21.30 (5.09 ;
Piasc
kPa S T N
iPSIA) SR j'-‘-—~_.,; - 1sec—d** D o
~3658(—5.16) — ' oot TU AT s . :'4
§2.12 (7.56) — - P R . .
i } T o e TTT
P‘zsu' '
kP2
{PSIA) >
~52.121-756) — ——— -
2329 1303 — :
_\P,2° N
kPa
1PSiA}
—2089-303) — ' T T g
RAMP 29.38{11355): :
ACTUATOR ‘ S S
POSITION | EXTEND oo T rT
cm 13.03 513 — - el
an.)

“ProGe iccations a1e riiuttrated in Figure 114

FIGURE 119
STABILITY AUDIT ANALYSIS PLOTS
Mach 1.21 a=15 J3=0 p=60
A3 =276 WAT2=983% ©Bypass=C 1D Number= 34
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STABILITY
AUDITS

8) SELECTION OF PEAK FAN DISTORTION

55.16(8.0) T I . -
TIME ATWHICH & HAMMER SHOCK
STALL INDUCING PEAK :
occulnneo : '
AVERAGE :
TLGE 48.26(2.01 I : I
PRESSURE :
T2 |
s | -
oy A13760) : | \
| TIME AT WHICH |
ENGINE STALL
~ | occurrep | !
:;4.41(5.(»l | : i i
20 . l
FAN : |
DISTORTION : %
1.0 - !
K L]
? \J {\
: I
0 : |
20 | . ' 3
! I : l
HIGH ; | : | 5
COMPRESSOR | : ;
DISTORTION 10 : f.:\ — ;
K ! : i
€2 - i : | i |
| I : \W
0 ? | i D i i
-30 -20 -30 9 10 20 30

TiME RELATIVE TOSTALL - mSEC

GPT-0313 '

FICURE 119 (Continued)
STASILITY AUDIT ANALYSIS PLOTS
Mach 1.21 a=15 2=0 =60

A 3° 276 WAT2=2383% Bypass=0 I D Number = 34



STABILITY
AUDITS

C) TOTAL PRESSURE CONTOUR AT PEAK FAN DISTGRTION
L8| TOP

PAGE B
QUALITY.

Ky, = 1.9

Ke,= 11

AP /MAX - MIN'
— [————— ] =53.4%
L2 P AVG

View of left iraet
looking downstream

GPTR-8123 138

L4
FIGURE 119 (Continued)
STABILITY AUDIT ANALYSIS PLOTS
Mach 1.21 a=15 B=0 p=60
33=276 WAT2=983% Bypass=0 1D. Number =34



STAZ LT l
AL0TS
Legend
Surge Pressure Ratio Cperating Pressuie Ratio
A - Highest avaiiable 1 Ins+alleg march pein?
A 10 8 - Revnowuts aumuoer toss 2 - Drstortion rematch
B toC - Em;|l‘.e~lo~e'x‘.|}me varatn 3 A\uv.,'.".'c'ilm ANOMJiy
C 10 O - Distortion toss
d) FAN AND COMPRESSOR MAPS FOR THE STABILITY AUDIT
FAN
40 I !
i ' : COMPRESSOR
: ; 10.4
A i
36 -_—7—-,'8——'—-—-—_—
; <
i 96
FAN ; |
AVERAGE 33 : 7 e0 |
FRESSURE 3.3% NEGATIVE l COMPRESSOR [ | i
PATIO STALL M ASGIN i Pnesgune 38 — +
RATIO :
| REMAINING { 16.2% POSITIVE :
g ! ! STALL MARGIN :
238 g? : REMAINING ;
' 8.0 ‘ .
o0 i ' '
! | ;
' ! —1 L o012
: | i
2.3 L A J 7.2 i :
94 9 B 00 9% 97 39 101
PERCENT FAN INLET FLOW - *.WAT2 PERCENT COMPRESSOR FLOW - “ZWAT25M
P XSRS

FIGURE 113 (Continued)
STABILITY AUDIT ANALYSIS PLOTS
Mac 1.21 a=15 B=00 p=60
A3=276 WAT2=983% 3ypass=00 1D Number= 34



STABILITY
AUDITS

A) TIME HISTORIES OF HIGH RESPONSE PROBE DATA

t25C 0 T m—p—— * ‘*“!"r
kP2 LTTRTEE i
(PSIA) .

~msisam ST
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FIGURE 120
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STABILITY
AlUOITS
FOINT | ¢y gy | PEAK DisTORTION | encine sTaLe | ST AEDRD
NO. R TO STALL - SEC
1* 422-4 21:12:23.27822 21:12:23.28711 0.63011
417-5 17:20:38.,8133 17:20:38.81244 0.58344
417-4 17:18:28.11367 17:18:28.13700 0.59800
4* 417-2 17:10:21.73233 17:10:21.74567 "0.58567
15 417-3 17:14:28.95178 17:14:28.96400 0.61900
16+ 4171 17:04:34.62633 17:04:34.63856 0.60456
34 423-4 21:12:32.31411 21:12:32.32522 0.53122
35" 423-3 21:07:57.09078 21:07:57.10633 0.51233
44 4142 20:16:47.21722 NOS. ~.L -
57+ 425-2 05:11:14.30756 NO STALL -
*Stability audits are in Appendix K GPTe-0323-142
* *HMS - Hours, Minutes, Seconds
FIGURE 122

EVENTS TIME HISTORY OF STABILITY AUDIT TEST CONDITIONS
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APFENDIX A
COMPARISCNS OF DIGITIZED AND ANALOG DISTORTION DATA
Presented herein are the compariscns of time history fan distortion
values computed by the Anzlog Distortion Calculator and by che Digitel
Process of Volume I, Figure 10, A list of illustratinns is provided below.
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APPENDIX B
DISTORTION DESCRIPTOR EQUATIONS AND SAMPLE CALCULATION

Presented herein are the details of the distortion descriptor equations,
of the a.stortion descriptor calculation procedure, of a cample calculation
and of the distortion descriptor reference radial profile and radial distor-
tion weighting factor that are used in this study. These topics are separated
into sectious as follows.

Topic Page
Summary of Distortion Descriptor Equa“ions (see Figure B-1) 211
Calculation Procedure 212
Sample Calculation 216
Reference Radial Profile & "b" factor (see Figure B-9) 233
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CALCULATION PROCEDURE FOR Kar AND Ke FOR INLET
TIME VARIANT PRESSURE DATA

Select the recorded inlet pressure pattern for the operating condition
under consideration.

This pattern is obtained from total pressure data measured at equidistant
circumferential stations, 8;, 97, 83...etc., and at the mean of J annu-
lar rings, d;, dp, d3...etc., counting from the hub to the tip.

Consider the ring d1 and list the total pressure ratio P¢2/P., for each
angle of 8.

For each angle € obtain the sine and cosine of the angle and the product
(Py2/Pr,) sine 8 and (Pp2/Pto) cosine 9.

Sum the values of Py3/Pro sine € and Py5/Py, cosine & for all angles of
3 to give

T T
E:PtglPto sine 9 andz: PCZ/Pto cosine 3
=T -

10.

212

From the sum computed in step (5) and the value (45/7), obtain the product
T T

1 '
= ZPCZ/Pto sine 2A3% and %Z Pr2/Pro cosine 348
T ™

These values are respectively equal to aI/Pto and bI/Pto

The Fourier coefficient parameter AI/Pto is then obtained

AR, = ‘/(allpr;o)2 * (bllpt:o)2

The value of the Fourier coefficient is determined for ten values of N
where ¥ (i.e., 9, 26, 38, ...108) is substituted for 2 in steps 4-7 and
the largest value of

51— i is obtained.
to N
Find the ring average value of pressure, PCZ*IPto
Ng
Pcz*/Pco = I’Ne g: PtZ/Pto

where Ne is the number of circumferential lccatiom.

Repeat steps 3-9 for each ring.



11.

12.

13.

14.

15.

16.

17.

18.

19.

Multiply the values of 1/Py, (Ay/N2) maximum obtained in step 8 by the
weighting function 1/D and sum for all rings to obtain

J
z:llPto (AN/NZ)maximum 1/p
1

Where J is the number of diameters.

Obtain the sum of the weighting factors 1/D

J
Y1/
1
Obtain PCZIPCO' the arithmetic average value of PtZ*IP:o’ from step 9
J
Pe2/Peo ) 3 PeaalPy,
1

Obtain Q/PtZ’ where Q/P 2 is defined as a function of percent total engine
air flow corrected to tﬁe engine face.

Obtain Ke from the results of steps 11, 12, 13 and 14.

J L AN 1
Z3 2 5
1 to N max

()., ()., i+
Pto avg PtZ avg 1 D

Obtain as from Q/PCZ (step 14) and Figure B-2.

Compute Splitter Diameter

= Z - 2) 4
DspLirrer™Vos (002 - 1D9) + 1D

Computer Ky ER as in step 15, but using values only for rings hav-
ing diameter smallieér than or equal to splitter diameter.

Compute ( Ptz )
\PtZ* inst

(Pcz ) - (Pc2> P:z*)
PtZ* inst Pto inst Pto inst

213



o, ey

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

214

P

Plo t2 vs O for ring diameters smaller than or equal to

Ptz* inst

splitter diameter.

Obtain 6 where 8 is equal to the greatest circumferential extent where
Pp2/Pp2x <1.0. 1If there are two regions of low Py9/Pr2x by 25 deg or
less, they are to be treated as one low pressure region. The lower limit

of 8~ is to be 90 deg.

Compute K.,

Kesplitcer ( 180

Compute (t”*lptz)inst = (—) :/( )
to to/inst

Select appropriate reference radial profile.

For each ring, compute Prox - Prox pase
Pt2
Peox = Pros Dase [P oy P
Pe2 . - Tt2%
tl £2 inst (step 23)
Pyo base

Compute 1 for each ring.

D
i Ptz* - Pt2* base ( 1 )O
P %*
1 B2 P:z base/PCZ
J 3
= [
t2) avg 1 \ D

Select appropriate radial distortion weighting factor

Compute K
ra,

aha

Compute Kaz

Ka =Kg +b Kr37
2 &
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Sample Calculation of K, and K¢, Distortion Descriptors

Given Values:

Refggegce
Ring Diameter Proéile "b" factor
1 14.64036 . 9622 12.50
2 19.91952 .9783
3 24,03636 1.0016 See following page for
4 27.54072 1.0166 probe pressure values
5 30.64836 1.0191
6 33.48108 . 1.0185

*(0)

¢}

45°

3 Rings G

'

Inboard

Qutboard

\ "
(55 ZN) _/, e
180°

p
'Looﬁigg Aft

¢t This leg is zenerally labeled (8). The distortion value
computed with (8) is identical to this calculation.
216



Calculation of P‘l‘z

)
Diameter ) 45 90 135 180 225 220 315
14.64036 10.799600 | 10.848300 | 10.89.299 | 10.907100 | 10.808999 | 10.461499 | 10.586100 | 10.506100
19.919%2 10.523499 | 10.484099 | 10.729799 | 10.96999 ! 10.979699 | 10.379700 | 10.44100 | 10.260699
24.03636 10.183800 | 10.232400 | 10.777900 | 10.690599 | 10.733899 | 10.368899 | 10.239799 | 10.143800
27.54072 10.099500 | 10.231199 | 10.868299 | 10.629399 | 10.550099 | 10.275999 | 10.511700 | 9.9966993
30.64836 10.106600 | 16.179600 | 10.79400 | 10.535399 | 10.484200 | 10.382.00 | 10.176900 | 9.5592991
33.48108 10.063200 | 10.274799 | 10.676900 | 10.375600 | 10.519099 | 10.286799 | 10.333400 | 9.9924994
48 (Pe,)
<4
3 " 19.46148
i=l
2
Calculation of Maximum AN/N and Ky
where
Ay 1
—= 2 2
2 a._+b
N2 N 1 1
¥ P 2 P 9
= 1 AB t2 A8 t2 .
- ‘]?832 f’—- cos (KNAB) 1—862 —= sin (KNAS)
N | t2 Ptz
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A8 = 45°;

N=1

Calculation of (‘l)nin. x sz

(sz)

ring X

f%ﬁ cos (Nke8)

Ring "2

%%5 cos (Nkid)

Ring 41 <( Ring #2
'y

Ring #)

Ring #%

Ring #5

Ring #6
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10.4235
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10.1046
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L N IRV SN g

« 230000

2.6999
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2.524875

)
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L= N VT N

1767767

1.91774

1.85336

1.8C386
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10.8919
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10.7779
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[ VIR S Rw Sy

Q.000"

.0

0.0

0.0
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10.5354
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[ R
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[« NV BN A Wiy S o

-0.250000
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|
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\CE N o
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A3
[: 180 Pea "4 (m)] Ring "
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Caiculation of (Az)“.‘ x¥

€2

(?z.)h..' x % cas (Akae,

i

'(9

oF o Gaae)

Ring 1

siag 13 ! rieg 84
T

tieg #5

S
ﬁ.
K
&

law X}

LRV I Sy

10.79%
iD.4233
.18
10.099S
if.108é
2.9

sesame

25000

2.4995

J.5400

2.5249

-

2.3262

2.5158

[ LI R P )

10,8483
15.4861
10.4724
w.n:
*0.:7%
i0.27:8

G 2000

-—

2.2

3.9

[UVYR e R DR WP VRRE P

2.0

.v"-.

3.0

el

¢ e lu-ouu.u-l-.r -

o e

L R

10.9%1y
10.229%¢
39.7779
153683
10,7945
N.e7$d

. e 4 et b

- 2R

-.72%

-2.9822

- A.-....1 e g

.99

PP

[ SR SN PN

T0.¥070
10.9700
10.¢90
0. 8%
26.53%
i0.375¢

| e,

0. 2060

L

0.0

oo s A bk

6.0

PPN DU P

3.0

- bt ks ey

L N RV

i0.890%)
10.5797
1E.733
10.5501
1D.e802
8.510

1

»
..

(]

2.o82F

2.9378

2.6210

2.629%

U T VP 2

1194615
110.3797
110. 3698
119.2760
1:0.3827

10,2068

2.9

2.9

2.0

L RV N W P

10,5861
10.4410
10.2398
10.5117
0.7
i;o. 3334

e e e B Akt e i L Lk s e ]

~1.6465

-2.6102

-2.6279

'=2.5442

-2.583

PO TR

L I N T S

10. 5061
12.2¢/
110,248
2.9967
9.9593
9.9925

0.000

2.0

2.9

-

r

Lod (5
s

P, cos {Mﬂ]‘u. -

T

.0326

.0%82

-.075

Poal107

219



28 = 33°; =)

Calculation of (ay)y, = P,

-+ I
“‘2)“‘ 3 w cos (Wkid)

£

'32

%’5“‘ (mae)

Riag #1

Riag #2

Risg #3

Ring ¢4

Ring #3 | Ring %6

leg ()

10.79%
10.4235
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10.1046
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[ NN
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L RV I NN YN
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[ RV N NN

1767777

.93

.
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1.50624
18342

e
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19.51
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BN
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L RV N N Y

-.1767777

-1.8572

~1.8139

-1.7932

-1.7606 |
~1.7664

P ]

as
b i® "Z CN(MG’] -

,lm
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- {(8,) x ¥,
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Calculation of (16‘
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Calculatton of “l,ll-‘
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9.959)
9.9925

[ XX F" N N

~0.1767727

-1.85724

-1.81386

-1.79320

~1.76719

-1.76058

-1.76645

AS
[x 16 Tty oia (uo)]“m: -

21573

+2160%

. 2069

19310

22022

15147

= (h,) l;‘?

1 Ring
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48 = 45°; W2

Calculaction of (bz)

aing = T2

(Fep)

20
Ring T 7ag = (Wae)

’tz

26
m sin (Mnae)

Ring #1

Ring #2

Ring #3

Ring #4 Ring #5

lag (k)

LYY "I E

10.79%
10.4235
10.1838
10.0993
10.1046
10,0632

9.0

0.0

0.0
0.0

0.0

GNP

10.8483
10,4841
10.2324
10.2312
10.17%
10.2748

.71

2.6210

2.5581

2.5578
2.5049

2.5687

LR NN N

10.8919
10.779%
13.7779
12.8683
107940
13.6769

9.0

0.0
0.0

10.9071
10.9700
10.906
10.6294
10.5354
10.3756

~.230C

-1.7268

~2.782%

-2.6726

-2.6574
-2.6328

- 2.3939

P W oo

10.30%0
10.9797
10.7339
10.5501
10.3842
10.5191

0.0

9.0

9.9
0.0

0.0

LV W Y

10.4615
10.3797
10.3698
10.2760
10, 3827
10,2068

2.6156

2,595

2.59%

2.569
2.5957

2.5717

L IR N g

10. 5861
104410
10.2398
10,5117

0.1769
0.3334

9.0

2.0

0.0

9.0
9.0

0.0

[ NV S

1.5061
0.2607
0.1438
9.9%¢7
9.9593
9.9923

-.2500

-2.6263

=-2.5652

-2.5360

~2.6992
=2.4898

-2.4981

rm—

a8

[ —

185 Te2 oo (ma)]uu .

-.0918

~.0581

~-.0298 017

" ) 1ag

x B,

CiIGINAT PAGR B

OF POOR QUALTTY
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M e 45 W)

DRIGINAL PAGE 88
D& POOR QUALITY

Calenlation of (D,)

“xi‘:

("2)

Ring = 180

sia (Wa8)

5

"2

%’5 sin (Wad)

Ring f1

Ring #2

Ring #3

Ring #

Riag #3

Lag (k)

[ X E° N N

10.79%
10.423%
10.1838
10.0995
10.1066
10.06%2

10.3483
10.4841
10.2326
10.2312
10.179%
10.2748

17677y

L.9177

1.8333

1.5089

1.799%3

1.3163

[ N XN N L RN N NN

10.891%
10.729%
10.7779
10.9683
10.7940
i0.6769

~2.6824

~2.6945

-2.nn

-2.6985

WA W N

10.9071
10.9700
10.6906
10.629%
10.5354
10.3756

176777

1.9280

1.9392

1.879%0

1.8623

1.8341

NS N

10.80%
10.9797
10.733
10.5501
10,5862
10.5191

0.0

[ R R N YN

10.4615
10.3797
10.369%
10.2760
10.3827
10.2068

-.176777

-1.8494

-1.8349

-1.8331

-1.8166

~1.835

~1.81835

GANR W N

10.5861
10.4410
10.2398
10.5117
10.1769
10.333%

0.2500

2.6465

2.6102

2.5600

2.6279

2.5442

2.5836

GAn W

10.5061
10.2607
10.1438
9.9967
9.9593
9.9925

-.176777

-1.8572

-1.8139

-1.7932

-1.7672

-1.7606

~1.7664

2
& —

180

P 2 s1a(Fkae)

3

o

.0626

0715

-.0621

.0146

-.0885

-.0203

- “3’"-‘! x Pey
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Calculation of (b)), x 'r'gz

20 = 45% Wed 2 t"n- sin (W20)

"‘2’“&
3

£

'tz % sim (WkAR) Rag #1 Ring #2 Ring #3 Riag #4 Ring #5 Ling 16 Leg (x)

10.79% 0.000 9.9 0
10.4233 0.0
10.1838 0.0
10.0993 0.0
10.1066 0.0
10.0632 0.0

AR P

10.8483 0.000 0.0 1
10.4881 0.0
10.2326 9.0
10.2112 0.0
10.17% 0.0
10.2748 0.0

G VPN

10.8919 0.000 0.0 2
10.7298 0.0
10.77719 0.0
10.9643 0.0
10.7%0 0.0
10.67¢9 9.0

[N N WV

10.9071 0.000 0.0 3
10.9700 0.0
10.6%06 4.0
10.62% 0.0
10.535%4 9.6
10.3756 0.0

RN N NN

10.80% 0.000 0.0 4
10.9797 0.0
10.73) 0.0
10.5501 0.0
10.4842 Q.0
10.5191 0.0

[ XV AN Y

10.4615 0.000 0.0 b
10.3797 9.0
10.36% 0.0
10.2760 0.0
10.3827 9.0
10.2068 0.0

10.5861 0.000 0.0 6
10.4410 0.0
10.239%8 0.0
10.3117 0.0
10.1769 0.0
10.333% 0.0

PN WN PN wW N

10.5061 13.000 0.0
10.2607 0.0
10.1438 0.0 §
9.9967 0.0
9.9593 0.9
9.9925 0.0

~

C RV I N™REY

- (b.,.)un' x ?tz

ae 4 -
[t 190 sz sin (¢M0)].I 6.0 0.0 0.0 a.0 0.0 0.0
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N}
Caleulatioe 1 2 3 s 3 K
t {55 P, cosman) -.00486 | -.20598 | -.25848 | ~.23202 | 23264 | - 10382 | 1 | (&) pp * Pep
t B Pe, stacme) 51| ae0s| 200 | Laem0| 22022 asier| b | o r,
T 4% Pe, Voou' a0 eata? (st ,annl ) ane| saur) x| e fa -,
[aas7e] s2m0e] amioe] deawr| e[ Lasmf] 1 |4 - B
T 335 Pep cosCMRO) 0326 | .ose2 f-.0250 | -.m26 |-.o955 [-a10m0 | 2 | ap) .t Fey
T 35 re, siagmzo) --0258 |-.ons [-.0se1 |-.0098 | our | .osss |2 | -Fe,
T 335 P, Veos mao)estn’(mae) | 04157 | 1087 | .o6325{ .1850 | .70 | .um | 2 A v P,
01039 | o217 | oism| .osezs| .aze2s| 02936 | 2 |4, - B e
T £33 Pe, cos(man) -0004 |-.0321 |-.0166 | 0072 | L0629 |-.04 |3 | (ap) . r,
T 355 Pe, sin(mae) -0626 | L0715 |-.0621 | .0Le6 (-.0885 |-.0203 |3 [y, o v,
£ 4% re, Voos  (Mas)esin’(mze) | 0626 | 0784 | .osa2s| .o1628| .o0e3s | .ossse | 3 2 -
-00696 | 00871 | .0071¢| .0o18:] .01093| .00338 | 3 |a, - P,
: Ao, cosomae) 087 | 1198 | 1269 | L2200 | oa257 | La6s8 |4 fCap *e,
235 Prp sta(mae) 0.0 Jo.o 0.0 0.0 0.0 0.0 3 F ORI *e,
t 435 P, Veos” (mat)+nta’ma0) | 0878 | 1108 | .12¢9 | .2200 | L2257 | 1658 | & a, - r,
«00549 | 00749 | .00781| 014 | .00786 | .o10¢ | & fa - P s
* Maxicum Asl'!z Values
Calculation of Ke
6 -
1 Z (‘n Pty J 1
by 2 D
. Pe, Ring=1 N Rin Ring
6
- 1
/e
2 D,
Ring=1 08
- 1 21578 + 32739 " 33109 + »30217 + . 32034 + .23819
10.46148 \ 14.64036  19.91952 ° 24.03636  27.54072  30.64836 33.48108
«061522 (.2589156)
»
¢ K. = .44099 . PACE B
5 - 'TY
Qr*

ot POOR
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DRIGINAL PAGE Iy
DE POOR QUALITY

Calculation of Ke,
2

[} Ring
Ring Q° 45° 90* 135° 180° 225° 270° 315° Average
1 10.7996 | 10.8483 | 10.8919 | 10.9071 | 10.8090 | 10.4615 | 10.5861 | 10.5061 | 10.7261875
2 10.62350 | 10,4841 | 19.7298 | 10.700 | 10,9797 | 10.3797 | 10.4410 { 10.2607 | 10.5835625
3 10.1838 }10.2324 | 10.7779 | 10.6906 | 10.7339 | 10.3689 { 10.2398 | 10.1438 ! 10.4213875
4 10.09950 | 10.2312 | 10.8683 | 10.6294 | 10.5501 | 10.2760 | 10.5117 | 9.9967 | 10.3953625
5 10.10460 | 10.17960| 10.7940 | 10.5354 | 10.4842 | 10.3827 | 10.1769 | 9.9593 | 10.3270875
6 10.06320 | 10,2748 | 10.6769 | 10.3756 | 10.5191 | 10.2868 | 10.3334 | 9.9925 | 10.3152875
Avg ;cz = 10.46148
@®/@ |Base Radial Profile| ®-@ OYO)
- Py */Py, APy
2 .
Ring Pcz* Ptz :——9' (Ptz*)nase/l’;z éf_ = 2
Pe,/Peg Pey | t2 Ring
1 | 10.7261875 | 10.46148] 1.0253031 .9622 .0631031 .0555821
2 10.5835625 1.0116697 .9783 .0333697 .0341099
3 | 10.4213875 .9961676 1.0016 .00543239 | .00542371
4 | 10.3953624 .9936799 1.0165 .02292009 | .02254583
5 | 10.3270875 .9871535 1.0191 .03194641 | .03134767
6 | 10.3152875 .9860256 1.0185 .03247436 .03188450
6
APg, N
Py DRing
Re, = Ring-‘]_. 2 nl
2 [aree) Sy 5=
Rin
gal -4
K. = 20655821 .0341099 . .00542371  .02254583 , .03134767 _ .03188450
raz 14.64036 19.91952 ° 24.03636 27.54072 30.64836 33.48108
.061522 (.2589156)
= ,57827

e
ra
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Calculation of K,
2

Ka, = Kg + b - Kraz

= 44099 + (12.50) (.57827)

Kaz = 7.6694

Calculation of Kcz

2 2 2
* = - = 4 i B-2
DSplittet \Izs (oD ID7) + ID a 7 from Figure

2 2

’\[;47 (33.48108" - 14.640362) + 14.64036

= 25 _13InI
DSplitter 25.3 3

8 = 218 from Figure B-4

18¢
KCZ K“’Spl:[.tl:er -
3 -
3 [1a, (L) Y (.__‘“N P‘Z) x 5=
N 1 = 2 D
}E: (Nz) __*7p Pto/Rings Ring=1l'\ N  /max|Ring "Ring
. max fring Ring
Ke 33128:1_ = l,2l3
Splitter ~ 3 3
- H 1 -
@rep| D @hrep| D 5=
De; 2 Dg;
Ring=1 ng Ring=l '8
1 (.21578 4232739 33109 )
. 10.57705 \14.64036 ~ 19.91952 ~ 24.03636/ _ 180
27 ersaa fk sl 41 218
: 14.64036 = 19.91952 = 24.03636
Ko, = .43143 x %%g = .35622

Ke, = »35622

*This value usually computes so as to use the inner three rings.
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Determination of 6
Maximum value of 8 occurs in Ring 2, which can be determined by examin-
ing the Ring 1 through Ring 6 Circumferential Pressure Contours that are
shown in Figures B-3 through B-8. In addition, the Fourier Series curve fit
of Ring 2 Circumferential Pressure contour is plotted on the graph and the
equation is shown below. The fit has less than .6% error throughout che
entire contour.
Pz(e) = 10.5836 - .24598 cos (45K) + .21605 sin (45K)
+ .0582 cos (90K) -~ .0918 sin (90K)
- .0321 cos (135K) + .0715 sin (135K)
+ .1198 cos (180K)
K=0,1, 2, 3, 4, 5, 6, 7

& = 218° on Ring 2, Figure B-4
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1.0
P
LO—T"O~ RING AVERAGE
10_3(?-(’ O \\ //—
\ / Z)
INDIVIDUAL \O’
PROBE
PRESSURE 104 [
PSIA 6~ = 155°
102 1
100
K=0 K=1 K=2 |Kk=3 [K=4| K=5| K=6 Ka7
P T TR l ! 1 L

0 40 80 120 160 200 240 280 320 360
CIRCUMFERENTIAL L DLATION - DEG Grre0a2) e

FIGURE B8-3
RING 1 CIRCUMFER. NTIAL PRESSURE CONTOUR

1.2 -
1.0 -\‘
gl \ ,—FOURIER SERIES CURVE
//" Y FIT (N=4)
1038 f

1
\
. \
10.6 £ ‘
7 |\
INDIVIDUAL L / RING AVERAGE AK\\‘ Pt 4

PROBE «” P ~ONN 2
PRESSURE 104 7O 7
PSIA MEASURED VALUES—/ \\\C 4
102 s
6~ =218°
10.0

K=0 K=1 K=2 K=3 K=4| K=5 K= K=7
L | L | ) 11
0 40 80 120 160 200 240 280 320 360

CIRCUMFERENTIAL LOCATION - DEG GP78-0323. 188

'FIGURE B-4
RING 2 CIRCUMFERENTIAL PRESSURE CONTOUR
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1.0

108

106 ]\
INDIVIDUAL [ /-mue AVERAGE
PROBE L \
PRESSURE 104 k
PSIA

e

“'Jﬁ

= :205°
10.0
K=0 XK=1 K=2 K=3 K=4 ) K=5 K=6 K=7
agl— L1 1 ] | I I
0 10 80 120 160 200 240 280 320 360
CIRCUMFERENTIAL LOCATION - DEG Gere-0a23 184

FIGURE B-5
RING 3 CIRCUMFERENTIAL PRESSURE CONTOUR

1.0

108 { \
/‘ \g

10.6
INDIVIDUAL

PROBE \
PRESSURE 104 \ 74

- L
PSIA RING AVERAGE

K=0 K=1 K=2 K=3 K=4| K=5 K=6 K=7
ggl— 1l 11 | | [ B
40 80 120 160 200 240 280 320 360

CIRCUMFERENTIAL LOCATION - DEG arre-aIzi1ss

" FIGURE B-6
RING 4 CIRCUMFERENTIAL PRESSURE CONTOUR
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110

108 0

10.6 } [\
o SN

PRESSURE 104 7
PSIA
anc AVERAGE \
102 .

O
10.00‘/ g~ = 1790 \ / >

q
K=0 K=1 K=2 K=3 K=4 | K=5 K=6 K=7
asl 11 | ! 1 L1 1 |
0 40 80 120 160 200 240 280 320 360
CIRCUMFERENTIAL LOCATION - DEG arre323-192

FIGURE 8-7
RING 5 CIRCUMFERENTIAL PRESSURE CONTOUR

10 — -

108

10.6 ‘A

v IRPS

PRESSURE 104 p’J/ pog \ -

PSIA |
6: =‘13'60 RINC AVERAGE
)

10.0
K=0 K=1 K=2 K=3 K=4 | K=5 K=6 K=7
agl— 1 11 ! L 1 AT
0 40 80 120 160 200 240 280 320 360
CIRCUMFERENTIAL LCCATION - DEG aP78-0323151

"~ FIGURE B-8
RING 6 CIRCUMFERENTIAL PRESSURE CONTOUR



rito.n. REFERENCE RADIAL PROFILE
% WAT2 : . T
b~ FACTOR 0.4207 | U.5724 {0.6907 | 0.7914 | 0.8807 | 0.9621
55.0 2342 0.9806 | 0.9894 |1.0033 | 1.0111 | 1.0099 | 1.0060
60.0 2.2 '0.9824 | 0.9907 | 1.0034 | 1.0103 | 1.0090 | 1.0054
60.5 a7n 0.9823 | 0.9905 { 1.0033 | 1.9104 | 1.0091 | 1.0054
623 2449 0.9820 | 0.9901 | 1.0033 | 1.0106 | 1.0092 | 1.0054
6238 79 0.9819 ! 0.9301 | 1.0033 | 1.0106 | 1.0021 | 1.0054
631 ay 0.9818 | 0.9901 | 1.0033 | 1.0106 | 1.0091 | 1.0054
65.0 2072 1 0.9813 ; 0.990C { 1.0033 | 1.6106 | 1.0091 ! 1.0053
66.0 19.33 0.9811 [ 0.9899 | 1.0033 ! 1.0106 | 1.0091 | 1.0052
68.0 16.71 0.9806 | 0.9892 ' 1.0033 | 1.0105 ; 1.0090 | 1.0051
68.4 16.23 0.9807 | 0.9900 | 1.0034 | 1.0105 | 1.0090 | 1.0050
69.3 15.13 0.9808 ; 0.9901 : 1.0035 : 1.0106 | 1.0088 | 1.0048
70.0 14.27 '0.9810 1 0.9903 ; 1.0036 | 1.0106 ; 1.0087 | 1.0045
729 | 11.99 ;0.9813'0.9909‘.10035’*010“'10035‘1.0041
729 | 11.04 ;0.9814 | 0.8913 | 1.0037 | 1.0101 | 1.0083 | 1.0040
730 | 10.92 ,0.9811 | 0.9911 .1oo3131o102]1ow5 1.0043
74.9 9.95 i0.9812 | 0.9914 ; 1.0038 | 1.0101 ; 1.0034 | 1.0646
75.9 8.99 '0.9832{ 09926 : 1.0038 | 1.0084 | 1.0076 | 1.0030
76.0 3.06 ;0.9852 | 0.5938 . 1.0037 ; 1.0088 | 1.0069 | 1.0015
770 | 6.50 10,9857 0.9941 1.0037 | 1.0034 : 1.0064 | 1.0012
780 | 5.43 10.9863  0.9944 | 1.0037 | 1.0081 ' 1.0060 , 1.0010
790 4.47 10.9897 | 0.9983 : 1.0065 | .0071 : 1.0005 | 0.9938
809 | 3.86 £1.0150 | 1.0217 . 1621"1‘10064'09760'09469
820 : 6.29 '1.0298 - 1.0304 1.0284 | 1.0931 ' 0.9637 ! 0.9410
825 | 4.00 11.0288 | 1.0296 | 1.0276 | 1.0031 : 0.9648 ; 0.9426
850 220 11.0242 | 1.0258 ' 1.0243 | 1.0031 ! 0.9699 | 0.5496
87.3 | 232 £1.0216 | 1.0239 - 1.0226 ; 1.0032 ! 0.9726 : 0.9531
875 | 232 11.021511.0238 - 1.0225 | 1.0032 0.9727 | 0.9533
894 238 11.0222 | 1.0246 ' 1.0230 | 1.0031 . 0.9720 ' C.9520
9.0 234 11.0210 | 1.0239 1.0225 | 1.0033 0.9731 0.9524
925 | 219 ,10211410242~1.0227“_003430_9729:0_9527
95.0 | 200 11.0262 1.0281 : 1.0247;1_aozo=o.967s;o.9453
97.0 7 110392} 1.9341 | 1.0255 | 0.9985 ! 0.962 : 0.9371
97.2 1.67 ,13409‘10348.10256109982 0.9606 : 0.9363
975 ! 1.66 11.0429 | 1.0360 | 1.0261 | 09981309598 | 0.9344
990 ! 1.57 {1.0551 | 1.0421 | 1.0292 0.9963 ! 0.9525 | 0.9264
100.0 1.53 11,0630 ; 1.0473 | 1.0333 | 0.9947 | 0.9432 | 0.9169
101.2 1.40 3.0701 110485 | 1.0306 | 0.9910 10.9418 | 0.9173
1625 1.82 11.0736 | 1.0514 | 1.0354 | 0.9932 ! 0.9367 | 0.2084
105.0 | 1.08 1.0811 : 1.0477 | 10324§09924109354 09115
106.3 0.94 '1.0811 | 1.0477 | 1.0326 | 0.9925 0.9364 ; :0.9115
107.0 0.93 |1.0811 | 10477 | 10324 | 0.992¢ | 0.9364 1 0.2.35
107.1 0.93 310811 110477 10324;09924’09364]09115

*Prototype F100 (2 7 '8) Engine

REFERENC"™ RADIAL PROFILES AND RADIAL WEIGHTING FACTORS FOR THE

FIGURE B8-9

GPT8-0i.3- 152
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SYMBOLS, SUPERSCRIPTS, AND SUBSCRIPTS

titv

Nth coefficient of the sine term in a
Fourier expansion of the l":zll’t° vs
2 curve for one ring.

h . . . .
Nt coefficient of tue cosiae tem in

a Fourier expansion of the P_./P vs
< t2’ "to
€ curve for one ring.

ring at diameter Di

diameter of ring - any units
normalized frequency ratio
Inside Diaueter

g;mber of diameters

distorticn factor

order of Fourier coefficient (number
of waves per circumference)

number of circumferential locations
Outside Diameter

total or stagnation pressure - lblftz
radial distrotion weight factor

average dynamic pressure heat at com-
pressor face - 1lb/ft

angular increment between two adjacent
circumferential points. {(This quanti-
tv must be the same for all points.)

- radians



..'b

Ap

[+ 8]

T
Superscripts
)

( )=
Subscripts

a

avg

3

inst

P4

ra

"~

circumferential location - radians
circumferential extent of distortion
(largest region of pressure less than
the aveorage)

3.14159

overall average

ring average

applies to fan
refers to time averaged value
applies to high pressure compressor

index of anv ring counting frum hLub
to tip

refers to instantaneous average value

ocder of Fourier coefficient (number
of waves per circumference)

reiarence
radial part applies to fan
total or stagnation

refers to engine inlet plarne
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