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SUMMARY

As part of the NASA Flight Effects on Fan Noise Program, a Grumman OV-1B Mohawk
aircraft was modified to carry a modified and instrumented Pratt & Whitney JT15D-1
turbofan engine. An instrumented research flight inlet, a fan-blade-mounted trans-
ducer instrumentation system, instrumentation for measuring aircraft state, and an
onboard signal conditioning and recording system were developed and utilized to col-
lect test-engine performance data and inlet source noise flight data. These onboard
data, together with simultaneously measured far-field acoustic data, comprise a
flight data base to which JT15D-1 static and wind-tunnel data can be compared. The
overall objective is to improve the ability to use ground-based facilities for the
prediction of flight inlet radiated noise. This report describes the hardware and
presents performance results for the research engine.

INTRODUCTION

At the time of conception of the NASA Flight Effects on Fan Noise Program during
the mid-1970's, it had become widely accepted throughout industry that there were
significant shortcomings in the ability to predict inlet—generated aircraft flyover
noise levels for turbofan engines on the basis of ground static engine tests
(ref. 1). Previous attempts to reduce engine noise were successful because they did
not require precise definition and understanding of how the noise source propagated
from the engine.

The most prevalent noise-prediction theory during the mid-1970's was that of
Tyler and Sofrin (ref. 2), which predicted a reduction in inlet-generated noise by
judicious choices of the number and spacing between the rotor blades and stator
vanes. However, it was also generally acknowledged that the predicted noise reduc-
tions were seldom achieved during ground static testing and that the tendency was for
the ground test to overpredict the lower noise levels that would be measured during
flight. During this period, it was thought that masking effects resulting from
ingestion of ground and test structure generated vortices and from ingestion of near-
ground atmospheric turbulence (different from that encountered during flight) were
the cause of the higher noise levels measured in the ground static-test facilities
(refs. 3 and 4). Also at about this same time, tests were performed which indicated
that both inlet-geometry (ref. 5) and forward-velocity effects from the aircraft
motion could significantly affect the noise source, radiation, and propagation.

More stringent noise certification requirements forced the development of find-
ing the lowest cost-benefit mode of testing to achieve the required noise reduction.
With many possible trade-offs for meeting specified in-flight noise goals, each
noise-reduction technique would have to be evaluated against the potential penalties
in weight, performance, and cost that it would impose on the aircraft and/or engine
operation. To achieve an accurate prediction methodology, the proper identification
of ground noise source levels, spectra, and directivity was necessary. Additionally,
adjustments had to be made to static data to account for any atmospheric-propagation
effects and forward-velocity effects. Another obvious requirement was the necessity
to obtain an accurate flyover noise data base to validate the ground test data and
adjustment procedures.



The NASA research program was initiated to provide the understanding and flight
data base that would improve the ability to predict more accurately the inlet-
generated flyover noise by using ground test facilities. It was designed to system-
atically identify and correlate ground static, wind-tunnel, and flyover measured
noise (see fig., 1). The program was instituted by NASA between the Langley (LaRC),
Lewis (LeRC), and Ames (ARC) Research Centers. LeRC assumed the responsibility for
conducting outdoor static engine tests and fan tests in an anechoic chamber. The
wind-tunnel tests were run in the Ames 40- by 80-Foot Wind Tunnel, which had been
shown to yield good noise-measurement data for fan noise. TLaRC measured the flight
noise by using a test-bed aircraft to carry a test turbofan engine. A key element to
the success of the program was to assure engine and hardware commonality among
Centers and precise commonality of engine operating points throughout the matrix of

test environments.

This paper addresses the commonality of program hardware, the LaRC flight tests,
the test engine, and research inlet performance, and makes performance comparisons
with data from the ground static tests and the wind-tunnel tests. Some program
results on far-field acoustics, fan-blade fluctuating pressures, and stator-vane
fluctuating pressures are contained in references 6 to 8.

Participation by industry and universities in the program was extensive. The .
workshop proceedings of reference 9 are an indication of the extent of their
involvement.

SYMBOLS AND ABBREVIATIONS

BPF blade-passage frequency, Hz

c speed of sound, ft/sec

d duct diameter, in.

FPR fan pressure ratio

FM frequency modulation

g acceleration due to gravity, 32.2 ft/sec2
ICD inlet control device

IRIG Inter-Range-Instrumentation Group

M mean inlet Mach number

Moo Mach number of aircraft

Mt Mach number at fan-blade tip

Mt,rel relative Mach number at fan-blade tip
N1 fan speed, rpm

N2 compressor speed, rpm



PCM pulse-code modulation

Ps standard atmospheric pressure at sea level, psi

Py static pressure, psi

Py total pressure, psi

R specific gas constant

RF radio frequency

T temperature, °F

To standard atmospheric temperature at sea level, °F

Tt total temperature, °F

Vm ailrcraft forward speed, knots

WB wideband

w inlet weight flow, 1lb/sec

X,¥Y coordinates used to define inlet geometry (fig. 7)

a aircraft angle of attack, deg

at,rel relative incidence angle at fan-blade tip, deg

Y ratio of specific heats

o} pressure ratio, p./p,

0 temperature ratio, T, /T

Sem emission angle at which far-field radiation pattern is measured
(with respect to engine forward centerline axis), deg

P density of air, lb/ft3

Subscripts:

bp bypass

corr corrected

£ inlet at fan face

i inlet at station 30.000

A bar over a symbol indicates average value.



TEST VEHICLE AND ENGINE
Research Flight Technique

As mentioned in the preceding section, NASA LaRC obtained an accurate flyover-
noise data base with which the ground static and wind-tunnel test data could be com-
pared. This required the development of a highly sophisticated state-of-the-art,
far-field, acoustic measurement technique and the development of a flying test-bed
aircraft to accommodate the measurement technique and to safely achieve the program
goals. A brief description of the research flight operation is given. More detailed
descriptions are in reference 10, which describes a preliminary test run for "proof
of concept" for the flight operations, and in reference 6, where a test with the
JT 5D-1 engine is described. Figure 2 is a schematic of the technique.

The flight measurement technique was based on state-of-the-art measurement tech-
nology which could yield narrow-band far-field spectra. The technique required an
accurate determination of sound pressure level with a high resolution of the source
location. Measurements of aircraft performance, test-engine performance,'and source
noise measurements were simultaneously recorded aboard the aircraft. All the
recorded data were correlated using Inter-Range-Instrumentation Group (IRIG) A time
code.

The far-field, acoustic measurement technique used a linear array of 10 micro-
phones mounted atop 30-ft poles. These microphones were located on the runway, par-
allel to the centerline, to facilitate pilot ease of flying the aircraft over the
array. The signals from the microphones were ensemble-averaged to yield the desired
precision noise data. Details of the data-reduction computer program can be found in
reference 11. The requirement for precision mandates that the aircraft location be
known very accurately while it traverses the microphone array. Precision aircraft
location was provided by the AN/FPS 16 (V) laser radar system at Wallops Flight
Center (see ref. 12 for details). This system can determine the position of the
aircraft to +2 ft and, in conjunction with a minicomputer, can display the informa-
tion in real time for use by the test director in the control tower (i.e., aircraft
location with respect to the first pole microphone, aircraft sideline deviation, and
aircraft altitude). Accurate far-field acoustic measurements taken under varying
temperature and relative-humidity conditions require data corrections for propagation
distances and weather conditions. Hence, detailed weather information was gathered
by the use of a weather instrument package suspended beneath a tethered balloon posi-
tioned at the aircraft operating altitude. Weather data were recorded during each
flyover. Between flyover measurements, ground-to-aircraft altitude weather profiles
were recorded to preclude aircraft flyovers when weather anomalies existed.

The evolved-operations technique required the pilot to fly the aircraft in a
racetrack pattern, traversing the microphones at a velocity of about 130 knots at an
altitude of 300 ft. A particular flight test would consist of a series of aircraft
test runs over the microphone array. The Pratt & Whitney JT15D-1 turbofan test-
engine (the research-noise-source) fan speed was held constant during each particular
run in a series, and was then changed for successive runs in a series.

Engine and Aircraft Selection

The JT15D-1 turbofan engine was selected as the test inlet noise source. Its
small size made it attractive for static, wind-tunnel, and flight test research; NASA




also had several of these engines readily available. Furthermore, some testing on
measuring the static, wind-tunnel, and flight noise characteristics of a JT15D-1
engine had already been accomplished (refs. 13 to 15). Equally important, the con-
struction of the JT15D-1 engine was similar to that of current larger turbofan
engines, such as a Pratt & Whitney JT9D, for which static-to-flight noise comparisons
have been made (ref. 16).

Once the JT15D-1 turbofan engine was selected, the aircraft selection became a
task of identifying a test vehicle capable of carrying the test engine with minimum
interference, that is, to provide the JT15D-1 engine with as clean an inflow as pos-
sible and with as few reflections as possible from other parts of the aircraft. &an
obvious choice was to use the JT15D-1 powered Cessna Citation aircraft, but its rear-
fuselage-mounted engines ingest fuselage- and wing-induced vortices and the aircraft
wings acoustically shield the engine inlets from forward view during approach and
flyover (ref. 15).

A survey of available aircraft resulted in the selection of the Grumman OV-1B
Mohawk. This two-place, twin turboprop is an electronic surveillance aircraft. (See
table 1 for specifications.) It is extremely rugged, is designed to fly at slow
speeds (80 to 250 knots) and to operate at low altitudes (<100 f£t), and has excellent
low-speed flight characteristics. It normally carries a pilot and an observer/
surveillance-equipment operator.

Noise measurements of an OV-1B Mohawk turboprop engine (Lycoming T53-L-7) were
compared with static noise data from the JT15D-1 engine. The background noise from
the OV-1B test-bed aircraft was found to be sufficiently low, particularly in the
range of frequencies where the fan blade-passage frequency tones would be present.
Figure 3, which is actual flyover data taken during the flight research tests, shows
a typical signal-to-noise ratio comparison for a JT15D-1 engine approach power set-
ting of 10 800 rpm. The aircraft velocity was 130 knots, the altitude was approxi-
mately 300 £t, and the turboprop propeller turned at about 1600 rpm. At higher
test-engine fan speeds, the JT15D-1 engine completely dominates at all frequencies in
the spectra.

The manufacturer of the OV-1B Mohawk performed a "Feasibility Study for Instal-
lation and Test of a Pratt & Whitney Turbofan Engine (JT15D-1) on a Mohawk Aircraft"
(ref. 17). The study included investigations of the JT15D-1 installation and its
effects on aircraft aerodynamics, loads and dynamics, propulsion systems, and flight
testing. Figure 4 is the aircraft/test-engine configquration which was determined to
be optimal with respect to both the noise research mission and safety of flight.

Appendix A contains a more detailed description of the aircraft and engine mod-
ifications, as well as a detailed explanation of the operation and hardware layout of
the JT15D-1 engine.

Installation Effects and Inlet Inflow Tests

During the course of the feasibility study, it was recognized that the selected
aircraft/test-engine interface location could result in a configuration which had
undesirable acoustic effects. Therefore, two separate series of flight tests were
performed. The first test series consisted of flying a pure-tone acoustic source at
the proposed test-engine location. (See ref. 10.,) This series of flights was to
determine whether there were any significant installation effects which could affect



the acoustic radiation pattern or the measured far-field noise. The results indi-
cated that, except for the very shallow angles (i.e., for propagation angles <20°
measured from the horizon), no significant radiation pattern distortion existed. A
range of aircraft speeds from 100 to 150 knots was investigated.

The second series of tests were executed to determine the extent of any inflow
disturbances caused by the rotation of the turboprop propeller. The proposed JT15D-1
mounting position placed the tip of the propeller approximately 19 in. in front of
the JT15D-1 engine-inlet plane and 25 in. from the centerline. (See fig. 4.) Five
hot-film probes (fig. 5) were mounted on the OV-1B aircraft in place of the wing fuel
tank. They were positioned in the plane of the proposed inlet plane of the test
engine and were oriented along a line which passed through the centers of both
engines. Probe A was located farthest from the propeller at a location corresponding
to the inlet lip farthest from the propeller tip; probe B was located at the position
corresponding to the test-engine centerline; probe C-D {(cross-film probe) was located
at the point of the inlet lip closest to the propeller tip; and probe E was located
between the inlet and the propeller tip.

Shown below the photographs in figure 5 are typical results from one of the
flight tests. These results show comparisons of the time histories of the fluctuat-
ing velocity fields as measured by each probe. To the left are the time histories
measured by the probes while the number-2 turboprop engine was operated at 1600 rpm.
To the right are the time histories measured by the probes with the number-2 turbo-
prop engine shut down and with the propeller feathered. For the latter case, at a
forward aircraft speed of 130 knots, the propeller does not rotate. As is evidenced
by the traces with the engine operating, there is a pronounced disturbance caused by
the passage of the propeller blades. The magnitude of the sensor response decreases
with distance away from the propeller tip, but is clearly seen by sensor B, which is
located at the centerline of the JT15D-1 engine. In contrast, the hot-film time
histories with the engine shut down show no periodic disturbance, but rather a low-
level, random atmospheric turbulence as expected. Because of the existence of a
significant periodic propeller-wake-related distortion across the proposed inlet
plane, the OV-1B Mohawk was operated with the number-2 turboprop engine shut down and
the propeller feathered during all research flight testing.

Aircraft-Engine Buildup, Instrumentation, and Recording System

After receipt of the modified aircraft, LaRC installed a laser cube on the
underside of the aircraft nose cap, installed the modified research engine, installed
a signal-conditioning and data-recording system, modified the rudder control lines,
and installed an aircraft nose boom and other aircraft-state measurement devices.

The resulting research flight vehicle is shown in figure 6 with the number-2 turbo-
prop engine shut down, simulating a research configuration flyover.

The flight experimental engine-nacelle assembly is shown schematically in fig-
ure 7. This experimental assembly consisted of the JT15D-1 modified engine (see
appendix A) with additional instrumentation added, a NASA designed and fabricated
bypass exhaust nozzle with acoustic treatment, and a NASA designed and fabricated
research flight inlet. To insure data compatibility, identically modified JT15D-1
engines and inlet hardware designs were used for testing at all three NASA Centers
(LaRC, LeRC, and ARC). Since measurement of the forward-radiated inlet noise was the
primary concern, means for reducing the aft-radiated, bypass duct noise were employed
at all three Centers. However, test fixtures and schedule constraints forced some
differences in the hardware used by each Center. Each different acoustic treatment
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confiquration for exhaust noise is addressed in the subsequent sections of this
report and each of the tests is described.

Flight acoustic treatment.- To insure that the far-field inlet noise measure-
ments from the flight test were not contaminated by aft-radiated fan noise, sound-
absorbing treatment was placed along the outer wall of the bypass-duct exhaust noz-
zle. (See fig. 7.) Figure 8(a) is a photograph of the flight bypass exhaust duct
with the acoustic treatment installed in the engine, figqure 8(b) is a cross-section
sketch of the sound-absorbing wall, and figqure 8(c) is a measured flight result. The
acoustic treatment consisted of nine layers of Dupont Kevlar-29 polyamide fiber com-—
pressed to a density of approximately 6.2 lb/ft3 between a perforated aluminum-alloy
inner plate (fig. 8(a)) and a solid aluminum-alloy outer plate. The perforated plate
had an open area of about 33 percent and, in combination with the so0lid backing, was
designed to attenuate tones at or near the blade-passage frequency (BPF). The
Kevlar, a felt-like, bulk-absorbing, synthetic fiber, was installed for broadband
noise attenuation.

Flight tests were conducted both with and without the acoustic treatment. Noise
reduction was achieved for all angles aft of 80° from the engine front centerline
axis. A spectral comparison for a radiation angle of 110° is shown in figqure 8(c).
The acoustic treatment produced a 10-dB noise reduction at the BPF tone. In addi-
tion, a broadband noise reduction of about 5-dB was achieved over most of the fre-
quency range. Higher frequency tones, far from the design point, were relatively
unaffected.

Test-engine inlet.- One of the basic criteria to insure successful data compari-
son required a commonality of hardware. Because it was indicated in reference 5 that
the inlet duct contour may have considerable effect on the directivity of forward-
radiated fan noise, it was decided that the same inlet lip and internal contour lines
would be used for each of the static, wind-tunnel, and flight tests. To accomplish
this, a research inlet was designed by LeRC which would perform as well for the
static tests as it would for cruise conditions in the flight tests.

The inlet contour chosen was based on the results of work that had been done for
the Quiet Clean Short-Haul Experimental Engine (QCSEE) high Mach number inlets at
LeRC, As shown in figure 7, the inlet has essentially the same internal contours as
the production Cessna Citation inlet from the throat (19.900-in-diameter cylindrical
section) back to the fan case. From the throat forward to the inlet highlight, the
internal lip is a 2 to 1 ellipse with a 1.46 contraction ratio. Using the highlight
of the production Cessna inlet lip (station number 20.500) as x = 0, the contour of
the internal lip from the point where it joins the Cessna inlet (x = 1.05; station
21.55) to the lip highlight (x = =3.09; station 17.411) is written as

2
X - 1.05 + (X = 12.02 2 =1
4.14 2.07 N
or

1/2

2
x - 1.05
y = 12,02 - 2,07 |1 - (W)



for -3.09 < x € 1.05. From the inlet highlight outward, the lip is a 2 to 1 ellipse
with the curvature at the highlight matched and the tangency point the same as on the
Cessna nacelle. The contour of the external lip from the lip highlight (x = -3.09)

to the point where the tangent of the curve becomes horizontal (x = 24.5) is written

as

2.45 - x\>"°° N (y - 12.02\% _ :
27.59 2.12 =

or

1/2

3.36
24,5 - x
y = 12.02 + 4.12(|1 - (W)

for -3.09 € x < 24.5. The inlet design performance was checked with existing com-
puter programs at LeRC. Two analytical computer programs were used. One considered
the compressible potential flow, and the other considered the boundary layer. The
following operating conditions were considered: total engine-air weight flows of

49 and 75 lb/sec for a forward speed of 100 knots, and for a static condition

(2 to 3 knots). The weight flow of 49 lb/sec was chosen in order to obtain a fan-
rotor rpm where the rotor-alone sound field is cut off. The weight flow of 75 l1lb/sec
is the maximum engine airflow. The results of these analyses showed that the
designed inlet was capable of unseparated flow statically and was capable of satis-
factory flight performance.

Tnlet and engine instrumentation.- Figure 9 is a drawing of the flight research
inlet. It shows the locations of 3 Kulite pressure transducers and 32 static-
pressure ports which were used to study the noise in the inlet and the aerodynamic
performance of the inlet, respectively. The three Kulite transducers were placed at
locations upstream of the fan to determine if an acoustic tone was present for dif-
ferent test-engine rpm's. The placement of the static ports was chosen to measure
the behavior of the flow in the inlet lip region, including the inlet stagnation
point, and the pressure profiles along an axial line on the inner wall of the inlet.
The eight circumferential static ports at nacelle station 30.000 provided data to
calculate the total mass flow through the engine. Appendix B gives the basis for the
derivation of formulas to calculate the engine performance. Appendix C shows the
actual output of the digital recording system and shows how these static-port mea-
surements were used to calculate engine and aircraft performance.

In the section entitled "Flight Results and Comparisons,” data are presented to
show comparisons of static, wind-tunnel, and flight inlet inflow behavior with the
static-pressure measurements in the inlet,

In addition to the engine transducers installed during the modification of the
test engine (see appendix A), NASA added the aforementioned 3 inlet Kulite trans-
ducers, 64 pressure transducers, over 20 engine-bypass-duct temperature transducers,
and a JT15D~-1 fuel-flow transducer. Additional aircraft instrumentation measured
angles of attack and sideslip, total and static pressure (all from the nose boom),
and the rpm's of shaft components of all three engines. Numerous other transducers
measured parameters for monitoring aircraft and test-engine operation.



Data recording system.- The data recording system employed a combination of
analog and digital data-acquisition techniques. Table 2 is a digest of the
instrumentation-system characteristics. Figure 10 is a block diagram of the system.
Details of the instrumentation system and its operation aboard the aircraft are con-
tained in reference 18.

Figures 11 and 12 identify the location of the most important components of the
system and serve to demonstrate its complexity. The control of the system required a
full-time instrumentation operator aboard the aircraft. His job was to coordinate
the trimming of the JT15D-1 engine speed, to keep a real-time log, to initiate the
operation of the telemetry and data recording systems, to deenergize the systems at
the appropriate time, and to coordinate all these activities with the pilot, who
maintained the flight parameters constant during the aircraft flyover of the micro-
phone array.

WIND-TUNNEL TEST DESCRIPTION

Tests with the modified JT15D-1 engine were performed jointly by LaRC and ARC
personnel at the Ames 40~ by 80-Foot Wind Tunnel and the Ames Outdoor Static Test
Stand. The purposes of the tests were to collect data to affirm that JT15D-1 fan
noise can be simulated in a tunnel, to qualify wind-tunnel limitations to guide more
accurate static testing of engines, to demonstrate the existence of a clean inflow
for the OV-1B/JT15D-1 flight configuration with forward velocity (i.e., effect of
OV-1B wing on inlet inflow), and to investigate angle-of-attack effects upon source
and far-field noise measurements. Figure 13 is a photograph of the JT15D-1 engine
mounted in the wind tunnel. Reference 19 contains the details and results from these
tests.

The LaRC flight JT15D-1 engine was used for these tests. The LeRC fan rotor and
telemetry nose cone (identical to the LaRC system) were used in the LaRC flight
engine. Ames Research Center fabricated the research inlet. The lip and internal
contour lines of the inlet were identical to those used at LeRC and LaRC and the
external contour line merged smoothly with the wind-tunnel nacelle for the JT15D-1
engine. (See fig. 14.) The test runs performed at the Ames Outdoor Static Test
Stand utilized the same engine-nacelle-pylon hardware as was used in the tunnel.

Also shown in figure 14 is the acoustic treatment that was added to reduce the
aft-radiated bypass-duct exhaust noise. The acoustic treatment around the core noz-
zle was contained within a perforated outer aluminum wall. As the original engine
exhaust system was fabricated and used for the hybrid-inlet research performed in
reference 20, a new cone-shaped outer wall was designed to provide a thick 1lip
(=1 in.) at the core nozzle exit. This lip acted as a tab for the bypass-duct
exhaust to adjust its annular open area close to that of a production JT15D-1 engine.

STATIC-TEST DESCRIPTION

The LeRC conducted static fan tests at their Vertical Lift Fan Facility. The
emphasis in the Lewis tests was the development of a passive inlet inflow control
device (ICD) to simulate flight noise source behavior in a ground static-test facil-
ity. References 21 and 22 contain details of the LeRC program and the outdoor static
test facility.




The outdoor test facility at LeRC is shown in figure 15. The JT15D-1 test
engine is suspended from a thrust-measuring system on a cantilevered vertical pylon
support arm. The engine centerline is 9.5 ft above the ground and 3.4 fan diameters
from the nearest test support structure. The photograph shows the JT15D-1 engine
configured for baseline acoustic tests using a bellmouth inlet and connected to the
exhaust muffler. Both the bypass exhaust gas and core exhaust gas are exhausted into
the muffler, which effectively eliminated all aft-radiated noise.

The results have culminated in the successful development of small, simple, and
inexpensive ICD design. (See refs. 22 and 23.) Figure 16 is a photograph of the
ICD, and figure 17 contains some construction and mounting details. This compact ICD
is only two fan diameters across, and, as demonstrated in reference 23, the radiated-
noise field is not significantly altered by its presence. Furthermore, it was shown
that this new ICD generates no important new noise sources.,

FLIGHT RESULTS AND COMPARISONS

This section contains descriptions of some analytical flow-field calculations
for the JT15D-1 nacelle inlet and comparisons of the calculated results with measured
flight values., Data are presented in terms of static-pressure distributions and
various performance parameters (either measured directly or calculated from the mea-
sured values) as a function of fan speed. Explicit analytical expressions for sev-
eral of the parameters are presented in appendix B. Table C1 is a list of symbols to
aid in reading a PCM (pulse-code modulated) printout. A typical listing of PCM data
is presented in table C2. Finally, a composite fan operating line is shown which
compares static, wind-tunnel, and flight results.

Inlet Flow-Field Comparisons

The inlet of the JT15D-1, described in the section entitled "Test-Engine Inlet,"
was designed to operate over the entire range of test environments: static, wind-
tunnel, and flight. To evaluate the aerodynamic design, various inlet flow condi-
tions were exercised using an inviscid, compressible, potential-flow computer pro-
gram. The program is an advanced version of the procedure described in reference 24,
and it generates three-dimensional flow fields about axisymmetric bodies. Input
quantities include inlet geometry, weight flow, forward velocity, and angle of
attack. Output quantities include the three components of velocity, Mach number, and
pressure ratioc along the wall.

Figure 18 presents calculated results from the program which display the vector
flow fields in the inlet. The calculations were performed for a total engine weight
flow of 47.5 1lb/sec, which is typical for a landing-approach engine setting and for
forward speeds representative of static (<3 ft/sec), wind-~tunnel (100 ft/sec), and
flight (220 ft/sec) test conditions. For these vector plots, the length of the vec-
tor indicates speed scaled to the length of a grid which corresponds to 1000 ft/sec.
In figure 18(a), which is for the static-test case, it is seen that airflow is drawn
into the inlet from all directions in an environment initially at rest. The flow
field reveals a rapid acceleration around the inlet lip and a quick adjustment to
near-uniform flow not far into the inlet. The wind-tunnel flow field of figure 18(b)
indicates that the inlet flow is drawn in from the forward direction but with less
acceleration than for the static case in the region of the highlight. The flight-
test environment of figure 18(c) shows a near-uniform flow field, little accelerated
flow, and the stagnation point occurring near the inlet highlight.
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Comparisons of static, wind-tunnel, and flight surface-pressure ratios and Mach
number distributions along the inlet wall are presented in figure 19, These data are
for the same operating conditions as in the previous figure. The change in stagna-
tion point (Ps/pt = 1) and the different flow gradients in the inlet lip region are
evident. However, a quick recovery for all test environments is obtained with the
inlet, as evidenced by the close agreement of surface conditions at an internal dis-
tance from the highlight of about 5 in. A near matching of conditions is reached
about 10 in. aft of the highlight. The fan is located about 30 in. aft of the high-
light. Boundary-layer calculations showed that the boundary-layer thickness at the
fan varied from 0.39 in. for the flight case to 0.46 in. for the static case.

Inlet Static Pressures

Figure 20 presents surface-pressure-ratio data obtained in flight compared with
calculated results. These results are for an axial array of static ports at the
bottom of the inlet. The two cases shown correspond to different inlet weight flows.
Although the data are not precisely at the same conditions as the calculations, good
agreement is obtained for both pressure-ratio magnitude and for the shape of the
inlet-wall axial distribution. The region of the inlet just aft of the lip highlight
shows the most rapid adjustments. Finally, there is a good match at station 30,
where the performance calculations are made.

Calculated circumferential pressure distributions at station 30 for various
angles of attack in flight are presented in figure 21. For the axisymmetric inlet

used in the analysis, there is a uniform distribution at a; = 0°, BAs the angle of
attack increases, the distortion increases accordingly, as is evidenced by the calcu-
lations for a, = 6° and a, = 9°. Also shown in this figure are the results from a

flight test for which the en%ine total weight flow and aircraft forward velocity are
near the values used for the analytical calculations. The flight inlet is axisymmet-
ric with respect to the internal inlet contours, but it is not axisymmetric with
respect to the external nacelle contours. The magnitude of the distortion is greater
than the predicted magnitude, and there is evidence of a perturbation (148°30') which
is not present in the calculated results. Figure 22 shows a series of circumferen-
tial pressure distributions from the flight data corresponding to the JT15D-1 fan
speeds typically used in the flight test. These distributions indicate that the
aforementioned perturbation distortion pattern (148°30') varied with the engine
speed, and the greatest deviation was at the lowest engine rpm.

In addition, the analysis showed that at any given angle of attack, the distor-
tion magnitude increased as either aircraft Mach number or weight flow increased.
The analysis further showed that the magnitude of the distortion

(Ps/pt)max - (Ps/Pt)min

normalized to the inlet Mach number (which is proportional to weight flow) was
approximately a linear function of the crossflow component, M sin a, in the inlet.
This analytical relationship is presented in figure 23, along with flight data over a
wide range of weight flow, forward speed, and angle of attack. The flight data do
not follow the trends predicted by the analysis. The data indicate a near-constant
distortion level that is independent of aircraft speed and inlet angle of attack.
This result is in agreement with that of reference 25, for which the inlet distortion
was measured at a = 0° in the wind tunnel. Hence, there appears to be a built-in
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distortion flow to the JT15D-1 engine which is of sufficient magnitude to mask the
smaller distortion that is induced by angle of attack. Steady distortions in an
inlet, of course, can represent a noise source.

Variations of Operating Parameters With Fan Speed

Flow incidence angle of the fan relative to the tangent angle at the blade-tip
leading edge (72°) was calculated from the vector sum of the mean flow in the inlet
at the fan face Mf and the rotor-tip Mach number Mt; that is,

at,rel = 72° - arctan(Mt/Mf)

where Mt = md _N_/60c, df is the duct diameter at the fan face, and ¢ 1is the
speed of sound. Calculated results comparing static and flight data over a range of
fan speeds are presented in figure 24. Both sets of data show increasing incidence
angle with fan speed. Static data show larger angles at all speeds. The difference
is due primarily to stagnation-pressure differences (required to calculate Mf) that
arise between tests conducted statically and during flight. A major contributor to
the broadband noise spectrum may be the interaction between the rotor and the inlet
boundary-layer turbulence (ref. 26). This mechanism is a direct function of rotor
leading-edge loading, which is a function of incidence angle. It is shown in refer-
ence 26 that blade-tip relative Mach number and incidence angle are the dominant
parameters for predicting broadband noise levels for fans designed to operate in the
transonic flow region. For a given engine (e.g., JT15D-1), this implies that broad-
band noise differences between static and flight tests at the same fan speed (or more
precisely the same tip relative Mach number) should be a function of incidence angle

alone.

Figures 25 to 30 are data plots of performance parameters from the PCM data of
appendix C. The performance data are plotted against the JT15D-1 fan speed N1.
This fan speed is, of course, fundamental in the determination of which tones (blade-
passage frequencies) are generated.

Fan Operating Lines

Figure 31 shows a plot of the fan pressure ratio versus corrected total weight
flow through the engine which is commonly referred to as the fan operating line. For
valid noise comparison it was important to insure that the engine repeated its per-
formance curve during each set of flight tests. Two sets of data from flight tests
on 2 different days are shown in figure 31 to demonstrate the excellent repeatability
for research operation of the JT15D-1 engine.

Finally, figure 32 is a comparison of typical fan operating curves taken from
each of the static, wind-tunnel, and flight tests. The overall comparison between
the static and flight-test operating curves is very good. Because the time schedule
dictated the use of existing bypass and core exhaust hardware, the wind-tunnel oper-
ating curve deviated at the higher weight flow and fan pressure ratios. However, at
the weight flow for the approach power engine settings (45 to 50 1lb/sec), the com-
parison between all three curves is satisfactory.

12
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CONCLUDING REMARKS

The development of a research flight-test vehicle that consists of a modified
Pratt & Whitney JT15D-1 turbofan engine and a modified Grumman OV-1B Mohawk aircraft
is presented in this paper. The static, wind-tunnel, and flight-test hardware and
environments are described. It is shown that care was taken to use identical inlet
hardware during research testing to assure that valid comparisons could be made
between the three data bases.

Comparisons of the flight data with the analytical calculations have demon-
strated satisfactory performance of the flight inlet. Repeatability of the fan oper-
ating curves for the JT15D-1 test engine during flight was shown to be very good.

The static and flight operating curves are in good agreement over the entire fan
operating range. Comparisons of these curves with the wind-tunnel operating curve
show good agreement in the range for an approach power setting; that is, at about
10 500 rpm, the wind-tunnel curve is only slightly lower. However, the discrepancies
between the operating lines are due primarily to exhaust-system differences, rather
than to any engine-inlet differences.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

January 27, 1984
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TABLE 1.,- GENERAL INFORMATION ABOUT OV-1B MOHAWK AIRCRAFT

Wing Span, ft 2 06086060880 0006000000000 0 0000008000800 06000000000060606008s0000060s0s00e00 48

Overall length, FL eececoeccosscnsssesscscssossssscscsssocssccssssscsosessscssssssossssscse 41

152

Tail height, ino 0 0 0060060680000 0000800680600 00 0000808600060 0000000000800000002000000000s

Aspect ratio 0 ¢ 0 8 0600 20 0 0 00 S 000 CEOEOLOPP0PPBRE000 000000000000 RRRLIILIEENIOIRLERIRIIEOEOTIOITS 6.11

Fuel Capacity, 1b (internal) 0 0 0 0 0000060606006 00060066060606060600600000600000060608006000080006008 1930

Power Plants (2) 0006060066000 06060006060000060606060600000006060cs0606c60000000000OS LYCOming T53—L_7
Take-off power, ESHP €ACh coesvecssccosssssssscscssosccssssssssssncsscsscssssosscsscsscs 1150

Weight:
Structure (wing, tail, body, landing gear, nacelles), 1b eciceesssecesacsseesss 4425
Propulsion group, 1b eceeececssccoscccsscsescccsrssrosssssssccsasscoosnssssssscccencs 2415
Electronics group (including autopilot), 1b seeeesccsccescesssssccsssesscssces 1697
Passive defense (armor, flak curtains, bullet-resistant glass), 1b ceeceesesees 239
Fixed equipment (flight controls, instruments, hydraulics, electrical,

furnishings, air conditioning, photographic with V/H scanner,

Auxiliary gear), 1D eesesssassssssscccscascsccscsccsesscssassssassscsssssance 2291
Total empty wWeight, 1D seeececsccccecssscsssscssssssssssssssssvsnsssccccccans 11 067
Crew (2), 1D secsceossssssssocssnsensssssccssscscsscsssosscssssssccsssosncsscsnes 400
Usable fuel (297 gal), 1D eeesscesccscsccccccsssccssssssssossasssssassssrssessccs 1930
Photographic equipment (camera and accessori€s), 1D eecccceccosccosccccocescsne 95
Oxygen installation, 1Ib ceeesecsccesssrsscassscsccscncstasssccssscssccssonssssns 51
Observer's pack, 1D eceecccecosscsosssssssossorssensrssscsccssscscscssnsoscscsncscscs 25
Miscellaneous useful 10ad, 1D cecesesossssscssessososscossssscscoscsessssosscscacs 181
Total USEFUl 1OAA eevsesooesssscscssesosssscsnssnsssessosnsssnssscsnsssssscsssscss 2082
Take~off gross weight, 1b s.eeeececcecssscesssssscscvsscssssssscscessssconnces 13 749

Performance:
Maximum speed at maximum power, KNnotS eeecceccrccsccsscceccccecscsssscsccnssescses 259
Maximum speed at 5000 ft, MRP, level flight, 60 percent fuel, knots .sseseeees 250
Stall speed at sea level, landing configuration, 10 percent NPR, knots seesse. 70
Take—-off distance over 50-ft obstacle, ft cecececcccccsossssscssessssscscsossssncs 975
Landing distance over 50-ft obstacle with 60 percent fuel, ft ¢.eccecccescssss 925
Service ceiling at take-off gross weight less 20 percent fuel, ft .c¢ceee... 25 000
Rate of climb, 2 engines, MRP at sea level and take-off weight, ft/min ....... 2775
Endurance at 200 knots and 5000 ft, hOUrS cesececccccssessssccccncsssscsssscssce 1.80
Maximum endurance {(two 150-gal external tanks) at 20 000 ft, hours ..eeveceess 6.11
Range (two 150-gal external tanks), Nemi. ceccecccsccccoscsssceccssscccncseses 1094
Time, NOUYS eccecescrcossscvcsvssesosssssscsssccansostsssscscossscscncsssssosscsscses D49
Average speed, KNOtS eceesesecsnsccssccccccsoscssccsstcssecssccancosscscssessssss 203
Cruise altitude, ft eceeecsvocsscscscececccoscnscsscasccsncsncssscssscscscscsssse 20 000
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TABLE 2.- JT15D-1/0V-1B INSTRUMENTATION-SYSTEM CHARACTERISTICS

Telemetry:
Number of pressure cChannNElsS eececcesecscsoscsscsccssssssssssasscsssssssscssnssses 8
Frequency response, KHZ ceeecsccesssscscsssccsscscesensscnssssssssssssss 0.02 to 20
Signal-to-noise ratio, dB secececccoscsscscsosssssssssoscssesssssscssssscssassses 5O
Dynamic range, dB SPL .csesesscssccososssccsasscssssssssssssscsnssassosseses 120 to 170
Frequency range, MHZ .ccccecccccrsccnscccsccsossosssacnscscssasssssssssssss 60 to 108
POWEY ceeesscececccssccscscscsseassssssssssssnsnsscssscscsss Battery/remote controlled
TemperatUre, %C ccecesssccsccsssssssssssscsssccsossssssoosccsscssssccnsccnss —28 to 70
Rotational Speed, YPM ecesessccscscascscscsssssscsossscssssssoansessesssascsssass 16 000

Digital subsystem:
Number of flight measurements programmed ecceesesccssscoscscsscscssssssssnnnssceas 112
BitsS PEr WOYA eceecoecccccosscscossoscssonssssosscssosscscsnsssscsnssscsevsasscasssces 10
Resolution, PercCent seesssscsscscsccscssscssesconscssossosssssocsssssccncssascssnssss Dol
Sample rate, SECT ' ceececscccesssssccssssccccssssccscsssssossessrsscscsssconasss 90
Bit rate@, SEC ™ siueveeecccccssccesssosssssssssssssssssssssssssssssenesssss 100 000
Encoding accuracy, percent full Scale sseeesssssssssscccecssssssssssssssscscceas 0ad

Wideband FM subsystem:
Number Of ChaGnnNeElsS ecececcccsocescesssscsvsesccsocsscsocososcsososssssscssscsnsssnsoce 21
Center frequency, KHZ cececccscesssccsssccnscsscoscssccsssososcsosonsnssoscssssssccsnsce 104
Deviation, Percent eececcssescscscscesccsesccsesscscsscsssvsosssecossssosnesssscsossssse 140
Subsystem accuracy, percent full SCAle .eececoseccrssssvccssscscesssscssssssscasce 2
Frequency response, KHZ ceceececcrssscsccccssscscssscssssssssccsssssccscsssses 0.02 to 20

Other subsystems:

Tape recorders (2), in/sec, direct record eseesceoccccscosssssccssossscssssscssssss 30
Time Code, kHz & & 0 0 06 05 0 5 665 8050 OSSO OO O SO H LN O OD UL L O N OO NN e eSS ESSNNGTS IRIG—A—10
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Figure 5.- Hot-film flight test on OV-1B aircraft.
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(a) Aft view of JT15D-1.
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Figqure 13.- JT15D-1 noise test in Ames 40- by 80-Foot Wind Tunnel.
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Figure 16.- Inlet control device (ICD) number 12.
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Figure 32.- Fan operating line comparison using flight research inlet and
acoustic treatment for engine exhaust.
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APPENDIX A

DETAILS OF AIRCRAFT-ENGINE MODIFICATIONS AND OPERATIONS

This appendix contains brief descriptions of (1) the details of the modifica-
tions to the Grumman OV-1B Mohawk aircraft to enable it to safely carry and support
the operation of the Pratt & Whitney JT15D-1 engine, (2) the operation of the JT15D-1
engine with emphasis on the gas paths and rotary components, and (3) hardware modifi-
cations and instrumentation added to the JT15D-1 engine in order to carry out the
fan-noise research program.

Aircraft Modification

A contract was awarded to the Grumman Aerospace Corporation (GAC) for the
design, fabrication, assembly, and testing of modification to install a JT15D-1 tur-
bofan engine on an OV-1B Mohawk aircraft. 1In the discourse which follows, only per-~
tinent points of the OV-1B modifications and analysis are covered. A more detailed
explanation can be found in the Grumman final report for this contract (ref. 27).

Structural analyses.- Structural analyses were performed by GAC on the proposed
test-bed aircraft. The loads analysis included flight loads, landing loads, internal
loads, and margins of safety required. Stress analyses were done on the hardback
assembly, sway braces, bomb rack, pylon post, internal-wing pylon support structure,
and wing structure. Fatigue life was investigated and determined not to be a problem
for a research mission of up to 4 years with not more than 300 hours of operation.
Flutter and divergence were also shown not to be a problem for the proposed research
mission. Results of the structural analyses in terms of flight restrictions are as

follows:

Maximum symmetric pull-up maneuvers, 2g acceleration
Maximum symmetric push-over maneuvers, Og acceleration
Maximum bank angle of 30°
Landings and take-offs from smooth hard runways
Flared landings only to a maximum sink speed of 6 ft/sec
Maximum flight speed of 200 knots
No abrupt maneuvers
Maximum roll rate of 30° per second
Maximum allowable sideslip:

12° at 100 knots

7° at 150 knots

4° at 200 knots

No penetration of "moderate buffet”

300 flight hours in test configuration
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Test engine fit to aircraft.- A production JT15D-1 engine was furnished to GAC
by NASA to be used in place of the modified JT15D-1 in order to fit the engine to the
aircraft. The production engine was also used for the flight testing of the modified
aircraft. The engine was supplied with all the transducers and indicators required
for normal JT15D-1 operation.

A solid aluminum hardback was designed and fabricated which bolted to the two
top forward and one top aft JT15D-1 engine mounts (fig. A1). The forward engine
mount takes fore, aft, wvertical, and side loads. The aft engine mount needed only to
take vertical and side loads. The hardback was designed to adapt to the normal OV-1B
bomb rack and sway-brace support points at wing station 185. A special fitting was
installed at the forward lug hook attachment point to prevent fore and aft movement
of the package. The jettison capability at this stores station was disabled.

A Cessna Citation nacelle (model 550) was fitted to the engine. Because the
550 nacelle "side-mounts" on a rear fuselage, a new left-side upper cowl was fabri-
cated, and the nacelle was then modified to the required vertical support from the
OV-~-1B wing.

Internal wing changes.~ The deicer boot and the wing leading-edge panels were
removed from the right wing (fig. A1). This gave wing access to install the neces-
sary JT15D-1 engine control lines and electrical wires, research instrumentation
wires, fuel lines, and fire extinguisher lines. The existing fuel feed line, which
transfers fuel from the right drop tank to the main tank, was used to route fuel to
the JT15D-1 by simply reversing the direction of the pumping action of the wing tank
transfer pump. A vent fuel line was then added in the leading wing edge which vented
the engine fuel system back into the main tank. The wing leading-edge and deicer
boot was replaced after completion of the aforementioned work.

JT15D~-1 controls and instrumentation.- Figure A2 is a forward view of the test-
aircraft cockpit arrangement. The JT15D-1 engine monitoring instruments were
installed in the observers instrumentation panel. The readouts included fan speed
N1, compressor speed N,, interturbine temperature (ITT), engine oil pressure, and
engine oil temperature. The JT15D-~1 engine vibration levels were measured and
recorded during flight but were not displayed. A red warning light in the cockpit
was used to indicate that the engine vibration levels were beyond a preset limit.
The engine would be shut down immediately if the red light illuminated. A gquadrant
throttle control for the JT15D-1 engine was installed on the right side of the upper-
center control console adjacent to the throttle controls for the two turboprop
engines. The JT15D-1 engine power, fuel, and start switches were installed in the
lower-center control console so that they were easily accessible by the pilot and
observer.

Nose-boom mounting provisions.- GAC fabricated and installed structural provi-
sions for an instrumentation boom in the fuselage nose of the aircraft. This
included modifications to the aircraft nose cap and structural reinforcement of the
primary nose structure to carry the nose-boom loads.

Modified aircraft flight test.- The contractor was required to define and exe-
cute a flight-test program to satisfactorily demonstrate operation of the aircraft,
its subsystems, and modifications made during the contract. The flight testing

included the significant extremes of the aircraft envelope that were measurable with
cockpit instrumentation.
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Engine Description and Modifications

The test engine was a JT15D-1 turbofan engine manufactured by Pratt & Whitney
Aircraft of Canada. The engine is a twin-spool, front-fan, Jjet-propulsion engine
which has a full-~length annular bypass duct. It has a nominal bypass ratio of 3.3
and a maximum thrust capability of 2200 1lb. (See table A1 for design features.)
Figure A3 is a front and rear side view of a production JT15D-1 engine.

Fiqure A4 is a schematic which shows the rotating blades, stator vanes, and
structural components of the engine. Air entering the engine first encounters the
21-in-diameter fan, which has 28 blades. (See figs. A3 and A4.) Behind the fan is a
stator assembly (fig. AS5), which separates the airflow into a bypass-duct flow and
core-duct flow. The bypass stator consists of 66 split vanes which reduce circum-
ferential air motion to a very slow swirl. The bypass air then passes by the six
engine support struts (fig. A6), and, after traveling the full length of the bypass
duct, exits through a bypass nozzle whose exit is not normally coplanar with the core
flow. About three-fourths of the total thrust is produced by the bypass air flow.
Any noise produced in the inlet or by interaction between the rotating fan and any
stator vanes or structural engine components is free to propagate either forward out
of the inlet or aft out of the bypass-duct exhaust. Therefore, it was necessary that
test data collected from the ground, wind-tunnel, and flight testing which was to be
compared have acoustic treatment for the bypass-duct exhaust during the testing. The
core stator of a production engine has 33 blades and guides the air past 6 internal
support struts (fig. A6) and into the compressor. The compressor is a combination
axial-centrifugal type which has 16 full-length blades and 16 splitter blades. The
core airflow then passes into the diffuser section and subsequently into the reverse
annular burner, where it is mixed with the fuel for combustion. After combustion,
the core-exhaust gases pass through a series of power turbines (each separated by a
stator-vane assembly). The first turbine provides power to drive the compressor, and
the next two stages drive the fan. The exhaust gases then exit through the core
nozzle. The core flow provides approximately one-fourth of the total engine thrust.

The modifications to all the JT15D-1 engines used in this program were performed
by Pratt & Whitney Aircraft (PWA)., The instrumentation system furnished by PWA pro-
vided a means for measuring and/or monitoring the inlet-generated noise and fan per-
formance. The dynamic instrumentation measurement system consisted of fan-blade and
stator-vane transducer measurements. Figure A7 shows the blade-mounted transducer
instrumentation system (BMTIS) hardware installed in the JT15D-1 flight engine. Fig-
ure A8 is an electrical schematic of the BMTIS, which shows that the rotating-blade
transducer signals are telemetered (via the modified nose-~cone electronics) to a
receiving antenna in the nacelle inlet wall., These signals are amplified and routed,
along with a once per revolution signal and a time code, to the aircraft instrumenta-
tion tape recorders. This system is described in detail in reference 18, Some mea-
surement results are presented in reference 28.

PWA also installed structural provisions for mounting three NASA furnished
pressure-temperature rake assemblies in the JT15D-1 engine bypass duct (fig. A7).
Each of the rake assemblies contains six total-pressure tubes and five thermocouples,
which are positioned radially across the annular bypass duct and approximately 120°
apart circumferentially. Readings from each of the three locations are averaged to
yield the bypass-duct total pressure and temperature. There is an additional port
for measuring the static pressures at each of the rake assemblies.

A modified stator assembly (see fig. A9) was also designed and fabricated by
PWA., A production core stator has 33 vanes, but the modified core stator contains
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71 vanes. In addition to increasing the number of blades, the distance between the
fan-rotor core and the core-stator assembly was increased by 123 percent (fig. A10).

By increasing the spacing and number of stators, the fan-rotor/core-stator tone was
acoustically cut off and the broadband noise was diminished.

TABLE Al,~ JT15D-1 DESIGN FEATURES

Take-off rating thrust, 1b ccceessssesessscecsssesscsssssossssossssssscsssssccsnsssssse 2200
Maximum fan speed, N1, YD secsessesccsscsocccasscascsesssscsscscsascsscssncsncscsceses 16 000
Maximum compressor speed, N2, YPM coosscsosessssosssascscssssscsossssscsssssscsensese 32 000
Maximum bypass Yatio secescecsscecscssscscossasscscssscscssacscssssossnssssssassscssss 323
Maximum fan presSsure YAtiO seseccccosssscscsscessscnssssscscscsossscssssssnsssosscas 145
Rotor diameter, iNe seececscessscscocsscncscsosssssssscssssscrsosssossosssososssoscs 21

Ratio of hub to rotor tip © 0000000 0000000000000 0C0000000000000000000080000CO0CGCRIOGLELTS 0.4

Number Of rotor DladeS eceeceeccsecscsvsescsscvsosssescscrssssssocssssssonsssscsscssssesse 28
Number of bypassS—-stator VAnesS cecessccoscccesscsscssssscscscssessssosossoscssnssscas 66
Number of core-stator Vanesa © 0060000000000 0006000000000 00600060000s0000600000600000OGIGLE 71

Bypass rotor-stator SPACINg ceeecsccscesscsssssssssrssscsccccscsccosssassssscssces 1.83

Core rotor-stator SpaCingb ® 9 % 0600000 000000000800 0000000000000000000000000000s000 0-63

3production engine has 33 core-stator vanes.
Production engine core rotor-stator spacing is 0. 28.
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ATt ergine rount

Figure Al.- JT15D-1/0V-1B structural modifications.
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Figure A2.- Test-aircraft cockpit arrangement.
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INLET AND ENGINE PERFORMANCE EQUATIONS

The pulse-code-modulated (PCM) data described in the body of this report were
used to calculate the following inlet and engine performance parameters.

The speed of sound in the inlet duct cy was calculated using the inlet temper-
ature Ti as follows:

where T, is in degrees Rankine and c; is in feet per second.

The Mach number at the fan-blade tip is

md_N
£ 1

t 60c.
i

where df is the duct diameter in feet at the fan face and N, is the fan speed in
rpm.

The Mach number in the inlet duct at station 30 was obtained from the average of
eight static-pressure measurements Pg at that station and total pressure Pe

i
obtained from the aircraft-boom pitot tube. Assuming isentropic compressible flow,
then

y-1 1/2

The Mach number at the fan face was estimated from the relation
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The tip relative Mach number was determined from the wvector sum of M, and
Mg as follows:

M = M2 + M2
t,rel | t £
A relative flow angle at the fan-blade tip was obtained from the difference

between the geometric angle of the blade-tip chord (=72°) and the flow angle as
follows:

= .0° - M, /M
at,rel 72 arctan(M,/ f)

Fan pressure ratio is expressed as the ratio of inlet total pressure to bypass
total pressure as follows:

where the bypass total pressure was obtained by averaging readings from three pres-
sure rates located in the bypass duct.

Inlet weight flow in pounds per second is given by

Y+1
“l2(y-1)

and corrected weight flow is given by

w =
corr

wy6
8

where

54



and

Corrected fan speed is given by

N =
1,corr

2
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SAMPLE PCM LISTING

The pulse-code-modulated (PCM) data listing (table C2) from the aircraft digital
subsystem was used to evaluate inlet performance and to calculate engine performance
parameters. Table C2 is a sample of the engineering units output and the subsequent
calculated aircraft and engine performance parameters. These data, as shown on the
first page of table C2, are from run 1043 flown on June 11, 1981, and correspond to a
27-second data recording period during which the aircraft flew over the microphone

array.

After the completion of a flight test, consisting of a series of runs, the
encoded data from tape recorder 2 containing the PCM channel were submitted to the
Analysis and Computation Division at Langley Research Center. A computer program
decoded the data tape, digitized the data, and, using the transducer calibration data
and preflight calibration data, converted the data into engineering units and per-
formed the aircraft and engine performance calculations.

The resulting printout lists the identification for each channel and the engi-
neering units used. As shown in this sample, 2215 digitized points resulted from the
27-second recording period. Using these data, the conversion program selected the
highest and lowest values encountered during that period, calculated the mean value,
the rms value, and the standard deviation, and printed out these values for each
channel. The standard deviation was used to spot troublesome data channels.

Each of the PCM quantities used for the calculations on the last page of
table C2 can be identified by using table C1. Table C3 lists by PCM identification
code the formulas used to calculate the aircraft and engine performance parameters
listed on the last page of the PCM listing (table C2).
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TABLE C1.- TERMS FOR PCM DATA COMPUTATIONS FROM FLIGHT TEST

absolute

calculated relative angle of attack of air entering fan rotor at blade tip
average

blade-passage frequency for fan rotor (28 blades)

speed of sound

fan pressure ratio

blade-passage frequency for high-power turbine (71 blades)

blade-passage frequency for compressor rotor (16 blades)

average inlet static wall pressure calculated at inlet station 30.000

inlet static wall pressure measured at station 30.000 at circumferential
location X (for 9 < X < 16)

JT15D-1 once/rev measured electronic signal which is a direct measurement of a

LPT1

LPT2

MBP

MFF

MINLET

single 360° rotation of fan rotor and which when averaged over
time yields fan rotor rpm

blade-passage frequency for first-stage low-power turbine (61 blades)
blade-passage frequency for second-stage low-power turbine (55 blades)
calculated Mach number in the engine bypass duct at station 72.000
calculated Mach number at face of fan rotor

calculated Mach number at station 30.000
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TABLE C1.- Concluded

MTIP calculated Mach number of rotor tip

MTIPREL calculated relative Mach number of rotor tip

N1CORR calculated corrected fan rotor rpm using JT15D-1 once/rev signal

P pressure

PBPT calculated average total pressure in the engine bypass at station 72.000

PDELAB measured average absolute static pressure at location of bypass-duct total-

pressure transducers, station 72.000

PDYNAM dynamic pressure measurement from aircraft boom

PGRD absolute ground pressure measurement recorded during preflight calibration

PSB static pressure measurement from aircraft boom

PTOTAL calculated total pressure

R(X)P(Y)AB absolute total pressure measured at radial position (Y) by rake
probes at circumferential location (X) in engine bypass duct
(for 1< Y< 6 and X =13, B, C)

T temperature

TI temperature of air entering inlet

WCORR calculated corrected total weight flow through engine

W30 calculated total weight flow through engine at station 30.000
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TABLE C2.- PCM DATA L

ISTING

_JT15D/0V1B FLIGHT TESTS KNIGHT/GOLUB JUNE 11,1981 RUN NO. 1043 — e
FIR SERIAL NO. 4 THE START_TIME IN HOURS,MINUTES, AND SECONDS IS 12 45_ 2.79 _AND THE STOP TIME IS 12 45 29,99
CHANNEL _  UNITS . HIGH _  LOW  _ __ MEAN __ __RMS _ STO.  __ __POINTS _
_ TIME SECONDS 45929.993  45902.786 45916438949 45916.39016 _  7,85942 2215, .
P=ATT  _DEGREES 7.484 4,968 6.,27892 _ 6430721 ©59683 T2215._ . N
R=ATT " DEGREES 3.839 -2.484 07706 1.74703 1.74573 T2215.

_ALPHA _ DEGREES __  _ 10.594 3,725 738427 7.45088 99426 _ _ 2215, o

_ BETA DEGREES = 2.769 -6.011  -1.96406 = 2.42487 1442245 ___ 2215, ___ . -
ey PSI =693 =+ 781  —e74330 « 74340 _.01226 _ _  2215._ . _ . = ____

1P2 PSI =651 -.741 ~.70155  _ _,70165 01228 2215+ . o
o IP3 U PST . . _ =681 . =e 768 =.72994 73004 _ . _ 401250 . _..2215.
IP4 PRSI _ . . =696 =s795 __ _ -.74502 _  _.74513 01275 ___ 2215, . _

LIPS UPST o =aB57 . _ =748 __  -.70392 _a70403  ,01248__ _ 2215. . )
TIP6 PRSI =4555  _ =4658___ =,61155 161167 001223 ____2215.  __ .

TIPT RSt T T T T TAle61 0 =.753 -.71979 71990 .01249 2215, T T

1p8 PSI -.683 -.775 - 73267 73271 «01201 2215,
T IP9 . PSI . _T=.4s5 ___ =.539 -.49480 149497 01311 2215.

“Trero 0 Test 0 T T T TL4e9 <.536 -.50021 +50037 T.01243 2215, _ T
e PST L _ . _=eb76 =e557  _—.52686 _ 452699 = ,01187 _ = 2215. e e
. 1e1z2 53 S L __—e485  _ =.572 =.53972 __ _.53984 _ .01170 _ 2215, _ .-
13 PST . .__ _=e511 =e 592 _=.55955_ «55968 «01165 . 2215, _ _ _

1Pl4 PST T T ..518 =.600 =.56274 .56287 £01211 2215, -
~_IP15 _____ PSI _ CTTTTTTTSl480 T =.580 __ -.53055 +53071 .01301 _____ 2215. . =

_1Ipl6_ _ __ PSL_ Y Ty -4546_  _-,49487 ___ _.49505_____.01333_ _ _ 2215._ __ L
_1p17 . psI o =.521 =656 -,58763 ____ .58801 . .02111 _ . _ 2215. .

o Ie18 PSI Ll =618 _=e719 =.67925 . __.67952  _ L.01933 _ ___2215. . e
. Ille B PSI ... =793 _ =907 _  _-.85802 _ 85819 .0171} __ _ _ 2215. . e
__1p20 __PSL . .. . =4670 ~.831 -,74824 174859 .02291 2215,

T TIP21 . PSI TUTTTT T U829 —.813 -.651783 065949 04674 2215, T
Ip22 _ . PSI } ~+381 —e 544 —.46463 = .46558  _.02983 . _2215. .

T 1P23 s -.848 21.101 -.98997  _ .99136 _ _ 05263 ___ _ _2215. _ i
_1e24  PSI ; _ =e945 -1,207 _ -1,10257 _ _1.10381 ___.05238  _ 2215. el
_Ie25 _ _ PSI ] - ~l.142 =14439_  =1,32028 _  1.32116 __ .04017 __ _2215. -

T 1P2e T pSI .~ =1.283 -1.583 -1.44765 1.44843 04773 2215,
_Ie27 _ PSI .-1.225 _~1.517 _ -1.37990_ 1.38089 __ L,05231 _  _ 2215. . _ .. ___ _
P28 PSI _ =983 ~1.304___-1.13725 _ 1.13863 __ __.05600 _ __ 2215« _ ___.__ . ..
_ o T1P29 . _  PSI _ =.960 =1.350  -1,18879 __ 1.19055_._ _.0Q6487 _ __2215._. . . .__ .
_.Ie30__  _PSI . =299 -e773 _ _ =.57973 __ 258679 __ _.07674 2215, _ - —
_IP31_ _PST_ . . 287 2021 .14072 _ 14755 _.04438 _ _ 2215._ e
1p32 PSI L .e1l 292 .35775 35813 _ 01647 22150 .
— RAP1 __ PSI T 4.036 3,783 3.92164 3,92185  _ .04043 2215 ]
TRAP2Z PSI - 4.346 4,077 4,21607 4,21623 03722 2215. . _ i
RAP3  pSI ) 4,333 4,142 4.23072 4,23082 .02809 2215,
RAPG PSI , 4,142 3,951 4,04827 4,04836 02735 T 2215, o
RAPS PSI 4,020 3,843 3.94072 3,94081  ,02620 2215, _ _
RAPG PSI 3,310 3,105 3.21257 3.21272 .03040 2215,
RBP1 PSI 4.172 3.640 _ 3.91286 3.91372 08172 2215, )
RBP2 PSI 40424 3,939 4.17433 4,17482  .06366 2215, )
RBP3 PSI 4,306 3,817 4411598 4411642 .06025 2215.
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___PDELTA P

RCP6

PDYNAM
PTOTAL
-PSB

" PENGAM

IrP1aAB
__Ip2aB

TIP34AB
IP4ASB
IP5AB
Ip6AB
IP7AB

. IPBAB

1P9AS

IP10AB
IP11AB
IP12AB
IP134A8

_.IP14AB

IP15AB
I1P16A8B
IP17AB
IP1BAB
IP19AB

IPZOAB

IP21AB
IP22AB
1P234A8B
IP24AB
IP25A8
IP26AB

1P2748

IP28AB
IP294AB
1P30AB
IP31AB

. Ip324B
RAP1AB

RAP2AB
RAP3AB

14.002

TABLE C2.- Continued

PS1 44226
PSI 3,985
PSI 3,262
PSI 4,097
PSI 3,957
PSI 4,297
PSI 4,088
PSI 4.043
PSI 3.706
PSI L 2.687.
PST 479
PSI 15.012
PSI -.111
PST 0131
PSI 13,840
__.BSt o . 13,881
PSI 13.852
PSI 13.8136
PS1 13.878
PSI 13,980
PST 13.869
PSL . 13.851
PSI 14,089
PSI 14,084
PSI 14.056
PSI 14,047
PSI 14,024
PST
PSI 14,055
PSI 14,089
PSI 14.010
PST 13,911
PSI 13.738
PSI  _ . o... 13,865
PS1

PSI 14,146
PST 13.680
PSI 13.583
PSI 13.388
__PSI _ 13,250
PST 13,304
PSI 13.546
PSI 13.571
PS1I 144231
PSI 144817
PSI i 144943
PSI 18,569
PSI 18.879
PSI 18,868

140017

3,580  3,95022  3.95095 __ _.07595 T 2215,
3.251 3.67740 . 3,67940_ . .12124 2215,
2,921 3,08582  _ 3.08629. _,05381 2215,
3,518 3,78502 3.78608 +08980 2215,
3,669 3,93005 3.93008 «01697 2215,
3,917 4,11491 4411534 +05991 2215,
3,830 3.95568 3.95588 .03998 2215.
3.766 3.91042 3.91063 404059 2215,
3.370 3.54672 3.54707 . 04971 2215.
.. 2563 2463425 2+63433 401973 2215.
. 386 +41323 W 41346 .01363 2215,
144913 14.94235 14.964236 001512 2215, .
-.128 -.11988 411991 _.00272_ _2215..
~. 095 -.02672 +03190 «01743 2215.
13,747 13.78582 13.78583 _ _ .01327 . 2215,
13,787 13.82758 13.82758  ,01326 2215,
13. 759 13.79918 _  13.79919 __ .01348 2215,
13,732 13,78410 13.78411 .01380 2215,
13.780 13.82520 13.82521 +01353 2215,
13.873 13.91757 13.91758 .01323 2215,
13,773 13.80633 13.80934 401364 2215.
130753, _ 13,79645 1379645 _...._ »01319 . .2215. .
134992 14,03432 14,03433 _ _ ,01423 _ 2215,
13.992 14.02891 14.02892 .01362 2215,
13,970 14.00226 14.00227 201271 2215.
13,956 13.98941 13.98941 «01241 2215,
13,934 13.96957 13,96957 $01252 2215,
13,926 . 13.96638 013096639 . 01329 2215, .
13,949 13.99858 13.99858 _  .01439 2215,
13,983 14.03425 14.03426 +01471 2215,
13.873 13.94149 13494151 202241 2215,
13,808 13.684987 13.64989 001921 2215.
13.623 13.67110 13.67111 01712 _ 2215,
.13.698 _ 13,78088 __ 13,78091 002430 2215, .
13.710 13.87129 13.87138 04799 2215, .
13.983 14.06449 14406453 402945 2215.
13,426 13.53916 13453926 .05184 _ 2215.
13.325 13.42656  13.42666 _ ,05151 2215,
13,092 13.20884 13.20893  _ 04749 2215,
12.948 _ 13.08148 13,08156 _  ,04758 2215.
13,009 13.14922 13.14933  .05284 2215,
13.224 13.39187 13039200 .05704 _ 2215,
13,177 13.34034 13.34049 «06420 2215,
13,754 1394939 13.94960 «07621 2215.
144551 14.66984 14.66991 204419 2215,
_14.819 = _14.88687 14.88689 = _  ,01781 = 2215._
13,311 18.45077 18445081 .04048 2215,
184605 18,74519 18.,764523 .03735 2215,
184666 18.75984 18475987 .02864 2215,

O XIaNdddw
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TABLE C2.- Continued
RAP4AB PSI 184675 18,476 18.57739  1B,57741 ,02788 2215,
RAPSAB PSI - 13,555 18,374 18.46985 18446987  ,02642 2215,
RAP6AB PSI 7 17.839 17, 633 17.74169 17.74172 . 03042 2215,
RBP1AB  PSI 18,705 18,170  18,44199  18,44217 _ __ _ ,08191 __ _ 2215.
RBP2AB PST____ 18,955 _ 18,465 18.70345 18.70356_ .06396 2215.
RBP3AB PS1 . 1Be837__ . 18,346 18.64510 18.64520 « 06054 2215,
RBP4AB PSI 13,759 13,110 18.,47934 18447950 «+07613 2215,
RBP5AB PST 18.516 17,782 18.20652 18,20693 12132 2215.
RBP6AB pST 17.792 17,447 17.61494 17.61502 .05401 2215.
RCP1AB__ PSI 18,630 18,053 18431614 _ 18.31436 .08988 2215,
RCP2AB PST 18,490 718,396 184645917 18,45917 .01673 2215,
RCP3AB PSIT _ 18.822 184447 18.64403 18.64413  ,05991 2215,
RCP4AB PST ~ 18,624 18,360 18.48480  18,48485 _ __.04040 _  2215.
RCP5AB pSI 18.573 18.296 18.43954  18,43959  ,04084 2215,
RCP6AB PSI 13.238 17.899  18.07584 _  18,07591 .05003 2215,
__PDELAB __PSt __17.223 17,091 17.16338 17,16339 .ozon 2215,
FF 7 PDS/HR "569.089 545,766  557.87494  9557.88944  4,02371 2215, _
RAT1 DEG F 121.404 118,748 120.,20643 120, 2069}___ ¢34798 _ _ 2215,
RAT2 DEG F 118,748 1164535 117.52221  117.52273 __ ~____-3}'909.“ 2215,
RAT3 DEG F 115.650 1134437 114.47531 114.47586 _ 435489 2215,
CRAT4 DEG F 114,322 112,109 113,17847 113,17903 35673 2215,
"RATS  _DEG F_ __ _ 1174863 __ 115,650 _ 116,499512  116,49558" +32612. 2215,
RBT1 DEG F 120.519 118,306  119.5226&4 119,52312 ___+34194_ _ 2215,
RBT2 DEG F 117.420 114,765 116.11326 116.11384 = .36687 _ 2215.
RBT3 DEG F 116.092 113.437 114.5958]1 114.59638 036147 2215.
RBT4 DEG F 1164535 113,879 11517709 _ 115.17761 «34571 2215,
RBTS DEG F__ 119,191 -178.59% 105.08005 120.97826 59 96286 2215,
JJRCTY DEG F 120,076 . _117.863 _ _118.97132 118,97183 _ _ _ .34788 2215, .
RCT2” — DEG F 117.420 115,207 116.26672  116,26726 +35405 2215._
RCT3 DEG F 114.765 112.552 113.80631 113.80683_ 034324 2215.
RCT4 DEG F 113.879 112.109 112.87473 112.87526_ 034466 . 2215,
RCTS DEG F o 114,765 112,552 113.48160 113.48213 034885 2215,
TF DEG F 93,520 91,749 __92.68825  92,68880 «31859  2215. .
Jdr . __DEGF __ 73.602___ _71.389 _ 72,71857 _ 72,71939  ,34587 = 2215.
TENGAM DEG F 108,126 105,913 10697217 106.97269 «33243 2215,
TAIR=S DEG F 75.815 73.160 74.80752 74.80842 36690 _ 22154
TALT-S DEG F 77.586 75.815 76.45845 76045903 = 29849 2215,
TRMDV DEG F 91.749 89,536 90,81052 90,81099  .29279 2215,
ITT DEG F 10264223 1013,052 1019.46038 1019.,46263  _ 2.,14108_. 2215.
__TTOTAL _ _ DEG F 78,540 73.340 . 75.53104 __ _ 75,53294 53568 ______2215. _
T53~-N1 RPM 22031.239 21243,047 21641.04397 21641.37655 = 120.,00698 2215,
T53-N2 RPM 1611.679 1555.926 1585439081 1585.42032 _ 9.67534 2215,
JT15-N1 RPM 11971.534 11859,008 11919.81154 11919,82044 - 14.,57123 2215,
JT15=-N2 RPM 27100.058 27037,435 27065499478 27065.99752 12.16929 2215,
JT15-1/REV RPM 11952.191 11881,188 11912,83272 11912,.83978 12,97151 2215,
_JT15-FFREQ RPS . 666,667 617,284 639.06314 _ 639.,10174  __ 7.02578 2215,

O XIaNEddVY
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TABLE C2.- Concluded

SPEED OF SOUND_IN INLET(FPS) _ ___._.C = 1131.3279.

MACH NUMBERS I " MINLET. = _ 43060
_ MEF = .3360
MTIP ® 9645
_ _ MTIPREL = _ 1.0214_
o - — .o .. MBP = .3316
o o . . _MAC = 2006
T71P RELATIVE FLOW ANGLE(DEG) ' ATIPREL « _ 1,1984
_INLET. PRESSURES(PSI) _ ___IPAVE = _ 14,0030
. _ I _ PTOTAL = _ 14.9424_

_PDELAB = 17,1634
PBPT = 18,5214

T T FAN PRESSURE RATIO T FPR = _ 142395
N INLET WEIGHT FLOWS(LBS/SEC) W30 s 55,4938
_____ o WCORR = 55.2960

“"ROTATIONAL SPEEDS(RPM) __ — JT15-1/REV 11912.8327
_ - _ o .. _N1CORR =1175843551
- . __JT15-N2 =27065.9948

ACOUSTIC FREQUENCIES(HZ) . _ 'BPF = 5559.7190
N IMP = 7218.5008

— . I ... HPT =32027,1916
. LPT1 =12111.7770
LPT2 =10920.4938 _

THE NUMBFR OF FRAMES IN SERIAL 4 = 2215

O XIanNdddav



APPENDIX C

TABLE C3.- COMPUTATIONS USING PCM DATA

C = 49,03\{TI + 459.7

IPAVE = -+ - s emR A
PTOTAL = PDYNAM + (-PSB) + PGRD
PBPT = %g(RAP1AB + RAP2AB + RAP3AB + RAP4AB + RAPSAB

+ RBP1AB + RBP2AB + RBP3AB + RBP4AB + RBP5AB

+ RCP1AB + RCP2AB + RCP3AB + RCP4AB + RCP5AB)

0.5000
PTOTAL

IPAVE

>0.2857
-1

MINLET = (5 <
MTIP = 0.0916 X (JT15D-1 once per rev)/C

MFF = 1,098 x MINLET

MTIPREL = \I(MFF)2 + (MTIP)?

0.5000

>0.2857
-1

PBPT
MBP = {5 (PDELAB



APPENDIX C

TABLE C3.- Concluded

ATIPREL = 72° - arctan(MTIP/MFF)

PTOTAL MINLET
W30 = 296.1 373
qTI + 459,7/ |[1 + 0.2(MINLET) ]
TI + 459. 14.6 MINLET
WCORR = w3%ﬂ; 518 3 7>(PTOT§E) = 373 191.06425
* (1 + 0.2(MINLET) 1

PBPT
PTOTAL

N1CORR = JT15D-1 once per reﬂA’EE—ngéglz

BPF = 0.4667 x (JT15D-1 once/rev)

FPR =

IMP = 0,2667 x JT15D-1 N2 speed
HPT = 1.1833 x JT15D-1 N2 speed
LPTY = 1.0167 x JT15D-1 once/rev
LPT2 = 0.9167 x JT15D-1 once/rev
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