General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



. : 5N e - pav S, g v ’
v L) » Y >
. :‘- ¢ v ﬂ‘}‘:‘ :
o :

ﬂq
" NASA Technicil Mmandum m 53 L
, &y . 3 q;f ;.? Ty
* N e 4 R
g ‘1,';4 - * ‘_:' > o iy o _?;.;. $
C";,' ""’ ek 'YQA“ ‘,"f-r‘ : -
G TGRS e
X ‘ﬁ F s T R e
& . 2

~

JT9D Performance Detenoraﬁon Results from
a Simulated Aerodynamlc Load Test

0 4 Vﬂm,fu
2 y f
) > d a5 T e
. > Lo poe ! 5
N Pyt Ry # I
a1 & .S‘i'& o Hn® S o - B e

' (NASA-TNM-82640) JT9D PERFORMANCE

DETERIORATION RESULTS FRON A SINULATED NBI-ZSO]Z
AERODYNANIC LOAD TEST (NASA) 21 P .
HC A02/MF A01 CSCL 21E Unclas o

Edward G. Stakolich
Lewis Research Center
Cleveland, Ohio

and |
William J. Stromberg
Pratt and Wh tney Aircraft Group

United Technoiogy Corporation
East Hartford, Connecticut

Prepared for the

Seventeenth Joint Propulsion Conference
cosponsored by the AIAA, SAE, and ASME
Colorado Springs, Colorado, July 27-29, 1981

NASA

G3/07 26572




E-895

JT9D PERFORMANCE DETERIORATION RESULTS FROM
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Abstract

This paper presents the results of testing to
identify the effects of simulated aerodynamic flight
loads on JTID engine performance. The test results
were also used to refine previous analytical studies
on the impact of aerodynamic flight loads on per-
formance losses. To accomplish these objectives, a
JTYD-7AH engine was assembled with average produc-
tion clearances and nev seals as well as extensive
instrumentation to monitor engine performance, case
temneratures, and blade tip clearance changes. A
special lnading device was designed and constructed
to permit application of known moments .nd shear
forces to the engine by the use of cabies placed
around the flight inlet. The test was conducicd in
the Pratt & Whitney Aircraft X-Ray Test Facility to
permit the use of X-ray techniques in conjunction
with laser blade tip proximity probes to monitor im-
portant engine clearance changes. Upon completion
of the test program, the test engin’ was disassem
bled, and the condition of gas path parts and final
clearances were documented, The test results indi-
cate that the engine lost 1.1 percent in thrust spe-
cific fuel consumption (TSFC), as measured under sea
level static conditions, due to increased operating
clearances caused by simulated flight loads. This
compares with 0.9 percent predicted by the analyti-
cal model and previous study efforts.

Introduction

The high cost of fuel for aircraft gas turbine
engines has resulted in a concerted effort to mini=
mize performance deterioration during the life of an
engine. In response to the need for better fuel ef-
ficiency, the National Aeronautics & Space Agency
initiated the Aircraft Energy Efficiency (ACEE) pro-
gram in 1975, An element of this program, Engine
Diagnostics, managed by the Lewis Research Center
investigated the causes and extent of performance
deterioration of high bypass ratio turbofan en-
gines. As part of this program, the Fratt & Whitney
Aircraft Corp. was swarded a contract to determine
the extent and causes of performance deterioration
of their JTID engine. Investigation of historical
datall) on the JT9D engine along with performance
data obtained from 32 JT9D-7A engines in the Pan
American World Airwvay's fleet of Boeing 747 SP air-
craft!4) have indicated that a performance loss
cof 0.7 percent cruise SFC occurs in the first few
flights of the sircraft. A substantial portion of
this loss occurs during flight acceptance testing of
the airplane prior to its delivery to the airline
and, therefore, is not part of revenue s 'rvicc de-
terioration. This deterioration is caused by in-
creased operating clearances between rotating fan,
compressor and turbine blade tips and their outer
air seals, Engine case and rotor deformations re-
sult from serodynamic loads on the engine inlet cowl

and inertia loads on the engine which occur during
flight., These deformations cause rubbing of the ro-
tating blade tips on their outer air seals (Fig. 1)
which produce the increased clearances reducing the
efficiency of the engine.

Pratt & whitney Aircraft Corp. assisted by the
Boeing Commercial Airplane Co. has also developed an
analytical technique to predict the effects of air-
craft flight loads on the performance deterioration
of the JTID engine(3). This analysis utilizes a
NASTRAN finite element model (Fig. 2) of the JT9D
engine in a 747 aircraft nicelle.

An aerodynamic load simulation testl4) nas
been conducted by PoWA in their X-ray test facility
to determine the effect of these loads on the per-
formance deterioration of the JT9D engine. The ob-
jective of Luis test program was to determine wheth-
er the short term loss in performance was caused by
these sero loads or by thrust/thermal loads or by
the combination. Blade tip clearance changes were
measured with laser proximity probes and X-ray tech-
niques. Using the PéWA component design system, en-
gine and module performance losses were determined
from expanded performance instrumentation and re-
sults of an analytical teardown of the engine after
testing. This paper describes this test program,
presents results, and compares these results with
the performance deterioration models developed from
actual in-service engine data and the NASTRAN rnaly-
tical model predictions.

Test and Facility Hardware

Engine

The engine used in the test program (JT9D-7AH
model) was built from serviceable modules which were
flight quality., The modules were assembled with new
inner and outer air seals and all gas ~ath seal
clearances were set to production blueprint limits.
During assembly, all gas path clearances were mea-
sured and recorded., Certain engine cases were ex-
perimental in order to sccommodate the installation
of experimental instrumentation. For the test pro-
gram, the engine was installed in a 747-200 nacelle
with a flight inlet to simulate the structural load
paths which occur in the flight installation,

Test Facility

The test was conducted in the PéWA productio..
radiographic test stand (Fig. 3). This stand was
designed for sea level testing of large high bypass
g4s turbine engines with airflov rates up to 300U
1b/sec. The stand is equipped with a fully Automa-
tic Production Test Dats Acquisition and Control
(APTDAC) system, which programs the engine test in-
cluding the performance of such operations as start-
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ing, ignition, bleed valv. checks, trimming and lim
it checks. 1t provides & continuous display of per-
formance parameters and warning of unacceptable op-
erating parameters. The system records, computes
and plots corrected test data end also prints out
this data on the engine acceptance documentation.

The engine is mounted to a “hardback" structure
vhich is part of an overhead monorail support system
providing automated engine positioning in the test
stand. This system is connected to the thrust mea-
suring structure after it is positioned in the test
stand.

A unique feature of this facility 1is 1ts radio~
graphic capability which was utiiized for engine in-
ternal clearance measurements during the test pro-
gram. The system is capable of recording internal
clearances during engine steady state and transient
operations as well as static conditions. An B-Mev
X-ray source 18 enclosed in & lead vault which 1s
mounted on a gantry that provides five degrees of
freedom for positioning the source. Coarse posi-
tioning along the engine axis is achieved by a drive
chain which moves the entire gantry on casters.

Fine positioning is then achieved by moving the
X-ray head or the gantry. The X-ray head can be
moved in any of the three coordinate directions and
can be rotated around two axes providing complete
positioning flexibility. The X-ray film in 45 foot
rolls is installed in a film holder supported on the
test stand floor. A remotely controlled film
transport device is used to position successive
areas of film in the X~ray beam. This device pro-
vides the capability of making up to 24 léxb inch
radiographs at a rate of one every 5 seconds.

Loading Device

The test stand has been modified for the in-
stallation of a loading device for the simulation of
inlet aercdynamic loads. Loading combinations can
be applied at three inlet cowl rib locations through
wire cables wrapped around the inlet. The proper
combination of load cables pulling at the required
angles produces torces and moments on the engine
equivalent to the serodvnamic flight load.

The design which has been developed by Pratt &
Whitney Aircraft and Boeing is shown in Fig. 4., A
loading strap 1s located at each of the three for-
ward inlet cowl ribs. Each strap is in contact with
a8 rubber strip bonded around the circumference of
the cowl. Bonded to each strip is a machined steel
ring notched to accept a wire cable, each end of
which terminates at a hydraulic jack assembly. The
machined steel rings are submerged in polyurethane
sheet to provide a smooth aerodynamic surface to
prevent turbulent air from being generated and drawn
anto the inlet from the region of the loading fix-
ture,

Each hydraulic jack assembly contains a jack, a
load cell to measure applied load, and an overload
protection device which allows the engine to move
during transients or an engine stall, The hydraulic
Jack assemblies are supported by the base and sup-
porting structure.

Jacks are plumbed by pipe and hoses to a hy-
draulic load maintainer located adjacent to the test
stand control room. The load maintainer applies
proportional loads to two or more hydraulic jacks
simultaneously in response to hand-crank movement.

The hydraulic supply to power the maintainer is lo~
cated conveniently to the maintainer.

lnstrumentation

Blade Tip Clesrance Measurements

Laser proximity probes were used to obtain
clearance changes between the fan, compressor and
high pressure turbine blade tips and their outer air
seals during engine operation. Nine engine stages
were instrumented (Fig. 5) with four probes per
stage located circumferentially around each engine
case. The actual angular location of each probe was
governed by local access to bleed ports to facili-
tate routing of fiber optic bundles through outer
engine case walls. Seven areas in the high pressure
compressor, high pressure turbine, and low pressure
turbine were X-rayed to obtain both inner and outer
airseal clearances (Fig. 5). The low pressure tur-
bine with shrouded blade tips produced good quality
K-ray photographs from which blade tip clearances
were measured. X-ray photographs of thc high pres-
sure compressor and high pressure turbine were used
as back-up to the more accurate proximity probe data
for determining blade tip clearance changes.

Operation of the probes is based on an optical
triangulation system as shown in Fig. 6. Light from
& helium-neon laser is focused onto a single 0,001
inch dismeter fiber optic. The light is carried
along this fiber and emitted from the end of the fi-
ber in the probe, acting as a point source of
light. This point source of light is focused by the
input lens onto the blades. 1f the blades are at
Position A, the spot of light will be focused by the
output lens onto a coherent fiber optic at Point A
and, similarly, if the blades are at Position B, the
spot will be focused onto Point b of the coherent
output fiber. It should be noted that the imaged
spot positions at A and B do not deperd on the re-
flectivity of the blades (specular or diffuse, ab-
sorptive or reflective), or on the angle of tilt of
the blade with respect to the probe. It is a func-
tion of only the distance of the blade from the
probe. The coherent fiber optic bundle transfers
the imaged spot positions from the probe to the
video camera. The video camera image is displayed
on a video monitor, so that the position of the
light spot on the raster of the screen 1s a measure
of the blade clearance. An illuminated reticle is
attached to the output fiber optic and serves as a
calibration reference for the system. The system is
calibrated so that any given position along the
scale corresponds to a given blade clearance between
the blades and the outer air seal surface.

Data are video tape recorded for permanent re-
cord and further analysis of transients. A synchro-
nized digital time/date and engine speed signal are
superimposed on the video for reference.

The probe in Fig. 6 1s designed for making
blade tip clearance measurements through single case
structures. It 1s Jow in profile and, therefore,
can fit into compressor cases underneath vane actus—
tor arms. The probes have high temperature epoxied
fidber optics which limit the operating temperature
of the fiber optics porticn of the probe to
600°F. With a nitrogen purge flow through the
probes, they can be operated ir temperatures of
about 900°F,

Turbine probes have to operate in a consider-




ably more hostile environment, requiring cooling and
bigh pressure seals. Due to the high temperature
environment, the blade tips emit radiation which can
be picked up by the video system. This “background
radiation” is eliminated by using a narrcw band-pass
interference filter which blocks out all light ex-
cept for the reflected laser beam light. A folded
optical system utilizing a prism at the base of the
probe, provides a system that is analogous to the
compressor type probe built in & cylindrical form.

The turbine probe is cylindrical so that it can
be effectively sealed at the outer case with a pis-
ton ring type seal. The probe is bayonetted into
the rub strip so that the probe moves with the rub
strip, resulting in measurements relative to the rub
strip. 1t 1s purged with nitrogen for cooling and
to keep dirt from accumulating on the probe optics.
The temperature vulnerable portion of the probe is
the fiber optics which is the part of the probe fur-
thest trom the engine flow path.

Engine Performance Measurements

Two data acquisition systems were utilized to
obtain engine performance measurements during the
test program. The primary system, an Automatic Pro-
duction Test Data Acquisition and Control (APTDAC)
svster is normally used for production testing.
‘lwasurements are acquired by the system and conver-
ted to engineering units. The converted data are
used to calculate the required performance parame-
ters and the results are checked to determine out=
of-limit conditions. The system is designed to
perform real time data acquisition and display the
output results on @ CRT and a line pranter.

Due to the large number of parameters being
measured, a portable, High Accuracy Pressure and
Temperature Data Acquisition System (HAPTS) was used
to support the production data system. The HAPTS
has the capacity teo record up to 6UU bipolar miila-
volt inputs and 192 pressure inputs on four &48-port
scanivalved transducers.

In order tou assess module performance deterior-
atior from the test, additional pressures and tem
neratures were recorced during the test program.
The location of the performance instrumentation 1is
shown 1n Fig. 7.

Engine Lase Thermal Measurements

The enginc -ases were instrumented with thermo-
couples to measure case temperature variation both
axially and ircumferentially to correlate axisym
metric and asvmmetric thermal closures. Nacelle air
temperature and pressure were also measured to de-
terrane heat transfer characteristics within the na-
celle environment. The locations of this instrumen-
tation are shown in Fig, 8.

The locations of case, flange, and air thermo-
couples were chosen to determine the impact of en-
gine case metal temperature on adjacent blade tip
clearance and for determining the effect of engine
external components on the engine's thermal environ-
ment .,

Test Program

This test program was initiated to provide a
better understanding of the relationship between
steady state inlet air loads and engine running

clearances as well as the effect of these air loads
on engine performance detericration. To achieve
these objectives, a test program was developed using
a new JTID-7AH engine in a 747-200 nacelle (as de-
fined under "Test & Facility Hardware"). The engine
was ground tested under simulated aerodynamic flight
loads during which blade tip clearance, engine per-
formance and thermal data were obtained. The engine
was torn down a: the completion of the program to
measure physical deterioration,

Four flight conditions from the Boeing 747 air-
craft flight acceptance test were selected for simu-
lation in this program. These were: take-off, late
climb/early cruise, maximum dynamic pressure, and
approach, Aerciynamic loads on the inlet cowl at
each of these flight conditions were simulated using
the strap-type 'vading device described earlier.

The loads were developed by Boeing from analytical
and test (wind tunnel and flight) data. These loads
were applied to the engine in both a static »nd a
running condition. Fig. 9 shows the predicteus inlet
air loads compared to the simulated test loads for
the take-off flight condition.

The testing was divided into three major parts
to satisfy the objectives of the program. The first
investigated the effects of thermal and thrust loads
on engine running clearances. The second determined
the static (non-running) engine response to th~ ap-
plied inlet air loads. The third explored the ef-
fect of combined thermal, thrust and inlet air loads
on the engine. The testing sequence was determined
from the analytical model prediction of blade tip/
rub strip interference for the many loading condi-
tions. Loadings which produced no interference were
run first and then others were run to produce an in-
creasing level of interference between blade tips
and outer seals through the end of testing. This
was done so that the wear produced by the smaller
loads was not disguised by that produced by the lar-
ger loads.

Throughout the test program, power lever move-
ment from one test point tc another was limited to
20 rpm/sec or less (N; speed) to avoid any transi-
ent conditions that might cause blade tip/rub strip
interference. Performance data were rccorded during
all test pcints to determine which test conditions
resulted in performance changes. When a shift in
engine performance occurred that was judged to be
significant enough to warrant further investigation,
a performance calibration run was made. Following
is a more dctailed description of the testing.

Baseline Clearances and Performance Calibration

After the engine was installed in the test
stand L.l ;vior to any engine operation, a series of
X-rays were take:.. ~f the inner and outer gas path
seals in the third and tu."th stages of the low
pressure turbine. These X-rays were taken both at
the top (0°) and bottor (180°) of the engine and
served as the baseline for any seal wear that might
occur during testing. These measurements also
served as a calibration of the X-ray system against
clearance measurements taken during the analytical
build of the engine,

The engine was then motored with the starter to
obtain proximity probe clearance measurements at the
nine instrumented engine stages. These measurements
were compared to those taken during the analytical
build of the engine to arrive at a -eliable set of
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clearances prior to the start of testing. These
clearances were then used as baseline measurements
to determine blade tip clearance changes during the
test program,

To determine the baseline engine and module
performance levels, a baseline calibration consist-
ing of 12 equally spaced power settings was conduc-
ted, Each power setting was stubilized for 7 min-
utes before recording engine and module performance
data, engine case environmental data and engine run-
ning clearance. Throughout the test program when a
significant performance change was indicated, this
12 point calibration run was repeated.

Thrust and Thermal Load Effects

The objective of this portion of the test pro-
gram was to determine the effects of thrust and
thermal locds only on engine blade tip clearances
and whether any performance loss occurred due to
these loads. The thrust/thermal environment for
each of the four flight conditions from the 747 air-
craft acceptance test was simulated. Since the test
stand 1s at sea level static conditions, not all of
the significant engine parameters could be simulated
for the altitude flaght conditions. The discharge
temperature of the high pressure compressor (Ty,)
was used as the controlling parameter in settiung en-
gine power. To simulate the altitude power setting
then, Tr, was set as close to the altitude value
as possible without exceeding engine thrust, temper-
ature and rotor speed limits.

In addition to the four flight condition tert
points, clearance and thermal dats were also recor-
ded during the baseline performance calibration test
to obtain therma. closures between blade tips and
outer seals over a wide range of operating condi~
tions. During each test sequence, proximity probe,
engine case thermocouple and performance data vere
recorded simultaneously. X-ray photographs of the
low turbine area were also obtained at each test
point.

Static Load Ettects

Simulated aerodynamic ioads as shown in Table |
were applied to the engine in a non-running (static)
condition using the loading device described previ-
ously. Additional loadings of 50 percent take-off,
pure vertical, and pure horizontal were also applied.

During each of these '>ading conditions, the
engine was motored with the starter to obtain prox-
imity probe data on the nine engine stages. X-rays
of the low turbine area were also obtained at each
test load. All strap load values were recorded
during the test.

Combined Loads Effect - Thermal, Thrust, and
Aerodynamic

The objective of this part of the test program
was to determine engine blade tip clearance changes
that occur under samulated flight conditions from
the combined effects of thermal, thrust and serody-
namics flight loads. A total of 16 combined load
conditions were tested including four load levels at
each of the four selected flight conditions to be
simulated, as shown on Table I1. The 100 percent
load for each condition represents & typical revenue
service flight load. The maximum load fo: each con-
dition was chosen not to exceed the once-per-5000-

flight load level and is less than the engine-
nacelle structural limit values so that no damage to
engine cases or nacelle covls would be expected.

A typical test sequence for this part of the
program consisted o bringing the engine up to the
desired power level and stabilizing for approxi-
mately 7 minutes; applying the required simulated
serodynamic load to the inlet through the loading
device; then recording proximity probe blade tip
clearance data as well as thermal and performance
data. An X-ray photograph was also taken at one of
the locations in the low pressure turbine. For add-
itional X-ray locations, the load was relieved, and
the engine brought to ground idle while the techni-
cians repositioned the X-ray head and film. The en-
gine was then brought back up to power, stabilized,
the load reapplied, and an X-ray photograph was
taken. This was repeated until all eight locations
were X-rayed.

Irsnsient Tests

At the end of the test program, two severe
transient power conditions were run with no aerody-
namic load simulation. The first consisted of a
10-minute stabilization at ful. take-off thrust,
followed by a rapid deceleration to ground idle, and
another 10-minute stabilization. The second tran-
sient performed separately from the first was a snap
acceleration from ground idle to full take-off
thrust after a 10-minute stabilization at ground
idle. After reaching take-off thrust, the engine
was stabilized at this condition for 1U minutes.
lmmediately preceeding each transient, proximity
probe readings, engine case environment and perform
ance data were recorded. All pretransient measure-
ments were repeated after the l0-minute post-tran-
sient stabilization.

Final Performance and Clearance Measurements

At the conclusion of the test program, the 12
point performance calibration was repeated to deter-
mine engine and module performance changes. The fan
blades were then water washed, and another 12 point
calibration was run. A final set of static blade
tip clearance measurements were made using both
X-ray and proximity probe systems. The engine was
motcred with the starter to obtain the proximity
probe eadings. in addition to these final two per-
formar:e calibration runs, a 12 point calibration
was also run after the thrust and thermal load se-
Guence, after each of the combined load flight con=
ditions, and afte:r the transient testing to deter-
mine 1f there were any performance changes caused by
these loadings. During the test program, the engine
wvas started 62 times and was run through Bt flight
cycles for a total of 147 hours.

Engine Analvtical Teardown

After completion of the test program, the en-
gine was disassembled for inspection of hardware de-
terioration resulting from the testing. Blade tip,
and outer and inner air seal wear were measured for
all stages. Surface roughness was measured on sev-
eral fan and compressor blades. Turbine vane bow
vas also measured to determine flow capacity in-
crease, Other measurements were laken throughout
the engine to determine whether there was any dis-
tortion that could contribute to engine and module
pertormance changes.

PSP R S—




Results

Summary

The test engine lost a total of 1.J percent in
sea level stat:c thrust specific fuel consumption,
of which 1.1 percent was due to blade/seal wear.
The remaining 0.2 percent was due to the experimen-
tal nature of the test program. The results indi-
cate that the inlet serodynamic loads produce large
clearance changea in the fan but have a relatively
small impact on clearances in the remainder of the
engine, Pertormance deterioration models developed
during previous efforts were updated, based on the
results of this test effort. These models relate
altitude cruise deterioration, which is approxi~
mately 75 percent of sea level take-off performance
loss, to revenue service., Thse updated models con=
firm that the engine loses 0.7 percent in altitude
cruise specific fuel consumption during the airplane
flight acceptance test, A more complete discussion
of the results is presented in the following pare-
graphs.

Rlade Tip Clearance Changes Due to
Thermal Loads

Blade tip clearance changes which occur during
engine operation with no external loads applied are
produced by internal engine pressures and tempers-
tures, centrifugal forces on rotating blades, and
engine thrust. All of these produce axisymmetric
blade tip clearance changes except thrust which 1s
reacted off the centerline of the engine. Circum
ferent:al thermal gradients around the engine cases
can also contribute to nonaxisymmetric clearance
changes.

A sample of clearance changes in the fan stage
measured with cthe laser blade tip proximity probes
1s shown in Fig, 10, These clearance changes in-
¢lude the non-axisymmetric contribution of thrust
which 1s evidenced by a greater clearance change 1n
the lower two quadrants, The same type of informa-
tion presented in a different manner 1s shown in
Fig. 11 tor the third stage of the low pressure tur-
bine. In this case, clearances were obtained from
A=ray photographs at the © and 1l o'clock posi-
tions. The turbine rotor i1s centered within the
case and, as power 1s increased, the clearance be-
tween Yotor and case \ncreases. As thrust is in-
creased, the engine bends, causing the clearances at
the top of the low-pressure turbine to become tight-
er on a relative basis and logser at the bottom.

The combined effect of case expansion under power
and clearance changes from the effect of thrust back
bone bending yield these resuits,

Table 111 shows the predicted axisymmetric
clearance changes versus engine power which were
calculated for each stage trom the data derived from
this portion of the test program. These clearance
changes reflect the (axisymmetric) eftects of engine
totor speed, gas path temperatures and pressures,
€ngine case temperatures, and nacelle cavity temper-
atures and pressures. The circumferential nonuni-
formities whose effects were removed from these
clearances are produced mainly by thrust. Although
nonuniform case temperatures exist, they contribute
essentially no circumferential variation in clear-
ance. These clearance changes from ground idle
through take-off power show a decrease for the ma-
Jority of stages which .s to be expected.

Blade Tip Clearance Changes Due
to Aerodynamic Loais

Simulated serodynamic loads were applied to the
inlet of the test engine under cold, static condi-
tions to determine the stiffness charactevistics of
the JT9=7A engine. The applied loads simulated the
inlet pressure distributions of approach (Condition
113), climb/cruise (Condition 104), maximum dynaaic
pressure (Condition 108), and take-off (Condition
101) from the Boeing 747 Flight Acceptance Test.

Results of the analysis of the proximity probe
data are shown in Table IV. Only the fan experi-
enced significant clearance changes; core clearances
usually changed by less than 0.005 inch with 0,012
inch being the maximum change. The clearance chang-
es shown reflect only those due to the applied inlet
aerodynamic moment, and thus do not include the ef-
fect of engine thrust.

The reported clearance changes follow expected
trends for the various flight load conditions. Fig.
12 illustrates & typical JTY9D engine backbone bena-
ing plot for an upward moment about the engine cen-
terline that is in approximately the same direction
as the moments for flight conditions 113, 104, and
101, The plot illustrates how the cases and rotors
deflect. The clearance changes are simply the dif-
ference in deflection between the rotor and case at
each engine stage. As can be seen, the greatest
clearance changes in the high-pressure compressor
should occur in the middle of the module. The val-
ues in Table IV confirr th s trend. The fan, as
previously mentioned, is tie module where the larg-
est clearance changes resulting from aerodynamic
loading were recorded, The values reported follow
the expected trends within probe accuracy.

The X-ray data for the fourth stage low pres-
sure turbine indicate that the blade tap knife edges
were either imbedded in the outer air seal or touch-
Ang the outer air seal during the static loao test-
ing. Fig. 13 shows a plot of X-ray data at the ©
and 12 o'clock locations which illustrates this in-
terference,

Blade Tip Clearance Changes Due to Combined Thermal,
Thrust, and Aerodynamic Loads

Simulated aerodynamic loads were applied to the
inlet of the test engine at stabilized power set-
tings to simulate the combined effects of thermal,
thrust, and inlet pressure lhads on engine running
clearances and performance., The same inlet load
conditions applied during static loads testing were
used in the comb. ed loads testing, However, the
engine was tested over a range of load levels, gen-
erally from 50 to 15 percent of the loads that oc-
cur in the Boeing 747/JTYD Flight Acceptance Test.
The power levels at which the engine was stabilized
were the same as those used in the thermal loads
testing.

Combinet loa' results from the analysis of
proximity probes vata for the 100 percent loads lev-
els are presentes in Table V. As static test re-
sults indicated, oni the fan experienced large
clearance changes under flight loads. The large:t
core changes occur 1 the first high-pressure tur:
bine stage (0,018 inch) and minth high-pressure cow
pressor stage, Most measured changes in the core,
however, were less than 0,005 inch, The clearance
changes shown reflect engine bending due to both
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thrust and inlet moments., The clearance changes in
the low pressure turbine based on X-ray data are
shown in Table VI, These clearance changes obtained
from the X-ray data analysis veflect the average
clearance change for each load type under the aver-
age load,

Transient Test Results

In general, the clearance changes measuted dur-
ing the two transient tests were as expected. The
performance calibration test which was run after tle
transient testing revealed no performance loss due
to the transient test.

Engine Teardown Res s

At the completion of the test program, the en-
gine vas disassembled and hardware condition was
documented. Measurements taken during the build of
the engine were repeated at teardown and included
blade tip clearances, gas path inner air seal clear
ances, seal land wear locations and depths, airfoirl
surface roughness, and turbine airfoil flow areas.
Hardware conlition was then evaluated to determine
its impact on engine and module perfermance.

Clearance changes from engine build measured
during teardown are shown in Table VI1 for all blade
tip seals, Changes were observed in almost every
stage of the engine, with the largest changes being
in the fan, the second stage of the high-pressure
turbine, and the fafth stage of the low-pressure
turbane, In the cold section, these clearance
changes were a result of outer air seal wear. In
the turbines, they were a result of both blade
length loss and gas path outer seal ‘wcar,

Seal land wear patterns observed during the
teardown of the test engine are shown in Fig. le for
the fan. The locations of wwar were as expected.
Wear in che upper left quadrant vas produced by the
maximum dynamic pressure air load which pulled the
fan case down and to the right. The taxe-ofl air
load pulled the fan case up to the right and pro-
duced wear in the lower left quadrant of the fan
outer air seal.

The volume of seal material worn from each seal
land in the test program was determined for the
blade tip seals. Because the seals wvere new and un-
worn when the engine was built, the wear volumes
were calculated from wear depth, width, and arc
length measurements taken at teardown., Thesc wear
volumes do not include material removed from blade
tips in the turbine section of the engine.

The eftects on engine pertformance of blade tap
and gas path inner a1’ seal tip clearance changes,
surface roughness increases, and vane bow were #s-
sessed using the Pratt & Whitney Aircraft component
design system, These effects are shown in Table
VIl11. The high-pressure compressor and turbine con-
tributed the most to engine performance deteriora-
tion, with the single most 1mportant factor Feing
the blade tip clearance change in the high-pressure
compressor, The 'ncrease in blade tip clearances
accounted tor 1.1 percent of the 1.3 percent total
performance loss. The remaining 0.2 percent was
caused by surface contamination of airfoirls and
thermal dastortion of high pressure turbine compo-
nents. These latter two deterioration mechanisms
vere due to the experimental nature of this program
and are not typical of early revenue service. Even

though clearance change in the fan was much greater
than that in the high pressure compressor and high
pressure turbine, the influence coefficients rela-
ting change in TSFC to change in clearance are
greater for both the high pressure compressor and
high pressure turbine than for the fan, which ac-
counts for the results shown in Table V111,

Performance Analysis

Tne overall engine performance changes and the
component performance changes during the course of
testing were determined from calibrations of the en-
gine and from the analytical teardown of the engine
at the end of the program. Calibrations were run
prior to the application of any loads (base-line
calibration), after each series of load applica-
tions, after a series of snap transients, and, fi-
nally, after the fan blades vere washed at the end
of the program,

The loss 1n engine performance from the base-
line calibration to the end of the program was 1.)
percent in thrust specific ftuel consumption (TSFC).
Some performance loss was noted when the simulated
climb and approach loads were applied and after the
simulated maximum dynam.: pressure loads vere ap-
plied. The major performance loss, however, oc-
curred when the loads vhich simulated take-off rota-~
tion were appliced. Washing the fan blades produced
@ performance im rovement in 0.1 percent. Table IX
summarizes the e gine performance loss throughout
the test program,

A comparison of the data obtained during the
final engine calibration with the baseline calibra-
tion was made, and an analysis was conducted to es-
timate how much each module's degradation contribu-
ted to the 1.3 percent loss in thrust specific fuel
consumption, Component efficiency and flow capacity
changes were expressed as losses in thrust specitic
fuel consumption with the aid of the mathematical
simulation of the eng.ne. The assessment of per-
formance loss for each module based on engine tear-
down results was oMtained from measurements of rubs,
clearances, and airtorl surface roughness in the
compression section of the engine and measurements
of rubs, clearances, and airfoirl and platform dis-
tortion in the turbine section, These measurements
and the estimated impact on the performance of each
component are summarited in Table X which compares
the teardown and performance assessment results.

The comparison in Table X shows that the high
and low-pressure turbine losses indicated by =ngine
test data agree very well with the teardown re-
sults, The total compression section loss indicated
by the test data also agrees with that estimated
from the teardown measurements. However, the dis-
trabution of the loss among the fan, iow pressure
compressor, and high=pressure turbine differs some-
wvhat as determined by the two methods, Smaller fan
and low=pressure (ompressor losses and a larger
high=pressure compressor loss are indicated by the
teardewn measurements.

Model Refinements

One of the major objectives of this and previ-
ous tasks of the JIYD Engine Diagnostics Program has
been the development and refiaement of analytical
models of JTYD engine performance deteriorarion,
This Simulaced Aerodynamic Loads Test Program prova-
ded the opportunity to investigaie the causes of
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short term performance losses and to develop .he
date with which to ify previous analytical stud-
1es and predictions.(”) These analytical predic-
tions, combined with the measured performance losses
that occurred during the test program, permitted re-
finement of the individual wmodels for module as well
as engine performance deterioration versus flight
cycles developed previously under the JTID Engine
Diagnostics Progrem (Refs. | and 2).

A brief description of the analyticel wmodel of
performance deterioration caused by flight loads is
presented below:

A (omputer simuletion of the flight scceptance
profile incorporates the proper combination of na-
celle loadings, engine thrust, inertia and gyro=-
scopic effects, and engine baseline clearances be-
tween blade tips and outer air seals. Exposure to
thrust and maneuver loads at esch flight condition
results in deformation of propulsion system struc-
tural members and leads to relative motion between
static and rotating components of flov path seals
(this 1s termed closure). These closures are calcu-
laved using @ NASTRAN model of the JT90-7 propulsion
svstem, 1f the motions are larger than can be ac-
comrodated by the available clearances, rubs and
wear (of blade tips and seals) will occur and result
in increased operating clearances. Abradability
factors vetermine the trade off between blade tip
and rub strip wear. Performance influence coeffi-
cirents for each engine stage are then used to deter-
mine the performance loss due to the increased oper-
ating clearances.

As a result of the data obtsined during this
test program, revisions were o de to all elements of
the analytical model to impi..e the prediction of
performance loss caused by flight loads. The up-
dated model was then used to predict the performance
loss for thas simulated aerodynamic load test pro-
grar, This predacted loss due to seal wear of «l.1
percent TSFC shows excellent agreement with the «l.1
percent measured loss from the test program. Table
A shows a comparison of rub strip wear predicted by
the model for each stage of the engine and measured
wear from the test program,

Engine and module performance deterioration
models were developed and refined as new data became
available from the various tasks within the Engine
Diagnostics Frogram, These models relate the engine
pertormance loss in percent cruise thrust specific
fuel consumption and change in exhaust gas tempera-
ture to engine flight cycles from the first flaght
through 3OO0 flaghts. All of the contributors to
performance loss are included in the models,
clearance increases due to flight loads and erosion,
surTtace toughness, and thermal distortion of hot
section parts, Fig. 15 shows engine performance
losses through 2000 flights updated with the results
of this aerodynamic load simulation test program.
The mode!l reflects refurbishment of the high pres-
sute turbine every 100U flaghts.

Loncluding Remavks

The testing and analytical teardown of the
JTYD-TAH test engine have significantly improved the

understanding of short term engine performance de-
terioration. The overall thrust specific fuel con-
sumption change was measured to be +l.1 percent
which was the result of load induced clearance
changes, primarily those resulting from application
of the take-off load. The analytical teardown of
the test engine showed clearance changes in all
modules with the msjor changes occurring in the fan,
high-pressure compressor, and high-pressure turbine.

The rub patterns that ociurred an the test
engine were conpared with both analytical wmodel pre-
dictions and those rub patterns documented to have
occurred in an engine removed from revenue service.
In general, the comparison indicates good agreement
in wost of the engine stages.

The JTID performance model refined as part of
this effort indicetes that the flight inlet serody-
namic loads do not substantially contribute to air-
plane revenue service performance changes, because
much of the deterioration caused by these loads oc-
curs during sirplane acceptance testing prior to the
start of revenue setvice. This performance incre-
went should not be considered when comparing cruise
performance losses with revenue service usage.

Loads testing of the type conducted under this
program should be considered on all new engines or
engine/nacelle combinations very early in their de-
velopment. This early testing would provide the
longest possible lead time for refining the total
propulsion system design. Analytical studies such
as those conducted uvnder earlier phases of the En-
gine Diagnostics Program, and refined under tiis
phase of the program, are considered to be an impor-
tant element in the preliminary and detailed design
of acdvancec engines and nacelles.
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TABLE 1. - SIMULATED AERODYNAMIC LOADING TABLE 11 - COMBINED LOAD TEST CONDITIONS

[Four f1ight points: thrust, aerodynamic loads. ] Four load levels for each condition
3
' Approximate Aerodynemic load Takeoff. percent 25 S0 75 100
thrust, momentd at
b *A" flange, Late climb/early cruise 50 100 120 140
in-10
Maximum dynamic pressure S0 75 100 150
Takeoff 46 000 35 288
Approach S0 75 100 150
Approach 6 700 190 670
100 Percent is typical revenue service
Late climb/early cruise 29 000 65 881 flight load.
' F Maximum dynamic pressure 42 000 232 234

8100 Percert of first flight load.

: TABLE 111. - THERMAL LOADS TESTING PREDICTED
AXISYMMETRIC CLEARANCE CHANGES VERSUS POWER
[Clearance change in mils from ground igie.)

Stage Ground Approach Climb/ Max, Q Take-Off
1dle

crulse
Fan 0 -5 -28 -69 -1
LPC
! 2 \ -4 =25 -36 -40
3 0 =2 -1 =17 -19
4 0 -3 -0 -30 -3
HPC
5 0 -5 =16 =21 =22
6 -5 -18 =23 =25
? -4 -1o =20 =21
8 -5 -18 =23 =25
9 -6 -14 -19 =20
10 -3 -10 -14 -14
1 -2 -8 -10 -10
’ 12 -1 +1 *3 .3
13 -3 -8 -12 -12
14 -2 -8 -1 -11
15 -3 =10 -13 -14
HPT
1 0 -6 =21 -24 =25
2 0 -9 -26 -30 -32
LPT
3 0 -1 -y -5 -1
4 -2 =25 =22 =2l
5 -0 -36 -42 -46
6 - -34 -4 -45

| K Relative rotor speec changes:
Nl rpm 0 34 1596 2100 2234
N2 rpm 0 605 1848 229% 23%
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TABLE 1V. - CLEARANCE CHANGES DUE TO AERODYNAMIC LOADS
APPLIED TO THE STATIC ENGINE

Stage

Fan,
stage 1

Low-pressure
compressor,
stage 4

High pressure
compressor,
stage S

High-pressure
compressor,
stage 9

High-pressure
compressor,
stage 10

High-pressure
compressor,
stage 11

High-pressure
compressor,
stage 14

High-pressure
turbine,
stage 1

[Based on proximity probe data.)

Probe
no.

w » e

i3
k1]
35
36

Circumfaren- Conditiond - 100 percent load

tial location
(rear view),
deg

60
150
240
330

n

276
3y

4
133
191
3

60
13%

K

150
230
330

aF11oht condition gdescriptions:
No. 113 approach for landing
No. 108 atrplane maximum dynamic

Pressure

113 104 108
Clearance change, inch
+0.029 +0.016 -0.001
-.019 -.006 +.019
-.000 -.009 O
-.02%

+0.003 +0.003 +0.003
+0.001
0 0 -0.001
0 +0.001
+0.001 +0.003 +0.006
0 -.001 -.003
+0,003 =0.001 <+0.005
-0.007 <0.003
-.002  +.0lu -0.007
+.093 +.002 -.001
+.001 0 +.004
-0.006 -0.004 -0.00%
0 -.000 -.007
0 -.003 ~.00%
-.003 -.001 +.003
-0.202 -0.003 -0.0n¢
+0.006 *0.003 +0.006
+.006 +.004 <+.011

+.006

*.012  +.004
No. 104 late climb/early cruise
No. 101 take-off rotation

101

-0.041
-.065

+0.003




TABLE V. - CLEARANCE CHANGES DUE TO AERODYNAMIC LOADS
APPLIED TO THE RUNNING ENGINE

[Based on proximity probe data - from no load power condition.]

Stage

Fan,
stage ]

Low-pressure
compressor,
stage 4

High-pressure
compressor,
stage 5

High-pressure
compressor,
stage 6

High-pressure
compressor,
stage S

High-pressure
compressor,
stage 10

High-pressure
compressor,
stage 11

High-pressure
compressor,
stage 14

High-pressure
turbine,
stage |

Probe
no

w 5w -

10
12

14
15

33
k2]
35
3e

Circumferen- Concitiond - 100 percent 1940

tial location
(rear view),
deg

60
150
240
330

n

96
198
276
349

81
21%

47
133
313

135
19¢
38

75
165
248
KLH)

1l

o0
150
230
3%

8F 11ght condition descriptions:
No. 113 approact for landing
No. 108 airplane meximum dynamic

Pressure

13

10¢

108

101

Clearance change, inch

+0.042
-.022
-.05%

+0.002

+.002
+.001

+0.013
. 007

no. 104
No. 101

+0.0l6
-.010
-.008
+.016

+0.003

+0.001

+0.001
-.001

+0.001
0

-0.00,
+.002
-.004

-0.003
0

0
0

+0.001
+.004
+.009
0

*0.009

0
-.006

+.000

late climb/early cruise

-0.006
+.064
.004
-.070

+0.001

+0.002
+0.007
-.001

0
*+.004

+0.002
-0.003
+.002

+0.002
-.010
-.00%
+.004

-0.002
-.005
+.003
+.007

-0.005
+.00%
0
-.006

+0.044
-.040

*.04

*u.002

+0.002
-.004

+0.00%

-0.016
-.00%
-.006

-.002
-.006
-.002
-0.007
+.00s3

-.005

-0.00¢
-.004
-.018
*.006

take-off rotation

e g
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: TABLE VI, - LOW PRESSURE TURBINE TABLE VII. = BLADE TIP MEASURED
|
£ BLADE TIP CLEARANCE CHANGES DUE CLEARANCE CHANGES
13
: 10 AVERAGE AERODYN-AIC LOAD ON Module Stage  C2arance
{ cl .
} THE RUNNING ENGINE m.r
! (x-ray results.) Fan 1 0.05?
Condftion® 113 104 108 101 Low-pressure 2 ——
: compressor 3 0
\ o, load, percent 93.5 102.5 93.5 100 4 .001
£ 3rd Stage High-pressure 5 0.006
! 12 o'cock +] *0 *19 -12 compressor 6 012
: 6 o'clock -2 *3 -8 %2 7 003
8 .007
4th Stage 9 .002
12 o'clock -3 -6 -4 ] : 10 .006
§ 6 o'clock 1) *7 =21 +16 i .007
12 .007
Clearance changes are in mils from the 13 .005
no-aero-load-at-power condition :; .g{!
.0l4
8113 - Approach for landing
104 - Late climb/early cruise High-pressure | 0.012
108 - Afrplane max, dynamic pressure turbine 2 front .040
101 - Takeoff rotation rear 040
Low-pressure 3 front 0.010
turbine rear .016
4 front ———
rear —
§ front .081
rear .062
6 front .028
rear .026
8Tsardown clearance less
huild clearance.
TABLE VIII. - TEARDOWN RESULTS - PERFORMANCE CMANGE> BASED ON MARDWARE CONDITION
Module Mechanism Change 1in (hange in Change in
efficiency, fiow capacity, TSF(,®
point percent percent
Fan Blace tip clear:nce -0.4 -0.5 +0.1
Surface roughness -0 -0 “0
Fan subtotal = *,1
Low- Blade tip clearance -0.1 -0.4 *0.1
pressure Inner air-seal learance -0 -0 *0
compressor Surface roughness -1 - *0
Low-pressure compressdr subtotal = ..l
High- Blage tip clearance 0.8 -1.1 *0.4
pressure Inner air-ses) clearance -0 -0 *0
compressor Surface roughness -0 -0 0
High-pressure compressor subtotal « .4
High- Blade tip clearance -0.5 *0.2 .3
pressure Inner air-seal clearance <0 «0 *0
turbine First-stage vane bow -0 *.6 .2
high-pressure turbine subtota! « *.5
Low- Blace tip clearance 0.2 *0 *0.2
pressure Inner atr-seasl clearance -0 0 0
f turbine Low-cressure turdbine subtotal « *,2
OVERALL TOTAL = +1.3

SAt sea level, constant take-off thrust.

"1
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TABLE IX. - ENGINE PERFORMANCE LOSS FOR VARIONS
FLIGHT LOAD CONDITIONS

Test cordition TSFC at constant thrust,

prrcent

Base line anes
Af ter:

C)imb and approach loads *0.2

Max dynamic pressure loads .4

Tere-of f Toads *l.4

Snap transients 1.4

Fan wash (end of progrem) *1.3

TASLE X, - COMPARISON OF COMPONENT DETERIORATION ASSESS
MENT FROM TEARDOWN RESULTS WITH DETERIORA-
TION ASSESSMENT FROM ENGINE DATA

Camponent Change in YSFC Change fn TSFC
sstimated from estimated from
teardown mes- engine test
surements, data,
percent percent
tan +0.1 *0.2
Low-pressure compressor % | .2
High-pressure compressor .4 .2
High-pressure turbine .5 *.5
Low=pressure turbine .2 .2
Total *1.3 *1.3
Measured change in TSFC =« 1.3 percent
1

TABLE X1. - ENGINL RUB-STRIP WEAR?® BY STAGE
FOR TEST SEQUENCE

Module/stage Predictivnd Teet?
Fan 22.75 23.8
Low-pressure compressor:
Second stage 0.63 1.69
Third stage 1.4 .20
Fourth stage 1.9  —
Mr-onssun compressor:
ifth stage 0.17 c.83
Sixth stage .3 .35
Seventh stane .08 .16
Eightr stag 4 —_—
Kinth stage .08 .08
Tenth stage .07 —
Eleventh stage .28 .35
Twelfth stage .09 .c7
Thirteenth stage .18 .36
Fourteenth stage 1.4 1.27
Fifteenth stage .95 .9
high-pressure turbine:
First stage n.13 0.13
Second stage .39 .83
Low-pressure turbire:
Third stage 0.19 0.1%
Feurth stage —— ————
Fifth stage 5 13
Sixia stage .60 .55

Sheur volume (cupic nchay).
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Figure 1. - Effect of aerodynamic flight loads on fan blade tip clearance.

K

11,000 STATIC FREEDONS
4000 FLEMENTS

Figure 2. - JTID-7/747 propulsion system NASTRAN structural
model.
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Figure 7. - Performance instrumentation.
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Figure 8. - Thermal load measurements. Thermocouple and pres-
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Maximum resultant at ‘A"’ flange

Simulated Predicted
Moment (in. -ib) 356,288 356,116

Figure 9. - Inlet air loads. Take-off rotation,

Location-60°

“0r  probed
Location-240°
'—
Clearance
change, 40
mils
-8 -
120
o 1 2 3
Change in low spool speed,
1000 rpm

+40

-8

0

&0

-0

I CI e e—y
0 1 H 3l

Change in low spool speed,

Figure 10. - Fan clearance changes (from ground idle)
due to thermal loads - proximity probe data.
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ray results from static load test.
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Takeoff
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pressure
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Fan outer airseal (looking forward)

Figure 14, - Predicted versus measured outer seal wear patterns produced
by flight loads.

PERCENT CHANGE IN
THRUST SPECIFIC |

FUEL CONSUMPTION

AT CRUISE THRUST *

Figure 15. - JT9D perfomance deterioration.
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