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SECTION 1.0
SUMMARY

This report presents the results of testing undertaken to identify the
effects of simulated aerodynamic flight 1loads on JT9D engine
performance under the NASA JT9D Engine Diagnostics Program, The
objectives of this Simulated Aerodynamic Flight Loads Test Program were
to determine the changes in engine operating clearances and performance
under (1) thrust and thermal loads; (2) static simulated aerodynamic
loads; and (3) the combination of thrust, thermal and static
aerodynamic loads during engine operation to permit validation of the
levels, module distribution, and causes for short-term performance
losses. In addition, the test program would permit refinement of the
previous analytical study results on the impact of aerodymamic flight
loads on performance losses. To accomplish these objectives, an engine
was analytically prepared* with average production clearances and new
seals as well as extensive instrumentation to monitor perfcormance, case
temperatures, and clearance changes. A special 1loading device was
designed and constructed to permit application of known moments and
shear forces to the engine by the use of cables placed around the
flight inlet. These loads simulated the estimated aerodynamic pressure
distributions that occur on the inlet in various imporiant segments of
a typical airplane flight,

The test engine and loacing device were installed in the Pratt &
Whitney Aircraft X-Ray Test Facility to permit the use of X-ray
technigues 1in conjunction with clearance measuring instrumentation to
monitor important engine clearance changes under both steady state and
transient engine operating conditions. Upon completion of the test
program, the test engine was analytically disassembled, and the
condition of gas-path parts and final clearances were extensively
documented.

The performance monitoring results indicate that the engine lost 1.3
percent in take-off thrust specific fuel consumption (TSFC) during the
course of the test effort. Permanent clearance changes due to the
loads accounted for 1.1 percent; increase in low-pressure compressor
airfoil roughness and thermal distortion in the high-pressure turbine
accounted for 0.2 percent. Prior to the test program, the change 1in
performance due to clearance changes was predicted to be 0.9 percent in
thrust specific fuel consumption. Therefore, the agreement between
measurement and prediction is considered to be excellent.

* "Apalytically prepared" means that extensive meesurements were taken
of the condition of the gas-path hardware during the build of the
engine.
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The overall engine performance loss was distributed among all modules;
however, the fan, high-pressure compressor, and high-pressure turbine
contributed the major portion of the loss., The major loss mechanism
was permanent clearance changes (seal rubs) whicn were the dJirect
result of the loads imposed.

Transient testing, conducted after completion of the simulated
aerodynamic loading, 1indicated no additona! performance losses
associated with transient engine operation, Monitoring of engine case
temperatures indicated that axial and circumferential temperature
levels were uniform, in essentially all locations, with no significant
effect on local clearance values or changes. However, the singular
exception was a local hot spot in the high-pressure compressor case at
300 degrees from top dead center as viewed from the rear of the
engine. The cause for this local temperature gradient could not be
determined, and was felt to be unique to this engine,

The data obtained permitted refinement of previous analytically derived
axisymmetric running clearances in the fan, high-pressure compressor,
and high- and low-pressure turbine modules. Additionally, Pratt &
Whitney Aircraft-funded adjustments to the NASTRAN structural model of
the engine to improve the correlation of predictions and test data were
completed. Boeing Commercial Airplane Company provided updated loads
reflecting the actual configuration of the loading straps used in the
testing as minor adjustments to the cable wrap angles were required.
Additionally, they provided wupdated flight 1load levels and
distributions based on refined aircraft loads analysis.

These inputs were then combined into the overall JT9D/747 propulsion
system Analytical Structural Model, and the impact of the flight loads
on engine deteriorstion were examined for the first, 500th, 1000th, and
3000th flights. The results of these analyses continue to indicate the
importance of flight 1loads in overall engine performance loss with
usage.

Refinements to both engine and module deterioration models were
accomplished. These refinements resulted in only a slight impact on
the short-term, or instant, deterioration portion of the models,
providing increased confidence that the models developed thus far in
the National Aeronautics and Space Administration JT9D Engine
Diagnostics Program are reliable indicators of the levels, trends, and
causes of JT9D engine performance deterioration.

Based on the results of this program, the following recommendations
were made, First, the actual levels of inlet aerodynamic and inertia
loads which exist in flight should be determined by conducting a flight
test program with a Boeing 747 airplane instrumented to measure these
loads. Second, methods for structurally integrating the engine and
nacelle should be investigated to reduce or eliminate the impact of
flight loads on running clearances. Third, loads testing of a type
similar to that conducted in this program should be considered for
inclusion in future engine development programs.
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SECTION 2.0
INTRODUCT ION

The rapid rise in the cost of oil since the Organization of Petroleum
Exporting Countries (OPEC) ofil embargo in 1973 has resulted in a
national effort to increase the availability of domestic oil, develop
alternate sources of energy, and develop near-term and long-term means
to reduce fuel consumption., To counteract the adverse impact of the
world-wide fuel crisis on .he aviation industry, NASA has initiated the
Aircraft Energy Efficiency (ACEE) program. Included in this program are
major propulsicn projects which are addressing both near-termm and
long-term goals. The long-term activities are directed toward
developing propulsion technology to reduce fuel consumption by at least
12 percent in the late 1980's and an additional 15 percent in the early
1990's. The near-temn activities are a part of the Engine Component
Improvement (ECI) Project which is directed toward improving the fuel
consumption of selected current high bypass ratio turbofan engines and
their derivatives by 5 percent over the life of these engines. The
Engine Component Improvement project is divided into two subprojects,
(1? Performance Improvement and (2) Engine Diagnostics. Performance
Improvement 1is directed toward developing fuel saving component
technology for existing engines and their derivatives to be introduced
during the 1980 to 1982 time period. Engine Diagnostics is directed
toward identifying and quantifying engine performance losses that occur
during the engine's service |ife and developing criteria for minimizing
these losses.

The first phase of the Engine Diagnostics project was the gathering,
documentation, and analysis of historical data. The resulting
information was used to establish performance deterioration trends at
the overall engine and module level, establish probable causes
contributing to performance deterioration, and identify areas and/or
camponents where corrective action could be taken., That effort was
completed in 1978, and the results are reported in Reference 1.

The second phase of the Engine Diagnostics project was directed toward
expanding the understanding of engine deterioration by acquiring new
in-service engine performance data from a selected sample of JT9D
engines. This investigation was conducted during the period from
February 1977 to February 1979. The main source of data was the Pan
American World Airways JT9D-7A(SP) engines which are installed in their
fleet of Boeing 747 Special Performance aircraft. These aircraft were
introduced in service beginning in March 1976. Data were obtained from
on-the-wing ground tests wusing expanded engine instrumentation,
prerepair and postrepair test stand data, and in-flight cockpit
monitored data. That effort was completed in 1979, and the results are
reported in Reference 2.
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The third phase of the Engine Diagnostics project was directed toward
understanding the causes of short-term performance deterioration.
During the first few flights of an aircraft, the performance of the
engine deteriorates relative to 1its production performance level
measured on the test stand. The effort to understand the causes of this
phenomenon has been divided into several subphases or activities. The
first activity was to test and analytically tear down a low time
service engine, This activity was completed in June of 1978, and the
results are reported in Reference 3. In summary, the results pointed
to clearance changes as the major cause of the performance loss which
were probably the result of loads imposed on the engine during flight.
The second activity was, therefore, directed toward analytically
investi?ating the impact of flight loads using an existing JT9D/747
Propulston System NASTRAN Structural Model developed jointly by Pratt &
Wwhitney Aiwrcraft and Boeing prior to initiation of the Engine
Diagnostics Contract. This activity resulted in two reports, References
4 and 5. In summary, these analytical studies confirmed that flight
loads were the major cause of short-term performance deterioration and
indicated that nacelle inlet aerodynamic pressure load, imposed on the
engine inlet during typical flight maneuvers were responsible for the
Tajority (87 percent) of the performance losses resulting from flight
roads .

The Simulated Aerodynamic Loads Test Program reported in this document
is the final activity under the third phase of the National Aeronautics
and Space Administration JT9D Engine Diagnostics Program. This
activity was directed toward quantifying the performance losses and
clearance changes caused by simulated inlet wurodynamic pressure loads
on the JT9D engine, The results of the test activities have been used
to refine various models associated with the causes and levels of
performance loss associated with flight loads.

The fourth phase of the JT9D Engine Diagnostics Program consists of a
JT9D/747 flight test program to measure both flight loads and the
corresponding response of the engine running clearances. This test
program will provide the best information ever gathered on the true
nature of flight loads and their link to short-term engine performance
deterioration. Results will be available iate in 1981,

The following sections of this report describe the test prog-am, data
analysis methodology, results, mode! refinements, conclusions, and
recommendations from the Simulated Aerodynamic Loads Test Program,
Supperting documentation is included in Appendires A through F,
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SECTION 3.0
TEST PROGRAM

3.1 PROGRAM DESCRIPTION AND OVERVIEW

The objectives of the Simulated Aerodynamic Loads Test were to de.ermine
the impact of simulated inlet aerodynamic loads on JT90 engine running
clearances and performance and to ascertain whether short-term
performance deterioration i{s due to thermal distortions, structural
changes, or the combination of these conditions. This test program was
performed to verify the results from earlier phases of the JT9D Jet
Engine Diagnostics Program, specifically, (1) that JT9D engine
short-term performarce deterioration is caused primarily by permanent
clearance changes produced by rubs of seals between static and rotating
gaspath parts; (2) that these clearance changes are a result of
structural deformations produced by flight loads which include inlet
aerodynamic pressure distributions, gyroscopic forces, and gravitational
forces; and (3) that inlet aerodynamic loads are the dominant flight
loads and rub-producing mechanism, causing 87 percent of the
deterioration observed on the first airplane flight. As a result of this
test effort, improved deterioration models, design criteria and
recommendations were to be developed to reduce or eliminate short-term
performance deterioration on current and future engines.

To achieve these objectives, a two-year test prigram was planned, The
effort was conducted by Pratt & Whitney Aircraft with the Boeing
Commercial Airplane Company serving as subcontractor. The schedule fis
shown in Figure 1. Task 1 involved the planning of the test effort. A
test plan and an instrumentation plan were prepared and submitted to
NASA for approval., The test plan is described in Section 3.2, and the
instruaentation 1is described in Section 3.3. As part of the test
planning effort, clearance changes were predicted for each of the test
congitions, Also, as part of this task, the modules were selected for
assembly of the test engine.

A loading device was designed, fabricated, and installed in the test
facility in Tact 2. This device is described in detail in Section 3.4,
The purpose of the device was to apply simulated aerodynamic pressure
loads to the inlet of the test engine during the test program.

In Vask 3, the instrumentation for the test program was designed and
fabricated, and the engine, JT9D-7AH engine seria: number P-662211, was
built by Pratt & Whitney Aircraft's Southington Service Center from its
pool of serviceable modules. The history of the selected modules is
shown in Table 1. During the assembiy of the engine, the inner and outer
airseals were refurbished, and all blade tip clearances were set within
blueprint tolerances. The condition of the gaspath hardware and all seal
clearances were documented. During the assembly of the engine all
instrumentation was installed. The assembled engine was then installed
in a 747-200 nacelle with a flight inlet,
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1 Test planming
2 Design and construction
of loading device
3 Test preparations
4 Test, teardown, l N
and refurbishment |
5 o s | | -
Figure 1 Simulated Aerodynamic Loads Test Schedule (J23908-13)

TABLE 1
MODULE HISTORY

Total Total Time Since
Time (hours) Cycles Overhau!l (hours)

Low-Pressure

Campressor 7,287 1,881 0
High-Pressure

Compressor 10,669 4,820 0
Hijh-Pressure

VYurbine 0 0 0
Low-Fressure

Turbine 0 0 0

The engine testing in Task 4 was conducted in the Pratt & Whitney
Aircraft X-Ray Engine Test Facility, P-8 Stand, Middletown,
Connecticut. This facility is described in Section 3.5 and Appendix A.
Upon the completion of the program, the test engine was disassembled.
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During disassembly all engine clearances and hardware condition were
documented. The engine hardware was then refurbished and the modules
were reassembled,

Data reduction and analysis under Task 5 was initiated wher testing
began. Data analysis methodology is described in Section 4.0. Results of
the data analysis are described in Section 5.0, Based on these results,
JT9D performance deterioration models, developed previously in the
Engine Diagnostics Program, were revised as descrioed in Section 6.0.
Revisions 2o the finite element structural model! of the JT9D were also
made based on the results of the data analysis and were performed
outside of this contractual effort, These revisions are also described
in Section 6.0. Conclusions and recommendatic~s based on data analysis
and model refinements are presented in Sections 7.0 and §.0,
respectively.

3.2 TEST CONDITIONS AND PROCEDURES

3.2.1 Test Sequences

A multisequence test effort was planned and conducted to achieve the
objectives of the program. In the first sequence, the response of engine
clearances to therma! and thrust loads was measured. The effects of
engine hleed cycling on engine clearances were measured in the second
sequence, The objective of the third sequence was to document the
response of cold, static engine clearances to a range of simulated inlet
aerodynamic loads and to pure vertical and horizontal forces. In the
fourth sequence, the response of engine running clearances to the
combined effects of thrust, thermal, and simulated inlet aerodynamic
loads was measured. Changes in rurning clearances during snap
decelerations and accelerations were measured in the fifth sequence.

At the start of the program, prior to the initiation of the first test
sequence, the cold, static engine clearances were measured to establish
a base line for comparison of clearances measured during each of the
five test sequences. These cold, static clearance measurements were
repeated again at the end of the program to determine the total
permanent clearance change which czcurre. during the test program,

In addition to the clearance base 1° , an engine performance base line
was established at the beginning of the test program so that changes in
performance produced during the various test sequences could be
determined. This base line was established through a 12-point engine
performance calibration. This calibration was repeated twice after the
completion of the fifth test sequence, both before and after the fan
blades were washed to remove surface contamination which had accumulated
during the test program, In addition, four other performance
calibrations were conducted throughout the test program, making a total
of seven calibrations to map performance changes during the program.
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3.2.2 Selection of Flight Conditions

In test sequences 1, 3, and 4, actual Boeing 747 flight conditions were
simulated. Conditions selected for simulation were take-off rotation,
late climb/early cruise, airplane maximum dynamic pressure, and
approach for landing. The take-off rotation condition was selected
because it represents the most severe combination of thrust, thermal,
and aerodynamic loads. The loads at the climb/cruise condition,
although less severe, are important, because the engine spends th~
majority of its operating time at this condition. The airplane maximum
dynamic pressure condition represents an event which, in general,
occurs only during produc «on flight acceptance testing of the Boeing
747 airplane. This condition was of interest because of the combination
of high thrust and large negative inlet moment. (The take-off air load
produces a large positive momeni.,) The approach condition was selected
because it represents a combinition of loads at the opposite end of the
spectrum from the take-off and maximum dynamic pressure conditions. It
combines small thrust and i:let air loads. In addition, simulating this
condition permitted the d:finition of the steady state clearances that
are the base to which i=nding dynamic motions are added.

3.2.3 Simulation of Aerodynamic Loads

In all cases, the inlet aerodynamic loads associated with the four
flight conditions were treated as time-invariant and were simulated
through the application of steady loads applied to the inlet of the
test engine by a loading device described in Section 3.4. The levels of
inlet loads predictedd to occur on the Boeing 747 flight acceptance
test for take-off, climb/cruise, maximum dynamic pressure, and approach
were simulated and are referred to as 100 percent loads. Loads which
were predicted to occur once every 5000 flights were also simulated and
are approximately 150 percent of the flight acceptance load level. The
exception to this is the take-off air load which is not predicted to
vary. Consequently, tne once-per-5000 flight take-off load is equal to
the flight acceptance load level. In addition, other load levels were
simulated to define the response of the engine to varying load levels.
Typically, 5C percent and either 75 or 120 percent load leveis were
selected for these parametric studies.

3.2.4 Simulation of Engine Power Levels

The Simulated Aerodynamic lLoads Test program was conducted in a sea
level test facility. Consequently, engine operating parameters (thrust,
rotor speeds, temperatures, and pressures) which occur at the four
selected flight conditions could not all be duplicated exactly. One of
the important clearance controlling parameters was high-pressure
compresso~ exit temperature, Trg. Little data existed previously on
the relationship between running clearances and Trys. Therefore,
flight power levels were simulated by duplicating, in the test program,

& " -
S R —an. ;ML..A‘M.GM@M N

e . 3 N

s T —

DT T: et sy W

R L N




A «.,...\-_,'

the levels of Tygq which occur at the four selected flight conditions.
This results in thrust levels which are higher than in flight, an
effect which can be accounted for in analysis,

3.2.5 Test Conditions and Procedures

The specific test conditions are shown in Table 2 in the order in which
the tests were conducted. In addition, data which were recorded at each
test condition are shown. (Instrumentation is discussed in Section
3.3.) In general, the test conditions were sequcnced so that testing
always proceeded fram the lowest to the highest load level.

General procedures for the engine test program were defined in the Test
Instruction Sheet for the JT90-7AH engine configuration., In addition,
specific procedures were followed which included the following:

1. Changes in low-pressure rotor speed were accomplished at a
rate of less than 20 rpm per second, except for snap transient
test conditions.

2. Testing under combined loads was accomplished in the following

sequence: :

0 Engine stabilized at power, ]
s 0 Specified load applied, ]
| ] Data recorded, 3

0 Load removed, and

0 Engine decelerated to idle power

3. Time for engine stabilization prior to data recording was 7
minutes for take-off power and 10 minutes for all other power
settings for steady state test conditions,

3.3 INSTRUMENTATION

Five measurement systems were employed during the test program to
gather the required information on clearances, engine case
temperatures, engine performance, and applied inlet loads. These five
systems are described briefly in this section. A complete description
of the instrumentation systems is presented in Appendix B.
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3.3.1 X-Ray Clearance Measurement System

The systems that were used to measure gas-path clearances during the
test program are the X-ray system and the laser proximity probe system.
The X-ray system, shown schematically in Figure 2, is located in P-8
Test Stand in the production test comple» at Pratt & Whitney Aircraft's
Middletown, Connecticut facility, Figure 3 shows the engine installed
in the X-ray facility., The X-ray source is a self-contained 'inear
accelerator which is capable of producing an 8 million electron volt
beam, This beam impinges on a tungsten target, producing X-radiation of
sufficient intensity to yield exposure rates to 2000 rads per minute at
a distance of 1 meter from the target.

The X-ray source is enclosed in a lead vault mountod on a gantry that
provides five degrees of freedom for positioning the source relative to
the engire. The entire assembly weighs 32 tons. Positioning along the
engine axis is achieved by a drive which moves the entire gantry on air
casters. The X-ray head can be translated in any of the three
coordinate directions and can be rotated around either the vertical or
longitudinal axes, thus providing complete positioning freedom.

Film was wused as the detector in all steady state and static
radiographic work in this test program. A fluoroscope system was used
for measurements during engine transients. The film was developed after
exposure, and measurements were obtained either by eye using a
calibrated reticle or using an automated image processing system,

Fourteen locations were selected for clearance measurements with the
X-ray system, Measurements were obtained at top and bottom dead center
for the axial positions shown in Table 3.
TABLE 3
X-RAY MEASUREMENT LOCATIONS

High-Pressure Compressor High-Pressure Turbine Low-Pressure Turbine

9th Outer Air Seal 1st Outer Air Seal 3rd OQuter Air Seal
14th Outer Air Seal 2nd Inner Air Seal 3rd Inner Air Seal
4th Outer Air Seal
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Figure 2 X-ray Head Positioning System - The X-ray head
positioning system moves with five degrees of freedom,
allowing complete positioning flexibility.

The X-rays of the ninth and fourteentn high-pressure compressor stages
and the first high-pressure turbine stage permitted measurements
between the blade root and the outer air seal, as shown in Figures 4,
5, and 6. The second high-pressure turbine inner air seal clearance
measurement location is also shown in Figure 6. Measurements in the
low-pressure turbine region are shown in Figure 7 for the third-stage
inner air seal, in Figure 8 for the third-stage outer air seal, and in
Figure 9 for the fourth-stage outer air seal,
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Figure 3
Facility.

Blade root to seal support

Figure 4
Seal.

Test Engine Installed in Pratt & Whitney Aircraft's X-ray

(80-444-0239-8)

High-Pressure Compressor X-ray Locations - 9th Outer Air

(J23499-1)
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| | Blade root to sesl body
Figure 5 High-Pressure Compressor X-ray Locations - 14th Stage
Outer Air Seal. (J23499-7)

_ Inner forward knife edge
to seal body

—Blade root to outer airseal
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Figure 6 High-Pressure Turbine X-ray Locations - 2nd Stage Inner
Air Seal and lst Stage Blade Root to Outer Air Seal.
(J23499-13)
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Figure 7

Figure 8

Low-Pressure Turbine X-ray Locations - 3rd Stage Inner
Air Seal, (J23499-20)

|__Rear knife edge to seal Sody

Rear knife edge to case

Low-Pressure Turbine X-ray Locations - 3rd Stage Outer
Air Seal. (J23499-22)
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Figure 9 Low Pressure Turbine X-ray Locations - 4th Stage Outer
Air Seal. (23499-27)

3.3.2 Proximity Probe Clearance Measurement System

Laser proximity probes were provided for measurements of blade tip
clearances in the fan, one low-pressure compressor stage, Six
high-pressure compressor stages, and one high-pressure turbine stage.
Figure 10 shows the axial location of four proximity probes in each of
nine stages for a total of 36 probes. These proximity probes were used
to provide detailed transient clearance characteristics of the selected
stages as well as to supply steady state measurements to supplement the
X-ray program. In addition, the probes were used to provide clearance
information where X-ray techniques could not be used.
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Figure 10 Axial Locatior of Proximity Probes - Four probes are

spaced around the circumference in each of nine stages.
(J21704-187)

The proximity probes used for these tests utilize a laser source and
are commonly called laser blade tip clearance probes. Operation of this
type of probe is based on an optical triangulation system,
[llustrations of the two basic compressor and turbine configurations,
single-case and multiple-case probes, are shown in Figure 11 and 12.
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design configuration is adapted to a multiple layered
case application.

Figure 12

In both systems, light from a helium-neon laser is focused onto a
single 0.001-inch diameter fiber optic. The light is carried along this
fiber and emitted from the end of the fiber in the probe, acting as a
point source of light, This point source of light is focused by the
input lens onto the bladec, If the blades are at Position A, the
reflected spot of light will be focused by the output lens onto a

19

A

R OO Y S e e i 2 smm s e I




w s WETARITT RS wa“
;
\
5
:
ii
.
E

Rt - s i L A

coherent fiber optic at Point A and, similarly, if the blades are at
Position B, the reflected spot will be focused onto B of the coherent
output fiber, It should be noted that the imaged spot positions at A
and B dn not depend on the reflectivity of the blades (specular or
diffuse, absorptive or reflective), or on the angle of tilt of the
blade with respect to the probe. It is a function of only the distance
of the olade from the probe. The coherent fiber optic bundle trancfers
the imaged spot positions from the probe end to the other end where the
spot position is viewed through a lens system by a video camera., The
video camera image i¢ displayed on a TV monitor, so that the position
of the light spot on the screen of the TV is a measure of the position
of the blade clearance. An illuminated reticle is attached to the
output fibe: 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 is video tape recorded for permanent record and fur®her analysis
of transients, Time and date are superimposed on the video signal for
reference., The fact that the data are viewed by a video system limits
the data acquisition rate to 30 per second.

3.3.3 Engine Thermal Environment Measurement System

Approximately 400 thermocouples were installed on engine cases and
flanges, in the air cavities in the double wall cases of the
compressor, and in air cavities between the engine cases and the
nacelle to measure the thermal environment of the engine. Static
pressure instrumentation was also installed in these regions to aid in
the definition of the thermal enviromment. The axial location of the
thermocouples and pressure probes is shown in Figure 13. The
instrumentation shown at each axial location was spaced equally around
the circumference.

These data were recorded on magnetic tape by the portable High Accuracy
Pressure and Temperature Data Acquisition System (HAPTS) which was
installed in P-8 test stand especially for this program.

3.3.4 Engine Performance Measurement System

To track changes in engine and module performance, the standard

production engine performance instrumentation was supplemented with

experimental instrumentation. The axial locotions of the performance .
probes are shown in Figure 14, The circumferential location and radial

immersion of each sampling location are shown in Figures 15 through 22.

The performance data were recorded on two data systems, The P-8 test

stand Automatic Production Test Data Acquisition and Control (APTDAC) .
System was augmented with the portable High Accuracy Pressure and

Temperature Data Acquisition System to accommodate the large number of

data channels for this program,
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3.3.5 Applied Load Measurement System

The loads applied to the inlet of the test engine were monitored with
strain gage load cells located between the hydraulic Jacks, which
applied the loads, and the load cables, which distributed the loads.
The load cell outputs were read from digital voltmeters and recorded by
hand and by the High Accuracy Pressure and Temperature Data Acquisition

System,

FAN EXIT GUIDE VANE CASE
FAN EXIT CASE REAR

DIFFUSER CASE
INTERMED!ATE CASE
”~

STATION 2 26 3 4 6 7
PRCBES
TEMPERATURE 3 3 6 3 6
PRESSURE 8 3 1" 6 3 6

ADDITIONAL DATA READINGS Fpy, Ny Np, WE, Ty Ty VANE ANGLE, Ty, Pymb

Figure 14 Axial Location st Pc formance Probes - A full complement
of performance ir.-umencation was installed in the
engine to track module and engine performance
deterioration, (J21704-189)

22




o
o
%
‘:‘.
:
3
t
1
Ao
)
Y
\
'fb
PROBE Ye IMMERSION INTO
NO GASSTREAM FROM 0D
t 00%
|
l
I
CIRCUMFERENTIAL POSITION & MEASURED CLOCKWISE FROM
| THE TOP, LOOKING FORWARD
i Figure 15 Station 2.0 Probe Locations; Static Pressure Probe
»
b
|
]
FROBE % IMMERSION INTO
NO GASSTREAM FROM 0D
i 48%
2 28
j 3 214
4 303
S 396
6 493
7 599%
: T 8 702
‘ Tze 337° 9 8i 6
i 0 937
1' (1% SEPARATE P 8 T READINGS)
67°
M \__
r ~——150*

CIRCUMFERENTIAL POSITION & MEASURED CLOCKWISE FROM
THE TOF .OOKING FORWARD

Figure 16 Station 2.6 Probe Locations; Total Pressure and
Temperature Probes

23

a

S Y. v ' Iy PEBIREPS 5 0. S0 o .. e




B ene 2R R 2 2 A O R b . Sl iy
R '”Ev“‘qt

Figure 17
Figure 18
24

s ar e R L

Station

284°

et EESTERTIEETT S o o e e

PROBE % 'MMERSION INTO
NO GASSTREAM FROM OD

CeDNR SN

4%
132
223
36
42
512
61 %
T2
833
949

(15 SEPARATE P BT READINGS)

CIRCUMFERENTIAL POSITION & MEAGURE[Y ¢ LOCRWISE FROM

THE TOP, LOOKING F ORWARE

2.0 Probe Locations; Total Pressure and
Temperature Probes

PROBE Y IMMERSION INTO
NO GASSTREAM FROM 00

1 35 0%
2 68 0%

(ALL POINTS MANIFOLDED}

( 1 Prac READING)
i Rs 3¢ READING

CIRCUMFERENTIAL POSITION & MEASURLD CLOCKWISE FROM

Station 3C Probe Locations;

Probes

e o

THE TOP, LOOKING FORWARD

b “"

e SRR e r i i e v Rl R

Mach Probe and Pressure

e

Bae



g, AP T S

TR rwny e

wN P

PROBE % IMMERSION INTO
NO GASSTRE AM FROM OO

150%
300
450
600
760
900

ORE BN -

(12 SEPARATE P 8 T READINGS}

CIRCUMEERENTIAL POSITION & MEASURE D CLOCRWISE FROM
THE TOP, LOOKING FORWARD

Figure 19 Station 4.0 Probe Locations; Total Pressure
Temperature Probes
Tras

PROBE. Yo IMMERSION INTO

NO GASS TRt AM FROM 0D

i 500%

CIRCUMFERT NTIAL POSITION &4 MEASURED CLOCKWISE FROM

TIE TOP, L OOKING FORWARD

Figure 20 Station 4.5 Probe Locations; Total Temperature Probes

il " . P'S TN

and

25

™

;
!

it o s AR 0t




T TR e T LR T T e IR i A SR A S LN s o il CIERATEE SR A

PROBE Y IMMERSION INTO
NO GASSTREAM FROM 00

| 3i0%
2 390
3 480
4 %00

3 PRESSURES (EACH AN AVG

(SLD(‘ALTEMP )
OF 3 PORTS ON PROBE }

CIRCUMEERENTIAL POSITION & MEAGURE D UL WiSE FROM
b THE TOP, LOOKING FORWARD

Figure 21 Station 6.0 Probe locations; Total Pressure and
Temperature Probes

PROBE Yo IMMERSION INTO
NO GASSTREAM FROM OD

40%
130
230
340
330
430
%6 O
680
720
810

SPODNOOC DN -

OF 2 TC ON PROBE)
1 AVG TEMP(AVG OF 6 LOCAL)
ALL PRESS POINTS MANIFOLDE!

Akt rh A Bt DAk Ao A bR e - e

6 LOCAL TEMP(EACH AN AVG
D,

S

CIRCUMFERZNTIAL POSIT:ON & MEASURED CLOCKWISE £ ROM
THE TOP, LOOKING FORWARD

o T

Figure 22 Station 7.0 FProbe Locations; Total Pressure and
Temperature Probes.

e

b

;

;

¥

13

e
T




3.4 LOADING DEVICE

The X-Ray Test Facility was modified to install a loading device to
simulate the inlet aerodynamic loads investigated in the test program.
The device is capable of simulating the inlet aerodynamic pressure
distributions predicted to occur at take-off rotation, late climb/early
cruise, maximum dynamic pressure, and approach for landing.

The design, which was developed by Boeing, is shown schematically in
Figures 23 and 24, A loading strap is located at each of the three
forward inlet cowl ribs. Each strap is in contact with a rubber strip
bonded around the circumference of the cowl. Bonded to each strip is a
machined steel ring notched tu accept a wire rope, 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 into the inlet
fron the region of the loading fixture.

Each hydraulic jack assembly contains a jack, a load cell to measure
applied load, and overload protection devices which allow the engine to
move during transients or an engine stall. The hydraulic jack
assemblies are supported by the base and supporting structure which are
not shown in the sketches.

Load ring and fawnng

Side view Front view

Figure 23 Engine Cowl Load Test Arrangement - Selected load cases
can be simulated by proper selection of load location and
magnitude, (J23908-14)
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Mild stest nng (typ)

0.5 mch were rope (typ)
Potyurethane shest

inlet cowl outer contour

Figure 24 Detail of Engine Cowl Loading System - A smooth
aerodynamic surface is provided to prevent turbulent air
from being generated and drawn into the engine from the
region of the loading fixture, (J23908-2)

Jacks were plumbed by pipe and hoses (not shown) to the hydraulic load
maintainer which was located adjacent to the test stand control room.
The load maintainer applied proportional loads to two or more hydraulic
jacks simultaneously in response to hand-crank movement, The hydraulic
supply to power the maintainer was located conveniently to the
maintainer.

Located adjucent to the load maintainer was an electronic rack
containing a digital voltmeter and three balance panels and supply
units to read the output of the load cells. This. arrangement enabled
the load-maintainer operator to monitor and adjust applied engine loads.

Provisions for integration of the loading device with the test facility
were designed by Pratt & Whitney Aircraft., Engine load reactions were
transmitted through an I-beam superstructure, installed by Pratt &
Whitney Aircraft, to the test stand monorail, ceiling, and floor,

Thz loading device produced moments and shear forces at the engine fan
face ("A" flange) which correlated quite closely to those produced by
the predicted aerodynamic pressure distributions. A schematic of the
load simulation configuration for each of the four loads is shown in
Figures 25 through 28. In addition, the loading simulations for the
vertical and horizontal 1loads are shown in Figures 29 and 30,
respectively. The loads shown in all of the above schematics are for
once-per-flight loadings, referred to as 100 percent levels.
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Simulation Predicted aero loads

10287 N

FRONT VIEW (TYP) L H SIDE VIEW (TYP)

Maximum resultant at “A’’ flange

Simulated Predicted

Moment 356,288 366,116

Figure 25 Inlet Air Loads at the Take-Off Rotation (Flight
Condition 101) - Excellent agreement between predicted
and simulated moments was achieved. (J23908-15)

Simulation Predicted aero loads

Maximum resultant at ‘A"’ flange

Simulation Predicted

Moment 65,881 66,003

Figure 26 Inlet Air Loads at the Late Climb/Early Cruise (Flight
Condition 104) - Excellent agreement between predicted
and simulated moments was achieved. (J23908-16)

29

o B ¥ R - PR %,

o agiRiaade s



. |

S T W

Simulation Predicted aero loads

2961

22‘?
5906
¢
’
Maximum resultant at ‘A’ flange
Simulation Predicted
Moment 232,234 232,154
Figure 27 Inlet Air Loads at the Maximum Dynamic Pressure (Flighc
Condition 108) - Excellent agreement between predicted
and simulated moments was achieved. (J23908-17)
Simulation Predicted aero loads
4168 e L

A tenge - T )
4165 o
v = 7[
P NS i P
180 568 1t S

Maximum resultant at “A’’ flange

Simulation Predicted

Moment 190,670 190,558

Figure 28 Inlet Air Loads at the Approach (Flight Condition 113) -
Excellent agreerent between predicted and simulated
moments was achieved. (J23908-18)
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r
NS
\__Y i
5800 Ib load 5800 b lvad
Figure 29 Vertical Load - A pure vertical load was applied to the;
inlet during the test program. (J23908-4)
]
[ End view Side view
| ' |
r 2300 b
-— + __J(
| 2300 bb
| load
|
{ Figure 30 Horizontal Load - A pure horizontal load was applied to
the inlet during the test program. (J23908-3)
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Figure 31 shows the engine installed in the X-Ray Test Facility after
landing

preparation for testing the engine
condition,

to the

approach load

Figure 31 JT9D-7AH Test Engine Prepared for Testing while Subjected

to the Approach Load
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3.5 ENGINE TEST FACILITY

The Radiographic Test Facility is located in P-8 Test Stand in the
Pratt & Whitney Aircraft production test complex at the Middletown,
Connecticut facility. This stand is a fully equipped engine test stand
with computerized data acquisition and reduction capabilities and the
capacity to accommodate °ongines of up to 55,000 pounds of thrust,

The entire stand facility is shielded with concrete and lead so that
radiation levels outside the stand are kept below the Office of Safety
and Health Administration (0SHA) limits for safe operation of an X-ray
facility. The size and flexibility of the facility permits X-ray film
and fluoroscopy to be used to observe the internal operation of an
engine at steady state and transient conditions., A detailed description
of the X-ray facility is given in Appendix A.

3.6 CALIBRATION OF THE DATA ACQUISITION SYSTEMS

The Autumatic Production Test Data Acquisition and Control and High
Accuracy Pressure and Temperature Data Acquisition systems used to
acquire engine performance data, engine case temperatures and cavity
pressures, and a,plied inlet loads were calibrated by accepted
calibration procedures using laboratory standards traceable to the
National Bureau of Standards. The components of the laser proximity
probe system used to measure blade tip clearances were calibrated in a
similar manner, Cal.bration of the entire instrumentation system was
accomplished immediately before and after the test program, Calibration
of the Autamatic Production Test Data Acquisition and Control system
was also performed twice each week during the three month test effort,
Calibration of the High Accuracy Pressure and Temperature Data
Acquisition System was performed each time a data acquisition was made
on this system. A complete description of the calibration procedures
may be found in Appendix B.

3.7 DATA VALIDITY

An accuracy analysis of the instrumentation was performed by the Pratt
& Whitney Aircraft Operations Data Validity Group. The instrumentation
analyzed included the High Accuracy Pressure and Temperature Data
Acquisition System and Automatic Production Test Data Acquisition and
Control systems, the Tlaser proximity probes measurements, and
radioygraphs.

The accuracy study of the High Accuracy Pressure ana Temperature Data
Acquisition System system vi.volved analyses of the Uniform Temperature
Reference (UTR) wunit 329F reference signals and the pressure
transducer secondary calibration outputs. The.e measurements were
recorded on each data acguisition by the High Accuraecy Pressure and
Temperature Data Acquisition System system as shown in Table 4.
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The Automatic Production Test Data Acquisition and Control system
accuracies, shown in Table 5, were substantiated by analysis of the
instrument calibrations performed before and after this test program,
The instruments were calibrated and adjusted to the required tolerances
prior to the test and calibrated "as-is" after testing. The amount of
drift between the calibations was analyzed to determine 1if any
excessive errors had accrued and a final accuracy statement was
prepared.

TABLE 4

HAPTS DATA VALIDITY
Performance Accuracies

Parameter Number of Measurements Uncertainty
T13 15 0.11 + 0.249F
T12.6 15 0.17 + 0.23%

TTa 12 0.21 * 0.220F
P12.6 15 0.002 + 0.018 psi
P13.0 15 0.002 + 0.018 psi
P16 3 0.003 + 0.016 psi
P1a 12 0.109 + 0.272 psi
P17 1 0.002 + 0.018 psi
Tro 4 0.11 + 0,24°F
Environmental Measurement Accuracies

Parameter Uncertainty

Case Temperatures 0.23 + 0,239

Flange Temperatures 0.23 # 0.23%

Engine Cavity Air Static Temperatures 0.27 + 0.22°F

Engine Cavity Air Static Pressures 0.109 + 0.272 psi

The test engine was instrumented with 36 laser proximity probes to
determine blade tip closures. The probes were analyzed on an individual
basis. Several factors were used to determine final prob2 accuracies.
These factors included:

0 the repeatibility of proximity probe calibrations; these were
conducted on a pretest and post-test basis;

o the repeatibility of the proximity probe "zero" check, which is
conducted on a pretest and post-test basis and will determine
the direction and degree of shift of the probe, if any, from its
original position;

o the consistency and repeatibility against other engine
parameters;

0 a comparison against predicted values.
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TABLE 5
APTDAC MEASUREMENT ACCURACIES

Parameter Accuracy
T +0.219F
r¥§ +0.480F
T14 +0.48°F
116 +0.409F
T17 +0. 34F
TT fuel +1,059F
T +0.210F
paoP %6.003 psi
Ps2.6 $0.003 psi
P13 +0.056 psi
Ps3 +0.029 psi
Pss +0.073 psi
P17 +0.015 psi
Fn (thrust) 40.15% full scale
We (fuel flow) +0.35% of reading
Ny +0.1% of reading
N> +0.1% of reading

Resulting accuracies for :losure measurements based on the laser
proximity probes are shown in Table 6.

Radiographic analysis of the engine was a significant part of the
program giving detailed information regarding closures in areas
unaccessible to laser proximity probes.

A data validity analysis of the radicgraphs was conducted and several
factors were used to determine the final accuracies. These factors
included:

1. multiple readings of all radiographs using the Pratt & Whitney
image processing techniques and manual measurements.

2. dual measurement c¢f the magnification factor applied to the
radiographs.

3. the measurement of the magnification factor on an individual
basis for the radiographs.

4, comparison with predicted values.,

Resulting accuracies for closure measurements based on the radiographs
are shown in Table 7,
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TABLE 6
PROXIMITY PROBE ACCURACIES

.
DR L il e b (Y s

Probe *Location Accuracy (inch) !
1 Fan, 60° +0.008 §
2 Fan, 1500 +0.007
3 Fan, 2409 +0.021 ;
4 Fan, 330° +0.011
5 4th LPC, 770 +0.002
6 4th LPC, 168° Inoperable
7 4th LPC, 260° Inoperable :
8 4th LPC, 346° Inoperable :
9 5th HPC, 969 +0.007 !

10 5th HPC, 198° +0.007 :
11 5th HPC, 276° +0.002 !
12 5th HPC, 3490 +0.002 i
13 6th HPC, 359 Inoperable

14 6th HPC, 81° +0.003 !
15 6th HPC, 215° +0.092 |
16 6th HPC, 287° Inopcrable

17 9th HPC, 470 +0.008

18 9th HPC, 133° +0.002

19 9th HPC, 191° +0.006

2 9th HPC, 313° %0.004

21 10th HPC, 60° +0.004

22 10th HPC, 1359 %0.002

23 10th HPC, 1920 %0.002

24 10th HPC, 3159 +0.003

25 11th HPC, 750 +0.002

26 11ti, HPC, 1650 +0.002

27 11th HPC, 2480 +0.002

28 11th HPC, 345° +0.002

29 14th HPC, 31° Inoperahle

30 14th HPL, 1210 +0.005

3l 14th HPC, 2110 Tnoperable

32 14th HPC, 3010 inoperable

33 1st HPT, 60° +0.002

34 1st HPT, 1500 +0.006

35 1st HPT, 2300 +0.003

36 1st HPT, 330° +0.003
*Viewed from rear of engine, clockwise from top center
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TABLE 7
RADIOGRAPHIC MEASUREMENT ACCURACIES

Region Accuracy (inch)
9th-Stage Compressor Blade Tip Clearance +0.015
14th-Stage Compressor Blade Tip Clearance +0.010
1st-Stage Turbine Blade Tip Clearance +0.010
3rd-Stage Turbine Blade Tip Clearance +0.005
4th-Stage Turbine Blade Tip Clearance +0.005
2nd-Stage Turbine Inner Air Seal Clearance +0.005
3rd-Stage Turbine Inner Air Seal Clearance +0.005 ﬂ
a
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SECTION 4.0
DATA ANALYSIS METHODOLOGY

4.1 CLEARANCE CHANGES

Clearance changes were evaluated for the theimal, static aerocynamic,
and combined aerodynamic loads discussed in Section 3.2. Section 3.3
described the locations in the engine where clearance changes were
measured, Clearance change at any given location 1is simply the
clearance at the test condition of interest minus clearance at a
baseline. The clearance base lines for the steady state thermal loads
test conditions are the clearances at each measurement location at
ground idle power. For the transient thermal loads, the clearance base
lines are defined as the clearance that was measured 250 seconds after
the initiation of the transient deceleration.

Clearance changes due to static aerodynamic loading were determined by
comparing the cleai ances measured at the loading condition of interest
to the cold static measurements for X-ray data and to the cold,
windmill measurements for proximity probe data. (Note that the
proximity probes will not function unless the engine is rotating.
Windmill rotational speed is approximately 200 revolutions per minute
measured on the low-pressure spool.)

Clearance changes due to the effects of combined loads were determined
for each load condition by referencing the clearances measured with the
engine at power and under load to those measured with the engine at
power with no applied load.

In all cases, the clearance measuranents were corrected for proximity
probe calibration shifts before clearance changes were calculated.

4.2 CASE TEMPERATURE DATA

The engine case and flange temperature data recorded during the thermal
loads tests at the steady state test points were edited for each test
condition to delete any erroneous readings resulting from faulty
instrumentation. The edited data were then reduced and averaged for
each axial station along the engine and tabulated for each operating
condition., Circumferential temperature plots for the case structures
were prepared to assess temperature patterns in the cases and note any
extreme nonuniformity in the patterns along the engine cases. The
average temperature values developed were used to create steady state
temperature maps of the engine for comparison with the static structure
temperatures wused 1in the calculations of the predicted pretest
base-line clearances.
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4.3 PERFORMANCE DATA

Seven performance calibrations of the engine were made during the test
program, The first calibration had to be repeated due to the rewiring
of some instrumentation and the replacement of the fan. Therefore,
calibration No. 2 was run to re-establish the base-line level of
performance. Calibration No. 3 was run after the application of the
approach and climb loads; calibration No. 4 was run after the
application of the maximum dynamic pressure loads; calibration No. 5
was run after application of the take-off rotation loads; calibration
No. 6 was made after a series of rapid engine transients; and, finally,
calibration No. 7 was made at the end of the program after the fan
blades had been washed.

Each calibration was comparred with the base line (calibration No. 2) to
determine the changes in overall engine performance in terms of thrust
specific fuei consumption (TSFC) at constant thrust, thrust at constant
engine pressur2 ratio (EPR), and fuel flow at constant engine pressure
ratio. The percentage change in these parameters was then plotted to
evaluate trends in each calibration and trends from one calibration to
the next during the course of the program,

To determine the changes in performance of each module, the measured
performance and operating parameters were used in two ways. First,
the changes 1in the component efficiencies and flow capacities
calculated from engine gas-path data were determined. A mathematical
simulation of the engine was then used to estimate the impact of these
component changes on performance and certain operating parameters.
Second, the measured changes in these operating parameters were
determined from the plots noted above for thrust specific fuel
consumption, thrust, and fuel flow as well as from similar plots which
were constructed for rotor speeds, pressure ratios, temperatures, and
compressor operating lines. The measured parameter changes, and those
estimated from the calculated module changes using the simulation, were
then compared for each calibration, and a final set of module changes
were developed. This analysis was conducted for each engine
calibration of the program to determine the performance impact of each
series of loads, the snap transients, and the washing of the fan blades
at the end of the program. A more detailed explanation of this method
can be found in Reference 2.

In addition, changes in engine performance were assessed based on the
condition of gas-path hardware observed during the teardown of the test
engine as compared to engine build conditions. These changes were
assessed using the Pratt & Whitney Aircraft component design system
which related the hardware condition to component efficiencies and flow
capacities and then to engine performance.
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SECTION 5.0
RESULTS
5.1 INTRODUCTION

To reiterate a previous discussion from this report, the broad
objectives of this test program were to determine the impact of
simulated inlet aerodynamic pressure loads on engine clearances and to
determine if short-term performance detericration is a result of
thermal loads, inlet air loads, or a combination of these loads. The
test program was structured and performed in a manner to achieve these
objectives and was specifically directed toward the research questions
shown in Table 8.

The data analysis results are presented in this section and have been
organized in a manner to separately discuss these questions. The

section of the report where each question is discussed is also shown on
the table.

TABLE 8
PRESENTATION OF RESULTS

Broad Results Presented
Research Question Objective in Section No.

How does engine power affect Impact of 7.3.1 *
running clearances? thermal 5.3.4 **

loads
Are there significant engine Impact of 5.3.2
case thermal gradients which thermal
affect clearances? loads
What are the axisymmetric effects Impact of 5.3.3
of rotor speed, gas-path pressure thermal
and temperature, and engine case Toads
temperature on clearances?
What are tnc structural stiffness Impact of 5.4,1
characteristics of a cold static flight
engine? loads
How do engine clearances respond Impact of 5.4.3
to applied iniet loads while the combined
engine is operating at power? 1oads
Are the stiffness characteristics Impact of 5.4.3
of a hot, running engine similar combined
to those of a cold, static engine? loads
How much seal wear is produced Impact of 5.5.1
by flight loads? combined

1oads
What is the performance loss Impact of 5.6.1
associated with flight loads? combined

loads

* = Steady State; ** = Transient
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5.2 COLD CLEARANCE BASE LINES

Three sets of cold clearance base lines were established to aid in
defining clearance changes which occurred during the test program. One
set consisted of the engine build clearances measured during assembly
of the test engine. The second set consisted of measurements taken with
the X-ray system while the engine was at ambient conditions at the
start of the test program before the engine had been started, The third
3 set consisted of proximity probe measurements recorded as the engine
was motored on the starter at ambient conditions.

E
3
:
4
3

M Sadh s

k _ 5.2.1 Build Clearances

Measurements were taken of all blade tip clearances and gas-path inner
air-seal clearances throughout the engine during its assembly. In the
fan, measurements were taken with the standard Pratt & Whitney Aircraft
fan clearance gage every 45 degrees arourd the circumference, using the
longest fan blade. In the low- and high-pressure compressors, tip
clearance was measured using shim stock every 45 degrees around the
circumference, using the longest and shortest blades. In the high- and
low-pressure turbines, the tip clearances were measured using diametral
tape*, Tape was also used to measure average inner gas-path seal
clearances throughout the engine. A1l blade tip clearances were within
» blueprint tolerances, and all inner gas-path seal clearances were
| within the overhaul limits.

5.2.2 Base-Line X-Ray Measurements

T T R

At the start of the test program, all blade tip clearances and inner
gas-path seal clearances were measured at top and bottom dead certer
with the X-ray system to establish a set of 14 clearances which would
be examined throughout the test program and to establish base lines for
this set of 14 measurements. These measurements were taken prior to any
engine operation with the engine at ambient conditions.

5.2.3 Base-Line Proximity Probe Measurements

' Measurements of blade tip clearances were taken early in the program

f while the engine was motored by the starter (windmilled) at a

l low-pressure spool speed of 200 revolutinns per minute, The engine was
close to ambient conditions for these measurements,

5.2.4 Comparison of Clearance Base Lines

The build measurements, cold static X-ray measurements, and the cold
windmill proximity probe measurements of blade tip clearances are shown

* Diametral tape, or TT-tape, is a measurement device which is
calibrated such that when the tape is wrapped around the
circumference of the bladed disk or outer air seal, an average
diameter can be read directly from the tape.
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on Table 9, Because clearances were measured in the cold section every
45 degrees on each stage, a comparison at each probe location was
possible. In the hot section, build clearances were determined with
diamctral tape, which yields a circumferential average clearance. Here,
proximity probe readings or X-ray measurements on each stage were
averaged for comparison to average build clearances. The comparison is
considered to be good in most cases.

TABLE 9
BASE-LINE BLADE TIP CLEARANCE COMPARISON

Circumferential
Position; Rear

Build Base-Line

Clearance

Clearance (inch)

Module/Stage View (Degrees) (inch) X-Ray Proximity Probe
Fan 60 0.128 - 0.135
150 0.193 - 0.185
240 0.158 - 0.144
330 0.140 - 0.149
Low-Pressure Compressor:
4th Stage 77 0.056 - 0.059
High-Pressure Compressor:
5th Stage 276 0.042 - 0.031
349 0.042 - 0.040
6th Stage 81 0.046 - 0.048
215 0.044 - 0.036
9th Stage 47 0.047 - 0.028
133 0.052 - 0.026
313 0.046 - 0.048
10th Stage 60 0.053 - 0.043
135 0.030 - 0.047
192 0.038 - 0.045
315 0.043 - 0.039
11th Stage 75 0.040 - 0.034
165 0.035 - 0.020
248 0.030 - 0.033
345 0.033 - 0.012
14th Stage 121 0.029 - 0.028
High-Pressure Turbine:
1st Stage Average 0.073 0.057 0.065
Low-Pressure Turbine:
3rd Stage (Front) Average 0.030 0.029 -
(Rear) Average 0.029 0.022 -
4th Stage (Front) Average 0.034 0.056 -
(Rear) Average 0.041 0.044 -
42
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A comparison of build and X-ray clearance base lines for inner gas-path
seal clearanes is shown in Table 10. Again, agreement between the two
sets of measurements is considered quite good. Significant differences
between the two sets of measurements for both inner and outer seal
clearances could be caused by local out-of—roundnesghof the engine case
which can not be measured by diametral tape but which could be detected
by the X-ray.

TABLE 10
BASE-LINE INNER AIR-SEAL CLEARANCE COMPARISON

Location of Knife Average Seal Cleararnce (inch)

Module/Stage Edge on Seal Build X-Ray
Low-Pressure Compressor:
1st Stage Rear 0.064 0.063
2nd Stage Front 0.027 0.030
3rd Stage Front 0.028 0.036
4th Stage -- 0.081 0.080
High-Pressure Compressor:
7th Stage Front 0.048 0.042
8th Stage Middle 0.046 0.039
Rear 0.048 0.036
9th Stage Middle 0.039 0.040
Rear 0.041 0.037
10th Stage Front 0.037 0.034
Middle 0.039 0.028
Rear 0.039 0.035
11th Stage Middle 0.035 0.038
Rear 0.026 0.020
12th Stage Middle 0.063 0.052
Rear 0.064 0.054
13th Stage Middle 0.061 0.059
Rear 0.054 0.054
14th Stage Middle 0.043 0.047
High-Pressure Turbine:
1st Stage Front 0.045 0.039
Miadle 0.042 0.045
Low-Pressure Turbine:
3rd Stage Outer, Rear 0.050 0.053
4th Stage Front 0.076 0.059
Rear 0.075 0.074

5.3 CLEARANCE CHANGES FROM THERMAL LOADS

In this section of the report, the response of the engine to thrust and
to thermal loads which exist from generating that thrust is discussed.
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The steady state clearance changes from ground idle power measured at
each of the four simulated flight conditions are presented. Engine case
temperatures measured concurrently at these same conditions are then
discussed, and the effects of nonuniform case temperature distributions
on clearances are presented. The axisymmetric clearances resulting from
factoring out these nonuniformities and asymmetric effect of thrust are
then discussed.

5.3.1 Steady State Clearance Responses

The engine case proximity probe data taken during the steady state
thermal loads test were reduced, and the results of the data reduction
are shown in Figure 32 through 40. The general trend of the clearance
reduction with increasing power is as anticipated.

The fan tip clearance changes measured for the steady state thermal
loads are shown in Figure 32. The patterns observed for closure are as
anticipated with maximum clearance reduction occurring in the lower
quadrant of the fan stage. These patterns are produced by engine thrust
which causes a moment about the engine vertical axis, because the
thrust reaction is carried through the thrust frame. This thrust fiame
which is offset +60 degrees from engine top dead center,is illustrated
in Appendix C (Figure 169).

In the high-pressure compressor, the measured clearance changes from
idle power to take-off are, 1in general, less than expected. The
clearance changes for the fifth stage of the high-pressure compressor,
shown in Figure 34, i.lustrate the general trend of clearance reduction
with increasing power and the moderate amount of clearance change
observed except for the probe located at an angle of 349 degrees. The
ninth, tenth, and eleventh stages of the compressor consistently show a
trend of greater closure at the top of the engine with increasing
power, with this effect most pronounced in the tenth stage.

The proximity probe data for the first-stage high-pressure turbine,
Figure 40, shows that the average measured clearance reduction from
idle to take-off is 0.033 inch with the maximum closure occuring at the
bottom of the engine. This clearance change is greater than predicted;
however, the observed trend of clearance reduction with increasing
power and the maximum closure occurring in the bottom quadrants are as
anticipated.

The low-pressure turbine clearance changes were assessesd with X-ray
techniques. The low pressure turbine X-rays are an excellent example of
the benefits of utilizing X-ray techniques to understand the factors
involved in clearance changes. As previously shown in Figures 8 and 9,
three measurements were taken off each X-ray of the Jlow-pressure
turbine blade tip area. The distance from the rear knife-edge to the
seal body was measured, because the honeycomb outer ai--seal material
did not provide a clear surface from which to measure as shown in
Figure 41.
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Cold Static Conditions. (J23017-2)
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Figure 42 shows the clearance changes between the third-stage blade tip
rear knife edge and the outer air seal body as measured during the
thermal 1loads test sequence. This type of figure will be used to
support the discussions of the X-ray data analysis throughout this
report. Clearance, in inches, at the twelve o'clock position is plotted
against clearance at the six o'clock position. The centerline of the
engirie is the locus of points equidistant from the top and bottom of
the engine. This locus lies 45 degrees from both axes as shown in
Figure 43. The locus of clearances for the case of axisymmetric th:. mal
expansion is a line parallel to the centerline. The locus of clearances
for the case of seal translation, where clearance increase at the top
(or bottom) is equal in magnitude to clearance decrease at the bottom
(or top), is a line perpendicular to the centerline. In reality, the
closure maps are a combination of thermal expansion and seal
translation, Also note tnat the thickness »f thc honeycomb seal has
been shown on this figure. The X-ray measurements indica.2 that the
cold clearances measured in the assembly process were not achieved in
the engine after the engine was assembled. The clearances were tighter
at both the 12 o'clock and 6 n'clock positions indicating that the seal
was pinched or ovalized, giv..ng more clearance at 3 o'clock and 9
o'clock positions, These data also indicate that the seal was
translated up above the centerline of the engine., Lastly, the data show
that the knife edge at 6 o'clock was in the honeycomb of the outer air
seal. The initial cold static X-ray indicates that the knife edge was
0.026 inck into the seal. Teardown inspection showed that the outer air
seal had a 0.029 inch groove in the honeycomb, confirming that, during
the engine checkout and leak check running, the knife edge had ground
into the seal. The data indicate that the clearances increased as power
was increased. (Note that this low-pressure turbine incorporated ring
seals which are not tied to the turbine case but are free to move
radially in the case.)

Figure 43 shows the outer air seal-to-case dimensional changes or seal
expansion that occured as power was increased. As indicated in Figure
42, the seal 1is displaced toward the top of the engine. As power is
1 ¢reased, the seal expands towards the case at the 12 o'clock posicion
\wacreasing dimension). However, the majority of the change at the 6
o‘clock position nccured from cold static to windmilling conditions.

Combining these two sets of data provides an indication of the knife
edge-to-case clearance changes as shown in Figure 44, The turbine rotor
is centered within the case and, as power is increased, the clearance
between rotor and case increases. Additionally, as power is increased,
the rate of change of clearance at the 12 o'clock position decreases
while increasing at the six o'clock position. Therefore, the X-ray
results support the expected behavior. As thrust is increased, the
engine bends, causing the clearances at the top of the low-pressure
turbine to become tighter on a relative basis and looser at the bottom.
The combined effect of case expan<ion under power and clearance changes
from the effect of engine thrust moment yield the result shown in
Figure 44, Measurement to the centerline on the graph reflects a 0.010
inch (+0.005) impact of thrust bending versus an expected impact of
€.012 inch.
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Both the knife edge-to-seal and knife edge-to-case X-ray clearance
change measurements indicate that clearances are opening significantly
with power., They also indicate that the seal does not stay positioned
within the case and, hence, justify tying the seal to the case as has
been done in later models of the JT9D. Lastly, the potential for
improvi.g performance by further application of turbine case cooling is
obvious. The X-ray data of the fourth stage turbine knife
edges-to-outer air seals showed similar behavior.
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5.3.2 Measured Case Temperatures

The case temperatures measured in the thermal i10ads tests were recorded
concurrently with the preceding clearance data at engine power levels
selected to duplicate airframe installed performance points of ground
idle, approach, cruise, and take-off, in addition to maximum dynamic
pressure, while being operated in a sea level test stand. This was
accomplished by setting high-pressure compressor discharge tempertures
at levels comparable to installed operation at each of the flight
conditions, Ultimately these temperature data were compared to
predicted case temperatures for sea level, standard day (599F)
testing. In order to make this comparison, the measured case
temperatures were corrected for actual ambient temperature. A
comparison at sea level, static take-off conditions between measured
and predicted case temperatures is shown in Figure 45, This plot shows
the axial variation of circumferentially averaged case temperature. As
shown by this plot, the measured average case temperature levels were
essentially as predicted. However, there are instances where variations
do exist. The greatest deviations fram predicted temperature levels
occur between the H and K flanges on the high-pressure compressor case
and between N and P flanges on the low-pressure turbine case. The sea
level take-off power point, used in this comparison, shows the maximum
difference between measured and predicted case temperature levels of
all of the thermal loads test conditions. Differences between measured
and predicted temperatures at idle, climb/cruise, maximum dynamic
pressure, and approach power settings were less than at take-off, The
axial gradients of case temperatures at these other test conditions are
shown in Figures 46 and 47.

At selected stations throughout the engine, circumferential temperature
gradients were examined in detail. At these locations, the temperatures
for each probe were plotted for the test power levels. Investigation of
the effects of these gradients on closure of the tip seals at power are
given below in Section 5.3.3. The cause of the largest variations,
which occur in the forward stages of the high-pressure compressor,
could not be determined.

5.3.3 Effects of Nonuniformities

To investigate the effects of the circumferential temperature patterns
on the blade tip seal clearance, the ninth stage of the high-pressure
compressor was selected as typical. Temperature data for the rub-strip
case, case support structure, and J flange were utilized to calculate
the asymmetric growth of the case structure. The maximum
circumferential variation in clearances for this s<tage as a result of
the temperature variations was calculated to be +0.001 inch ai vak~-off
power. The analysis performed assumed that the case responded as a free
ring at a uniform temperature level which was, first, set equal to the
highest measured temperature around the circumference of the ring and,
second, set equal to the lowest temperature. The difference in the
response or displacement of the ring to these two temperature levels
was the clearance variation due to axisymmetric thermal loads. Thus,
the calculated wvariation in clearance associated with these
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circumferential gradients is an absolute maximum for this stage since
structural interaction would tend to reduce the magnitude of asymmetric
clearance variation, A similar analysis for the first-stage high-
pressure turbine indicated that circumferential gradients contributed
#0.002 inch of clearance variation at take-off power. As a result of
this analysis, it was concluded that the levels of asymmetry in tip
clearance resulting from the observed circumferential temperature
patterns were negligible., Therefore, all further clearance calculations
were based on average circumferential temperatures.

2000
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Temperature, oo "
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For steady state
500 - sea-level takeott
0L 1 [ | | | 1
0 25 50 15 100 125
Axial distance, inches
Figure 45 Comparison of Predicted and Measured Average Case
Temperatures at Steady State, Sea Level Take-off
Condition. (J23967-2)

5.3.4 Estimated Axisymmetric Clearances

The estimated axisymmetric cle2 ances were calculated for each stage of
the engine using the thermal ard clearance data derived from the
thermal loads portion of this program. The axisymmetric clearances are
equal around the circumference and reflect the (axisymmetric) effects
of engine rotor speed, gas-path temperatures and pressures, engine case
temperatures, and nacelle cavity temperatures and pressures. The
circumferential nonuniformities whose effects are removed from these
clearances are produced mainly by thrust. Although nonuniform case
temperatures exist, they were previously shown to contribute
essentially no circumferential wvariation 1in clearance. Table 1l
presents the axisymmetric clearance changes for each stage of the
engine. These clearance changes, relative to clearances at ground idle,
were derived for each of the four steady-state flight conditions
simulated in the thermal loads test sequence.
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TABLE 11

%
k-
| PREDICTED AXISYMMETRIC CLEARANCE CHANGES VERSUS POWER
;
E (Clearance Change in mils)
2 Ground
: Stage Idle Approach Climb/Cruise Max. Q Take-Off
N
. Fan 0 -5 -28 -69 -72
} LPC
2 0 -4 -25 -36 -40
3 0 -2 -11 -17 -19
4 0 -3 -20 -30 -33
l
, HPC
l 5 0 -5 -16 =21 =22
6 0 -5 -18 -23 -25
| 7 0 -4 -16 -20 -21
, 8 0 -5 -18 -23 -25
| 9 0 -6 -14 -19 -20 ;
| 10 0 -3 -10 -14 -14 :
| 11 0 -2 -8 -10 -10 |
12 0 -1 +1 +3 +3
) 13 0 -3 -8 -12 -12
; 14 0 -2 -8 -11 -11
, 15 0 -3 -10 -13 -14
| HPT
’ 1 0 -6 =21 -24 -25
2 0 -9 -26 -30 -32
LPT
] 3 0 -11 -9 -5 -1 |
4 0 -2 -25 =22 -21 §
5 0 -2 -36 -42 -46 z
6 0 -2 -34 -41 -45

Relative Rotor Speed Changes: g

N1 rpm 0 341 1596 2100 2234 ,§
| N2 rpm 0 605 1848 2295 2390 |
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5.3.5 Transient Effects

Tr-ansient clearance responses measured by the laser probes are shown in
Figures 48 and 49 fur the ninth-stage high-pressure compressor and the
first-stage high-pressure turbine, respectively. On each of these
figures, the clearance change for each probe and the average value of
the four probes are shown as a function of time for the test cycle. The
transient to which the engine was subjected was a snap deceleration
fran take-off power to idle, followed by a snap acceleration from idle
to take-off power,

The ninth-stage higi-pressure compressor data for the deceleration
indicate relatively uniform clearance changes during that portion of
the cycle, however, the response of probe number 18, located at 133
degrees, during acceleration does not follow the trend of the other two
probes, implying case or rotor movement as a function of power in an
unpredictable manner., The general characteristics of the clearance
changes are as expected, indicating rapid initial change for speed,
thrust, and pressure with themmal charges developing at a slower rate
in the cycle.

The response of the high-pressure turbine first-stage clearance to the
snap transient is as anticipated, and the increased magnitude of
clearance change relative to the ninth-stage high-pressure compressor
would be expected from consideration of geometry, temperature levels,
and pressure effects.

5.4 CLEARANCE CHANGES FROM INLET LOADS
5.4.1 Static Loads

Simulated aerodynamic loads were applied to the inlet of the test
engine under cold, static conditions to determine the stiffness
characteristics of the JT9D-7A engine. The applied loads simulated the
inlet pressure distributions of approach (Condition 113), climb/cruise
(Condition 104), maximum dynamic pressure (Condition 108), and take-off
(Condition 101) from the Boeing 747 Fiight Acceptance Test.

Results of the analysis of the proximity probe data are shown in Table
12. Only the fan experienced significant clearance changes; core
clearances usually changed by less than 0.005 inct with 0.012 inch
being the maximum change.
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The clearance changes shown in Table 12 retlect only those due to the
applied inlet aerodynamic moment, and thus do not include the effect
of engine thrust., Those clearance changes due to engine thrust were
previously discussed in Section 5.3 and illustrated in Figures 32
through 40,

The reported clearance changes follow expected trends for the various
flight load conditions, Figure 50 illustrates a typical JT9D engine
backbone bending plot for an upward moment about the engine centerline
that is in the same direction as the moments for flight conditions 113,
104, and 101. The plot illustrates how the cases and rotors deflect.
The clearance change is simply the difference in deflection between the
rotor and case at each engine s%age. A3 can be seen, the greatest
clearance changes in the high-pressure compressor should occur in the
middle of the module. The values in Table 12 confirm this trend. The
fan, as previously mentioned, is where the largest clearance changes
were recorded. The values reported follow the expected trends within
probe accuracy.

Figure 51 shows the results of the X-ray data analysis of clearance
changes under static load in the 14th stage of the high-pressure
compressor, The majority of the clearance changes under static loads
occurred at 12 o'oclock and less at six o'clock. Similarly, the X-ray
data for the other stages tended to indicate that the majority of the
clearance change occurred at either the top or bottom and that the
location of the maximum change alternated from top to bottom as shown
in Table 13. The range of maximum clearance changes, considering all
load test conditions, appears to be greatest at the bottom in stage 9,
the top in stage 14, the bottom of the first stage kigh-pressure
turbine, top of the inner air seal in the high-pressure turbine and the
bottoi of the low-pressure turbine parts.

The X-rays indicate that the low-pressure turbine knife edges were
either imbedded in the outer air seal (third blade) or touching the
outer air seal in the fourth stage during the static load testing, as
shown in Figure 52.
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Stage

Fan,
Stage 1

Low-Pressure
Campressor,
tage 4

High-Pressure
Compressor,
‘Stage 5

High-Pressure
Compressor,
Stage 9

High-Pressure
Compressor,
Stage 10

High-Pressure
Compressor,
Stage 11

High-Pressure
Campressor,
Stage 14

High-Pressure
Turbine,
Stage 1

*F light Condi
No. 113 Appro
No. 108 Airpl

TABLE 12

CLEARANCE CHANGES DUE TO AERODYNAMIC LOADS
APPLIED TO THE STATIC ENGINE
(Based on Proximity Probe Data)

Circumferential

Condition* - 100% Load

Probe Location (Rear 113 104 108 101
No. View) (degrees) Clearance Change (inch)

1 60 +0.029 +0.016 -0.001

2 150 -0.019 -0.006 +0.019 -0.041
3 240 -0.040 -0.009 N.000 -0.065
4 330 -0.025

5 77 +0.N03 +0.003 +0.003 +0.003
9 96 +0.001

11 2:0 0.000 0.000 -0.001 0.000
12 349 0.000 +0.001 +0.001
17 47 +0.001 +0.003 +0.006 0.000
18 133 0.000 -0.001 -0.003 +0.002
19 191
20 313 +0,003 -0.001 +0.005 +0.001
21 60 -0.007 -0.003
22 135 -0.002 +0.010 -0.007 0.000
23 192 +0.003 +0.002 -0.001 +0.005
24 315 +0.001 0.000 +0.004 -0.001
25 75 -0.006 -0.004 -0.005 -0.007
26 165 0.000 -0.001 -0.007 +0.001
27 248 0.000 -0.003 -0.005 +0.001
28 345 -0.003 -0.001 +0.003 -0.005
30 121 -0.00?2 -0.003 -0.006 0.000
33 60 +0.006 +0.003 +0.006 +0.005
34 150 +0.006 +0.004 +0.011 +0.003
35 230 +0.006

36 330 +0.012 +0.004

tion Descriptions:
ach for Landing
ane Maximum Dynamic

Pressure

No. 104 Late Climb/Early Cruise

No.

IR W W

101 Take-off Rotation
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TABLE 13

X-RAY RESULTS
MAXIMUM RANGE OF CLEARANCE CHANGES FROM AVERAGE COLD STATIC
CLEARANCE FOR 100% STATIC LOADS

Stage Accuracy (mils) 6 0'clock (mils) 12 0'clock (mils)
9th HPC +15 33 18
14th HPC +10 15 24
1st HPT +10 36 19
1-2 IAS 45 9 33
2-3 IAS +5 18 12
3rd LPT* +7 18 13
4th LPT* +7 18 19

*Notes: Knife edge of 3rd LPT blade buried in outer air seal at 6
o'clock position; knife edge
surface of outer air seal at both 6 and 12 o'clock positions;
clearance changes on 3rd and 4th LPT measured from knife edge

of 4th LPT blade contacting

to case.
017~ //Q
0.15t- '/
Clearance, / B coproact o
i €S Coid statc - it
mc',‘es' 013+ / cs; Coud :um - final
12 o'clock J [ idle power
" Max. 0 100% cL T0  Takeoft koad
posmon ® 100% OOW’M Max @ Maxmum dynamic pressure load
O g LS WM Windmdl on starter
0.11 cs, ° T/0 50% @ - Knfe sdge in honeycomb
Seal 10
thoness | qoug, ® AP 100%
008t . .... Y U W |
0.09 0.1 0.13 0.15 0.17
Clearance, inches, 6 o'clock position
Figure 52 Fourth-Stage Low-Pressure Turbine Forward Knife Edge to

Quter Air Seal

Testing.
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5.4.2 Cambined Loads

Simulated 1ierodynamic loads were applied to the inlet of the test
engine at stabilized power settings to simulate the combined effects of
thermal, thrust, and 'nlet pressure loads on engine runniny clearances
and performance. The same inlet load conditions applied during static
loads testing were used in the combined loads tesing. However, the
engine was tested over a range of load levels, generally from 50 to 150
percent of the 1loads that occur in the Boeing 747/JT90 Flight
Acceptance Test, as previously described in Section 3.2. The power
levels at which the engine was stabilized were the same as those used
in the thermal loads testing.

Combined load results from the analysis of proximity probe data for the
100 percent loads levels are presented in Table 14, As static test
results indicated, only the fan experienced large clearance changes
under flight loads. The 1largest core changes occur in the first
high-pressure turbine stage (0.018 inch) and nirth high-pressure
compressor stage., Most measured changes in the core, however, were less
than 0.005 inch,

The clearance changes (from zero load at power) shown in Table 14
reflect engine bending due to both tnrust and inlet moments. Engine
thrust causes a moment about the engine vertical axis because the
thrust reaction is carried through the thrust frame which is offset +60
degrees from engine top dead center, as illustrated in Appendix C
(Figure 169). This momen- i< superimposed on the moment induced by air
loads over the engine inlet for each flight condition. For flight
conditions 113, 104, and 101, these moments are additive since they
react upward about the engine centerline. For condition 108, the air
load moment is downward, and thus the thrust induced moment is
subtracted.

Figures 53 and 54 show the results of the X-ray data analysis on
fourteenth-stage compressor and first-stage turbine clearances at
various levels of simulated aerodynamic anproach loads and at approach
power. The clearance changes in the compressor follow the expected
pattern, although a slight hysteresis effect was observed when the load
was reduced to the 75 percent level. The individual turbine data points
for each level of load do not follow the expected pattern as seen in
Figure b54. However, a trend line was establishea for each load
condition as shown. This trend was constructed by passing a line from
the zero load clearance point through an average clearance point which
was obtained by averaging the clearance data for all load levels other
than zero. This method produces an average clearance at both six and
twelve o'clock for the average load level for each load condition and
produces a realistic clearance change through the data. Tables 15, 16,
17, and 18 show the results of the X-ray data analysis using the
average clearance change for each load type under the average load.
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Stage

Fan,
Stage 1

Low-Pressure
Compressor,
Stage 4

High-Pressure
Compressor,
‘Stage 5

High-Pressurn
Compressor,
Stage 6

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

TABLE 14

CLEARANCE CHANGES DUE TO AERODYNAMIC LOADS
APPLIED TO THE RUNNING ENGINE
(Based on Proximity Probe Data)

Circumferential

Condition* - 100% Load

Probe Location (Rear 113 104 108 103
No, View) (degrees) Clearance Change (inch)

1 60 +0.042 +0.016 -0.006 +0.044
2 150 -0.022 -0.010 +0.064 -0.040
3 240 -0.055 -0.008 0.004

4 330 +0.016 -0.070 +0.034
5 77 +0.003 +0.001

9 96 +0.002 +0.001 +0.002 +0.002
10 198 +0.007

11 276 +0.002 +0.001 -0.001 +0.002
12 249 +0.001 -0.0C1 -0.004
14 81 +0.001 0.000 +0.005
15 215 0.000 +0.004

17 47 -0.006 +0.,003 +0.002 -0.016
18 133 +0.004 +0.002 -0.003 -0.005
20 313 -0.002 -0.004 +0.002 -0.006
21 60 -0.008 -0.003 +0.002

22 135 -0.001 0.000 -0.010 -0.002
23 192 +0.006 0.000 -0.005 +0.006
24 315 +0.003 0.000 +0.004 -0.002
25 75 -0.006 +0.001 -0.002 -0.007
26 165 +0,.003 +0.004 -0.005 +0.003
27 248 +0.009 +0.009 +0.003 +0.004
28 345 -0.005 0.000 +0.007 -0.005
30 121 +0.007 +0.009 0.000
33 60 +0.013 0.000 -0.005 -0.002
34 150 +0.097 -0.006 +0.005 -0.004
35 230 0.000 -0.018
36 330 +0.006 -0.006 +0.006

= clearance decrease; + = clearance increase

*Flight Condition Description<:

No. 113 Approach for Landing
No. 108 Airplane Maximum Dynamic

Pressure
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TABLE 15

AVERAGE CLEARANCE CHANGES UNDER COMBINED LOADS
Approach (Condition 113); Load Level = 93,5%

Accuracy Change at Change at
Stage (mils) 12 o'clock (mils) 6 o'clock (mils)
9th HPC +15 -2 -12
14th HPC +10 -11 +16
Ist HPT +10 +6 -6
1-2 Inner airseal +5 +1 -4
2-3 Inner airceal +5 + A + 2
3rd LPT +7 +1 -?
4th LPT +7 -5 + 4
TABLE 16
AVERAGE CLEARANCE CHANGES UNDER COMBINED LOADS
Climb/Cruise (Conditior 104); Load Level = 102.5%
Accuracy Chinge at Change at
Stage (mils) 12 o'clock (mils) 6 o'clock (mils)
9th HPC +15 -5 -8
14th HPC +10 -8 +6
1st HPT +10 +6 -3
1-2 Inner airseal +5 +7 -1
2-3 Inner airseal +5 -4 +2
3rd LPT ¥ 7 +6 +3
4th LPT ¥7 -6 +/
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TABLE 17

AVERAGE CLEARANCE CHANGES-COMBINED LOADS
Maximum Dynamic Pressure (Condition 108); Load Level = 93.5%

Accuracy Change at Change at
Stage (mils) 12 o'clock (mils) 6 o'clock (mils)
9th HPC +15 +13 -19
14th HPC +10 +13 +5
1st HPT +10 -12 -1
1-2 Inner airseal +5 -1 + 3
2-3 Inner airseal +5 +13 -7
3rd LPT ¥7 +19 -18
ath LPT +7 -4 -21

TABLE 18
AVERAGE CLEARANCE CHANGES-COMBINED LOADS
Take-off (Condition 101); Load Level = 100%

Accuracy Change at Change at
Stage (mils) 12 o'clock (mils) 6 o'clock {mils)
9th HPC +15 +20 -
14th HPC +10 +3 +11
1st HPT +10 -5 +3
3rd LPT ¥7 -12 +2
4th LPT +7 +1 +16

5.4.3 Comparison of Static versus Running Clearance (hanges

Figures 55 through 72 show comparisons of clearance changes measured
with proximity probes due to aerodynamic loads, at maximum dynamic
pressure and take-off conditions, applied to the running and static
engines. Within probe accuracy, good agreement exists.
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Figure 68 Ninth-Stage High-Pressure Compressor Clearance Changes
Due to Take-0ff Loads. (J23994-40)
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It should be noted that for the majority of the probe locations where
agreement dJoes not exist, at other locations within the same stage
agreement does exist, If there were any differences in engine response
to applied inlet aerodynamic loads between a static and running engine,
then all probes within specific engine stages would not agree. As an
example, for flight condition 108 in the fan, probes No. 1 and 3 agree
within 0.005 inck while probes No. 2 and 4 do not agree within probe
accuracy. This is illustrated in Figure 55. :hus, it can be ccncluded
that static and running engines respond similarly to applied loads.

Figure 73 illustrates this conclusion. Shown are spc-ific engine stage
clearance changes for flight condition 101, This :nndition, which
simnlates nominal take-off inlet aerodynamic and thrus. load levels,
was chosen for illustration since it represents the m .' {1 total
bending moment about the engine vertical axis. The clearanc changes
shown were taken from the probes nearest the engine “Sottom,
specifically, probes No. 2, 23, 26, and 34 in the fan, i:n.h and
eleventn stages in the high-pressure compressor, and first stage of the
high-pressure turbine, respectively.

The values shown in Table 14 correspond to 100 percent load application
to the operating engine., Figures 55 through 72 illustrate graphically
how the clearance changes responded to increments of load application.
For all flight conditions except 101, load increments were applied up
to 150 percent. Typically increments of 350 percent and either 7% or
120 percent load levels were applied. For flight condition 101,
increments of 25, 50, and 75 percent were applied. The figures
illustrate how, within probe accuracy, the engine responds linearly, as
would be predicted,

Additionally, the conclusions reached for combined loading at maximum
dynamic pressure and take-off conditions also apply to the approach and
climb/cruise conditions, although the effects of approach and
climb/cruise loadinas on the engine are much less significant, and the
data for these loadings are not presented.

5.4.4 Comparison of Predicted versus Measured Data

Tables 19 through 26 exhibit a comparison of engine measured clearance
changes and clearance changes predicted by the revised WASTRAN
analytical model (See Section 6 for a discussion of revisions)., Data
are shown for 100 percent loading condition only, Because the response
of the engine to applied strap loads was generally linear, the 50
percent, 75 percent, and 150 percent 1load levels are not shown.
Generally, the correlation between test data and the prediction is
good. The analytical model predicts small changes in clearances to
occur in the high-prescu-e compressor, and this is confirmed by test
measurements taken with the laser proximity probes. The largest
clearance changes are predicted to occur in the fan stage, and this is
also confirmed by test measurements. A discrepancy in the predicted
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versus measured clearance change magnitudes in the fan stage may be due
to the method of calculaiting the clearance change in the NASTRAN model.
In this stage, blade axial motion produces clearance change between the
blade and the outer air seal due to the slope of the flowpath wall
relative to the engine centerline, as shown in Figure i0. This axial
motion is not accounted for in the NASTRAN model.

0.080
0.040
0.020

Clearance
change, o

inch
-0.020

-0.040

- 0.060

Figure 73
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TABLE 19
COMPARISON OF REVISED NASTRAN MODEL CLOSURE PREDICTIONS
TO ENGINE STATIC CLOSURES
100% TAYE-OFF AERODYNAMIC LOAD
Clearance Change (inch)
Proximity
Probe Test NASTRAN Probe
Stage _No. Static Predicted Variation Accuracy
Fan, 2 -0.041 -0.053 0.012 0.007
Stage 1
High-Pressure 11 0.000 0.000 0.000 0.002
Compressor, 12 +0,001 -0.001 0.002 0.002
Stage 5
High-Pressure 17 0.000 -0.006 0.006 0.008
Compressor, 18 +0.002 +0.002 0.000 0.002
Stage 9 20 +0.001 -0.002 0.003 0.004
High-Pressure 22 0.000 +0.002 0.002 0.002
Compressor, 23 +0.005 +0.006 0.001 0.002
Stage 10 24 -0.001 -0.003 0.002 0.003
High-Pressure 25 -0.007 -0.003 0.004 0.002
Compressor, 26 +0.001 +0.005 0.004 0.002
Stage 11 27 +0.001 +0.005 0.004 0.002
28 -0.005 -0.005 0.000 0.002
High-Pressure 30 0.000. +0.001 0.001 0.005
Compressor,
Stage 14
High-Pressure 33 +0.005 +0.006 0.001 0.002
Turbine, 34 +0.003 -0.003 0.006 0.006
Stage 1
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4th LPC
5th HPC

9th HPC

10th HPC

l1ith HPC

14th HPC
1st HPT
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TABLE 20

COMPARISON OF REVISED NASTRAN MODEL CLOSURE PREDICTIONS
TO ENGINE STATIC CLOSURES
100X CLIMB/CRUISE AERODYNAMIC LOAD
Clearance Change (inch)

Proximity

Probe Test NASTRAN Probe

No. Static Predicted Variation Accuracy
1 +.016 +.017 .001 .008
2 -.006 -.015 .009 .007
3 -.009 -.021 .012 .021
8 +.503 +.001 .002 .002
11 .000 .000 .000 .002
12 +,001 000 .001 .002
17 +.003 -.001 .004 .008
18 -.001 .000 .001 .002
20 +,001 .000 .001 .004
21 -.003 -.002 .001 .004
22 +.010 +.001 .009 .002
23 +.002 +.002 .0CO .002
24 .000 -.001 .001 .003
25 -.004 -.001 .003 .002
26 -.001 +.001 .002 .002
27 -.003 +.001 .004 .002
28 -.001 -.001 .002 .002
30 -.002 .000 .002 .005
33 +.003 +.001 .002 .002
34 +.004 -.001 .005 .006
35 +.006 -.003 .009 .003
36 +.012 -.003 .015 .003
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Stage

Fan

4th LPC
5th HPC
9th HPC

10th HPC

11th HPC

1st HPT

TABLE 21

COMPARISON OF REVISED NASTRAN MODEL CLOSURE PREDICTIONS

TO ENGINE STATIC CLOSURES

100X MAXIMUM DYNAMIC PRESSURE AERQODYNAMIC LOAD

Clearance Change (inch)

Probe Test NASTRAN
No. Static Predicted
1 -.001 -.014
2 +.019 +.066
3 .000 +.003
q -.025% -.058
5 +.003 -.004
11 -.001 -.001
17 +.006 +.002
18 -.003 -.005
20 +.005 +.004
22 -.007 -.005
23 -.001 -.003
24 +.004 +.003
25 -.005 .000
26 -.007 -.004
27 -.005 -.001
28 +,003 +.004
33 +.006 -.002
34 +.011 +.009
36 +,004 -.006
e Sl i & Slhusiin

ik

Proximity
Probe
Variation Accuracy
.013 .008
.047 .007
.003 .021
.033 011
.007 .002
.000 .002
+.004 .008
.002 .002
.001 .004
.002 .002
.002 .002
.001 .003
.005 .002
.003 .002
.004 .002
.001 .002
.008 .002
.002 .006
.010 .003
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TABLE 22

COMPARISON OF REVISED NASTRAN MODEL CLOSURE PREDICTIONS
TO ENGINE STATIC CLOSURES
100X APPROACH AERODYNAMIC LOAD
Clearance Change (inch)

Proximity
Probe Test NASTRAN Probe
- Stage No Static  Predicted Variation Accuracy
i Fan 1 +.029 +.049 .020 .008
2 -.019 -.037 .018 .007
3 -.040 -.049 .008 .021
l 4th LPC 5 +.003 +.001 .002 .002
)
; 5th HPC 9 +.003 +.001 .000 .007
11 .000 .000 .000 .002
! 12 .000 -.001 .001 .002
? 9th HPC 17 +.001 -.004 005 .008
18 .000 +.001 .001 .002
; 20 +.003 -.002 .005 .004
{ 10th HPC 21 -.007 -.003 .004 .004
, 22 -.002 +.001 .003 .002
, 23 +.003 +.004 .001 .002
| 24 +.001 -.001 .003 .003
| 11th HPC 25 -.006 -.002 .004 .002
26 .000 +.003 .003 .002
27 .000 +.,003 .003 .002
’ 28 -.003 -.002 .001 .002
14th HPC 30 -.002 .000 .002 .005
1st HPT 33 +.006 +.004 .002 .002
34 +.006 -.002 .008 .006
|
-
V
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Stage

Fan

5th HPC

9th HPC

10th HPC

11th HPC

14th HPC
Ist HPT

TABLE 23

COMPARISON OF REVISED NASTRAN MODEL CLOSURE PREDICTIONS
TO ENGINE RUNNING CLOSURES
100% TAKE-OFF AERODYNAMIC LOAD
Clearance Change (inch)

Proximity
Probe Test NASTRAN Probe
_No. Running Predicted Variation Accuracy
2 -.040 -.053 .013 .007
11 .002 .000 .002 .002
12 -.004 -.001 .003 .002
17 -.016 -.006 .010 .008
18 -.005 +.002 .007 .002
20 -.006 -.002 .004 .004
22 -.002 +.002 .004 .002
23 +.006 +.006 .000 .002
24 -.002 -.003 .001 .003
25 -.007 -.003 .004 .002
26 +.003 +,005 .002 .002
27 +.004 +.005 .001 .002
28 -.005 -.005 .000 .002
30 .000 +.001 .001 .005 :
33 -.002 +.006 008 .002 ;
34 -.004 -.003 .001 .006 f
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TABLE 24

COMPARISON OF REVISED NASTRAN MODEL CLOSURE PREDICTIONS
TO ENGINE RUNNING CLOSURES
100X CLIMB/CRUISE AERODYNAMIC LOAD
Clearance Change (inch)

Proximity
Probe Test NASTRAN Probe
Stage No. Running Predicted Variation Accuracy
Fan 1 +.016 +.017 .001 .008
2 -.010 -.Ci5 .005 .007
3 -.008 -.021 013 .021
4 +.016 +.021 .005 .011
4th LPC 5 +.003 +.001 .002 .002
5th HPC 9 +.001 +.001 .000 .007
11 +.001 .000 .001 .002
12 -.001 .000 .001 .002
6th HPC 14 +.001 .000 .001
15 .000 +.001 .001
9th HPC 17 +.003 -.001 .004 .008
18 +.002 .000 .002 .002
20 -.004 .000 .004 .004
10th HPC 21 -.003 -.002 .001 .004
22 .0C0 +.001 .001 .002
23 .000 +.002 .002 .002
24 .000 -.001 .001 .003
11th HPC 25 +.001 -.001 .002 .002
26 +.004 +.001 .003 .002
2l +.009 +.001 -.008 .002
28 .000 -.001 .001 .002
14th HPC 30 +.009 .000 .009 .005
1st HPT 33 .000 +.001 .001 .002
‘ 34 -.006 -.001 .005 .006
’ 36 +.006 -.003 .009 .003
4
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TABLE 25

COMPARISON OF REVISED NASTRAN MODEL CLOSURE PREDICTIONS
TO ENGINE 4/INNING CLOSURES
100% MAXIMUM DYNAMIC PRESSURE AERODYNAMIC LOAD
Clearance Change (inch)

Proximity
Probe Test NASTRAN Probe
Stage No. Running Predicted Variation Accuracy
Fan 1 -.006 -.014 .008 .008
2 -.064 +.066 .002 .007
3 -.004 +.003 .007 021
4 -.070 +.088 .012 011
4th LPC 5 +.0C1 -.004 .005 .002
5th HPC 11 -.001 -.001 .000 .002
9th HPC 17 +.002 +.002 .000 .008
18 -.003 -.003 .000 .002
20 +.002 +.004 .002 .004
10th HPC 22 -.010 -.005 .005 .002
r 23 -.005 -.003 .002 .002
; 24 +.004 +.003 .001 .003
| 11th HC 25 -.002 .000 .002 002
‘ 26 -.005 -.004 .001 .002
27 +.003 -.001 .009 .002
28 +.007 +.004 .003 .002
Ist HPT 33 -.005 -.002 .003 .002
' 34 +.005 +.009 .004 .006
36 -.006 -.006 .000 .003
)
|
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TABLE 26

COMPARISON OF REVISED NASTRAN MODEL CLOSURE PREDICTIONS
TO ENGINE RUNNING CLOSURES
100% APPROACH AERODYNAMIC LOAD
Clearance Change (inch)

Proximity ;
Probe Test NASTRAN Probe
Stage No. Running Predicted Variation Accuracy
Fan 1 +,042 +.049 .007 .008
2 -.022 -.037 015 .007
3 -.055 -.048 .007 .021
5th HPC 9 +.002 +.001 .001 .007
11 +.00¢2 .000 .002 .002
12 +.001 -.001 .002 .002
9th HPC 17 -.006 -.004 .002 .008
18 +.004 +.001 .003 .002
20 +.002 -.002 .000 .004
10th HPC 21 -.008 -.003 .005 .004
22 -.001 +.001 .002 .002
23 +.006 +.004 .002 .002
24 +.003 -.002 .005 .003
11th HPC 25 -.006 -.002 .004 .002
26 +.003 +.003 .000 .002
27 +.009 +.003 +.006 .002
28 -.005 -.002 .003 .002
14th HPC 30 +.007 .000 .007 .0n5
Ist HPT 33 +.013 +.004 .009 .002
34 +.007 -.002 .009 .006
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5.5 ENGINE TEARDOWN RESULTS

At the completion of the test program, the engine was 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 clearances, seal land wear
locations and depths, airfoil surface roughness, and turbine airfoil
flow areas. Hardware condition was then evaluated to determine its
impact on engine and module performance., These results are discussed in
this section,

5.5.1 Clearance Changes, Wear Locations and Volumes

Clearance changes between engine build and teardown are shown in Table
27 for all blade tip seals. As can be seen, blade tip clearance 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 fifth stage of the low-pressure turbine. 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 wear,

Table 28 shows similar data for all gas-path inner seal clearances. As
with the blade tip clearances, changes were measured throughout the
engine in practically every stage.

Seal land wear patterns observed during the teardown of the test engine
are shown in Figures 74 through 94, The locations of wear are
designated in these figures by the heavy lines drawn on the sketch of
the air seals and, in general, were as expected. For example, in the
fan (Figure 74), wear in the upper left quadrant was produced by the
maximum dynamic pressure air load which pulled the fan case down and to
the right, The take-off air load pulled the fan case up and to the
right and produced wear in the lower left gquadrant of the fan outer air
seal. Wear patterns in the high-pressure compressor module indicate
that themmal response of the module produces the majority of the
clearance change. Examination cf Figures 78, 83, 84, 85, and 88
indicates that the outer air seals were rubbed continuously around the
circumference of the engine. These patterns are typical of the wear
produced by axisymmetric themmal loads which tend to reduce clearances
uniformly around the circumference. The effect of asymmetric loads such
as the inlet aerodynamic loads simulated in this test effort are more
local in nature, being confined to a small portion of the circumference
of the outer air seals. Similar conclusions were drawn from the
proximity probe clearance measurements in the high-pressure compressor
as discussed in Sections 5.3 and 5.4.

Also shown on Figures 74 and 89 are the locations of the fan and
first-stage high-pressure turbine proximity probes and the maximum
closure in inches measured at each of these probe locations during the
test program. These closures were determined by adding the thermal load
closures (shown in Figures 32 and 40) to the closures due to maximum
dynamic pressure or take-off air load (shown in Figures 55, 63, 64, and
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72). As can be seen, the larger of these maximum closures correspond in
circumferential position to the locations of seal rub documented during
teardown.

The volume of seal material worn from each sea’ laid in the test
program is shown in Table 29 for the blade tip seals and in Table 30
for the gas-path inner seals. Because the seals were new and unworn
when the engine was built, these wear volumes were calculated from wear
depth, width, and arc length measurements taken at teardown. These wear
volumes do not include material removed from blade tips in the turbine
section of the engine,

TABLE 27
BLADE TIP MEASURED CLEARANCE CHANGES

Average
Clearance Increase
Module Stage (1nch) *

Fan 1 0.057
Low-Pressure 2 -

Compressor " 0.000

4 0.001

High-Pressure 5 0.006

Compressor 6 0.012

7 0.003

8 0.007

9 0.002

10 0.006

11 0.007

12 0.007

13 0.005

14 0.013

15 0.014

High-Pressure 1 0.012

Turbine 2 Front 0.040

Rear 0.040

Low-Pressure 3 Front 0.010

Turbine Rear 0.016
4 Front -
Rear -

5 Front 0.051

Rear 0.062

6 Front 0.028

Rear 0.026

* Teardown clearance less build clearance.
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TABLE 28

(3AS-PATH INNER AIR-SEAL MEASUREC CLEARANCE CHANGES

Module

Low-Pressure
{lompressor

Stage

1 Front
Rear
2 Front
Rear
3 Front
Rear
4

High-Pressure Inlet

Compressor

5 Front
Rear
6 Front
Rear
7 Front
Mid
Rear
8 Front
Mid
Rear
9 Front
Mid
Rear
10 Front
Mid
Rear
11 Front
Mid
Rear
12 Front
Mid
Rear
13 Front
Mid
Rear
14 Front
Mid
Rear

Average
Clearance Increase

(inch)

0.001
0.004
0.005
0.004

0.005
0.000
0.003
0.004
0.004
0.003
0.003
0.002
0.003
0.002
0.002
0.002
0.001
0.005
0.004
0.004
0.005
0.005
0.008
0.007
0.000
0.101
0.005
0.002
0.001
0.008
0.007
0.002

* Teardown clearance less build clearance.
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TABLE 28
(Continued)
Averane
Clearance Increase
Module Stage {inch) *

High-Pressure 1 Front 0.000
Turbine Mid 0.000
Rear 0.002

1 Disk Rear -
2 Front 0.000
Mid Front 0.002
Mid Rear 0.000
Rear 0.000

2 Disk Front -

Disk Rear -
l.ow-Pressure 3 Inner Front 0.000
Turbine Inner Rear 0.000
Quter Front 0.001
OQuter Rear 0.001
4 Front 0.00:
Rear 0.000
5 Front 0.007
Rear 0.008
6 Front 0.000
Rear 0.000

* Teardown clearance less build clearance,

-0.120
—0026
No data
~0.183
—0 145

tan outer air seal 1st stage low pressure
compressor inner air seal

B Proxinty probe locations
and max closures (inch)

Figure 74 Teardown Wear Patterns (Rear View,; Fan Outer Air Seal
and First-Stage Low-Pressure Compressor Inner Air Seal,
(J23976-1)
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2nd stage low pressure comy«63sor outer air seal

QO

Front land Rear land
2nd stage low pressure compressor inner aiz *eal

Figure 75 Teardown Wear Patterns (Rear View);  Second-Stage
Low-Pressure Compressor Quter and Inner Air Seals.
(J23976-2)

3rd stage low pressure comprassor outer air seal

ONe

Front land Rear land
3rd stage low pressure compressor inner air seal

Figure 76 Teardown Wear Patterns (Rear View); Third-Stage
Low-Pressure Campressor Outer and Inner Air Seals.

(J23976-3)
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No data No data

4th stage low pressure 4th stage low pressure
compressor outer ai seal Ccompressor inner air seal
Figure 77 Teardown Wear Patterns (Rear View); Fourth-Stage
Low-Pressure Compressor Quter and Inner Air Seals.
(J23976-4)

Sth stage high pressure compressor outer air seal

Front land Rear land
S5th stage high pressure compressor inner air seal

Figure 78 Teardown Wear Patterns (Rear View); Fifth-Stage
High-Pressure Compressor Outer and Inner Air Seals.
(J23976-5)
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6th stage high pressure compressor outer air seal

Oe

Front land Rear land
6th stage high pressure compressor inner air seal ‘

Figure 79 Teardown Wear Patterns (Rear View); Sixth-Stage
u High-Pressure Compressor Outer and Inner Air Seals. 4
| (J23976-6)

—

Tth stage high pressure compressor outer air seal

O I010N

Front land Middle land Rear land
i Tth stage high pressure compressor inner air seal
Figure 80 Teardown Wear Patterns (Rear View); Seventh-Stage
High-Pressure Compressor Outer and Inner Air Seals.
(J23976-7)
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No data

.

8th stage high pressure ¢ o1 &5 11 outer ai seal

=

Front land Middle land Rear land
8th stage high pressure compressor inner air seal

Figure 81 Tgardown Wear Patterns (Rear View); Eighth-Stage
High-Pressure Compressor Quter and Inner Air Seals.

(J23976-8)

9th stage high pressure compressor outer air seal

o

Front land Middie land Rear land
9th stage high pressure compressor inner air seal

Figure 82 Tgardown Wear  Patterns (Rear  View); Ninth-Stage
High-Pressure Compressor Outer and Inner Air Seals.
(J23976-9)
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10th stage high pressure compressor outer air seal

Front land Middie land Rear land
10th stage high pressure compressor inner air seal

Figure 83 Teardown Wear Patterns (Rear View); Tenth-Stage
High-Pressure Compressor Quter and Inner Air Seals.
(J23976-10)

11th stage high pressure compressor outer air seal

Front land Middie land Rear land
11th stage high pressure compressor inner air seal

Figure 84 Tgardown Wear Patterns (Rear View); Eleventh-Stage
High-Pressure Compressor Quter and Inner Air Seals.
(J23976-11)
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12th stage high pressure compressor outer air seal

No wear

Front land Middie land Rear land
12th stage high pressure compressor inner air seal

Figure 85 Teardown Wear Patterns (Rear View); Twelfth-Stage

High-Pressure Compressor Outer and Inner Air Seals.
(J23976-12)

13th stage high pressure compressor outer ai seal

Front land Middie land Rear land
13th stage high pressure compressor iner air seal

Figure 86 Teardown Wear Patterns (Rear View); Thirteenth-Stage

High-Pressure Campressor Outer and Inner Air Seals.
(J23976-13)
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14th stage high pressure compressor outer air seal

Front land Middie land Rear land

14th stage high pressure compressor inner air seal

Figure 87 Teardown Wear Patterns (Rear View); Fourteenth-Stage
High-Pressure Compressor Outer and Inner Air Seals.

(J23976-14)

15th stage high pressure compressor outer air seal

Figure 88 Teardown Wear Patterns (Rear View); Fifteenth-Stage
High-Pressure Compressor Outer Air Seal. (J23976-15)
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-0.028
-0.026

8 Proxmuty probe locations
and max closwes (nch)

-0.058 -0.055
1st stage high pressure turbine outer air seal

950

Front land Middle land Rear land
15t stage high pressure turbine inner arr seal

Figure 89 Teardown Wear Patterns (Rear View); First-Stage High-
Pressure Turbine Outer and Inner Air Seals. (J23976-16)

QO

Front land Rear land
2nd stage high pressure turbine outer air seal

oleele

Front land Mid-front land Mid-rear land Rear iand

2nd stage high pressure turbine inner air seal

Figure 90 Teardown Wear Patterns (Rear View); Second-Stage High-
Pressure Turbine Outer and Inner Air Seals. (J23976-17)
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Front land Rear land
3rd stage low pressure turbine c.ter air sesl

No wear No wear

Front Rear Front Rear
Inner lands Outer lands

3rd stage low pressure turbine inner air seal

Figure 91 Teardown Wear vratterns (Rear View); Third-Stage Low-
Pressure Turbisie OQuter and Inner Air Seals., (J23976-18)

Ne data No data

4t stage low pressure turbine outer air seal

!

Front lana Rear land
4th stage low pressure turbine inner air seal

Figure 92 Teardown Wear Patterns (Rear View); Fourth-Stage Low-
Pressure Turbine Outer and Inner Air Seals. (J23976-19)
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Front land Rear land i
5th stage low pressure turbine outer air seal , i
Front land Rear land ii

Sth stage low pressure turbine inner air seal

Teardown Wear Patterns (Rear View); Fifth-Stage Low-
Pressure Turbine Quter and Inner Air Seals., (J23976-20)
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Front land Rear land
6th stage low pressure turbine cuter air seal
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Front land Rear tand
6th stage low pressure turbine inner air seal

Teardown Wear Patterns (Rear View); Sixth-Stage Low-
Pressure Turbine Outer and Inner Air Seals. (J23976-21)




5.5.2 Other Teardown Findings

Surface roughness of selected cold section rotating airfoils was
measured during engine build and again at teardown. (Surface roughness
changes fn the turbine section have previously been shown to not
influence engine performance. Consequently surface roughness of turbine
atrfoils was not measured.) No change in surface roughness in the fan
was measured, because dirt and oil which may have accumulated o~ the
fan bladey during the test program was washed off by hand prior to the
last engine performance calibration before the engine was removed from
the test stand, In the low-pressure compressor, surface roughness
increased from an average of 36 Arithmetic Average (AA) to 40
Arithmetic Average. No change in high-pressure compressor airfoil
surface roughness was measured,

TABLE 29
BLADE TIP SEAL LAND WEAR VOLUMES

Wear Volume
Module Stage (cubic inches)
Fan 1 23.80
Low-Pressure 2 1.€9
Campressor 3 0.20
4 -
High-Pressure 5 0.83
Compressor 6 0.35%
7 0.16
8 -
9 0.08
10 -
| 11 0.35
12 0.07
13 0.36
14 1.27
15 0.96
High-Pressure 1 0.13
Turbine 2 0.83
Low-Pressure 3 0.19
Turbine 4 -
5 0.73
6 0.55
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TABLE 30
GAS-PATH INNER AIR-SEAL LAND WEAR VOLUMES

Stage

1

S s W N

10

11

12

13

14

Front
Rear
Front
Rear
Front
Rear

Front
Rear
Front
Rear
Front
Middle
Rear
Front
Middle
Rear
Front
Middle
Rear
Front
Middle
Rear
Front
Middle
Rear
Front
Middle
Rear
Front
Middle
Rear
Front
Middle
Pear

Front
Middle
Rear
Front
Mid-Front
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