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PREFACE

The work was performed by the General Electric Engine Business Group loeated
in Evendale Ohio during the 1977 through early 1980 time period. The faetors
utilized for cost cffectiveness and other cconoemic studies were based on the
estimated levels for the mid~1979 time period, and these results ecan be extra=
polated to obtain "them ycar" dellars.

The program was conducted for the National Aerenauties & Space Administration
Lewis Research Center, Cleveland, Ohio under Coentract NAS3-20631, "CF6 Ject
Engine Diagnestics Program". The NASA Projcet Engincers fer this pregram were
Robert P. Dengler amnd Charles M. Mehaliec.

The General Electric Company extends its thanks and appreciatien for the ef-
forts expended by the airlines in support of this pregram; and in particular

to United Airlines, which provided the majority of the hardware and perfor-
mance data.

The requirements of NASA Policy Directive NPD22204 (September 14, 1970) regard-

ing the use of SI units have been waived in accordance with the provisions of
paragraph 5d of that Directive by the Director of Lewis Research Center,
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1.0 SUMMARY

A program was initiated with the General Electric Company to conduct perfor=
mance deterioration studies for the CF6-6D engine. The basic objectives were
to determine the specific causes of engine deterioration that increase fuel
consumption, and to identify potential ways to minimize these effects. Cruise
cockpit recordings and test cell performance data were analyzed along with
hardware inspection data from airline overhaul shops, to define the extent and
magnitude of engine deterioration. These studies successfully isolated short-
term deterioration from the longer-term, and defined areas where a significant
reduction in aireraft fuel consumption can be realized for the 1980's.,

The short=term studies indicated that a 0.9 percent cruise fuel burn (cruise
sfc) lesc oceurs during aircraft checkout flights prior to aircraft delivery
to the airlines for revenue servics, While this loss may be minimized by a
change in the flight checkout procedure, high pressure turbine blade tip rubs
must be controlled to eliminate this source of engine deterioration.

The magnitude of long-term deterioration for the initial installation of a
production new engine at 4000 hours is 1.7 percent cruise fuel burn, which is
in addition to the short-term loss of 0.9 percent. The long=term loss for a
typical airline-refurbished engine is 0.9 percent in cruise fuel burn after
3000 hours. Short=-term losses were not isolated for the airline-refurbished
engine since sufficient data weve not available,

Tt was shown that the average refurbished enginc when re-installed for revenue
serviee has an inercasecd cruise fuel burn of 2.1 percent. This inercase over
the production new baseline represents 70 percent of the total performance
deterioration at next remevel. Based on 1979 estimated labor and fuel costs,
it is potentially cost effective to restore 63 percent of this 2.1 percent

in eruise fucl burn. Thi. represents a potential savings of 10.9 million
gallons of fuel that would be consumed by CF6-6D engines in 1980.

The fan section is the most promising area to regain performance by additional
restoratioa during each shop visit. This results from the on-condition main-
tenance concept that requires repair during a shop visit of mechaniecal distress
which exceeds published limits. Performance deterioration of the fan section
generally consists of superficial damage which does not exceed mechanical limi-
tations. In contrast, the unrestored losses in the high pressure turbine are very
small since that area is repaired during each shop visit to restore durability
properties.

The pot :ntial to make a notable impact toward energy comservation in the 1980's
has been demonstrated. .
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2.0 INTRODUCTION

A program has been initiated for the CF6 family of turbofan engines to iden=
tify and quantify the causes of performance deterioratien which inerease fuel
consumption. The recent energy demand has outpaced domestic fuel supplies,
ereating an increased United States dependence on foreign oil. This increased
dependence was accentuated by the OPEC embargo in the winter of 1973/74 which
triggered a rapid rise in the price of fuel. This rise, along with the poten=-
tial for further inecreases, brought about a set of changing economic circum=
stances with regard to the use of energy. These events were felt in all sec~
tors of the transportation industry, including the air cransport industry.

As a result, the Government, with the support of the aviation industry, has
initiated programs aimed at both the supply and the demand aspects of the
problem. The supply problem is being investigated by determining the fuel
availability from new sources such as coal und 0il shale, with concurrent
programs in progress to develop engine combustor and fuel systems to accept
those breader base fuels.

Reducing fuel consumption is the approach being used to lessen its demand.
The long-range effort to reduce fuel consumption is expected to evolve new
technology which would permit the development of a more energy efficient
turbofan, or the use of improved propulsion cycles such as that used for
turboprops. Studies have indicated that these approaches could yield large
reductions in fuel usage = as great as 15 to 40 percew hut a significant
impact in fuel usage is considered to be fifteen or mor:. sears away. In the
near term, the only practical approach is to improve the fuel efficiency of
current engines since these engines will continue to be the significant fuel
users for the next fifteen or twenty years. )

Accordingly, NASA is sponsoring the Aircraft Energy Efficient (ACEE) program
which is directed toward reducing fuel consumption for commercial air trans-
ports. Within the ACEE program, the Engine Component Improvement (ECI) pro-
gram is the element directed toward impreving the fuel efficiency of current
engines. The ECI program consists of two parts: (1) Performance Improvement,
and (2) Engine Diagnostics. The Performance Improvement program is directed
toward developing component performance improvements and improved performance
retention for new production and retrofit engines. The Engine Diagnostics
effort is to provide information to identify the sources and causes of engine
deterioration.

OBJECTIVES AND APPROACH

As part of the Engine Diagnostic effort, NASA Lewis initiated a program with
the General Electric Company to conduct performance deterioration studies for
the CF6-6D and CF6-50 engines. The major objectives of the program were 1) to
determine the specific causes of engine deterioration that increase fuel burn,
2) to isolate short-term losses from the longer term losses, and 3) to identi-
fy potential ways to minimize the performance deterioration effects. This
report covers the investigation of the CF6-6D engine model. The results for
the CF6-50 engine will be presented in a NASA contractor report to be issued
at a later date.
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The basie approach employed for the CF6=06D diagnostics efforts was to gather
sufficient performance and hardware inspection data te establish magnitude

and trends of performance deterioration for the entire life cycle of the en-
gine. Performance data were obtained from test cell recordings at the General
Electriec and airline facilities, from aircraft manufacturer's aircraft accep-
tance flights, and from cruise cockpit readings obtained during revenue ser=
vice. Hardware inspection data were obtained from both General Electric and
airline records, and supplemented by a special program between General Electric
and United Airlines where current hardware conditions were doewnented, To pro=
vide a representative sample of deterioration, analytical teardown analyses
were conducted on engines and modules that had accrued various operating times.
In addition, special engine tests were conducted involving selective refurbish-
ment activities to aid in isolating specific deterioration mechanisms,

The performance data were used to establish the magnitude and characteristic
trend of performance/deterioration. The hardware inspection data in conjunc=
tion with previously derived influence coefficients were used to isolate the
deterioration mechanism, and to assign & magnitude or loss to each mechanism.
Comparison of the overall ioss assessed independently from hardware and per=
formance data were used to determine the validity of the results.

REPORT FORMAT

FPigure 2=1 is a schematic of a typical engine life cycle which defines the
major divisions of performance deterioration which occur during the useful
life of the engine. The data in this report are presented in the same ovder
that performance deterioration occurs during the engine life cyecle. First,
Section 3.0 documents short-term deterioration which occurs during testing at
the aircraft manufacturer's facility prior to revenue service. Then, Section
4,0 addresses the long=term results which cover airline revenue service oper=
ation. The long-term results for the initial installation engine (productic-
new) are treated separately from those for the multiple build (also referreu
to as multiple installation) engine since the latter includes the effects of
airline repairs and practices.

The presentations for short- and long-term deteriocation are self=-supporting
and use similar formats. First, engine performance results describing rate
and magnitude of increased fuel usage are discussed. Then, hardware inspec-
tions results used to document deteriorazion sources are presented, including
analytical analyses to assign fuel burn effects to the individual hardware
conditions. Performance and hardware inspection results are compared to pro=-
duce an analytical teardown model which documents the magnitude and rate for
each of the observed deterioration sources.

The hardware data presentations also include an understanding of current air-
line refurbishment practices which permit documentation of after-repair part
condition. These data were used to produce recommendations for more effective
maintenance during each shop visit which can reduce fuel consumption. The
recommendation section also includes the results of studies conducted to de-
termine which of these items are potentially cost effective.
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3.0 GlORT TERM DETERIORATION

The phenemcnon of short=term deteriorvation is the first topie diseussed, as
this is the first imstance of performamee deterioration follewing production
cagine acceptance testing., This significant loss of performance oceurs at

the very begianing of the cagine life eyele for a high bypass=ratio turbofan.
Short=tcem deterioration is veps oceated schematically for the 6F6=6D in Figure
3=1 as an abrupt increasc of fucl consumption prior to airline revenue service,
and is defined in detail in the follewing paragraphs.

DEFINITION OF SHORT-TERM DETERILORATION

Although short-term losses could conceivably include the losses during the
first few hundred hours of revenue scrvice operation, it was decided to define
short=term deterioration for the CF6=6D engine as those performance losses
which ocecur at the aircraft manufacturer during airplane acceptance flights,
prior to initiation of revenue service. This decision was based on several
important considerations. Histerical records had indicated that significant
losses do occur during this phase of the life cycle, and a sufficient sample
£ acceptance flight performance data was available for analysis. Hardware
inspection data for engines with low numbers of revenue service hours were not
available. An analytieal tecardown inspection of a low time cngine was re-
quired to provide representative hardware information which was used to iso-
late short-term effects. Obtaining an engine for this teardewn inspection
after relatively few hours of revenue service operation was not feasible due
to scheduling and other concerns. However, it was possible to arrange an
engine removal, for the purpose of a hardware inspectien, after completion of
the aircraft checkout yet prior to aircraft delivery. Hence, a dominant fae-
tor in structuring/defining this investigation of short-term deterieratien was
the availability of required performance and hardware inspection data for en~
gines prior to revenue service operation. (It will be shown later that the
emphasis on deterioration during aircraft aecceptance testing was a most appro-
priate decision).

Short-term deterioration is evident when actuol cruise performance levels ob=-
tained during aircraft acceptance testing are compared with cruise values pre-
dicted from production acceptance test calibratiomns. The predicted cruise
values include adjustments for installation factors, such as bleed and power
extractions for airplane systems. Short-term deterioration consists of these
changes in performance that are in addition to the installation effects. These
short-term losses are real and noureversible when the engine is recalibrated

in the test cell, while installation effects are completely reversible.

BASIS OF DETERIORATION ASSESSMENT

The general approach used by DACo (Douglas Aircraft Company) for acceptance
testing of the DC-10-10 aircraft (the only aircraft powered by the CF6-6D
engine), is similar to that employed by other manufacturers of wide body
commercial aircraft. After extensive ground tests, aireraft/engine overall
performance and system operation are checked during the initial flight.
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Additional flights are conducted, as sequired, to test eorrcetive actions and
gor formal customer aceeptance. Short=term deteriopation is assessed frem
steady=state eruise performance moasupements which are obtained during the
initial f£lighe.

A representative DG=10-10 airplane checkout sequence for a typieal imitial
acceptance f£light is presented schematically in Figurve 3=2. After normal
takcoff and elimb to medium altitude, a mumber of system cheeks are eonducted
including one appreximating airvplane stall conditions which can result in
large exeursions of engine power. These checks are follewed by a climb to
high altitude, during which, aceceleration checks from flight idle to maximum
climb power are conducted om each emgine, one at a time. (These aceeleration
cheeks could potentially result in "hot rotor rebursts"; the significance of
which will be discussed later.) Stabilized eockpit readings of airvplanc/engine
parameters arc obtained wpon reaching a eruise altitude = typieally 35,000 to
39,000 feet. (These cruise performance measurements were used to evaluate
short=term deterioration.) Additional aceeleration and system checks are then
peeformed aet eruise. These ehecks are followed during desecent, by a shutdown,
and air start for cach ecngine. The approach landing operatien during the ini-
tial flight geaerally includes several go-arounds, and finally the flight is
terminated with a landing utilizing full reverse power.
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Figure 3-2, Typieal Initial Aeceptanco Flight for DC-10-10,




OBJEGPIVE AND APPROAGH

The objectives of the CF6=06D short=term deterioration studies were to define
the magnitude of the loss; and to isolate the individual deterioratien mecha=
nisms for the respective cemponents including apportioning the loss to these
sources. These studies included the analysis of existing DC=10=10 acceptance
£light data to establish average engine performance losses from production
aceeptance levels. A production engine (ESN 451507) was removed following
aireraft acceptamce flights specifically to undergo a test cell recalibration
and an analytical teardown inspection to provide the necessary hardware in=
spection data. A second and supplementary source of short=term hardware
inspection data was obtained from the High Pressure Turbine (HPT) Tip Noteh
program. This independent program was designed to use notehes in the blade
tips to c¢valuate HPT blade=tip=-to=shroud rubs and their resultant effect on
blade lengths., While this specific program addresses only one source of de=
terioration, it is of special interest since the preliminary results indicated
that blade tip rubs are a significant contributor to short=term losses.

The detailed results frem efforts expressly designed to understand short=term
deterioration are presented in the report, "CF6-6D Engine Short=-Term Perfor=
mance Deterioration” (Reference 1). The report includes cruise and test cell
performance rvesultc for over eighty productien CF6=6D cngincs, including LSN
451507, Asscssment of short=term deterioration mechanisms utilizing hardware
inspections results from ESN 451307 are also presented including details con=
cerning the locations of inspection checks, inspeetion methedology, and sup=
plementary inspection results. Finally, that report includes a summary of
the results quantifying short-term deterioration. The salient results from
that Short-Term Deterioration report, with sufficient detail for continuity
will be presented herein.

3.1 PERFORMANCE DETERIORATION RESULTS

Two sources of performance data were available for the study of CF6=-6D short~
term deterioration. First, there were cruise performance cockpit=measurements
which are routinely recorded by DACo during each initial DC-10-10 checkout/
acceptance flight. These records were available for all engines delivered to
the airlines on new DC~10-10 airplanes, and data were analyzed for all engines
beginning with ESN 451406, (Major product improvements for engine durability
considerations have been introduced into production engines starting with ESN
451406. These items have been retrofitted into all CF6-6D cngines and this
vintage production engine is alse representative of the curvent revenue serviee
configuration.) The sceond source consisted of inbound tests of two CF6-6D en-
gines after undergoing airplane/engine checkout flights, but prior to their
entry into revenue service. One of these engines (ESN 451507) was removed

from wing and tested specifically as part of this short~term investigation,

The large sample of cruise performance measurements from the initial airplane
checkout flight was used to establish the average short-term loss. The in-
bound test results were used to demonstrate that the losses were the result
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of ecal, nonrcversible deterioration; and, further, to substantiate the assesse
ment 9f the cpuise eheckout data. In both instances, assessments were based

on analysis of individual engines.

GRUISE PERFORMANGE_TRENDS °

Cruise cockpit data recorded st stabilized eonditions during the {*rst check=
out flight of each DC=10=10 aireraft included both engine and airplane £light
parameters., Significant engine performance parameters recorded during the
ceuise setting consisted of fuel flow (WFM), exhaust gas temperature (EGT),
fan speed (N1), and core speed (N2), while airplane conditions inecluded alti-
tude, Mach number and ambient temperature. In order to assess performance
deterioration, it was necessary to compare these cruise measurements at algi=
tude with measurements of uninstalled, sea level static performance data ob-
tained during the engine production acceptance testing.

Prior efforts had indicated that a reasonable correlation of EGT measurements
was possible between production acecptance test=cell levels and initial cruise
readings. This correlation was derived by separateiy establishing the rela-
tionship of each (test cell and eruise EGT measurements) to a common reference
temperature, namely the maximum EGT certified for the CF6=6D, Margins with
respect to the maximum certified EGT could be determined, and the change in
performance could be assessed by direct comparisons ef test eell and cruise
EGT margins. This correlation between test=cell and cruise temperatures were
doveleped primarily because of the historic interest in EGT as an indicatien
of engine health; experience indicates it produces acceptable results.

However, a correlation of fuel flow between test=cell and eruise measurements
has been very diffiecult to develop, and presently no reasonable correlation
is available. Experience has shown that craise fuel flow levels have been
useful primarily to trend changes in usage with time, but absolute levels of
fuel flew have been less consistent than EGT measurements. Several conditions
are known to contribute to the greater inconsistencies of fuel flew compared
with those of EGT measurements. First, small differences in ecore exhaust nez-
zle area that exist between the individual core thrust reversers or the fixed
nozzles can produce large changes in fuel flow but small changes in EGI. Sim~
ilarly, changes in thrust as the engine deteriorates produce relatively large
changes in fuel flow with smaller changes in EGT.

Based on these considerations, the procedure used teo establish short=term fuel
burn deterioration was to determine the change in EGT margin between test=-cell
and initial cruise measurements. The eorresponding change in fuel flew was
then ealculated from the delta temperature, using the computer cycle deek,
engine derivatives and component models. This fuel flew caleculation procedure
was substantiated with inbound test cell performance rumns, where deterioration
in both fuel flow and EGT can be more properly assessed.
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Aaalysis of Imitial Plight EGE Measueements

Gruise peeformance data vceorded duping initial DG=10-10 aceeptance checkout
Elights were analyzed for ninceky engines. These inelude all €F6=6D engines
filown on initial DACo checkout flights between Jansary, 19746 and February,
1978 (eagine serial numbers 651606 to 451512), Apparent moasurement ervors
weee noted for eight enginess their data were not considered., Anaiysis of
the cockpit data for the semaining eighty=two cngines have been summarized
in terms of equivalent margins relative to the CF6=6D eortified maximum BGT,
as follows:

Table 3=1, Surmary of EGT Margins & Deterioration,

Average (° €) | Sed, Deviation (* G)

Production EGT Margin 45,3 8.8
Checkout Flight EGT Margin 31.2 8.9
Short-Term EGT Deterioration 14,1 7.4

Thus, the deterioration became cvident as a loss in EGT margin. As will be
shown from comparisons of shipped=to=inbound test cell performance, this loss
in EGT margin was real and not the result of an installation effeect.

The initial checkout EGT performance data for the eighty=-two engines were
also examined to identify any apparent trends. While the confidence level

in the first=flight average deterioration was high, large canginc-te=cnginc
variations were chserved. Statistical analysis indicated a tendeney for the
short=term deterioration of individual engines to vary frem the average 14° C
loss according to their production test cell EGT margin (EGIM). Although not
a strong trend, engines with better as=shipped production margin tended to
deteriorate more during the airplane checkout, as suggested in Figure 3-3.
However, the significance of this observation was censidered to be question-
able bascd on the degree to which it reduced the data seatter. The standard
error of cstimate (SEE) asseciated with the data-fit was enly slightly lewer
than the standard deviation (o) assoeiated with the mean of the data (6.8° €
versus 7.4° €). Further analysis, as additional data becomes available, will
be required to determine whether such a general trend dees exist.

Analysis of Multiple DACo Flight Data

The DC~10 checkout procedure typically consists of three or four differenmt
flights, including an airlime acceptance flight. The questien arises whether
additional short-term EGT margin losses are typically imcurred during these
later flights or, for that matter, during the remainder of the first flight
after the eruise performance measurements have been obtained. To answer this

10
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quoseion, tho Eiese Elighe ceuice performance was compared with ouscessive
BACo flighe data and with early ecvenue sosvice ceuise trends for a limited
aumber of engines.

Muleiple check=flight cruise data wowe available for tem of the eighty=two ew
gines. The EGT losses for these engines during DACo flight tests and early
povenue sosvice ase peescated in Figuve 3=6. The average loss of BGE margin
for the scven cagines for which ceuise data frem theee f£lights were obtained
at DACo wore 15.7° €, 15.6° 6, and 15.9° 6, respectively = indicating that
theee was no additional loss during the remainder of the airerafe checkout
flights. Likewise, no general trends of inereasing BGT losses were evident
from early revenue segvice cruise data for these ten engines.,

Inigial Revenue Seevice Data

In addition, airline trend data were available for forty=eight engines within
about the first 300 hours of revenue service oporation, and these BGT levels
were cempared with the performance levels during the initial DACo aircraft
checkout flight. The average EGT increase was about 2° € which confirms the
results presented in Figure 3=6. While there were the expected engine=to=
ongine variations abeust the average additional 2° ¢ loss, engines from one
airline recorded average additional early losses of 6° € which compared with
less than a degeee average change ezperienced by twe ether airlines. (These
differences were not eonsiicied to be of major importance, and did not warrant
additional investigations with che available information.) In general, there
appeaes to be little additional short=-term deterioration after the initial
DACo checkout flight.

Initial Loss for Spare Eangines

Cruise performance data were also analyzed for new spare engines delivered
directly to the airlines, in order to assess whether differences exist in
their short=-term deterioration characteristics., Early eruise trend data were
available for eleven new spare engines which entered revenue service having
bypassed the DACo checkout. EGT deterioration for these spare engines was
determined to be 9° € (o = 6° C) after an average of 351 hours of opecration,
This deterioration was about one half of that recorded at appreximately the
same number of revenue service hours for the forty-eight engines which had
undergone airplane checkout procedures. While these spare engines comprised
a small size sample, their performance trends indicated that a significant
amount of shert-term lesses observed at DACo might have resulted from non=
standard, revenue service operation during the airplame checkout sequence.
(This will be further discussed after the test cell results are prescated.)

Assessment of Fuel Burn From Cruise Data

As previously noted, the measured less in cruise EGT margin was used to pre=
dict the short~term fuel burn inercase. Based en previous experience (con-
firmed by hardware inspeetion data presented in Section 3.2), the everall

12
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shose=tosm loss in B6E marpia can be assigned to the high procsure system

{coge module). Bagine desivatives weee available to equate given champes in

b6 for the individual modules eo wnique fuel burn offecks. The relationships

botween BET and fuel buen changes ave approximately thie same for each of the
core medules. Thus, using this depivative, a shopt=tesm fuel bura increace
was calculated which was equivalent to the measured BGT imercase {whothes due
to deeceioration of any individual module op cembination). Using this mothed,
ghe averege loss of 16° € in cruise BGT margin for the cighty=tws cagines
sample was cquivaleat to a eruise fuel buen increase of 8.9 perceat.

Thus, a reproscatation of overall short=tesm porformance deterioration was
derived based on the average meassred loss of cruise EGT margin which waw age
tributed to cogo deterioration. Utilizing a maehemakical model of the thormo=
dynamic eycle for such a deteriopated cugine, the cquivaleat sea level seatie
doterioration was estimated in tecms of overall peeformance. This asscssment
of short~term deterioration is summarized im Table 3-11,

Table 3=11. Assessment of Average Overall Short=Term Deterioration
Based on Cruise EGT Measurements.

overall Performance Sea Level Statie installed Cruise
(Delea From New)
& SPC at PN (X) 1.3 0.9
A EGT at N1 (° ©€) 18 164
4 WEM at N1 (%) 1.5 1.3

This assessment remained to be verified by test cell measurcments of tore=
term deterioration as will be disecussed next.

INBOUND TEST CELL RESULIS

Inbound test=cell performance ealibrations to substantiate shert-tcrm deteri-
oratien were available for twe engines. The first, ESN 451487, had been re-
moved to be favestigated for a vibration complaint and was tested at Omtarie,
California (AS0/0) during 1975. The sccond, ESN 451507, was remeved speeif=-
ically for this investigation and was alse tested at the Gemeral Eleetrie
facilities at Ontarie, Califormnia (AS0/0).

ESN 451487 Inbeound Test

Prior to its inbound test-cell calibration, ESN 451487 was installed en twe
different DC-10-10 agirplanes during their respeetive initial eheckout flights.

14
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This engine was initially flown on the first flight of fuselage number (F/N)
209 during which it lost 14° G in EGT margin, matching the average cruise loss
for the eighty=two CF6-6D engines as preseated in Pigure 3=3., The engine was
vcmoved after this first flight and installed on F/N 210 for the first check=
out flight of chat aircraft. During this flight (the second flight of the en=
gine), an additional loss of 5° € cruise EGT margin was noted, making the
total 19° € sinee the production acceptance test. The EGT deterioration de=
rived from this second flight is shown in Figure 3=3,

2 While the cngine was removed after the second flight teo investigate a vibra-
P tion complaint, a performance calibration test was conducted. The short=term
” deterioration assessment based on a comparison between the inbound .est cell

i results and factory performance levels indicated a sea level static cfe in-

, erease of 2.2 percent at constant thrust as well as 21° C EGT and 1.8 percent
f fuel flew increases at constant fan speed. These data thus verified that the
short=term losses incurred prior to introduction to revenue service were both
real and non-reversible.

b ZREERE

These test results for ESN 451487 were compared with assessments of short-term
sca levol deterioration estimated from the average cruise levels obtained from
the eighty=-two engine sample (previously presented in Table 3-II). Further,
the test cell deterioration for ESN 451587 was projected to eruise conditions
and then compared with the cruise deterieration asscosments for the eighty=two
engine sample. As shown in Table 3-I11, both the test cell and projected

, cruise performance levels for ESN 451487 were higher than the assessments for
’ the average engine. -

Table 3~III. Short-Term Performance Deterioration Assessment

Inbound Test of ESN 451487

4 SLS Test Cell Installed Cruise
Fleet Fleet
ESN 451487 Average ESN 451487 Average
Overall Performance Measured Estimated | Measured | Projected | Measured
(Delta From New)
4 SFC @ Fn (%) 2,2 1.3 —— 1.5 0.9
A EGT @ N1 (° C) 21 18 19 17 14
A WFM @ Nl (%) 1-8 1.5 ———o= 106 103
*Estimated based on measured EGT level
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llowever, the measured cruise EGT loss determined from the checkout f£light for
this engine substantiated that this engine deteriorated more than the average
at the time of its second flight, The cruise EGI loss analytically derived
for ESN 451487 from the measured test cell data was within 2° € of the EGT
deterioration measured during the cruise checkout. This comparison, also
shown in Table 3-III, indicated that the calculation and comparison procedure
used to equate cruise and test cell EGT levels were reasonable.

ESN 451507 Ianbound Test

As noted previously, the activities to quantify short~term performance deteri-
oration included special testing of ESN 451507, This engine had completed the
entire DC~-10-10 aircraft/engine checkout at DACo before being removed for the
test=cell performance calibration. Performance testing of this engine in-
cluded the standard factory production acceptance test calibration as well as
the special inbound test at the Ontario, California (AS0/0) facilities. The
inbound performance calibration test at ASO/0 following the DACo flight test-
ing consisted of three separate runs: two calibrations with the engine in the
as-received condition, and the third following cleaning of the Stage 1 fan

blades. (No measurable difference was observed.) The instrumentation was
identical to that used at Evendale.

Unfortunately, an undetected thrust measurement error during the inbound cal-
ibration made changes in thrust levels and, thus, the resultant sfc¢ values,
unreliable. However, test-cell measured changes in fuel flow along with EGT
at constant fan speed were available to assess deterioration. The measured
sea level deterioration baced on the comparison of the inbound test cell data
with the production acceptance performance was 15° C EGT and 1.6 percent fuel
flow at constant fan speed. Analytically projected to cruise conditions, the
losses were 12° C EGT and 1.4 percent fuel flow. As shown in Table 3-IV, the
sea level test cell data as well as the projected cruise losses for this en-
gine matched the average deterioration derived for the fleet.

Table 3-IV. Short-Term Performance Deterioration Assessment
Inbound Test of ESN 451507.

SLS Test Cell Installed Cruise
Fleet ESN 451507 Fleet

Overall ESN 451507| Average |Airplane |Initial Pro=- Average
Performance Measured |Estimated | Checkout |Rev. Serv | jected | Measured
(Delta From New)

A SFC @ Fn (%) - 1.3 —— - ———— 0.9

A EGT @ N1 (° €) 15 18 22 17 12 14

A WFM @ N1 (%) 1.6 1.5 —— s 1.4 1.3

*Estimated based on measured EGT level
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These projeceted cruise BGT and WFM inercasecs thus suppovt the sfe deteriora=
cion estimated frem the airplane aceeptance eruise performance. While the
eruise BGT loss measured for ESN 431507 during the initial airplane eheckout
£light (22° €) appcarcd high (Table 3-1V), measurcmonts made during initial
rvovenue serviec only indieated a less of 17° € - magnitude which was more in
1linc with the cxpeeted loss.

Thesc inbound test results again demonstrated that short=term performance
deterioration was both real and neareversible. Further, the similarity be-
tween the measured performance loss for ESN 451507 and the cstimated fleet
average deterioration indicated that the observed short-term deterioration
of this particular engine should be represcatative of typical CF6-6D engines
after airplang/engine checkout procedures; that is, prior to entry into
revenue serviee., As such, the observed hardware conditions of ESN 451507
should likewise be representative and can be used to quantify short=term
parts deterioration of the CF6-6D engine mo.el,

OBSERVATIONS FROM PERFORMANCE ANALYSIS

Analysis of cruise performance data indicated that significant losses do oceur
for the CF6=6D model engine during the first checkout flight at DACe, but the
performance generally remains relatively stable through at least the first

300 hours of revenue service operation. Further, test cell performance re=
sults demonstrated that this short-term deterioration is both real and non-
reversible, not just an installation effect.

No firm evidence was available te determine the specific engine operation
which results in this short-term deterioration by the time cruise performance
measurements are taken during the first flight. These measurcments are taken
under stabilized cruise cenditions after the airplane attains high altitude
flight for the first time. Prior to recording the first flight cruise perfor-
mance, the engines have undergone an exteansive series of ground checks, their
first takeoff rotatiom, operation at altitude and in-flight system tests. It
would normally be expected that some deterioration of engine performance would
occur during the initial on-wing operation of the engine; however, neither
factory tests nor airline experience (with the initial operation of rebuilt
and new spare engines) would suggest as much short=-term deterioration as ex-
perienced during airplane acceptance testing.

It was inferred during the discussion of the checkout flight that the short-
term deterioration experienced during the airplane checkout resulted from some
engine operation which was not typical of revenue service. One such checkout
sequence was identified which is not typically encountered during revenue ser-
vice operation and which could contribute significantly to the short-term
deterioration. This sequence was the acceleration checks from flight idle to
maximum climb power, during which the potential exists for a "hot rotor re-
burst" to occur. This was considered very significant since it is known that
a "hot rotor reburst" - that is, rapid acceleration of the engine from low
power with the engine still hot from previous operation at high power - can
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rosult in abnormal thesmal elosurc of engine elearamces, noetably between the
high pressure turbine blade tip and shroud. Another possibility is that a “hot
rotor rchurct" could inadvertently oceur during the ground system eheeks prior
to the fipst £light, for example, while the engine throttle linkages are being
teimmed. In either imstanece, turbine c¢learances would be imcreased if a blade
tip rub would eccur, rcsulting im a loss of perfermamce. Neither potential
oceurrcnce would be typical of revenue serviee, which is im agreement with the
spare engine data that indiecated that short=tcrm deterioration resulted from
nonstandard operation of the engines.

1f HP (lligh Pressure) turbine blade tip rubs have ececurred, inspeetion of the
turbine hardwarc would show that eclearances were imercased. As will be shown,
in Scetion 3.2, the hardware from LSN 451507 did indiecate significant tip rubs
had oceurred, suggesting the possibility of a "het rotor reburst' oceurrence.

No matter what speecifiec causes contribute to the total deterioration, the mag-
nitude of the short=term losses has becn determined. The average inerease in
cruise fuel burn prier te an engine's delivery for revemue service operation
was established as 0.9 percent, based on the analysis of the eighty-two engine
sample. Also, the eruise and inbound test=-cell results were found to be eon=
sistent. Further, it was determined that the short-term deterioration for ESN
451507 was representative of that established for the CF6~6D medel emgine,
therefore, the hardware inspeetion results for that cngine will be considered
to be rpresentative of the CF6=6D £leet.

3.2 HARDWARE INSPECTION RESULTS

The second major part of the shert-term performance deterioration studies was
to obtain and analyze hardware inspection data. While cruise performance

data were used to establish the magnitude of the loss, hardware inspection
data were required to isolate the sources or causes of the performance deteri-
oratioen,

After its inbound performance test, ESN 451507 was subjected to an amalytiecal
disassembly to obtain hardware inspeetion data required to isolate the causes
or sources of short~term performance deterioration. It was previously shown
that eruise performance deterioration for ESN 451507 was typical of the fleet;
therefore, these hardware data used to assign short-term losses to the various
deteroration mechanisms should likewise be a representative sample of the CFo-
6D engine model. A limited quantity of hardware inspection data, available
from another source, was used to substantiate the major deterioration mecha-
nism isolated from the ESN 451507 results.

The testing and inspection of ESN 451507 was conducted at the General Electric
faecility located in Ontario, Califernia. All engine modules were inspected,
and attention was directed toward the three major sources of deterioration:
clearances, airfoil quality and leakages. These inspection results, in con-
junction with Influence Coefficients, were used to isolate the deterioration
mechanisms and assign a fuel burn deterioration to each source. Influence
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Cocfficionks are cmpirically or amalyetically derived facteors whieh cquate a
change in a hapvdwape cendition te a change in porformamec. For example, a 30
mil inercase in Stage 1 HWPT blade-tip=-to=shroud clecaramee is cquivalent to a
0.8 perecnt increase i eruise fucl comsumption. The detailed inspeetion ree
sults, including methedology, location and amalyses are eomntainod in the "CP6-
6D Enginc Short=Term Performanec Deterioration" Report (Referemee 1),  These
details will not be repeated in this peport) enly a short discussion to defime
the extent of inspections with salient vesults for vepert centimuity will be
proscnted.

The CF6=6D cngine is of modular comnstruction, such that the major compenents

of the cagine can be independently repaired and modified with cemplete inter=

changeability with other modules. lHardware inspeetion data are gemerally sum=

mariced im the same mamner, i.c., by individual seetions of the engine. Sinee |
the CF6=6D is a dual=spool, turbofan modcl engine, it is legieal to iseolate |
the comprossor and turbine scetion for cach speol - that is, the low and high

pressure (eorc) systems. Aceordingly, the hardware data have been summarized

into four major eategories: fan, high pressure cempressor, high pressure turp=

binc, and low pressure turbine. Figure 3=5 is a cross seetion of the engine

showing these major divisions.

FAN SECTION

The fan scetion consists of two stages: one full fan stage and a sceond boester
or quarter stage to supercharge the gas flow to the high pressure cempressor.
Fixed stator vanes are incorporated aft of ecach stage, but inlet guide vanes
were exeluded beecause of neise considerations.,

Hardware inspections included a visual inspeetion of the entire module as well
as measurcment of 8Stage 1 fan blade~to-shreud clearance. The Stage 1 fan
blade airfoils were inspected for leading cdge shape (profile) and for airfoil
surface finish changes.

There was no measured short=term loss associated with the fan seetion. A back-
to-back test cell run was completed which indieated no change in performance
after cleaning the fan blades. Six fan blades were removed, and leading edge
inspection by comparisen to blueprint specifications indiecated no change in
contour,

HIGH PRESSURE COMPRESSOR SECTION

The high pressure compressor is a l6é=-stage, high-pressure-ratie (approximately
16 to 1), axial flow design. Variable inlet guide vanes are included, and the
first six stages of stator vanes are variable. The compresser section provides
bleed air at warious comnpression stages for hot sectioen cooling and purge,
along with airframe pressurizing and antiicing air.
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The high pressure compressor rotor and stator subasscmblics wope remeved from
the engine for imspeetion. Tem bladeo per stage (Stages 3 through 16) and

ten vanes per stage (Stage 7 through 0GV) weee removed to ebtain roprescnta=
tive supface finish data. The flowpath ceating was inspected for spalling

and cvidenee of rubs to ascertain potential elearance chamges. The radial

CDP rotating=to=statiomnary scal elearanee was dotermined to iselato any poten=
tial parasities (internal leakages).

Rubs wore noted on the stator easing rub coat from eompressor blade tips,
particularly in the upper half near the 12 o'elock position. These rubs were
noted in most stages, ranging from a "kiss" (no depth) up te 0,008 inch. Minor
spalling of the easing rub eoat was alse noted. The perfermanee asseeiated
with the estimated elearanee change was 0,05 pereent in compressor cffieicney

= oquivalent to 0.03 percont in cruisc fuel censumptien. All ether measured
conditions were within now engine tolerances.

HIGH PRESSURE TURBINE SECTION

The high pressure turbine consists of twe stages of rotor and stator airfoils.
The two rotor stages inecorperate air-ceoled, non-shrouded blades and passive
cooling and purge features for tip eclearamec eontrol. Fixed stator vames are
provided upstream ..f cach reter stage; beth vanc rows are eoeled by cenvee-
tion, and the Stage 1 vanes also incorporate film coeoling.

Detailed measurments were made to determine the change in blade tip=te=shroud
clearance from their original condition. Scleected Stage 1 and 2 blades and
vanes were subjected to surface finish measurements, and the statie parts
(shrouds, supports, and vanes) were inspeeted for distortion that could re=
sult in an internal leakage (parasitie).

Degradation of the high pressure turbine is the dominant factor in short-term
deterioration. Over 90 percent of the assessed eruise sfe less for ESN 451507
was attributed te this section of the engine. Turbine blade rubs had occurred
on both stages, resulting in a Stage 1 and 2 blade tip clearanee inecrecase of
0.021 inch and 0.011 inch, respeectively. This was almost all of the turbine
degradation and is equivalent to 0.72 pereent in inereased eruise fuel con-
sumption. To further understand short-term performance deterioraticn, notches
were incorporated into the tips of seven production engines te assess blade
length change with time. Borescope inspection (which does not require engine
disassembly), conducted on these engines after completion of aircraft accept-
tance testing, verified the results noted for ESN 451507 and substantiated that
blade tip rubs are the dominant mode of short=-term deterioration. The details
of this tip noteh program are presented in Reference 1.

Surface finish measurements of all airfoils indicated a slight roughening of
the Stage 1 nozzle vanes resulting in a 0.02 percent increase in cruise sfc.
Measurement of turbine seals and Stage 1 vanes for distortion indicated no
parasitic loss, and the measured Stage 1 nozzle vane throat area (A4) was
within nominal tolerances.
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LOW PRESSURE TURBLNE SEGTION

The low pressure turbine consists of five stages of votor and stator airfeils.
All poter stages have low tip speed, high=aspeet=ratio, shreuded blades. Bach
rotor stage is preceded with a £ixed stator vame. The blade and vame airfeils
arc aot eooled, but ceoling is provided to the stater easing for elearanee
eontrol purpeses.

Inspeetions te assess deterioration mechanisms ineluded determination of blade
tip=to=shroud and intcrstage scal elearances. In additiom, representative
surface finish data were obtained for cach airfeil stage by mcasurcment of six
randomly sclected parts.

Two arecas of minor deterioration were assessed in the low pressure turbine
scetion; surface finish change for the Stage 1 vane and interstage seal radial
eclearanece. The Stage 1 vane surfaece finish was 80w in. (AA) compared with new
engine requirement of 63u in. The rotating interstage scal teeth were found
to be from 3 to 10 mils smaller than new cngine minimum, whieh caleulates te
be a 0.04 perecent increase in eruise sfe. The effeet of vane surface finish
change was negligible.

SUMMARY OF HARDWARE INSPECTION DATA

The short-term losses assessed from hardware inspeetion data for the various
engine sections are summarized in Table 3=V,

Table 3-V. Short Term Hardware Inspection Results.,

A Cruise
Seetion 4 Efficiency (%) sfe (%
Fan 0.00 0.00
HP Compressor 0.05 0.03
Airfoil Surfaee Finish 0.00
Stater Land Rubs 0.05
HP Turbine 0.95 0.74
Stage 1 Nozzle Surface Finish 0.03
Blade Surface Finish 0.00
Stage 1 Blade Tip Clearance 0.70
(+ 21 mils)
Stage 2 Blade Tip Clearance 0.22
(+ 11 mils)
Parasitics 0.00 0.00
All Seals Nominal 0.00
LP Turbine 0.07 0.04
1/S Seal Clearance 0.07
Total 0.81
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He shewn, losses im the high pressure tuebine ave the major scurce of shevte
tosn performance detepioration and blade tip=to-chroud rubs are tho dominant
factor. The ecaleulation of fucl consumption cffects to the sceond deeimal
point is not intemded te comvey that this is the level of aceuraecy. Rather,
the loss mechanisms which were isolated for the HP compressor and LP turbine
scetions have a small influcnec on fucl consumption and the measured deltas
were also very small. Realistieally, the only condition isolated, which is a
significant contributor teo short=term dctervioration, is Stage 1 and 2 high
pressure turbine blade tip rubs.

3.3 DISCUSSION OF SHORT=TERM RESULTS

It can be comeluded from these data that ESN 451567 is typical of the average
short=term deterioration for the CF6-6D model engine, since measured eruise
performanee loss and the dominant deterioration seuree agree well with similar
data from other CF6-6D ecngines. Hewever, a comparison of the short=term loss
assessed f£rom hardware inspeetion data from ESN 451507 with the total mecasured
loss based en performance data is also sequired before it ean be substantiated
that the hardware results are reaseonable.

Data presented in the Short Term Deterioration Report (Reference 1) indieated
the total fuel consumption inercase derived from the two independent metheds
for BSN 451507 was as fellews:

4 Cruise
Fuel Consumption (%)

Hardware Inspection +0.8
Cruise Performance +0.9

As noted, these independent studies predueed results within 0.1 percent of
each other, and the hardware data isolated over 88 percent of the loss ex=
pected from cruise performance data. This cemparison is considered cxeellent,
and substantiates that the hardware assessments are a realistic representation
of short=-term deterioration.

Therefore, based on (1) these test results whieh indicated that ESN 451507
performanee and hardware results were typieal of these expeected for other
CF6-6D model engines, and (2) the exeellent agreement between eruise perform-
ance data for ESN 451507 and the short-term deterioratien independently as-
sessed from hardware inspection, it is coneluded that the short-term deterior-
ation for the CF6-6D model engine is 0.9 percent in eruise fuel burn and that
the major source of this loss is high pressure turbine Stage 1 and 2 blade
tip~to-shroud rubs.
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3.4 RECOMMENDED ACTION

Theoe sepagate couvpses of aetion have been initiated te eliminate or alleviate
those short=torm losses. It was noted that each engine is decelerated frem
high pewer to £nghe idle and then subjocted to a rapid acceleratation durzmg
aireraft climb prier to recording stabilized performancc data durping the aipe
cpaft acecptance flights (cce Sceeion 3.1). It is known that this type of
thernal transient (termod "hot rotor reburst") ecan cause HP turbine blade tip
gubs due te different thermal groewth rates for the petating and stationary
structures, The aireraft acceptance flight test procedure is being reviewed
by DACo/GE in an cffort te modify this proccdure whieh is not comsidered rep=
resentative of revenue serviee operation,

The companion Performance Improvement program sponsored by NASA Lewis is de=
veloping two gencrie mtcms g£or 1IP turbines. Both of these = the Roundness
Control program, which is developing improved and more efficiently cooled
static sctu@tures. and the HIPT Active Glearance Control, which will meter
cooling air bascd on thermal and operational considerations rather than by
fixed orifices = can help reduce or eliminate these shert=term losses.

A third approach being developed by General Eleetriec is to utilize an abrasive
coating on the high pressure turbine blade tips. This eoating is to provide
the mechanism to "machine” the shroud during adverse thermal conditions, thus
produeing local removal of shroud material rather than shortening of all the
blades. This approach eliminates the perfermanec effect from the rubs sinece
studies have indicated that the rubs are very leecal, and the tetal shroud mate~
rial removal and resultant clearanee inerease will be minimal.

In summary, these studies have cffeetively isolated the short=term loss of 0.9
percent in eruise fuel burn to inereased high pressure turbine blade-to=-shroud
clearances due to rubs, and have identificd the probable eause for the rubs.
As a result of the findings, work has begun toward the development of modifi-
cations that would eliminate or reduce these iosses.
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4.6 1ONG=TERY DETCRIORATION

Pollowing airceaft acceptance tosting by the sirerafe manufactuver (PAGo
only for the CF6=6D model cmgine), the aiveraft is deliveped to the aige
linos for pevenue seeviee utilization. Looses which eccur during revenue
seevice operation are bpoadly classificd as lemg=tcem deterioration,

DEFINITTION OF LONG-TERM DETERIORATION

The long=term deterioration studies were aimed at dividing losses under this
broad category into three separate but related classifications. These classie
ficationus are termed initial-installation, mulggplesbuglé, and unrestercd per=
formance. Figure 4=1 shews a typical life eycle in terms of fuel consumption
delta versus time.

An explanation of this schematie follews:

1. Testing of productien new engines in the manufacturer's facility
establishes the average preduction new baseline.

2. Losses experienced during revenue service (beyond shert=term lesses
incurred during aireraft aeceptanee), and prier to removal fer
first repair are ealled initial-installatiom lesscs.

3, The first removal of an engine for repairs oceurs after eompleting
an unspeeificd number of hours based on exeeceding an on=conditien
limit (as opposcd to fixed time). After scrvieeable modules are
rcassembled, the ecngine is performanee calibrated; the delta between
this level and the production new baseline establishes the unrestered
performanece. The word "servieeable" is used by the airlines te de-
note a repaired engine ready for serviee,

4, The on=-wing deterioration that occurs during additional revenue ser=
vice, after reinstallation, is termed multiple=-build less.

5. The eyele of eng1n0 removal, repair, and reinstallation eomtinues
until the engine is retired from serviee. The multiple~build and
unrestered performanec designatiens are represcmtative fer the
remainder of the engine's life eyele.

OBJECTIVES AND APPROACH

The majer objectives of the long=-term studies were to defime the extent and
magnitude of deterioration, establish statistieal treads, isolate and quantify
the sourees and eauses of deterioratiem, as well as recommend areas where
performance improvement/retention items can be applied for current and future
engines.
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Tho basic appeoach wsed for long=tosm otudics was te pather sufficient pope
fogmanee and hapdwage data to ostablich the magnitude and trendo of perfor=
mance detorioration £or cach major portion of tho life cyele. Performance
data used to analyze longe-torn detepioration wore obtained frem tost ecll
rocordingo at the Gemeral Bloctrie and airlime facilitico and feen eruise
cockpit secordings obtained duping povenwo sesvice. Hardwape inspection
data wose cbtained frem historical Gemoral Bleecerie cad airline veeords

and weee supplemented by a speeial program with Usited Airlines whereby cupe
ront havdwore eonditions worpo doeumented. Annlytieal tcardewn analyses ware
conducted on engines and modules that had accrued various operating times

to previde a popresentative sample. In additien, speeial back-to=back engine
tests weee conducted involving selective refurbishment activities teo iseolate
spoeifie deterioration mochanisms.

The performance data were used to establish the magnitude of the everall de-
terioration. The havdware inspeetion data, in conjunction with previously
derived influcnee coefficionts, were used to isolate the deterioration mecha=
nisms and to assign a magnitude of loss te ecach meehanism, ©Cemparisons of
the overall less assessed indepondently from havdware and performance data
were used to determine the validity of the results and te establish deterio-
ration models whieh would assign and quantify leng-term deterioration losses.

REPORT FORMAT

The presentation of the leng=teorm deterioration is im a format sémilar to that
used to present the short=teorm results. First, cruise and test ceell perfor-
manee results are disecussed to deseribe the characteristic rate and magaitude
of long=-term deterieratien., These data presentations have beem arranged te
separately diseuss eaeh major portion of the life eyele: initial=installation,
multiple=build and unresiored performance. Hardware inspeetion results used
te document the sourees and eauscs of deterieration are then presented., The
hardware data are prosented for caeh of the four major scetions of the engine
(£an, high pressurc compressor, high pressurc turbine, and lew pressure
turbine). Each scetion ineludes a deterioration model documenting the magni-
tude and rate for caeh obsecrved source.

A discusscion of thc salient perfermanee and hardware inspeetion results are
then presented, The results frem these twe independent assessment toshniques
are cemparcd and summarized., Tegether they are used te quantify the sources
of leng=term deterioration.

4.1 PERVORMANCE DETERIORATION RESULTS

Two gencral types of perfermanee data were utilized for the study of CF6-6D
long=term deterioration., These data types were similar te these utilized
during the study of shert-term deterioration. First, coekpit mecasu:cments
of ecruise performance were obtained frem routine airline trend records for
individual engines in revenue serviee. These eruise data were available,
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in vasicuo fLoemato, for Loue of tho five denootic alvlinmos that oporato GPH=0D
posaged 06=10 airplanco. OCoeendly, toot cell peefosmamce calibeation data wogeo
obtained frcn a limited mumbor of imbound teoto of deteeierated enginco priog
o cofusbichmont and fyen a lagge nurmbes of poutine outbound tooto of oosvice=
able cagincs poburning fren the airline sepair chops 8o vevenuo sosvice. The
poefoenance data (both eypes) woge socorded between 1976 and 1978, duping a
poriod whon it ic baown that the CPO=0D caginco dmeorporated eugront predueticn
haedware (ciehor factory-imstalled op wpgeaded im tho £iold). As cmpected,
meee performance data were available for investigations of lomg=tesm detegio=
gation than for short-tesm simee almost all of om caginc's lifespan io speak

in the long=tesm realm,

The lasge quantity of revemue scevice eockpit vecordings was usod to ctatistie
cally derive the magnitude and teends of cruice pesformance deterioration,

The airlines currently use such eruise data to dorive menthly trends for the
avezage performance of all ecagines in their f£lcots = f£lecks whose cagines
range f£rom the recently installed to wnits that have lepgged thousands of
hours., While this proccdurc produces a statistieal fucl burn trend for the
£leot (information of major cconcmic ecomccen), it provides veey titele fmsight
into tho deterioration characteristics of the individual omgime., Thereforo,
gor this study, the revenue sceviee cruise data were amalyzed by tracking the
performance level from imstallation to rcmoval for specifiec imdividual omgines
on a regular basis (monthly, or as regularly as fcasible). This mothed not
only permitted assessmont of cngine performamce deterioratiem charaeteristics
but alse preduced the ncecssary eoemparative data required to ideneify poteas
tial ecffects f£rem eperational variables., EBach cagine's performance was trended
as a delta since installation whore the basc point for cach imstallation was
the earliest eruise data available. This ecliminated engine=te=cngine varia-
tions of initial perfermance levels. lHaving nermalized the starting perfere
mance levels, it was thus possible te group similar individual trends te
derive a ctatistieal average to cvaluate operatiemal variables sueh as
airline=to-airlinec, tail=to-wing, and 4000-hour ecngincs, te mame a few.

Test ecll perfermance data and, in particular, calibratien runs of ineeming
deteriorated engines were used to eorrelate the obscrved eruis¢ lesses at
the time of removal with sca level deterioration. Sinee thrust casmet be
measured during cruise, this correlation permitted assessment of expeoeted
cruise sfe loss (aetual fuel bura) based on eruise fucl f£low trends., The
ecll ealibration data frem inbound deteriorated engines were also used
during the hardware studies to verify performance assessments based on
hapdware inspeetion data,

Test results fer outbound servicecable engines were used to cstablish an
average performance level of multiple~build engines as they retura to
revenue serviee, This proeduced a new base from whiech multiple=build dete-
rioration eccurred. BEqually as impertant, the reecalibrated outbound per=-
formance levels of individual serviceable eagines were eompared to an
average production new baseline to establish the average unrestered per-
formance loss of eutgoing servieceable eungines.
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A summary of the performance results from this study of long=term deterioration
follows. Separate disecussions are provided for caeh of the major long=term
deterioracion elassifications: initial=-installation, multiple=build, and unre-
gtored performance {outbeund=scrviceable emgines). Cruise performance trends
developed for the initial-installation engine are proconted, as are test eell
calibratien results which are used to correlate ¢ ..se results with ezpeeted seca
level statie levels. The multiple=-build engine seetion inecludes representacive
statistical performance trends for similar time=sinee~installation engines as
well as comparisons of several operatienal variables, such as airline=to-
airline and tail=to=wing. The unrestored performance subsection eontains the
results from the analysis of test cell performance ealibrations for eutbound=
serviceable engines obtained after shop repair and prior to return for revenue
service,

INITIAL REVENUE SERVICE INSTALLATION

The performance of CF6-6D engines during their initial revenue service installa-
tion was investigated as an important part of the study of leng-term deteriera=
tion. This first installatien was the enly installation in which the medules
and hardware in the engine were all new. As such, ‘erformance results for
initial-installation engines provided a reference against which results could be
compare? for multiple-build engines (eurrently over Y0 pereent of CF6-6D
engincs).

The investigation of initial installation deterioration was limited te a spe=-
cific group of engines, including only those produced sinee ESN 451406. As
noted in Seetion 3.1 of this report, these engines incorporated a production
hardware configuration which is typical for the current airline fleets. The
engine selection was further restricted to these having undergone the aircraft
manufacturer'e flight checkout procedures. Thus, the entry into revenue ser=-
viece was similar for each of the engines considered; i.c., cach had experienced
short=-term decerioration,

By the end of 1978, 75 of these engines had completed their first installa-
tion. The initial installations of these engines (ESN 451406 to 451496,
excluding 15 spare engines delivered directly to the airlines) spanned perieds
of time between early 1974 to 1977, Airline cruise trend data were available
for about 85 percent of these installations, although it was difficult to
obtain trend samples at the desired frequency for all engines. Also, inbound
performance calibrations were conducted for ten initial-installation engines
from 1976 to 1977. (These consisted of almost all of the inbound performance
tests prior to refurbishment that were available for CF6-6D engines.)

The length of installed time for these first installation engines varied con-
sidevably = from 400 hours to 5800 hours, with an average installed time of
3640 hours for the 75 engines. However, those few engines which were removed
early from the airplame (for instance, before 1500 hours) were not considered
to have undergone "typical" deterioration; they were removed early for mechan-
ical problems with some specific part or for FOD problems. Accordingly, eight
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such short=timc eagine installations were exweluded from comsideration. (Nege
1igible amounts of eruisc data were available to establish trends for these
particular cagines anyway sinee they wepe installed for such short perieds.)
Without thosc “montypical installations, the average installation peried in=
crcased to 3970 hours and 1674 cyeles; thus, 4000 hiours was uscd as a repre=
sentative age for initialeinstallation emginec, and similarly 2.4 heurs was
used a8 a typical f£light leagth, The majority (90 pereent) of these imitial
installatien cngines were removed between 2600 houwes and 5800 hiours. Analyses
of the eruise performanec for this scleetion of cmgines revealed a ewrve shape
for the individueal cnginc diffcrent frem that eurrently obtained for the flect
trends that i, differont from the average of all engines trended menthly.
This is diseuscoed latcr in this repert.

Initial=Installation Cruise Performance Trends

Cruise performance trend data werce obtained and examined for 60 first-
installatien engines operated by three demestie airlines., Airline perfor-
manee trends were analyzed to quantify the additiomal deterioration (sub-
sequent to short=term losses at DAGo) experienced during the initial revenue
seeviee installation. These long=term cruise losses were derived from routine
cockpit readings of engine perfermance relative to the earliest available
measured cruise performance em an individual engine basis,

Over 500 initial-installation, airline cruisec data points were cellected for
this study (largely from in-house files). These were fuel £low (WFM) and
exhaust gas temperature (EGT) cockpit measurements ' recorded during stabilized
cruise operation., The measurements are bookkept both by the airlines and in-
house as delta's from a cruise performance baseline at constant fan speed
(N1). (The baseline consisted of reference performanece levels for various fan
speeds and airplane conditions. These reference levels are contained in the
DC-10-10 "Flight Planning and Cruise Control Manual.") Trending the cockpit
neasurements in this fashion eliminated the variations in performance that
were caused by airplane conditiens (altitude, Mach number, ete.). A sample

of WIM data trended at N1 is shown in Figure 4-2., These individual data
points were obtained by tracking (or sampling) 60 individual engine trends at
regular intervals through the course of their first installation. Bach point
shown represents the average WFM level from between 4 and 20 airplane flights,
depending on the type of airline records available, in order to reduce the
data seatter associated with cruise measurement. To evaluate deterioration
characteristies, the data points from the individual trends were normalized to
show changes in performanece relative to each initial data point.

Analysis of the 60 available engine trends led to further refinement of the
data base prior to establishing a statistical fit representative of initial
installations performance. As noted earlier, the initial removal times were
concentrated between 2600 hours and 5800 hours. Five available imnstallation/
removals were outside of this range and were excluded since very few cruise
data points had been obtained for these particular installations, Further,
examination of these cruise performance trends indicated that engine data for
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15 engines were only available for the beginning period of their imstallation,
falling 1000 or morc hours shert of the removal time., Trends fer these in=
stallations were also disregarded, The remaining 40 cruisc performanee indi-
vidual installatioen trends were comsidered to be both adequate and representa=
tive of long=term initial installatioms.

Statistical cruise performance trends for these 2600=-to=5800-hour installa-
tions are presented in Pignres 4=3 and 4=4, Average changes of VFM and EGT
(both at N1) for this specifie group of engines are shown as funetiens of time
sinee new (TSN) and eyeles sinece new (CSN), respectively., The 410 data points
used to derive these curves were from the remaining 40 revenue service trends
of initial installation engines at three domestic airlines (average removal
time of 4000 hours).

Statistiecal fits of the data points were derived using least-square pelynemial
curve fit techniquee for a third degree polyneminal of the form:

Y = By + ByX + BoXZ + Bgx3

The eruise data had been obtained for individual engine installatiens and had
been norimalized relative to the first data point for each installation. Step-
wise regression techniques were used to identify "best fit" ecurves for the
normalized data from initial installations. The curves were derived as fune-
tions of TSN as:

AWEM = 0.05 + 9.658 X 10~8 (TsN)2
AEGT = =0.3 + 1.998 % 1076 (Tsm)2 - 2,135 x 10~10 (rsn)3

The curve fits derived as funetions of CSN for these performance data were
polynomials with a constant and second-order term. It should be noted that
several different polynomial fits of the initial installation data could have
been used to deseribe the average performance trends with little difference
in curve shape or aceuracy within the 0-5000 hour or 0-2000 cycle ranges.
Cruise data from the initial installation engines are presented in Appendix B.

There are several measures of the quality for the resulting statistical fit,
The standard errors of estimate (SEE), which indicate the deviatien about a
fitted curve, are shown. (This parameter is a measure of the data spread and
is similar to a standard deviatiom but is the root-mean-square deviation
about the curve fit instead of about the mean of the data). While there is a
wide spread of the data, the confidence levels asseciated with the average or
composite trends are over 99 percent. Further, a numerical measure of the
proportion of variation accounted for by the regression is provided by the
coefficient of determination (R2), (In other words, this is a measure of how
well the statistical fit matches the data, where a coefficient of "1" indicates
a perfect fit and a coefficient of "O" indicates a lack of fit.) R2 cqualed
0.34 and 0.27 for the AWFM fits and 0.38 and 0,45 for the AEGT curves for the
TSN and CSN functions respectively.
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® Number of Installations = 40
® Range of Removal Times - 2600 to 5800 hours
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These composite trends presented in Figures 4=3 and 4-4 are analogous to

fleet trends. These trends represent average changes associated with a spe-
cific group of initial=installation engines: 2600 to 5800-hour installations.
With a large data sample, the average loss for all these engines can be deter-
mined with a high degree of confidence although any one engine trend can be
significantly different from the average, as evidenced by rather large stan-
dard deviation,

Analysis of airline revenue service trends has revealed deterioration charac-
teristics for the individual engines under investigation to be different from
traditional concepts. The shape of the individual engine curve is inverted
from that generally published for the fleet average in that the individual
engine deterioration rate was small during early revenue service. but then
increased significantly during the latter part of the installation prior to
removal., FElimination of the infant-mortality and early-removal engincs (less
than 2000 hours) substantially influenced the shape of the deterioration curve
during the early portion of the installation. The curve shape isolated for
this study was based on selected individual engines and is considered a cor-
rect representation of the long-term deterioration characteristics. It does
not, however, represent the typical airline fleet tremnd, nor is it intended to
alter the traditional curve shape concept.

To better understand how individual engines deteriorate, the analysis approach
was refined, First, it was important to obtain sufficient cruise data in
order to trace individual engines from installation to removal and, further,
to analyze these performance data as individual installation trends rather
than as a collection of individual data points. Second, it proved very use-
ful to divide these individual engine trends by removal time=-since-installa-
tion into similar age groups analysis (for instance, a group of deteriorated
engines all of which were removed for refurbishment approximately 4000 hours
after installation). .

Available initial trends for 4000 *450 hour installations from three airlines
were examined to further understand emgine deterioration. Statistical trends
were derived for these initial installatioms using data from ten engines which
remained on=-wing from between 3550 hours and 4450 hours. (Recall that each of
the ten trends consisted of cruise performance samples at regular intervals,
usually every 300 to 500 hours, from the start of revenue service until re-
moval,) This group of engines was selected for analysis since the average
installed time of initial installation engines was nominally 4000 hours.

The WFM and EGT deterioration of this representative group of initial-
installation engines is tabulated in Table 4~I and shown as trends of these
parameters at constant N1 versus TSN in Figure 4~5. The performance deteri-
oration curves were again least=-square stepwise-regression fits, yielding
the average deterioration trend for the ten individual installatiomns (each
of which were described by at least six and as many as twenty data points).

The statistical fit of the ten "4000-hour" installations was compared to the
composite trend for the forty '2600-to-5800-hour initial-build installations"
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Table 4-I.

Representative CF6=6D Initial=Build Cruise

Performance, 4000-Hour Installatiom.

Hours Since New

Cruise
AWFM at N1 (%)

Cruise
AEGT at N1 (° C)

0
1000
2000
3000
4000
SEE

Base
0.2
0.6
1.3
2,3
0.9
0.57

Base
1

6

13
23

8
0.76

AWFM = By (TSN)2

By = 1.45 x 1077

8EGT = By (TSN)2

By = 1.44 x 106

2,3% MWFM & 1.7% AFuel Burn
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presented in Figure 4=3, Restricting the analysis to the "4000=hour” engine
data resulted in slightly lower standard errors of estimate than determined
for the entire group of "2600-5800-hour" engines. Hewever, the "4000 hour"
assessments nearly doubled the R2 level associated wich the curve fits for
the composite trends - from 0.34 to 0.57 for AWFM and from 0.39 to 0.76 AEGT.
(Recall that the larger the "R2" coefficient, from 0 to 1.0, the better the
statistical fit matches the dava.)

Several observations can be made based on these comparison results. First,
restricting the analysis group to similar-age engines reduced the amount of
engine-to-engine variability in deterioration rates occurring in the larger
sample of first-installation engines, as evidenced by the significant increase
in the R% level. Second, the data scatter for an individual engine trend is
inherently large for the airline trending data and the reduction of the SEE
assocaited with the statistical fits was only about 10%., (Had the performance
data for the "2600 to 5800 hour" engines not been normalized on an individual
basis, the SEE associated vith the fits of these points would have been larger
and thus the reduction of the SEE resulting from the analysis of "4000 hou-"
individual trends would have been graater.)

Other groups of similar initial~installation engines have been likewise
examined (including a group of engines, to be discussed later, which underwent
inbound tests). These other groups showed different, yet similar, deteriora-
tion characteristics. For instance, one statistical trend was more linear;
another had smaller SEE and larger R2 values; while a third group deterio-
rated more slowly and remained on-wing longer.

The question arises as to which approach to modeling deterioration trends is
better. The answer must depend on what is being sought. Composite trends as
shown in Figures 4=-3 and 4-4 are useful in determining average performance
levels for large groups or fleets of engines. For instance, such assessments
are important for airline operational planning or for fleet cost projections.
On the other hand, averaging trends of numerous engine installations with
significant engine-to~engine variation tends to mask differences. Analysis of
performance trends selected from similar installations offers better opportu=-
nities to assess deterioration characteristics. {(Nevertheless, cruise cockpit
readings produce large variations in performance measurements for any given
installation; hence, cruise readings from several consecutive flights were
averaged to produce each data point.)

For the purpose of this investigation of engine performance deterioration, it
is believed that the statistical trends for the "4000-hour" initial-
installation engines are representative of long~term deterioration for this
class of engines. This trend will thus be used as the average deterioration
characteristics for the new CF6-6D engines which entered revenue service
between 1974 and 1976.
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Further, it is imporcant to note that the airlines trend fuel flow at fan
speed, not at thrust. This provides a convenient and effective mothod for
trending performance changes. However, the actual fuel=burn increase causes
by deterioration is less than the increased WFM at N1 for the CF6-6D, based

on projections of sea level static deterioration to airline cruise conditions.
It is necessary to analytically calculate thase changes in cruise fuel burn
since installed thrust, which is required to determine sfc, cannot be measured
in flight. Based on previous experience using a mathematical model of a
thermodynamic cycle for a deteriorated CF6-6D, the change in cruise fuel burn
is taken to be approximately equivalent to 75 percent of the cruise AWFM. The
increased fuel burn for the "4000 hour" initial-build engines was thus 1.7 per-
cent,

Initial=Installation Inbound Tests

Test cell performance calibration results for initial-installation engines
prior to repair/refurbishment were available for ten separate engines. These
included five specifically tested in conjunction with this program, and ESN
451479, The test cell performance results for ESN 451479 are presented in
the report "Long~Term CF6 Engine Performance Deterioration = Evaluation of
Engine S/N 451479" (Reference 3).

The ten inbound engines are listed in Table 4~II. All engines but one were
operated by the same airline, and eight of the ten were grouped in a tight

ESN band (=467 to =-493) which were the last engines shipped in late 1975 prior
to resuming production deliveries in late 1977, One engine, ESN 451412, was
shipped directly to the airline as a new spare, thus not sustaining the
short-term losses associated with checkout of the DC-10-10 aircraft at DACo.

The average time-on-wing for these ten engines was significantly longer (over
5000 hours) than the representative "4000-hour" initial build engine, with
installed time ranging from 3070 to 7100 hours. These engines were among

the few production engines remaining on wing when this program was initiated;
that is the reason the average time was significantly longer than the repre=-
sentative engine,

The inbound tests of these deteriorated engines were conducted at three dif-
ferent facilities, while the as-shipped performance levels were all estab=-
lished at the General Electric facility in Evendale. Engine S/N 451412, the
7000-hour-plus engine, was inbound tested at the Evendale facility. ESN
451479 wae tested at the General Electric facility located at Ontario,
California (AS0/0). The remainder were all inbound-tested in the facilities
of a particular airline,.

The deterioration experienced by these engines is tabulated in Table 4-II,
The performance losses were derived by comparisons of the inbound results
with as-shipped data, using appropriate data adjustments for the subject
test cells. Recall that those as-shipped=-to-inbound deterioration assess-
ments determined for those initial-installation engines include both shert-
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tern and long=term lesses execept for the spare engine (S/N 451612). The in-
bound test eell data measurcments gencrally include multiple readings for each
point, and the cemparisons were made for both the takeoff and mazimum con=
tinuous power settings. ’

These inbound deterioration results, presented in Table 4=-11, are also shown
graphically in Figure 4=6, plotted as a fuaction of time since new (TSN), The
dotted line is an imaginary plot starting at zero reference and passing through
the average asfe or AEGT level for the average TSN of 5200 hours. DRespite the
small sample size, all the points (execept those for one or two engines) are
within a reasonably tight band around the lines. (The losses for ESN 451486
were not ineluded in the average since the asfe, whieh was based on a single
inb@ugd test point, was uareasonably high and incensistent with the measured
ABGT .

A very important aspect of the analysis of the inbound test cell results was
the developnent of a correlation between sea level static deterioration at
takeoff power and ebserved eruise deterioration levels. Since thrust cannot
be measured during cruise, this correlation was used to establish the rela=-
tionship of cruise fuel flow trends with expected cruisc sfc loss., The rela=-
tion of eruise to sea-level assessed deterioration data is presented in Figure
4=7 (Symbols from Table 4=11). The relation betwcen measured EGT losses
matched the analytically produced correlatien line quite well, The cruise fuel
flow correlations preduced msre data seatter for the individual engines, but,
as shown, the average substantiated the previously derived correlation curve.
These data again illustrate the large variation in data for individual en-
gines, requiring the average of substantial amounts of data in order te be
effective.

MULTIPLE=-BUILD REVENUE SERVICE INSTALLATION

The sccond classification examined in the study of leng~term deterioration was
the multiple~build engine installations. These include any installations of an
eagine after it had undergene an initial shop visit. Emphasis was placed on
assessing the leng=-term performance deterioration of these engines since they
comprise more than 90 percent of the CF6-6D fleet today. As such, any reduc-
tion of the deterioration of these multiple=build engines would have a majer
impact on fuel eonservation.

Before proceeding, it should be neted that CF6 engines are maintained utiliz-
ing an "on condition" concept, such that the engines are repaired as required
based on engine inspection data rather than at a fixed time between overhaul
(TBO). This coneept ~equires a modular eonstruction so that the engine is
easily disassembled into basic subassemblies or modules which are cempletely
interchangeable., This permits maintenance to be eondueted on individual
modules rather than on engines and morecover permits repair of only these
parts within a specifiec module that are defeetive. As a result, a rchuilt
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(multiple=build) engzne is typically reassembled with any serviceable modules.
This produces an eng:ne which has a wide variation in part times, resulting
in extremely large engine-to-engine variations.

Airline revenue-service cruise performance data were obtainable for a large
number of installations. As in the other studies, only engines which in-
corporaced current production hardware were considered. Based on analysxs
of engzne maintenance performance by the individual azrlmnes, engines in=-
stalled in 1976 or later were rebuilt with modules containing current hard-
ware.

FPour groups of rezent (1976-1978) multiple=build installations were examined.
The average installation length for unscheduled, engine~caused removals for
these engines is shown in Table 4-ITZ.

Table 4-III. Multiple=Build Installations (1976~1978),

Average Removal
Airline Number of Installations Hours Cycles
A 204 2652 1084

Bl 52 2605 804

B2 94 2226 1032

c 92 2359 1171

The average multiple~build installation increased to a nominal 3000 hours
and 1250 cycles if those engines removed prior to 1000 hours were excluded
(18 percent of installations). Many engine removals prior to 1000 hours
were due to durability failures of unrefurbished modules or due to main-
tenance errors; neither situation was considered typical of long-term
deterioration.

Multiple-Build Cruise Performance Trends

Cruise performance trend data were examined for 179 multiple~build engine
installations. These airline cruise trends were analyzed to quantify long-
term deterioration of engines after they had returned to revenue service
following a shop visit. As with the study of initial-installation engines,
cruise losses were derived using airline cockpit readings of engine per-
formance. These losses were calculated relative to the earliest available
measured cruise performance on an individual engine basis.
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The trends for multiple-build installations were obtained from three of the
five domestic airlines that operate CF6~6D engines. Cruise trends from 179
multiple~build installations were examined; these were for 125 different
engine serial numbers. These cruise performance trends included data for
over 90 percent of the engine serial numbers between ESN 451406 and ESN
451496 and for 30 percent of all CF6~-6D engines produces prior to ESN 451496,
A total of 1586 data points were used for this multiple=build engine study;
each data point represented the average level for four to twenty airplane
flights.

Examination of the assimilated cruise trends indicated that, although the
time-since~installation at removal for the installations varied conciderably,
removal times were concentrated between 2000 and 5000 hours. The distri-
bution of removal times for the multiple-build installations used for these
long-term deterioration studies is presented in Figure 4~8, The distribu-
tion of these installations peaked at 3000 hours - a time which coincides

with the average engine-caused, unscheduled removal time for recent multiple-
build CF6~6D engines. As previously noted, engine installations outside the
2000=-t0~5000-hour age band were considered to have untypical long-term deteri~-
oration characteristics and were eliminated from the study.

Statistical cruise performance trends for the average >f all 2(70-to-5000-hour
installations for a representative CF6-6D operator are presented in Figures
4=9 and 4~10. (The specific cruise data are presented in Appendix B.)
Average changes of cruise WFM and EGT at N1 are shown as functions of time
and cycles since installation (TSI and CSI respectively). These statistical
fits were derived from 273 data points from 45 installations, using the pre=-
viously discussed least=-square polynomial curve-fit techniques. The fit of
the data points represents an average of a specific portion of the CF6~6D
fleet. The standard error of estimate indicated a wide spread in the data.
The confidence level associated with these average or composite trends,
however, was over 99 percent. The R2 terms associated with these fits were
relatively low, on the order of 0.2, indicating the statistical fits only
explain 20% of the data variation,.

A question remains concerning the very early wortion of the deterioration
characteristic curve. This portion of the curve was of special ccncern based
on the short=-term results which indicated that a substantial loss does occur
during initial on-wing engine operations (airplane flight checkout). A rapid
deterioration could not be isolated during the first hours of revenue service
since the available cruise data were rarely obtained earlier than 50 hours
after installation. Comparisons of outbound performance calibratioms to

early revenue service levels proved inconclusive. Assessments of 17_engines for
one airline indicated a 4° C early deterioration; however, the average TSI was
175 hours, and more significant, the standard deviation was 11° C for these
data. Assessments of engines from a second airline indicated 6° C to 10° C
early deterioration, but again there was large scatter (¢ = 14° C) which
leaves the question of short—-term losses for rebuilt engines unresolved.

Since WFM correlation from sez level static to cruise conditions has not yet
been accurately developed, it was not possible to assess the potential of a
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rapid WFM deterioration during early revenue service. Accordingly, deteriora=-
tion characteristics for the first 500 hours of the 2000=to=5000=hour com=
posite trend for multiple-build installations are not delincated., It is
reasonable to expect that some instant loss does occur, but certainly not
anywhere near the extent identified for the short term.

Continuing the deterioration assessment of multiple-build CF6=6 engines, it
also proved advantageous to separate these engine installations into groups
with similar ages (removal times) in order to better understand individual
engine deterioration trends. It was possible to separate the forty-five
installations from Airline "A" into five families where the installations
were divided into 500 hour blocks according to their TSI at removal., These
families have been designated by the nominal removal times of the eagines
within each family - "2500 hours," "3000 hours," ete. Performance changes

in terms of fuel flow and EGT at N1 with each TSI aud CSI are presented in
Figures 4=11 and 4-12 for the five families of engines. Each family trend

is a least=-square fit of the 8 to 10 individual engine trends comprising that
family. These individual installation trends are the same as those averaged
together to derive the multiple-build composite trend. It can be seen from
the results for this airline that a relation exists between deterioration
rate and length of installatien. The same comments concerning the curve shape
as discussed earlier in Section 4.1 apply to these data.

The fits of these family trends showed significantly better statistical
characteristics than those for the composite fits of all the 2000-to-5000~-

hour engines. Summarized in Table 4-IV are the details of the fuel flow and
EGT fits as functions of TSI. The SEE of the WFM trends ranges from 0.9 te

1.2 percent, accounting for from 54 to 77 percent of the variability of the
data by the fit. The EGT trends have SEE's ranging from 3° C to 8° C, account-
ing for from 69 to 97 percent of the data variability. Although the confi-
dence level for these deterioration trends of the various families was again
greater than 99 percent, other polynominal fits could have been utilized. How-
ever, these would have a negligible effect on the accuracy of the fit. The
particular polynomial fits employed were considered to best describe the WFM
or EGT deterioration characteristics of all five families.

As with initial-build engines, one family was selected to represent multiple-
build engine deterioration. The trends for the family of "3000-hour" engines
were chosen as being representative since these engines remained on-wing for
approximately the average length of time for multiple engines. The deterio-
ration trend for this family of installations is shown separately in Figure
4=13. As noted, the increase in cruise fuel flow at fan speed was estimated
to be equivalent to an increase of 0.9 percent cruise fuel burn at 3000 hours.

Effect of Operational Variables of Deterioration

A number of studies were conducted to determine what operational factors influ-
ence overall performance deterioration characteristics. Statistical craise
trends of multiple-build engines were utilized for these studies since these
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Table 4~1IV.

- Statistical Deterioration Trends =

Least Square, Polynomial Curve Fits:

AWFM = Aj(TSI) + Ag(TSI)2 + A3(TSI)3

AEGT = By(TSI) + Bo(TSI)Z + B3(T5I)3

Families of Similar-Age Multiple=Build Engines.

Fuel Flow Trends EGT Trends

Family Coefficients SEE(%) | RZ Coefficients  |SEE (°GJ B2
(2250 Hrs) | Ay A A3 By Bo By
2500 ies |0 0 9.9%10°11| 1.1 |0.66 | 0  2.4%X10°6 0 7 0.70
3000 Hes |0 0 4.7%20°11 | 0.9 J0.77 { 0  2.1x10°6 0 6 0.78
3500 Hes |0 0 3.7%t0"11| 1.2 Jo0.67 | 0 1.7x1070 0 8 0.80
4000 Hrs |0 o 2.8x10°11| 1.0 o0.74] 0  1.2%10°6 o0 3 0.97
4500 Hes |0 © 1.9x10°11| 1.1 Jo.54| 0  0.,9%1076 o 6 0.77
SEE = Stancard Error of Estimate (The Root=Mean-Square of

Deviations about a Fitted Curve.)

R2 - Coefficient of Deterioration (A Measure, of From 0 to

1, of the Proportion of Variation Accounted for by the

Multiple Linear Regression Fit where a Value of 1 In-

dicates a Perfect Fit).
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cruise data comprise the largest source of performance data. The studies con=
sisted of compari=ans of deterioration rates between various groupings of
engines to d:termine whether significant differences could be identified. The
varigbles ezamined included: airline vs. airline, wing vs, tail=mounted
engines, second vs. third installtion, and pre vs., post ESN 451406 engines.

Originally these ecmpatxaens were made using composite trends (averagn of

all individual engine trends between 2000 and 5000 hours). Average statisti=
cal trends were derived from all the available engine installations incorpo-
taexng the desired feaeure. for example, Airline "A" engines, tail=mounted
engines, etc., As noted in the discussion of initial-installation engines,
such composite trends indeed provide an average with a high degree of confi-
dence but also tend to mask subtle differences. Comparisons of such composite
trends yielded no significant differences for the variables examined. However,
comparison of engines by similar~age groups did reveal some differences.

While not necessa:zly major dxfferencea. only the deterioration comparisons
between airlines and installed position did produce some notable observations,

Airline=to-Airline Variation - Multiple=build installation trends were avail~
able for three airlines, one of which had two distinct route structures.
Although only the installed cruise trends of Airline "A" (most available data)
were used to represent multiple-build engine trends, similar statistical
deterioration trends were derived for families of engines in each of the three
remaining airlines/route structures. Again, approximately ten installations
were used to derive the statistical fit for each family; and again, AWFM and
AEGT trends were calculated as functions of both TSI and CSI.

The average installation information is presented again in Table 4=V for all
unscheduled, engine-caused removals since 1976, For this analysis, engines
having less than 1000 f£light hours since installation were excluded from
consideration.

Table 4=V, Multiple=Build Installations = (1000 Hr Plus Removals)

Removal (1000 Hours Plus)
Airline Flight Length (Hours) Hours Cycles
A 2.5 3120 1266
By 3.2 3036 938
By 2.1 2605 1215
c 2.0 2695 1337

By and Bp are the same airline; By aireraft are used on a longer route
structure.
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Comparisons of these four groups are presented in Figures 4=14 and 4-15,
where each deterioration curve represents a statistical fit for a "3000=hour"
family of engines. While comparisons were made of the various ages of family
groups, these 3000=hour engines best illustrated the observed differences.
Generally, the engine families had similarly shaped deterioration curves, but
not every airline/route group demonstrated the relation between deterioration

53@3 and length of installation to the same degree as was observed for Airline
A

The performance trends for the four airline/route groups of engines are
presented in Figure 4-14 as a function of time since installation. Some
small differences in deterioration rate can be seen. Trends from "B1" and
"B2" installations generally indicate higher deterioration rates, possibly
related to gross weight differences for the two routes. The lower EGT
deterioration of the "Bl" installations relative to "B2" might trace to
the fact that at the same number of hours of operation, these engines had
experienced fewer cycles. However, when comparisons of the "2500-hour" aud
"3500-hour" families (not shown) were also taken into account, no overall
trend with time was observed. Thus, the observed differences at constant
hours in Figure 4=14 were concluded to be insignificant.

On the other hand, the comparison of the same engine installations as a func=
tion of cycles, in Figure 4~15, yields quite a different picture. The deter=-
ioration rate for the "Bl" engines as a function of cycles was much greater
than the rates of the other groups., At the same number of cycles, the
engines in group "B1" have operated significantly more hours than engines in
the other groups. Furthermore, it was understood that the operation of these
"Bl" engines was generally without the benefit of derate due to gross weight
considerations, resulting in a more severe cycle. As for the engines from
group "B2", although they generally had less hours of operation at the same
number of cycles as those from "A," it was understood that these engines

were usually operated with a smaller amount of derate; possibly the effects
of these two factors balanced each other. The lower deterioration rate for
the group "C" engines was not understood but could have been influenced by

" the greater amount of observed data scatter for this family of engines than

for the others. (See Appendix B.)

While only inconclusive differences between airline deterioration characteris-
tics were observed based on time of operation, significant differences were
evident based on a cycle of operation., These differences appeared to be
related to route structure and operational procedures. Nevertheless, the
three factors - time, cycies, and derate = are very much interrelated, and

it is very difficult to isolate subtle effects unless the derate factor

is accurately known. '

Effect of Installated Position - The effect of installated position - i.e.,

whether the engine was tail=- or wing-mounted - was also investigated. Both
multiple-~build cruise performance trends and engine removal records were used,
Comparisons weére made within particular airline/route structures between en-
gines of similar age. With these restrictions, very few families of engines
were available for statistical trending.
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The results were mixed., No difference in deterioration characteristics was
observed among Airline "A" tail- and wing=-mounted engines. However, a ten-
dency for the wing cngines to deteriorate more rapidly was observed for the
other airlines. Statistical-trend comparisons were possible only between
"B" installations, shown in Figure 4-16, in which wing engines seemed to
deteriorate more rapidly. Table 4-VI shows the compsarison of average un-
schedu)ed, engine=-caused removals by position; this also indicates tail-

mounte.d engines remained in revenue service longer than wing-mounted engines
at Airlines "B" and "C."

Table 4~Y1, Unscheduled Removal Times.

Average Removal Time (Hours) Number
Airline Wing=1 Tail-2 Wing=3 of Engines |
A 2636 2643 2682 204
Bl 2643 2902 2352 52
B2 2189 2395 2099 9%
C 2194 2938 2062 92

Exactly why the tail-mounted engine tends to remain installed longer for
three of these groups, but not for the largest group, is unknown. Obvious=
ly, such conditions as erosion, FOD, maintenance practices (wing engines
are easier to inspect and remove), and the like have an impact on these
data. That the differences observed were small and applied to only some

of the airlines indicates that the trend appears no. to be significant.

Multiple-Build Inbound Test

Only one inbound performance calibration of a multiple~build engine was
available for this program. In fact, this engine, RSN 451380, was tested
as a part of the program. The details of this inbound test and sub-
sequent hardware insjection are centained in the report '"Long-Term CF6
Engine Performance Deterioration ~ Evaluation of Engine §/N 451380"
(Reference 4). The details will not be represented herein, but the re-
sults were in general agreement with those previously discussed for
initial installation cngines,

UNRESTORED PERFORMANCE = OUTBOUND SERVICEABLE ENGINES

The third and final classification of long-term performance deterioration
was that of unrestored performance of outbound serviceable engines. After
an engine is rebuilt from serviceable modules, its performance is recali-
brated in a test cell at the repair facility to ensure that the refurbished
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engine meets thrust and EGT requicements. Not only dees an outbound per-
formance ealibration establish the engine eondition at the onset of the

next revenue service installation, but also the delta between the outbound
level and a production new baseline quantifies the unrestored performance.

Outbound performance calibrations at a major repair facility were analyzed

to derived trends of serviceable refurbished ¢ngines prier to reentry to
revenue service. Results of CF6=6D outbound performance tests were examined
for a 32-month period from May 1976 to December 1978, for engines utilizing
current-configuration hardware. The c¢xamination covered 270 test results
from 165 different serial numbers. Rasults were obtained from one to three
tests per engine serial number, including anywhere from the first to the
tenth shop visit., Outbound performance calibrations from at least one test
were obtained for over 70 percent of ESN 451406 series engines and 45 percent
of all CF6-6D serial numbers through ESN 451496,

These outbound results were compared to average performance levels of new
production engines. Average production performance levels were based on

the seventeen CF6-6D engines shipped during 1975. This baseline was appro=-
priate for the analysis of outbound engines since significant product improve-
ments incorporated into these 1975 production engines had also been incorpo-
rated into field engines since that time.

Several adjustments to the repair-faeility~-measured performance were required to
obtain data on a comparable basis with the referenced as-shipped performance of
new production engines. These adjustments were to account for test cell dif-
ferences (fuel flow measuring system, fun nozzle arca, and thrust calibration
error over an early portion of the data) as well as the engine hardware con-
figuration (fan booster shroud configuration). The effects of these adjust-
ments were largely to lower the fuel flow measurcments by 1 perecent to 2 per-
cent as well as to increase the thrust measurements up to 1 percent. The
combined effeect was to lower outbound sfc assessments by from 1 percent to 4
percent depending on the time period of test and test cell utilized. Although
these adjustments were significant, they produced average outbound performance
levels similar to those observed at other repair faecilities.

Unrestored sfc and EGT performance levels for serviceable outbound engines,
relative to the new production engine baseline, are presented in Figure
4~}17 as a function of shop visit number. Each symbol represents the
average performance from 19 to 37 outbound tests of serviceable engines
during a particular shop visit - for example, Y 2npines were tested
during their third vists to the repair shop. The average performance level
with shop visit was observed to be steady, although considerable variance
among individual engines was seen. Likewise, when these performance para-
meters were plotted against time or cycles since new, the individual test
points scattered about the average unrestored levels of 2.8 percent sfc

and 14° C EGT as shown in Figure 4-18 and 4-19.

The CF6-6D outbound performance trends indicated that after the second in=-
stallation/removal cycle the average unrestored performance levels remained
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essentially constant. (There were not sufficient data available to be confi-
dent about the amount of performance restoration during the first shop visit.)
This means that the average amount of performance restored during refurbish=-
ment was coineidentally equivalent to the average loss during the previous
installation. It must be recognized, however, that these were based on
averaging a large number of engines in the fleet and were not representative
of individual engines which, when compared with each other, showed considerable
variance in the amount refurbished and the amount lost during the prior instal-
lation,

This steady outbound performance trend differs froem that which was anticipated
at the onset of this program. Originally, it was expected that the data would
exhibit an increasing deterioration trend, showing progressively higher levels
of unrestored performance for each successive installation. The observed trend
of relatively constant levels, however, can be attributed to the modular main-
tenance concept employed to repair engines. Since engines were buillt up using
both serviceable and repaired modules as available, the assembled engine
contained a collection of modules/parts of various ages. For example, some
serviceable 10,000 hour parts could have been mixed with new spare parts
during the rebuild of an engine. This maintenance concept thus contributed to
the variation in rebuilt quality for the individual engines. However, since
the use of parts for any given engine was random, the average quality and per-
formance remained similar.

Since no changing trend was identified, unrestored overall performance of
these airline refurbished CF6-6D engines can best be represented by determin-
ing the mean level from the available data. These average unrestored levels,
relative to the 1975 engine reference levels, and their associated standard
deviations ave presented in Table 4-VII,

Table 4-VII. Average Unrestored Peformance of
OQutbound Engines.

Cruise Standard
Overall Performance Sea Level Equivalent | Deviation
Asfc at FN (%) 2.8 2.1 1.2
AH.D. EGT at Ni (° C) 14 11 11.7
AWFMK at N1 (%) 0.8 1.2
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The estimates of cruise equivalent performance levels were based on previous
experience using a thermodynamic cycle for a refurbished CF6-6D engine.

A consideration regarding this unrestorved performance should be noted. The
basic objective of the refurbishment efforts at the repair facilities during
the time period in which the outbound data were available, was to replace
damaged or nonserviceable parts and to restore EGT temperature margin so that
the engine could be expected to return to revenue service for an acceptable
period of time. The refurbishment emphasis was directed at the core hot sec=
tion to provide mechanical durability and restore core performance; main-
tenance of the other modules was generally not required at the asame frequency
in order to achieve the primary refurbishment objectives. Since fuel con-
servation was not the primary concern during the time, the unrestored sfc
could become significant.

LONG-TERM PERFORMANCE SUMMARY

Each of the elements of long=term performance deterioration are presented
in Figure 4~20 for the CF6-6D, showing equivalent cruise fuel burn increases
relative to a production new baseline.

The initial installation is shown on the left. Engines incurred an average
short~term loss of 0.9 percent prior to revenue sersice. During their
initial installation, fuel burn increased an average of 1.7 percent (based
on the 4000-hour family of engines.) The total increased fuel burn of this
deteriorated engine was thus 2.6 percent from production new. Insufficient
data were available t¢ determine the amount of performance restoration
during the first shop vist.

During the "nth" installation, the serviceable engine returned to revenue ser-
vice after a shop visit with an average unrestored cruise fuel burn perfor-
mance of 2.1 percent. During revenue service, the cruise fuel burn of this
multiple-build engine increased 0.9 percent and the total increased fuel

burn of this deteriorated engine at 3000 hours was 3.0 percent from new. On
the average, the 0.9 percent cruise fuel burn lost during 3000 hours on wing
is restored during the next shop vist. Thus, the 2.1 percent deterioration

at installation and 3.0 percent deterioration in fuel burn at removal is
representative for the life cycle of the engine.

It is noted that while these data are based on the average of large sample
sizes, considerable variation was noted for the individual engines.
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4.2 HARDWARE DATA

In order to obtain a representative sample of deteriorated hardware dats, a

multifaceted program was established to collect, document and analyze used-

parts data from a number of different airline and Generval Electric facilities.
Historical data ware obtained, as available, from airline and General Electric
files and independent overhaul sources. It was readily apparent, based on in~
itial reviews, that available historical data were generally neither the cor=
rect type nor sufficiently detailed to satisfy the objectives of this program.

Accordingly, programs were established to obtain the required data with the
necessary details. Current hardware inspection data were obtained from United
Airlines (UA) where analytical teadown inspections were performed on 24 sets
of deteriorated and repaired engine modules. Back-to=-back tests with selected
refurbishment of the low pressure turbine module were also conducted in con=-
junction with the UA efforts. The details for the low pressure program are
presented in Reference 2, and the pertinent results are included in these
analyses.

In addition to the UA program, additional used=-parts data were collected from
two special revenue service engines. These engines had accumulated represen-
tative on=wing time and performance deterioration at removal. Not only were
these engines completely disassembled to provide hardware inspection data for
all modules, some selected refurbishment and back-to-back testing were con-
ducted to evaluate specific low pressure turbine and fan deterioration items.
References 3 and 4 document the details and results from this program.

The special UA program and analyses of hardware data were conducted by teams
of General Electric personnel with on-site airlines support from United
Airlines. A team for each of the four major engine sections (fan, high pres-
sure compressor, high pressure turbine, and low pressure turbine) was estab-
lished; and each team consisted of a mechanical designer, an aerodynamic de=-
sign expert, and airline service hardware engineer (normal customer inter=
face), a performance restoration specialist and a performance analysis engi-
neer. These teams were totally responsible for their assigned hardware, and
in addition to hardware conditions, they evaluated shop procedures, quality of
repairs, current restoration workscopes, and adequacy of field imstructionms.

The design teams conducted detailed analyses of the salient inspection mea=
surements and the deterioration modes were categorized as either a clearance
change, an airfoil quality degradation, or an internal/external gas flow leak-
age. Influence coefficients were used by the aero designers to convert the
delta hardware conditions to calculted losses in component efficiencies and
flows. These in turn were stated in terms of cruise sfc deterioration by the
use of engine computer cycle model derivatives. These module assessments were
refined using the back-to-back engine test data to finalize the deterioration
characteristics for each module. In addition, the teams conducted analyses

to determine potential causes for the deterioration, and participated in cost-
effective restoration studies which are discussed later in this report.
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As noted previously, the long-term studies were corducted to determine per=
formance detevioration characteristics for the initial-instaliation (new) and
multiple=build (repairved) engines, and to isolate the soucces of the unre=
stored losses for the mltiple~build engines. The deterioration characteris-
tics for the initial-installation engines are the “truest" form of CF6=6D
eagine deterioration since all parts are brand new and have the same time or
cycles since repair/overhaul. The multiple~build engines include a mixture
of used, new, and repaired parts and are typical of the current airline fleet
since few new CF6-6D engines have been manufactured since 1976. 5

Very little hardware data were available from initial-installation engines to
empirically determine the deterioration characteristics for the engine model.
However, engine modules inspected from multiple-build engines did include re-
placement or retrofit with new parts, and those data in conjunction with the
other data were used to describe the deterioration characteristics., The ma-
jority of the hardware data samples were in the excess of 2000 hours; there=
fore, while the magnitude of detevioration could be established for a fixed
time above 2000 hours, the deterioration eurve shape eould not be empiriecally
derived for each module. The procedure used to "average" the results and to
estimate the deterioration curve shape was as follows:

1. A representative time-to-repair was selected for each module based
on hardware data analysis and engine removal statistics.

2. The hardware team used the empirical hardware data to determine the
expected loss for each module for the time-to-repair selected as
representative.

3. The teams then estimated the shape of the deterioration curve for
each module using engineering judgment in conjunction with the
available havdware data.

The shape of the deterioration curve is considered reasonable but not neces=-
sarily reliable, having been generated using a small amount of empirical data h
and large application of engineering judgment. However, the curve shape is

best described by cruise performance data since a sufficient data sample size

is available for all areas of the curve. The curve shape based on hardware

inspection data is considered of minor importance and is used only for cost-

effectiveness studies.

Hardware inspection data will be presented in the next two sections of this
repo:t. First, deterioration data describing part conditions prior to repair
are presented in the next subsection. The actual findings are presented along
with a general discussion as to potential causes, severities and significance.
These data are then summarized and the expected deterioration at the selected
number of revenue service hours is then presented, followed by the estimated
curve shape based on the aforementionad criteria.

68

==




S LA, ST R TN R T e R e

o

The following scction then, contains all data concerning serviceable modules =
i.e., modules after repairs. A general discussion of the findings and work-
scope philosophy is presented, and these data are then summarized to present
the best esitmate of average unrestored losses for each module.

A tabulation of the actual hardware data, including sample size, and a de~-

tailed description of how and where the data were obtained, is presented in
Appendix A.

HARDWARE DATA - DETERIORATED ENGINE

Hardware inspection data describing the deterioration modes and inspection
findings are presented for fan, high pressure compressor, high pressure tur=-
bine and low pressure turbine sections in the following paragraphs.

Fan Section

Deterioration of the fan section is generally time dependent (i.e., erosion
rather than FOD) and can be categorized into two broad classifications:

(1) flowpath deterioration, and (2) aicfoil quality degradation. Each of
these two classifications will be discussed separately. The results presented
are based on inspecting airline modules that have aceumulated 15,000 to 20,000
hours since new, and which havz: logged 3000 to 4000 hours since the last shop
visit. A cross section of the basic fan module is presented in Figure 4-21,
which.notes the pertinent area of performance deterioration.

The sources of flowpath deterioration (Figures 4-21) include shroud erosion,
outlet guide vane (OGV) spacer cracking, splitter erosion and protrusion of
inlet guide vane (IGV) inner bushings.

Fan Shroud Erosion = A shroud is provided as part of the fan casing to control

the clearance between the tip of the fan blade and the static structure. Two
types of shroud material are used for CF6-6D engines: epoxy microballoon and
open cell honeycomb. Most of the engines in the fleet utilize the epoxy
microballoon material which is rugged and easy to replace. A particular ad-
vantage of this type of shroud is that additional microballoon material can be
added to obtain desired tip clearances. The open cell honeycomb material can
only be replaced at the manufacturer's facility and there is no way of adding
material to reduce (or control) tip clearance. The initial blade-to=-shroud
cold clearances are set such that blade tip rubs are not experienced during
normal engine operation, but instead occur only in the event of a large rotor
unbalance. Discussions will be limited to the epoxy microballoon material
since fewer than 20 percent of the CF6-6D engines incorporate the open cell
honeycomb shrouds.

Clearances between the fan blade tip and shroud are set to achieve a minimum
of 0.145 inch and a maximum average of 0.171 inch. The minimum clearance is
designed to prevent blade tip rubs while the average clearance, which con-
siders blade tip and shroud runouts, is designated for performance reasons.
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Measurements from eleven engines removed from revenue service indicated that
the average clearance was 0.187 inch as compared with the production new
engine average of 0.167 inch. Part of this clearance increase is attributed
to the airline practice of controlling only the minimum clearance since clear=-
ance measurements are required only when exchanging the fan rotor or fan cas~
ing. Any under-the-minimum clearances recorded during engine buildup are
openad by grinding the entire shroud diameter, which results in an increased
average clearance.

Blade tip rubs were not observed on any shroud, but it was noted that shroud
material experiences erosion with increasing time. An example of an eroded
shroud is shown in Figure 4-22. The amount of erosion is & function of the
operational eavironment (sandy runways, etc.), and the position of the air-
craft (the wing engines showing more erosion tha tail-mounted engines). Be~
cause of maintenance procedures practices by the airlines, it is difficult to
determine the amount of performance deterioration att¢ributed to erosion from
clearance measurements. Througl measurements and inspections it has been
estimated that shroud loss due to erosion was approximately 0.002 inch per
1000 hours of engine operation. It can be expected that considerable differ=-
ence in erosion would be noted from engine to engine according to differences
in route structure, etc.

Another condition that contributed to shroud deterioration was the poor qual-
ity of microballoon material replacement efforts as shown in Figure 4-23. It
appears that when the microballoon material was installed in a metal mesh
structure in the casing, the material was not completely filled in the lower
portion of the mesh structure. These gaps or holes are exposed during subse~
quent machining operations carried out to obtain required tip clearances and
to incorporate circumferential grooves.

The combined effect of the shop maintenance practices and erosion for an
engine after 6000 hours operation is a fan tip running clearance increase nf
0.020 inch., This is equivalent to a 0.4 percent loss in fan efficiency and a
0.21 percent loss in cruise fuel burn efficiency.

Booster Shroud Erosion = The rub strip material in the booster casing over the
booster blade (quarter stage) was originally epoxy microballoon. The material
was determined by General Eelctric to be a hazard if severe rubs were to occur,
and the rub strip was removed throughout the fleet. An open cell honeycomb
replacement design was developed and recommended for field use, but operation
was permitted without any rub strip materi:al in place. For all engines in-
spected fthe rub strip had been removed and not replaced. This same condition
exists th-o:ghout the fleet. Even though this condition is not the result of
engine deterioration, it is categorized as deterioration for these studies.

e

Removal of the rub strip material over the rotor resulted in a 0.185 inch
clearance increase. This clearance increase results in a loss of 1.33 per-
cent in booster efficiency or a 0.19 percent loss in cruise fuel burn effic-
iency.
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OGV Spacer Cracking = Nylon spacers are used between the outlet guide vanes
to form the outer flowpath. These plastic spacers fit snugly against the con-

cave side of one vane .ad the convex side of the adjacent vane., With time,
the edge of the spacer adjacent to the vane airfoil may crack, causing a piece
to eventually break away from the spacer. This results in a leakage path as
well as allowing flow recirculation. The accepted repair for this condition
is to replace the spacer or to fill in the gap with a matevial such as a
room~temperature vulcanizing (RTV) compound, which provides an excellent flow-
path filler. Most of the repairs sbserved, however, had very poor filler
radii and poor smoothing of the RTV, so that a blockage was formed. Since the
quality of this repair is variable and the performance impact small, it is
difficult to ectimate an efficiency loss. An improvement in performance, how-
ever, can be realized by replacing the poor-quality RIV repair with a new
nylon spacer or replacing the RIV.

Splitter Leading Edge Erosion = The flow splitter, located behind the fan
rotor, forms the OD flowpath for the quarter-stage rotor. This splitter
showed heavy crosion and bluntness on all engines inspected. This erosion
probably occurs in the first 6000 hours with little additional bluntness
occurring beyond the 6000 hours mark. The increased drag coefficient due to
the splitter bluntness results in a loss of 0.15 percent in fan efficienty
or 0.08 percent in cruise fuel burn.

Inner IGV Bushings - Most engines use the inner IGV design that utilizes a

nylon bushing that forms the inner flowpath of the quarter-stage flow and
stabilizes the inner section of the vane. This nylon bushing tends to work
itself out into the flowpath by as much as 0.10 inch, causing a blockage.
This condition can be remedied by using an adhesive. With the installation
of the nylon bushing, the adhesive can be RTV which has proven successful at
keeping the nylon bushing flush with flowpath surface. Since this condition
varies from engine to engine and within an engine, a loss in performance will
not be presented ior the average engine, but properly seating or attaching
this bushing with adhesive will results in some performance improvement.

Airfoil Quality

T.is is the second of two general classifications of fan section deteriora-
tion and includes fan blade leading edge quality, airfoil quality .f fan and
booster blades, and condition of the fan OGV surfaces.

Fan Blade Leading Edge - The physical condition and shape of the fan blade

leading edge 1s extremely important for optimum performance. Erosion of the
leading edge in 6000 to 8000 hours of engine operation has been observed to
be a significant deterioration mode. This erosion tends to blunt the edge as
shown in Figure 4-24, VUhile it is difficult to analytically assess the per-
formance effects of changes to the fau blade leading edge shape, factory and
field experience have permitted a reasonable assessment. Based on visual ob-
servation, the performance degradation due to fan blade leading edge bluntness
was assessed at 0.71 percent fan efficiency or 0.38 percent cruise fuel burn.
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Since the erosion/impact condition is dependent on geographical area, ground
time, and low altitude flight time, the leading edge condition can vary sig=-
nificantly.

As part of this program, back-to-back engine tests were conducted before and
after fan blade refurbishment. The refurbishment consisted of reworking the
leading edge to an acceptable contour and cleaning the airfoil surface with a
non-oil=base cleaning agent. The results of two tests indicated that the
total delta effect was 0.8 percent in fan efficiency (0.43 percent cruise
sfc), a loss which agrees favorably with the hardware inspection assessment.

Fan Blade Airfoil Quality - Small pock marks approximately 0.004 inch to

0.006 inch deep were observed in the concave surface of the fan blade airfoil
in the first two to three inches above the hub. There was a large difference
in the number of indentations observed in blades from different engines, sug-
gesting they may be a function of engine position and environment as well as
time. During a shop visit the indentations are not removed since complete
removal would result in excessive removal of blade material, resulting in
thinning oi the airfoil. Dirt buildup on both the concave and convex side of
the fan blade was present, and analyses of data indicate that the dirt accum=-
ulates during the first few hundred hours of operation and seems to remain
constant after that. The dirt accumulation is of a "cosmetic" nature and is
easily removed by washing the blades with a commercial solvent. The expected
losses in efficiency and flow due to surface finish and dirt accumulation are
within experimental test accuracies and must be estimated by analytical means.

The pitting observed on the fan blade pressure side of the airfoil degrades
the new blade surface finish from a required 55 u in. AA to an estimated

120 y in. AA in about 6000 hours. This increase in surface roughness occurs
primarily over the first three inches of the airfoil chord for the entire air-
foil span. This results in a loss of 0.06 percent fan efficiency, or 0.03
percent cruise fuel burn.

Dirt deposited on airfoils is consideved a surface roughness condition.
Attempts to make surface roughness measurements, however, were unsuccessful
since the dirt deposits are relatively soft and the instrument stylus acutally
penetrates the deposits. Reference can be made, however, to test cell exper~-
ience where dirt deposition occurs at a more rapid rate due to the industrial
environment. Washing fan blades with a non-oil-base cleaning agent has re-
sulted in fan efficiency improvements of over 0.3 percent. Based or the
engines inspected, however, it is estimated that the loss due to dirt accumu~
lation for a 6000-hour engine is 0.24 percent in fan efficiency or 0.13 per-
cent in cruise fuel burn.

Fan Outlet Guide Vane Degradation - The fan OGV airfoils of engines presently
in service are protected with a polyurethane coating over the entire outer
surface. With time, it has been observed that portions or all of this coating
is missing as a result of significant erosion. Repair or replacement of this
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coating is not normally made during an engine shop visit. 1In addition to the
coating loss, the OGV leading edge become blunt due to the erosive action.
Measurements have shown that the surface roughness has increased from 20 u in.
AA to approximately 160 p in. AA on the suction side and to 180 u in. AA on
the pressure side due to the coating loss.

The increased carface finish drag results in a fan efficiency loss of 0.35
percent and the blunt leading edge is estimated to sustain an additional 0.12
percent loss in fan efficiency. This is equivalent to 2 0.25 percent loss in
cruise fuel burn. It is estimated that this level of deterioration occurs by
6000 hours and remains relatively constant after that.

Booster Stage Blade and Vane = Minor erosion was noted on the concave surface

of the first-stage vanes (IGV) and booster (quarter=-stage) rotor blades, with

some blunting of the leading edge. The inner OGV's had experienced cracking,

and the cracks were repaired by hand rework (grinding) of the crack and adja-

cent metal. Thie leaves the reworked vane blunt and with an incorrect contour
in the area of rework, as shown in Figure 4-25.

Surface finish measurements on the booster airfoils indicates a roughness of

45 p in. AA whereas new parts are nominally 24 p in. AA. This increased rough~-
ness results in an inner flowpath efficiency loss of 0.18 percent for all

three airfoil rows. The increased leading edge bluntness of all three rows

is estimated to account for an additional 0.18 percent loss in efficiency re-
sulting in a total cruise sfc deterioration of 0.05 percent. Here also, the

degradation occurs by 6000 hours and then remains relatively constant with
increasing time.

SUMMARY OF FAN SECTION RESULTS

The fan section performance deterioration is presented in Table 4-VIII. The
data have been summarized as "typical" at 6000 hours since new, although por-
tions of the module have accumuiated 15,000 hours with little or no repair/
refurbishment. As shown in Table 4-VIII, the total inbound deterioration is
assessed at 1.32 percent cruise sfc (fuel burn) at comstant thrust. This loss
can be categorized as flowpath deterioration (0.48 percent sfc) and airfoil
quality degradation (0.85 percent sfc).

Figure 4-26 shows the estimated fan section deterioration characteristics with
time. Tt can be seew~ that the 0.19 percent sfc loss due to the removed boost-
er shroud material is chown as a constant loss since it is due to shop mainte-
nance practices rather than true revenue service decerioration.

76

et Al n s



Figure 4-25.

Reworked Inner OGV with Incorrect Contour and
Blunt Leading Edge.
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Table 4-VIII; Fan Section Deterioration
After 6000 Hours.

Fan Blade
@ Tip Clearance
¢ Leading Edge Contour
® Surfaco Roughness
® Dirt Accumulation

Splitter Leading Edge
Bypass OGV Leading Edge

Bypass OGV Roughness

Quarter Stage
& Rotor Tip Clearance
® Airfoils Leading Edge
@ Airfoils Roughness

ASFC at Cruise (%)

Net

0.21
0.38
0,03
0,13
0,08
0,06

0,19

0.19
0,025
0.025

1,32

T

ST
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High Pressure Compressor (NPC) Section

pPerformance deterioration of the high pressure compressor (HPC) can result
from a number of factors. These factors can be generally classified as either
airfoil tip clearance changes, airfoil quality degradation or leakage. A
eross section of the HPC module showing the deterioration modes is presented
in Figure 4-27.

Changes in blade-to-casing or vane~to=-rotor spool clearance can result from
coating loss or rubs and from shorter blades/vanes caused by rubs or airline
assembly/maintenance practices,

Flowpath Coatings used in the UPC are intend2d to provide protection from abra=-
sion of the casing and rotor structure surfaces; to provide an abradable mate=-
rial which tolerates small local rubs without causing s majior change in blade
or vane length; and to minimize or prevent HPC mechanical damage. A coating,
Metco 450 plasma spray, is used to provide abrasive protection for the casing
and rotor structural members. This material also provides a bonding surface
for an abradable aluminum spray coating used in the forward stages as shown in
Figure 4=-28. 1Initially, all stages of casing and rotor lands included the
abrabable aluminum spray coating. Revenue service experience indicated, how-
ever, that the aft stages of aluminum coating suffered degradation due to
spalling. This condition occurs as a result of thermal cycling which causes
the aluminum/Metco 450 bond coat interface to fail due to the differences in
thermal expansion between the aluminum and structural surface. Since the loss
of the aluminum coating produces clearance increases on the order of 0.015 inch
and additional performance losses due to surface finish degradation, the alumi-
num coating was replaced with the Metco 450 coating for the aft stages as shown
in Figure 4-28. No Metco coating has been lost in service by spalling. Since
most field engines incorporate the Metco 450 coating for the aft strges, this
configuration will be used for the long=-term deterioration study.

Analysis of 15 engines indicates that spalling of the aluminum coating still
occurs in some latter stages just forward of the stages which incorporate
Metco 450. The estimated average amount of spalling for a 6000-hour HP com=-
pressor is shown in Figure 4=-2Y. Note that on the casing forward of Stage 1l
and on the rotor forward of Stage 7, spalling does not occur,

Blade Tip Rubs were observed on the forward-to-mid stages gemerally at or near
the twelve o'clock position. These rubs are localized and shallow, producing
only a small effect on performance. Rubs are occasionally observed in other
locations, but all significant rubs were associated with abnormal events like
compressor stalls or mechanical failures. An estimate for clearance effect
due to rubs is included in Figure 4-30.

Blade and Vane Tip Clearance. Part of the blade and vare clearance chousas
that were detected have been attributed to causes that were not a direct ve-
sult of revenue service deterioration. It has been determined that the aft
rabbet on the forward casing flanges (located at Stage 12) expands approxi-
mately 0.014 inch (diametrically) during 6000 hours of engine operation. This
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Figure 4-27. CF6-6 Deterioration Modes - HP Compressor Section.
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change in diameter can result in an eccentricity between the forward and rear
cising during wssembly/disassembly due to rabbet looseness. Measurements of
lecal radial casing distortions as large as 0.025 inch have been measured.
This out-=of-roundness will produce iccal areas of iaward distortion, result-
ing in less than the minimum required cold clearances Therefore, all the
blaces (or vanes) are greound to maintain this required minimum clearance.
This rework produces an increase in the average clearances and a resultant
poefermance loss. A schematic of the clearanc: increase due to casing dis-
gortez» is shown in Figure 4-31.

The magnitude of the casing eccentricity was estimated by comparing blade and
vane redii in used HP compressors with new production measurements. The aver-
age differences ranged from 0.004 inch to 0.012 inch, depending on the stage.
Clearances tend to be the largest near Stage 12 (the rabbet location), where
the casing eccentricity effect will be largest. The average clearance in=-
crease per stage is represented in Figure 4-30., This figure shows the total
increase including the effects of spalling and rubs.

The increase in clearance presented in Figure 4-30 results in a loss of 1,31
percent in HP compressor efficiency or 0.73 percent in cruise fuel burn effi=-
ciency. This loss can be further broken down into 0.10 percent sfc f£lowpath
spalling, 0.04 percent sfc rubs, 0.17 percent sfc casing distortion (eccen=
tricity), and 0.42 percent sfc short airfoils.

Airfoil surface roughness increase and contour change due to erosion have been
evaluated as causes of degraded performance. Audits of typical new production
blades indicate that titanium blades have an average surface finish of 16y in.
AA while vanes average 25 i in. AA. Inspection of twelve engines that had each
logged approximately 6000 hours of operation indicate little change in the
steel blades and vanes while titanium blade surface roughness increase to ap=-
preximately 20-30 p in., AA., This condition is prevalent for all the titanium=~
bladed stages and results in a loss of 0.17 percent in HP compressor efficiency
or 0.10 percent in cruise fuel burn efficiency.

Visual inspection of contour changes, including leading edge bluntness and tip
thinning, indicates an insignificant performance effect for the average air-
foil. Used parts had been inspected prior to this program for contour changes
using "eyelash" charts. These charts are 10X representations of specific air-
foil sections obtained by scribing the actual parts. Comparison of these
charis with a master chart indi:ated that performance degradatiocn of airfoils
could be discerned visually, Vizual inspection of engine parts with times up
to 8000 hours indicated no change :u airfoil contour and, therefore, "eyelash"
charts were not produced.

Another potential factor related to performance deterioration within the high
pressure compressor is internal and external leakage of the gas flow. Recir-
culation leakage through loose blade piatform gaps and flowpath steps that
might cause flow separation was judged negligible based on visual observations
made. External leakage can occur as a result of worn and/or missing variable
stator bushings and washers located between vane OD and casings for Stages IGV
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through 6., Vicual inspection of these parts indicated minor deterioration did
vecur for Stage 5 and 6 parts after approximately 5000 to 6000 hours. This
leakage can result in an overboard loss of 0.04 percent core airflow or 0.02
percent cruise fuel burn.

Summary of HPC Results

A summary of the HPC section performance deterioration is presented in Table
IX. The data are given for a typical 6000-hour compressor. The total inbound

deterioration is assessed at 0.85 percent cruise sfc (fuel burn) at constant
thrust.

Figure 4-32 is a best estimate of the HP compressor section deterioration
characteristics with time. It can be seen that the (.42 percent sfc loss due
to the short airfoils is shown as a constant loss since it is due to shop
maintenanee practices and not true revenue service deterioration.
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Table 4~IX., High Pressure Compressor Section = Estimated

Deterioration at 6000 Hours.

Blade Tip

Blade and Vane Tip Clearance Increases
® Flowpath Coating Degradation
@ Flowpath Coating Rubs
® Casing Distortion
® Short Air Foils

Airfoil Quality Degradation
® Blades
® Vanes

Leakage
& External

ASFC at Cruise (%)

Net 0,85
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Figure 4-32., HP Compressor Section Estimated Deterioration
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High Pressure Turbine (HPT) Section

The primary sources of high pressure turbine (HPT) deterioration are changes
in blade tip=-to=-shroud clearance, airfoil surface finish, and internal leakage
(parasities). Figure 4-33 presents a schematic showing the areas of interest.

Blade Tip Clearance - Measurement of blade tip radii on seven deeriorated ilPT

modules indicated an average in-service loss of 0.019 inch and 0.013 inch re-
spectively for Stages 1l and 2 from the as-built dimensions. The average in-
service hours was 3266, and there was no correlation of blade tip wear with
accumulated hours. (Reference Appendix A.)

The primary cause for blade tip clearance changes is shroud rubs. These rubs
are very local, but because of the nonabradable shroud material; the blade
tips are shortened. These rubs are caused by several factors, the primary
ones being shroud support distortion, shroud swelling and bowing, shrinkage
of the shroud supports, and hot rotor reburst (an operational condition which
produces a full throttle movement from idle power with a hot engine). Secon=-
dary causes include erosion and oxidation of both blade tips and shrouds.

Analytical predictions of Stages 1 and 2 shroud distortion at takeoff power
are shown in the bottom of Figure 4-34, This is an out=of=~roundness type of
distortion, and the arrows indicate the locations where rubs would be expected.
On the top of this same figure is a histogram of the field experience showing
the number of occurrences for the various rub loctaions. Comparison of the
predictions and field experience show good agreement.

Engine testing has been conducted by General Electric to obtain shroud dis=-
tortion data. Utilizing rub pins in the shrouds at various circumferential
locations, circumferential bowing (radially inward) and chording (radially
outward) of the shrouds were measured while the engine was both hot (running)
and cold (shut down). Inspection of the Stage 1 shrouds when they were cold
revealed about 0,001 inch to 0.002 inch of bowing at the ends. Calculations
indicate, however, that Jhen hot we would expect approximtely 0.0065 inch of
chording at the ends. The Stage 2 shrouds show about 0.003 inch of bowing
when cold, with no chording or bowing expected during engine operation.

Another variable that influences shroud rubs in the change ("shrink") in
radial dimension of the Stage 1 shroud support. "Shrink" data were available
only at 1760 hours and 7100 hours, as shown in Figure 4-35. These data show
that the aft end of the shroud support comes further inward radially than the
forward end does, but that the difference in deflections becomes less with
increasing time. At the 4000-hour mark, the average shrink of the Stage 1
shroud support (forward and aft) is about 0.009 inch.

Hot rotor rebursts can also result in tip rubs and increased blade tip-to-
shroud clearances. Figures 4-36 depicts the thermal response of the Stage 1
blade tip clearance when the engine is rapidly accelerated from idle to take-
off, stabilized at takeoff, rapidly decelerated to idle, and then, after a
certain period of time, once more rapidly accelerated to takeoff (hot rotor
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reburst). These data indicated that while rubs would not be encountered dur=
ing normal transients, the hot rotor reburst could result in rubs of 0.015
inch depth for Stage 1. It is helieved that tnis, or a similar operatioual
maneuver that produces thermal mismatch between the HPT rotor blade tins and
shrouds, is the most likely cause of HPT blade tip rubs in revenue service
operation. Revenue service data indicate that blade tip rubs occur randomly
and infrequently during a given engine instaliation. This strongly suggests
that HPT tip clearances are event-oriented.

The performance lo#s resulting from 19 mils increase in Stage 1 clearance and
13 mils in Stege 2 is 0.67 percent and 0.26 percent in HP turbine efficiency
respectively. This corresponds to a 0.72 percent increase in cruise fuel burn
(sfc).

Airfoil Surface Finish has becn evaluated as a possible source of engine degra-
dation. Figure 4=37 shows the range of surface finishes on the convex side of
high pressure turbine vanes and blades for a ten-engine sample having a range
of operating times f£rom 600 to 4600 hours. 7he data shown are for averages of
three measurements made on each vane and blade. As can be seen, the change

in surface finish does not seem to correlate with time since installation;
instead, it seems to be rather random. Using the average surface finish ob-
tained from Figure 4=-37 and the maximum average surfece finish allowed in the
respective blade or vane drawing specifications, the following changes in con-
vex surface roughness (from new) are obtained:

Stage 1 Convex Stage 2 Convex
#“ E
Vane Blade, Vane Blade

+1ly in. AA  +1lp in. AA +18y in, AA 49y in. AA

Although the concave surfaces of blades and vanes are consistently rougher
than the convex surfaces, they have considerably less effect on turbine effi-
ciency and are considered a negligible performance loss.

The turbine efficiency loss associated with increased airfoil surface finish
is calculated to be 0.07 percent for the blades and 0.07 rercent for the vanes.
This corresponds to a 0,10 percent increase in cruise sfc.,

Internal Leakage (Parasitics) - Areas for leakage within the high pressure
turbine which may affect performance are the distortion of the Stage 1 nozzle
and clearance increases for the pressure balance, inter=-stage turbine and for=-
ward and aft CDP seals, The location of these areas is illustrated in Figure
4"38:

Distortion of the Stage 1 turbine nozzle outer band allows leakage into the

flowpath and a resulting mixing loss over the Stage 1 blade. The average
change in the "x" dimension (see Figure 4-39) for a 15-engine sample was
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0.004 inch which produces a leakage area of 0.104 in.2. This in turn results
in a loss of 0.06 percent in turbine efficiency which corresponds to a 0.05
percent in cruise fuel burn. The distortion occurs during the first few hours
of engine operation and remains constant thereafter.

Examination of pressure balance seal clearances for 15 engines indicated no
change in clearance with increased operating time. For this study, there-
fore, no HPT performance deterioration was attributed to pressure balance
seal clearances,

Measurements made for the forward CDP seal on 13 engines also indicated no
change in clearance had occurred with running time. This seal, while part

of the HP compressor module, is bookkept as a parasitic loss and is included
in the surmmary of HPT losses. For this study, however, no loss was indicated.

Data from 15 engines show that the average clearance for the aft CDP seal is
0.010 inch for a new engine and 0.011 inch for a used engine. This 0.001 inch
clearance increase results in an additional CDP leakage of 0.02 percent and an
increase of 0.0l percent cruise fuel burn.

The average inbound interstage seal radial clearnce for 15 engines was found
to increase from a nominal 0,035 inch to 0.045 inch. This 0.010 inch clear=-
ance increase results in a loss in turbine efficiency of 0.06 percent and a
fuel burn increase of 0.05 percent.

The blueprint specifications require that the total nozzle area (A4) for the
Stage 1 nozzle assembily to be between 52.313 in.2 and 53.373 in.Z2,

Examination of Figure 4~40 shows that A, tends to increase as a function of
time., After 4000 hours of engine operation, the nozzle throat area increases
by an average of 2 percent. This area change has little effect on the overall
engine performance level, but it is a very important measurement since it has
a significant effect on the assignment of performance losses to the specific
engine modules,

Summary of HPT Results

The deterioration assessment for a 4000~hour CF6-6D HPT is presented in Table
4-X. The total HPT performance loss is 0.9% sfc at crnise. Note that about
78 percent of the assessed loss can be attributed to the increase in Stage 1

and Stage 2 blade tip clearances.

Figure 4-41 presents an estimate of the HP turbine section deterioration with
respect to operating time. Note that since the HPT blade tip clearance is
event-oriented, instantaneous increases in sfc can result from blade tip rubs.
Although an event such as this does not occur every flight, it is not unexpected
and typically occurs at least once during a given engine installation. There=~
fore, the performance deterioration du2 to increased blade tip clearance will

be shown as a dashed line since no definite time or number of cycles can be
associated with the event.
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Low Press sre Tucbine (LPT) Section

Deteriorition of low pressure turbine (LPT) components occurs primarily as a
result of increased blade tip/shroud and interstage seal clearances, cracking
of the "PT case rail cooling manifold, and increased airfoil surface roughness.
These modes of deterioration are illustrated in Figure 4-42,

Clearances - Increases in running ¢learsc~ can oceur as repeated rubs lead

to wearing away of blade seal teeth and honevcomb seal material. Transient
operations such as hot rotor rebursts an' wiadmilling air starts result in
decreased clearances, which, over an extended period of time, will have the
effect of increasing steady=-state running clearances.

Efforts to determine the clearance increases attributed to the rotor have met
with mixed results. Some measurements, particularly those reported in Refer-
ence 2 which deals with a limited number of ba:k=-to=back LPT module tests, had
indicated that significant seal tip wear was occurring during revenue service.
However, no such indicator was observed when a greater number of inbound LP
turbine rotors were inspected. This latter finding is more comsistent with
examinations of individual blades in the repair/refurbishment cycle. Most
blades do not require repair in order to restore seal teeth radial dimensions.
Based on the larger sample of data, it is concluded that within the accuracy
of the measurement techniques employed, no significant amount of blade seal
teeth or rotating interstage seal wear is occurring on the average engine.

Observation of rub depths in the honeycomb material of shrouds and interstage
seals shows wear tracks that averaged 0.060 inch in depth. This represents an
average of 0.020 inch increase in clearance over that of new engines. Both
these data and the LPT rotor data are presented in Section A.4 of Appendix A.

Figures 4=-43 and 4-44 show calculated performance loss curves by stage for
blade tip and interstage seal clearances. The estimated change of 0.020 inch
in each stage from a 0.040 inch clearance baseline is equivalent to a total
of 0.61 percent loss in LP turbine efficiency or a 0.37 percent increase in
cruise sfc.

Another clearance-related deterioration mode is cracking of the LPT case hook
cooling tubes. This condition can lead to additional cooling airflow in the
cracked area and can also lead to circumferential starving of the flow down=
stream. These cooling air variations could result in increased operating
clearance through hot flowpath gas inflow, loss of hook cooling, and increased
thermal distortion. These deterioration modes also result in increased casing
temperatures; therefore, it will not be apparent from an examination of honey-
comb rub depths. No quantification of this deterioration mechanism will be
attempted sinece it appears to be a random phenomenon and not typical of aver-
age CF6-6D LP turbine deterioration. This condition, however, may contribute
to differences in deterioration rates for individual modules.
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Airfoil Surface Finish = The other significant deterioration mode identified

W » »
was increased airfoil surface roughness. Figures 4=45 and 4-46 show summaries

of blade and vane measured surface finish versus time for a sample of air-
foils. Increased surface roughness results from airborne and engine-induced
perticulates which can result in surface buildup, oxidation and hot corrosion.
There are various corrosion activities which can be accelerated in the tem=-
perature ranges in which LPT airfoils operate.

Surface finish data have been collected for other CF6 engine models (CF6-50).
These data consist of two populations: one in which no significant levels of
corrosion attack were observed, and one in which significant corrosion was ob=
served. As similar data for the CF6-6D has become available, this distinction
is less obvious because the data scatter in each area tends to overlap. Visual
inspection has shown that most airfoils exhibited the lower rate of surface
roughness increase. Many of these have experienced corrosion in the sense of
metallurgical attack, but this condition has not yet resulted in significant
increases in surface roughness. In general, the dashed lines in Figures 4-45
and 4-46 represent the average trends of increased surface roughness for LPT
airfoils. Note that the data scatter is such that only one line represents
all five stages. It appears from these data that surface roughness continues
to increase until 6000 or 7000 hours of operation and then remains relatively
constant.

The correlations of increased surface roughness in relation to loss in LP tur-
bine efficiency are shown in Figures 4-47 and 4-48. Relative to new engine
specifications, approximately 0.07 percent decrecase in LPT efficiency and
0.04 percent increase in cruise fuel burn could be attributed to the 37 u in.
AA and 31 u in. AA increases in surface roughness for vane and blade airfoils,
respectively. The correlation of increased surface roughness to losses in

,turbine effiriency is also shown in Figures 4-47 and 4-48. Based on these

figures, only the Stage 1 blades and the Stage 1 and 2 vanes have a measurable
impact on sfe for an average enginc.

Summary of LPT Results

The performance deterioration for a 6000-hour LPT is summarized in Table 4-XI.
This level agrees extremely well with the LPT back-to-back testing results
(Reference 2), which yielded a 0.6 percent sfc (takeoff) average deteriora-
tion level for the seven LPT modules tested. This takeoff value equates to
0.4 percent sfc at cruise conditions. Approximately 90 percent of the loss
results from clearance increases, while the remainder is due to airfoil sur-
face finish degradation.
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Table 4=-XI. LP Turbine Section = Estimated Deterioration at
6000 lours.,

Asfc (@ Cruise (%)

Increase in Blade Tip Clearance 0.20
Increase in Interstage Seal Clearances 0.17
Surface Finish Degradation 2;2&,

Net 0.41

Figure 4=49 is an estimate of the LP turbine deterioration characteristics
with time. The curves show that clearance increases continue until about 4000
hours while the airfoil surface finish continues to deteriorate until 6000
hours since overhaul.
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SUMMARY ALL MODULES = AVERAGE DETERIORATED ENGINES

The results from the hardware analyses are summarized for each of the engine
modules in the following listing., The cruise fuel burn (sfc) increase associ-
ated with the tepresentative time selected for each module is presented in
Table 4=X11,

Table 4-XII. Modular Hardware Performance

Deterdoration.
Cruise
Module Hours A Fuel Burn, %
Fan/Booster 6000 1.32
HP Compressor 6000 0.85
HP Turbine 4000 0.92
LP Turbine 6000 .41

Note that 4000 hours was selected for the IiPT module while the other modules
are shown for 6000 hours. This is because the HPT is typically refurbished
every shop visit while the other modules, with the exception of the fan (Stage
1 blades), are refurbished only if mechanical distress causes the modules to

be exposed.

HARDWARE DATA - SERVICEABLE ENGINE

Hardware inspection data and a general discussion of the observations and find~-
ings concerning average serviceable engine modules prior to entering revenue
service are presented in the ollowing paragraphs. The data are presented for
the four major sections of the engine: fan, high pressure compressor, high
pressure turbine, and low pressure turbine.

Fan Section

During a shep visit, repair procedures are available to restore deteriorated
fan section parts to nearly new engine quality levels. Typically, however,
more of the parts which cause performance deterioration in the fan are not
refurbished. For several reasons, most notably those of cost effectiveness
and excellent durability of the fan module, only minimal performance restora-
tion is performed during a typical shop visit.
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Fan_Blade Clearance = This clearance i~ checked by the airlines only to ensure
that the minimim clearance is coatrolled, This leads to local rework of the
shrouds and, in conjunction with shroud erosion, results in greater average
clearances. Shop Manual procedures are currently available to restore the
average clearance, but little or no attention is given by the airlines to
correct this condition,

With vespect to blade-to-shroud clearances, the deterioration level for the
average refurbished engine is therefore estimated to be the same as that de-
termined for the deteriorated engine. This value is approximately (.920 inch
in increased clearance, which is equivalent to a fan efficiency of 0.4 percent
and a 0,21 percent increase in cruise fuel burnm.

Booster Shroud Material = As noted for the deteriorated engines, all engines

inspected were observed to have the epoxy microballoon rub strip removed, and
none had the open cell honeycomb replacement rub strip. Therefore, the per=-
formance loss for the average refurbished engine remains at 1.33 percent in
oooster efficiency or 0.19 percent in cruise fuel burnm.

Splitter Leading Edge Erosion - The flow splitter behind the fan rotor which
forms the OD flow path for the quarter-stage rotor is not being refurbished

by re-forming or polishing the leading edge surface. The performance loss,
therefore, remains at 0.l4 percent in fan efficiency or 0.08 percent in cruise
fuel burn.

Fan Bypass OGV Hub - When the CF6-6D engines were being manufactured, there
was a gap of 1 to 30 mils between the bottom of the OGV and the inner flow
path. There is a flow of air from the pressure side of the vane to the suc-
tion side of the vane through this gap. RIV can be added in this area, and
when properly smoothed with a good fillet between the flow path aud the air-
foil, the leakages can be stopped. The 30 mil clearance results in a 0.2l
percent loss in fan efficiency for the average refurbished engine. Thie leak-
age does exist on production engines, so it is not included as a deterioration
source from new. Repair of this leakage path, however can improve performance.

Fan Blide Leading Fdge Quality can be corrected with techniques made available
by General Electric. Some airline service facilities have this equipment and
do an excellent job of refurbishment. Attempts to recontour fan leading edges
by service shops without these tools have not been as effective. It is esti=-
mated that for a fleet average, a deteriorated fan lcading edge can cause a
loss in fan efficiency of 0.24 percent or 0.13 percent in cruise fuel burn.
Specific airline service shops are eliminating essentially all of the loss,
but unrefurbished fan modules were also observed.

Fan blades are thoroughly cleaned as part of the inspection and restoration
process. Restoration in this case is straightforward. A common solvent wash
will remove the dirt. A non-oil~based solvent is recommended in order to
leave a dry surface. It is assumed that the fan blades are cleaned for the
average refurbished engine,
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As in the case of the leading edge refurbishment, there is variability with
airiines regarding surface finish restoration. General Electric recommends
procedures which can restore the surface finish to essentially new airfoil
quality. Airline service shops differ in their aggressiveness toward this
restoration activity., It is estimated that half of the serviceable engines
include fan blade surface finish restoration, therefore, the average outbound
engine is assumed deficient in fan efficiency by 0.03 percent or 0.02 percent
cruise fuel burn.

OGV Airfoils are not being restored for surface finish or for leading edge erosion
The loose polyurethane film is left in the unrestored condition. Therefore,

the deterioration level of outbound engines vemains at 0.47 percent loss in

fan efficiency or 0.25 percent in cruise fuei burn.

Booster Airfoils are not being cleaned or polished to improve surface finish
or restore erosion damage on the leading edges. In addition, the blunt lead~-
ing edges on the inner OGV's remain in the same condition in which they were
found oa the deteriorated engine. Therefore, the loss remains at 0.36 percent
in booster efficiency or 0.05 percent in cruise fuel burn.

SUMMARY OF FAN SECTION RESULTS

A summary of the fan and booster section performance loss for the average
refurbished engine is presented in Table 4-XIII. This table summarizes an aver--
age inbound fan module (no refurbishment), a refurbished module (using current
refurbishment practices), and an average serviceable module (partially refur-
bished). The data are given for an average serviceable engine although con=
siderable differences can exist with regard to the actual level of deteriora=-
tion between individual modules. The total outbound deterioration is assessed
at 0.93 percent cruise sfc at constant thrust. This loss can be categorized

as flowpath degradation (0.48 percent sfc) and airfoil quality degradation
(0.45 percent sfc). As with the deteriorated engine, 20 percent of the total
loss is due to the removal (without r-vlacement) of the quarter-stage rub

strip material which results in increased clearances. This loss (0.19 percent
sfc) is categorized as deterioration although it is not true revenue service
detevioration.

High Pressure Compressor (HPC) Section

The HP compressor modules are not refurbished for performance restoration dur-
ing each shop visit. Typically, only airfoils with leading edge or tip damage
are replaced and any apparent mechanical distress is repaired. Based on shop
audits and repair records, it is estimated that the HPC blades and vanes are
removed for cleaning purposes about one-third to one-half of the times that
the engine are brought in for repair.
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Cleavances = Average blade and vane tip clearances may be xnadvercencly in=

ereased during a shop vigsit as a result of airfeil cxp rework eequxﬁed to
correct eccentricity and out-of-rounducss of the casing., As staced in the
previous section (which provides results for a deteriorated engine), the per=-
formance loss associated with this and other clearance effects is 0.59 percent
in cruise sfe. Based on shop audits, it is assumed that 40 percent of the

HP compressor modules are refurbished (replace short blades and vanes) during
a typiecal shep visit, The performance loss for clearance changes due to rubs
and spalling for the average outbound engine is 0.14 percent in HPC efficiency
or 0.08 percent in eruise fuel burn (sfe).

Airfoil Quality = A vibratory milling process commonly termed SWECO is avail-

able in the airline repair shops to clean and restore airfoil surface finish,
This tumbling process also helps maintain a reasonable airfoil leading edge
radius, The current procedure used by the airlines can restore both blade
and vane airfoil surface finish to new=part standards. Since it is assumed
that approximately 40 percent of the compressor modules are assumed to be re=-
furbished during a typical shop visit, the performance loss due to surface
finish degradation of the average refurbished engine is 0.10 percent in HPC
efficiency or 0.06 percent in cruise fuel burn (sfe).

SUMMARY OF HPC RESULTS

The unrestored performance losses for the average serviccable HP compressor
module is presented in Table 4-XIV. As with the fan m@dulo, valucs ars also .
presented for the average inbound module and the avctage refurbished module.’
Over 90 percent of the unrestored performance loss is due to clearance in-
creases.,

High Pressure Turbine Section

Normally the high pressure turbine is restored every shop visit because of
durability limitations. In the restoration process, various modes of mechani-
cal distress = the primary cause of performance deterioration - are also cor=-
rected. The correction procedures include setting the correct blade tip=-to-
shroud clearances, partially restoring the airfoil surface finish, and repair-
ing nozzle vane distortion/distress.

Mcasurements were obtained for typical refurbished engines to assure that
additional lesses were not being incurred as the result of shop procedures or
any other unknown conditions. Measurements were obtained for (1) the seals
that eontribute to parasitic losses (pressure balance and forward and aft
¢bpr), (2) Stage 1 and 2 blade tip and shroud dimensions to check cold clear-
ances, and (3) the thermal shield teeth to calculate interstage seal losses.
These data, presented in Appendix A - Section 3, indicate that all parts were
within shop manual limits.
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Table 4=XITT, Estimated Serviceable Airline Fan Module.

No

A Cruise Fuel Burn (%)
With Average

Refurbishment _Refurbishment  Serviceable

Fan Blade

Tip Clearance

Leading Edge Contour

Surface Roughness

Dirt Accumulation
Splitter Leading Edge
Bypass OGV Leading Edge
Bypass OGV Roughness
Quarter Stage

Rotor Tip Clearance

Airfoils Leading Edge

Airfoils Roughness

Average Serviceable Module

0.21
0.38
0.03
0.13
0.08
0.06
0.19

"0.19
0.025
0.025

0.21 0.21
0 0.13
0.015 0.02
0 0
0.08 0.08
0.06 0.06
0.19 0.19
0.19 0.19
0.025 0.025
0.025 0.025
0.93

Table 4-XIV. Estimated Serviceable Airline HP Compressor Module.

Blade and Vane Tip Clearance
Increases
Flowpath Coating
Degradation
Flowpath Coating Rubs
Casing Distortion
Short Airfoils
Airfoil Quality Degradation
Blades
Vanes
Leakage
External
Average Serviceable Module
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No

A Cruise Fuel Burn (%)
Wich Average

Refurbishment Refurbishment Serviceable

0.10
0.04
0.17
0.42

0.07
0.03

0.02

0 0.06
0 0.02
0.05 0.17
01"“2 ' 0042
0.02 0.04
0.02 0.02
0 0
0.73




The only area of unrestored performance in the HP turbine module is airfoil
surface roughness. Repaired HPT airfoils are not restorcd to new-part specifi=-
cations, resulting in a loss of 0.04 percent in HPT efficiency for the blades
as well as the vanes. The total loss of 0.08 percent is equivalent to a 0.06
percent increase in cruise fuel burn. The performance loss for the average
inbound module, refurbished module, and serviceable module is presented in
Table 4=XV. Note that all the unrefurbished loss is due to airfoll surface

finish.

Low Pressure Turbine Section

The low pressure turbine module typically lasts over 10,000 hours with little
or no repair/restoration. For this reason, the performance level for the aver=-
age refurbished engine is comparable to the deteriorated emgine with deterio=-
ration modes of increased clearance (blade and interstage seal) and airfoil

roughness.

Clearance - Restoring tip clearance to new-engine condition consists of re=
placing the shrouds and interstage seals. It would be expected that all of
the performance degradation resulting from increased honeycomb rubs (0.37 per=
cent cruise sfc) would be recovered. This performance restoration was demon=-
strated in the back=to-back testing program described in Reference 2. Since
only 10 to 15 percent of the LPT modules are restored during a typical shop
visit, it is estimated that the average serviceable.engine is (.32 percent de-
ficient in cruise sfc due to the ingreased running clearances.
Airfoil Surface Finish - Little effort is directed toward cleaning and re-
storing the surface finish for LPT blades and vanes. Therefore, as for the
inbound module, the performance loss for airfoil surface roughness for an aver=-
age serviceable LPT module is assessed to be 0.04 percent in cruise sfc.

SUMMARY OF LPT RESULTS

The performance deterioration for an average inbound module, refurbished mod=-
ule, and serviceable LPT module is presented in Table 4-~XVI,

As shown, almost 90 percent of the serviceable LPT module unrestored perfor-
mance loss is due to blade tip and interstage seal clearance increases.
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Table 4=XV. Estimated Serviceable Airline HP Turbine Module.

A Cruise Fuel Burn (%)
No With Average
Refurbishment Refurbishment Serviceable

Blade Tip Clearance Increase
Stage 1 0.52 0 0
Stage 2 0.20 0 0
Airfoil Surface Finish
Bleées 0.05 0.03 0.03
Vanes 0.05 0.03 0.03

Internal Leakage (Parasitics)

Stage 1 HPIN Distortion 0.05 0 0
of Outer Band
Interstage Turbine Seal 0.05 0 0
Average Serviceable Module 0.06

Table 4-XVI. Estimated Serviceable Airline LP Turbine Module.

A Cruise Fuel Burn (%)
No With Average
Refurbishment Refurbishment Serviceable

Increase in Blade Tip 0.20 0 0.17
Clearances
Increase in Interstage 0.17 0 0.15

Seal Clearances
Surface Finish Degradation 0.04 0.04 0.04

Average Serviceable Module 0.36
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SUMMARY ALL MODULES - AVERAGE SERVICEABLE ENGINE

The cruise fuel burn increase for the individual modules based on hardware in-
spection data is presented in Table 4-XVII.

Table 4~-XVII. Hardware Performance Deterioration Data Summary.

A Cruise Fuel Burn (%)

No With Average
Refurbishment | Refurbishment | Serviceable
Fan Section @ 6000 Hours 1.32 0.80 *0.93
HP Compressor @ 6000 Hours 0.85 0.51 0.73
HP Turbine @ 4000 Hours 0.92 0.06 0.06
LP Turbine @ 6000 Hours 0.41 0.04 0.36
2.08

The average serviceable engine is shown in the third column, and it is noted
that the data in the "no refurbishment" column cannot be totaled due to the
disportionate number of hours noted for the HPT module.

@

4,3 DISCUSSION OF LONG-TERM RESULTS

The CF6-6D engine is maintained using the on-condition concept. Repair of the
engine during each shop visit is based on results noted during routine on-wing
inspections supplemented by maintenance plans designed to incorporate product
improvement items. Each engine, when assigned for maintenance repairs, is
disassembled into the component modules which are dispersed to separate repair
lines. These modules are repaired to eliminate those mechanical conditions
that exceed published inspection limits, as well as to incorporate any product
improvement items. Very rarely - and then only a quick=-turn engine to allevi~-
ate low spare conditions - are the individual modules from a specific engine
assembled after repair into the same engine. The singularity of the individ~
ual modules disallows the establishment of an average engine. However, the
establishment of an average engine which summarizes the hardware data for each
section of the engine to produce a "total engine value" is required for com~
parison with the results from the independent assessment based on performance
data. The comparison of the expected deterioration based on the two indepen-
dent assessments produces confidence that the fuel usage assessments based on
hardware inspection data are reasonable.
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Comparisons between the fuel usage assigned based on hardware inspection and
performance data for each of the three major parts of the engine life cycle =
initial-installation, multiple~build, and unrestored loss -~ are discussed in
the following paragraphs.

INITIAL-INSTALLATION ENGINE

A direct comparison of the performance and hardware results for the initial
; installation engine is presented in Figure 4-50.

The comparison was made at 4000 hours and, as noted, produced good agreement.

The hardware plot was constructed using the individual deterioration levels

presented for each module in the hardware data sections. Note that the con-
: stant loss of 0.19 percent in cruise fuel burn for the fan quarter-stage
s material is not involved in this comparison since all production new engines
included the shroud material but the airlines have not replaced the material
which had been previously removed for durability considerations., In addi-
tion, the loss of 0.57 percent in cruise fuel burn for short airfoils and
casing distortion for the high pressure compressor is also not included since
that loss occurs during shop maintenance and not during engine operation.
Technically, part of the casing distortion and a potential erosion loss should
be included for the quarter-stage during engine operation. However, these
loeses are small, and the net effect would be to raise the hardware f£igure to
even closer agreement with the performance assessment.

e TR L TR R TS T R e e TR

The data plotted for the fan, HPC and LPT to 6000 hours in Figure 4-50 is in-
tended to show only the delta deterioration for each of these modules beyond
4000 hours. The absolute delta cruise fuel burn levels shown for 6000 hours
in this figure does not represent "total engine" deterioration since data for
the HPT module is not available beyond 4000 hours.

P T T .

F Note that the high pressure turbine section represents a 0.92 percent cruise
burn loss after 4000 hours, and the short-term loss was established as 0.75
percent in Asfc and represents 80 percent of the total initial installation
logss., It will be shown later in this report that the multiple-build engines
generally indicate a similar loss in the high pressure turbine after 3000
hours. A product improvement to eliminate blade tip rubs, which are the major
4 source of high pressure turbine deterioration, is required. In summary, the

] fuel burn assessments based on hardware inspection results are considered rea-
sonable based on the good correlation with the results obtained from perfor=-
mance data.

i AVERAGE SERVICEABLE ENGINE

- The comparison of the fuel burn assessments based on performance and hardware
inspection data is presented in Figure 4-~51. The performance data are based
on test cell results for the refurbished engines prior to reentering revenue
service. The hardware averages were assessed by the individual teams based
on their independent reviews of hardware and studies of airline refurbishment
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practices. It is interesting to note that while the high pressure turbine is
the largest contributor to on-wing deterioration, almost all of those losses
are restored during a shop visit. This was expected, since this section of
the engine has the highest deterioration rate and generally is repaired for
durability reasons at each shop visit regardlesss of engine removal cases. In
addition, refurbishment activity is required during each shop visit to restore
EGT margin to avoid early removal (red line limit). Experience has shown that
high pressure turbine deterioration is a major contributor to the lack of the
EGT margin, and restoration of EGT margin also restores the majority of the
performance losses since the major elements for both conditions are the same.

MULTIPLE BUILD ENGINE

As shown in Figure 4-52, the loss in cruise fuel burn assessed from hardware
inspection data (3.3 percent), compared with that measured using performance
data (3.0 percent) agrees within 0.3 percent in cruise burn. This good agree-
ment verifies that the independently assessed results are valid and realistic.
Note that a differnt baseline was used for the two data sources which were de-
veloped during the studies concerning unrestored losses. As shown, the losses
for the multiple build engines are predominately in the high pressure turbine
which were shown to be the result of increased blade to shroud clearances from
rubs., It is important to remember that these hardware inspection and perfor-
mance data represent the average for the individual modiles, and that a large
variation exists between individual assemblies and engines,

ADDITIONAL REMARRS

The comparison of the cruise fuel burn deterioration based on independent
assessments from hardware inspection and performance data produced good agree-
ments as follows:

Hardware Performance Delta

Initial Installation, (%) 2.3 2.6 0.3
Unrestored Losses, (%) 2.08 2.1 -
Mutiple Build, (%) 3.3 3.0 0.3

Therefore, it is concluded that these data are an accurate representation
of long~term deterioration characteristics for the CF6-6D model engine, and
have reasonably isolated the losses for the initial~-installation, multiple~-
build and serviceable engines.

4.4 DETERIORATION MODELS

The hardware inspection and performance results, having been verified as
reasonable and realistic, were used to establish two deaterioration models.
These models, used to describe the rate and sources of per.ormance deter-
ioration which increase fuel consumption have been termed "Performance
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Deterioration Model" and "“liardware Dcterioration llodel.” These models are
required for different reasons and constructed using different data sources.
The primary reason and data uvsed to develop each model is included in the
following discussions.

PERFORMANCE DETERIORATION MODET,

FPigure 4=53 presents the "Performance Deterioration Model" which describec

the magnitude of fuel burn and the rate at which these losses occur with
accumulated time. Only performance data is used to comstruct this model since
the necessary hardware data required to describe the curve shape from instal=-
lation to removal was not available. Sufficient performance data was not
available to specifically determine the amount of performance gained for
initial installation engines following rsfurbishment, and is therefore,
represented by a dotted line in the schematic.

While hardware inspection data was not used to develop this model, the initial
and final data points for each segment (short=term, initial=installation,
multiple installaticn and unrestored loss) were verified with hardware inspec-
tion data. (These comparisons are discussed in Section 4.3 of this report.)

The primary use of this model by the airlines is to establish overall fuel
burn delta with increasing time for a given engine, and to competitively

judge the performarce deterioration characteristics for the different engine
models. It was previously noted that the multiple build engine and unrestored
loss data indicated no measurable trend from the 2nd through the 10th shop
visit, Therefore, this model is considered representative for the curreat
CF6-6D fleet.

The deterioration curve shape shown in this model differs from that generally
presented to represent airline fleets. The inverted shape of the curve is the
result of selectively averaging only a part of the fleet data, to produce a
curve that averages individual engines for a very narrow band of engine hours;
i.e., 4000 + 450 hours for the initial-installation engine and 3000 + 250
hours for the multiple-build engine. While the individual engines in the time
families from 2000 to 5000 hours all chow the same characteristics, the airline
fleet average - which includes infant mortality failures as well as long-time
removals - produces the classical curve shape where the rate of deterioration
decreases with accumulated time. This is shown in the sketch as follows:

Classical Individucl Eagine
Cusvs This Progran
Shaps

Tuel Baln v om
PFoel Butn

TIRE emeoa=me TiRe wmsmocseciio

123




T e TTTTTVREEEETRE S T R

s

124

Cruise Fuel Burn, pcreent

L-ﬂ =

Shoret Term

Zx4

] ]
O i, P LLLLLELLL I}
Production New Baseline
1.0 | ) § 1 I\' i ) | )
1000 2000 3000 4000 0 1600 2680 3000 4000

Figure 4=53,

llours Sinee Installation

Peorformance Deterioration Model,

\\.A

.

——




A e - il -t b e e R A

F/
|
]
?
]
¢
1
]
.
|
E;
,é
4
i

The curve shape geiierated for this program is considered correct for achieving
the specific program objectives, but it does not represent the airline fleet
average and is not intended to imply that the "classical" deterioration curve
shape is incorrect.

o

Table 4=XVILII documents the "Hardware Deterioration Model" waich assigns the
fuel burn losses to the individual parts and respective damage mechanisms.
This model is based exclusively on the hardware studies which include inspec-
tion data describing hardware conditions, and back-tu=back engine tests con-
ducted erclusively to measure the the performance effects of specific damage
mechanisms. The model represents the deterioration losses that were estimated
for new hardware with the accumulated hours as shown for each module., In
addition, the fuel burn increases that have occurred during a shop visit for
engine refurbishment are also included. These items are those which do not
occur during revenue service, but as a result of maintenance practices or
policy. As shown by the asterisks on Table 4-XVIII and discussed in detail

in Section 4.2 of this report, they include such items as quarter=-stage tip
clearance (material not installed) short or average airfoil HP compressor
(results from rework to produce minimum clearance) and fan blade tip clearance
increase (partially due to rework of shrouds to meet minimum clearance re=-
quirements).

The "Hardware Deterioration Model" is used primarily by the airlines to
determine items to be included in the individual workscopes and by General
Electric to determine areas where produce improvements are required in
order to reduce or eliminate sources of fuel burn deterioration. Care must
be exercised in using this model, as not all of the itemized deterioration
moces and especially the magnitude are observed for each module. Indeed,
a wide variance in the condition of the various modules (and serviceable
engines) Jdoes exist since the engine is being maintained using the on~
condition concept which permits selective repair rather than the fixed
time between overhaul method which would require the same repairs for each
module.

While the construction of deterioration models are a necessary product of the
overall program studies, the question arises regarding what to do with the
results? Since this program is part of an "umbrella" Energy Conservation
Program, the answer must be that the results should be used to reduce fuel
consumption for the CF6-6D model engines., Based on a review of the deteriora-
tion models, the answer becomes evident. As shown in Figure 4=53, the fuel
burn losses that are not restored represent a constant 70 perceat fuel burn
deterioration (2.1 percent of 3.0 percent cruise sfc) when the average refur-
bished engine has accumulated 3000 hours. The remaining 30 percent (0.9 per-
cent cruise fuel burn) is attributed to on-wing deterioration occurring during
the 3000 hours typically accumulated between shop visits. The 0.9 percent
cruise fuel burn loss is restored during each shop visit, and is primarily the
result of high pressure turbine blade tip rubs. Two alternatives can be con-
sidered to eliminate or at least reduce these unrestored losses.
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First, product improvements could be developed to preveat the deterioration
from oceurring in the first place, thereby eliminating both the on=-wing

1osses and the subsequent unrestored losses, While this is the ultimate long-
range goal of the Genmeral Electric Company, it is not realistic to expect that
all losses will be eliminated. However, General Electric is working to de-
velop produet improvements that will have a positive effect on reducing the
effect for most of the sources. In addition, the companion NASA Performance
Improvement Program includes efforts to develop several generic items for high
pressure turbine which was the arvea shown to be the largest contributor to
performacce deterioration which increase fuel burn., These include a Roundness
Control Program which is aimed at eliminating part distortions and resultant
rubs, and an Active Clearance Control Program which utilizes preferential
cooling air to achieve more optimum clearances during cruise, The results
from these two NASA-sponsored programs will be available in the near future.

The sccond alternative is to develop more cffective restoration teeniques, or
to incorporate additionsl restoration items which can reduce the unrestored
losses present after each shop visit, While this docs not necessarily affect
the deterioration rate, it can produce an instant and short-range reduction in
energy consumption. This alternative was evaluated as part of this program,
and the results are discussed in the next section of this report. That
section is entitled “Recommendations" since the indicated action from those
studies addresses to the question, "How can these results be applied to reduce
fuel consumption for the CF6-6D model engine?"
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5.0 RECOMMENDATIONS

The primary ebjeetive of this pregram was teo identify performance deteriora-
tion sources for current CF6-6D engines and ways to minimize these effects;
thus having a favorable impact on the national energy shortage. Unrestored
performance, that is, the in=-service deterioration which is not corrected
during subsequent shop visits, offers the largest potential for fuel conser-
vation. This represents 70 percent of the total fuel burn deterioration cal=-
culated for the CF6-6D model engines and amounts to over 15 gallons of cruise
fuel burn for cvery ongine flight-hour. Immediate fuel burn deduction can
be realized by more effective and/or additional restoration during each shop
visit. While reducing energy consumption is of national interest, the air-
lines requive that any maintenance action, over and above that required to

restore mechanical integrity, be cost-effective. The individual airlines have -

their own distinct ground rules on what is to be included in cost studies and
include: labor and fuel costs, burden costs (overhead), investment, and main-
tenance philosophy.

The hardware teams conducted cost-effectiveness feasibility studies for each
of the deterioration items, These studies consisted simply of ealeulating the
labor and material costs, with no attempt to incorporate other financial con=-
siderations. They were not evaluated for any specific airline since the re-
quired input data are considered proprietary and, therefore, not available.
Reasonable assumptions were used by the teams based on normal airline rela=-
tionships to determine the specific input data. It is for these reasons that
these studies are termed cost-effectiveness feasibility studies, and each air-
line has to adjust the results to its specific criteria.

The cost-effectiveness studies were based primarily on two major considera-
tions: additional costs for the modification, and expected reduction in oper-
ation costs. The difference between the increased costs and potential reduc-
tions represents the anticipated savings. The estimated costs to incorporate
the added refurbishment were calculated using a labor rate of $23.00 per hour
(which includes an estimated overhead of 100 percent) and material costs based
on the 1979 parts catalog. The teams estimated the amount of labor needed to
perform the modification which included the man-hours required to disassemble/
reinstall the individual part into its specific module. It was assumed that
the individual modules were exposed as a result of normal mechanical repair.
The "cost of money" was not included in the study, nor were any investment
eriteria ("bricks and mortar") other than the 100 percent overhead considera-
tion. The material costs assumed the vendor repair cost rather than new-part
cost, where applicable.

The calculation of reduced operating costs required the establishment of the
amount to be gained, the "useful life" or hours until the gain is completely
lost, and a "life factor" which represents the rate at which the gain deter-
iorates., The useful life and life factor were derived for each conditioen by
the hardware teams based on their observations, other General Eleectric studies
or tests, analytical calculation and common sense. Figure 5-1 indicates three
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examples of the curve shape for deterioration rates that could be developed,
and the area above the curve represents the time where fuel consumption is
available. In general, the detervioration rate was considered linear with
time aud assigned a life factor of 0.5 unless otherwise determined. The
amount of cruise sfc to be gained for each condition was not assumed to be
equivalent to its total assessed loss, but rather was estimated in terms of
what percentage of the loss could be restored using curreant technology and
tooling.

The fuel usage was calculated for a typical DCL0-10 mission and estimated to
consume 746 gallons of fuel per engine flight hour at a cost of $0.63 per gal-
lon. This combination produced a $4.70 cost saving per engine flight hour fovr
each one percent reduction in cruise fuel burn.

An 1mprovement in cruise fuel burn (sfc) will produce a corresponding improve=
ment in EGT margin which will reduce hardware consumptxon because of lower
operating temperatures, and possibly extend time on-wing between shop visits.
While these are potentially significant considerations, they are very diffi-
cult to generalize and are not included in these studies. Rather, this po-
tential for cost savings, while not estimated, can be used to justify accep=
tance of marginally cost-effective items.

The statistics used to determine the cost effectiveness for the individual
items are presented in Table 5-I. The items are arranged by the individual
modules, and the column headings are those previously mentioned. The listing
includes the major performance deterioration items isolated by these studies
and is not presumed to include all sources. For those items where a mateiials
cost is noted under the Modification column without a corresponding labor
cost, a fixed vendor replacement repair cost is shown which includes both
material and labor. As shown in Table 5-I, the useful life for the rvepairs
ranged from 4000 to 12,000 hours, with most of the life factors estimated to
be 0.5. The items of deterioration that are normally corrected during each
shop visit, such as high pressure turbine blade~to-shroud clearance, were of
course, not considered in this study.

These results (as shown in the last 3 columns in Table 5-I) were used to cal=-
culate the potential cost-effectiveness for each item using the labor and fuel
costs previously noted. The pertinent results form the cost-effectiveness
studies excluding detailed calculations are summarized in Table 5-1I. The
last column in this table shows the savings as a cost per flight-hour to make
ail items on an "apples-to-apples" basis. These studies indicate a potential
savings from $1.15 per hour to a potential loss of $1.37 per hour. As noted
earlier, any saving, however marginal, is considered cost-effective based on
the potential additional savings in part life expected from the corresponding
reduction in EGT.

The data presented in Table 5-III indicates that 80 percent of the total 2.1
percent cruise fuel burn increase is potentially cost-effective to restore.
However, these potential figures are somewhat misleading in that some of the
listed items are being restored on a parttime basis rather than during each
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FAN SECTION

Recontour Fan Blade
Repair Fan Bypass OGV
Correct Fan Blde Clear
Quarter Stage Shroud

Replace Splitter Lead Edze 0.08

Tuble 5-I.

Cost Reduction Studies,

Reduced Couts

SFC
Gain
(%)

0.38
0.25
0.21
0.19

Polish Quarter Stg. Airfolls 0.05

Fan Blade Surface Finish

HP _COMPRESSOR

Replace Short Airfoils
Flowpath Coating
Clean Airfoils
Replace Vane Bushings

HP TURBINE

Restore Blade Finish
Restore Vane Finish
Vane Distortion
Interstage Seals
Blade Tip Clear

LP TURBINE

Replace Tip Shrouds
Replace Interstage Seals
Airfoll Surface Finish

0.015

0.42
0.10
0.10
0.02

0.02
0.02

Useful
Gain

Curs)

6000
12000
12000
12000

9000

6000

6000

6000
6000
- 6000
6000

6000
6000

Life

Factor

0.5
0.5
0.5
0.5
0.5
0.5
0.5

1.0
0.5
0.3
0.8

0.5
0.5

Not Applicable

0.20
0.17
0.04

4000
4000
6000

0.5
0.5
0.5

Additional Costs
Modification
Labor Materials

Removal/

install

(hrs)

‘1.5

54

32

26

(hrs)

9.5

18
30
16

16

€]

1000
100
300

125

3730
100
303
200

6400
6913
520
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Table 5-II, Summary of Cost Savings.

Expected Gain

Length
(hrs)

' SFC
: (%)
FAN SECTION
Recontour Fan Blade 0.38
Repair Fan Bypass OGV 0.25
Correct Fan Blade Clear 0.21
Quarter Stage Shroud 0.19

Replace Spl
Polish Quar

132

itter Lead Edge 0.08
ter Stg Airfoils 0,05

.
L
]
§
| Fan Blade Surface Finish 0.015
E HP COMPRESSOR
b Replace Short Airfolls 0.42
? Flowpath Coatings 0.10
E Clearn Airfolls T 0.10
| Replace Vane Bushings 0.02
’
i HP_TURBINE
E Restore Blade Finish 0.02
Restore Vane Finish 0.02
LP TURBINE
Replace Tip Shrouds 0.20
Replace Interstage Seals 0.17
‘ Alrfoild Surface Finish 0.04

*Includes Fuel Savings

6000
12000
12000
12000

9000

6000

6000

6000
6000
6000
6000

6000
6000

4000
4000
6000

5358
7050
5922
5358
1692

705

212

11844
1410
846
451

282
282

1598
1880
564

Costs
Reduced

Added
[€))

3

253
1161
652
1358
437
1137
403

4972
790
1177
34

184
184

7097
6584
1256

Savings Per Hour
FTuel Dollars*

(Gal) %)
1,42 0.85
0,93 0.49
0.78 0.44
0.71 0.34
0.30 0.14
0.19 '0007
0006 -0.03
3,13  1.15
0.37 0,10
0.22 _0006
0.12 0.01
0.07 0.02
0.07 0.02
0075 -1.37
0.63 =1.18
0.15 -0.12
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shop visit. The hardware teams estimated how often each specific item was
restored and the effectiveness of the restoration in order to calculate the
vreal potential. Thosc analyses, prescmted in Table 5-1IT, show that of the
total 1.69 percent cruise fuel burn deterioration that is cost-effective to
restore, 21 percent (0.36 percent cruise fuel burn) is effectively being re-
stored today on a part time basis. This leaves a potential of 1.33 percent
in cruise fuel burn, equivalent to 9.9 gallons fuel usage and an estimated
$2.88 engine flight hour. This is equivalent to 10.9 million gallons of fuel

and 3.2 million dollars in savings based on 1.1 million £flight hours esti-
mated for CF6-6D model engines for 1980.

In summary, the majority of the unrestored losses for the CF6-6D model engine
are cost-effective to restore. It is recommended that the airlines conduct
their own cost-effectiveness studies and initiate action to more effectively
restore fuel burn losses during each shop visit. This restoration in conjunc=
tion with action to minimize deterioration through design modifications can
make a notable impact cn energy consurption in the 1980's.
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6.0 CONCLUDING REMARRS

The studies to determine the performance deterioration characteristics for
the CF6=6D model engine specifically related to increased fuel burn revealed
wide variances in the rates for individual engines. The current on-condition
maintentance concept, as opposed to fixed time-between-overhaul (TBO), to-
gether with the modular concept of the engine, which parmits selective refur-
bishement, contribute to this condition. In addition, cockpit recordings of
performance parameters - in particular, fuel flow - were not consistent as
would be drsired, vhich also contributed to the wide variance for individual
engines.

While the nature of this program was not such that explicit results could be
formulated and verified to the "Nth" degree by experiments, the salient re-
sults presented in this report are a reasonable and accurate representation
of the deterioration characteristics for the CF6-6D model engines. This is
based on the following key observations:

® Teams of General Electric technical personnel, experienced in all
phases of engine/airline operation (mechanical design, aero design,
performance vestoration, performance analysis, and airline service
engineering), conducted the detailed data reviews, produced the re-
sults and completed analytical analysis to assure that their results
agreed with the farts and/or engineering logic.

® Specific data obtained as part of this program or from special
General Electric programs, including special hardware inspectionms,
back=to-back testing to isolate specific deterioration modes, etc.,
in conjunction with the routine airline data, produced sufficiently
large samples of data to adequately document deterioration charac-
teristics at selected points in the cngine life eycle These points
were for a deteriorated engine when removed for a normal shop visit,
and for the refurbished engine after repairs had been completed but
prior to reentry into revenue service. This permitted the most im-
portant program objectives to be determined using empirical perfor-
mance and havdware inspection data.

® When engine deterioration levels produced by summarizing the losses
assessed from hardware inspection data for the individual deterior-
ation sources were compared with independently determined levels
based exclusively on engine performance data, good agreement re-
sulted for each major part of the engine life cycle.

Therefore, based on these key observations, it is reasonable and prudent to
believe the results obtained during these studies are a reasonable assessment
of performance deterioration characteristics for the CF6-6D model engine. The
more important results are presented in the following paragraphs:
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Short-term losses equivalent to 0.9 percent in cruise fuel burn
occur during the initial checkout flight conducted at the aircraft
manufacturer (DACo) prior to delivery for revenue service, These
losses are almost exclusively the result of rubs between the blade
tips and the stationary shrouds in Stage 1 and 2 of the high pres=
sure turbine. These rubs were most likely the vesult of an opera-
tional condition which, while not prohibited, is nontypical of
revenue srtrvice opevation. Product improvements are required to
eliminate or reduce these losses, and are being purused independ-

ently in other NASA (Performance Improvement) and General Electric
programs.

The magnitude of deteriorvation for the average new engine duving
the initial installation for revenue service was determined to be
1.7 percent in cruise fuel burn after 4000 hours, which is in addi-
tion to the 0.9 percent short=term loss.

The on wing long-term loss for the typical refurbished aivline
engine was 0,9 percent in cruise fuel burn following 3000 hours of
revenue servirce. Short-term losses could not be isolated for typi-
cal airline overhaul engines entering revenue service.

The unrestored loss for the typical airline refurbished engine was
equivalent to 2.1 percent in cruise fuel burn. This level was noted
to be constant following the second shop visit, with no trend evi-
dent through the tenth shop visit.

While product improvements are being developed in an effort to elim-
inate the major sources of performance deterioration, additional
and/or more effective restoration during each shop visit is the most
promising area for expeditious reduction in energy consumption.

Cost effectiveness feasibility studies conducted as part of this
effort indicated that more than 80 percent of the unrestored loss
was cost-effective to restore. Based on 1.1 million flight hours
expected for CF6-6D engines during 1980, cost-effective items not
currently being restored represent the potential to reduce fuel con=-
sumption by 10.9 million gallons with a net cost savings (fuel

savings minus additional cost to incorporate) of $3.2 million
dollars.

The potential to make a notable impact on energy consumption in the
1980's has been demonstrated.
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APPENDIX A
HARDWARE INSPECTION DATA

The following pages contain the hardware inspection procedures and
measurement data used for the short-term (Section 3.0) and long-term
(Section 4.0) deterioration studies. The "Task III" engine referenced
in many of the tables is the short-term deterioration engire described
in Reference 1. The two "Task IV" engines are described in References
3 and 4, respectively.

FRECEDING PAGE oLANK NOT FILMED
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A.1__FAN SECTION

Stage 1 fan blade-to-shroud tip clearances are established at the E12
and E13 locations of the Stage 1 fan shroud. E12 is located 7.8 inches
aft of the forward flange of the fan stator case, while E13 1s located
10.6 inches from the forward Tlange, as shown in Figure A-1. The average
blade=-to-shroud tip clearance ¢t each of the two locations is calculated
by adding the average rotor runout to the average case clearance of the
longest blade.

Average rotor runout at each location is determined by measuring
the clearance between each of the 38 blade tips and the shroud at the
six o'clock position. The tightest clearance (belonging, of course, to
the longest blade) s then subtracted from the average of the measured
clearances at each location yielding the average rotor vunout. Using
the established long blade, clearances to the shroud are measured at
twelve equally spaced circumferential locations to obtain the average
case clearance.

Table A-1 is a summary of the fan clearance measurement inspections.

Fan blade tip clearance changes and their effect on performance are
discussed in the portion of Section 4.2.1 entitled "Fan Section”.

FPigure A-1, Locations of Stage 1 Fan Blade Tip Clearance
Tip Clearance Mcasurcments,
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A.2 HIGH PRESSURE COMPRESSOR SECTION

A.2.1 HPCR Blade Tip Radif

Table A-II summarizes the accumulated HPCR blade tip radii data.
Tables A-Ila through A-IIf present the data taken manually on a "runout"
fixture utilizing a calibrated bar assembly set up on the forward and
aft shaft straddling the rotor blades as shown in Figure A-2. A cali-
brated gauge 1s used to measure the distance from the bar to the blade
tip. A laser beam Electronic Read Out Machine (EROM) was used to acquire
the Jdata presented in Tables A-IIg through A-IIk. Table A-III is a
tabulation of the average measurements for each stage for all HPC's
inspected. Blade tip clearance and its effect on performance are dis-
cussed in the portion of Section 4.2.1 entitled "High Pressure Compressor
Section”.

Calibrated Gage Calibrated B Assembly

Figure A-2, HP Compressor Rotor in Measuring Fixture,

- e
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Table A-lIla.

HPCR Blade Tip Radii, Inbound (Inches).

ESN 451-144
TS0/CS0 6051/2460

Stage Nominal Maximum Hinimum Average ﬁ%%
1 14.373 14.368 14.334 14.363 0.010
2 14.143 14.137 14.124 14.132 0.0M1
3 13.925 13.918 13.910 13.914 0.071
4 13.733 13.731 13.709 13.724 0.009
5 13.553 13.555 13.535 13.548 0.005
6 13.396 13.396 13.382 13.392 0.004
7 13.251 13.243 13.227 13.239 0.012
8 13.222 13.220 13.210 13.214 0.008
9 13.223 13.223 13.214 13.220 0.003

10 13.226 13.222 13.215 13.219 0.007
11 13.220 13.216 13.205 13.211 0.009
12 13.224 13.225 13.192 13.211 0.013
13 13.224 13.217 13.205 13.213 0.011
14 13.212 13.197 13.185 13.191 0.0621
15 13.151 13.145 13.140 13.143 0.008
16 13.066 13.055 13.048 13.052 0.014
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Table A-IIb.

HPCR Blade Tip Radii, Inbound (Inches).

ESN 451-245
TS0/CS0 1766/602

Stage | . Nominal Maximum Minimum Average N%n
1 14.373 14.370 14.340 14,360 0.013
2 14.143 14.146 14.133 14.138 0.005
3 13.925 13.928 13.911 13.919 0.006
4 13.733 13.734 13.709 13.725 0.008
5 13.583 13.656 13.539 13.548 0.005
6 13.396 13.396 13.381 13.389 0.007
7 13.251 13.243 13.228 13.238 0.013
8 13.222 13.220 13.204 13.218 0.007
9 13.223 13.225 13.205 13.218 0.005

10 13.226 13.229 13.210 13.223 0.003
11 13.220 13.222 13.210 13.216 0.004
12 13.224 13,222 13.208 13.216 0.008
13 13.224 13.218 13.202 13.210 0.014
14 13.212 13.195 13.186 13.192 0.020
15 13.151 13.140 13.125 13.134 0.017
16 13.066 13.059 13.041 13.049 0.017
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Table A=-Ilc.

HPCR Blade Tip Radii, Inbound (Inches).

ESN 451-116
TS6/CSO 7648/3288

Stage Nominal Maximum Minimum Average ﬁ%ﬁ
1 14.373 14.368 14.360 14.365 0.008
2 14.143 14.136 14.130 14,132 0.0m1
3 13.925 13.920 13.902 13.914 0.611
4 13.733 13.728 13.718 13.722 0.011
5 13.553 13.5662 13.544 13.549 0.004
6 13.396 13.390 13.380 13.385 0.011
7 13.251 13.249 13.239 13.243 0.008
8 13.222 13.222 13.214 13.218 0.004
9 13.223 13.224 13.211 13.217 0.006

10 13.226 13.224 13.212 13.220 0.006
" 13.220 13.217 13.183 13.211 | 0.009
12 13.224 13.215 13.196 13.206 0.018
13 13.224 13.211 13.198 13.207 0.017
14 13.212 13.205 13.188 13.196 0.016
15 13.151 13.740 13.124 13.132 0.019
16 13.066 13.055 13.041 13.049 0.017
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Table A-I1d. HPCR Blade Tip Radii, Inbound (Inches).

ESN 461-250
TS0/CS0 6752/2348

Stage Nominal Max imum Minimum Average l\%n
z 1 14.373 14,363 14,366 14.360 0.013
: 2 14,143 14.133 14.122 14.128 | 0.015
g 3 13.925 13.916 13.909 13.912 0.013
% 4 13.733 13.726 13.697 13.719 0.014
L 5 13.553 13.550 13.524 13.544 0.009
‘ 6 13.3906 | 13.391 13.380 13.388 0,008

7 13.251 13.248 13.234 © 13.242 0.009
t 8 13.222 13.215 13.200 13.209 0.013
| 9 | 13.223 13.219 13.208 13.214 0.009
Lg 10 13.226 13.225 13.216 13.220 0.006
‘ 11 13.220 13.215 13.205 13.211 0.009
12 13.224 13.220 13.198 13.210 0.014
13 13.224 13.212 13.189 13.204 0.020
7 14 13.212 13.198 13.174 13.193 0.019
: 15 13.151 13.137 13.121 13.131 0.020
i 16 13.066 13.050 13.043 13.044 | 0.022
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Table A=1le.

HPCR Blade Tip Radii, Inbound (Inches).

ESN 451-259
TS0/CS0 6506/2809

Stage Nominal Maximum Minimum Average ﬁ%%
1 14.373 14.364 14.351 14,359 0.014
2 14.143 14.131 14.120 14.127 0.016
3 13.925 13.915 13.893 13.908 0.017
4 13.733 13.726 13.700 13.718 0.015
5 13.563 13.549 13.530 13.543 0.010
6 13.396 13.394 13.384 13.389 0.007
7 13.251 13.247 13.234 13.242 0.009
8 13.222 13.218 13.205 13.214 0.008
9 13.223 13.219 13.212 13.215 0.008

10 13.226 13.228 13.214 13.223 0.003
N 13.220 13.213 13.199 13.207 0.013
12 13.224 13.215 13.206 13.211 0.013
13 13.224 13.215 13.201 13.209 0.015
14 13.212 13.192 13.172 13.187 0.025
15 13.151 13.139 13.126 13.134 0.017
16 13.066 13.051 13.038 - 13.046 0.020
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Table A-11f. HPCR Blade Tip Radii, Inbound (Inches).

TS07C80 €035/2605

] N

é Stage Nominal Maximum Minimum Average Nom
; 1 14.373 14.370 14.359 14.365 0.008
; 2 14.143 14,142 14.129 14.135 0.008
| 3 13.925 13.916 13.910 13.914 0.011
i 4 13,733 13.726 13.715 13.721 0.012
‘ 5 13.553 13.544 13.514 13.541 10,012
6 13.396 13.381 13.370 13.375 . | 0.021

7 13.251 13.232 13.224 13.227 0.024

| 8 13.222 13.203 13.198 13.200 0.022
b 9 13.223 13.219 13.210 13.215 0.008
10 13.226 13.226 13.215 13.218 0.008

1 13.220 13.209 13.201 13.205 0.015

12 13.224 13.215 13.206 13.211 0.013
" 13 13.224 13.213 13.202 12.208 0.016
, 14 13.212 13.194 13.183 13.190 0.022
5 15 13.151 13.137 13.128 13.134 0.017
16 13.066 13.050 13.039 13.045 0.021
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Table A=-11g.

HPCR Blade Tip Radii, Inbound (Inches).

ESN 451-443
TS0/CS0 9000/2770

Stage Nominal Maximum Minimum Average &%%
1 14.373 14.379 14.371 14,376 +0,003
2 14.143 14.152 14.132 14.143 0.000
3 13.925 13.929 13.921 13.926 +0,001
4 13,733 13.737 13.732 13.734 +0.001
5 13.5563 13.558 13.548 13.555 +0.,002
6 13.396 - 13.399 13.380 13.394 -0,002
7 13.251 13.257 13.251 13.255 +0,004
8 13.222 13.226 13.218 13.223 +0,001
9 13.223 13.227 13.216 13.223 0.000

10 13.226 13.230 13.219 13.226 0.000
(X 13.220 13.224 13.203 13.217 -0.003
12 13.224 13.226 13.216 13.222 -0.002
13 13.224 13.225 13.208 13.220 -0.004
14 13.212 13.207 13.187 13.204 -0.008
15 13.151 13.144 13.134 13.141 -0.010
16 13.066 13.054 13.046 13.050 -0.016
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Table A=-11h. HPCR Blade Tip Radii, Inbound (Inches).

150080 664173960

| Stage Nominal Maximum Minimum Average !@n
| 1 14.373 14,371 14,359 14,364 0.009
; 2 14.143 14,147 14.134 14,142 | 0.000
g 3 13.925 13.926 13.917 13.922 0.003
| 4 13.738 | 13.738 | 12722 | 13.720 | 0.004
i 5 13.553 13.555 13.542 13.550 0.003
| 6 13.396 13.394 13.385 13.390 0.006
7 13,251 13.250 13.241 13.246 0.005

8 13.222 13.216 13.209 13.213 0.009

! 9 13.223 13.220 13.203 13.214 0.009
10 - 13.226 13.232 13.215 13.226 0.000

1 13.220 13.219 13.201 13.213 0.007

12 13.224 13.218 13.203 13.213 0.011

13 13.224 13.215 13.206 13.212 0.012

14 13.212 13.201 13.178 13.193 0.019

15 13.151 13.140 13.129 13.135 0.016

16 13.066 13.052 13.085 13.049 0.017
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Table A=1li. HPCR Blade Tip Radii, Inbound (Inches).

ESN 4561-424

it i e ST

Ssahe i I el s e A i - S

Stage Nominal Magimum | Minimum Averaae ﬁg%
1 14.373 14.368 14.345 14,356 0.017
2 14.143 14.147 14.127 14.135 0.008
3 13.925 13.928 13.913 13.920 0.005
4 13.733 13.730 13.714 13.722 0.011
5 13.553 13.553 13.526 13.541 0.012
6 13.396 13.396 13.380 13.389 0.007
7 13.251 13.250 13.239 13.244 0.007
8 13.222 13.220 13.212 13.216 0.006
9 13.223 13.223 13.210 13.221 0.002

10 13.226 13.226 13.214 13.221 0.005
n 13.220 13.221 13.208 13.216 0.004
12 13.224 13.223 13.207 13.217 0.007
13 13.224 13.223 13.205 13.213 0.011
14 13.212 13.197 13.190 13.193 0.019
15 13.151 13.136 13.127 13.132 0.019
15 13.066 13.051 13.036 13.045 0.021
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Table A-I1j.

HPCR Blade Tip Radii, Inbound (Inches).

ESN 451-452

Nominal

Stage _Maximum | Minimum | Averane Nom
1 14.373 14,367 14.347 14.357 0.016
2 14.143 14.143 14.127 14.137 0.006
3 13.925 13.917 13.900 13.912 0.013
8 13.733 13.732 13.718 13.725 0.008
5 13.663 13.564 13.539 13.548 0.005
6 13.396 13.396 13.382 13.390 | 0,006
7 13.251 13.246 13.237 13.261 0.010
8 13.222 13.218 13.209 13.214 0.008
9 13.223 13.215 13.187 13.206 0.017

10 13.226 13.226 13.217 13.223 0.003
1 13.220 13.220 13.19 13.216 0.004
12 13.226 | . 13.222 13.210 13.219 0.005
13 13.224 13.218 13.209 13.214 0.010
14 13.212 13.198 13.186 13.192 0.020
15 13.151 13.138 13.110 13.132 0.019
16 13.066 13.054 13.042 13.048 0.018

R |




S caae. SNVt e

TR T TR

Table A-1Ik.

HPCR Blade Tip Radii, Inbound {Inches).

ESN 451-212

Stage

Nominal_ Maximum | Minimum 1 _Average
1 14.373 14.370 14.345 14,362
2 14.143 14.152 14.134 14.145
3 13.925 13.928 13.913 13.925
4 13.733 13.738 13.722 13.734
5 13.583 13.560 13.546 13.556
6 13.396 13.399 13.390 13.395
7 13.251 13.254 13.239 13.250
8 13.222 13.224 13.215 13.220
9 13.223 13.225 13.206 13.220
10 13.226 13.228 13.223 13.225
1 13.220 13.219 13.205 13.214
12 13.224 13.228 13.210 13.223
13 13.224 13.227 13.210 13.224

14 13.212 13.216 13.186 13.198 -
15 13.181 13.146 13.128 13.143
16 13.066 13.063 13.040 - 13.058

mﬁg
0.011
+0.002

0.000

40,002
0.001
0.001
0.002
0.003
0.001
0.006
0.001
0.000
0.014
0.008
0.008

+G.001 o
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A.2.2 HPCR Airfoil Surface Finish

A profilometer was used to obtain airfoil surface finish measure=
ments of blades from each stage of several high pressure compressors
from engines just vemoved from revenue service. The averages of all
measurements taken for each rotor ave presented in Table IV. Figure
A-3 depicts a typical setup of the equipment that was used.

Measuvrements were taken at 10/15 percent chord distance from the
leading and trailing edges at both 15 and 85 nevcent span position for
both the convex and concave surfaces, for a total of eight measurements
per blade. (See Figure A-4.) Any usual change in surface condition
for the concave (pressure) side is known to have minimal effect on
performance; therefore, only changes in the surface quality of the
convex (suction) side were considered in assessing performance
deterioration.

Airfoil quality degradation and resultant performance loss are dis-
cussed in the portion of Section 4.2.1 entitled "High Pressurs Compressor

(HPC) Section".

85 percent Height
A B
10-15 —>] [ -® 1 10-15
Pereent Chord Percent Chord
15 Percent Height
C D

.JH)I//)/,)
——rtl ‘:éb

@@

Typical Concave/Convex

Pigure A-4, Location of Surface Finish
Measurements - HP Compressor
Rotor Blade,
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Tabie A-IV. HPCR Airfoil Surface Finish, Inbound.
{u inch/inch AA)

ESN TS0 €SO CONVEX CONCAVE |
451-507(1) 15 28 14 18
451-492 801 259 17 23
451-245 1766 1602 23 22
451-479(2) 4468 1910 26 40
451-380(2) 4595 1270 40 49
451-365 5200 1928 27 28
451-623 6051 2460 25 31
451-390 6085 2605 22 36
451-155 6641 2960 21 30
451-250 6752 2348 22 34
451-116 7648 3288 23 33
451-156 7658 2978 27 34
451-443 9000 2770 28 33
The specification for new blade airfoils is 14-16 winch

per inch AA,
(1) Task III Engine (2) Task_IV_Engine
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A.2.3 HPCS Airfoil Surface Finish

High pressure compressor stator vanes were selected, inspected, and
assessed in a similar manner to that for the votor blades. (See Figure
A-5.) The averages of all measurements taken for each stator assembly
are presented in Table A-V.

Airfoil quality degradation and the resultant performance loss are
discussed in the portion of Section 4.2.1 entitled "High Pressure Compressor

Section”.

886 Poreont Hoight

10-15 =¥} |[&— =B [F— 10-15
Porcont Cherd Porecent Chord

16 Poreent Height

C D
4)) 100)0011)101

=

Typieal Cencave/Convesx

Figure A-5, Location fer Surfaee Finish
Measurements - HP Compressor
Stator Vane,
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Table A-V,

HPCS Airfoil Surface Finish, Inbound.
(n inch/inch AR)

ESN TS0 s CONVEX CONCAVE §
451-507(1) 15 28 23 26
451-492 801 259 31 34
451-245 1766 1602 26 33
451-479(2) 4468 1910 39 56
451-380(2) 4595 1270 63 68
451-232 4799 1779 25 33
451-398 4814 1522 38 42
451-390 6085 2605 31 34
451-155 6641 2960 33 35
451-259 8275 3588 31 35

The specification for new blade airfoils is 2.-28 uinch

per inch AA,
(1) Task III engine

(2) Task IV engine
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A.2.4 HPCS Variable Stator Bushinc

Inbound high prassure compressor stator assemblies were inspected to
determine whether washers and bushings were missing from the variable
stator assemblies, which can result in increased gas flow leakage. While
211 washers and bushings were intact for Stages IGV through 4, there were
a number missing in Stage 5 (S5) and Stage 6(S6). Table A-VI lists the
engines inspected and indicates those engines which revealed "lost,
washers or bushings.

Generally, all missing washers and bushings are replaced during each
shop visits therefore, the leakage characteristics for outgoing stators
are as good as new. A discussion of compressor leakage is found in the

£

portion of Section 4.2.1 entitled "High Pressure Compressor (HPC) Section”.

oo !"‘@i




e s il

x

Table A-VI. HPCS Variable Staters, Inbound.

(Metal-to-Metal)
(Lost Bushings)

ESN TS0 €S0 s5 __|s6
451-507 15 28 0 0
451-245 1766 602 0 0
451-129 1867 856 0 0
451-365 2326 806 0 0
451-479 8468 1910 0 1
451-380 4595 1270 0 0
451-398 4814 1522 0 0
451-469 5288 1631 0 0
451-430 5569 2727 0 0
451-280 5606 2351 0 2
451-390 6085 2605 a(1) | 28(1)
451-426 6517 1978 4 8
451-155 6641 2960 6(1) | 2(1)
451-443 6686 2050 0 4
451-116 8897 3844 6 16
451-250 14374 5484 21(1) | 6(1)

(1) Bushings in these stator cases were &
combination of the old style (Armalon)
and the newer design (Vespel) material.

A1l others were made of Vespel material.
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A.2.5 HPC Stator Case Rabbet Diameters

Measurements were made for both the forward and the aft flange rabbets
of each of ten forward and three aft high pressure compressor stator (HPCS)
cases. Measurements were obtained at eight equally spaced circumferential
locattons. A summary of the data is presented in Table A-VII.

Blade and vane tip clearance changes that result from flange distortion
are discussed in the portion of Section 4.2.1 entitled "High Pressure Com-
pressor (HPC) Section" (see Figure A-6).

L Forward Case ~L Aft Cuse"

Fwd Rabbet
Aft Rabbet

Figure A-6. High Pressure Compressor Cross Section.
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Table A-VII.

HPC Stator Case Rabbet Diameters, Inbound (Inches).

~ FORWARD CASE

_Forward Habbet _ Aft Rabbet
_Case S/N Max. | Min. Avg, Max. Hin. Avg.
0187 32.722 | 32.707 | 32.715 26.770 | 26.740 | 26.753
01931 32.736 | 32.697 | 32.715 26.810 | 26.707 | 26.752
01724 32.729 | 32.718 | 32.723 26.780 | 26.743 | 26.762
01755 32.728 | 32.706 | 32.716 26.811 26.714 | 26.761
01871 32.725 | 32.717 | 32.721 26,782 | 26.749 | 26.766
01978 32.728 | 32.721 32,724 » 26,784 | 26.720 | 26.755
02142 32.725 | 32.720 | 32.722 26.787 | 26.742 | 26.761
01654 32.732 | 32.702 | 32.719 26.790 | 26.728 | 26.757
02111 32.732 | 32.7M12 | 32.722 26.816 | 26.716 | 26.769
01426 32,744 | 32.703 | 32.723 26,797 | 26.714 | 26.760
E?;gigeable 32.717 - 32.725 26.743 - 26.753
AFT CASE
Forward Rabbet Aft_Rabbet

Case S/N Max. Min. Avg. Max. Min. Avg.
00917 26.748 | 26.735 | 26.742 26.462 | 26.445 | 26.454
00690 26.775 | 26.734 | 26.751 26.478 | 26.436 | 26.452
01145 26.758 | 26.735 | 26.745 26.461 26.446 | 26.453
Ez?ggigeable 26.742 - 26.749 26.452 - 26.459
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A.3 HIGH PRESSURE TURBINE SECTION

A.3.1 Stage 1 HPTN Area (A4) Measurements

Stage 1 high pressure turbine nozzle (HPTN) exit area (see Figure A-7)
was measured on both inbound and outbound engines. Results are shown in
Table A-VIII. Measurements were made using tool 2C6505 shown in Figure A-8
which integrates the Stage 1 HPTN vane throat area using mechanical finger
to give an average throat height and width.

The importance of these measurements is presented in the portion of
Section 4.2.1 entitled "high Pressure Turbine (HPT) Section".

Stage 1 HPTN

Figure A-7. High Pressure Turbine Nozzle.
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Table A-VIIE. Stage 1 HPTH Avca (Ag) (Inches).

Serviceable Limits:

©oUTBOUND "~ INBOUND
moawe | A Ml e ' ae | 1s0 | eso
51278 53.218 451-507(2) 52.813 15 28
51250 53.156 451-492 53.024 801 259
51472 53.418 451-420 653.530 1448 524
51259 53.024 451-245 53.994 1766 602
51279 53.037 451-244 53.307 2904 1217
51360 53.330 451-390 83.717 2035 1277
51480 52.691 451-234 83.102 3738 1405
51156 52.890 451-250 53.930 4178 1165
51430 53. 371 451-116 55.888 4204 1786
51478 53.370 451-479(1) 53.960 4468 1910
51439 53.397 451-326 52.959 4535 1798
51492 53.062 451-380(1) 54.045 4595 1270
51469 53.082 451-232 53.899 4800 1779
Average 53.157 451-444 52.488 4941 2072
451-469 53.567 5288 1631
451-457 54.087 5468 2413
Average 53.566

(1) Task IV Engine
(2) Task III Engine (Short term) not

included in _average.
52.313/53.373 in.

2
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A.3.2 Stage 1 HPTH Yane Seqment Gap Measurements

The spaces between the cuter platforms on adjacent Stage 1 vane sege
ments were measured at 16 places (every other segment) at the vane aft end
for both inbound and cutbound engines (sce Figure A=9). The average gap
of all assemblies inspected is presented in Table A-IX.

Because of the potential for thermal expansion problems at engine
operating conditions, a minimum gap of 0.015 inch (cold measurement) is
required in order to reduce the possibility of vane outer band distortion
and resultant performance loss due to cooling air leakage intc the flgowpath.
Internal leakage (parasitics) and its effect on performance are discussed
in the portion of Section 4.2.1 called “High Pressure Turbine (KPT) Section”.

5tag0 1 NPPNe—— 2

Figure A-9, High Pressure Turbine Nezzle.
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Table A-IX.

Stage 1 HPTH Vane Segnent Gap {Inches).

QUTEOUND IHBOUND
| Hodule No. Avg. Gap ESﬁ’ Avq. Gap
51278 0.024 451-232 0.019
51250 0,026 451-444 0.021
51472 0.024 451-492 0.016
51259 0.018 451-234 7.018
51279 0.016 451-245 0.019
51360 0.019 451-420 0,021
51480 0.011 451-250 0.015
51156 0.026 451-116 0.021
51430 0.021 451-326 0.019
51478 0.024 451-390 0,021
51439 0.021 451-244 0.014
51492 0.022 451-457 0.026
51469 0.018 451-469 0.026
451-479(1)] 0029
Average 0021 .
351-380(1)] Q015
451-507(2)] 0026
_ Average 0.021

(1) Task IV Engine

(2) Task 111 Engine
(short term) not

included in_average |
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A.3.3 Drop Dimension (Dim "D") - CRF Aft Flange to Stage 1 Vanes

Drop dimensions (Dim "D") from the compressor rear frame (CRF) aft
flerge to the aft face of the Stage 1 vane outer hook (see Figure A-10)
were obtained at each end of eight equally spaced nozzle segments on
inbound engines. The average of measurements taken are presented for
each engine in Table A-X.

The dimension (Dim "D") minus Dim "K" (defined in Section A.3.4,
"Stage 2 HPTN Support") plus 0.020 inch (size of shim installed between
the Stage 2 HPTN support forward flange and the CRF aft flange) stacks
up the clearance between the forward face of the Stage 2 HPTN support
and the aft face of the Stage 1 vane outer heok. The accumulated data
show an actual average gap of 0.024 inch. The maximum permitited gap
is 0.042 inch, and the minimum is an interference fit of 0.012 inch.

Internal leakage (parasitics) and its effect on performance are
discussed in the portion of Section 4.2.1 entitled "High Pressure
Turbine (MPT) Section".

FUD CRF

Figure A-10. Dim. "D" - Drop from CRF to S1 HP Turbine Nozzle Vane.
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Table A-X %gmsgggeaiggggN§hgsgoggg %fgcﬁég??e
2?32?25%’ se | Cleckwise
ESN End End Average |

451-232 4.825 4.830 4.828
451-492 4.896 4.693 4.895
451-365 4.870 4.867 4.868
451-245 4.866 4.861 4,863
451-116 4.860 4.862 4.861
451-250 4.849 4.853 4.851
451-259 4.852 4.855 4,853
451-390 4.845 4.850 4.847
451-244 4.887 4,802 4,890
451~457 4.844 4.842 4.843
451-398 4.875 4.881 4.878
451-469 4.849 4.851 4,850
451-479(1) |  eeeee | eeee- 4.861
451-380(1) | memee | emeee 4,855
451-507(2) 4.874 4,873 4,873
Average 4.860

(1) Task IV Engine

| (2) Task IIT Engine - Not included in average

Xy "W’




A.3.4 Stage 2 HPTN Support (Dim "K")

The dimension (Dim "K") fro: the aft flange of the Stage 2 high pres-
sure turbine nozzle (HPTN) support to the forward face of the lugs that
support the Stage 1 vane outer hook (see Figure A-=11) was mez-ured at
sixteen equally spaced locations on each of twelve outbound nozzle
assemblies. In all instances, these were supports that had already
been exposed to revenue service. The averages of all measuvrements
taken are tabulated in Table A-XI.

The importance of these measurements is discussed in Section A.3.3.

i

Dim "K“

Figure A-11. Dim "K" - Stage 2 HP Turbine
Nozzle Support Measurement.
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Table A-XI. Dim "K', Stage 2
HPTN Support.,
Outbound (Inches).

ESN _Dim "K"
451-439 4.855
451-426 4,853
451-489 4.848
451-279 4.862
451-232 4,858
451-293 4,858
451-454 4.860
451-444 4,856
451-410 4,858
451-116 4.856
451-250 4,860
451-489 4,852
451-469 4.852
451-479(1) 4.861
451-380(1) 4.850
451-507(2) 4.856
Average 4,856
Serviceable

Limits 4.853/4.865

(1) Task IV Engine

(2) Task III Engine
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A.3.5 HPT Interstage Scal Grooves

A steel rule was used to estimate the depth and width of high pressure
turbine interstage scal grooves at four equally spaced locations on each
seal land for each of 12 inbound engines (see Figure A-12), A summary of
the results is shown in Table A-XII.

Generally, when the high pressure turbine (HPT) is removed for vefure
bishment, the interstage seals are replaced. Therefore, outbound engines
are the same as new In that region of the HPT.

Internal leakage (parasitics) and 1ts effect on performance are dise-

cussed in the portion of Section 4.2.1 entitled "High Pressure Turbine (HPT)
Section”.

Figure A-12. HPT Interstage Grooves.
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Table A=-XI1.

HPT Interstage Seal Grooves, Inbound (Inches).

Mot | Wiaen | w0 | esol
451-507(2) | 0.060 0.110 15 28
451-418 0.085 0.090 327 109
451-492 0,055 0.100 682 259
451365 0.105 0,165 2326 806
451-243 0.075 0.120 2527 | 1213
451-234 0.065 0.125 3735 | 1405
451-283 0.090 0.090 3808 | 1682
451259 0.060 0.110 393 | 1449
451-250 0.085 0.090 2178 | 1165
451-479(1) 0.070 0.120 s868 | 1910
451-326 0.075 0.090 4535 | 1798
451-380(1) 0.050 0.100 4508 | 1270
451-398 0.065 0.090 4819 | 1523
451-444 0.075 0.100 4941 2072
451-469 0.065 0.110 5288 | 1631
Average 0.070 0.107
Serviceable | 0,060 3.120
(1) Task IV engine
(2) Task III engine

o
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Measurements of the rotating compressor discharge pressure (CDP) seal,
Figure A=13, were made while the votor was instalied in the vunout fixtuve.
Runouts were recorded at twelve equally spaced circumferential locations
while a Pi tape was used to obtain the average diameters for the inbound
engine inspections. Results are shown in Table A-XI1I.

Internal leakage (parasitics) is discussed in the portion of Section
4.2.1 entitled "High Pressure Turbine (HPT) Section".

Figure A-13. Forward CDP Seal, Rotating.
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A.3.7 Forward CDP 3tationary Seal Measurements

Forward stationary compressor discharge pressure (COP) seals (see
Figure A-14) were measured by recording the diameter at four equally
spaced circumferential Tocations on each seal land. A vunout of the
seal land relative to the No. 4R bearing was also recorded. The average
diameters and the runouts are presented in Table A-XIV.

Internal leakage (pavasitics) is discussed in the portion of Section
4.2.1 entitled "High Pressure Turbine (HPT) Section.

A \)
a m\\\\\\\\\\é“\}. & \ys.-.v\*“
N

Figure A-14. Forward CDP Seal, Stationary.
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Table A=XIV,

Forward CDP Stotionary Seal Diameters, Outboavd.
(Task III and IV Engines, Inbound)

{Inches)
mw ’ - r Land Hunbar - | Ipatatted|

451293 18.147 | 17,947 | 17,746 | 17.5¢6 | 12.348 | 17.147 | 007
451439 18,180 | 17.950 | 17.750 | 17.550 | 12.38) | 17,160 .005
4514423 18.160 ' 17,953 | 17.753 | 17.556 | 17,354 | 17154 | .005
451-144 18.148 | 17.948 | 17.748 | 17.548 | 17.348 | 17.148 | .00
451359 18.154 | 17.952 | 17.753 | 17.555 | 17.356 | 17.185 | N
451390 18.147 | 17.989 | 17.748 | 17.650 | 17.350 | 17.148 | .009
451-229 18.160 | 17,988 | 17.749 | 17.567 | 12.346 | 17147 | .008
451-259 18.148 | 17,982 | 17.7a1 | 17.562 | 1730 | 37982 | 009
451-454 18.148 | 17.988 | 17.709 | 17.608 | 17.387 | 17.189 | wm
451-204 18.149 | 17.987 | 17.7a7 | 17.563 | 17.346 | 17.146 | N
451-398 18,148 | 17.947 | 17.749 | 17,507 | 17.307 | 17,185 | NAR .
451-232 18.198 | 17.988 | 17.749 | 17,568 | 17.308 | 17.047 | .007
451-479(1) 18.148 | 17.989 | 12.749 | 17.589 | 17.352 | 17952 | W/R
451-507(2) 18.149 | 17.948 | 17.7a9 | 17,550 | 17.381 | 17.180 | /R
Average 18.149 | 17.088 | 17.7a9 | 17.589 | 17,360 | 17.148 | .c07
Maximum

g§§g§1c33°‘° 18.186 | 17.956 | 17.786 | 17.666 | 17.386 | 17.156 | _.008

(1) Task IV Engine
(2) Task II1 Engine - Not included in average.
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A.3.8 No.

Diameters were measured and recorded at four equally spaced circums
ferential locations for each land of each of the aft seals contained in
the mini-no22le (see Figure A-15). Also recorded were the runouts of
the seal lands relative to the No. 4B bearing. These seals mate with
the high pressure turbine rotor's forward shafi seals to form the aft
COP seal (shaft forward seal) and the HPT balance piston seal (shaft
aft seal). The average diameters and runcuts are tabulated in Tables
A=XV and A-XVI.

Internal leakage (parasitics) is discussed in the portion of Section

4.2.1 entitled "High Pressure Turbine (HPT) Section®.
T X )

Figure A-15. No. 4B Pressure Balance Seal (Mini-Nozzle).
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Table A-XV. AFt €BP Seal (Stationsry) Diameters (Inches).

04TBOUND _
___ESN_ 1 2t 3 Lynd nmge-a 5 6 ﬁ__f%ﬁ%ﬂ%ﬁi
451-293 7.943 8.101 8.261 8.422 8.583 8.745 006
451-439 2,943 8.162 8.265 8.424 8.58¢ 8.744 007
451-423 2,980 8.100 8.269 8.422 8.5683 8.746 002
451-144 7.937 8.098 8.258 8.419 8,581 8.744 008
451-359 N/R N/R 8.264 8.424 8.583 8.744 N/R
4512330 7.940 8.102 8.264 8.423 8.582 8.742 .005
451-229 7.941 8.099 8.259 8.419 8.577 8.744 002
451-269 7.939 8.100 8.254 8.413 8.575 8,736 ,006
451-454 7.540 8.101 8.260 8.421 8.580 8.750 N/R
451-244 7.940 8.10 8.260 8.421 8.581 8.743 N/R
451-398 7.939 8.101 8.262 8.423 8.582 8.742 N/R
451-232 7.941 8.101 8.262 8.423 8.581 8.742 .003
Average 7.940 8.101 8.261 8.421 8.581 8.744 004
INBOUND (TASK I11 & IV ENGINES)
3(*';55‘4@479 7.943 €.103 8.264 8.423 8.583 8.743 N/R
451-380 7.946 8.113 8.275 cmcoe 8.597 8.754 N/R
451-507 7.943 8.102 8.261 8.422 8.6582 8.742 H/R
ggg;mt?mit 7.945 8.105 8.265 8.425 8.685 8.745 .008
Maxjmum
E%\;Z@eable 7.947 8.107 8.267 8.427 8.587 8.747 .008
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Table A=RVI.

HPT Pressure Balanee Seal

{Stationary) Diameters

{Inches).
(QUTBOLND
N, 1 2 1 %gnd *“mbgi 5 6__ _}335:3%53_
451-293 10.442 | 10.601 | 10.760 | 10.919 | 11.676 N.29 N
45%-439 10.443 | 10.603 | 10.764 | 30.924 | 11.083 | 11.243 .008
451-423 10.440 | 10.600 | 10.759 | 10.918 | 11.078 | 11.239 004
451-144 10.441 | 10.600 | 10.757 | 10.915 | 11.074 § 11.235 004
451-359 N/R N/R 10,762 | 10.923 | 11.082 | 11.243 N/R
451-350 10.443 | 10.603 | 10.763 | 10.925 | 11.082 | 11.243 005
451-229 10.439 | 10.596 | 10,753 { 10.914 | 11.673 | 11.235 003
451-269 10.439 | 10.595 | 10.75¢ | 10.916 | 11.074 | 11.230 .007
451-45¢ 10.44D0 | 10.598 | 10.759 | 10.920 | 11.080 | 11.239 N/R
451-244 10.433 | 10.598 | 10,761 |} 10.919 | 11.079 | 11.239 N/R
451-398 10,439 | 10.599 | 106,783 | 10.921 | 131.082 | 11.240 N/R
451-232 10.440 | 10.597 | 10.759 | 10.921 | 11.080 | 11.239 .004
Average 10.440 | 10.599 | 10.759 | 10.920 | 11.079 | 11.239 .005
INBOUND (TASK II1 & IV ENGINES)
451-479 10.443 | 10.619 | 10.773 | 10.981 11.101 | 11.286 N/R
451-389 10.474 | 10.609 | 10.799 | %0.963 | 11.123 | 11.272 H/R
451-507 10.440 | 10.660 | 10.760 | 10.921 | 1.080 | 11.240 H/R
Haximum
Shop Limit 10.446 | 10.606 | 10.765 { 10.926 | 11.086 | 11.246 .008
Maximum
Servierable
Limit 10.448 | 10.608 | 10.768 | 10.928 | 11.088 | 11.248 .008
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A.3.9 HPTR Forward Shaft ond Thermal Shield Seals

The high pressure turbine votor (HPTR) forward shaft seal teeth and
the thermal shield teeth (sec Figure A-16) were measured on both inbound
and outbound rotor assemblies. Measurements generally consisted of a
diameter and of runouts at twelve equally spaced Vocations for each
tooth; however, some of the thermal shield teeth were measured with 3
Pi tape because a gauge large enough to measure the diameter was not
available. The average cdiameter and FIR for each seal tooth is pree
sented in Tables A-EVII thvouah A=XXIT.

Internal leakage (parasitics) is discussed in ths portion of
Section 4.2.1 entitled "High Pressure Turbine (HPT) Sectien®.

Florzal Obseld

Figure A-16. HP Turbine Rotor Forward Shaft
Seals and Thermal Shield.
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Table A=XIX. HPTR Thormal Shield Secal Teeth Dimensions,
Inbound (Inches).

F Tooth Number
& ESN Dj,amam:* Fif Dizxﬂ@g_tpé FIR_ | Diamej:ms’ FIR Dia@_t_gr FIR |
451-243 26,050  .002 | 26.305 .003 | 26.458 .003 | 26.610  .005
E 451-492 26.054  .005 | 26.303 .006 | 26.464  .006 | 26.620  .005
( 451-444 26,055  .006 | 26.308  .005 | 26.470 .004 | 26.620  .003
.' 451-468 26,050  .003 | 26,306  .004 | 26.462 .003 | 26.616  .003
Y 451-234 26,055  .004 | 26,310 .002 | 26.475 .003 | 26.627  .003
451-365 26.060  .005 § 26,308  .005 | 26.47 .006 | 26.628  .005
‘ 451-469 26.039  .003 | 26.298 .005 | 26.456  .003 | 26.612  .004
L 451-479(1) 26.055  .004 | 26.311 .003 | 26.473 .003 | 26.630  .002
] 451-380(1) 26.049 .004 | 26,300 .003 | 26.445  .003 } 26.618  .002
451-507(2) 26.045  .006 | 26.298 .005 | 26.462 .006 | 26.621  .005
Average 26.052  .004 | 26,305 .004 | 26.464  .004 | 26.620  .004
Shop Manual
Dimensions 26.050/26.058 26.300/26. 308 26.462/26.470 26.622/26.630
Hinimum
Eg;viz'i:ceab'le 26.04, 26,293 26.455 26.615
{1) Task 1V Engine
(2) Task I11 Engine (short term) - Not included in average
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Blade tip radii data were obtained for both outbound and inbound
HPT rotors. Blades were shimmed in each rotor in accordance with the
procedure outlined in the shop manual, and the rotor was installed on
a fixture that permitted rotation. A measuring fixture containing a
calibrated bar with a known dimension to the rotor centerline was mounted
off the forward and the aft shafts as shown in Figure A-17. Radi{i measure-
ments were made at two axiai '~cations (0.100 inch from both the leading
edge and the trailing edge) of each blade. Summaries of the results are
shown in Tables A-XXIII through A-XXIV.

HPTR blade tip clearance and its effect on performance are discussed
in the portion of Section 4.2.1 entitled "High Pressure Turbine (HPT)
Section".

l A.3.10 HPTR B'auu Tip Radif

Calibrated Bar Calibrated Gage

Figure A-17. Setup for HP Turbine Rotor
Blade Radii Measurements.
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A.35.11 HPT Shroud Radif

Prior to the grinding of the HP turbine shrouds, the Stage 2 high
pressure turbine nozzle assembly (which contains both stages cf shrouds;
see Figure A-18) {s mounted on its aft flange to a restraining fixture
and installed on a VTL. Readings were taken at the ends and center of
each shroud segment at each of two axial locations (0.5 inch from the
leading edge and 0.25 inch from the trailing edge) for each stage.
Diaineter measurements were obtained at the twelve/six o'clock position
and runouts relative to the twelve o'clock position were recorded for
each axial location. The results for 12 serviceable and 3 inbound modules
are summarized in Tables A-XXVII and A-XXVIII.

HPT blade tip clearance and its effect on performance are discussed
in the portion of Section 4.2.1 entitled "High Pressure Turbine (HPT)
Section”.

Figure A-18. Stage 2 HP Turbine Nozzle Assembly.
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A.3.12 HPT Afirfoil Surface Finish

A Bendix profilometer was used to measure the airfoil surface finish
on incoming high pressure turbine blades and vanes at the airfoil loca
tions shown in Figures A-19 through A-22. A1l surface finish measurements
were recorded for the convex (suction) side. Changes in performance due
to airfoil quality degradation on the concave (pressure) side are known
to have minimal effect on performance (approximately ten percent of the
suctfon side influence). A summary of the data is shown in Tables A-XXIX
through A-XXXII.

Airfoil suface finish change and its effect on performance are dis-
cussed in the portion of Section 4.2.1 entitled "High Pressure Turbine
(HPT) Section".
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Figure A-19. HPT Turbine Rotor
Stage 1 Blade.

Figure A-20. HP Turbine Rotor
Stage 2 Blade.

Trailing
Edge

Figure A-21. HP Turbine Stage 1 Vane.
Figure A-22. HP Turbine Stage 2 |
Vane. ;
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Table A-XXIX.

Surface Finish - Stage 1

HPTR Blade.

SURF. FIN.
(M in/in M)

ESN TS0 (Hrs) €S0 (Cycles)
451-507 4Q 15 28
451-212 92 598 228
451-493 75 Tan) 420
451-259 95 0 1360
451-467 63 2790 1282
451-217 75 n 1275
451-132 73 362 1594
451-133 45 3678 1723
451-479 74 4468 1910
451-380 70 4594 1270
Average 44 (451-507 not included)

New Blade Specification - 63 uinch per inch AA maximum

Table A-XXX.

Surface Finish - Stage 2 HPTR Blade.

SURF. FIN.

ESN (1A in/in AR) TS0 (Hrs) €S0 (Cycles)
451-507 4 15 28
451-212 106 598 228
451-493 70 1350 420
451-259 61 2570 1360
451-234 97 am 1239
451-217 52 mns 1275
451-469 108 3455 1662
451-132 62 3621 1594
451-133 76 3678 1723
451-293 61 3856 1860
451-404 61 4078 1757
451-479 62 4468 1910
451-380 48 4594 1270

Average 72 (451-507 not included)

New Blade Specification - 63 minch per inch AA maximum
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Table A-XXXI. <Surface Finish - Stage 1 HPTN Vane.

ESN (“S?E?;;:}NAA) TS0 (Hrs) CSO (Cycles)
451-507 46 15 28
451-212 48 598 228
451-259 51 2570 1360
451-233 57 im 1239
451-217 47 3113 1275
451-132 38 3621 1594
451-133 41 3678 1723
451-293 58 3856 1860
451-479 44 4468 1910
451-380 66 4594 1270
Average 50 (451-507 not included)

New Vane Specification - 39 u inch per inch AA maximum




Table A-XXXII.

Surface Finish - Stage 2 HPTN Vane.

ESN (u in.}in{NhA) TS0 (Hrs) CSO (Cycles)
451-493 67 1350 420
451-259 73 2570 1360
451-234 46 KRR 1239
451-217 60 3113 1275
451-132 77 3621 1594
451-133 65 3678 1723
451-293 80 3856 1860
Average 67

New Vane Specification - 49 u inch per inch AA maximum
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A.4 LOW PRESSURE TURBINE (LPT) SECTION

A.4.1 LPTR Blade and Air Seal Radii

Radii measurements of blades and air seals were obtained for 12 inbouna
and 12 outbound low pressure turbine rotors (LPTR). The rotors were mounted
in a runout fixture and measurements were taken from a calibrated bar (with
a known distance to the centerline of the rotor) to the blade tip shroud seal
serrations and to the air seal teeth (se? Figure A-23). A summary of the data
is presented in Tables A-XXXIII and A-XXXIV.

Additional data accumulated are summarized in Table A-XXXV. Measure-
ments of the these rotors were obtained using both a Pi tape and a runout
fixture similar to the fixture described above.

Low pressure turbine clearances and their effect on efficiency are
discussed in the portion of Section 4.2.1 entitled "Low Pressure Turbine
(LPT) Section".

'
N
\

Calibrated Bar

Figure A-23. Setup for LP Turbine Rotor Radii Measurements.
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A.4.2 LPT Airfoil Surface Finish

A Bendix profilometer was used to measure the airfoil surface finish
of several blades and vanes per stage for each of several low pressure
turbine (LPT) modules. Measurements were made at approximately 0.5 inch
from both the leading and trailing edges at the pitch 1ine and 0.5 inch
radially inward from the outer platform on both the convex and concave
surfaces of the airfoils (see Figure A-24). However, an assessment of
deterioration is made using the suction-side data only, since surface
finish roughness on the pressure side is known to have minimal effect
on performance. A summary of the data is presented in Table A-XXXV.

LPT airfoil surface finish and its significance are discussed in
the portion of Section 4.2.1 entitled "Low Pressure Turbine (LPT)
Sectfon".

0.50 1in,

A B f
0.50 in.n
| f— 0.50 in.

Pitch Line

Typical Concave/Convex

Figure A-24. Location of Surface
Finish Measurements
on LPT Blades (and
Vanes).




Table A-XXXVI.

LPTR BLADES (u in./{n. AA)

LPT Airfoil Surface Finish Measurements.

ESN 451-507 | 451-479 451-410 451-380 | 451-129 | 451-440
TS0 _ 15 LLI:] 8150 7T 8248 12823
0 | 28 1910 2715 a0 ByAkj 5206
TV CC | CV CC _fCV ¢ [ CV _cC [ ¢ev et v ¢t
SYAGE Y | 39 41 | 92 73 | W& TI7 [ 703 7132] 80 98 | 138 140
2 e .- 82 60 | -ec e-- 77 93] 67 12 68 80
3 48 45 76 63 % 95 63 59| 61 60 63 82
4 57 38 74 69 89 100 66 66| 55 54 n 8
5 4 4 60 60 |121 127 91 91| 63 69 79 101
AVG. 46 4) 76 65 | 104 110 80 88| 65 73 84 97
New Blade Specification - 45 maximum )
LPTS VANES (u in./in. AA)
STAGE 1 80 67 95 100 | 140 133 | 1417 142|138 138 | 110 154
2 57 60 | 110 94 91 86 89 93/128 105 | 126 110
62 58 89 85 89 .83 78 731108 9 81 73
4 54 58 90 79 79 73 78 77| 82 58 67 54
5 59 51 89 75 72 67 76 66| 718 75 g0 8
AVG. 62 57 95 87 94 88 92 90107 93 93 94
New Vane Specification - 63 Maximum
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APPENDIX B

CRUISE PERFORMANCE DATA

Cruise performance data were obtained from airline revenue service cruise
trends. Engiie installed performance is recorded regularly for individual
engines ar a normal airline operational procedure. These cruise data consist
of cockpit messurements for significant engine parameters, notably WFM (fuel
flow), EGT (exhaust gas temperature), N1 (fan rotational speed), and N2 (core
rctational speed), recorded during stabilized operation at altitude. This
information is used by the CF6 cperators to monitor the relative health of
each engine, to auticipate normal maintenance requirements of the engines, and
to assess the performance trends of their fleets.

Fér the CF6 family of engines, fuel flow and EGT measurements are compared
to values from the "Flight Planning and Cruise Control Manual" (FP & CCM) for
the same flight condition and Nl1. This manual is a tabulation of baseline
reference curves for installed engine performance under various operating con-
ditions. The baseline is representative of the installed performance of early
CF6 production engines used in a flight test program to define reference
engine performance.

The cruise performance data points were stored in computer files and utilized
to develop statiatical trends. tach data point represented an average level
obtained from between four and twenty airplane flights. Airline trends in the
Contractor's flles had generally been normalized to the "FP & CCM" by the oper-
ator, and in the one case, smoothed for each engine by a running average of four
out of the last six readings. In cases whcre only as-measured cockpit readings
were available, these data were normalized b the Contractor. In all cases,
sufficient readings were averaged to yield performance data points which were
representative of the individual engines at that period of time.

A summary of the cruise performance data assimilated and used to establish
statistical trends of overall performance is presented in Table B-I. These
data span the life cycle of CF6-6D engines. Emphasis was placed on obtaining
data for engines incorporating the latest hardware, represented by ESN 451-406+
series engines, and recent builds/installations of earlier serial numbers.

Performance data utilized in this report are present in Figures B-1

to B-25 in terms of cruise AWFM and AEGT pezformance at N1, relative to the
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Table B-1. Sumrary of CF6-6D Cruise Performance Data.

DIAGNOSTIC FILES FLEET
ESN INST. DATA PTS. ESN
DAC CHECKOUT 75 78 100 75
(S/N -406 to -496)
FIRST INSTALLATION
(S/N -406 to -496)
AIRLINE "A" 33 33 270 34
AIRLINE "B" 23 23 133 2¢
AIRLINE "C" 5 5 103 7
AIRLINE "D" 5 5 10 10
SPARES 7 7 69 8
OTHER ] 1 N 7
TOTAL 74 74 596 90
REFURBISHED ENGINES
(S/N -406 to -496)
AIRLINE "A" 50}_ 64 67 338 64
AIRLINE "B" 38 46 459
AIRLINE "C" 7 10 139 7
AIRLINE "D" N 13 22 N
OTHER -- - -- 8
SUB-TOTAL 82 136 958 90
(Pre S/N -406)
AIRLINE "B" 15 15 205 29
AIRLINE “C" 28 28 423 32
OTHER -- -- .- 221
SUB-TOTAL 43 43 628 282
TOTAL 125 179 1586 372




"FP &§ CCM." Cruise data points used to derive composite statistical fits are
shown in Figures B-1 and B-2 for initial-installation engines and in Figures
B-4 and B-5 for multiple-build engines. The remaining figures (Figure B-3
and B-6 to B-25) present individual trends for similar-age engines used to
derive statistical trends of the various families of engines. These include:
the 4000-hour initial-installation family, the families of multiple-build
engines f..n 2500 hours to 4500 hours, the 3000-hour families for four air-

line/route structure groups, and wing/tail families for one 3000-hour group.
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Figure B-7.
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Figure B-8.
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Figure B-9.

CF6-6 Cruise Performance of Multiple-Build Installations, Airline "A"

(3000 Hous.).
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CF6-6 Cruise Performance of Multiple-Build Installations, Airline “B1"

(3000 Hours).

Figure B-16
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CF6-6 Cruise Performance of Multiple-Build Installations, Airline "B2"

Wing-Mounted Engines.

Figure B-22.
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APPENDIX C
SYMBOLS AND ACRONYMS

Stage One High Pressure Turbine Nozzle Area
Alrcraft

Adrcraft Energy Efficiency Program

Aft Looking Forward

Airline Support Engineering

Aviation Service Operation

Aviation Service Operation/Ontario, California
Average

Blueprint

Blade Width

Cruise Control Manual

Compressor Discharge Pressure

Cruise

Compressor Rear Frame

Cycles Since Installed

Cycles Since New

Cycles Since Overhaul

Clockwise

Douglas Aircraft Company




DELT
DETAC
DETALP
DETALPS
DFN1
Dia.
DPARA
DPARAS
E12, E13
ECI

EGT
EGTM

Eff.

EPR
EROM
ESN
ETAC
ETALPS

ETAT

FBW

SYMBOLS AND ACRONYMS (Continued)

Delta

Delta High Pressure Compressor Efficiency
Delta Low Pressure System Efficiency
Delta Low Pressure System Efficiency
Delta Net Thrust at Constant Fan Speed
Diameter

Delta Parasitic

Delta Parasitics

Fan Blade Tip Clearance Locations
Engine Component lmprovement Program
Exhaust Gas Temperature

Exhaust Gas Temperature Margin
Efficiency

Engine Maintenance Unit

Engine Pressure Ratio

Electronic Readout Machine

Engine Serial Number

High Pressure Compressor Efficiency
Low Pressure System Efficiency

High Pressure Turbine Efficiency

Full Blade Width

237
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FIR

Fn @ N1
F/N

FOD

FP & CCM

FP1

GE

HD EGT

HPC

HPCR
HPCS
HPS

HPT.
HPTN
HPTR

Hrs.

SYMBOLS AND ACRONYMS (Continued)

Full Indicated Runout

Forward Look Aft

Net Thrust

Net Thrust at

Constant Fan Speed

Fuselage Number

Foreign Object Damage

Flight Planning and Cruise Control Manual

Fluorescent Penetrant Inspection

Forward

General Electric Company

Hot Day EGT

High Pressure
High Pressure
High Pressure
High Pressure
High Pressure
High Pressure
High Pressure
High Pressure

Hours

Compressor
Compressor Rotor
Compressor Stato§
System (Core Engine)
Turbine

Turbine Nozzle

Turbine Rotor




T W v

ID

IGB
GV
In.
1/s

Dim "K"

LE
LP
LPS
LPT
LPTN

LPTR

M/C

Min.

MXCR
N1
N2

N/A

SYMBOLS AND ACRONYMS (Continued)

Inside Diameter
Inlet Gearbox
Inlet Guide Vane
Inch

Interstage

Dimension "K", High Pressure Turbine Nozzle Support -
Reference Shop Manual, 72-52-00

Leading Edge

Low Pressure

Low Pressure System (Fan and LPT)
Low Pressure Turbine

Low Pressure Turbine Nozzle
Low Pressure Turbine Rotor
Maximum

Maximum Coutinuous

Minimur.

Maintenance Manual

Maximum Repairable Limit
Maximum Cruise

Fan Speed

Core Speed

Not Applicable

3
W
. (o]
)
P S O A U
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NASA-
Lewis

No.
No. 4B
Noz.
oD
oGV

P3

P49

QEC

Rad.
Ref.
RMS
RPM

RTV

SEE

Serve
Limit

sfe
ST
SLS

S/M

SYMBOLS AND ACRONYMS (Continued)

National Aeronautics and Space Administration
Lewis Research Center

Number

Number Four Ball Bearing

Nozzle

Outer Diameter

Outlet Guide Vane

Compressor Discharge Pressure

Low Pressure Turbine Inlet Pressure
Quick Engine Connect

Coefficient of Determination

Radius

Reference

Root Mean Square

Revolutions Per Minute

A Room Temperature Vulcanizing Compound
Service Bulletin

Standard Error or Estimate

Serviceable Limit

Specific Fuel Consumpticn
International System of Units
Sea Level Static

Shop Manual

T



S/N
Stg.
SWECO
T3
T5X
T/C

TE

T/0
TSI
TSN
TSO
UAL
VTL
WAL

WC16

nf

Ne

SYMBOLS AND ACRONYMS (Continued)

Serial Number

Stage

Vibratory Mill Cleaning Process
Compressor Discharge Total Temperature
Calculated Exhaust Gas Temperature
Thermocouple

Trailing Edge

Turbine Midframe

Takeof f

Time Since Installed

Time Since New

Time Since Overhaul

United Air Lines

Vertical Turret Lathe

Western Airlines

Sixteenth Stage Cooling Airflow
Fuel Flow

Corrected Airflow

Delta

Efficiency (Eta)

High Pressure Compressor Efficiency
Fan Efficiency

High Pressure Turbine Efficiency
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n2t

yin./in. AA

SYMBOLS AND ACRONYMS (Concluded)

Low Pressure Turbine Efficiency
Standard Deviation

Microinch Per Inch - Arithmetical Average
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APPENDIX D
TERMINOLOGY

Analytical Teardown

ine disassembly of an engine specifically to provide hardware inspection

data to determine the sources and mechanisms for performance deterioration.

Coefficient of Determination (Rz)

A statistical term for the numérical measure of the proportion of variation
accounted for by the multiple linear regression fit where a value of "1" indi-

cates a perfect fit while a value of "0" indicates lack of fit.

Deteriorated Engine (or Module)

An engine (or module) as removed from wing for induction into the shop,
prior to any repairs.

Deterioration Model

Two models are utilized in this report. The "Performance Deterioration
Model" is based on performance data and describes the magnitude and rate
at which deterioration occurs with time. The "Hardware Deterioration
Model" assigns the performance deterioration to the individual parts and
damage mechanisms, and is based on hardware inspection data and influence

coefficients.

Engine Derivatives

Computer cycle model factors which equate changes in compongnt efficiencies,

flows, and areas to changes in engine cycle parameters.

Fuel Burn
Fuel consumed (sfc at constant thrust) during the cruise portion of a

revenue flight.

o
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RTINS VTR T I

B i o e e e e I e —

Influence Coefficients

Empirically or analytically derived factors which equate a change in

hardware condition to a change in performance.

Initial Installation
The portion of long-term deterioration which occurs during the revenue

service operation of a production new engine prior to the first shop visit,

Long-Term Deterioration

This broad category defines all performance losses which occur during
revenue service operation for the life of the engine.

Modular Maintenance

The maintenance concept that concentrates on repairing modules as opposed
to the engine as a whole. This concept is utilized as part of the on-

condition maintenance concept to achieve optimum repair costs.

Multiple Build Installation

The revenue service operation of an engine following the first shop visit.

This category includes all long-term deterioration except that which
occurs during the initial installation.

Parasitics

The internal leakage of gas flow that bypasses a stage or stages of
airfoils. An example of a parasitic leakage 1is any excess (beyond design)
turbine mid frame liner purge air which bypasses the high pressure turbine.

Refurbished Engine (or Module)

This designation as used in this report implies that performance losses were
restored in addition to the minimum mechanical repair required to satisfy the
serviceable classification. 1In airline service, the term "refurbished engine"
applies to any engine subjected to maintenance repair after removal from the
aircraft. In actual practice, very little performance rectoration, beyond tha

accomplished for mechanical reasons, is performed.




Serviceable Engine (or Module)

An engine that meets the minimum inspection requirements for the particular
maintenance concept being utilized so that it is eligible for additional
revenue service. The engine (or module) may or may not be completely
refurbished.

Shop Visit
When the engine is inducted into the maintenance shop for repair after

removal from the aircrafe.

Short-Term Deterioration

Performance losses which occur at the aircraft manufacturer during airplane

acceptance test flights prior to initiation of revenue service.

Standard Deviation (0)

The root-mean-square of deviations from a mean, used as the measure

of the spread of a sample or population.

Standard Error of Estimate ("iE)

The root-mean-square of deviations about a fitted curve, used as the

measure of che spread of a sample or population about that fitted curve,

Unrestored Performance

The difference between the production new performance levels and those

for a revenue service engine after a shop visit,
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APPENDIX E

UPECIAL ANALYSIS - 6000-HOUR DETERIORATION MODELS

The data presented in the main text of this report is considered to be
representative of performance deterioration for an average fleet of CF6-6D
engines. In actuality, the data encompasses a myriad of conditions, op-
erational procedures, maintenance practices and other differences which

makes it difficult to project a 'typical" engine's deterioration.

As pointed out earlier, the design for the CF6 engine is based on a
modular concept, and the airlines employ an "on condition" inspection/
modular maintenance procedure. After about 4000 hours of service, the
average new engine is typically removed for hot section repair. Generally,
the modules are separated, repaired if required, and then dispersed to
inventory for a subsequent engine build~up. This same procedure is dup-
licated in subsequent engine removals, and as a result, each serviceable
engine becomes a mixture of modules with various stages of deteriorationm,
all within established inspection criteria. Models depicting engine de-
terioration have been presented for the initial installation (typically
4000 hours) and for multiple builds which could be up to 12,000 hours.
The "multiple-build" model is representative of all engines coming in
for repair - regardless of how many previous repairs and assemblies

have occurred. These "multiple-build" engines result in a mixture of

modules having various degrees of deterioration.

From a designer's viewpoint, it becomes important to be able to estimate
the deterioration characteristics beyond the normal 4000 hours nominal

time to removal for both an engine without repair and one with minimum
repair. Accordingly, two performance deterioration models have been
established and are designated "6000 Hours Without Repair' and '6000

Hours With Hot Section Repair''. To further assist the designer, these
models include deterioration by damage mechanisms as well as a modular
breakdown for performance deterioration. These models are disucssed in the

following paragraphs.




6000 HOURS - WITHOUT-REPAIR MODEL

The hypothetical models to be discussed will consider only performance deter-
ioration that can be related to operational aspects - either from flight
acceptance testing or actual revenue service. This differs from the Hardware
Inspection Model presented in Section 4.3 which also includes causes of per-
formance deterioration that result from maintenance-related actions. Specif-
ically, some of these maintenance actions are (1) HPC blade and vane tip
clearance changes due to rework to achieve minimum clearance, (2) removal of
fan quarter-stage material (without replacement of honeycomb), and (3) fan
blade-to-shroud clearance increases due to localized rework. (These are
discussed in detail in Section 4.2.)

When assuming HPT losses beyond 4000 hours, it was estimated that additional
blade tip-to-shroud rubs would not occur and that deterioration would be
limited to erosion of the shroud and degradation of the airfoil surface
finish. While this is a reusonable extrapolation of the data, the actual de-
terioration would most likely be Ligher due to mechanical deterioration of
the components. It is impractical to estimate the durability effect, since
experience has shown a wide variance in mechanical life for each specific
part. Deterioration beyoad 4000 hours for the other engine modules was de-

veloped in accordance with the deterioration curves presented in Section 4.2.

Figure E-1 presents the performance deterioration model that was generated
for the CF6-6D engine after 6000 hours of operation assuming that no repairs
would have been required. For comparative purposes, the deterioration models
for the first flight (short-term) and after 4000 hours (initial installation)
are also presented. These latter two models were constructed according to

data already presented in Sectiomns 3.2 and 4.2. The figure presents com-

posite models, and includes the modular distribution of fuel burn deterioration

as well as the damage mechanisms. These two items are presented separately

in Figures E-2 and E-3 for clarity.

o |
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As presented, the additional performance deterioration estimated for the
period between 4000 and 6000 hours is 0.64 percent cruise fuel burn. This
does not include the probable effects from losses associated with lo;; of
mechanical integrity. The data presented in Figures E-2 and E-3 do confirm
previous assessments as follows. The clearance effect. (Figure E-3) gen-
erally occur during the initial 4000 hours, but the surface finish effects
continue at about the same rate through 6000 hours. The data presented in
Figure E-2 show the additional losses in both turbines to be small beyond
4000 hours, while the fan and HP compressor losses continue at the same
rate through 6000 hours. This is as exp;cted since clearance changes domi-
nate the turbine distress, while erosion and loss of airfoil surface finish
are the major deterioration modes for the fan and HP compressor modules.

Performance records were available for one specific engine which received
an inbound test cell calibration as part of another General Electric pro-
gram. This was ESN 451412 (listed in Table 4-II of this report) which had
deteriorated 3.5 percent in cruise fuel burn during 7100 hours of revenue
service operation. This compares favorably with the 2,93 prrcent in cruise
fuel burn estimated for the 6000 hour engine. The slightly higher deter-
ioration for ESN 451412 can be attributed to the additional flight hours or
to losses in mechanical capability. While one engine cannot be considered
an adequate data sample, it does add confidence that the estimates and as-

sumption used to create the 6000 hour model are reasonable,

6000 HOURS - WITH-REPAIR MODEL

Hardware inspection results indicated that the primary reason for engine
removals prior to 6000 hours was due to high pressure turbine distress. The
major assumptions for this model were that the production new engine would
be removed after 4000 hours, and after repair of only the HP turbine, all
modules would be reassembled into the same engine. This model also requires
estimations or interpolation of the available data. The data presented in

Section 4.2 were used to document the deterioration characteristics for the
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fan, HP compressor and LP turbine modules through 6000 hours. The deter-
ioration level of the HP turbine after 4000 hours of operation; and its after-
refurbishment condition are also presented in Section 4.2. The refurbished

HP turbine module was used to establish the new on-wing baseline for the
engine after 4000 hours, i.e., deteriorated fan, HP compressor and LP turbine
modules with refurbished HP turbine module. The on-wing deteirioration for

the HP turbine module from 4000 to 6000 hnurs was estimated using the per-

formance data presented in Section 4,1 for a multiple-build engine.

The "6000 Hours With-Repair Model" is shown in Figure E-4 and the assessment
by module and damage mecharism is shown separately in Figures E-~5 and E-6.
These figures also include the deterioration levels without repair after une
flight and after 4000 hours for comparison. Note that the total loss at 6000
hours (with repairs after 4000 hours) is very nearly the same as the total
logs after 4000 hours prior to repairs. Thie agrees with an observation noted
for the multiple build engines (reference Section 4.1) in that the on-wing
loss after shop repairs is the same as that refurbished during the previous
shop visit. 'Since the HPT module is the major source for the on-wing de-
terioration of a multiple-build engine, and the HPT module was the only
modules repaired in this theoretical 6000 hour model, this agreement is not

surprising.

The data presented in Figures E-5 and E-6 show similar results to that
presented in Figure E-2 and E-3 for the "6000 Hour-Without-Repair Model".
The losses attributed to the turbine modules agree with its dominant damage
mechanism, i.e., incvcase clearances. Similarly, the surface finish changes
correlate with thz deterioration trends for the fan and high pressure

compressor.
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APPENDIX F

QUALITY ASSURANCE REPORT

INTRODUCT ION

It is the fundamental precept of ths Aircraft Engine Group to provide
products and services that fulfill the Product Quality expectations of
customers and maintain leadership in product quality reputation, in con=-
formance to the policy established by the Executive Office.

The Quality System as documented in Aircraft Engine Group Operating
Procedures provides for the establishment of Quality assurance require-
ments through the design, development, manufacture, test, delivery, appli-
cation and post-delivery servicing of the product. These instructions and
Operating Procedures clearly delineate the cross-functional responsibilities
and procedures for implementing the system, which includes coordination
with cognizant FAA/AFPRO functions prior to issue and implementation.

The Quality Organization implements the Quality System requirements
in each of their assigned areas of responsibility, providing design review
participation, quality planning, quality input to Manufacturing planning,
quality assurance and inspection, material review control, production test-
ing and instrument calibration.

The Aircraft Engine Group has additional Manufacturing facilities, and
Overhaul/Service Shops such as the one at Ontario, California. These vari-
ous facilities are termed '"satellite" plants or locations. They are not
considered vendors or suppliers for quality control purposes and have the
same status and requirements they would have if located in the Evendale
Manufacturing Facility,

The specific requirements for this contract were accomplished at the

following locations:
e Production Assembly and Engine Test - Evendale
® Ontario Service Shop -~ Ontario

A summary of activities for each location is included in this report.
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QUALITY SYSTEMS

Qua'ity Systems for Evendale and Ontario are constructed to comply
with Milicary Specifications MIL-Q-9858A, MIL-I-45208A, and MIL-C-45662A,
and with Federal Aviation Regulations FAR-145 and (where applicable)
FAR-21. The total AEG Quality System has been accepted by NASA-LeRC for
fabrication of engines under prior contracts,

Inherent in the system is the assurance of conformance to the quality
requirements. This includes the performance of required inspections and
tests. In addition, the system provides change control requirements which
assure that design changes are incorporated into manufacturing, procure-
ment, 'and quality documentation, and into the products.

Engine parts are inspected to documented quality plans that define
the characteristics to be inspected, the gages and tools to be used, the
conditions under which the inspection is to be performed, the sampling
plan, laboratory and special process testing, and the identification and
record requirements,

Work instructions are issued for compliance by operators, inspectors,
testers, and mechanics., Component part manufacture provides for labora-
tory overview of all special and critical processes, including qualifica-
tion and certification of personnel, equipment, and processes.

When work is performed in accordance with work instructions, the op-
erator/inspector records that the work has been performed, This is ac-
complished by the operator/inspector stamping or signing the operation
sequence sheet to signify that the operation has been performed.

Control of part handling, storage, and delivery is maintained through
the entire cycle. Engines and assemblies are stored in special dollies
and transportation carts. Finished assembled parts are stored so as to
preclude damage and contamination, openings are covered, lines are capped,
and protective covers are applied as required.

A buildup record and test log is maintained for the assembly, inspec-
tion, and test of each major component or engine. Component and engine
testing is performed according tc documented test instructioms, test plans,
and instrumentation plans. Test and instrumentation plans were submitted

to NASA for approval prior to the testing.
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Records essential to the economical and effective operation of the
Quality Program are maintained, reviewed, and used as a basis for sction.
These records include inspection and test results, nonconforming material
findings, laboratory analysis, and receiving inspection.

Nonconforming hardware is controlled by a system of material review
at the component source. Both a Quality representative and an Engineering
representative provide the accept (use-as-is or repair) decision. Non-
conformances are documented, includi~g the disposition and corrective ac-
tion if applicable to prevent recurrence.

CALIBRATION

The need for product measurement is identified and the design, pro-
curement and application of measuring equipment specified at the start of
the product cycle. Measuring devices used for product acceptance and in-
struments used to control, record, monitor, or indicate results of, or
readings during, inspection and test are initially inspected, calibrated,
and periodically reverified or recalibrated.

Documented procedures are used to define methods of calibration and
verification of characteristics which govern the accuracy of the gage or
instrument. Provisions are made for procurment of instrument calibration
capability as a part of instrument system acquisition,

Frequency of recalibration is specified and measuring gages and in-
struments are labeled to indicate the period of use before recalibration
is necessary. Records are maintained for each gage or instrument which
lists the identification, serial number, calibration frequency, procedure,
and results of each calibration.

Recalibration periods (frequency of calibration) are prescribed on
the basis that the gages and instruments are within calibration tolerance
limits at the end of the recalibration period. The results of recalibra-
tion are analyzed to determine the effectiveness of the recalibration pe-
riod, and adjustments sre made to shorten or lengthen the cycle when justi-
fied.

Standards used to verify the gages and instruments are traceable to

the National Bureau of Standards.
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QUALITY ASSURANCE FOR INSTRUMENTATION

Items defined as Standard Instrumentation (items appearing on the
engine parts lists) will have Quality Assurance Control to the same de-
gree as other engine components. Instrumentation on engines for Revenue
Service will be subject to the test and inspection criteria identified
in the applicable Shop Manual,

Items defined as "Test Instrumentation” (standard test instrumenta-
tion as identified in the applicable engine manual GEK 9266 for CF6é test
section 72-00) will be subject to the same controls required for measur-
ing and test equipment. This instrumentation is periodically reverified
by the technician and recalibrated, at a prescribed frequency, against
standards traceable to the National Bureau of Standards.

Items identified as "Special Instrumentation" (non-parts list or
non-Tech Manual instrumentation supplied for this program) will have
Quality Assurance Control consistent with the stated objectives of this
program,

The instrumentation used for obtaining data for this contract ful-

fillment has not affected the engine operations or performance.

T Ty T P




B

260

ACTIVITY SUMMARY BY LOCATION

PRODUCTION ASSEMBLY

In Production Assembly, the standard engine build procedures were
used to insure compliance to Quality Systems, These procedures and
practices are approved under FAA Production Certificate 108, The op-
erating procedures utilize an Engine Assembly Build Record (EABR) and
en Engine Assembly Configuration Record (EACR). These documents, in-
corporated into an Engine Record Book, serve as a historical record of
the compliance to the Assembly Procedure, a record of critical assembly
dimensions, and a record of the engine configuration, Work performed
is claimed by the applicable inspector or assembler, (Samples of the
EABR and EACR cards are provided in Figures F-1 and F-2 respectively.)

Production Assembly releases the engine to Test and upon successful
completion of the required test, performs the necessary work and inspec-
tion 4in preparation for shipment to the customer,

PRODUCTION ENGINE TEST

In Production Epgine Test, the engine is inspected and prepared for
test per Engine Test Instruction (ETI) Number F15.

Limits and restrictions of Production Test Specifications were ap-
plied during the testing of engines under this contract. The safety of
the test crew and engine is ensured by conducting ETI F-18 CF6 cell check
sheets prior to the performance of the test.

The engine performance data and safety parameters are recorded by
automatic data recording (ADR)., The data systems, test cell, thrust
frame, fuel measuring systems, are calibrated on a periodic basis by
specialized technicians. During testing, the ADR system is contlnually
monitored by test engineers to ensure the quality of the data being re-
corded.
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At the Ontario facility, a Quality Control Work Instruction

(QCWI DFOlS5) was written and coordinated with NASA LeRC. The QCWI pro-
vided instructions on these specific items as applicable to the CF6 Di-
agnostic Program,

Assenmbly/Disassembly Control

Rework Control

Workscope Definition

Nonconformance

Quality Planning

Auditing

Instrumentation Control (Safety)

Measuring and Test Equipment

Engine Test

Witnessing

Records

Failure Recording

To document the condition of the engine hardware, photographs were
taken of the LPT shrouds and seals, representative HPT hlades, LPT blades,
compressor rotor, stator case, fan inlet guide vanes, CDP seal, HPT seals
and shroud, HPT rotor, HP nozzles. These photographs were of high quality
and are available for review,

Work orders were written to provide work direction for Engine Test,
Prep~to-Test inspections and for assembly and disassembly instructions.
Inspections as requested were witnessed by the designated DCAS representa-
tive.

Examples of the work documents as issued to the Test and Assembly
personnel are presented in figures:

e Filgure F-3 - Test Operating Requirements Document

e Figure F-4 - Prep~to~Test & Test Check-Off Sheet

e Figure F-§

Instrumentation Check Sheet
e Figure F-6 - Inspection Check List

e Figure F-7

Work Order Sample

e Figure F-8 - HPTR Blade Inspection Sheet
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PERFORMANCE TESTS

§.1 INBOUND TEST

THE POLLOWING SEQUENCE OF TESTING 1S REQUIRED FOR THE CFé-6 TASK !II
ENGINE. THE TESTING WILL BE CONDUCTED IN THE ASO-LNTARIO CFé TEST CELL
W1T' A LIGHTWEIGHT BELLMOUTH AND THE STANDARD CF6-6 ,CCEPTANCE TZ3T COW-
LING CONFIGURATION. =

1. INSTALL ENGINE IN THE CF¢ TEST CELL AND SET UP PER CF6 SHOP
MANUAL, 72-00-00 TESTING.

2. CHECK VARIABLE STATOR VANES COLD KR1G, BUT DO NOT ADJUST UNLESS
VSV TRACKS OUTSIDZ OF THE OPEN LIMIT 3y MORE THAN ONZ DEGREZE DURING
ENGINE OPERATION. NO ADJUSTMENT 1S TO BE MADE WITHOUT THE CONB-
CURRENCE OF ASE ENGINEERING.

3. INSTALL INSTRUMENTATION AS DEFINED BY THE INSTRUMENTATION PLAN
FOR THE TASK 1lI ENGINES.

4. CONDUCT THE FOLLOWING PERFORMANCE TEST:
a. PERFORM NORMAL PREFIRE CHECKS INCLUDING A LEAX CHECK.
b. START ENGINE AND STABILIZE FOR FIVE MINUTZES AT GROUND IDLE.

€. SET THE FOLLOWING TWO STEADY-STATE DATA POINTS AND TAKE FULL
DATA READINGS AFTER FOUR MINUTES STA3SLIZIATION:

POWER SETTING CORRECTED FAM SPEIED
. 504 76.42% (2623 rpm)
75¢ 90.11% (3093 rpe)

NOTE: PERFORM FULL FUNCTIONAL TEST

d. SLOW DECEL TO GROUND IDLE, AND ANALYIE THE TWC PCINTS TO
DETERMINE IF THE ENGINE CAN BF SAFETY OPERATED TO TAKECFF
POWER WITHOUT EXCEZDING ANY LINITS (N2, 28T, VSV). ALSC
ASCERTAIN THAT ALL INSTRUMENTATION, INCLUDING THE RSCORDEFR,
1S FUNCTIONING PROPERLY. °

e¢. SET THE FOLLOWING STEADY-STATE DAT2 POINTS AND TAKS TWO BACK-
TC AKX DAT: RZADINGS AFTER FOUP MINUTEZS STABILIZATION. THE
ENe o€ SHITTLD BE OPEFLTED AT 'LITMUM CONTINUOUS POWER FOR A
MINIMUM OF 23X MIIUTZIS PRIODR TO SETTING THE FOLLOWING POINTS.
TAKE ONE DATA READING AFTZR SIX MINUTES.

104
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Figure F-3, Test Operating Requirements Docum:nt
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R L

GENERAL ELECTRIC COMPANY R K.

AVIATION SERVICE OPIRATION,/ONTAR. 5/r/7 3/
~t it WORK ORDER ot
QOWER SETTING CORRECTED FAN SPEED
TAKEOFF 100.30% (3443 rpm)
MAXIMUM CONTINDOUS $8.70% (3388 rpm)
MAXIMUM CRUISE 95.858 (3.90 rpm)
7354 90.114 (3093 rpm)
f. gﬂzzbbefN FOR A MINIMUM OF 30 MINUTES AND THEN REPEAT STEPS
5.2 SPECIAL INSTRUCTIONS:

THE FOLLOWING SPECIAL INS

TRUCTIONS APPLY FOR TESTING THE CFé-6D TASK IIl

ENGINE:
1. GENERAL ELECTRIC-EVENDALEF PERSONNZL WILL BE ON SITE AND WILL ASSUPE
DATA QUALITY BEFCAE THEZ ENGINE CAN 2E RELEASED FRCM THE TEST C2Ll.
2. OBTAIN A FUEL LHV SAMPLE BETWEEN THE DUAL-PERFCRMANCE POWIR CALI-

BRATIONS.
3. NO PERFORMANCE

OR THE

RELATIVE HUMIZ!
4. PRESSURE TRAMSOUCZRE,

A 30MB CA CRIMETER wILL BE USED TC OBTAIN THI Liv.
ATA IS TO BE TAKEN WHEIN vISIBLE PRECIFITATION EXISTS .

TY EXCZZL: nIXu 83,

PUEL METIRS, AND THE THRUST LCAD CELL MUST

BE WITHIN FAA CALIBARATION LINITS AND THE CALIBAATIONS REXITFRACEASLZ
TO THE NATICNAL BURZAU JF STANDARDS.

S. AFTER FIRST IN30OUND
PERFORM ANOTHSR SINGLZ FERFORMANCE TEST.

RlA:m)e

AGVO: TYVS 6¥v B.Ve

Figure F-3.

PERFOFMANCZ RUN, CLEAN FAN BLADES USING MCKX.

PRODUCTION

Test Operating Requirements Document - Corncluded




Rngine mount bolls placed correctly, secured snd locksired. FProni wount bolth

atretch .0068"/._ 008", é-25 o
-2

”

v
Right bo!t astretch .00%

Left bolt mtretch 006 s u/%j:-

[\

o

® v/0 Ccre FORM NO. CFA-T¥ST-|

PREP TO TEST 2/3/78
ENOINE 8/N % Page 4 OF B
TEST CRECROFF SURET Révision 2}
!
: WFCH. DIGNA B2
meEp OPERATION DATR 'I'W DATE
TEST CELL L

2. Check accessoty gearbox custrmer pads for proper fnataltation of gear dnﬂ
plugs.
3. | Check all engine mounts for proper inetallatios and lockwired.

4. | Check all required vibratfion pickups for fastallation, teads conaected to £ %/
a Ve s

thely reapective amplifier, lockwire. Check rooling alr tn T.R.F. plckup.

on back of this page.

Figure F-4, CF6 Prep-to-Test and Tesu Checkoff Sheet.

ilookup .
6 Chech throttte operation and for positive Tuel shutof! 'a zero postition of PN
_ fuel shutoff lever. p
8. | Chuck both fynition systems for operation of plug. ] 2J]c-2=

[» .
7. | Check uir stdarter piplng, secure clamp and lockwire. f °Q
B. 1§ All elecirical connections secure end lochll_Led <-22
2 ¥ Conde — -2

9. | Chok Lo see that spectfic gravily metting on N.o° e SN a tuet 1n o 2

\iged.
10 ﬂa c eck l let lnnl t'lon shoea/probes for condlition and nﬂtr!tﬂ

; egne for Q

Oee engldaeer rewdrk inwmtraction for htepa recorind on bhack of

this paga. Vold nrign-ntf for alepn and modily por instruction

At ¥

Lo e ey T
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SENERAL ELECTRIC COmMPAN Kf A
AVIATION SEIVICT OPERATION/ONTAS i r)? /
wo Quoer /!
e 4 o o Pum 960 P T
KEASSEMILY ’
Afzar all izspecticn checks ave completed, rebuild the LPT module
per the SM.

3. CORE SNGINE INSPECTIONS

Disassem:ie the -ngine as necessaTy to obtain the required daza
oa the Noted EMU's. Disassembly will be perfcimed per the fullowig
sequence 0f averts; visually inspect- BMU's to H.M.M.

NOTE 1: Phntogr;phs (de<ailed asd overall) will be takea of eack sub-
assemdly prior 20 its disassembly, with particular emphasis on
deseriorated parts, or ady unigue condition, M.,

PUeTe GRAPIT NeT REguw RE2 R/ S/ 00

NOTE 2: Prior to removal of the Stage L HPTN assembly, ootain drop
checks f£rom the af: face of the ouzer flange¢ o the af: 7 ..
hecks £ be afe ¢ £ the CRE £1 the afz 7.0

CAS fice of Stage 1 HPTN vane outer platforms in 8 equally spaced. 3

Ta/pp. locations. At each location, obtais greps 30 both ead:s 3i eaxk

segment (16 individual readizgs) O «q3g7, /5>

NOTE 3: Record inspection requireaents on sheecs supplied by Evendals
engineer.

3. GSplit eore engine away from fan module and Tcute core te S/N
Remove HPT module.

C. Posizion-mazk and remove Stage 2 HPTR blades. Remove Gefpad
sTage nozilie.

D. Remove second stage nosile, preserve the stage 2 blade TetainsT
sesl vwire for engineering inspection.

BE. @Euply with Note 2 above (drop checks). Then remove Z=3e Stage
1 EPTN assembly.

F. Pesizign-n;rk. then remove the 4B pressure balance seal (mo2:i-
nozsle).

G. Remove the CRF.
H. Remove the HPCS cases.
I. Send the APC fotor to the roicr area.
4. HIGB PRESSURS TURBINE ROTCR (REFERENCE 72-53-00C)
A. Iaszall the roior iz tae Ruacus Fixture. Shim the bdlades per

the SM, and measuTe eack Stage 1 ani 2 blade tip at 0.1 i3ch
€rsn the leading and trailiag edges as Znlliows:

1. Measure and record "he radius of blade Noc. 1 0.1 imck i-om
)Cﬁs-y the LE of eac) stage.
T~F

T I RN
PRODUCTION

Figure F-7., Example of Work Order.
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Figure F-8.

HPIR Blade Inspection Sheet
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APPENDIX G
LIST OF REFERENCES

NASA CR-159830, '"CF6-6D Engine Short-Term Performance
Deterioration", W, H. Kramer, J. E. Paas, J. J. Smith,
and R. H. Wulf, April, 1980.

NASA CR-159618, '"Long-Term CF6-6D Low-Pressure Turbine
Deterioration", J. J. Smith, August, 1979,

NASA CR-135381, '"Long-Term CF6 Frngine Per:ormance
Deterioration - Evaluation of Engine S/N 451-479",
W. H. Kramer and J. J. Smith, February, 1978.

NASA CR~159390, '"Long-Term CF6 Engine Performa:u.ce
Deterioratio.. - Evaluation of Engine S/N 451-380",
W. H. Kramer and J. J., Smith, August, 1978.
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