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1.0 SUMMARY

The overall objective of the Engine Diagnostic effort was to conduct

studies and tests of current high-bypass ratio turbofan engines to identify

and quantify the sources and causes of performance deterioration with

respect to operating time (both short-term and long-term), and to develop

basic data which can be applied to minimize performance degradation of

current and future engines.

Data analysis, engine tests and hardware inspections were conducted in

order to define the deterioration characteristics and the causes of

deterioration modes, and to increase the understanding of sensitivities of

tip clearance changes on engine performance. Cost effective performance

retention was identified as a means of significant fuel savings. Based on

expected revenue service flight time, it was estimated that application of

the cost effective items described for the CF6 family of engines could

reduce fuel consumption by 50 million gallons in 1981, and proportionate

amounts in subsequent years. General Electric has already applied the

findings of this program to reduce the performance deterioration of new CF6

engines. The current CF6-50 engines show an improvement of over 50 percent

relative to the engines which formed the baseline for the Diagnostic Program.

The high pressure compressor (HPC) and high pressure turbine (HPT)

clearance sensitivity evaluations verified the importance for retention of

tiF clearance and quantified the performance sensitivities from real-time

measurements in CF6 engine tests. A potential reduction in compressor

clearance in the aft stages of 1.0 mm (0.040 in) was identified, equivalent

to a compressor efficiency increase of 0.78 percent, which translates to a

cruise SFC improvement of 0.38 percent. Also, a potential improvement in

turbine roundness was established in the order of 0.38 mm (0.015 in.),

equivalent to 0.86 percent in turbine efficiency, which translates to a

cruise SFC improvement of 0.36 percent.



2

2.0 INTRODUCTION

An Engine Diagnostics Program to identify and quantify the causes of

performance deterioration which increase fuel consumption for the General

Electric CF6 family of turbofan engines has been completed. The energy

demand in the early seventies outpaced fuel supplies, creating an increased

United States dependence on foreign oil. This increased dependence,

accentuated by rapid price increases in 1973/74 due to the OPEC embargo,

brought about a ~hanging economic environment in all sectors of the

transportation industry.

As a result, the Government initiated programs in 1975 aimed at both

the supply and demand aspects of the problem. Programs to determine the

fuel availability from new sources such as coal and oil shale, with

concurrent programs to develop aircraft engine components to accept these

broader specification fuels were established in an effort to increase

supply. Reduced fuel consumption was the approach selected to reduce demand

within the Air Transport Industry. Accordingly, NASA established and

sponsored the Aircraft Energy Efficient (ACEE) Program, which was directed

toward reducing fuel consumption for commercial air transports.

The long range effort to reduce fuel consumption required the

evaluation of new technology for more efficient turbofans or improved

propulsion cycles, such as that used for turboprops. It was expected that a

significant reduction in fuel consumption by the incorporation of these new

and improved state-of-the-art propulsion systems could not be achieved

within the next 10-15 years. Therefore, the only practical approach to

reducing fuel consumption in the near term was to improve the fuel

efficiency of current engines, since these will continue to be the

significant fuel users for the next 10-15 years. This was accomplished

through the Engine Component Improvement (ECI) Program, one of six programs

under the ACEE Program.

•



Included in the ECI Program was the Performance Improvement element

directed toward improving the fuel efficiency of the current engines by

incorporating improved designs or modifications in existing designs. The

other major element of the ECI Program was the Engine Diagnostics effort to

identify and understand the sources and causes of deterioration for high

bypass ratio turbofan engines. It is this effort on the General Electric

CF6 engines that is summarized in this report.

This effort was directed at identifying and quantifying the sources and

causes of engine performance deterioration of the CF6 engine and its

derivatives. Performance deterioration is considered to be a result of

short-term and long-term effects. Short-term performance deterioration

occurs during an engine's initial checkout test prior to delivery to the

airlines and in the early fleet operation by the airlines. Most of the

short-term deterioration is suspected to occur within the first 100 hours of

its operational life. Long-term performance deterioration occurs over an

engine's life cycle over and beyond the described short-term operational

period.

The specific objectives were:

1. Define the extent and magnitude of CF6 engine performance

deterioration and establish statistical trends.

2. Identify and quantify the sources and causes of CF6 short

term engine performance deterioration.

3. Determine sensitivity of component performance to deterioration

of engine parts •

• 4. Develop an analytical model which represents a statistical average or

typical SFC loss associated with deterioration for parts of each major

component in the engine.

3
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.
5. Recommend areas where performance retention items can be applied to

current and future engines.

This Engine Diagnostics Program investigated performance deterioration

characteristics for the CF6 family of engines, specifically the CF6-6D and

CF6-s0 model engines. The CF6-6D engine is currently utilized on the DC-IO

Series 10 while the CF6-s0 engine is utilized on the A300B, B747, and the

DC-IO Series 30 aircraft. Independent programs were established to

investigate each model engine, but all e;forts were totally interrelated

within the overall program. The program consisted of:

1. Collection and analysis of historical data.

2. Special engine tests including inbound and outbound tests at overhaul

shops.

3. Compressor and turbine clearance sensitivity investigations.

•



•

•

3.0 APPROACH

The program to define the deterioration levels and modes for the CF6

family of engines involved four distinct phases: analysis of inbound engine

tests results, analysis of airline cruise data, analysis of airline test

cell data resulting from testing of refurbished engines and inspection of

engine hardware. In addition, the sensitivity of compressor and turbine tip

clearances was evaluated in instrumented engine tests.

3.1 INBOUND ENGINE TESTS

Testing of engines removed from aircraft after extensive revenue

service, was conducted in order to define, on a specific engine basis, how

much the specific fuel consumption had increased and to provide some insight

into which components were the prime contributors to the observed

deterioration.

Through theCF6-6 and CF6-50 phases of the program, 15 inbound engine

tests were conducted. One of these tests, conducted as part of the CF6-6

Program, was specially accomplished to identify short-term losses.

For each of the inbound engine tests, sufficient instrumentation was

installed to measure overall engine deterioration and to indicate the

magnitude of deterioration of each major component. After the inbound tests

had been conducted, three of the engines were subjected to a detailed

teardown inspection by design engineers to relate hardware condition to

inbound tests results •

3.2 AIRLINE CRUISE DATA

In addition to the inbound tests conducted on specific engines, an

analysis of fleet performance data accumulated during flight was conducted

to better define the deterioration characteristics of the typical CF6 engine

in revenue service.

5



6

Data from many airlines are supplied to General Electric on a periodic

basis. These data are supplied in many forms from logs recorded by flight

engineers in the cockpit to data recorded via automatic data acquisition

systems. These data, which are generally recorded during every flight of an

aircraft, were used to define the deterioration characteristics of

individual engines during the life of the engines over a given installation

period. The process to define the performance trend was to compare the

performance indicating parameters (fuel flow and exhaust gas temperature

level) to a reference engine parameter level at the flight condition and

power setting.

Data from five airlines using CF6-6D engines and from nine airlines

using CF6-50 engines were reviewed. In all, data from 239 CF6-6D engines

and 263 CF6-50 engines were analyzed in defining deterioration rates of

initial installation and multiple installation engines in revenue service.

General Electric also obtained and analyzed data recorded at cruise

during initial aircraft checkout flights conducted by the aircraft

manufacturer to determine if performance degradation occurred within an

engine prior to initial revenue service. Data from 82 CF6-6D engines and

data from 111 CF6-50 engines were analyzed in order to determine the

magnitude of any "Short-Term" deterioration of engine performance prior to

airline receipt of the aircraft and engines. As will be discussed in more

detail later, it was concluded after this analysis that significant

deterioration did occur during these aircraft checkout activities.

A CF6-6D engine that was removed from a DC-10 aircraft and subjected to

an inbound performance run verified that the indicated loss based upon

cruise data analysis was indeed real and non-reversible. As mentioned, this

engine was disassembled and critically inspected by a team of General

Electric engineers to define the area of performance degradation. Another

engine, removed early after entrance into revenue service due to vibration

problems, was also tested inbound and similarly confirmed that the

short-term loss of performance was real.

•
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3.3 AIRLINE TEST CELL DATA

An important part of the analysis effort to understand airline fleet

engine performance levels centered around the definition of basic engine

performance levels after overhaul in the airline shops.

Performance levels were reviewed for engines outbound after overhaul at

a major airline overhaul facility during the CF6-6D Program and at one

consortium central agency and five qther overhaul facilities during the

CF6-S0 Program. Engine performance levels obtained at these facilities were

compared to new engine performance levels obtained in the General Electric

Production Facilities in order to define the effectiveness of typical engine

workscopes in restoring performance by refurbishment to new engine levels.

3.4 INSPECTION OF ENGINE HARDWARE

The modes of deterioration were identified through actual observations

of service hardware by General Electric teams. Teams of Mechanical and

Aerodynamic Design personnel visited various maintenance facilities and

conducted detailed inspections of the various engine modules in the

disassembled stage to assess the condition of component parts relative to

the condition of new hardware. Observations of rotor clearances, surface

finish of the airfoils, cleanliness and smoothness of various static

structures and potential air leakage paths were reviewed and estimates of

component performance relative to a non-deteriorated component were assessed.

Hardware from each major module at various stages of engine life was

observed, thus allowing estimation of the deterioration associated with any

module deterioration mechanism as a function of time and cycles •

The trends of performance deterioration for each engine module were

generated from a review and analysis of all the deterioration trends

established for specific degradation mechanisms with regards to the

7
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respective module. Based upon these module trends, and applying appropriate

knowledge of the engine cycle, the overall engine deterioration

characteristics were then established. In all cases throughout both the

CF6-6 and CF6-S0 Programs, the estimates of engine deterioration established

based upon hardware examinations showed excellent agreement with the overall

deterioration rates established by cruise and test cell data analysis.

3.5 HP COMPRESSOR AND HP TURBINE TIP CLEARANCE SENSITIVITY INVESTIGATIONS

Two instrumented engine tests were conducted to measure compressor and

turbine tip clearances and to evaluate the sensivitity of these clearances

on engine performance.

The compressor clearance sensitivites were evaluated in an instrumented

core engine test in which airfoil tip clearances were controlled by varying

the compressor rotor bore cooling air flow at steady state operating

conditions. To investigate potential improvements for engine operation with

tighter clearances, a number of transient test runs were made which included

engine power throttle bursts and chops and hot rotor power throttle rebursts.

The high pressure turbine tip clearance and stator out-of-ro~ndness

conditions were measured in an instrumented fan engine test. The testing

included both steady-state and transient engine operating conditions. The

data were analyzed to determine the effect of HP turbine clearance changes

on engine performance and to investigate potential improvements for engine

operation with decreased tip clearances.
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4.0 DISCUSSION OF RESULTS

The results of the analysis of inbound engine tests, airline cruise

data and airline test cell data from testing of refurbished engines are

discussed under the heading of Performance Deterioration Characteristics.

The details of the hardware inspection are described under the heading of

Hardware Inspection Details. The results of the hardware inspection are

presented under the heading of Component Deterioration Mechanisms. Finally,

the results of the compressor and turbine clearance sensiti~ity

investigations are presented under the heading of HP Compressor and HP

Turbine Clearance Sensitivities.

4.1 PERFORMANCE DETERIORATION CHARACTERISTICS

Figure 1 shows the resulting assessment of CF6-6D performance

deterioration characteristics for the typical engine through its initial

installation of revenue service and for a similar typical engine after

several multiple installations. Elements of deterioration and

restoration/unrestored performance are presented. This figure indicates the

equivalent cruise specific fuel consumption increases that occur relative to

a new production engine. The deterioration characteristics for an initial

installation is shown on the left. During aircraft acceptance testing,

engines incur an average nonreversible short-term loss of 0.9 percent prior

to revenue service. This short-term SFC deterioration has already been

accounted for when performance guarantees are issued to customers. During

their initial installation of revenue service, the SFC increases an

additional 1.7 percent based on the typical 4000-hour duration of the

initial installation. The total increased SFC of the deteriorated engine

after the initial installation is thus 2.6 percent from that of the new

production engine. Insufficient data was available to accurately deter

mine the amount of performance restoration during the first shop visit, but

it is estimated to be between 0.6 to 0.8 percent.

9



The deterioration characteristics for multiple installation engines are

shown on the right-hand side of Figure 1. From the second to the "nth"

installation, the serviceable engine re-enters revenue service after a shop

visit with an average unrestored cruise SFC loss of 2.1 percent. Then,

during the subsequent revenue service period, the cruise 6 SFC of this

multiple-build engine increases by 0.9 percent for the typical 3000-hour

duration of multiple-installation engines. The total increased SFC of

this deteriorated engine at 3000 hours was 3.0 percent from new. On the

average, 0.9 percent of the cruise 6 SFC loss is restored during a shop

visit. It is clear from the figure that for any subsequent installation, an

average revenue service deterioration of 0.9 percent 6 SFC is incurred. On

the average, this same amount is restored during a shop visit for maintenance

purposes and the cycle is repeated. The observed trend, then, of a constant

level of deterioration for all periods of installation can be primarily

attributed to the modular maintenance concept employed to refurbish or repair

engines. Though engine-to-engine variations for this cycle are significant,

the data presented reflect the typical or average engine deterioration char

acteristic for the CF6-6D engine.

Figure 2 shows the deterioration characteristics. resulting from cruise

data analysis of data obtained for the CF6-50 engine on various aircraft.

General findings of the program were that the engine short-term losses,

which occurred during the airframer checkout of the aircraft, tended to be

the same for operation on all three aircraft. Also, the unrestored

performance level of the multiple-build engine as refurbished by the various

airlines was essentially the same. It can be noted from Figure 2 that the

deterioration rate shown during typical B747 operation was lower than

observed with DC-10 and AJOO operations. The same relationship holds for

both the initial and multiple installations. The unrestored SFC of the

typical engine re-entering revenue service after airline shop visits is 1.8

percent higher than the new engine baseline for the CF6-S0 engine as

compared with the 2.1 percent determined in the CF6-6D analysis.

10
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Figure 1. Typical CF6-6D Performance Deterioration Characteristics.



DC-10 B-747 A300

Short-Term Loss, percent 0.7 0.7 0.7

Typical Time to Removal,
Initial Installation, hours 3000 4000 2000

Initial Flight Cycle
Length, hours 3.4 5.2 1.5

Initial Installation
sfc Loss, percent 1.5 1.6 1.1

Typical Time to Removal,
Multiple Installation, hours 3000 3850 2000

Multiple Installation Flight
Cycle Length, hours 3.9 5.5 1.3

Multiple Installation
sfc Loss, percent 0.79 0.95 0.79

Unrestored sfc, percent 1.8 1.8 1.8

(a) Engine Performance Deterioration Characteristics
for Various Aircraft
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(b) Deterioration Characteristics for DC-10 Aircraft with Respect to Time

Figure 2. Deterioration Characteristics.
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The deterioration rates shown on Figures 1 and 2 are presented as a

function of flight hours since installation. As part of the CF6-S0 program,

an analysis was conducted to understand the variability in deterioration

rates which resulted from analysis of DC-10, B747 and A300B data. The

conclusion was that deterioration rates for the data surveyed were strongly

influenced by the average flight length per cycle and the amount of derate,

or reduced power, being used by the individual operators. Table 1 shows the

data from Figure 2 translat~d into the deterioration rate per 1000 cycles

basis. The conclusion is that while the DC-10 and B747 data are reasonably

consistent and show approximately the same deterioration rate per 1000

cycles, the A300B data shows a much lower deterioration rate per 1000

cycles. Since the A300B data studied as part of this program were

consistent with flight cycle lengths of approximately 1.9 hours, the lower

deterioration rate per 1000 cycles suggests that deterioration rates are not

only influenced by the numbers of cycles but also by the time at temperature.

4.2 HARDWARE INSPECTION DETAILS

The prime modes of deterioration within each module were established

primarily through hardware inspections by design personnel at two major

CF6-50 overhaul facilities and at one major CF6-6 overhaul facility. The

details of the findings of these inspections are reported in References 1

through 7, including identification of the amounts of cruise SFC increase

associated with each deterioration mechanism. However, some general

statements concerning the more significant deterioration mechanisms are in

order.

4.2.1 FAN DETERIORATION

The major areas of performance degradation within the fan

section for both engine models were: 1) increases in tip clearance due to

shroud erosion and the current maintenance philosophy which requires

controlling only minimum clearance; this can result in local grinding and,

13
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Table 1. CF6-S0 Deterioration in 1000 Cycles.

A/c Type
Installation DC-lO B-747 A300

Initial Installation
6. SFC 1. 7li. 2.07i. 0.83i.

Multiple Build Installation
6. SFC 1.03i. 1.36i. 0.517.
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in turn, results in increased shroud out-of-roundness and increased average

clearance, 2) fan blade leading edge bluntness due to erosion and 3) fan

bypass OGV erosion and leading edge bluntness due to loss of the

polyurethene protective coating. During typical shop visits, the leading

edge contours of the stage one blades are typically restored (with

approximately 75 percent frequency). However, the "on-condition"

maintenance philosophy, requiring only durability repairs, generally results

in very little refurbishment to restore to new engine average clearance or

to restore the OGV surfaces to the as-new condition.

4.2.2 HP COMPRESSOR DETERIORATION

The major deterioration modes of the CF6 engine high pressure

compressors are: 1) increases in airfoil tip clearances, 2) degradation of

airfoil surface finishes and leading edges and 3) creation of air flow

leakage paths primarily through the variable stator vane bushings. With

increased time in revenue service, the assembly of engine compressor stator

cases (as engine parts are interchanged during shop visits) develop

significant tendencies toward out-of-roundness. The maintenance philosophy

in matching rotors and stators is to establish a minimum clearance. Thus,

an~ tendency of the stator case to distort inward creates the requirement

for short rotor blades (with resulting increased average clearance) and

locally short stator vanes. The eventual result is increased airfoil tip

clearances and associated deteriorated performance. Casing distortion and

design changes which will result in a reduction in casing distortion are

described in detail in References 8 and 9.

4.2.3 HP TURBINE DETERIORATION

The primary modes of deterioration detected in the high pressure

turbine during revenue service were (1) the increase in blade tip-to-shroud

clearances resulting from rubs which produce some losses in performance due

to increased gas flow leakage and (2) airfoil surface finish degradation.

15
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It has been found that tip clearances for both stages of the

CF6-S0 high pressure turbine typically increase during the first 1500 hours

of operation and then appear to increase at a much lower rate. At 4000

hours, the average increase in tip clearances is 0.013 inch on stage 1 and

0.011 inch on stage 2, which corresponds to a 0.55 percent increase in

cruise specific fuel consumption. These rubs and resulting c.learanc.e

changes are primarily due to shroud support distortion, shroud swelling and

bowing, shrinkage of the shroud supports and thermal mismatch between

rotating and static structures during engine transients. Shroud distortion

is discussed in detail in References 9 and 10.

4.2 4 LP TURBINE DETERIORATION

As in the case of the HPT, increases in blade tip clearances and

interstage seal clearances result in the major portion of deterioration

occurring within the low pressure turbine in service. Degradation of

airfoil surface finish is another contributor but results in very little

performance loss. The increase in clearances was found to be primarily due

to wear of the stationary surfaces which result from engine axial mismatches

during different phases of engine operation. While there is little loss of

material from the rotating components, the wear of the tip shrouds and

interstage seals results in approximately 0.4 percent loss in cruise SFC

after 4000 hours of operation with both the CF6-6 and the CF6-50 turbines.

4.3 COMPONENT DETERIORATION MECHANISMS

Figure 3 illustrates the results of the hardware inspection analyses

and the resulting deterioration model compared to the

performance-data-derived deterioration level for the initial installation of

CF6-6D engines. It shows that the largest portion of the 0.9 percent

short-term SFC loss resulted from a loss in HPT performance. This loss was

due largely to HPT clearance increases during the initial checkout phases of

the airplane. During this initial operation of the aircraft by the aircraft

•
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manufacturer, there is little accompanying loss in the fan, high pressure

compressor and low pressure turbine. The combined per~ormance deterioration

level, as obtained from hardware inspection assessments, was created from a

stackup of the individual component deterioration losses at 4000 hours. The

resulting 2.3 percent total performance degradation from the "as new"

condition compares well with the 2.6 percent level which resulted from the

performance data analysis.

Figure 4 shows the deterioration mechanisms as assessed by hardware

inspection for the CF6-6D multiple-build engines. The major deterioration

of a multiple-build engine is within the HPT module. Typically, HPT

performance is restored during every shop visit while fan, HP compressor and

LPT performance levels are not. Therefore, each engine as it re-enters

revenue service after an overhaul shop visit has new HPT hardware and

somewhat deteriorated fan, HPC, and LPT performance levels. It can be noted

again from Figure 4 that the results of the hardware inspection show 3.3

percent performance loss at 3000 hours on multiple-build engines compared to

the performance data analysis level which indicated 3.0 percent. Again, the

agreement is good. Similar findings resulted for losses associated with the

initial installation and the multiple installations of CF6-50 engines, as

reported in Reference 6.

Based on hardware inspections, the unrestored loss for the typical

CF6-6D engine coming out of the overhaul shop was 2.08 percent in terms of .

cruise SFC as compared to the 2.1 percent unrestored performance level

identified by performance data analysis. Figure 5 illustrates the

unrestored performance levels in various components for both the CF6-6D and

CF6-50 engine models and compares the overall level as shipped from the

airline overhaul facilities, to that of the new engine performance level.

Of the 2.1 percent unrestored performance for the CF6-50 engine, it

indicates that a large portion of this is due to lack of performance

restoration in the fan area. Somewhat lesser amounts of unrestored

performance is associated with the high pressure compressor and the LP

•
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· turbine. Note that there is very little unrestored performance in the HPT

area because the HP turbines of outbound engines are, typically, completely

refurbished during shop visits. Again, the hardware inspection data and the

per.formance data show excellent agreement.

The unrestored performance identified in Figure 5 represents a

significant potential in terms of fuel and dollars savings to the airlines,

if it can be reduced on a cost effective basis. The presence of large

amounts of unrestored performance, associated with performance degradation

of the fan module, HPC module and the LPT module, relative to new modular

performance levels, is due to early workscope definitions. These airline

shop overhaul work scope definitions were primarily aimed at maintaining

reduced EGT levels and at restoring the condition of the hardware primarily

from a reliability standpoint. The engine modules which have the most

direct impact on EGT margin are primarily associated with the hot section of

the engine, i.e., the combustor and high pressure turbine areas. Larger

efforts (dollars and manhours) are required to achieve a similar amount of

EGT margin restoration in the LP system components. In the early 1970's, it

was concluded that it was not cost effective to do significant performance

restoration in the fan and LPT areas with fuel prices at the 30 cents per

gallon level of cost. With current and projected fuel prices, the cost

effectiveness of doing performance restoration work in all of the engines'

major components must be re-examined.

4.4 HP COMPRESSOR AND HP TURBINE CLEARANCE SENSITIVITES

4.4.1 HP.COMPRESSOR CLEARANCE EVALUATION

Results of the steady-state power calibration tests of the HP

Compressor Clearance Evaluation revealed that a one percent change in the

normalized average clearance (summation of tip clearance changes in percent

of airfoil length over all stages, divided by the number of stages) produced

a one percent change in compressor efficiency (Figure 6). The corresponding
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core engine fuel flow change was about 2.8 percent for a one percent

clearance change (Figure 7). The method of obtaining clearance changes by

varying the cooling air flow proved to be effective and accurate. The

correlation of the measured.and calculated clearances, based on measured

temperatures, was very good.

The results obtained from the transient tests are summarized in

Figure 8 which shows clearance variation in a typical power throttle

maneuver which included burst to takeoff, steady-state at takeoff and chop

to ground idle. Figure 9 shows calculated clearance variations during a

similar power throttle maneuver for the CF6-50 compressor i.e. for an

uninsulated INCO 718 stator casing and an uncooled rotor. It will be

noticed that cooling of the rotor bore, insulating of the stator casing

together with a smaller thermal coefficient of expansion of the casing,

produces significantly reduced clearance variations during engine transients

and, therefore, permits much smaller compressor buildup and running

clearances. Calculations indicate that these clearances can be reduced by

1.0 mm (0.040 in) in the aft stages of the compressor relative to the

current CF6-50 compressor clearances. A reduction in clearance on the order

of 1.0 mm (0.040 in) for stages 10 through 14 would produce a reduction of

0.78 percent in the average normalized clearance. Using the derivative

obtained in this investigation, the corresponding increase in compressor

efficiency amounts to 0.78 percent which results in a SFC reduction of about

0.38 percent for a turbofan engine (see References 8 and 9).

4.4.2 HP TURBINE CLEARANCE EVALUATIONS

The results of testing for the HP Turbine Clearance Evaluation

have provided accurate clearance response curves and turbine roundness

maps. Measurements taken have allowed the correlation of clearance with

respect to time, speed, thrust, various operating pressures, and various

operating temperatures. Measurements at eight circumferential locations

allows for fairly accurate relationships with respect to turbine roundness.
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The results indicated a good correlation of the analytical model of

round engine clearance response with measured data (Figures 10 and 11).

The stator out-of-roundness measurements verified that the analytical

technique for predicting mechanically-caused loads and distortions is

correct, whereas the technique for calculating the effects of certain cir

cumferential thermal gradients requires some modifications. This investi

gation established that the potential for improvements in roundness

is in the order of 0.38 rom (0.015 in) equivalent to 0.86 percent in

turbine efficiency, which translates to a cruise sfc improvement of 0.36

percent.

4.5 PERFORMANCE RETENTION

As a direct result of knowledge gained from the Diagnostics Programs, a

Performance Improvement and Performance Retention Improvement Program has

been identified for the CF6 family of engines. The complications of

introducing new performance retention features into an existing engine

arises from limitations on changes to aircraft power management and

functional interchangeability. However, some features are currently planned

by General Electric for introduction into the CF6-50 engine production

models and which will also be retrofit table within the current fleet. Items

being considered which can be included into the current fleet of engines

include: smooth solid shrouds in booster stages 1, 2, and 3, which result

in reduction in shroud erosion and better clearance control; a modified

front engine mount and steel front compressor casing which reduce bending

. deflections and locally reduce rub potential; improved surface finishes on

high pressure compressor blades and vanes; replacement of three stages of

titanium stator vanes and four stages of HPC rotor blades with steel which

increases erosion resistance; and incorporation of new VSV bushings in the

compressor stator case to increase durability and reduce leakage.
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Other performance retention features are also being incorporated into

the production configuration of the CF6-80 family of engines in addition to

the performance retention items just mentioned. The HPC casing is a

stiffer, two-piece case with insulated rear stages which provides reduced

deflections and better roundness thereby reducing rubs. The HPC rotor is

cooled by introducing fan air into the bore, resulting in better matching of

rotors and stators which again reduces rubs during transients. There will

be an improved HPT shroud support system and improved HP turbine shrouds

which reduce di~tortion and blade tip rubs. A passive cooling system for

the HP turbine stator is being utilized which will provide a better match

with the rotor and reduce blade rubs. Also to be included is an active

clearance control system in the LP turbine which will produce close

clearances at cruise and larger clearances at takeoff to reduce shroud rubs

and prevent deterioration. The deterioration portion of the Diagnostics

Program also verified that the performance retention features being designed
3into the Energy Efficient Engine (E ) Program will have a definite

payoff. These performance retention features include: a low tip speed,

wide-chord, rugged fan blade; a short stiff compressor case; ruggedized fan

OGV's; and active clearance controls on the high pressure compressor, the

high pressure turbine and the low pressure turbine.

4.6 IMPROVED ENGINE WORK SCOPES

The most immediate reduction in fuel usage by today's CF6 fleet which

can be achieved as a result of information gained during the NASA Engine

Diagnostics Program, lies in the definition of improved engine work scopes

during engine shop visits by individual airlines. An integral part of the

Engine Diagnostics Program with both the CF6-6D and CF6-50 engines were

studies conducted to define how much of the unrestored performance losses,

associated with the typical engine as currently shipped from the overhaul

test cells, could be restored on a cost effective basis. The results of

these studies were intended to be used as guidelines for improved definition

of modular work scopes at the overhaul facilities.



As part of these studies, assumptions were made which included:

material cost as defined by either repair cost or replacement hardware cost

established in the General Electric catalogues; estimates of the cost of

doing work based upon General Electric experience; performance gains and the

life of the gain consistent with the deterioration rates established as part

of the Engine Diagnostics Program; and typical missions assumed consistent

with DC-lO-lO and DC-lO-30 operation. Fuel price for these studies was

assumed to be one dollar a gallon.

Based upon these studies, it was concluded that approximately 60

percent of the unrestored performance currently existing on engines being

shipped from the various overhaul test sites could be restored on a cost

effective basis for the typical engine. Table 2 shows the results of the

cost effectiveness feasibility study conducted by General Electric for the

CF6-50 engine based on typical overhaul test cell performance levels. It is

noted that the greatest potential for cost effective refurbishment exists in

restoring fan performance. This restoration includes the effective

maintenance on surface finishes, leading edges, and blade tip-to-shroud

clearances. Cost effective performance restoration is also achieveable on

the HP compressor and some small additional cost effective gains are

achieveable on the HP turbine. Based on studies conducted for both engine

models, performance restoration of the LPT module, however, is only cost

effective when the module has already been disassembled for other reasons.

A word of caution is in order for those who want to use the results of

these studies for their own purposes. These studies were based upon a

typical or average engine as it is shipped from the various overhaul

facilities. Some of the restoration work recommended in these cost

effective studies is currently being done by some airlines on a part-time

basis. Not all engines that are shipped from the overhaul facilities are

equivalent (low) in performance as the typical engine identified and used as

part of this study. The cost effectiveness study for an average engine can

be misleading on an individual engine basis. The key point to emphasize is
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• Table 2. CF6-50 Cost Effective Performance Refurbishment.

% CRUISE SFC
UNRESTORED COST EFFECTIVE
PERFORMANCE REFURBISHMENT

FAN SECTION

FAN BLADE TIP CLEARANCE 0.38 0.38
FAN BLADE L.E. CONTOUR 0.12 0.12
FAN BLADE SURFACE FINISH 0.01 0.01
SPLITTER LEADING EDGE 0.07 0.07
BYPASS OGV - L.E. 0.06 0.06
BYPASS OGV - SURFACE FINISH 0.18 0.18
BOOSTER TIP CLEARANCE 0.03 0
BOOSTER AIRFOIL ROUGHNESS 0.01 0

HP COMPRESSOR
BLADE & VANE TIP CLEARANCE 0.16 0.16
AIRFOIL LEADING EDGE BLUNTNESS 0.05 0
AIRFOIL SURFACE FINISH 0.03 0
CASING/SPOOL SURFACE FINISH 0.01 0

HP TURBINE
STAGE 1 NOZZLE DISTORTION 0.05 0
AIRFOIL SURFACE FINISH 0.10 0.10

LP TURBINE
BLADE TIP CLEARANCE 0.30 0
INTERSTAGE SEAL CLEARANCE 0.22 0
AIRFOIL SURFACE FINISH 0.04 0.-.-

TOTAL 1.82 1. 08 (1)

NOTE:
(1) 60% OF UNRESTORED PERFORMANCE CAN BE RESTORED ON A COST EFFECTIVE

BASIS.



that each airline should conduct its own cost effectiveness studies based on

individual practices, labor rates and work scopes to define the actual fuel

and dollars savings available. General Electric's conclusions concerning

the actual deterioration mechanisms within each module which contribute to

the overall module deterioration are established and documented in extreme

detail within the referenced NASA reports. These deterioration mechanisms

can be used as a basis for each airlne to conduct its own cost effectiveness

refurbishment study. The implications of these studies are overwhelming.

General Electric believes that potential savings of 50 million gallons of

fuel could be realized in a one year time period (1981) based upon the

current CF6-6 and CF6-50 fleet of engines.

4.7 IMPACT OF ENGINE OPERATION

Discussions to this point have dealt with what is known about engine

deterioration and refurbishment practices in today's operations and what can

and is being done to further fuel conservation. There are other factors

which must be considered in order not to use excess fuel. Careful attention

to operational practices and use of derate power ratings are two such areas.

4.7.1 ENGINE USAGE

Any turbofan engine can be operated in a manner which could

result in excessive deterioration. For example, an engine which has been

stabilized at high power, then subjected to a reduction in power and

subsequently subjected to another accel is exposed to a condition where

engine static cases will have cooled faster than the rotor during the down

time and could interfere with the hot rotor blades as they expand during the

accel thereby resulting in rubs and performance losses. This is known as

"hot rotor reburst".

Every engine manufacturer publishes guidelines for engine

operation which, if heeded, should result in avoiding the "hot rotor
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·reburst" situation and any other similar situation. Proper discipline by

all personnel responsible for any phase of engine operation from line

maintenance personnel through flight crews is required in order not to abuse

the engine.

4.7.2 USE OF DERATE POWER

It is common knowledge throughout the industry that use of

reduced power settings has a strong influence on parts life and m~intenance

cost.

CF6-50 data analyzed as part of the Engine Diagnostic Program

substantiated the fact that a larger amount of derate (reduced power)

results in a lower deterioration rate. Figure 12 shows the average

deterioration rates of the data from the 9 airlines studied. Shown are the

average deterioration rates expressed in terms of EGT (at fan speed) and a

percent fuel flow increase (at fan speed) for 1000 hours of operation as a

function of average flight cycle length (hours/cycle) for each airline

studied. The average of the A300B data, the average of the DC-lO-30 data

and the average of the B-747 data are used to define a "composite

characteristic". The numbers enclosed in parentheses indicate the average

percentage thrust derate typically used by the indicated airline. While

this summary is not sufficiently accurate to define an exact relationship

between deterioration rate and average percentage derate, it does show a

correlation between derate usage and reduced deterioration rates.

Although there is considerable scatter of data, it is still

fairly clear that continued usage of a given percentage of derate power will

result in lower deterioration rates than alternately operating above and

below that same percentage of derate. Since lower deterioration rates

should result in lower maintenance costs, it follows that maximum derate

operation should be encouraged wherever and whenever feasible.
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5.0 CONCLUDING REMARKS

In summary, the NASA Engine Diagnostics Program, aimed at defining CF6

deterioration characteristics, was highly successful. Deterioration rates

and modes were identified as were areas of design improvement which can and

will result in improved performance retention characteristics. General

Electric has already applied the findings of this program to reduce the

performance deterioration of new CF6 engines. The current CF6-50 engines

show an improvement in deterioration of over SO percent relative to the

engines which formed the baseline for the Diagnostics Program (Figure 13).

Also defined were potential means of fuel conservation with improved

cost effective engine performance restoration practices during engine shop

visits. Based on expected revenue service flight hours, it was estimated

that application of the cost effective items described for the CF6 family of

engines could reduce fuel consumption by 50 million gallons while saving the

airlines $23 million dollars in 1981. The potential to make a notable

impact on energy consumption during the 1980's has been demonstrated.

The HP compressor and HP turbine clearance sensitivity evaluations

verified the importance of tip clearance retention and quantified the

sensitivities from real-time measurements in CF6 engine tests. A potential

reduction of compressor clearances in the aft stages of 1.0 mm (0.040 in)

was identified, equivalent to an improvement in compressor efficiency of

0.78 percent which translates to a cruise SFC improvement of 0.38 percent.

Also, a potential improvement in turbine roundness was established in the

.order of 0.38 mm (0.015 in), equivalent to 0.86 percent in turbine

efficiency, which translates to a cruise SFC improvement of 0.36 percent.

34



1,0...--------.,.....------,--------..,----------,

0.8

o A300-B

o DC-IO

o B-747

til
~

-i-> ::s
,;:: 0

~ -'= 0.6 I-----.;;;::=---t--------T
~ 0
(1)0
(:l.0
~

()

't; O. 4 ~-------+--------I_---

<J

0.2 1-------+------.::=--_=--+---

oOl- -I- ---L ..l- ~__..;;:..._.I

o 2 4

Flight hours/Cycle

6 8

Figure 13. Improvement in CF6-50 Performance Retention for Initial!
Installations.

35





APPENDIX A - SYMBOLS

SFC Specific Fuel Consumption kg
hr daN

HPC High Pressure Compressor

HPT High Pressure Turbine

..
LPT Low Pressure Turbine

EGT Exit Gas Temperature o C

OGV Outlet Guide Vane

VSV Variable Stator Vane

W
f

Fuel Flow kg/hr

..

37



38

APPENDIX B - REFERENCES

1. NASA CR-159786, "CF6-6D Engine P~rformance

Deterioration", RH Wu1f, January, 1980.

2. NASA CR-159830, "CF6-6D Engine Short Term Performance
Deterioration", WH Kramer, JE Paas, JJ Smith, RH Wu1f,
April, 1980.

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

4. NASA CR-135381, "Long-Term CF6 Engine Performance
Deterioration - Evaluation of Engine SiN 451-479",
WH Kramer and JJ Smith, February, 1978.

5. NASA CR-159390, "Long-Term CF6 Engine Performance
Deterioration - Evaluation of Engine SiN 451-380",
WH Kramer and JJ Smith, August, 1978.

6. NASA CR-159867, "CF6-50 Engine Performance
Deterioration", RH Wu1f, November, 1980.

7. "CF6 Jet Engine Diagnostics", R. Stricklin, paper
presented at NASA Aircraft Engine Diagnostics Conference,
May 6, 1981 (NASA Conference Publication 2190).

8. NASA CR-165580, "High Pressure Compressor Clearance
Investigation", MA Radomski, January, 1982.

9. "CF6 High Pressure Compressor and Turbine Clearance
Evaluations", MA Radomski and LD Cline, paper presented
at NASA Aircraft Engine Diagnostics Conference, May 6,
1981. (NASA Conference Publication 2190).

10. NASA CR-165581, "High Pressure Turbine
Roundness/Clearance Investigation, WD Howard and
WA Fasching, June, 1981.



Aerojet Manufacturing Company
Vice President - Engineering
601 S. Placentia
Fullerton, CA 92634

John Kortenhoeven

The Aerospace Corporation
P.O. Box 92957
Los Angeles, CA 90009

Ronald R. Covey

The Aerospace Corporation
2350 East EI Segundo Blvd.
El Segundo, CA 90245

W. Roessler

Advanced Technology, Inc.
7923 Jones Branch Drive
McLean, VA 22101

Bernard C. Doyle, Jr.

DISTRIBUTION LIST

Arnold Engineering and Development
Center

Arnold AFS, TN 37389
Dr. James G. Mitchell/AEDC/XRFX
R. Roepke/AEDC/XRFX

AVCO Lycoming Division
550 South Main Street
Stratford, CN 06497

A. Bright
A.R. Duly
W.L. Christensen
Gordon Vertescher

The Boeing Company
P.O. Box 3707
Seattle, WA 98124

Don Nordstrom
G.P. Sallee
William B. Anderson

Air Research Manufacturing Company
402 South 36th Street
P.O. Box 5217
Phoenix, AZ 85010

Karl R. Fledderjohn
Dept. 93-200/503-3S

Michael L. Early
Dr. M. Steele
Dept. 93-0l0/503-4B

F. Weber
Dept. 93-200/503-38

Air Transport Association
1709 New York Avenue, NW
Washington, DC 20056

E.L. Thomas

American Airlines, Inc.
N. Mingo Road
Tulsa, OK 74151

Bob B. Copper
Ray G. Fenner

Kenneth H. Dickenson 3N-33

Paul G. Kafka
D. T. Powell
Richard L. Martin MS 73-07 2 copies
John L. Wh·ite

Braniff International
Braniff Tower
P.O. Box 35001
Dallas, TX 75235

Hank Nelson

Civil Aeronautics Board
Washington, DC 20428

J. E. Constantz/B-68

Continental Air Lines, Inc.
Los Angeles Inter. Airport
Los Angeles, CA 90009:

Frank Forster

Cooper Airmotive, Inc.
4312 Putman Street
Dallas, TX 75235

B. Carter
Maxwell Dow
Terry Harrison



DISTRIBUTION LIST (Continued)

Delco Electronics
Avionics Sales Office
7929 S. Howell Avenue
Milwaukee, WI 53207

J. Sheldrick

Delta Air Lines, Inc.
Hartsfield-Atlanta Int'l Airport
Atlanta, GA 30320

James Goodrum
Vincent Frese

Department of Transportation
21000 Second St., SW
Washington, DC 20591

Harold True/ARD 550
William T. Westfield/ARD 500
Robert S. Zuckerman/ARD 550

Eastern Air Lines, Inc.
Miami Internation Airport
Miami, FL 33148

Arthur Fishbein, Bldg. 21
P.M. Johnstone

Federal Aviation Administration
DOT/FAA/NAFEC
ANA-4l0, Bldg. 211
Atlantic City, NJ 08405'

Gary Frings

Federal Express
Box 727
Memphis, TN 38194

Gene Blair
Don Barber

The Flying Tiger Line, Inc.
7401 World Way West
Los Angeles Inter. Airport
Los Angeles, CA 90009

James M. Dimin
Bruno Lewandowski
J.R. Thurman

General Electric Company
One Neumann Way
Evendale, OH 45215

Al Schexnayder/H42 (10 copies)
Ray Wulf/F1l7
R. Glindmeyer, AFPRO Rep.

General Electric Company
5300 Riverside Drive
Cleveland, Ohio 44135

Meade Rudasill

General Motors Corporation
Detroit Diesel Allison Division
P.O. Box 894
Indianapolis, IN 46206

R. A. Sulkoske MS V19
Ronald E. Graham,
Jack C. Gill
G. A. Williams MS T8
J. R. Arvin

Lockheed-California Co.
P.O. Box 551
Burbank, CA 91520

John L. Benson
Charles Cumby, Jr.
Tom Laughlin, Jr.

McDonnell Douglas
3855 Lakewood Blvd.
Long Beach, CA 90846

Ronald Kawai MC 36-41
F.L. Junkermann 36-41
Max Klots~he 35-31
Technical Library 36-84

National Aeronautics & Space
Administration

Washington, DC 20546
Dr. Walter B. Olstad/R
Paul Johnson/RJP-2
George c. Deutsch/RT-6
William S. Aiken/RD-5
Harry W. Johnson/RJG-4
C. Robert Nysmith/R
Raymond S. Colladay/RT-6
John Madison/RJP-2
Roger L. Winblade/RJT-2

'1



DISTRIBUTION LIST (Continued)

•

•

NASA Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

Dr. John M. Klineberg/3-3
Warner L. Stewart/3-5
Donald L. Nored/301-2
Joseph A. Ziemianski/MS49-6
Robert Dengler/301-4 (20 copies)
D.J. Poferl/500-207
Milton A. Beheim/3-5
Melvin J. Hartmann/3-7
Richard A. Rudey/86-5
Salvatore J. Grisaffe/49-3
Marvin H. Hirschberg/49-1
Frank J. Barina/500-211
Robert E. Jones/60-6
Harold E. Rohlik/77-2
Tito T. Serafini/49-1
Leonard W. Schopen/MS500-305
Lewis Library/60-3 (2 copies)
Report Control/5-5

NASA Langley Research Center
Hampton, VA 23665

Robert W. Leonard, Dr./158
C. Davidson
Ray V. Hood/158

NASA Ames Research Center
Moffett Field, CA 94035

Louis J. Wi1Iiams/237-9

NASA Dryden Flight Research
P.O. Box 273
Edwards, CA 93523

James A. Albers, Dr./2089
William L. Ko/34820
Frank V. Olinger/2093

NASA Scientific and Technical
Information Facility
P.O. Box 8757
BaIt/Wash Int'l Airport, MD 21240

Accessioning Department
(30 copies)

National Airlines, Inc.
P.O. Box 592055
Airport Mail Facility
Miami, FL 33159

R.A. Starner
J. McMillen

Naval Air Propulsion Center
1440 Parkway Avenue
Trenton, NJ 08628

Walter L. Pasela (PE 63)

Naval Weapons Center
Code 3271
China Lanke, CA 93555

J.A. O'Malley

Nielsen Engineering & Research
510 Clyde Avenue
Mountain View, CA 94043

O.G. McMillan

Northwest Airlines, Inc.
Minn.-St. Paul Int'l Airport
St. Paul, MN 55111

Al Radosta

Offutt Air Force Base
Headquarters
Omaha. NE 68113

Col. J. Streett/SACLLGME
Capt. Martin Smith

Oklahoma CitY-Air Logistics Center
Tinker AFB, OK 73145

Capt. P. Davis/OC-ALC/MM

Capt. Steven Erickson/OC-ALC/
MA USAF
E. Reynolds, Engine Test Branch
(MAET)

Pacific Airmotive Corporation
2940 N. Hollywood Way
Burbank, CA 91503

Oddvar O. !endikson
Joseph R. Gast

Pan American World Airways
JFK International Airport
Jamaica, NY 10430

John G. Borger
Lewis H. Allen
Niels B. Andersen
Robert E. Clinton, Jr.
Angus Maclarty

Piedmont Airlines
Smith Reynolds Airport
Winston-Salem, NC 27102

H.M. Cartwright
Paul M. Rehder



DISTRUUTION LIST (Continued)

Seaboard World Airlines. Inc.
Seaboard World Bldg.
John F. Kennedy Int'l Airp.0rt
Jamaica, NY 11430

Ralph J. Barba
Jere T. Farrah

Trans World Airlines
Kansas City Inter. Airport
P.O. Box ~0126

Kansas City, MO 64195
D.L. Kruse 2-280 MCI
Walter D. Sherwood

United Airlines. Inc.
San Francisco Inter. Airport
San Francisco, CA 94128

John Curry
Michael L. Griffin
P. Hardy

US Air
Greater Pittsburg Int. Airport
Pittsburgh, PA 15231

William G. Peppler
Director of Engineering

United Technologies Corp.
Pratt & Whitney-Aircraft
400 Main Street
East Hartford. CT 05108

William O. Gaffin
(10 copies)
J.P. Murphy. AFPRO Rep.

United Technologies Corp.
Pratt & Whitney Aircraft
20800 Center Ridge Road. Rm 105
Rocky River. OH 44116

George C. Falkenstein

United Technologies Corp.
Hamilton Standard Division
Bradley Field
Windsor Locks, CN 06096

Louis Urban!MS3-2-36

Western Air Lines, Inc.
6060 Avion Dr. Box 92,005
World Way Postal Center
Los Angeles, CA 90009

Walter Holtz

Wright-Patterson Air Force Base
Dayton, OH 45433

Everett E. Bailey!AFAPL!TBD
R. C. Cochran/ASD/SDUB
A. Pitsenbarger/ASD/ENEGP
R. B. Cox/AFWAL/POTC
Lt. Col. D.S. Dickson!ASD!YZI
Lt. John Edens/ASD/ENFPA
Lt. Col. Reynald E. Fitzsimmons/AFAPl/TBD
Keith R. Hamilton!AFWAL!POTC
C. M. High/ASD!YZE
Capt. Charles M. Hutcheson!ASD/YZET
Maj. C. L. Klinger/ASD/YZET
Lt. Col. James L. Pettigrew/ASD/YZEA
Perry Shellaberger!ASD/ENFPA
E. C. Simpson/AFWAL/TB
Lt. E. Whonic/ASD/YZN






