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PREFACE

During the past four decades, the Lewis Research Center
has been providing advances in aeronautical propulsion from
the research activities of its staff and its university and
industrial grantees and contractors. These advances have
helped create the preeminence in aeronautics that has con-
tributed to our national defense, has provided swift and
reliable transportation for our people and their goods, and
has greatly aided our position in international trade. In
recent years substantial resources have also been directed
at improving our nation's utilization of energy.

NASA is well aware that the aviation industry is an
important segment of our national economy. In 1979 aircraft
csales led all U.S. manufacturing industries with a trade
surplus of over $10 billion - without which the country would
have experienced a one-third greater trade deficit. This
favorable balance attributable to the aircraft industry is
largely a result of being able to provide a superior product
and to continue to upgrade the product. Efforts at improving
the performance retention of today's and future engines which
will power commercial and military aircraft represent a pos-
itive step toward this end.

To provide to representatives from government, industry,
and universities the latest findings directly related to
improved aircraft engine performance retention, a two-day
conference was held in May 1981. This publication contains
the papers presented at that conference.

John F. McCarthy, Jr.
Director
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CF6 ENGINE DIAGNOSTICS

Ron Stricklin
General Electric Company

INTRODUCTION

The energy demands of the United States far exceed domestic fuel supplies
which creates a severe dependence on foreign oil. This dependence was accentu-
ated by the OPEC embargo in the winter of 1973/1974 which triggered a rapid
rise in fuel prices. This price rise (Figure 1) further compounded by other
inflation factors has brought about a set of changing economic circumstances
with regard to the use of energy. As a result, our government, with the sup-
port of the Aviation Industry, initiated programs aimed at reducing fuel
demands. One such program sponsored by NASA is the Aircraft Energy Efficiency
Program which is directed toward reducing fuel consumption for commercial air
transports. An integral portion of this program is the Engine Component Im-
provement (ECI) Program aimed at improving fuel efficiency of current engines.
This ECI Program consists of two parts, 1) Performance Improvement and 2)
Engine Diagnostics.

General Electric is participating in both parts of the Engine Component
Improvement Program, As part of the program, performance deterioration studies
for the CF6-6D and the CF6-50 Engine Models have been conducted. The basic
objectives of the latter effort were: 1) to determine the specific causes for
engine deterioration which increase engine fuel consumption rates, 2) to
isolate short term losses from longer term losses and 3) identify potential
means to minimize the deterioration effects. The deterioration studies have
been completed and final NASA reports published.

To quantify the effect of engine performance deterioration, the fleet
statistics for the CF6 family of engines in 1981 were projected. It is anti-
cipated that the CF6-50 family of engines will amass approximately 3.4 million
flight hours and the CF6-6 family over one million flight hours in 1981.

An average deterioration in cruise specific fuel consumption of 1 percent
over new engine levels will result in excess fuel consumption of approximately
36 million gallons for the CF6 fleet alone. The effects of small amounts of
deterioration throughout the fleet are obviously substantial.

This paper presents a summary of the activities which led to defining
deterioration rates of the CF6 family of engines, a description of what was
learned and an identification of means of conserving fuel based upon the pro-
gram findings.



HOW DID WE DO THE JOB

The program to define the deterioration levels and modes for the CF6
family of engines involved four distinct phases: analysis of inbound engine
test results, analysis of airline cruise data, analysis of airline test cell
data resulting from testing of refurbished engines and inspection of engine
hardware.

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 specific
fuel consumption had increased and provide some insight into which components
were the prime contributors to the observed deterioration.

Through the CF6-6 and CF6-50 phases of the program, 15 inbound engine
tests were conducted. One of these tests conducted as part of the CF6-6 Pro-
gram, was specifically 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 inspec-
tion by design engineers to relate hardware condition to inbound test results.

CRUISE DATA ANALYSIS

Inbound engine tests, however, which are conducted on specific engines,
yield only limited information concerning the degradation in performance of
the average fleet. Recognizing that the intent of the Diagnostics Program was
defined to determine the deterioration characteristics of the typical CF6
engine in revenue service, it was concluded that analysis of fleet performance
data accumulated during flight was the best means of accomplishing this objec-
tive.

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 sys-
tems. These data, which are in general recorded during every flight of an
aircraft, were used to define the deterioration characteristics of individual
engines during the life of the engines during a given installation period. The
process to define the performance trend was to compare the performance indicat-
ing parameters (fuel flow level 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 9 airlines using
CF6-50 engines were reviewed, In all, data from 239 CF6-6D engines and 263
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CF6-50 engines were analyzed in defining deterioration rates of initial instal-
lation and multiple installation engines in revenue service.

General Electric 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' deter-
ioration 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.

The CF6-6D engine removed from a DC-10 aircraft and subjected to an in-
bound 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.

AIRLINE CELL DATA ANALYSIS

An important part of the analysis effort to understand airline fleet
engine performance levels centered around the definition of basic engine per-
formance 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 5 other overhaul facilities during the CF6-50 Program.

Performance levels from these facilities were compared to new engine per-
formance levels from the General Electric Production Facilities in order to
define the effectiveness of typical engine workscopes in restoring performance
by refurbishment to new engine levels.

COMPONENT DETERIORATION MECHANISMS

The actual modes of deterioration were identified by hardware observation
by General Electric teams. Teams of Mechanical and Aerodynamic Design person-
nel 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 finishes of the airfoils, cleanliness and smoothness
of various static structures and potential air leakage paths were reviewed and
yielded estimates of component performance relative to a non-deteriorated com-

ponent.



Hardware from each major module at various stages of engine life was ob-
served, thus allowing estimation of the deterioration associated with any
module degradation mechanism as a function of time and cycles.

Combination of the trénds established for each module degradation mechan-
ism yielded module performance deterioration trends. Combination of the module
deterioration characteristics using appropriate knowledge of the engine cycle
then led to establishing overall engine deterioration characteristics. In all
cases throughout both the CF6-6 and CF6-50 Programs, the estimates of engine
deterioration established based upon hardware examinations showed excellent
agreement with the overall deterioration rates established by cruise and cell
data analysis.,

WHAT WAS LEARNED

Figure 2 shows the resulting assessment of CF6-6D performance deteriora-
tion characteristics for the typical engine thru its initial installation and
experience in review service and for the same typical engine after several
multiple installations. Each of the elements of deterioration is presented in
Figure 2 for the CF6-6D engine. This Figure shows equivalent cruise specific
fuel consumption increases relative to a production new engine. The initial
installation is shown on the left. Engines incur an average Short-Term loss
of 0.9 percent prior to revenue service. During their initial installation,
SFC increases an average of 1.7 percent based on the 4000-hour family of
engines. The total increased SFC of the deteriorated engine is thus 2.6 per-
cent from production new, Insufficient data is available to determine the
amount of performance restoration during the first shop visit.

During 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. During revenue service, the cruise SFC of this multiple-build engine
increases 0.9'percent for the 3000-hour engine. The total increased SFC of
this deteriorated engine at 3000 hours was 3.0 percent from new. On the aver-
age, 0.9 percent cruise SFC is restored during the shop visit. During the
next installation, an average revenue service deterioration of 0.9 percent is
incurred. This amount is restored on the average during maintenance and the
cycle is repeated.

Though engine-to-engine variations within this cycle are significant, the
data presented reflects the typical or average engine deterioration character-
istic for the CF6-6D engine.

Figure 3 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 Short-Term losses which occurred
during the airframer checkout of the aircraft tended to be the same for opera-
tion 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 3 that the deterioration rate shown
during typical 747 operation was lower than observed with DC-10 and A300
operations. The same relationship holds for both the initial and multiple
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installations. The unrestored SFC of the typical engine re-entering revenue
service after airline shop visits is 1.8 percent poorer than the new engine
baseline for the CF6-50 engine as compared with the 2.1 percent determined in
CF6-6D analysis.

The deterioration rates shown on Figures 2 and 3 are presented as a func-
tion of flight hours since installation. An analysis was conducted as part of
the CF6-50 program, to understand the variability in deterioration rates which
resulted from analysis of DC-10, 747 and A300B data. The conclusion was that
deterioration rates for the data surveyed was most strongly influenced by
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 3 trans-
lated into the deterioration rate per 1000 cycles basis. The conclusion is
that while the DC-10 and 747 data are reasonably consistent and show approxi-
mately 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 numbers of cycles but also time at tempera-
ture.

Figure 4 illustrates the results of the hardware inspection analyses and
the resulting deterioration model compared to the performance-data-derived
deterioration level for the CF6-6D initial installation. It shows that the
largest portion of the 0.9 percent Short-Term SFC loss resulted from High
Pressure Turbine (HPT) performance losses. This loss was due largely to HPT
clearance increases during the initial checkout phases of the airplane. During
initial operation of the aircraft by the aircraft manufacturer, there is little
attendant loss in fan, high pressure compressor and low pressure turbine. It
is also to be noted that the combined performance deterioration level created
by the stackup of the individual component deterioration losses at 4000 hours
shows 2.3 percent total performance degradation from the "as new" condition
compared to the 2.6 percent level which resulted from performance data analy-
sis.

Figure 5 shows the deterioration mechanisms as assessed by hardware in-
spection 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 5 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, agreement is good. Similar findings for
losses associated with the initial installation and the multiple installations
of CF6-50 engines resulted.

Of prime importance to the program was the finding that the unrestored
loss for the typical engine out of the overhaul shop, based on hardware in-
spections, was 2.08 percent in terms of cruise SFC compared to the 2.1 percent
unrestored performance level as identified by performance data analysis.
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Figure 6 describes the component breakdown for both CF6-6D and CF6-50 engine
models as shipped from the airline overhaul facilities compared to the new
engine performance levels. It shows that, of the 2.1 percent unrestored per-
formance for the CF6-6D engine and 1.8 percent unrestored performance for the
CF6-50 engine, a large portion of these performance losses are due to lack of
performance restoration in the fan area with lesser amounts of the performance
loss associated with the high pressure compressor and the LP turbines. Note
that there is very little performance left to restore in the HPT area for typ-
ical outbound engines, again, this is due to the fact that HP turbines are
typically completely refurbished during shop visit. Again, the hardware
inspection data and the performance data show excellent agreement.

The unrestored performance identified in Figure 6 represents a potential
gold mine 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 defi-
nitions 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 and direct
impact on reliability, are primarily associated with the hot section of the
engine, the combustor and high pressure turbine area. Larger efforts (dollars
and manhours) are required to achieve the same amount of EGT margin restoration
in the LP system components than in the HP system components. In the early
1970's, it was concluded that it was not cost effective to do significant per-
formance restoration in the fan and LPT areas with fuel prices at a 30 cents
per gallon level. With current and projected fuel prices, the cost effective-
ness of doing performance restoration work in all of the engines' major com-
ponents must be re-examined.

HARDWARE INSPECTION DETAILS

The prime modes of deterioration within each module were established
primarily by design team inspections at two major CF6-50 overhaul facilities
and at one major CF6-6 overhaul facility. The details of the findings of
these inspections are identified in references 1 and 2, including identifica-
tion 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.

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, in turn, results in increased
shroud out-of-roundness and increased average clearance, 2) fan blade leading
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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-condi-
tion" maintenance philosophy, requiring only durability repairs, generally
results in very little refurbishment to restore to new engine average clear-
ance and to restore the OGV surfaces to the as new condition.

HPC 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 airflow 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, any tendency of the stator case to dis-—
tort 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 per-
formance. Casing distortion and design changes which will result in a reduc-
tion in casing distortion is the subject of a separate paper at this confer-
ence.

HP TURBINE DETERIORATION

The primary mode of deterioration noted in the high pressure turbine
during revenue service is the increase in blade tip-to-shroud clearances,
resulting from rubs with some losses in performance due to increased airflow
leakage and airfoil surface finish degradation.

It has been found that tip clearances for both stages of the CF6-50 high
pressure turbine typically increase during the first 1500 hours of operation
and continue to increase, but a a lower rate, thereafter. At 4000 hours, the
average increase in tip clearances is 0.013 inch on stage 1 and 0.011 inch on
stage 2, which accounts for 0.55 percent increase in cruise specific fuel
‘consumption. These rubs and resulting clearance 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. Again, shroud distortion is the subject of another paper
at this conference.

LP TURBINE DETERIORATION

As in the case of the high pressure turbine, increases in blade tip
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clearances and interstage seal clearances result in the major portion of
deterioration occurring within the low pressure turbine in service. Degrada-
tion 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 mis-
matches 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.

SUMMARY OF DETERIORATED ENGINE

As is evident, a large part of degradation of engine performance in
revenue service results from rubs and subsequent increases in clearance in the
high pressure compressor, the high pressure turbine and the low pressure tur-
bine.

Considerable effort is being expended by General Electric and the other
engine manufacturers to create functional clearance control systems designed .
to eliminate rubs in these components and to maintain optimum clearances at
the required cruise condition to maintain peak engine performance.

USE OF WHAT HAS BEEN LEARNED

The objectives of this part of the Diagnostic Program were to: 1) deter-
mine the specific causes for engine deterioration, 2) to isolate Short-Term
losses from the longer term losses and 3) to identify potential ways to mini-
mize the deterioration effects. Two potential means are available for mini-
mizing deterioration effects on the current fleet. First is identification of
product improvements which will provide better performance retention character-
istics in the current engine, and the second is to identify improved engine
work scopes which can be used by the airlines to improve performance restora-
tion and, therefore, absolute performance levels of the engines coming out of
the airline overhaul shops.

PERFORMANCE RETENTION

As a result of knowledge gained from the Diagnostic Programs, a Perform-
ance 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 introduc-
tion into the CF6-50 engine production models and will be retrofitable within
the current fleet. Items being considered which can be included into the cur-
rent fleet of engines include: smooth solid shrouds in booster stages 1, 2,
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and 3, which result in reduction in shroud erosion and better clearance con-
trol; 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.

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 HPT shrouds which reduce distortion and
blade tip rubs. A passive cooling system for the HPT 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 LPT 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 into the Energy Efficient Engine (E3) 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. Current estimates are that
deterioration rate on the E3 engine should be reduced by 51 percent relative to
deterioration rates established for the CF6-50 engine as part of the NASA Diag-
nostic Program.

IMPROVED ENGINE WORK SCOPES

The most immediate reduction in fuel usage by todays CF6 fleet, which can
be achieved as a result of information gained during the NASA Engine Diagnos-
tics 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 con-
ducted 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-10-10 and
DC-10-30 operation. Fuel price for these studies was assumed to be a dollar a
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gallon.

It was concluded, based upon these studies, 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
upon 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 surface finishes, leading edges, and
maintaining clearances. Cost effective performance restoration is also achiev-
able on the HP compressor, and slight additional cost effective gains are
achievable on the HPT. General Electric has concluded to date based upon the
studies for both engine models that performance restoration resulting from
tearing down the LPT module and restoring performance is not cost effective.

A word of caution, however. These studies are based upon a typical or
average engine as it is shipped from the various overhaul facilities. Some of
the restoration work used 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 that each airline should conduct its own cost effective-
ness studies based on individual practices, labor rates and work scopes to
define the actual fuel and dollars savings available. General Electric's con-
clusions concerning the actual deterioration mechanisms within each module
which contribute to the overall module deterioration are established and docu-
mented in extreme detail within the referenced NASA reports. These deteriora-
tion mechanisms can be used as a basis for each airline to conduct its own cost
effectiveness refurbishment study. The implications of these studies are over-
whelming. General Electric believes that potential savings of between 50 and
60 millions gallons of fuel could be realized in one-year's time period based
upon the current CF6-6 and CF6-50 fleet of engines.

WHAT ELSE CAN BE DONE TO SAVE FUEL?

Discussions to this point have dealt with what is known about engine
deterioration and refurbishment practices in todays operation and what can and
s being done to further fuel conservation. There are other factors which must
be considered in order not to use excess fuel. Careful attention to operation-
al practices and use of derate power ratings are two such areas.

ENGINE ABUSE

Any turbofan engine can be operated in a manner which could produce
excessive deterioration. For example, an engine which has been stabilized at
high power, then subjected to a reduction in power and subsequently subjected
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to another accel is exposed to a condition where engine static cases have cool-
ed faster than the rotor during the down time and could interfere with the hot
rotor blades as they stretch 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 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.

USE DERATE POWER

It is common knowledge throughout the industry that use of reduced power
settings has a strong influence on parts life and maintenance cost.

CF6-50 data analyzed as part of the Engine Diagnostic Program substanti-
ated the fact that a larger amount of derate (reduced power) results in a lower
deterioration rate. Figure 7 shows the average deterioration rates of the data
from the 9 airlines studied. Shown are the average deterioration rates ex-
pressed 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-10-30 data and the average of the 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 not implicitly suggested by these data, it is most probably a
fact 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. The same is true for maintenance cost. Maximum de-
rate usage is encouraged.

SUMMARY

To summarize, the portion of the NASA Engine Diagnostics Program aimed at
defining CF6 deterioration characteristics was highly successful. Deter-
ioration rates and modes were identified as were areas of design improvement
which can and will result in improved performance retention characteristics.

Also defined were potential means of fuel conservation today with improved
cost effective engine performance restoration practices during engine shop
visits.

The potential for additional fuel conservation is there if we make maximum
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use of this information. The engine manufacturer must design more performance
retention into his product; the airlines must analyze and modify engine (and
aircraft) maintenance practices.
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TABLE 1.  CF6-50 DETERIORATION IN 1000 CYCLES

A/G TYPE
INSTALLATION DC10 B747  A300
INITIAL INSTALLATION 171%  207% .83%

ASFC

MULTIPLE BUILD INSTALLATION 1.03% 1.36% 51%
ASFC

TABLE 2.  COST EFFECTIVE PERFORMANCE REFURBISHMENT
CF6-50 ENGINE

% CRUISE SFC

UNRESTORED COST EFFECTIVE
PERFORMANCE REFURBISHMENT
FAN SECTION
FAN BLADE TIP CLEARANCE .38 .38
FAN BLADE L.E. CONTOUR 12 12
FAN BLADE SURFACE FINISH .01 .01
SPLITTER LEADING EDGE .07 .07
BYPASS OGV - L.E. .06 .06
BYPASS OGV - SURFACE FINISH .18 .18
BOOSTER TIP CLEARANCE .03 0
BOOSTER AIRFOIL ROUGHNESS .01 0
HP_COMPRESSOR
BLADE & VANE TIP CLEARANCE .16 .16
AIRFOIL LEADING EDGE BLUNTNESS .05 0
ATRFOIL SURFACE FINISH .03 0
CASING/SPOOL SURFACE FINISH .01 0
HP_TURBINE
STAGE 1 NOZZLE DISTORTION .05 0
ATIRFOIL SURFACE FINISH .10 .10
LP_TURBINE
BLADE TIP CLEARANCE .30 0
INTERSTAGE SEAL CLEARANCE .22 0
AIRFOIL SURFACE FINISH .04 0
TOTAL 1,82 1.08

60% OF UNRESTORED PERFORMANCE CAN BE RESTORED ON A COST EFFECTIVE BASIS
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CF6-50 Deterioration Characteristics
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CF6 HIGH PRESSURE COMPRESSOR AND TURBINE CLEARANCE EVALUATIONS

M.A. Radomski and L.D. Cline
General Electric Company

SUMMARY

In the CF6 Jet Engine Diagnostics Program the causes of performance
degradation were determined for each component of revenue service engines.
It was found that a significant contribution to performance degradation was
caused by increased airfoil tip radial clearances in the high pressure (HP)
compressor and turbine areas.

Since the influence of these clearances on engine performance and fuel
consumption is significant, it is important to accurately establish these
relationships, especially now when fuel prices are rapidly escalating. It
is equally important to understand the causes of clearance deterioration so
that they can be reduced or eliminated.

This paper describes the results of factory engine tests run to enhance
the understanding of the high pressure compressor and turbine clearance
effects on performance. It also indicates the causes of clearance deteri-
oration and discusses potential improvements in clearance control.

INTRODUCTION

The CF6 Jet Engine Diagnostics Program showed measurable degradation
of compressor and turbine airfoil tip clearances in revenue service engines.

The degradations of the compressor tip clearances were caused by spalling
of abradable coatings from the stator casings and rotor spools, by blade and
vane tip rubs and by field assembly procedures involving out-of-round stator
casings. Degradation of clearances in the CF6 compressor was estimated to
produce, on the average, a 0.4 percent increase in the specific fuel con-
sumption at cruise. This is estimated to amount to 15 million gallons per
year for the 1981 CF6 engine fleet.

The effect of compressor clearances on compressor efficiency has been
studied at General Electric for many years using a low speed research compres-
sor. The data obtained from this research vehicle have been applied to the
compressors of the CF6 engine family. Attempts have been made to verify
these data by power calibrations of the CF6 production engines, but they have
not been entirely successful because, in these tests, compressor efficiency
was affected by several factors, and the effects of the airfoil tip clear-
ances alone on efficiency could not be isolated with accuracy. There was,
therefore, a need to conduct instrumented CF6 factory engine tests to accu-
rately verify the influence of compressor clearances on engine performance.
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The tests were conducted as part of the CF6 Jet Engine Diagnostics Program
using an instrumented core engine.

The high pressure turbine tip clearance degradation was caused by blade
tip rubs on the stator casing. The major cause of rubs was out-of-roundness.
The principal causes of HP turbine out-of-roundness are the thermal gradients
and transient responses of adjacent structures, such as the compressor rear
frame, turbine mid-frame, and the low pressure turbine case. The increase in
HP turbine clearances was estimated to contribute, on the average, a 0.6 per-
cent increase in cruise specific fuel consumption. This equates to approxi-
mately 22 million gallons per year for the 1981 CF6 engine fleet.

Accurate measurements of HP turbine clearances and out-of-roundness have
been difficult to achieve until now. Rub pins and High Energy X-Ray (HEX)
tests have yielded reasonable approximations to date. The current performance
sensitivity factors are based on turbine efficiency sensitivities established
during air turbine testing and SFC effects determined from the engine cycle
deck. Direct, on-engine analysis of the sensitivity factors related to
turbine clearance were required to determine the turbine's contribution to
overall engine performance deterioration. A test program was conducted as
part of the CF6 Jet Engine Diagnostics Program to evaluate the effects of
stator out-of-roundness and stage 1 blade tip clearance upon performance,

This paper outlines the scope of the HP compressor and HP turbine clear—
ance evaluation programs, describes the unique instrumentation and the test
procedures used, discusses the data reduction and presents some preliminary
results.

HIGH PRESSURE COMPRESSOR CLEARANCE EVALUATION

Program Scope

The program was designed to determine the influence of compressor clear-
ances on engine performance and also to evaluate potential improvements in
clearance control. The approach used was to run instrumented core engine
tests in which airfoil tip clearances were varied by varying quantities of
rotor bore cooling air. The greater the cooling air flow, at any power set-
ting, the lower was the bulk temperature of the rotor structure and, hence,
the greater were the tip clearances. The running clearances were calculated
from measured temperatures of the stator and rotor structures. The calcu-
lations were verified using measured blade tip clearances in stages 10, 12
and 13. The clearance changes and the corresponding measured performance
changes were then correlated.

Rotor Bore Cooling — Externally supplied shop air was used to cool the
rotor and thus vary the clearances. The total cooling air flow was measured
by an instrumented orifice and remotely controlled by a valve upstream of the
orifice shown in Figure 1. From the orifice, the air flowed to the manifold
around the slave front frame, from there through flexible hoses into the
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frame struts and then into the HP compressor inlet inner cavity shown in
Figure 2. From this cavity, some of the air leaked out through the air/oil
and air seals bounding the cavity (only the rotating seals are shown in the
figure) and the remainder, the net cooling air flow, entered the rotor main
cavity through the holes in the forward shaft. The cooling air exited the
rotor cavity through holes in the rear shaft and from there was discharged
through the compressor rear frame struts into the test facility exhaust. The
net cooling air flow was calculated for each test point by subtracting the
seal leakages from the total measured flow.

Instrumentation - In addition to the standard factory test engine in-
strumentation, there were air temperature and pressure rakes at the com-
pressor inlet and discharge to measure compressor efficiency, and also temper-
ature and pressure probes at the rotor main cavity inlet and discharge to
monitor the cooling air flow.

The compressor mechanical instrumentation shown in Figure 2 included
the stator casing and rotor structure thermocouples, the clearanceometers and
the touch probes. The touch probes were used to doublecheck the clearanceo-
meters at the steady-state engine running conditions.

The clearanceometers used were electrical capacitance probes whose output
voltage varies with the distance between the clearanceometer and the passing
blade tips. A touch probe is a traverse probe with an open electrical cir-
cuit which closes when the probe touches the passing blade tip. When contact
is made, the probe automatically backs off. The distance traversed by the
probe to touch the blade tip is measured by a linear potentiometer.

Engine Tests

The tests were run in the General Electric Altitude Test Facility. They
included steady-state power calibration tests, rapid accels and decels and a
simulated typical flight cycle. The steady-state power calibration tests
were made with three different engine inlet conditions, which were the core
engine ambient, the simulated fan engine sea level static and cruise inlet
conditions, and at a number of different engine speeds. At each speed point,
at least three different sets of clearances were produced and their effects
on engine performance were measured.

The test procedure was as follows. After the engine inlet condition and
speed were stabilized, the rotor bore cooling air flow was set at the desired
level, and three minutes later all instrumentation sensors were scanned and
their outputs recorded. Instrumentation scanning and recording of data was
repeated approximately every three minutes until the rotor disk temperatures
became stable, which took fifteen to twenty minutes. At this point, the
cooling air flow was changed and scanning of instrumentation sensors and data
recording was repeated.
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The simulated flight cycle and the rapid accels and decels, which
included hot rotor rebursts, were made to evaluate potential improvements in
clearance control. The tests were run with ambient engine inlet conditions
and two different sets of clearances. The rapid accels were made from ground
idle to take-off power setting which was then held constant until rotor disk
temperatures became stable after which the engine was rapidly deceled to
ground idle.

A hot rotor reburst is said to occur when an engine is rapidly deceled
from a high to a low power setting and after a short time at the low power
is reburst back to the high power setting. This type of power throttle maneu-
ver may result in the most adverse tip clearances in the aft end of the com-
pressor, particularly if the engine dwells at the low power setting for such
a time period so as to produce the maximum temperature difference between
the rotor and stator structures. In the hot rotor reburst tests, the metal
temperatures were stabilized at take-off, then the engine was rapidly deceled
to ground idle and a short time later, it was reburst back to take-off where
the metal temperatures were again permitted to stabilize. Time at ground
idle varied from approximately one minute to thirty minutes. In these tests,
both the transient and the steady-state data were recorded.

Results and Discussion

Results discussed here are the steady-state differences in rotor temper-
ature, compressor clearances, compressor efficiency and engine fuel flow
produced by different quantities of the rotor bore cooling air flow. Typical
results are shown for one particular speed point, the simulated sea level
static take-off point. The compressor efficiency changes and the engine fuel
flow changes are then shown as functions of normalized average compressor
airfoil tip clearance changes. Analysis of the transient test data has not
yet been completed, and, therefore, these data could not be included. Finally,
the most significant cause of compressor clearance degradation in the CF6-50
field engines is briefly discussed and some data are presented to underscore
the relevance of this compressor clearance evaluation program.

Rotor Temperatures — The axial temperature profiles in the rotor main
cavity are shown in Figure 3 for different rates of cooling air flow. The
data indicate a greater rate of change in the aft end than in the forward end
of the rotor, which is primarily due to the geometrical differences of these
two areas of the rotor structure and, to some small extent, due to the higher
conductivity of Inco 718 as compared to titanium. The data also show, as
would be expected, that the higher the cooling air flow the lower the air
temperature of the rotor cavity and of the disk bores as shown in Figure 4.
At stage 14, the maximum cooling air flow reduced the air and metal temper-
atures by at least 300° F, which is a very significant reduction and some-
what greater than the pre-test predictions indicated.

Radial temperature profiles in the stage 14 disk are shown in Figure 5.
The cooling air was most effective at the disk bore. The rim of the disk
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was much less affected where the maximum temperature reduction was about one
quarter of that at the bore. 1In other stages, this was even a smaller
fraction. Similar temperature profiles were generated for all other power
calibration points, and they were used to calculate the airfoil tip clear-
ance changes which are discussed in the next paragraph. As will be noted,
the pre-test predictions significantly underestimated the effectiveness of
rotor bore cooling.

Airfoil Tip Clearance Changes - At the power calibration points, the
stator casing temperatures remained constant, and only the rotor temperatures
were affected by the cooling air flow. Therefore, to calculate the clear-
ance changes, only the rotor temperature changes needed to be considered.
Clearance changes calculated in this manner, for the simulated sea level
static take-off power calibration point, are shown in Figure 6 for different
cooling air flow rates. Similar calculations were made for all other power
calibration points. These data were then used to calculate the normalized
average clearance changes which were later correlated with the corresponding
measured compressor efficiency and engine fuel flow changes. The correla-
tions are discussed in a later paragraph where the normalized average clear-
ance 1is also defined.

The measured and calculated clearances for stages 10, 12 and 13 are
shown in Figures 7-9. There is an excellent agreement for stage 10, For
the other two stages, there are small discrepancies between measured and
calculated data. The causes of these discrepancies have not yet been
determined.

Efficiency and Fuel Flow Changes - Compressor efficiency changes as a
function of the cooling air flow are shown in Figure 10. The data were
measured at the simulated sea level static take-off conditions. Indicated
and corrected values are shown in the figure. The corrections were made
to obtain the net effect of clearance changes by allowing for

1) 1leakage of cooling air into the compressor inlet and
2) heat removed from the gas path by the cooling air.

The magnitude of the latter correction was about ten times as large as
that of the former. Colder cooling air, leaking into the compressor inlet,
slightly reduced the actual air temperature downstream of the inlet temper-
ature rakes and, therefore, made the actual efficiency reduction, caused by
increased clearances, slightly larger than the indicated reduction calcu-
lated from the measured temperatures and pressures at compressor inlet and
discharge, Heat removed from the gas path by the cooling air reduced the
indicated compressor discharge temperature and, hence, made the indicated
efficiency reduction, due to the increased clearances, somewhat smaller than
the actual reduction.

Engine fuel flow changes as a function of the cooling air flow are

shown in Figure 11. The corrections made to the fuel flow were in the oppo—
site direction to that of the efficiency corrections, i.e.,, the fuel flow
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corrections resulted in a smaller actual fuel flow change than that indicated,
because the measured fuel flow included the energy removed from the cycle by
the cooling air which was vented overboard. If the clearance changes were
produced mechanically, there would be no heat loss from the cycle, and there-
fore, the total fuel required would be less.

The compressor efficiency and fuel flow changes were corrected in this
manner for all power calibration speed points and then correlated with the
average normalized clearance changes which are discussed in the next paragraph.

Correlation of Efficiency and Fuel Flow Changes with Clearances - Com-
pressor efficiency changes are shown as a function of the normalized average
clearance changes in Figure 12 for four different speed points with three
different engine inlet conditions. There is a good correlation of measured
efficiency changes with the calculated normalized average clearance changes.
The normalized average clearance change is defined as follows:

TACL/L, where:

ACL

clearance change in a given stage and

L airfoil length in the same stage.

The line shown in the figure is the best line drawn through the data points.

The engine fuel flow changes versus the normalized average clearance
changes are shown in Figure 13. Only the data obtained at the simulated sea
level static take-off and cruise conditions are presented. The data for the
other two speed points were inaccurate because of a fuel flow meter malfunction.
The line shown in the figure is derived from the efficiency line in Figure 12
through the derivative of fuel flow as a function of efficiency for the test
engine. Because the line correlates well with the fuel flow data, it, there-
fore, indicates consistency of the efficiency and fuel flow changes.

Compressor Clearance Degradation

Compressor stator casing out-of-roundness has been found to be the most
significant cause of airfoil tip clearance degradation in revenue service
engines. The effect of casing out-of-roundness on compressor blade and vane
clearances is shown in Figures 14 and 15, respectively. To meet the minimum
clearance at build-up, all blade tips have to be machined shorter by the
amount equal to at least the inward distortion. Vanes, on the other hand,
only need to be machined shorter in the area of the inward casing distortion.

The effect of out-of-roundness on clearances is magnified for two reasoms.
First, the permitted interchangeability of modules and, second, because of
the field shop practices at engine build-up. At every shop visit, the dis-
torted casing may be installed in a different compressor module, thus causing
short blades and hence increasing the clearances in all of them.
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The field shop practices involving out-of-round casings at engine build-
up require that the individual compressor rotor and stator casing modules are
machined to meet a target minimum clearance. However, verification of the
actual minimum clearance is required, and this is accomplished by applying wax
strips of known thicknesses to the stator casing and rotor spool lands and
then installing the casing halves around the rotor. The rotor is then rotated
through 360° after which the stator casing halves, upper and lower, are removed
and the wax strip thicknesses are measured. If the wax strips were rubbed,
indicating below minimum clearance, then the airfoil tips are hand ground to
correct this condition. How the magnifying effect on clearances is produced
will be illustrated by a specific field engine incident. An engine that
failed to meet the minimum performance standards was disassembled and inspected.
Inspection of the compressor, which had been refurbished prior to the test
cell run, indicated out-of-roundness in the stator casing which is shown in
Figure 16. The rotor blade tips in the aft end of this compressor were
rounded off by hand grinding at assembly, because of below minimum clearance
due to the out-of-round stator casing. A rounded-off blade tip from this
compressor is compared to a machine ground blade tip from another compressor
in Figure 17. The casing out-of-roundness in the aft end was a maximum of
20 mils, but the blade tips were up to 40 mils shorter at the leading and
trailing edges. This is a good example of how the effects of an out-of-round
casing on the average clearances are magnified. Hand grinding is not accept-
able for this purpose. A procedural change has been specified to require
remachining rather than hand grinding in similar cases.

Out-of-roundness data from a survey of twenty-six stator casings are
summarized in Figure 18, where three sets of values are shown, i.e., the
average of all measured and the largest measured in modules B and C. Although
the average values were only about 10 mils, the maximum values were as much
as 30 mils. Out-of-roundness of the module B stator casing, in particular,
had a very significant impact on performance, since the clearances in the aft
end of this module had to be increased by at least 20 to 30 mils. To avoid
this large performance penalty, field procedures have been specified for the
repair of casing out-of-roundness.

Concluding Remarks

The data presented are preliminary and are still being analyzed, but
they indicate that the test technique was effective, By means of rotor bore
cooling, appreciable changes were produced in rotor temperatures, compressor
airfoil tip clearances, compressor efficiency and core engine fuel flow. A
good correlation was obtained of measured and calculated clearances. Compres-
sor efficiency changes correlated well with the normalized average clearance
changes, and, furthermore, they were consistent with the corresponding fuel
flow changes. The clearance changes produced in this engine test were
comparable to the maximum clearance degradation observed in the revenue
service engines. Significant fuel savings can be achieved if clearance
degradations in the revenue service engines are reduced or eliminated. The
results of this test are being applied to the development of new General
Electric commercial engines.
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HIGH PRESSURE TURBINE ROUNDNESS/CLEARANCE EVALUATION

Program Scope

As an engine accumulates operating time in revenue service, its per-
formance deteriorates as a function of time and operating cycles. A signifi-
cant part of the CF6 engine performance deterioration is chargeable to the
high pressure turbine. This deterioration is primarily due to increased
blade tip-to-shroud clearances caused by rubbing of the blade tips on the
shrouds. The objective of the HP turbine clearance and roundness diagnostics
program was to provide test data to improve the understanding of the effect
of blade tip clearance on performance as affected by transient engine oper-—
ating conditions and of stator out-of-roundness.

Engine Tests

The tests were conducted in Test Cell 2 at the General Electric Company
Plant in Evendale, Ohio. The test vehicle was a CF6-50C engine. The engine
was mounted in an overhead frame as shown in Figure 19.

Blade tip clearance data were obtained from clearanceometer probes
especially designed for this purpose. Eight of these clearanceometer probes
were installed in the engine which had been modified to accept the probes as
shown in Figures 20 and 21. The probes were located circumferentially around
the engine over the stage 1 blade tips as identified in Figure 22. Clearance
data was then recorded for the type of engine operations shown typically in
Figures 23 and 24. These operations included numerous steady-state and
transient operating conditions.

Test Results

Measured data from each of the eight clearanceometer probes were aver-
aged to obtain the "round engine" clearance. This clearance, plotted against
time, defines the round engine clearance response. The "round engine' data
were then used for tuning axisymmetric analytical models of the modified test
engine configuration. This knowledge was then utilized to upgrade the pro-—
duction configuration engine analytical model.

Representative plots of a throttle burst (steady-state idle to steady-
state take-off) and throttle chop (steady-state take-off to steady-state
idle) are presented in Figures 25 and 26.

Evaluating the results of each of the individual clearanceometer probes
relative to the averaged data for any given time yields a measured "out-of-
roundness.'" These data were then used in conjunction with calculated
mechanical loads and calculated thermal distortions to identify deficiencies,
and they formed the basis for correction of the calculated results. Out-of-
roundness results are shown in Figures 27 and 28 for throttle bursts and
chops respectively.
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Discussion of Results

The "round engine' clearance transient response results matched pre-test
calculated predictions closely as did clearance at steady-state operating
points. This clearance match was also confirmed by thermocouple data from
the shroud support, and it verified that the anlytical modeling previously
used was representative of the engine structure. Some relatively minor model
parameter adjustments were necessary to force calculated results to more
perfectly match measured clearance responses. The test verified the calcu-
lated importance of hot or warm rotor throttle rebursts on minimum blade tip
clearance experienced in engine operation.

Calculations predicted that steady-state engine operating clearances are
set at engine transient operating conditions. The worst case or minimum
clearance condition, occurs during a hot rotor reburst which has idle dwell
times less than 3 to 4 minutes,

The turbine shroud support member is considerably less massive than the
turbine disk and, consequently, cools more quickly than the disk. The rapid
reacceleration of the engine adds rotational stress growth and blade thermal
growth to the still existent disk thermal growth. The net result is a hot
blade tip radius greater than that of the supporting structure, which results
in rubs.

A significant part of engine deterioration may be caused by ''warm rotor
rebursts" (idle times over 4 minutes) for which little data was available.
Testing included several runs to provide data relative to this type engine
operation. Rebursts with idle dwell times of 8, 6, 4, 2, 1 and 0.5 minutes
were completed to quantitatively evaluate these significant round engine and
out-of-roundness responses for which good analytical predictions were not
available,.

Out-of-roundness was evaluated for all the steady-state and transient
operations tested. Pre-test predictions of out-of-roundness at steady-state
conditions were compared to measured out-of-roundness. While the results
compared well in magnitude, the shapes differed sufficiently to indicate that
out-of-roundness driving phenomena existed which were not accounted for
analytically.

However, test results did clearly indicate that the phenomena not
accounted for in the analysis were thermal and not mechanical load induced.
Testing and analysis accounted for mechanical distortions caused by engine
thrust, redundant torque, and mount horizontal and vertical loads as well as
manufacturing tolerances. These distortions agreed very well with analytical
predictions., Test data also included temperature measurements for portions
of the engine structure which were analytically determined to affect turbine
stator roundness. They included combustor exit temperature profile, turbine
mid-frame temperature distributions, shroud support temperature distributions
and low pressure turbine case temperature distributions. These temperature
measurements lead to improvements in out-of-roundness data correlation.
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Comparison of test results, field-observed turbine deterioration rates,
and rub locations agree well and verify that most turbine blade tip clearance
deterioration is the result of combined stator out-of-roundness and warm rotor
rebursts.

Concluding Remarks

As a result of this program accurate measurements of HP turbine clear-
ances and out-of-roundness were obtained for steady-state operations as well
as throttle bursts, chops and rebursts from various dwell times at ground idle.
The measured average clearances agree well with the analytical predictions.

The learning gained from this testing and from subsequent analytical
refinements is being applied to identify potential improvements in turbine
efficiency for the CF6-50 and several other engine models. This is especially
true in the development of enhanced ability to optimize HP turbine rotor-to-
stator transient response rate and stator out-of-roundness calculations.
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Radial Temperature Profiles in Stage 14 Disk at
Various Cooling Flow Rates
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Fuel vs Cooling Air Flow
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Instrumented CF6-50 Engine In Test Cell
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JT9D JET ENGINE DIAGNOSTICS PROGRAM*

W. J. Olsson and W. J. Stromberg
Pratt & Whitney Aircraft Group

SUMMARY

The NASA JT9D Engine Diagnostics Program has been a four-year effort to
identify and quantify the various engine deterioration phenomena that affect
JT9D performance retention and identify approaches to improve performance
retention of current and future engines. The program has included surveys of
historical data, monitoring of in-service engines, testing of instrumented
engines, analysis, and analytical modeling. The Boeing Commercial Airplane
Company, Douglas Aircraft Company, Trans World Airlines, Pan American World
Airways, and Northwest Airlines participated as subcontractors in various
phases of the program. Historical data was provided also by American Airlines.

The initial studies established that performance deterioration is made up
of short- and long-term modes, both of which are flight cycle related
phenomena. The later efforts provided additional data and refined and expanded
on the initial conclusions.

The short-term deterioration occurs primarily during airplane acceptance
testing prior to delivery to the airline. Therefore, it has small effect on
revenue service performance retention. The long-term deterioration continues
throughout engine life with a negative effect on performance retention.

The combined effect of the short- and long-term deterioration modes for
the JT9D-7 is shown on figure 1. An increase of 2 percent in cruise thrust
specific fuel consumption 1is typical after 2000 flight cycles of revenue
service due to performance loss in unrepaired engines.

Short-term deterioration results from an increase in gas-path running
clearances with resultant decreases 1in engine module efficiencies. This
short-term effect is caused by flight-load induced engine deflections with
resulting rubbing of airfoils and seals. Wearing of blades and seals occurs
for the most part prior to revenue service during the various airplane
maneuvers associated with the production acceptance testing of the airplane.
This flight-load induced wear occurs in all modules. The results show a 0.8
percent increase 1in flight thrust specific fuel consumption during the
predelivery airplane acceptance testing and an additional 0.3 percent increase
during early revenue service.

Long-term performance deterioration 1is also a flight cycle related
phenomenon. It is caused by erosion of airfoils and gas-path seals during

* This work was conducted by Pratt & Whitney Aircraft for the Nationmal
Aeronautics and Space Administration under Contract NAS3-20632.
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ground operation and take-off and by cyclic induced thermal distortion of the
high-pressure turbine airfoils. Erosion primarily affects cold section
efficiencies by blunting the blade leading edges, reducing airfoil chord, and
further opening running clearances. Thermal distortion of airfoils results
from high-temperature cycling of the airfoils with resultant gas-path leakage
and loss of optimum airfoil shape.

The diagnostics program has shown that performance retention within 1 to 2
percent of initial revenue performance can be maintained with a proper program
of hot section and cold section maintenance as shown on figure 2.

INTRODUCTION

The NASA JT9D Engine Diagnostics Program is a part of the NASA sponsored
Engine Component Improvement (ECI) Project which is directed toward improving
the fuel consumption of selected current high bypass ratio turbofan engines
and their derivatives by 5 percent over the life of these engines. The ECI
project 1is divided into two subprojects: Performance Improvement and Engine
Diagnostics. Performance Improvement is directed toward developing fuel saving
component technology which may be applied to current engines and their
derivatives. Engine Diagnostics is directed toward identifying and quantifying
engine performance losses that occur during the engine's service life and
developing criteria for minimizing these losses, as shown on figure 3. The
JT9D Jet Engine Diagnostics Program, which 1is now nearing completion, has
successfully identified and quantified the various causes of JT9D performance
deterioration and the possible approaches toward improved performance
retention.

This paper will briefly describe the various approaches used in this
project and the results and conclusions that have been reported to date.

APPROACH

The 1ideal approach for determining the cause and extent of engine
deterioration would consist of tracking a large number of individual engines
from production testing through extended revenue service, monitoring their
flight performance with expanded instrumentation, closely tracking their
maintenance histories, then correlating specific maintenance events,
performance shifts, and operational history. For numerous reasons this
procedure was not feasible. Therefore, we took the following approach.

The JT9D-7A engine was selected for the study since various models had
been operating for a long time and some of these models ‘were still in

production; thus, both ample high-time and new engine data were available.

The first task was the collection of available historical data. These data
included:

o Pratt & Whitney Aircraft production performance records to establish a
base level.
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o

Airframe manufacturers certification records to show early changes in
performance.

Airline and Pratt & Whitney Aircraft prerepair and postrepair
calibration test results and hardware inspection results to explain
long-term changes.

In-flight engine monitoring data to establish the relation between
ground performance and cruise performance changes.

Based on the analysis of these data, some preliminary conclusions were

drawn:

o

There are four generic causes of engine performance deterioration,
namely: 1) flight-load induced clearance changes; 2) erosion of fan and
compressor airfoils and seals; 3) thermal distortion of hot section
parts; and 4) variations in airline repair standards.

Performance deterioration trends may be divided into two distinct time
periods: short-term and long-term deterioration. The prime cause of
short-term deterioration 1is flight-load induced rubs which open
gas—path clearances, thus reducing module efficiencies and influencing
airflow. The analysis of the historical data as seen on figure 4 showed
a 1 percent increase in thrust specific fuel consumption at sea level
in the first few flights conducted by the airframe manufacturer prior
to delivery of the airplane to the airlines.

Performance deterioration then occurs at a slower rate dominated by
erosion of cold section airfoils and seals, with resulting blunting of
airfoils and further opening of running clearances. This erosion and
thermal cycle induced distortion of hot section airfoils results in
loss of airfoil efficiency and increased secondary flow leakage. The
historical data showed the sea level thrust specific fuel consumption
to have increased to about 4 percent above production levels after
acceptance testing and 3000 revenue flight cycles of an unrepaired
engine operation as seen on figure 5.

The deterioration of the turbine airfoils and seals results from
changes in their environment. These changing temperature and flow
patterns are caused by deterioration in the compressor and combustor
modules. Thus, more frequent cold section maintenance pays off in
reduced deterioration in the higher priced hot sections.

A comparison of the fleet historical prerepair and postrepair
calibration data showed an average performance recovery of 1 percent in
sea level take-off thrust specific fuel consumption with a potential
for 2 percent recovery with increased cold section and hot section
refurbishment.

The first phase of the program provided an abundance of information but
left numerous gaps in the data. The second phase, or in-service engine
performance study, conducted jointly with Pan American World Airways, expanded
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the data base significantly by allowing us to monitor a controlled sample of
28 JTI9D-7A engines in the Pan Am 747SP airplane fleet from preflight testing
of the engines at Boeing through 2100 flight cycles of operation. The data
collection included: installed engine ground calibrations before the first
airplane flight and periodically during subsequent revenue servicej; in-flight
engine calibrations during the flights immediately following the ground
calibrations; a complete set of crew-collected engine flight condition
monitoring data from the fleet; prerepair and postrepair calibrations and
repair histories on each of these engines that came into the shop; and an
expanded instrumentation calibration and complete analytical teardown of one
of the engines after 141 flight cycles (see figure 6).

The results of this effort firmly established that the flight-loads
induced short-term deterioration occurs in the first few flights prior to
revenue service. It provided ample data for the refinement of the wvarious
engine module deterioration prediction models which were first developed on
the basis of the historical data. Finally, it provided a correlation between
performance retention at flight cruise conditions and performance change as
measured by ground calibrations. The quality of the flight performance data
was less than that of the ground tests due to the available instrumentation
systems. However, the data sample was large enough that statistical trends
could be drawn. One such set of data is 747SP engine conditioning monitoring
(ECM) fuel flow data shown on figure 7. The data were recorded at cruise
altitudes between 32,000 and 40,000 feet and corrected to 35,000 feet and
constant engine pressure ratio (EPR). A trend line through the 1398 data
points shows a 1.7 percent increase in fuel flow rate after 1500 revenue
flight cycles from the start of airline service on engines with no repairs.

The short-term flight-load induced performance 1loss, though not
significantly contributing to revenue service wear, does present a challenge.
If it can be eliminated or significantly reduced, the new airplane could be
delivered to the airline with up to 1 percent improved sea level thrust
specific fuel consumption which is equivalent to 0.8 percent improved cruise
thrust specific fuel consumption. Previous studies have estimated that more
than 80 percent of the flight-load induced damage is caused by aerodynamic
(pressure) loads applied to the fan cowl, and the remaining damage is caused
by inertia loads from gusts and hard landings plus maneuver-induced gyroscopic
loads.

The final two data gathering tasks of the JT9D diagnostics program were
test programs directed toward a better understanding of this flight-load
induced wear. The first of these was the Simulated Aerodynamic Loads Test
conducted in a Pratt & Whitney Aircraft test stand. The objectives of this
test program were to determine the changes in engine operating clearances and
performance under (1) thrust and thermal 1loads; (2) static simulated
aerodynamic flight loads, figure 8; and (3) the combination of thrust,
thermal, and static aerodynamic loads during engine operation to permit
validation of the levels, module distribution, and causes for short-term
performance losses. In addition, the test program would validate or permit
refinement of previous analytical study results on the impact of aerodynamic
flight loads on performance losses. To accomplish these objectives, an engine
was analytically built with average production clearances and new seals as
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well as extensive instrumentation to monitor performance, case temperatures,
and clearance changes. A special loading device was designed and constructed
to permit application of known moments and shear forces to the engine by the
use of cables placed around the flight inlet. These loads simulated the
estimated aerodynamic pressure distributions that occur on the inlet in
various important segments of a typical airplane flight.

The test engine and loading device were installed in the Pratt & Whitney
Aircraft X-Ray Test Facility, shown on figure 9, to permit the use of X-ray
techniques in conjunction with laser probe clearance measuring instrumentation
to monitor important engine clearance changes under both steady state and
transient engine operating conditions. Upon completion of the simulated
flight-load test program, the test engine was analytically disassembled and
the condition of gas-path parts and final clearances was extensively
documented.

The performance monitoring calibrations between tests indicated that the
engine lost 1.1 percent in sea level take-off thrust specific fuel consumption
due to permanent clearance changes caused by the application of these inlet
loads. Another 0.2 percent change in thrust specific fuel consumption was
produced by an increase in airfoil surface roughness in the low-pressure
compressor and thermal distortion in the high-pressure turbine. This
additional 0.2 percent was a result of the experimental nature of this test
program and does not occur in early revenue service. Prior to the test
program, the change in sea level performance due to clearance changes was
predicted to be 0.9 percent. Therefore, the agreement between measured and
predicted performance is considered to be satisfactory.

The overall engine performance loss was distributed among all modules;
however, the low-pressure compressor and high-pressure turbine contributed the
major portion of the loss. The major permanent clearance changes (seal rubs)
occurred in the fan, high-pressure compressor, and high-pressure turbine and
were found to be the direct result of the loads imposed. Table I compares
these results with previous comparisons of module contribution to sea level
performance changes with early usage.

Transient testing, conducted after completion of the simulated aerodynamic
loading, indicated no additional performance losses associated with transient
engine operation.

The flight loads test was the final phase of the JT9D Diagnostics Program.
It was conducted as a joint effort with the Boeing Commercial Airplane
Company. Boeing, under contract with NASA Langley, provided the test airplane
and measured the flight loads on the instrumented engines. Pratt & Whitney
Aircraft, under contract with NASA Lewis, provided the instrumented engines
and measured the effects of the flight loads on the engines. The flight loads
test was conducted to verify the simulated aerodynamic loads used in the X-ray
load test program and to further expand on the flight conditions and flight
load effects measured in that program. Specifically, the flight loads test
objectives were as listed on figure 10.

47



The test approach was to install an analytically built and instrumented
engine in position No. 3 on the Boeing test 747 (RAOOl) airplane and an
analytically built and instrumented fan case on the position No. 4 engine,
figure 11. The analytically built engine was calibrated at Pratt & Whitney
Aircraft before delivery and then again after installation in the aircraft,
prior to flight testing.

A series of flight tests was conducted with progressively increasing
flight loads. Continuous, simultaneous measurements with all data systems were
recorded to accurately document the cause and effect relationship of flight
loads to engine deterioriation. Performance and fan clearances were documented
after each flight by calibrations and rub measurements to determine the effect
of increasing loads.

A final postflight calibration at Pratt & Whitney Aircraft and an
analytical teardown of the analytically built engine was conducted following
the flight program to quantify the effects of the flight loads, figure 12.

Instrumentation included pressure taps on the positions No. 3 and 4
nacelles to measure the aerodynamic loads, accelerometers on both engines to
measure inertia loads, and rate gyros on both engines to measure gyroscopic
loads. Clearance closures were monitored by laser probes on the high-pressure
turbine of the position No. 3 engine and on both fans. Thermocouples on the
high-pressure turbine of the position No. 3 engine measured the transient and
steady state thermal effects on the running clearances. Finally, expanded
performance instrumentation on position No. 3 engine permitted closer
performance monitoring since it was the prime data source. The position No. 4
engine was instrumented sufficiently to identify <clearance and load
differences due to its position on the wing.

The flight loads testing was successfully completed, and the test data
analysis is now in process. The clearance closures at actual flight conditions
generally repeated the measured closures in the X-ray load test program under
simulated flight loads, see figure 13. This program also confirmed that
aerodynamic loads occurring during high power operation, that is, take-off
rotation, airplane power-on stalls, and high G maneuvers, are the prime cause
of fan performance deterioration. In addition, the preliminary analysis
indicates that the combination of mechanical 1loads and transient thermal
expansion during the extended high power climb is the prime cause of
short-term deterioration in the high-pressure turbine.

The final report of the flight test program will be issued this fall and
will include a final refinement of the performance deterioration models,
including analytical results of the X-ray load test and the flight load test.

ENGINE PERFORMANCE RETENTION PREDICTION MODELS
One of the major objectives of this program has been the development and
refinement of analytic models for predicting the deterioration with engine

usage of both the complete JT9D engine and the individual modules. These
models consist of families of curves which define the changes in the
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performance parameters (efficiency, flow capacity) with usage for each of the
engine modules. These various parameter changes are applied to the JT9D
performance analysis program to determine the predicted performance change
with usage of an average engine. The preliminary models were prepared based on
analysis of the performance, engine usage, and replaced parts condition data
collected in the first phase of the program. All the in-service data collected
on the Pan American 747SP fleet was used for the first refinement of the
models. This effort was followed by a just-completed second refinement of the
short-term deterioration predictions based on the X-ray load test results.
Table I compares representative results from the different data sources.
Figures 14 and 15 show the thrust specific fuel consumption changes at sea
level for an average engine versus usage as predicted by the latest model. For
that model, it was assumed that high-pressure turbine performance had been
stabilized at a constant level after 1000 flight cycles and the low-pressure
turbine after 2000 cycles by a hot section maintenance program. Figure 14
subdivides the predicted deterioration by module. As seen, the low-pressure
compressor and high-pressure turbine are most sensitive to early flight-load
induced deterioration. Erosion of airfoils and seals is the prime contributor
to long-term deterioration in the cold section as shown on figure 15, while
thermal distortion 1is the prime contributor in the hot section. One more
refinement of these models will be made after completion of the flight loads
test data analysis.

To validate the models at cruise conditions, it was first necessary to
establish actual in-flight average performance. The engine condition
monitoring and in-flight calibration data collected on unrepaired Pan American
747SP/JT9D-7A engines from start of revenue service to 1500 flight cycles
provided this performance data. Performance at cruise conditions was
determined to be less sensitive to component deterioration than at sea level.
This reduced sensitivity results from the fact that the ram pressure ratio
increases the nozzle pressure ratio at cruise and, thus, makes performance
less sensitive to gas generator losses. This effect has been demonstrated in
the Pratt & Whitney' Aircraft (Willgoos) altitude test facility. The result is
that the increase in cruise thrust specific fuel consumption due to component
deterioration is about 75 percent of the increase at sea level. The JT9D
performance retention model supports the results and was used to develop the
curves on figures 1 and 2. Evaluation of cruise performance data from the
flight loads test will permit a further refinement of the cruise performance
retention model,

CONCLUSIONS

Performance deterioration in the JT9D-7 is a flight sensitive phenomenon
caused by a short-term and two long-term wear modes. The short-term
deterioration occurs primarily during airplane acceptance testing and,
therefore, does not affect airline operation. The long-term wear takes place
continuously over the engine life so that the performance loss can be
minimized by a sound maintenance program. Short-term deterioration is
primarily due to flight-load induced blade and gas-path seal wear which result
in increased gas-path running clearances. The wear occurs in all engine
modules but has the most deleterious effect on the low-pressure compressor and
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high-pressure turbine performance. The wear occurs during conditions that
combine minimum axisymmetric running clearances and maximum engine distortion
or asymmetric closure.

Minimum axisymmetric clearance occurs during high power operation due to
the combined effect of centrifugal forces and high metal temperatures. Maximum
asymmetric closure is caused by airplane maneuver induced aerodynamic loads
and thrust induced engine bending loads. Thus, short-term deterioration is a
cyclic effect in that it occurs during take-off and climb and other maneuvers
which combine high aerodynamic loads and high engine power. Cruise, approach,
and landing do not contribute to short-term deteriorationm.

Long-term deterioration is also flight cycle dependent. It is caused by
erosion of the airfoils and seals, which cause airfoil roughness, bluntness,
chord loss, and increased gas-path clearances, and by thermal distortion of
turbine airfoils which reduces their efficiency and increases leakage.

Ingestion of foreign matter during taxi, take-off, and landing operatioms
is the primary cause of erosion. Changing gas—flow patterns caused by erosion
plus thermal cycling of the engine are the prime causes of thermal distortion
of the turbine airfoils. The split of deterioration by module on figure 14
shows the increasing importance of high-pressure compressor and low-pressure
turbine in long-term deterioration.

The refined performance deterioration prediction model shows a 2.1 percent
increase in cruise thrust specific fuel consumption in the first 1500 revenue
flight cycles. The program results also show that a good program of both hot
section and cold section maintenance can maintain cruise performance between 1
and 2 percent of that at start of revenue service.

RECOMMENDATIONS

Based on the results of the completed phases of the JT9D Diagnostics
Program and the preliminary results of the Flight Loads Test Program, the
following recommendations, summarized on figure 16, are made toward improved
performance retention in current and future propulsion systems.

Performance retention 1in current engines can best be maintained by
following improved maintenance practices which have been developed jointly
with the airlines, based on the early findings of this and industry-sponsored
programs. These improved practices provide both cold-section and hot-section
refurbishment, and the potential results are summarized on figure 17.

Performance retention in future propulsion systems will benefit from the
following:

o Performance deterioration caused by flight loads and thrust-induced

loads will be minimized by integrated engine and nacelle designs that
consider the effects of both flight loads and thrust loads.
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Further development of gas-path clearance control systems and abradable
rub strips will provide closer running clearance control in the
high-pressure turbine.

Erosion effects on cold section airfoils and seals will be minimized by
improved coatings and materials and the consideration of refined
gas—path designs for reducing the ingestion of erosive material.

Erosion effects on hot section airfoils and seals will be minimized by
improved high temperature materials.,

Thermal distortion effects will be minimized by refined gas-path

designs and improved maintenance programs that reduce temperature
profile shifts.
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TABLE I

COMPARISON OF MODULE CONTRIBUTION TO
SEA IEVEL TSFC DETERIORATION

Historical Data In-Service Engine P&WA Testing Simulated Aero-
Analysis Analysis of P-695743 dynamic Loads
(149 Cycles) (150 Cycles) (141 Cycles) Test of P-662211

Change in TSFC (%) at Sea Level Static Take-Off Thrust

Fan £0/e: +0.2 +0.1 +0.2
Low-Pressure Compressor +0.2 +0.4 +0.4 ' +0.3
High-Pressure Compressor +0.3 +0.2 +0.3 +0.2
High-Pressure Turbine +0.4 +0.4 +0.6 +0.5
Low-Pressure Turbine +0.5 +0.1 +0.1 +0.1

TOTAL +1 <5 +1.3 - +1.3
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1. Define scope of JTID performance
deterioration

2. ldentify and quantify sources of JT9D
performance deterioration

3. Determine sensitivity of component
performance to engine parts deterioration

4. Develop analytical model of JTID
performance deterioration

9. Recommend performance retention
techniques for current and future engines

Figure 3 JT9D Diagnostics Program Objectives. (J23878-4)
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e Measure typical aerodynamic and
inertia loads during acceptance
test and revenue service

e Explore effects of gross weight,
sink rate, pitch angle, and
maneuvers on nacelle loads

e Measure engine clearance closures
and engine performance resulting
from the airplane maneuvers

l
Figure 9 X-Ray Facility with Test Engine Installed. (J24603-15)

¢ Provide data for improved propulsion
system designs

Figure 10 Flight Loads Test Program Objectives. (J24603-3)
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Figure 11 Instrumented JT9D-7A Engine Installed on RAOOL

Airplane for Flight
Loads Test.

(J24603-22)

e Analytical build of instrumented fan
and high pressure turbine

e |nitial engine calibration in test cell
e |nstalled engine ground calibration

e Production acceptance test flight
at 550,000 Ib takeoff gross weight

e |nstalled engine ground calibration
e Wind-up turns to 2Gs
e |nstalled engine ground calibration

o Heavy gross weight takeoff, maximum
dynamic pressure and maximum Mach number

e Installed engine ground calibration
e Final engine calibration in test cell
e Analytical teardown of fan and high pressure turbine

Figure 12 Test and Inspection Sequence for Flight Loads Test Program.
(J24018-6)
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Figure 15 JT9D-7 Sea Level Performance Deterioration Distribution by Cause.
(J24603-23)

Current engines:
e Cold section refurhishment
Future engines:

e Flight-load resistant propulsion systems

e Erosion resistant design and materials
e Thermal distortion resistant design and materials

Figure 16 Flight Loads Test Program Recommendationms. (J24765-17)
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JT8D ENGINE PERFORMANCE RETENTION

Albert D. James and David R. Weisel
Pratt & Whitney Aircraft Group

SUMMARY

The attractive performance retention characteristics of the JT8D engine
are described. Because of its moderate bypass ratio and turbine temperature,
and stiff structural design, the performance retention versus flight cycles of
the JT8D engine sets a standard that is difficult for other engines to equal.

In addition, the significant benefits of refurbishment of the JT8D engine
are presented. Cold section refurbishment offers thrust specific fuel consump-
tion improvements of up to 2 percent and payback in less than a year, making a
very attractive investment option for the airlines.

INTRODUCTION

The ability of an aircraft powerplant to retain its marketed performance
is one of the primary considerations in its development or selection. Escalat-
ing price of fuel during the last decade has placed greater emphasis on defin-
ing the performance retention characteristics of current, as well as new
powerplants. Any performance loss can be directly related to increased operat-
ing costs, and fuel is an ever increasing portion of those operating costs.

The Pratt & Whitney Aircraft JT8D engine is a first generation turbofan
engine, i.e., a low bypass ratio, dual spool, axial flow turbofan that enjoys
the distinction of being the most widely used engine in commercial service. To
date, over 10,000 units have been delivered and power more than 3,000 aircraft
for 175 airline operators worldwide. To assist these operators in minimizing
fuel costs and maximizing time on-wing, Pratt & Whitney Aircraft has conducted
an extensive analysis of the JT8D engine in order to define the industry po-
tential for performance recovery, the modes of performance loss within the
component modules and cost effective means of recovering that lost performance.

PERFORMANCE CHARACTERISTICS

Quantifying performance losses as a function of engine service time has
been an industry problem since the initiation of commercial service. Manufac-—
turer development processes include many tests with cyclic power adjustments
that provide advanced notice of problems arising from thermal distress and
fatigue. They do not have the means of accelerating the normal erosion process
that the gas path hardware is subjected to daily in commercial service.

However, operators have all these conditions occurring continuously, but

usually do not have the facilities, manpower, financial commitment or time to
do the extra testing that would provide this basic knowledge.
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Reams of inflight cruise monitoring data could be reviewed. Almost all
airlines require the flight crew to record one data point during cruise on
each engine during each flight leg. Five performance parameters are recorded:
engine pressure ratio, high and low spool rotor speeds, fuel flow and exhaust
gas temperature. The data quality suffers due to the use of aircraft instru-
mentation. The principal use of the data is to monitor the engine parameters
for abrupt changes that would signal a potential incidence of part failure.
Data scatter is significant. Considerable massaging is required to smooth out
the data enough to generate trending information that will identify a severe
deviation thereby making the identification of small performance losses very
difficult. It was, therefore, decided to base the on-wing (pre-repair) deteri-
oration characteristic on ground engine cell data acquired from engines run
prior to repair.

Figure 1 provides the average performance retention characteristics of the
JT8D engine and the individual sea level static data points used as the basis
for this curve. The average curve is described by a second order curve fit
through all the data, and is considered representative for all JT8D-1 through
JT8D-17 models.

Figure 2 shows this characteristic in relation to the industry average
post repair performance levels. Three levels of performance are shown that
exist in commercial service today. The uppermost curve represents the average
on-wing (pre-repair) deterioration. Individual operators may experience dete-
rioration rates significantly different from this curve, either better or
worse, since there are a multitude of factors that can influence the deterior-
ation rate. These factors will be discussed in the later paragraphs.

Average industry performance levels after repair are represented by the
middle curve. Industry repair practices have reflected the philosophy of on-
condition maintenance, which were directed at minimizing engine maintenance
cost. Cheap fuel prices and known operating limits have allowed operation un-
der this maintenance philosophy. Engines are operating today that have accumu-
lated operating times in the 30,000 hour or cycle region with periodic hot
section repair and only occasional minor cold section work to repair airfoil
damage from Bill of Material or foreign objects. Refurbishment of the compres-
sors to recover performance loss (particularly specific fuel consumption) was
dismissed by operators as not being cost effective. These components were
generally refurbished only when incidences of compressor surge were en-
countered.

This curve then reflects the results of on-condition maintenance philoso-
phy with an implied penalty because of limited cold section repair. The curve
flattens to a relatively constant loss resulting from the imposition of the
operating temperature limit. Gas path deterioration and increasing exhaust gas
temperature coexist. Generally, the JT8D engine has not had a problem with the
exhaust gas temperature measuring system indicating temperatures that are
falsely high or low. Therefore, as the gas path deteriorates, the exhaust gas
temperature limit restricts takeoff power setting, forcing the engine back to
the repair shop. The practice of minimum repair then manifests itself in ever
shorter periods of operation between repair cycles and exhaust gas temperature
limiting operation.
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Fuel shortages and the continuing escalation of fuel prices have refocused
the industry emphasis on fuel economy, both in operation and maintenance.
Practices that were not cost effective a few years ago, now have reasonable
payback periods.

In the interest of identifying effective refurbishment, Pratt & Whitney
Aircraft funded a JT8D Engine Maintenance Technology study to define the pri-
mary modes of deterioration in the engine, identify the modules where maximum
performance restoration could be attained and develop cost effective methods
of recovering that lost performance. Cooperation of four major airlines (three
domestic and one foreign), two years of studying hardware, scrap records and
available data, and an in-house testing program using a loaned high time ser-
vice engine, have identified and demonstrated that significant performance
could be recovered through fan and high pressure compressor refurbishment.

The lower curve (Figure 2) represents the average level of performance
attainable through a revised maintenance philosophy that recognizes periodic
cold section refurbishment as a major part of performance recovery.

It would appear that a significant improvement is still available, since
the average remains approximately 2.0 percent above the new engine baseline.
The curve should not be interpreted to conclude that refurbishment to the "as
new'' performance level cannot be achieved. A few of the engines came within
0.5 percent of their production acceptance levels. Current production perform-
ance levels were used as a consistent base for all the post repair tests and
the average engine performance has improved over the years. This would tend to
make the difference appear larger than it actually was. Realistically,
achievement of "as new" performance can be accomplished through refurbishment.
Although material lost to erosion cannot be restored, airfoil shape and sur-
face finish, which are the prime performance factors, can be restored with

only a residual reduction in performance life,

FACTORS INFLUENCING PERFORMANCE RETENTION

Assuming large amounts of usable data were available to define the per-
formance retention characteristics for each operator, a wide variation in
operator average retention and engine to engine variations about each average
could be expected. Engine deterioration rates are dependent on many factors
other than engine to engine differences of gas path geometry and cycle match-
ing. Of major influence are operational environment, operational philosophy
and maintenance philosophy, which are particular to each individual airline.

Gaspath Geometry

The JT8D engine is a first generation turbofan engine, i. e. , a dual
spool, axial flow, low bypass turbofan. It is constructed with a full length
annular fan duct that directs fan air rearward to mix with primary air in a
common convergent exhaust nozzle. This results in rigid case construction so
the installed engine is not adversely affected by the axial bending forces
exerted by inlet air loads during aircraft rotation and maneuvering.
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In comparison to more current state of the art engines, the gas path is
built with relatively loose clearances between rotating and stationary parts,
therefore, compressor and turbine airfoil tip rub is not a factor. The primary
forms of performance loss are hot section thermal distress, compressor airfoil
roughness and compressor airfoil erosion.

Airfoil roughness is the result of environmental contamination and gener-
ally occurs in the first 1,000 hours of operation after installation or clean-
ing. Contamination is the minor mode of compressor performance loss that ap-
pears to reach its maximum and then remains relatively constant throughout the
operational phase.

High gas velocities and thinner airfoils in the high pressure compressor
account for a large measure of the performance impact. In addition to the
leading edge erosion exhibited in the fan and low pressure compressor, blade
pressure side erosion also occurs. Both leading edge and pressure side erosion
occur concurrently until approximately 4.0 percent chord is lost near the
blade tip. At this point, the blade trailing edge has become excessively thin
and begins to tear away. Figure 3 graphically shows the relative performance
loss of each deterioration mode and the accelerated rate for performance loss
that takes places when the trailing edge shreds.

Operational Environment

Operational route structure and geographical area have a definite impact
on the deterioration rate. The JT8D engine is used in the short to medium
range segment of the industry. Aircraft cyclic times, the time between takeoff
and landing, vary between 20 minutes to two hours per cycle. The industry
average is about one hour per cycle, which is considerably shorter than the
typical long range aircraft which run four to seven hours per cycle.

Hot section distress, the primary mode of engine performance loss in all
engines, is cyclic dependent. Time at high temperature is the key parameter in
determining turbine hardware lives. Since maximum temperature is achieved dur-
ing takeoff, deterioration as a function of engine cycles becomes most signi-
ficant. On this basis, the JT8D engine performance retention characteristic is
very attractive.

Cold section airfoil erosion, the principal mode of performance loss in
the compressor, is cyclic dependent, and also dependent on geographical area.
A Middle East operator typically exhibits more airfoil erosion due to sand
ingestion, in 2,000 cycles than a large domestic operator may see in 30,000
cycles. Figure 4 illustrates the variation in erosion rates by assuming that
the rates are linear.

Other geographical areas have their own particular problems, although not
as severe as the desert operations. Operators in Alaska also have an erosion
problem with volcanic ash and operators near salt water or highly industrial-
ized areas have problems with corrosion and sulphidation.
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Operational Philosophy

Power setting procedures that reduce the impact of hot section thermal
shock during takeoff have been defined by engine and airframe manufacturers
and are available to the operators. The procedures simply require the flight
crew to compute the required power necessary to get airborne based on the am-
bient temperature, aircraft gross weight and runway length. Dependent on these
variables, reduced power may be used instead of the full rating. This results
in the engine operating at a lower turbine inlet temperature. A significant
reduction in turbine distress and, consequently, a reduced deterioration rate
can be realized if reduced power takeoffs are used whenever possible.

Figure 5 shows an analytical assessment of maintenance material cost re-
sulting from reduced power takeoffs. The relative cost is shown as a function
of engine time per cycle with lines of constant percentage of power reduction.
Maintenance material savings are directly related to a reduction in turbine
distress. Similar savings can be realized by using reduced climb power when—
ever aircraft loading and routing permit.

Maintenance Philosophy

Maintenance policy has been an evolving process as illustrated in Figure
6. During the early years of operation, maintenance was on a hard time basis.
Engines were removed, inspected and repaired at specific intervals. As confi-
dence in the hardware integrity became proven, the time intervals were extend-—
ed based on operator experience.

Logical progression led to on-condition maintenance. This was considered
at one time to be the ultimate policy. Engines stay on-wing until removal is
forced by a fault or the inability to set power because of reaching an oper-—
ational limit. Some parts still retain hard time limits based on maximum
cycles for useful life, but generally these are long term limits. All interim
maintenance is based on a problem developing or the engine reaching the ex-
haust gas temperature limit prior to meeting the power setting requirement.
This was an acceptable maintenance policy during an era where fuel cost was a
small portion of total airline operating cost.

Minimal maintenance results in increased fuel consumption and turbine tem-—
perature levels. Turbine distress occurs with increasing regularity and is
readily evident during disassembly. Compressor deterioration is not as ap-
parent, therefore, the extent of cold section maintenance was to blend repair
obvious Bill of Material and foreign object damage.

The tightened world supply of fuels and strategic materials highlighted
the need to change philosophies. Fuel became a major part of the airline oper-
ating cost and the maintenance emphasis was redirected toward reducing fleet
fuel consumption. The impact of the cold section, fan and high pressure com—
pressor particularly, became more obvious, forcing maintenance philosophy to
swing back towards scheduled cold section refurbishment.
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PERFORMANCE OPTIMIZATION

With the maintenance philosophy shift towards scheduled compressor refur-
bishment, the next logical progression is towards complete engine maintenance
management. The deterioration rates of each module, and the potential to re-
cover lost performance are recognized in this concept. This utilizes a cost
effective mix of repair techniques and new parts to attain a service goal.

This also must address on-wing maintenance to retain the performance re-
covered through refurbishment for as long as possible. Periodic engine water
wash and fuel nozzle cleaning should be included in any engine management pro-
gram.

Compressor airfoil roughness has been found to occur in the first 1,000
hours of operation. Experience has shown that long term water washing is not
very effective in removing compressor contamination. However, short term per-
iodic washing (250 hour intervals) has demonstrated that performance loss due
to contamination can be held off for 4,000 to 5,000 cycles. Intervals recom-
mended for compressor water wash have been in 1,000 hour increments or less,
but as more data is accumulated, the most significant results are associated
with the shorter time interval wash procedures.

Considerable data from hot section inspections have correlated burned tur-
bine nozzle vanes and streaked combustion chambers with coked fuel nozzles.
Non-uniform fuel flow from plugged nozzles results in excessive temperature
and burned vanes. On-wing fuel nozzle cleaning procedures have been proven ef-
fective in eliminating moderate coke deposits. Therefore, periodic cleaning in
the recommended 1,000 hour intervals will maintain coke free operation and op-
timize turbine hardware performance.

PERFORMANCE RETENTION MODELING

In order to determine more cost and fuel efficient maintenance practices,
an accurate model of engine performance loss must be constructed. This model
can be used to quantify performance loss for a particular engine model as a
function of usage. Additionally, a complete model will identify losses both by
module and cause, such as erosion of airfoils, thermal distortion of hot sec-
tion parts, and clearance increases between rotating and stationary parts due
to erosion or rubs.

To begin the process of model construction, appropriate data sources must
be selected. Inflight monitoring data is available, but its usefulness as a
primary source is limited. The quality limitations of flight data have been
discussed previously; large amounts of data must be trended in order to be
meaningful., In addition, flight data furnishes far fewer parameters than the
number of module losses to be defined. In particular, the lack of thrust mea-
surement makes determination of low spool losses very difficult. Finally,
flight data 1is affected by aircraft systems, particularly the pneumatic
system, which makes analysis of the data even more difficult.
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Two data sources were used to construct the JT8D engine performance reten-
tion model. The first of these was pre-repair data obtained from airline test
cell runs. Because of the nature of airline operations, particularly with a
well-proven engine like the JT8D and prevailing on-condition maintenance prac-
tices, pre-repair data is not normally obtained. However, there is a limited
amount of first run data available. This data is relatively accurate and
furnishes pressure ratios and thrust, in addition to more accurate definition
of those parameters measured inflight. By comparing the pre-repair data for a
particular engine to its production run data, it is possible to use a computer
simulation of the engine to calculate efficiency and flow capacity change for
every module. This analysis depends on use of known relationships between cold
sections efficiency and flow capacity changes, referred to as '"coupling'" rela-
tionships.

The other data source used for the model was teardown inspection data.
Used parts with known service times were collected and analyzed to determine
performance changes from the new part configuration. Such data furnishes know-
ledge of the causes, as well as the magnitude of module performance loss. From
the estimates of individual module performance changes from new, total engine
performance change from new can be synthesized with the engine computer simul-
ation. The results of this analysis can then be compared to the pre-repair
analysis and then both analyses can be iterated until reasonable closure is
obtained, as shown in Figure 7. Since each analytical approach has its limita-
tions, such iteration enhances the validity of the solution.

This process was performed for the JT8D-9 engine. Figure 8 shows a compar-
ison of increase in sea level takeoff exhaust gas temperature from production
as predicted by the model, compared to the pre-repair data. Figure 9 shows the
same comparison for thrust specific fuel consumption. Reasonably good correla-
tion between the average of the data and the model is shown. The used part
analysis showed that the component deterioration for a typical operator was
most strongly related to flight cycles for reasons previously discussed. How-
ever, there can be considerable operator-to-operator variation associated with
operating environment differences.

Modules losses at 4,000 and 8,000 cycles that result from the analysis are
shown in Figure 10. Cold section losses are dominated by erosion and roughness
damage, while hot section losses occur primarily in the high pressure turbine
and are largely the result of thermal distortion (vane bow). There are no
module losses due to clearance increases. The low bypass ratio of the JI8D en-—
gine minimizes thrust bending loads, and the long, stiff one piece fan duct
effectively isolates the internal engine cases from nacelle aerodynamic loads.
These features, plus the moderate hot section temperatures, result in a stand-
ard of performance retention that is difficult for other engines to equal.

Figures 11 and 12 show the overall impact of cold section versus hot sec—
tion losses on exhaust gas temperature and thrust specific fuel consumption,
measured at sea level takeoff conditions. The hot section dominates exhaust
gas temperature increase, while cold section losses have greater thrust speci-
fic fuel consumption impact. Historically, engine overhaul has been directed
primarily toward restoring exhaust gas temperature margin, and airline efforts
were accordingly concentrated on hot-section repair. However, in the current
era of constantly escalating fuel prices, Figure 12 shows the importance of
periodic cold section refurbishment to minimize fuel burned.
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In order to analyze the potential benefits of performance restoration on
fuel burned, fuel consumption at altitude conditions must be evaluated. This
can be done with the engine computer simulation. Analysis shows that there is
an effect of both flight condition and power setting on thrust specific fuel
consumption change due to component performance changes. A weighted thrust
specific fuel consumption change has been defined which combines both climb
and cruise thrust specific fuel consumption at typical altitude conditions, in
proportion to the fuel consumed during a typical mission. For the JT8D engine
in a typical 727 application, the weighted thrust specific fuel consumption
change is approximately the average of climb and cruise changes.

Takeoff exhaust gas temperature and weighted thrust specific fuel consump-
tion increases are shown by module and cause in Figures 13 and 14. Exhaust gas
temperature increase 1is primarily controlled by the high pressure turbine;
however, high pressure compressor losses also contribute significantly. Thrust
specific fuel consumption increases are dominated by the fan and high pressure
turbine; the high pressure compressor again contributing significantly.

The performance retention model can also be used to predict the impact of
hot section repair, and project performance losses for multiple run engines.
Figures 15 and 16 show the impact of hot section repair only. Typical first
removal is shown at about 6,000 cycles, which would probably be for foreign
object damage or hot section inspection. At this point, a change in high pres-
sure turbine outer airseal from bill-of-material knife edge to honeycomb
(typical airline practice) is shown. Erosion of the replacement outer airseal
plus worse bow for repaired vanes results in more rapid exhaust gas tempera-
ture and thrust specific fuel consumption increase with flight cycles, so that
an exhaust gas temperature-limited condition may be encountered at about
10,000 cycles. The effect of hot section only repair is that the interval
between the exhaust gas temperature-limited shop visits decreases with succes-
sive shop visits. This is because of the underlying cold section damage which
has not been corrected.

IMPACT OF COLD SECTION REFURBISHMENT

The assumed workscope for cold section restoration is shown in Figure 17.
If cold section refurbishment is accomplished at '"soft" time intervals of
12,000 to 17,000 cycles (nearest convenient time when the engine is in the
shop), the model predicts the results of Figure 18. Fan and low pressure com-
pressor restoration are accomplished at 13,500 cycles, along with high pres-
sure turbine repair. At 17,000 cycles, the high pressure compressor and tur-
bine are repaired. The benefits in improved thrust specific fuel consumption
are readily apparent.

A number of studies have illustrated the cost-effectiveness of cold sec-
tion refurbishment for the JT8D engine. Figure 19 illustrates summary results
from one study. The study showed fan and low pressure compressor refurbishment
to be most cost effective (earliest payback). Refurbishment of fan, low pres-
sure compressor and high pressure compressor combined, resulted in 1.6 percent
weighted thrust specific fuel consumption recovery at refurbishment, 21°F
exhaust gas temperature recovery and payback in less than a year for a typical
operator, based on 50 cents per gallon of fuel. Current fuel costs would
further enhance cost effectiveness of cold section refurbishment, notwith-
standing increased labor and parts costs since this study was conducted.
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Figure 16 JT8D-9 Engine Multi-Run Model Shows Importance of Cold Section
Losses
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Module Workscope
Fan — All blades — SWECO clean, chamfer cut
Low — All blades — SWECO clean, chord check, leading edge radius
pressure restoration, replace as necessary
COMpressor
— All stators — vapor clean, check vane angle,
re-angle as necessary
High — All blades — SWECO clean, chord check, leading edge radius
pressure restoration, replace as necessary
compressor
— All stators — vapor clean, check vane angle, re-angle as
necessary
Figure 17 Assumed Workscope for Compressor Restoration
30,000 ft/0.80Mn/Std. day/Constant thrust
Hot section repair and
fan/LPC refurbishment  \without compressor
refurbishment
Pﬁrcem 3 Hot section repair
C gnge +dF q
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weighted  +2r A
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specific  +1F Hot s:dcnon
a
- - 0 ] | ] ] 1 1 HT refurbifhment ]
consumption "% § 10 12 4 16 18
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Figure 18 JT8D-9 Engine Multi-Run Model Shows Benefits of Cold Section
Refurbishment
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o Weighted TSFC recovery at refurbishment = 1.6%

Fan, LPC, HPC only
e EGT recovery at refurbishment = 21°F

e Payback period less than one year (typical operator)

Figure 19 Cold Section Refurbishment Cost Benefit Analysis
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PERFORMANCE RETENTION OF THE RB211 POWERPLANT IN SERVICE

B. L. Astridge
Rolls-Royce Limited

J. T. Pinder
Rolls—Royce Incorporated

INTRODUCTION

It is perhaps a statement of the obvious, but an understanding of the
mechanisms of deterioration is essential in order that features to counteract
performance degradation can be built into the basic design of an engine and
nacelle. Furthermore, the interpretation must be continued in service for
effective feedback to provide modifications which may be necessary in main-
taining a satisfactory performance retention program.

The in-service assessment must, therefore, be accurate as to magnitude
and causes and this requires consideration of:

1. The powerplant as a complete entity, i.e. the engine components
and nacelle including the thrust reverser.

2. Measurement of performance in flight rather than by sole reliance
on the scaling of test cell data to flight conditions (although
some correlation should be possible).

3. The relationship of engine parts condition to overhaul performance
and in-flight deterioration level of that engine.

Hence a performance retention program covers design, feedback to design,
measurement and analysis of in-service experience and continuous review of
the condition of engine components. These aspects are addressed by consid-
eration of the RB211 engine in service in both the Lockheed L1011 Tristar
and Boeing 747 aircraft.

PERFORMANCE RETENTION DESIGN FEATURES

Basic Design Features

Performance deficiency will arise when main gas path airflow, either past
blade tip seals or through internal cooling air passages or leakage overboard,
is excessive. Further major sources of performance loss will arise in the
event that significant blade damage or erosion or aerofoil contamination
arising because of dirt deposition on o0il contaminated components takes place.
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The RB211 was designed with features which address these problems, as
indicated in Figure 1. Blade tip clearance control and internal cooling air
passage seal clearance are considered in the structural design, thermal
matching and the use of shrouded blades and stators. Overboard leakage is
considered in both main engine casing design and powerplant sealing features
such as the reverser seal. Limitation of core engine contamination and
erosion is featured in the core engine intake configuration where the
generous spacing of the core splitter relative to the fan, together with the
wide chord fan, allows the majority of the ingested particles to be centrifuged
through the bypass duct.

Details of the particular aspects relating to these features in the RB211
engine are shown in the following illustrations. Blade tip clearance control
at all conditions is enhanced by the features illustrated in Figure 2. The
three shaft configuration allows a short engine with stiff shafts and casings.
Furthermore, the features which determine the gas path are separated from the
structural casings and mounted with radial flexibility so that inertia and
thrust forces in flight have minimum effect on tip clearances. The effective-
ness of these unique features is reflected in the lack of initial performance
lost in flight relative to the test bed passoff performance, the RB211 having
demonstrated a deterioration including any losses associated with the first
flight, of less than 0.3% SFC (specific fuel consumption) in 100 flights from
new.

Thermal matching of static and rotating engine components is illustrated
in Figures 3 and 4. Engines are, even in normal operation, subject to rapid
changes in operating temperatures. Serious mismatch in expansion of the
static and rotating components will result in large compressor and turbine
blade tip and cooling air seal component excursions and, hence, wear such
that, at stablilized conditions, large clearances will occur with a resulting
serious performance deficiency. Engine axial matching is illustrated in
Figure 3 and shows the HP (high pressure) turbine static and rotating seal
members are located to a common datum, the HP location bearing and with load
path structures exposed to substantially the same temperatures thus ensuring
common expansion. The equally important radial matching feature in the
turbines is shown in Figure 4. The HP turbine features a thermal control ring
to restrict thermal growth of the static seal member to match the growth of
the rotating member, the expansion of which is restricted to a low rate due to
the mass of the turbine disc. The IP (intermediate pressure) and LP (low
pressure) turbine static seal members are located in the turbine casings and
their growth is matched to that of the discs and blades by a combination of
casing insulation and external cooling with undercowl ventilation air. X-ray
data obtained at various conditions has been extensively used to optimize the
design of the features which fix the relative position of the seals and the
blade tip fins and this has been achieved without requiring introduction of
a scheduled turbine casing cooling air control system.

The air used to cool the turbine casing is also used to ventilate under-
cowl zones and is no more than the amount required for that purpose. An
inherent performance loss does not, therefore, require debiting to the system.
However, this powerplant air is taken from the fan stream and excessive leakage
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of this air, either through the ventilation system.or directly overboard via
reverser seals, etc., has a powerful effect on cruise SFC and a much smaller,
and hence, more difficult to detect effect at static conditions. Consideration
of the RB211 nacelle as a complete powerplant has included development of a
powerplant leakage check for use in development programs and as a check of
service experience. The efficiency of powerplant sealing with time has,
therefore, been checked against new engine behavior as shown in Figure 5.

Feedback From Service

No resume of design features would be complete without consideration of
the essential feedback of experience from service. There are many examples
arising from RB211 experience and a few have been chosen as typical of the
aspects discussed hitherto. The first is in the area of tip clearance
control where experience with the RB211-22B dictated extensive changes to the
HP turbine sealing arrangements for the RB211-524. The second relates to the
control of compressor contamination resulting from oil leakage and the third
to elimination of excessive variation in powerplant ventilation air, both of
which have resulted in more minor but nevertheless, significant changes.

Figure 6 shows the changes in HP turbine shroud segment design for the
RB211-524 version as a result of experience gained with the RB211-22B. In the
earlier design the leakage paths shown arise in time from component distortion
and wear, the NGV (nozzle guide vane) support ring distorting under axial load
and the shroud segment leading edge fretting and allowing leakage and loss of
axial location. In the RB211-524 design the offending joint in the NGV
support ring is eliminated and the shroud segment location is changed from
axial to radial under which conditions the sealing is reinforced by aerodynamic
loading. It should be further noted that the RB211-524 shroud segment is of
such a form that the segment base protects the leading edge of the honeycomb
from erosion.

A modification which was designed to prevent oil contamination is sketched
in Figure 7. Experience has demonstrated that excessive front bearing housing
0il leakage was arising from an over generous hydraulic oil seal chamber
volume.

On shutdown the excess o0il occupying this chamber leaks into the IP
compressor and acts as a base for contamination. A simple modification
which has alleviated the situation was the introduction of a liner to reduce
the oil chamber volume.

The third category of modification which has been introduced because of
service experience is associated with the sealing of the powerplant undercowl
ventilation air. Excess airflow was arising from variation in the birdmouth
of the seal between turbine section undercowl ventilation zones. The addition
of a more positive seal, as illustrated in Figure 8, has cured this problem.
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Integrated Exhaust Pressure Ratio (EPR) System

In order to monitor a performance retention program it is necessary to be
in a position to measure, accurately, the in-flight performance of the engine.
Fundamental to this problem is the ability to measure the thrust setting of
the engine. This is achieved in the RB211 by means of the integrated EPR
system.

Thrust is fundamentally related to nozzle pressure ratio and it, therefore
follows that, provided it can be measured reliably, exhaust pressure ratio
must be the most accurate means of power setting. However, this accuracy
can only be achieved in a two nozzle engine by sampling the pressure in both
streams and then deriving a mean of the two pressures which is weighted in
proportion to the areas of the two streams. The RB211 integrated EPR system
fits this requirement and its basic nature relating thrust and pressure ratio
means that this relationship is virtually unaffected by deterioration. Hence,
measurement of in flight performance is possible. The total system is shown
diagrammatically in Figure 9 and shows the fan air to be sampled with three
five point rakes and the hot nozzle by five four point rakes. Integration of
the two nozzle pressures is aerodynamic by the simple block shown in Figure 10,
the integrated pressure being sampled between two appropriately sized orifices.
It should be noted that the fan nozzle pressure is always higher than the
turbine exhaust pressure and the system flow is, therefore, always from fan
to turbine exhaust. Carbon or other contamination risk is, therefore,
minimal.

As a further refinement, the RB211 integrated EPR system is trimmed,
by electrical means, in order to produce a relationship between integrated EPR
and thrust which is common to all engines. This is required to take into
account the change in the integrated EPR/thrust relationship brought about by
variation between units within build tolerances, of the factors which
influence this characteristic. Figure 11 illustrates the principle of
trimming. The test integrated EPR/thrust relationship is checked to be within
quality limits determined from experience, and the trimmer is selected to
adjust the relationship, within trimmer steps, to a common characteristic for
all engines. The pilot uses the control lever to select an integrated EPR
and the trimming procedure previously described ensures that each engine
produces the required thrust at the selected power lever setting. The
assurance of minimum thrust with alternative setting procedures leads to
some engines producing more thrust than required with consequent deleterious
effect on component lives.

MEASUREMENT OF DETERIORATION

In Flight
The integrated EPR system described above, with the inherent insensitivity

of its relationship to thrust with engine deterioration, allows consistent
measurement of in flight performance. However, the reliability of in flight
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data and its method of interpretation can only be understood with some
knowledge of the potential inaccuracies which can occur. At the risk of some
over simplification Table 1 lists inherent inaccuracies arising from measuring
instrument inaccuracies, both aircraft and engine, and, another prime source

of variability, the normal aircraft Environmental Control System (ECS). The
latter source of variability comes about because engine air is supplied to a
common manifold such that engine to engine and duct loss variations can

result in differing amounts of bleed being extracted from each engine in the
installation. If the integrated EPR/thrust relationship were not substantially
insensitive to deterioration a further variable for power setting at the basic
parameter, EPR, would be necessary in attempting to interpret fuel flow changes
as changes in fuel flow at a thrust, i.e., SFC.

Nevertheless it can be seen that up to *2.27% variation in fuel flow at
an integrated EPR could arise between engines due to the measurement inaccu-
racies. In a fleet of aircraft it would be expected that the incidence of
inaccuracy would, in most cases, be random and that measurement of fleet
performance, as an average, be possible, but that individual engine performance
would be somewhat less reliable. Mean fleet data for the RB211-524 engine is
shown on Figure 12. The flight monitor line is that established as represent-
ative of RB211-524 engines using both averages of larger quantities of flight
crew recorded data and some specific aircraft audits. Variation in deterior-
ation rates will arise from differences in operation procedures and rates as
low as that shown in Figure 12 for specific audits have been recorded with
confidence.

Having made these points, it should be noted that many of the instrument
inaccuracies of Table 1 may remain consistent during a particular installed
life and, hence, become systematic for the engine in question. This will
become further reinforced if data can be recorded with the subject engines
either operating without ECS bleed or at least isolated to a potentially
reliable source, i.e., engine isolated to one ECS pack. If, indeed, the errors
are systematic, it is possible to measure individual performance changes during
an installed life, i.e., individual engine deterioration, and reasonable
success has been achieved in that individually assessed engines have demon-
strated characteristics similar to that established by fleet mean evaluation
of flight data and comparison of pre and post-installation test bed data.

Test Cell Confirmation

It has been noted that the relationship between test cell and flight
performance can be distorted in the event of large variations in powerplant
leakage overboard, the effect at cruise being 2.5 times that at sea level
static. In addition, the effect of component efficiency changes at cruise are
smaller than at sea level and, therefore, test cell measurements of deteriora-
tion must be scaled down by the order of 25% for comparison with flight. This
reduction has been derived analytically from engine models and proven in sea
level/altitude test cell comparisons.
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However, control of powerplant leakage has been a consistent feature of
the RB211 design, development and operation and the relationship of measured
flight deterioration to that indicated by pre and post service test cell checks
could be expected to show consistency only with application of the latter
scale.

This is confirmed by Figure 13 showing the current summary of RB211-524
experience. The curve is the current mean of considerable flight data and
represents the difference between first flight performance and the performance
at any point during the installation. The test points shown represent the
difference in SFC, on the test bed, between the pre-installation pass-off
test and post-installation performance checks scaled by 25% to represent
component efficiency changes only.

Overhaul Deterioration

The total deterioration picture for a fleet is a composite of the rate of
deterioration of installed engines and the amount of performance recovered by
overhaul. This is usually illustrated by the familiar '"saw tooth" plot. The
relationship of overhaul performance to new engine performance is a function
of the degree of rework applied. The modular design of the RB211 engine per-
mits overhaul of individual modules to be carried out without stripping the
whole engine and, therefore, it is important to understand the sources of
deterioration such that the appropriate emphasis can be applied as the
opportunity arises during shop visits. Examples of the type of overhaul
practices pursued for the RB211 follow but as introduction Figure 14 can be
shown as illustration of the increased scatter, relative to new, which is
inevitable in modular overhaul. The mean level associated with this is,
however, a not unreasonable 0.5 to 1.0% above that of new engines.

OVERHAUL PRACTICES

No discussion on performance retention would be complete without some
reference to overhaul practices. The amount of overhaul work carried out at
each maintenance shop visit for purely performance reasons needs to be judged
against the economic return which can be expected from the work carried out.
This is a continually changing picture. As the price of fuel continues to
rise it now becomes feasible to carry out work which would not previously have
been considered to be worthwhile.

This final section of the paper illustrates the effect which various
levels of overhaul can have on the performance of the RB211.
RB211 Fan Leading Edge Restoration
The RB211 fan, in common with all other fans, suffers from leading edge

erosion which, if allowed to carry on unchecked, eventually leads to the fan
having a 'square' leading edge with resulting loss in performance. Tests
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carried out with ex-service fans which have this amount of leading edge erosion
indicate that if the leading edge is restored correctly, by means of careful
rounding of the leading edge, as shown in the upper illustration of Figure 15,
and improvement in SFC of 0.47% can be obtained. If, however, the restoration
is applied to a fan which has an eroded leading edge which is greater than

1.40 mm (.055 inches) thick it is essential that the blade is thinned and
blended over the first inch of chord in order that the correct radius of lead-
ing edge can be applied. If this procedure is not carried out and the restora-
tion is done as shown in the lower half of Figure 15, the benefits obtained
will be minimal.

RB211 IP Turbine Shroud Segments

The maintenance of the minimum tip clearances at vital performance
conditions, such as climb and cruise ratings, is essential if the best economy
of operation is to be attained. A particular area where tip clearance control
has a very powerful effect on performance is the turbine. As previously
explained, the RB211 utilizes a particular structure and turbine casing
cooling air system which ensures that the axial and radial growth of the
rotors and cases are closely matched during the important parts, from the
performance viewpoint, of the flight.

All RB211 turbines utilize a honeycomb static tip seal segment and many
of these honeycomb seals are pre-profiled. The shape of this pre-profile is
designed to be closely similar to, but slightly smaller than, the shape
obtained from service wear patterns and a careful running in procedure is
then carried out prior to the engine carrying out its performance acceptance
test in order that the turbine can machine out the excess honeycomb in a
controlled way, thus ensuring a precise matching of the turbine to the
honeycomb seals. The benefits of this careful pre-profiling and running in
procedure are that the turbine knife edge wear is minimized, thus allowing
the turbine to be used again without the necessity for regular knife odge rework
and that the performance obtained after this is that which will be attainable
by the customer.

In overhauling these seal segments, however, it is vitally important that
the honeycomb is correctly positioned on the carrier plate since, if this is
not done, the correct relationship between the turbine rotor and its tip seals
cannot be maintained. While this may appear to be a statement of the obvious
on several occasions the quality of some of these reworked seals has not
always been perfect. Figure 16 shows on outline of an IP turbine shroud
segment and many examples have been observed where the honeycomb has been too
short or out of position by significant amounts and tests carried out using
new IP turbine shroud segments made with honeycomb mis-positioned by 1 cell
(0.068 inches) width have indicated that a loss of SFC of approximately 1.5%
can be expected. This loss in performance is directly attributable to the
turbine becoming disengaged from its seal segment.
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RB211 HP System Tolerances

In the days when fuel was relatively inexpensive many tolerances were
written into overhaul manuals which, although satisfactory from the mechanical
standpoint, were not always optimized for fuel economy. Examples which are
shown here concern the amount and type of damage to compressor blades, rotating
air seal and rotor tip clearances. The following examples indicate the amount
of improvement which can be achieved when the acceptable limits are modified
to take into account the need for economy rather than considering mechanical
integrity alone.

RB211 Rear HP Turbine Stepped Seal. On introduction of the HP feed
standard of HP turbine, it was necessary to raise the chamber pressure to the
rear of the HP turbine to maintain the correct bearing load. This was achieved
by introduction of a balance piston seal and removal of HP3 flow restriction
upstream. The flow of the cooling airflow is then controlled by the balance
piston seal and the stepped seal and is critically dependent upon the quality
of these seals. The cooling air to the rear of the HP turbine is illustrated
in Figure 17.

In investigating the poor standard of overhaul of one operator it was
discovered that the operator was consistently working to the maximum allowable
radial clearance allowed by the manual for the stepped seal. The maximum
limit had been set at a time when fuel was much cheaper and it presented no
mechanical hazards. The limit was reduced to an amount which is more appropri-
ate to fuel economy and, as shown on the CUSUM trend plot, Figure 18, the
average level of TGT (Turbine Gas Temperature) has been reduced by an average
of 3.6°C, equivalent to a reduction in SFC of approximately 0.35%.

Blade Dressing. In investigating the effect of overhaul manual limits
on performance, with the intention of making economical modifications to the
overhaul manual limits, the HP system illustrated on Figure 19 was removed
from an ex-service engine which had just undergone a performance evaluation.
It was decided to arbitrarily reduce the amount of blade dressing associated
with the HP compressor to one-half that allowed in the overhaul manual and
to tighten the HP compressor tip clearance to within book minimum + 0.005
inches. In addition to this all HP turbine seals were checked for compliance
with the book. The inSpection revealed that, with the exception of excessive
dressing on one stage, always a subjective judgment, the machine was within
book limits but not the stated goal. In order to achieve these goals two
stages were rebladed to reduce tip clearance and dressing to the new limits
and a few blades were changed for similar reasons on 3 of the other 4 stages.
In addition to this, although within limits, it was decided to fit new static
air seals to the HP turbine. In the event the assessment was that the
amount of dressing was reduced to a little over one-third of that deemed
acceptable by the overhaul manual. The net effect of these changes was to
reduce the level of TGT by 12°C and the SFC by 1.1%, an amount which is
consistent with an improvement in HP system efficiency of 1.77% together with
a reduction in cooling airflow of 0.8%.
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The economics of these changes are now being assessed.

The design of successive members of the RB211 family of engines has been
continually modified to take into account experience gained from service
engines, but each has retained the original unique features of separation of
structural and gas path casings and modularity together with the ability,
by use of integrated EPR, to have its performance monitored accurately in
flight. With the current price of fuel, a 17 sustained reduction in SFC is
worth approximately $30,000/year/engine and it is easy to see that fairly
major changes in overhaul practice, which were once uneconomical, are now
becoming eminently desirable and will become more so as the price of fuel
continues to advance. The structural features of the RB211 ensure that the
rate of deterioration in performance is low and that the cost of overhauling
the engine is minimized.
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TABLE I

RB211 ENGINES

ACCURACY OF IN FLIGHT MEASUREMENT OF FUEL FLOW AT AN EPR

SOURCE OF POTENTIAL EFFECT OF
VARIABILITY INACCURACY OF FUEL FLOW
MEASUREMENT AT AN EPR

FLIGHT CONDITION

MACH NUMBER +0.01 +1.06%
TAT £2.0°C *0.467%
ALTITUDE +30 METRES +0.467%

ENGINE INSTRUMENTATION

EPR TRANSMITTER
AND GAUGE *+0.45% 1. 7%

FUEL FLOW +0.5% *+0.5%
ENVIRONMENTAL CONTROL

SYSTEM FLOW VARIATION +0.25% +0.5%
BETWEEN ENGINES

RMS ACCURACY £2.2%
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RB211 Performance retention features
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RB 211 HP turbine tip seal matching
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RB 211 powerplant leakage
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RB 211-22 |IEPR system general arrangement
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Selection of EPR trimmer on pass off
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RB 211-524 Comparison flight monitor and
test cell derived deterioration
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RB 211 Fan leading edge restoration
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RB211 Turbine internal cooling airflow

Stepped seal cl )|

FIGURE 17

RB211-22B Test bed takeoff
T.G.T. cusum plot

3
S
<1
g/
. 670.3 C
?.’ mean 16T +
cusum T.G.T. & 5Ty i

(datum 670 C)

o T T T T T T T T 1 T T T T T
0.00 10.00 20.00 30.00 40.00 50.00 0.00 70.00
observation number

FIGURE 18

101



RB211 H.P. System
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PERFORMANCE DETERIORATION - AN AIRLINE PERSPECTIVE

Niels B. Andersen
Pan American World Airways, Inc.

SUMMARY

Due to the drastic energy cost increases which have been with us
since the 1973 oil embargo, Pan Am, along with most of the world's
airlines, has become painfully aware of the impact on costs and operations

caused by the steadily deteriorating fuel efficiencies that characterize
the aircraft we operate.

We estimate that the fuel efficiency of our original 747 fleet is
down 6 to 6 1/2% from when it was new, of which about 1 1/2 to 2% is
airframe deterioration and the balance of 4 to 5% is in the engines.

Although the NASA engine diagnostics program recommends periodic
refurbishment as a technique for reducing deterioration, our own
experience with this approach (which we adopted for improved reliability
rather than performance restoration) has been disappointing.

Pan Am has consistently held that efforts for improvement of existing
engines to achieve reduced fuel consumption should be in the direction of
retaining the performance already in the engines rather than developing
sophisticated design changes to reduce fuel burned.

Furthermore, we have always stressed the necessity for retrofitability
in a practical and cost effective sense of any fuel savings feature.

Additional on-board engine instrumentation to allow component
performance analysis using data from actual flight conditions is a most
desirable feature for new transport aircraft designs. This will allow us
to define for our shops which parts of the engine need attention to restore
excessive performance losses. Effective measurement of one very important
engine parameter continues to elude us, namely thrust. We need a thrust
meter.

Main engine bearing configuration (number and location), cowl load
sharing, inlet reactive loading along with practically any other design
and/or installation feature that will stiffen the engine will, in our
view, have significant payoffs in retaining engine performance efficiencies
and reducing fuel consumption.
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INTRODUCTION

Like most of the world's airlines today, Pan American World Airways
has become painfully aware of the impact on costs and operations caused
by the steadily deteriorating fuel efficiencies that characterize the
kinds of transport aircraft we all operate.

This awareness was spawned by the 1973 oil embargo, which precipitated
the sharp, relentless energy cost escalations that have been with us
since that time and seems destined to continue with no relief in sight.

Fuel prices have increased nine-fold since pre-embargo days. Pan
Am's fuel costs for 1973 for a fleet of 142 aircraft (30 747's and 112
narrow-body aircraft) was $170 million (1.2 billion gallons) for an
average price of approximately 14¢/gallon. For 1981 Pan Am's fuel
budget ‘is $1.36 billion (1.1 billion gallons) for a fleet of 112 aircraft
(64 wide-body and 57 narrow-body aircraft) for an average price of
$1.24/gallon. Fuel costs have risen from 257 of direct operating cost
in 1973 to nearly 50% currently.

After just over 11 years of operation, we find that our 747-100
aircraft have deteriorated to the point where fuel efficiency is down 6
to 6 1/2% from when they were new. Our fleet of 747SP aircraft which
entered service in the period 1976 to 1979 has deteriorated to a point
where on the average fuel efficiency is down about 5 to 5 1/2% from when
they were new.

Based on our own performance monitoring effort along with what has
been learned from the NASA deterioration studies, we feel pretty confident
that we can isolate about 1 1/2 to 2% of that deterioration to the airframe.
The remaining 4 to 5% performance loss is attributable to the engines -
this loss appears in spite of a number performance improvement modifications
which we have incorporated in the JT9D over the years.

At current fuel prices, recovering or retaining just 1% fuel efficiency
amounts to $7.6 million (6.9 million gallons of fuel) saved for the year
just for our 747 fleet alone. Across the entire fleet, savings for a 1%
improvement would exceed $10 million.

With this basic background information, it is not difficult to
understand why we are so concerned about performance deterioration.

Pan Am's commitment to finding the causes of and cures for these
punishing performance losses is reflected at least in part by its
enthusiastic support for and extensive participation in the NASA Engine
Component Improvement Program which commenced in 1977. We served as
reviewers for both the Performance Improvement Program and for the
Engine Diagnostics Program. In addition, Pan Am was under subcontract to
Pratt & Whitney Aircraft to provide extensive historical engine performance
data as well as making available certain JT9D engines in a program of
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special test cell, on-wing and in-flight tests to determine the mechanisms
of deterioration in the JT9D-7A engine.

While our experience and effort to date have focused on the JT9D
engine, we are closely monitoring the performance of our newly-acquired
L1011-500 aircraft powered by the Rolls Royce RB211-524B engines. Further-
more, our efforts will now broaden to incorporate the CF6-6 and CF6-50 along
with a sizable JT8D contingent.

As a result of our efforts and concerns, we have formed certain views
and ideas about various aspects of engine performance deterioration and
retention. These thoughts and ideas are set out hereunder.

NASA ENGINE DIAGNOSTICS AND PERFORMANCE IMPROVEMENT PROGRAM

At the outset of the NASA Engine Diagnostics and Performance
Improvement Programs we strongly urged, in our capacity as program
reviewers, that emphasis be placed on finding ways to retain performance
with particular stress on retrofitability. We have consistently
maintained that from the standpoint of reducing overall fuel consumption,
the potential payoff is greater if we are can retain performance that is
already in the engines we operate rather than to develop sophisticated
design changes to reduce fuel burned.

We have always stressed the importance of retrofitability of any
modification, whether for performance improvement or for performance
retention. Unless the now more than 3,000 CF6 and JT9D engines in
service can play a part, it is doubtful in our minds at least that
significant fuel savings will be realized for these model engines.

As it has turned out so far, very few of the concepts developed
in the Performance Improvement Program are retrofitable in any practical
sense.

ENGINE REFURBISHMENT

One of the principal recommendations to come from the Engine
Diagnostics Program - and one that was somewhat disappointing to us -
was that operators should periodically refurbish the compressor section
as well as the turbine section as an effective means of partially
overcoming deterioration.

We have always known that new parts will improve engine performance.
However, this is a very costly way to gain performance, and as long
as the basic design of the parts is unchanged the deterioration
characteristics are fundamentally unchanged. At best this technique
restores some performance for a limited period of time, but performance
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retention is really not improved.

Quite coincidentally, in 1978 as the Engine Diagnostics Program
was well under way, Pan Am initiated a major change in its engine
maintenance philosophy, changing from the long-popular on-condition
maintenance concept to a periodic refurbishment program of the kind
recommended by the engine diagnostics study for its JT9D engines.

This refurbishment program was adopted at Pan Am specifically to
achieve improved engine reliability, with reduced fuel consumption as an
anticipated secondary benefit.

The new maintenance program has been quite successful from the
standpoint of improving reliability of the JT9D. In addition, TSFC of
completely refurbished engines are on the average 1 to 1 1/27% lower than
all other engines when measured in the test cell after repair.

However, over the 3 year period the program has been in effect,
we have been unable to see any real improvement in fuel consumption
attributable to refurbishment based on our routine aircraft and engine
performance monitoring procedures. The most we might be able to say
is that further deterioration may have been somewhat arrested. This has
been an unexpected and disappointing result, for which we have no good
explanation at this time.

ENGINE INSTRUMENTATION

The day is approaching, at least at Pan Am, where engines with
high fuel consumption may occasionally be removed for that reason.
Hitherto unscheduled removals have largely been associated with high
EGT, mechanical failure or boroscope inspection revealing incipient
failure.

As we approach an economic environment where high fuel consumption
becomes a cause for engine removal, it is becoming increasingly apparent
to us that the current variety of on-board engine instrumentation, which
has changed little during the some twenty year that jet transport aircraft
have been operating is inadequate.

We believe that new generations of transport aircraft should incorporate
expanded on-board engine instrumentation to allow comprehensive engine
component analysis using data from actual flight conditions rather than
having to rely on sea level, static test cell data. When an engine is
removed we must be able to specify to the shops with confidence which
parts of the engine require attention to recover valuable fuel efficiency.

We believe this is feasible.

Specifically, additional instrumentation should probably include at
least pressure and temperature between engine stages. Where variable
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vanes are featured, vane angle should also be displayed in the cockpit.

Such additional engine parameters probably need not be displayed
continuously. One approach would be to have one set of gages installed
on the engineer's panel with a selector switch to display one engine at
a time. With the advent of sophisticated performance management and
flight management systems, there should be all sorts of possibilities
for automatic recording of data on command from the flight engineer.

A discussion of engine instrumentation would be incomplete without
mentioning thrust meters. Such an instrument has been the dream of
people like us for many years. Thrust remains one of the two or three
most important performance parameters for jet aircraft, yet its accurate
and reliable measurement in flight continues to elude us.

Until a good thrust meter is developed, we feel that improvements
can and must be made in the two most popular thrust-setting parameters:
engine pressure ratio, as on the JT9D, and low-spool RPM, as on the CF6.
As a reliable, accurate measure of actual thrust, especially under
cruise conditions, we believe both systems have some serious flaws. In
both systems there are what appear to us to be unexplained shifts in
their relationships to net thrust so that we are not necessarily getting
the thrust we think we are getting when we set EPR or Nl. At this point
common sense tells us that the integrated engine pressure ratio system
used on the RB211 engine is probably superior to either of the other two
systems. However, since the RB211 is quite new to us, we will have to
withhold judgment for a while.

ENGINE DESIGN AND INSTALLATION FEATURES

Certain features of engine design and installation are clearly
demonstrating important advantages in engine performance retention.

Bearing arrangement no doubt has an important role in performance
retention. Four bearings seem to be insufficient while six are probably
more than are required. A well-designed 5-bearing system would seem to
be an optimum configuration.

Bearings with over-hung components such as fans, should be designed

to minimize such over-hang to limit associated wobble, which in turn
leads to shroud rub, or to allow closer running clearances.

We are convinced that almost any effort to improve stiffness and
generally reduce flexing of the engine structure will pay off significantly
in performance retention - even at a weight penalty. For this reason we
favor cowl load sharing to provide additional rigidity at a relatively
small cost in additional weight and complexity. Studies by the manufacturers
are presently under way in this area for the JT9D-7 installation on the
747s. The approach under development is particularly attractive in that
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it looks very promising and cost effective for retrofit. Pan Am has

indicated a strong interest in this program and we have offered to
participate in any meaningful way, such as perhaps a service test program.

Along these same lines, Pan Am is planning to participate with the
Boeing company this year in a service test program of a device designed
to react against flight loads on the engine inlet of the 747, thereby
reducing fan and low compressor shroud rub. This too is very attractive
to us because of the retrofit potential, which is indeed what will be
done for the service test program.

These three areas, bearing location and number, cowl load sharing,
and inlet reactive loading are, in our view, key areas in the battle to
retain engine performance efficiencies - particularlyv since the performance
which is ordinarily lost when an engine flexes is lost during the first
flight or two and has been largely considered unrecoverable.

CONCLUSIONS

The foregoing points up Pan Am's great concern about maintaining
the fuel efficiencies of its fleet of aircraft and engines. We have
actively supported past programs to determine causes of and cures for
engine performance deterioration and will continue to pursue efforts
to applv this valuable knowledge effectively to current as well as
future engine designs.

There are over 3,000 JT9D and CF6 engines in service at this time
with the number growing slowly but steadilv. These engines can be
expected to remain in service for a good many years to come. The
challenge therefore remains to develop practical, retrofitable performance
retention features that can save significant quantities of fuel on
this verv large bodv of engines in the 1980's and no doubt the 1990's.
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IMPROVING TURBINE ENGINE COMPRESSOR PERFORMANCE
RETENTION THROUGH AIRFOIL COATINGS*

L.A. Friedrich
Pratt & Whitney Aircraft Group

Introduction:

Alteration of compressor airfoils by the erosive action of engine ingested
particulate matter is a cause of performance deterioration in commercial
aircraft turbine engines. A NASA sponsored JT9D Engine Diagnostics pro-
gram quantified the problem for the commercial aircraft engine fleet
indicating that the performance deterioration of the compressor - and
erosion of the compressor airfoils - was related to total engine cycles
rather than total engine operating hours. Thus the erosion problem
becomes more severe when considering short mission applications where the
number of engine operating cycles builds rapidly in relation to total
engine operating hours. The appearance of a set of high compressor air-
foils operated for approximately 10,000 cycles is shown in Figure 1.

Erosion of turbine engine compressor components has been a serious problem
for military helicopter operations. In this application the erosion pro-
blem is so severe that factors of ten improvement in erosion resistance are
required for any material or coating developed to alleviate the erosion
problem. The titanium carbide and titanium diboride coatings that offer
this degree of protection also compromise blade fatigue strength to a
level not tolerable in commercial turbine engine applications. However,
since the erosion problem in commercial engine service is considerably
less severe than in military helicopter operations, coating solutions are
available that may provide adequate erosion resistance without critically
compromising the fatigue strength margin of the airfoils.

In order to evaluate the potential effectiveness of coatings in limiting
erosive damage to compressor airfoils, an effort was initiated to evaluate
candidate coatings for substrate alloys typically used in commercial
engine high compressor blades. Laboratory and rig erosion testing of
plasma deposited and diffusion coatings described in this paper has shown
the potential of a two-to four-fold improvement in erosion life. The
selective application of these coatings to approximately the outer third
of the airfoil - the area that is subject to erosion degradation - avoids
coating the fatigue critical region of the blade, thus providing erosion
resistance potentially without compromising the fatigue strength of the
blade. Both the plasma and the diffusion coatings also offer the advantage
of low initial cost and a multi-source production base.

*The reported work has been performed under NASA Lewis Research Center
Contract titled Materials for Advanced Turbine Engine (MATE) (Contract
NAS3-20072) P&WA Project 4, Erosion Resistant Compressor Airfoil Coatings.
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Coating Selection:

A useful first order classification system for potential erosion resistant
coatings identifies three major types of coatings. Specific coatings
selected from each class for this study include:

1. Multiphase Overlay Coatings: tungsten carbide-cobalt
2. Diffusion Coatings: chromium-boron
3. Single Phase Hard Compound Overlay Coating: titanium-diboride

The tungsten carbide-cobalt composition is applied by modern plasma spray-
ing. This type of coating has been widely used in the aircraft engine
industry principally to minimize contact wear involving galling, fretting
and impact. High energy thermal spray processes, the most important of
which are plasma spray and detonation gun, have been developed for the
application of high integrity coatings. These processes are highly com-
mercialized and supplier facilities capable of producing these coatings
exist world wide.

Representing the diffusion coating class is a chromium-boron composition.
This type of coating is formed by diffusional interaction of chemical
elements with substrate alloys to form erosion resistant phases at the
alloy surface. An intensive commercialized technology base exists for the
fabrication of diffusion coatings for the turbine engine industry.

Single phase, hard compound overlay coatings such as TiBp, TiCN and TiC
have been demonstrated to provide the greatest degree of erosion resis-
tance, particularly at low particle impingement angles. The two most
widely investigated processes for fabrication of these coatings are
chemical vapor deposition and fused salt electrolysis. TiB) produced by
fused salt electrolysis is representative of this type of coating.

Coating Evaluation:

Laboratory Erosion Testing

Coatings were produced on three alloys representing typical materials
used in commercial turbine engine compressor airfoils. These alloys
are the titanium base alloy Ti-6A1-4V (AMS 4928), a stainless steel
alloy (AMS 5616) and a nickel base alloy (IN901). In this paper

the laboratory erosion test results are reported for the coatings on
stainless steel (AMS 5616). The alloy specimens were coated to a
nominal thickness of 50 microns (2 mils).

The laboratory erosion testing was performed using an S.S. White
Airbrasive Unit. Aluminum oxide with a nominal 27 micron particle
size was used as the abrasive material. The abrasive particles are
accelerated to approximately 300m/sec and impinge on the test specimen
approximately 1l.5cm from the nozzle. Three abrasive impingement
angles were tested - 20, 45 and 90 degrees. The erosion resistance
was measured by weight and volume change as a function of time, and by
the time to erode 25 microns (1 mil) of coating.
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Erosion data for the three types of coatings on AMS 5616 at the 20°
impingement angle shows considerable improvement in terms of volume
loss compared to the uncoated stainless steel alloy (Figure 2).
Erosion at this angle is typical of airfoil trailing surfaces.

A comparison of test results at all three abrasive impingement angles
is presented as time to erode 25 microns of material. The coatings
are particularly effective at the low impingement angles (Figure 3).
These data are in general agreement with the literature, with the hard
coatings demonstrating greater resistance to erosion at low impinge-
ment angles than the baseline uncoated alloys. At the test condition
used, the hard compound TiB) coating demonstrated improved resistance
at a 90° abrasive impingement angle, which is not typical of this type
of material in field service engine testing. These laboratory

erosion tests are valuable tests to quickly and inexpensively rank
coating compositional and processing variations. However, they are
inadequate to provide an assessment of the potential life improvement
coatings can provide on compressor airfoils.

Rig Erosion Testing

To address the challenge of establishing a test procedure that would
simulate relative compressor airfoil life when subject to erosive
conditions, a facility was constructed to erosion test actual com-
pressor airfoils. A combustor system was modified to include a
particle injection system (Figures 4,5). A holder was designed to
place the test airfoil at controlled downstream locations with the
airfoil positioned at controlled angles to the particle stream.
Airfoil temperatures are monitored using an optical pyrometer.
Typically, nominal twenty micron aluminum oxide is used as the
erosive agent. The Laser Doppler velocimetry technique was used to
determine particle velocity and particle flux in planes at a number
of locations from the combustion exit nozzle. These measurements
were made as a function of test rig control variables: fuel pressure,
air pressure, and particle feedrate. Thus the test rig was cali-
brated to produce known particle velocities and test airfoil
temperatures by varying the rig controls and the airfoil distance
from the exit nozzle, providing the capability of simulating the
temperature and velocity conditions at each stage of high compressor
in gas turbine engines.

To determine the ability of this rig to reproduce erosion patterns
seen in field service operated hardware, a group of blades were rig
tested. Visual appearance of field service and rig tested blades
was similar (Figure 6). Profiles taken at standard planes indicated
similar erosion patterns with both types of testing resulting in
significant reduction in blade leading and trailing edges as well as
thinning of the concave airfoil.
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In addition to duplicating the erosion pattern seen on field service
operated compressor blades, this rig test has been able to demonstrate
the blade leading edge chipping phenomenon seen in field service with
titanium diboride coated blades (Figure 7). The blade leading edge
blunting is an important effect to determine in screening candidate
coatings as the blunt leading edge results in unacceptable aerodynamic
penalties and would preclude the use of erosion resistant coatings
exhibiting this effect.

Initial rig testing of AMS 5616 compressor blades with approximately
30 micron (1 mil) thick coating of plasma applied tungsten carbide-
cobalt and diffusion coated chromium-boron exhibited a three fold
improvement in erosion resistance measured by volume loss compared
to the uncoated blades (Figure 8). The test conditions used in
these tests were a blade temperature of 390°C (730°F) and a particle
velocity of 290 m/sec (950 ft/sec). In these tests neither the
plasma applied tungsten carbide-cobalt coating nor the diffusion
chromium-boron coating eroded in a manner to produce the aerodynami-
cally unacceptable blunted leading edge appearance seen with the
titanium diboride coated blades (Figure 9).

These initial results indicate that the plasma applied coatings and
the diffusion coatings offer the potential of limiting the erosive

damage to high compressor airfoils.

Continuing Activity:

In the next phase of this erosion resistant coating development activity
rig erosion resistance data will be generated for selected coatings on a
number of airfoil stages chosen to be representative of all stages of
modern turbine engine high compressors. In addition fatigue testing of
coated blades has been initiated as well as surface treatments to produce
blade surface finishes on the order of 20 micron AA.
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ADVANCED OXIDE DISPERSION STRENGTHENED SHEET ALLOYS
FOR IMPROVED COMBUSTOR DURABILITY*

R. J. Henricks
Pratt & Whitney Aircraft Group

Introduction

Burner durability has become a serious problem in many current generation
aircraft gas turbine engines. Advances in structural metal temperature
capability and in burner hardware cooling technology have not kept pace with
demands for more efficient (higher gas temperature) engine performance.
Hastelloy X burners designed for around 871°C (1600°F) metal temperature
operation are experiencing hotter streak conditions with heavy penalties to
operating life. Both improved burner materials and designs are required to
provide the large durability increase essential to future aircraft turbine
engine operation and maintenance. A decrease in engine maintenance costs
can result both from increased burner life and from reduced turbine section
damage caused by burner distortion.

The substitution of advanced oxide dispersion strengthened (ODS) alloy sheet
materials with improved creep strength and oxidation resistance compared to
Hastelloy X can produce a significant increase in burner durability. Pro-
perties of two advanced ODS alloys, Incoloy MA 956 and Haynes Developmental
Alloy 8077, compared to Hastelloy X indicate that they exhibit a 167°C
(300°F) advantage in creep strength and in cyclic oxidation resistance
(Figure 1). However, these ODS materials exhibit low cycle fatigue pro-
perties that show no improvement over Hastelloy X.

It is the objective of a NASA/P&WA MATE (Materials for Advanced Turbine
Engines) program to evaluate burner design modifications that will take ad-
vantage of the improved creep and cyclic oxidation resistance of ODS alloys
while accomodating the reduced fatigue properties of these materials. This
program will culminate in a JT9D experimental engine test of the selected
combustor design and ODS alloy. A status report of this MATE program is the
subject of this paper.

Burner Enviromment

The principal failure modes for louvered combustor liners are creep buckling
of the louver lips, oxidation and low cycle fatigue cracking, examples of
which are shown in Figure 2. Creep buckling and oxidation are the dominant
failure modes in long missions; low cycle fatigue is the dominant failure
mode in short missions.

* Work performed under NASA-MATE Contract NAS3-20072 with NASA-Lewis
Research Center.
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Creep buckling of the louver lip results from the strain imposed by the con-
straint between the thermal growth of the hot louver lip and the relatively
cooler weld (knuckle) area over an extended period of time (Figure 3). The
louver lip develops a high stress that yields the material in compression.
Continued cycling produces circumferential distortions which are sufficiently
large to close off the louver gap in local areas (Figure 3). These local
closures reduce the cooling air flow for the downstream louver, increasing
the local temperature, and accelerating the buckling process on the downstream
louver lip. Eventually the severity of the process reaches such a magnitude
that rapid oxidation produces a burn-through of the cooled liner. When this
point is reached, repairs are necessary.

Low cycle fatigue failures of conventional louver liners are the result of
high radial temperature gradients through the liner producing excessive
thermal strains. The hot side of the liner is subjected to average tempera-
tures of about 871°C (1600°F) in the area of the welds. The cold side of the
liner, in the area of the cooling holes, is subjected to temperatures of about
900°F. The severe thermal strain resulting from this radial temperature
gradient is aggravated by unavoidable circumferential variations in hot side
temperatures of at least 56°C (100°F).

Burner Design and Structural Analysis for ODS Alloys

Structural analysis of combustor liner cooling geometries was conducted to
determine the stress and strain distribution produced by thermal and mechani-
cal loads acting on the liner during an engine flight cycle. Using a finite
element analysis, the elastic stress state can be defined with elastic modulus
and the coefficient of thermal expansion as a function of temperature. While
the thermal analysis and elastic stress are affected by the physical properties
of the materials, burner life prediction is dependent upon mechanical pro-
perties.

The design system (Figure 4) incorporates the technique of "exhaustion of
ductility" for calculating life predictions (ref. 1). The interaction of
creep and fatigue modes in a cumulative damage model becomes the failure
criterion determined for the design system. For ODS sheet alloys, the
ductility determined from tensile data and implied from LCF data is about 57%,
whereas the creep ductility measured in creep testing can be 0.1-0.2%. An
available ductility of 0.17 for ODS alloys was assumed throughout the design
phase. The structural analysis and life predictions are based on the engine
operating conditions applicable to an advanced energy efficient engine.

In the design phase of this program, the operating strains for the ODS alloys
were minimized in a series of five candidate advanced combustor designs. This
was accomplished by designing a series of segments in the circumferential
direction to significantly reduce the hoop (circumferential) strains and by
eliminating fixity between the hot wall and cold wall shell to reduce radial
constraint (strain). Based on the thermal and structural analysis for these
five combustor designs the predicted lives were calculated for both ODS

sheet alloys.
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In addition to the predicted lives for these combustor designs, other factors
for assessing the relative benefits of the designs and for selecting the

final two were considered; these factors included liner fabricability and
engine maintenance and operating costs. The maintenance cost (MC) is based on
predicted lifetimes, on initial construction cost and on the type of repair
procedure employed for the design. The direct operating cost (DOC) is derived
by using the initial fabrication cost, the overall weight and the maintenance
cost. Equally important in the determination of the particular designs worth
pursuing is the consideration of risk for the construction and repairability
of a given design. Based on significant life improvement, lower maintenance
and direct operating costs and estimated moderate risk factors for fabrica-
tion and repairability, two designs were selected for continued evaluation:

1) a mechanically attached, film cooled segmented louver and 2) a mechanically
attached, transpiration cooled segmented twin wall. Schematic diagrams of
these two designs are presented in Figures 5 and 6. These two designs were
assessed relative to a current commercial engine JT9D-59/70 using the same
design selection criteria. Comparison of these designs using ODS alloys to
the film cooled JT9D combustor of Hastelloy X in Table I shows a four times
improvement in life reflecting the high temperature strength of ODS alloys and
the reduced strain range present in the two segmented designs. The lower
cooling air levels in the transpiration cooled, twin wall reflects the in-
creased effectiveness in that design. While the initial construction cost

and the combustor weight are somewhat higher than for the standard combustor,
the maintenance cost and direct operating costs of the advanced designs are
significantly lower. It must be pointed out that the relative changes in
DOC represent decreases in overall engine operating cost and are not limited
solely to combustor cost.

Mechanically Attached, Film Cooled Segmented Louver

A mechanically attached, segmented louver using current film cooling techni-
ques (Figure 5) is attractive and can accomodate the low strain capability

of ODS alloys. By mechanically attaching with rivets each ODS segment to

a Hastelloy X shell (cold wall) rigidly at only one location and providing
room at the other rivet and bushing locations for differential thermal
expansion of the hot segments relative to the cold shell, circumferential

and radial constraint does not occur under these conditions. The only

thermal strains present are those generated from the non-linear temperature
variation within each segment. The failure mode in this design is established
as initiation of a 0.79mm (1/32") crack at the louver lip.

Calculating the combustor liner life based on the number of cycles of exhaust
0.1% strain as the criterion, the predicted life for MA 956 is in excess of
10,000 cycles, while the predicted life for HDA 8077 is 2000 cycles (Table ID.

Mechanically Attached, Transpiration Cooled, Segmented Twin Wall

The "twin wall" transpiration cooled design is an advanced cooling technique
with the capability of significantly reducing metal temperature and/or
cooling flow and thermal strain. A schematic cutaway view of this trans-
piration cooled, segmented twin wall combustor is shown in Figure 6. The
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transpiration cooled panel is attached to the impingement plate with a series
of studs so that leakage around the edge of the panel at the operating tem-
perature of 1010°C (1850°F) is less than 10% of the panel cooling air. How-
ever, to reduce the strain at maximum temperature, the panel is pre-stressed
at room temperature to a predetermined contour duplicating the shape it will
assume at the operating temperature of 1010°C (1850°F). An impingement plate
which serves as a mandrel employs a contoured edge radius and a centeral posi-
tioning stud to impart the desired deflected panel shape.

Analysis shows that during simulated engine operation as the average tempera-
ture and the through-thickness gradient increase, the mechanically induced
pre-stresses are reduced and become essentially nonexistent at the operating
temperature. The only stress at operating temperature is a small cooling air
pressure load. The nature of this design is such that the largest stress
occurs at 20°C (68°F) where the material strength is the highest. The loca-
tion of the high stresses is in the center of the edges of the panel at room
temperature; during heat-up although some stress redistribution occurs, the
maximum stress remains at the center of each edge. Throughout the thermal
loading, the maximum stress level remains below the proportional limit so
that no plastic damage occurs.

The current method for predicting the effect of hole arrays in a transpiration
cooled geometry on the thermal-mechanical fatigue life employs the concept of
linear elastic, isotropic fracture mechanics (ref. 2). For transpiration
cooled designs, failure is defined as linkup of cracks emanating from adjacent
cooling holes. As a result of prestress, operating stress,and thermal cycle,
the predicted service lives for the ODS alloys are in excess of 10,000 cycles
(Table II). Since there is no thermal interaction between the panel and the
studs due to prestressing, at the operating temperatures the cooled studs
support only a small radial pressure load.

Alloy Evaluation

Mechanical property testing of the two candidate advanced ODS alloys, Incoloy
MA 956 and HDA 8077, was directed towards the selection of one alloy for
evaluation in the remainder of the program. The three main criteria for this
alloy selection were creep, oxidation and thermal fatigue resistance. Three
separate measures of thermal fatigue resistance were defined: creep ductil-
ity, isothermal LCF life, and hot spot blister (thermal cycling) cracking.

Incoloy MA 956 alloy sheet of 1.1-1.3mm (0.043-0.051") thickness was supplied
by Wiggin, Ltd. of the International Nickel Company and HDA 8077 alloy sheet
of 1.1-1.4mm (0.043-0.055") thickness supplied by Cabot Corporation. The
nominal chemistry of each alloy is shown in Table III; both alloys are
strengthened by a fine dispersion of yttrium oxide (Y903). The sheet materials
were produced by mechanical alloying of powder, powder consolidation and a
series of hot and/or cold rolling procedures. These processing techniques
result in coarse '"pancake' grains in the plane of the sheet and elongated
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grains through the thickness in both alloys (Figure 7) with fine yttria
particles dispersed throughout the structure.

Creep evaluation of MA 956 and HDA 8077 ODS alloys and Hastelloy X, bill-of-
material in JT9D combustor liners, in the 871-1093°C (1600-2000°F) range demon-
strates significant creep strength advantage for both ODS alloys over
Hastelloy X at the higher temperatures (Figure 8); approximately 167°C (300°F)
for MA 956 compared to Hastelloy X. These Larson-Miller curves represent an
average of time to 0.l1% creep strain data generated on these sheet alloys
within the present program. Comparison of the ODS alloys shows that HDA 8077
sheet possesses time to 0.17% creep strain and final creep ductility superior
to those of MA 956 sheet. Figure 8 compares the high creep ductility of
Hastelloy X to the limited ductility of the ODS alloys. The final creep
ductility is defined as the last creep extension measurement within two hours
of specimen failure. The MA 956 sheet, which is not cross rolled, is aniso-
tropic as exhibited by the difference in creep ductility between the longi-
tudinal (parallel to rolling direction) and transverse (perpendicular to
rolling direction) orientations. The average transverse creep ductility of
MA 956 is lower than the longitudinal ductility, although the minimum values
are similar. There is no difference in time to 0.1% creep strain (creep
strength) for these orientations; however, the creep-rupture life for the
transverse orientation is lower reflecting the decreased ductility.

Cyclic oxidation testing was conducted at 982°C (1800°F) using a six minute
cycle with cooling to 316°C (600°F) using a four minute hold at maximum tem-
perature. Specimens of the the three alloys were tested in a rotating fixture
subjected to a JP4-R fuel gas flame for heating and forced air for cooling.
Surface attack was determined metallographically on tested specimens. The
results of this oxidation testing (Figure 9) show that there was insignificant
surface attack <.013mm (0.0005") in MA 956 after 1000 hours and that it is
superior to HDA 8077 which had .025-0.051mm (.001-.002") of surface oxidation.
Both ODS sheet alloys possess excellent oxidation resistance compared to
Hastelloy X, which exhibited 0.36mm (.014") of surface oxidation and spalla-
tion after 1000 hours. The relative oxidation resistance of MA 956 and
Hastelloy X were verified in a duplicate 1000 hour oxidation test using
different heats of material.

Isothermal low cycle fatigue (LCF) testing utilizing strip specimens in a
fully reversed bending mode was conducted for the three alloys at 760°C
(1400°F) and 871°C (1600°F) with a + 0.257% strain range (Figure 10). Specimen
fatigue life is defined as failure into two pieces. At 760°C (1400°F), the
Hastelloy X and HDA 8077 showed similar average failure lives, although the
latter exhibited a high degree of data scatter, and both were somewhat higher
than the MA 956 life. At 871°C (1600°F), Hastelloy X LCF life was lower than
MA 956; however, MA 956 demonstrated approximately a five-fold higher life
than HDA 8077 sheet. Limited testing at 982°C (1800°F) of the ODS alloys
showed this same 5:1 life advantage of MA 956 over HDA 8077.

A "hot spot blister test" was designed to produce localized thermal fatigue
cracking and/or deflection similar to that produced by flame impingement on a
burner louver in an engine. Seventy-six millimeter (3.0 inch) diameter disks
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were subjected to a thermal cycle (5 cycles/min.) from a Tmin of 538°C (1000°F)
to a Tmax of 982°C (1800°F) by use of an alternating oxy-acetylene flame and a
cool air blast (Figure 11). The Tmin temperature of 538°C (1000°F) was main-
tained on the edge of the disk using a propane gas burner. Strain analysis of
this hot spot blister test shows that compressive strain peaks at maximum tem-
perature and tensile strain at minimum temperature; this type of strain-temper-
ature cycle is typical for current engine combustors. At pre-determined cycle
intervals the degree of surface cracking was recorded visually and specimen
deflection height was measured. Actual crack depths were determined metallo-
graphically on discontinued test samples. As strain range on the cold side of
the "hot spot blister" specimen is calculated to be much higher than that of
the hot side, initial cracking was observed on the cold side of the sheet.
Metallographic determination of cold side cracking shows that MA 956 exper-
iences substantially earlier crack initiation and more severe cracking than
HDA 8077 which, in turn, displays more cold side cracking than Hastelloy X

as shown in Figure 12, Hastelloy X deflects substantially more than the two
ODS alloys, while MA 956 and HDA 8077 exhibit similar deflection heights. The
specimen deflections reflect the relative creep strengths of each of the three
alloys. Additional testing to a Tmax of 1093°C (2000°F) showed an identical
ranking of the alloys in cracking and deflection.

Alloy Selection

Both ODS alloys demonstrated the 167°C (300°F) advantage in creep and oxida-
tion resistance over Hastelloy X. Comparing the ODS alloys, MA 956 is
superior in oxidation resistance and isothermal LCF life and HDA 8077 is
slightly better in creep strength and ductility and is superior in hot spot
blister cracking resistance. Under the MATE program, concurrent to the
materials evaluation phase, the two alloy manufacturers were engaged in a
sheet reproducibility program. Wiggin, Ltd. of INCO successfully demon-
strated MA 956 sheet product reproducibility for both sheet quality and
mechanical properties in a second heat of material; Cabot Corporation was
unable to reproduce the intial excellent formability and creep properties of
HDA 8077 in subsequent sheet product. While neither ODS alloy exhibited an
obvious overall superiority in properties, on the basis of product repro-
ducibility and excellent life predictions in both combustor designs, Incoloy
MA 956 alloy was selected for evaluation throughout the balance of the MATE
program, including component and experimental engine testing.

Low Cycle Fatigue Structural Tests

LCF rig testing of components of the two candidate designs using MA 956 and
Hastelloy X alloys is directed toward selection of one design for experi-
mental test in a JT9D engine. Such component rig evaluation allows for
testing of the structure of each design under simulated combustor conditions.
Feasibility studies were conducted to define the best approaches for LCF
structural assessment of the two ODS combustor designs.

For the mechanically attached, film cooled, segmented louver design (riveted

louver) a single louver segment of MA 956 or Hastelloy X attached to the in-
side of a Hastelloy X shell in conjunction with a double return pie-wound
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induction coil and external cooling air successfully simulated the temperature
profile along the louver as shown in Figure 13. The test consisted of a 45
second heating cycle to the desired temperature profile with a maximum tempera-
ture of 1010°C (1850°F) at the lip, a two minute hold at this condition and a
30 second cooling cycle to a louver lip temperature of 538°C (1000°F).

A total of six (three each) of MA 956 and Hastelloy X riveted louver segments
were tested in this induction heated rig; the results are reported in Table IV
and Figure 14. MA 956 segments exhibited considerably more dimensional
stability (less distortion) than did the Hastelloy X segments. While there
was a significant degree of test scatter in both materials, a comparison on
the basis of cycles per millimeter points up the greater resistance to buckling
for the MA 956 alloy. Typical bow of the panels removed from the Hastelloy X
shell are shown in the photograph in Figure 14.

No crack indications were evident by Post Emulsion Fluorescent Penetrant
inspection on any of the test segments. The Hastelloy X testswere discon-
tinued when the bow in the segments became excessive and preluded main-
taining the axial temperature profile on the bow or distortion; specifically
after 66, 242 and 1,500 cycles. The MA 956 tests were discontinued after
4000, 5000 and 6000 cycles. These test results demonstrate the excellent
creep resistance of MA 956 compared to Hastelloy X in this component test
and the low strain ranges achieved as evident by no cracking in the seg-
mented louvers.

A second component test of the riveted louver design was defined and conducted
in a thermal cycle rig (Figure 15). The axial temperature profile established
in the louver at transient conditions approximated the steady state profile of
the induction heated rig test. Rotating gas burners impinge on the lip of the
segmented louvers during heat-up and an air manifold directs cooling air onto
the louver lips during the cool-down for a total cycle time of 60 seconds.

The lip is cycled between 954°C (1750°F) and 593°C (1100°F), while the
Hastelloy X shell is cycled between 538°C (1000°F) and 399°C (750°F). 1Imn this
test, alternating segments of MA 956 and Hastelloy X were installed around

the ID circumference of the Hastelloy X shell. To date, the first test com-
ponent has achieved 4000 cycles with no distress evident in the attachment
rivets or bushings of any of the louver segments. Additional thermal cycle
testing of this component and of a duplicate is scheduled.

For LCF structural testing of the transpirationcooled, twin wall design the
test rig is shown in Figure 15. A stationary gas burner heats the hot side of the
pre-stressed panel/impingement plate assembly which rests on a box providing

a plenum of cooling air. The hot side of the panel reaches a maximum tempera-
ture of 927°C (1700°F) and an average through-thickness gradient of 22C°
(40F°) and is lowered from the flame, applying increased cooling air flow
until it cools to 649°C (1200°F) at which time it is raised back into the gas
flame and the airflow is reduced. The entire test cycle is 30 seconds in
length (22 sec. heating and 8 sec. cooling). An initial MA 956 panel tested
for 2000 cycles contained laser drilled cooling holes; all subsequent panels
were electrochemical machined (ECM) because of improved cooling hole integrity
in the MA 956 panels. The film from the transpiration holes is an effective
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cooling mechanism and useful in obtaining maximum life of the segment. Since
the holes are ECM drilled at an acute angle, one edge of the panel in the rig
is void of film. (In actual engine use, a layer of film would be established
to provide insulation until the transpiration film became established.) This
region of low film in the rig tested panel exhibited numerous hot and cold
side cracks between the edge and the middle rivet (Figure 16). The cracks
extended from acute corners of the cooling corners of the cooling holes in
this high strain region of the panel (edge center); several cracks linked up
to form a larger cracks. The laser holes contained pre-existing .08-.10mm
(.003-.004") cracks resulting in earlier crack growth than would be expected
with ECM holes. MA 956 and Hastelloy X pre-stressed panels have each achieved
10,000 cycles without any evidence of crack initiation at the ECM holes.

Summary

A NASA-sponsored MATE project for ODS alloy combustor liners is in progress;
a summary of the program to date follows:

1. Five advanced combustor designs were evaluated based on preliminary anal-
ysis and life predictions, on construction and repair feasibility and on
maintenance and direct operating costs. Two designs - the film cooled,
segmented louver and the transpiration cooled, segmented twin wall - were
selected for LCF component testing.

2. Detailed thermal and structural analysis of these designs established the
strain range and temperature at critical locations resulting in predicted
lives of 10,000 cycles for MA 956 alloy.

3. ODS alloys, MA 956 and HDA 8077, creep strength and oxidation resistance
demonstrated a 167°C (300°F) temperature advantage over Hastelloy X alloy.
MA 956 alloy was selected for mechanical property and component test
evaluations.

4, MA 956 was superior to Hastelloy X in LCF component testing of the film
cooled, segmented louver design.

5. Thermal cycle testing of the riveted louver design and LCF structural
testing of the twin wall design are in progress.
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LIFE/COST COMPARISON
OF DESIGNS

(MA 956)
Total
Cooling strain Life Cost Weight MC DOC
air % Wag range (%) cycles/hrs ﬂ Ibs ﬂ! %

JTID base 45 ~0.40 1.0 1.0 1.0 1.0 Base
Film cooled, 45 0.145 4X 1.26x 1.06x 0.63x —-0.21

segmented

louver
Segmented 33 0.225 4x 1.48x 1.03x 0.65x —0.21

twin wall

Table I

ODS ALLOY COMPARISON

MA 956 HDA 8077
Total Total
strain Life strain Life
Design range (%) (cycles) range (%) (cycles)
Film cooled, segmented 0.145 >10,000 0.185 2,000
louver
Transpiration cooled, 0.225 >10,000 0.245 >10,000

segmented twin wall

e Strain range differences are associated with thermal
expansion characteristics

J24827-11
813004

Table II
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CANDIDATE ODS ALLOYS

Fe Ni Cr Al Ti Y0,
Incoloy MA 956 Bal — 200 45 05 05

HDA 8077 — Bal 160 40 — 038

J24618-8
811803

Table III

PROPERTIES OF CANDIDATE
ODS ALLOYS

Isothermal
low cycle
Creep strength Oxidation resistance fatigue resistance
167 (300) — 167 (300) — 1.0 —‘
Eempt . T Relative
oyl or By life 05
°C (°F) %
o
0
Hast Adv Hast Adv Hast Adv
X ODS X ODSs X ODS
alloys alloys alloys
J24827-24
813004
Figure 1
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COMBUSTOR FAILURE MODES

_ Oxidation

LCF cracking

B

Figure 2

CONVENTIONAL FILM
COOLED LOUVER COMBUSTOR

Figure 3
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DESIGN SYSTEM

Aerothermal boundary conditions

f

Elastic-plastic 2D stress analysis
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(A€TR) analysis
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Figure 4

MECHANICALLY ATTACHED, FILM
COOLED SEGMENTED LOUVER

Gas flow ;.
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Figure 5
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TRANSPIRATION COOLED,
SEGMENTED TWIN-WALL DESIGN
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Figure 6
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Figure 7
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CREEP PROPERTIES

Creep strength

982°C (1800°F) creep ductility

25
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813004
Figure 8

982°C (1800°F) CYCLIC OXIDATION

Six minute cycle
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depth of =
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Figure 9
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LOW CYCLE FATIGUE

+ 0.25% strain, 40 cpm

760°C (1400°F) 871°C (1600°F)
10,000 —
8000 —  pjax
Ave
Cycles 6000+
t() Min
failure
4000
2000 -
Hastelloy X MA 956 HDA 8077 Hastelloy X MA 956 HDA

8077

J24827:27
813004

Figure 10

THERMAL FATIGUE

Hot spot blister test

Test rig Test specimen

w8219
01203

Figure 11
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HOT SPOT BLISTER TEST RESULTS

Tmax = 982°C (1800°F)
Tmin = 538°C (1000°F)

0.5 (20) 4»
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Figure 12

RIVETED LOUVER LCF
STRUCTURAL TEST

Test rig

Figure 13
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RIVETED LOUVER LCF TEST RESULTS

* No edge cracking
¢ Dimensional stability of MA 956 superior to Hastelloy X
Conclusion: MA 956 demonstrates excellent creep
resistance with no LCF cracking

4 x 1040103
iy
4 x 10° (102 - e
Bow resistance, —
cycless/mm 4 x 102(10") |- /_._\
(cycles/mil) Hastelloy X
4 x 10" (109 - *——"
Post-test louver segments L
4 x 100 (10)

Hastelloy X  MA 9566
66-1500 4000-5000
cycles cycles Jrorcepe
813004

Figure 14

COMPONENT RIG TESTS

Gas burner

Twin wall
panel Ceramic

‘He@ﬂh

louver ~ /gasburners

sealant

R Cooling

air supply

Riveted louver Twin wall
thermal cycle test LCF test

Figure 15
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TESTED TWIN-WALL PANEL

* Numerous cooling nole cracks
from laser drilled holes
* Cracks in high strain area

*'Q‘S

2000 cycles

Figure 16
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ADVANCED TURBINE BLADE TIP SEAL SYSTEM

J. W. Zelahy
General Electric Company

In axial-flow gas turbines, the turbine is designed to minimize the radial
clearance between the blade tips and mating shroud segments. This helps to
maximize aerodynamic efficiency. In spite of the designers' best intentions,
the shroud assembly may go out-of-round, and/or the rotor and shroud may be
slightly eccentric resulting in potential interference between the blade tips
and the shrouds. Any interference which occurs generally removes material from
the blade tips (Figure la) in preference to the stationary shroud, creating a
larger annular clearance between the rotor and stator than if the blade tips
had remained unaffected and the shroud material had been removed. Furthermore,
the blade tip may be damaged, reducing useful blade life, and/or requiring
expensive repair operations. At best, any rub on the bucket tip removes the
environmental coating, thus making the blade vulnerable to both oxidation and
hot corrosion (Figure 1b).

A NASA-sponsored (MATE Project 3) program is being conducted to establish
and demonstrate the payoff of an advanced blade/shroud system designed to
maintain close clearance between blade tips and turbine shrouds and at the same
time, be resistant to environmental effects including high-temperature oxida-
tion, hot corrosion and thermal cycling.

The target goal of this project is to demonstrate the increased efficiency
and increased blade life attainable by using the advanced blade tip. seal sys-
tem. Increased efficiency results from the improved clearance control when
blade tips preferentially wear the shrouds. Increased blade life results from
the superior single-crystal superalloy tip.

The project will establish tip design, joint location, characterize the
single-crystal tip alloy, finalize the abrasive tip treatment, fabricate
blades, component test and engine test. The project will also establish
quality control plans and define the total manufacturing cycle required to
fully process the blades.

The turbine blade tip is of a multicomponent construction consisting of an
Activated Diffusion Bonded (ADB) oxidation/hot corrosion resistant single-
crystal superalloy squealer capable of withstanding thermal cycling, combined
with a thin layer of alumina (Al1,0,) abrasive particles held in place by an
oxidation/corrosion resistant ma%r%x (Figure 2). The shroud materials investi-
gated included the current CF6 shroud (Bradelloy) and two advanced shroud
materials, Genaseal and Vacuum Plasma Deposited (VPD) CoNiCrAlY.

The project is structured toward the successful engine demonstration of an

improved efficiency, long life turbine blade tip system. The technical effort
is divided into nine principal tasks.
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Initial blade tip design work established the joint design and location,
optimum squealer thickness and single-crystal orientation (Figures 3 and 4).
The design that was established allows the single-crystal tip-to-blade bonding
to be accomplished very early in the manufacturing cycle (possibly at the
casting vendor) thereby not appreciably altering the standard manufacturing
sequence. The tip design eliminated inside contour mismatch, located the
joint in a low stress region and had total manufacturing acceptance. Using
property data of both the single-crystal tip material and the bond joint, an
economic benefit analysis (payoff) was subsequently performed by CF6-50 engin-
eering on the single-crystal/abrasive tip system. The analysis predicted a
minimum 2X increase in blade life via the superior tip material and a 0.013"
tip clearance improvement (0.43% Specific Fuel Consumption (SFC) reduction) as
the result of the abrasive tip treatment.

Since the 2X blade life goal was totally dependent upon both the increased
environmental resistance of the single-crystal blade tip and the strength of
the activated diffusion bonding (ADB) tip attachment process, a comprehensive
evaluation of the mecahnical and physical properties of both the Normalloy
(single-crystal tip material) and the Normalloy-to-Rene'80 (blade material) was
conducted. The evaluation included elevated temperature tensile, rupture,
oxidation, corrosion and simulated engine thermal shock (SETS) testing. The
results of the testing (Figures 5-8) confirmed that the properties exceeded
those required for safe engine operation and would be expected to achieve the
goal of 22X 'tip life.

The SFC reduction attainable with the advanced tip system is the direct
result of the capability of the abrasive-tipped turbine blade (Figure 9) to
resist wear during rub interactions with the shroud material. Several factors
including particle size, particle type, particle relief, incursion rate, tip
speed, test temperature and to a large degree shroud material have been shown
to affect the wear chdracteristics of the abrasive system. Variations in
particle size and type, degree of particle relief and rub incursion rate were
evaluated. Test temperature (2000F) and tip speed (1400 ft/sec) were held
constant. Three shroud materials: Bradelloy, Genaseal, and VPD CoNiCrAlY
were evaluated. The particle types included various grades of aluminum oxide
(A1 03) and Borazon (Cubic Boronitride). In all cases, the method of abrasive
app%ication was the electroplate encapsulation process.

All wear testing was conducted at the Solar Research Laboratory (division
of International Harvester) in San Diego, CA. Solar's facility has the cap-
ability of 1400 ft/sec. tip speed, 2000F shroud temperature, and direct read-
out/record of all vital functions including chamber temperature, shroud
temperature, rotor speed and incursion rate. Measurements of both the blade
specimens and shroud specimens were made before and after wear testing to
establish the total wear of each. In addition, thermocouples were placed at
the surface and 0.050" into the shroud specimens to record surface temperature
and shroud temperature rise (and rate) as the result of the incursion. After
each test, the blade specimens were evaluated visually, dimensionally, micro-
structurally and in some cases, by SEM analysis to establish both the total
amount of blade and shroud wear and the wear mechanism (i.e., machining, com-
paction, melting, etc.) of each (Figure 10). Throughout the program over 50
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wear tests were conducted.

The results of the testing showed that in all cases the abrasive tips
resisted wear when rubbed into the Genaseal (both new and preoxidized) and the
VPD CoNiCrAlY (Figures 11 and 12). The new Bradelloy was shown to be moder-
ately abradable. The oxidized Bradelloy, however, was extremely difficult to
"cut" and in most cases, after a small incursion into oxidized Bradelloy, the
abrasive tips were rapidly consumed (Figure 13). The results of all of the
wear testing are summarized in Figure 14. With respect to particle type, with
the exception of Borazon, all particles behaved similarly. The Borazon
system, in virtually all instances, abraded the shroud materials to a greater
degree; even the oxidized Bradelloy was abraded more effectively by the
Borazon particles. In addition, neither increased size nor relief signifi-
cantly affected the abrasive characteristics of any particular system. The
only test variable shown to appreciably effect abrasiveness was incursion
rate. Slow incursions, i.e., 0.001 inch per sec or less, were shown to generate
higher shroud temperatures and resulted in greater tip wear than at the 0.002
and 0.004 inch/sec tests (typical incursion rates in engines have been
estimated at 0.002 inches/second or greater).

The results of the above wear testing have tentatively indicated that:

1.5 A large allowable latitude in abrasive system variables exists,
i.e., particle type, particle size, relief, and environmental
coating can be varied considerably without decreasing the abrasive
characteristics of the tip treatment.

2 An oxidation resistant shroud material (e.g. Genaseal or VPD
CoNiCrAlY) should be used to achieve full benefit of the abrasive
system.

3. Alundum 38X, 100 grit aluminum oxide/NiCr electroplate with a Codep

aluminide coating is the best all-around tip system.

4. Slower incursion rates (i.e., < 0.001 in./sec.) are more detrimental
to the abrasive system than faster incursion rates (0.002 to 0.004

inch/sec).

The abrasive tip system designated for component and engine testing is
defined below.

° particle type: 38X alundum (A1203)

o particle size: 0.005" - 0.007" diameter

° matrix: 0.006"Ni, 0.001" Cr Diffusion H.T. with aluminide coating
° relief: matrix plated "flush'" with particles

[ shroud: either Genaseal or VPD CoNiCrAlY
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Using both simulated and actual hardware, the environmental resistance and
abrasive capability of the environmental/abrasive tip/shroud system was veri-
fied. Wear testing was conducted on Solar wear specimens that were modified
with single-crystal/abrasive tips (Figure 15). The wear testing of the simu-
lated tip system specimens indicated the tip system was capable of withstanding
the rigors of severe shroud rub with no deleterious affects on either the
single-crystal tip material or the ADB joint. The single-crystal-to-Rene'80
joint sustained very severe rub loading, particularly in the case of one bare
bladed rub where= 0.050" of tip was removed and no joint degradation was evi-
dent. Although minimal success was achieved in rubs of abrasive tipped blades
into Bradelloy, successful rubs were made into Genaseal and CoNiCrAlY shrouds
without loss of abrasives.

The environmental testing (i.e., oxidation, corrosion), impact and thermal
shock testing will be conducted on actual hardware (scrap ''fall-out' from
fabrication task). This testing is currently in progress.

An integrated quality control plan including control over the tip material,
the attachment process, the abrasive treatment and all related blade processing
operations 1is currently being prepared. Temporary specifications have been
issued and will be revised and updated as needed. Drawings for the single-
crystal tip have been issued defining crystallographic orientation and tip
configuration. Tooling for inspection of joint thickness has shown dimensional
accuracy of + 0.0005" and has been used to inspect all fabricated blades to
date.

Each of the separate processing steps established in earlier tasks were
formulated into an integrated processing sequence for the manufacture of tur-
bine blades with the advanced tip system. The sequence of operations allowed
the single-crystal tip bonding to be accomplished without any appreciable
changes in normal blade processing (Figure 16). The blades were removed from
the production airfoil operation immediately prior to tip cap cavity EDM opera-
tion and ground to a specified length. The single-crystal tips were bonded to
the blades and the blades were re-introduced to the airfoil operation for the
tip cap cavity EDM operation. The EDM operation provided a smooth tip squeal-
er/blade internal wall surface and eliminated any need for internal tip/blade
"blending'" operations. This task is also still in progress and when completed
will fully define the blade casting configuration, tip preparation and heat
treatment, the single-crystal tip configuration, orientation and processing,
the bonding process operations, fixturing and inspection, the abrasive tip
treatment and all nonstandard operations associated with the blade manufacture.
A total processing plan, including step-by-step sequence, will be provided.

A total of 171 blades were subsequently fabricated using the manufacturing
sequence defined earlier. Tips were bonded in ''dead weight" load fixtures in a
cold-wall high vacuum furnace. The activated diffusion bonding (ADB) alloy was
D15 (Rene-80-BASBD Chemistry) and was applied as 0.003" foil. Of the 171 parts
that were bonded only 2 failed inspection (joint thickness measurement).
Approximately 150 blades are fully manufactured (Figures 17-20) and are either
undergoing or awaiting factery engine test evaluation (Figure 20). The remain-
ing blades will undergo exhaustive destructive evaluation to further assess
process reliability and reproducibility.
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Two engine tests are planned to fully evaluate the payoff of the advanced
tip system. The first engine test will evaluate the benefits of the single-
crystal tip via '"'C-cycle" (simulated flight cycle) endurance testing (1000
cycles minimum). The second engine test will evaluate the abrasive capability
of the system via performance testing under closely controlled clearance and
engine operating conditions. The second test will be of short duration and is
designed to "push' the abrasive tip system to the "limit" to fully establish
maximum abrasive capability.

The results of the engine tests will be evaluated and analyzed to assess
the effectiveness of the entire system to achieve the program goals.

Successful completion of the program can provide engine manufacturers
a viable approach to increase blade life and reduce fuel consumption.
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FIGURE 19. BLADE WITH MONOCRYSTAL TIP AFTER BONDING
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AN INTRODUCTION TO NASA'S
TURBINE ENGINE HOT SECTION TECHNOLOGY (HOST) PROJECT

Daniel J. Gauntner and C. Robert Ensign
NASA Lewis Research Center

INTRODUCTION

Today's modern gas turbine engines with their high thrust to weight ratio
and low specific fuel consumption are comprised of many sophisticated
components utilizing the latest high strength materials and technology. This
is especially true in the hot section components of the combustor and turbine
where high temperature superalloys and protective coatings are necessary in an
environment where gas temperatures are well above the melting point of the
materials. Current hot section components must endure higher temperatures,
higher stresses, and more severe thermal transients than ever before. The
durability and efficiency goals of the hot section components operating in
this adverse environment will be difficult to achieve. Any shortfalls in
achieving these goals could have significant effects on the overall operating
cost of the modern gas turbine engine. Early in 1978, NASA began to plan a
major project of turbine engine hot section research. Plans called for
in-house and contract research to develop and improve the accuracy of current
analysis methods so that increased durability could be designed into future
engines. This paper is an overview of the new NASA Turbine Engine Hot Section
Technology (HOST) project that began officially in January, 1981.

The HOST project was formulated around a simple, yet basic premise.
Specifically, present analysis methods for designing combustor and turbine
components need improvements in accuracy and applicability before increases in
life can be attained during the initial design process of advanced turbine
engines. The improved accuracy in life prediction can be attained by
conducting focused and directed research efforts in each of the areas involved
in component design, including description of the thermal and aerodynamic
environments, the material's mechanical response, and the interactions between
environmental and structural response. Verification of the more accurate
predictions will be a necessary element of the HOST project and it will
require high temperature instrumentation capable of measuring near-engine
environment effects. The achievement of these improvements will require a
rigorous and systematic research effort, beginning with evaluations of current
predictive methods by comparing their predictions to benchmark data from

. special component tests, followed by supporting research to improve the

modeling of the physical phenomena, and concluding with tests to verify the
improved models in each of the pertinent discipline areas. These areas
include structural analysis, surface protection, combustion, turbine heat
transfer, and instrumentation.
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TURBINE ENGINE HOT SECTION

The hot section components of an advanced turbine engine include the
combustor and the turbine. A schematic of a typical turbine engine hot
section is shown in figure 1. The contoured shaded areas represent an annular
flow combustor connected to an axial flow turbine. The combustor liner and
turbine airfoil outlines are represented in the figure. The arrows on the
schematic represent the flow of the hot section cooling air around the
components and through the turbine disk cavities. Because the liner of the
combustor and the airfoils of the turbine are the hot section parts exposed to
the highest temperatures and consequently suffer a large degree of damage, the
research efforts in HOST will be concentrated on improving the analysis
methods used to design these three parts. Typically the hot section has
twenty percent of the engine weight but accounts for almost sixty percent of
the maintenance costs. The consequences of combustor liner failures are
generally more economic than operational and result only in a slow, general
deterioration of the engine. It is included with the turbine airfoils as part
of the HOST project primarily because of the combustor's close coupling and
direct effect on the turbine durability.

A knowledge of the basic functions of the combustor and the turbine is
necessary if the impact and importance of hot section durability problems is
to be understood. In the combustor, the basic release of energy to the core
airflow takes place with the burning of the turbine engine fuel. Involved in
this energy release are many phenomena, including flow mixing, combustion
kinetics, turbulence, flame radiation, soot formation and consumption, liner
heat transfer, and gradual acceleration of the high temperature combustor
airflow into the turbine. The control of these phenomena by suitable design
factors will determine the temperature distribution in the combustor liner and
the exit temperature profiles of the airflow leaving the combustor and
entering the turbine. In the turbine, this entering airflow is channeled
through a set of inlet guide vanes to properly align the flow vectors for
optimum and efficient transfer of momentum and energy to the rotating blades
of the turbine. The efficiency of the turbine, which contributes greatly to
the overall performance and fuel efficiency of the engine, is directly related
to the gas flow and temperature distributions. Besides the gas temperature
distribution, the gas flow behavior is also needed. Any flow disturbance that
inhibits uniform circumferential temperatures or proper radial temperature
distribution imposes a penalty on engine performance. This is particularly
true near a turbine hub, where large secondary flow vortices are often
generated. The extent of these vortices depends upon the quality of the flow
entering the turbine. They can be partially controlled by the radial
gradients of the energy extracted from a turbine. The temperature and flow
phenomena must be better understood and predicted with greater accuracy if
life prediction methods are to be improved.

HOT SECTION DURABILITY PROBLEMS

The durability of hot section components is highly dependent on such
factors as the type of aircraft mission flown, the geographical location of
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the operating base, and pilot operation. All of these factors affect the
temperature and pressure environment and the cyclic load history of the parts
in the hot section. During a typical turbine engine design, the type of
aircraft mission expected to be flown is expressed in terms of engine cycle
information. Design life predictions are made for accumulating levels of
repetitive, and somewhat simplified engine cycles. The engine's hot section
temperatures and pressures from the engine cycle information are used in these
predictions. Variation in conditions due to geographical locations and
weather conditions are accounted for in non-standard day test conditions.
Variations due to individual pilots, however, can not be treated
deterministically. The design assumes that the engine operates along a worse
case cycle.

The incorporation of these real-life variants is beyond the scope of the
HOST project. What is possible is to look at factors which affect the
durability of the individual components in the gas path of the hot section.
Other programs have gathered experimental and field service data regarding the
actual and probable modes of failure for combustor liners and turbine
airfoils. Examples of durability problems in components are shown in figure
2. Typically, air-cooled combustion chambers experience large,
thermally induced strains that exceed elastic limits of materials at points of
maximum stress and/or temperature. Creep-low cycle fatigue interactions and
louver lip collapse have been established as primary burner liner failure
modes. Oxidation/erosion modes tend to be secondary failures, usually caused
by some other damage mechanism. For turbine airfoils (vanes and blades)
creep—fatigue cracking and oxidation/corrosion tend to be dominant failure
modes. But for the airfoils, these modes are of more importance and usually
necessitate engine removal when detected to prevent further damage such as
blade or vane rupture. These modes of failure for the combustor liner and the
turbine airfoils have been selected as pertinent examples, but they are
not all inclusive.

RESEARCH EFFORTS

Approach

The HOST project will support research to improve the accuracy of
analysis methods, which can be used during engine design to increase component
durability levels, thereby reducing maintenance and operating costs of the
turbine engines. Research will be funded in the areas of structural analysis,
surface protection, combustion, turbine heat transfer, and instrumentation.
The overall approach of HOST in each of these areas will be to: (1) evaluate
existing models; (2) quantify their strengths and weaknesses; (3) conduct new
experimental and analytical research to more accurately model the physical
phenomena; (4) use the new models in predictive analyses and verify their
improvements in accuracy; and, (5) conduct a sensitivity study to assess the
improvements in overall hot section durability to be achieved by use of a
combination of these new methods.
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The HOST project emphasizes the coordination of the research activities
(fig. 3) to provide a system of more accurate analysis methods. The use of
these improved methods will lead not only to enhanced durability, but also to
lower maintenance costs for the hot section, freedom for more innovative
design and checkout of new ideas, the ability to perform more accurate
trade-off studies between performance and durability plus high reliability in
future engines.

The specific elements of research that will be supported and coordinated
in HOST are shown in the work breakdown structure in figure 4. The technical
aspects of the activities in the six columns of figure 4 will be managed by
staff members from four different divisions at the Lewis Research Center.
This delegation of technical responsibility is illustrative of the matrix
management concept that will be used for the HOST project. Descriptions of
the planned research are presented in the following paragraphs.

Structural Analysis

Some typical damage observed on one component from the hot section of a
turbine engine is shown in figure 5. This section of a combustor liner shows
thermal fatigue cracking. To approach such a problem, the structural analyst
must have sophisticated tools for accurate analysis. These include a
knowledge of the thermal and mechanical loads, inelastic methods of analysis
such as nonlinear finite element computer codes, cyclic constitutive
(stress-strain) relationships, and the capability to determine the effects of
the creep—-fatigue interactions on crack initiation.

The structural analysis efforts under HOST will pursue areas such as
thermal loading prediction methods, specialized vane and liner geometric and
structural analysis models, methods and procedures to determine time and
temperature structural response characteristics, and improved methods to
describe time dependent and time independent inelastic material behavior. In
addition, material constitutive relationships will be improved for predicting
material behavior response to cyclic variations in stress, strain, and
temperature with time. Also, life prediction methods will be developed for
crack initiation models. The existing methods for such problems will be
improved and automated to reduce the required manpower and computer time. For
instance, the thermal analysis methods will be integrated with the structural
analysis codes, so that the relatively coarse thermal map of a component
becomes the input to the more detailed finite element program. Also, the
methods will include self-adaptive solution strategies that use substructuring
to examine the inelastic regions of a component with an overall elastic
behavior.

The specific elements under HOST in the area of structural analysis are
listed in figures 6(a) and 6(b) along with the expected results. The bars
show the expected starting times and durations of each effort, in terms of
fiscal years, which run from October through September.
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The first element listed under structural analysis in figure 6(a)
represents a planned effort to develop a computerized method to transfer the
thermal loads that a burner liner might experience to a structural analysis
model. The method will automatically integrate information from a thermal
analysis computer code with an advanced nonlinear structural analysis code.
The next element, shown by the bar extending from FY82 to 86, extends the
application of the first method to prediction of loads that are component
related, and time dependent for other hot section components for various
engine mission cycles. It also will include effects of local hot streaks,
cooling holes, and thermal anisotropy, as found in turbine blades and vanes.
The structural analysis methods of the future will require improved versions
of today's computer capabilities such as 3-D nonlinear finite element methods
that can handle plasticity, creep, strain concentration, and unsymmetrical
thermal effects found in hot section components. For effective structural
analysis of the hot section, the codes will handle all these interacting
inelastic effects. HOST will develop these capabilities and determine
strategies and self-adaptive algorithms for solution of such complex analysis
problems. After these automated modeling and solution strategies are
completed, they will be verified by comparison with data from tests of
specific engine components subjected to typical thermal and mechanical forces
from appropriate mission cycles. The final program element in figure 6(a)
will include component specific models and verification of the above efforts.

Within the computerized structural analysis methods are equations which
model the behavior of the material when it is subjected to various loads and
temperatures. These equations represent different theories and engineering
models that attempt to describe the physical phenomena taking place. The
theories, and hence these constitutive equations, must describe the response
of a material subjected to both mechanical and thermally induced stresses and
strains. For low temperatures, when the material is in the elastic range, the
theories are quite adequate. But in the hot section of the turbine, most
parts are well into inelastic behavior, and the modeling becomes very
complex. Many theories have been proposed to describe this behavior. Several
elements of HOST in figure 6(b) will evaluate the various theories and models
to understand and improve upon the constitutive equations.

The first of these elements in figure 6(b) will determine the best model
to represent the cyclic behavior of isotropic materials. The model will
include the complexities of creep-plasticity, multi-axial stress and strain,
plus the effects of long-time exposure of surfaces. The second element will
develop and verify similar constitutive models for anisotropic materials, such
as those used in the manufacturing of directionally solidified vanes or
blades. The final product of these efforts will be sets of equations that
represent the inelastic response of hot section components with greater
accuracy than today's methods.

The second aspect of the HOST project in figure 6(b) is the prediction
of the life of hot section component parts using an understanding of the
synergistic effects of creep, fatigue, and environment on crack initiation
behavior. Existing models that are explicit in the primary variables of
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stress, strain, temperature, environment, and time will be screened. The
first element under Life Prediction Methods will select and develop a model
for a specific isotropic material/coating combination that is typical for a
liner or vane. The effects of mission loading, multi-axial stress and thermal
cycling will be included. A second and parallel program element of HOST will
develop a similar life prediction method for an anisotropic material/coating
combination for a liner or blade. Both of these efforts will consist of a
concentrated effort of laboratory testing resulting in modifications to life
prediction methods. After sufficient validation, a second material/component
combination will be examined in each of these efforts.

Surface Protection

Significant work has been done to further the science and technology of

coatings. Figure 7 shows micrographs of a NiCrAlY coating before and after
soaking for a long time at 1366 K. The coating is degraded not only by the
hostile environment, but also by its diffusion at the substrate boundary.
HOST will concentrate on analytical methods to account for each of the effects
of environment, corrosion/erosion, oxidation/diffusion, and metallic coatings
to be able to predict the time to crack initiation of coatings and coated hot
section parts.

The HOST effort will concentrate on modeling the effects of environmental
attack and coatings on crack initiation, the location and rate of erosive
particle impact and corrosive salt depositions on airfoils, and also the
coating degradation on blades, vanes, and combustors to provide coating life
predictions. The various surface protection elements under HOST will study
the phenomenological effects and interactions, and will produce analytical
models for different types of components (i.e., turbine blades, vanes, and
combustor liners). All of these models will be evaluated and verified using
either real data from engine field failure experience or laboratory data from
erosion/corrosion burner rigs.

The first surface protection element of HOST in figure 8(a) will model
the effects of environmment and coatings on the creep-fatigue crack initiation
of isotropic materials used for liners and vanes. Later, another element will
produce similar models, but for anisotropic materials such as directionally
solidified vanes and blades. These two elements will be combined with the
Life Prediction Methods of figure 6(b), as represented by the dashed lines of
figure 8(a). As another element, the behavior of sheet materials coated for
use as combustor liners will also be obtained during cyclic testing in a
suitable test rig.

Other research efforts in the area of Surface Protection are shown in

figure 8(b). The effects of corrosion and erosion, and their interaction,
will be modeled and then used as part of a more comprehensive coating life
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model. To assist in developing a corrosion/erosion model, research elements
investigating mass deposition on airfoils and the location and rates of
erosion on airfoils will be conducted. The third element of the
corrosion/erosion model effort will include rig burner tests of the combined
corrosion/erosion mode to verify the deposition and erosion models.

Under the coating life model of figure 8(b), the first research element
will collect engine field failure experience data for coatings to provide a
real environment data base. The effects of oxidation and corrosion will be
investigated and then modeled in inhouse tests to verify the effects of this
dual cycle mode of attack. Next, the corrosion/erosion and dual cycle models
will be combined. Life predictions will be verified in test rigs. Finally, a
test program will obtain correlations of rig test effects and engine test
effects on coating life.

Combustion

Present turbine engine combustors exhibit very complex flow conditions
and high levels of heat transfer by radiation (fig. 9). These conditions make
the prediction of gas and metal temperatures very difficult. To aid in this
task, the combustion research will be conducted in the areas of aerothermal
modeling and liner cyclic testing. To support this analytical work, a test
program will be developed to study gas flow and mixing phenomena and flame
radiation effects. Also, plans call for the design of a test rig that can
obtain accelerated low life data for liner segments subjected to thermal
cycling. The design will be difficult to obtain, since the thermal loads on
the liner segment must simulate the real loads on a full circular liner, if
the accelerated life data is to be useful.

The first combustion element in figure 10 will assess the existing
aerodynamic and thermodynamic models to determine their capabilities,
deficiencies, and the priority of areas requiring improvement. Research and
model refinements will then be made in areas such as internal flow and exit
temperature pattern factor, as well as in the mathematical routines used in
computer solutions (e.g., faster solutions of the Navier Stokes equations). An
experimental study of the penetration and thermal mixing characteristics that
result when secondary (dilution) jets are used in combustors will be
conducted. This work will add the empirical relations to explain the effect
of dilution jet parameters on the exit temperature profile. Another
experimental program will provide comprehensive luminous flame radiation and
liner heat flux data for varying gas flow conditions. The effects of
pressures up to 40 atmospheres on the luminous flame radiation will be
included in the test program, and the results modeled.

The final aspect of the aerothermal modeling activities under HOST will
begin in 1984. This '"integration'" phase will put together all of the
submodels and routines that will be developed in the model refinement and
testing activities. It will also include an assessment of the improvements
made.
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The low cycle fatigue life of combustor liners will be studied by running
thermal cyclic tests on segments of liners. This data will be used with the
life prediction methods described earlier under structural analysis. The
effects of hot streaking on the life of combustor liners will also be
investigated.

Turbine Heat Transfer

The turbine heat transfer research to be conducted in this area includes
research into gas path analysis, gas side heat transfer, coolant side heat
transfer, and metal temperature prediction. Advanced turbine engine design
requires accurate predictions or knowledge of the local metal temperatures of
the various static and rotating parts. For the turbine, as exemplified by the
schematic cutaway in figure 11, these analyses must consider the
characteristics of the gas flow at the entry, including its temperature,
pressure and turbulence levels. The extremely complex flow field around the
blades and along the walls must be understood and modeled, before the
temperature of static and dynamic airfoils can be calculated. If the gas
temperature and heat flux conditions for each row through the turbine are
known, the heat transfer coefficients for blades, vanes and endwalls can be
calculated. The coefficients can then be used to calculate the operating
temperatures of these parts for transient as well as steady-state conditionms.
Finally, the information can be used to analytically optimize the design (and
durability) of the components for various materials and geometries.

The efforts under HOST will be both experimental and analytical. They
will establish benchmark quality data, model the complex heat transfer
mechanisms, and, finally, provide the methodology for determining temperatures
and heat transfer coefficients, which can then be input to structural analyses
routines. The first two turbine elements in figure 12 will evaluate the
effect on flow transition of variables such as Reynold's number, turbulence,
geometry, and temperature ratios for vanes with and without the effects of
film cooling. Viscous 3-D analyses to predict heat transfer and gas flow for
stator and rotor cascades, including side and endwall effects, will be
undertaken as part of HOST. 1In the next element, the heat transfer and flow
characteristics will be determined for various geometries of multiple jet
impingement arrays. The influence of rotational (Coriolis) forces and
entrance geometry on the prediction of coolant-side heat transfer coefficients
will be studied in another element of HOST. Steady-state and transient metal
temperature prediction codes will be improved, and interfaced with structural
analysis codes, by using the improved flow and heat transfer models above.

Research to measure local heat transfer coefficients over a stator vane,
and a rotating blade will be included to verify the development of the above
models. Measurements using improved instrumentation will be made to help
evaluate the accuracy of codes for predicting gas—-side heat transfer
coefficients, metal temperatures and static strains in the materials.
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Instrumentation Development

Crucial to the experimental effort of HOST are accurate measurements of
the temperature, pressure, strain, and heat flux in the hot gas flow stream of
the turbine engine. These measurements will be made to provide the benchmark
quality data required for verification of the models developed in the other
areas. Many of the measurements will require instruments that extend the
present state-of-the-art. Fortunately, new techniques and computerized
instrumentation (fig. 13) offer promising solutions and exciting extensions of
current technology.

The first element in figure 14 will make use of new thin film sputtering
techniques to develop a miniature heat flux sensor that is applied directly on
blades and vanes. Also to be developed is a method for measuring the
radiation portion of the total heat flux to sections of the combustor.

Current static strain gages can operate at temperatures of 650 K (or 920 K for
a few hours). By using thin film or powder metallurgy techniques, HOST will
develop new static strain gages and installation methods for temperatures up
to 1250 K. The third element of figure 14 will be the development of a viewing
system that is needed for observation of the hot section components during
operation at near engine condition temperatures and pressures. For instance,
inside the combustor, the edges of the liner could be viewed to see if they
are buckling or closing. Also, the interactions of the swirling flow of gases
and fuel spray could be carefully studied. The increasing of the clarity of
the view of these phenomena within the hot section will be a major part of
this effort.

An automated laser anemometer system to measure the three components of
average and fluctuating velocities will be developed. The final effort in
instrumentation under HOST will produce a probe to measure dynamic gas
temperatures up to 1000 Hz. Present temperature probes with fine wire
thermocouples having electronic compensation are limited to a frequency
response of about 30 Hz. The compensation depends on the gas stream flow
properties (Mach number, density, etc.) but these vary during a test, so the
compensation must also be dynamic, following these parameters in real time.

CONCLUDING REMARKS

The Turbine Engine Hot Section Technology (HOST) project, discussed
above, will utilize current models and conduct new research to develop
improved and more accurate analysis methods for the design of advanced turbine
engine components. The research in the five areas of structural analysis,
surface protection, combustion, turbine heat transfer, and instrumentation
will be focused so that problems in hot section component durability can be
understood and overcome. Current plans for the research call for eighty
percent of the work to be donme by engine manufacturers and other competent
research institutions. The remaining twenty percent of the HOST effort will
be accomplished inhouse by NASA Lewis Research Center technical personnel.

161



Although the HOST project includes research efforts in a number of
separate technical disciplines, its organization is that of a systems
technology project. As such, it has identifiable schedules with intermediate
milestones and project end dates. The specific project products, as defined
above in the text and in figures 6 to 14, are the key part of a systems tech-
nology project. While current plans and thinking are presented, it must be
recognized that a certain amount of risk exists that some of the project's
products may prove to be too far beyond the state of the art or not
achievable by the end of the HOST project in fiscal year 1986. Individual
research efforts will be monitored and appropriate plan changes made, if
required, to ensure that the HOST project attains its objective.

The products of all of the HOST-supported research, excluding the
instrumentation development, will be presented in the form of individual
models, or in some cases, as computer modules, that can be acquired separately
and utilized by engine manufacturers in analyzing designs of advanced turbine
engine components. No attempt will be made during the HOST project to
integrate the individual models into one overall model. All improved models,
benchmark data bases, and any programmed computer modules will be disseminated
to the U.S. domestic aerospace industry through formal reports and at suitable
workshops and meetings. Thus, the U.S. engine manufacturers will be able to
improve the durability of hot section components in their advanced turbine
engine designs. This enhanced ability will enable the U.S. aerospace industry
to maintain its favorable position in an increasingly competitive world
aerospace market.
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Materials constitutive relations and life prediction methods.

Figure 6. - Structural analysis.
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Figure 8. - Surface protection.
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Figure 10. - Combustion analysis.
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Figure 11. - Turbine heat transfer research.
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Figure 12. - Turbine heat transfer.
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Figure 13. - Instrumentation development.

172




PROGRAM ELEMENT

Fys8l

82

83

84

8

EXPECTED RESULT

HEAT FLUX SENSORS

STRAIN SENSORS

HOT SECTION
VIEWING SYSTEM

FLOW MEASUREMENTS

GAS TEMPERATURE
SENSOR

IH)

TOTAL AND RADIATIVE
HEAT FLUX
MEAS UREMENTS

MINIATURE STATIC
STRAIN GAGES FOR
1800F APPLICATIONS

SYSTEM FOR VIEWING
HOT SECTION
COMPONENTS DURING
OPERATION

LASER ANEMOMETER
SYSTEM DESIGN AND
DEVELOPMENT FOR A
LeRC FACILITY

DYNAMIC GAS TEMPERA-
TURE MEASUREMENT
PROBE WITH 1 kHz
RESPONSE

Figure 14. - Instrumentation.
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THE NATURE OF OPERATING FLIGHT LOADS AND
THEIR EFFECT ON PROPULSION SYSTEM STRUCTURES

Kenneth H. Dickenson
Richard L. Martin
Boeing Commercial Airplane Company

ABSTRACT

Past diagnostics studies revealed the primary causes of performance
deterioration of high by-pass turbofan engines to be flight loads, erosion and
thermal distortion. This paper examines the various types of airplane Toads that
are imposed on the engine throughout the 1ifetime of an airplane. These include
flight Toads from gusts and maneuvers and ground loads from take-off, landing and
taxi conditions. Clarification is made in definitions of the airframer's limit
and ultimate design loads and the engine manufacturer's operating design Tloads.
Finally, the influence of these loads on the propulsion system structures is
discussed.

INTRODUCTION

The traditional transport airplane structures analyst's treatment of an engine
is very simple: The engine is a "concrete block" whose properties are entirely
inertial, and the main concerns are that it should not fall off the strut and
that it is located properly from a wing flutter viewpoint (figure 1). In the era
of the turbojet and the low bypass ratio turbofan, such treatment was acceptable
because it was nearly correct. Engines and their inlets were so compact and
rigid (figure 2) that the internal structural problems could be left to the
engine manufacturers who needed only to be advised of the accelerations to be
applied at the mount Tocations.

In the Tate 1960's the advent of the high bypass ratio turbofan engine with it's
large fan case relative to its core brought change. Early in the Boeing 747
program, for example, it was found that thrust forces caused "ovalization" of the
engine case because the engine's combination of large diameter (figure 3) and
high thrust imposed a substantial couple at the engine mounts. This problem was
alleviated by adding a "thrust yoke" that transferred thrust directly to the
strut and reduced distortion of the case due to thrust.

The high bypass ratio turbofan engines have Targe inlet airflows relative to the
engine core size. Thus, a large momentum change is required to align the airflow
with the engine at high angles of attack. Since inlets are usually bolted to the
front flange of the fan case, the inlet aerodynamic loads associated with this
momentum change induce bending and distortion into the smaller diameter engine
core case. These case distortions may cause rubbing between the rotors and the
static case structure while the desire for higher overall pressure ratio requires
better control of tip clearances. The aerodynamically induced operating loads
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that act on the inlet are modest in comparison to overall airframe design Tloads.
It remained for the 1973 0i1 embargo and the ensuing dramatic rise in fuel prices
to motivate a deeper investigation of airframe and engine structural
interaction.

Attention was focused on the causes of engine fuel consumption deterioration in
the NASA sponsored Pratt & Whitney Aircraft JT9D Diagnostics Program. In this
effort, several different probable deterioration mechanisms were identified and
evaluated analytically. Prominent among them was rubbing between the rotor tips
(of the fan, compressors, and turbines) and the engine case caused by flexing of
the engine under operating loads. The result of rubbing was increased clearance
between the rotor and case since material was worn from the "rub strips" and the
blade tips. Increased clearance reduced component efficiency and increased
specific fuel consumption.

AIRPLANE LOADS
Design Loads

Due to the overriding importance of safety, airplane design loads have been
studied intensively for many years and are the subject of a large body of
doctrine and practice developed by airframe manufacturers and enforced by the
Federal Aviation Administration (FAA). A "limit design load" is determined for
airframe structure as the maximum Tload that the structure can be expected to
encounter during the entire life of the airplane fleet. At the limit design
load, the structure is not permitted to suffer permanent deformation; i.e., the
maximum stress may not exceed the elastic 1imit. To provide an added degree of
safety, an "ultimate design load" is also specified, usually as 1.5 times the
1imit load value. Up to the ultimate load, the structure is permitted to suffer
"permanent set", but it must not fail.

The design loads are determined by analyzing the airplane in a variety of load
conditions that are contained within the envelope of the "V - n diagram" (a plot
of the accelerations that the airplane must withstand versus airspeed). Three
main types of load conditions are considered. The first is maneuver. Transport
category airplane 1limit loads are determined in 2.5 g turns or pull-ups with
flaps retracted and in 2.0 g turns with flaps down. The second type of Tload
condition is due to atmospheric turbulence. It is assumed that gusts of a
defined shape and velocity will be encountered by the airplane at speeds
specified in relation to the design operating speed 1imits chosen by the
manufacturer. The airplane's response is determined by analyzing the
aerodynamic, elastic, and inertial characteristics in detail. The third loading
category is associated with the ground. These loading conditions include take-
off, Tanding and taxi. Analytically determined design loads are corroborated by
extensive flight Toad surveys using accelerometers, strain gages and pressure
transducers.

The oustanding structural safety records of today's commercial air fleets

demonstrate that the design loads issues are very well understood. However, the
loads that cause day-to-day TSFC deterioration are less severe than design loads
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and are not so well understood. They may be termed "operating" loads, and a
different approach is needed to understand them.

Operating Loads

The parameters for determining operating loads are the same as those for design
loads; i.e., airplane aerodynamic, elastic, and inertial properties on the one
hand, and flight conditions (maneuvers, turbulence, etc.) on the other. To a
considerable degree, the problem resembles that of analyzing structural fatigue.
Service 1life, maintenance, and economy are the main considerations, with
statistical descriptions of the operating environment being the scenario, as
opposed to a set of extreme conditions.

Fatigue damage is assessed from the cumulative occurences of different stress
levels. The part of TSFC degradation due to clearance change, on the other hand,
depends on the probable time period (or number of flights) until any given Tload
level is exceeded once. Figure 4 shows the analysis sequence. The starting
point is the set of mission profiles that typify the airplane's utilization
(upper left corner). Mission length is important because it determines how many
"ground-air-ground" (GAG) cycles are flown per hour of operation. The altitude
and speed profiles determine the frequency and severity of gusts.

Load exceedance probability per flight can be inferred from airplane character-
istics and the mission profile. The sketch at the upper right of figure 4 refers
to inertia load exceedances, but a similar plot can relate to airloads. When the
probable loads are known, the probable tip clearance changes can be inferred from
the elastic properties of the engine itself. These may be obtained by analyses
varying from simple beam representations to finite-element models containing
thousands of elements. Recent experience supports the need for the more complex
finite-element approach. When tip clearances become negative, rubs are
indicated, and TSFC deterioration can be expected.

In addition to revenue service missions, other flight profiles must be
considered, such as crew training. A significant mission that occurs only once
on each airplane is the "acceptance flight" (figure 5). A1l transport airplanes
are checked for satisfactory flight characteristics and functioning of warning
systems before delivery to the customer airline. In such flights, the airplane
is not tested to the 1imit loads of the flight design envelope but to more normal
operating conditions, such as maximum airspeed (dynamic pressure), maximum Mach
number, and minimum airspeed (stall warning) where warning devices such as stick
shakers automatically alert the pilot to the situation. Since such a flight
always occurs first in an airplane's history, it establishes a starting set of
rubs and clearances for subsequent exceedance studies.

Statistical descriptions of the inertia load environment have been obtained by
accumulation of a great many speed/acceleration/altitude ("VGH") recordings made
in actual airline service (figure 6). Airspeed (V), normal acceleration (g), and
altitude (H) are recorded continuously. The recordings are later analyzed by
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counting acceleration peaks. The number of "occurrences" of a particular
acceleration level is defined as the number of peaks found over some time period
that fall between the upper and Tower bounds of that Tlevel. The number of
"exceedances" of that level is the sum of the occurrences of that level and all
higher levels as shown in figure 7.

Histograms (figure 8) can then be constructed which show occurrences and
exceedances per flight hour or per flight versus load level, and plots such as
shown in figure 9, depicting probable nacelle inertia load exceedances, can be
drawn. This figure, incidentally, shows a characteristic feature of the environ-
ment of wing-mounted engines. The motions and accelerations of the nacelles are
larger than those at the airplane center of gravity because of the wing
aeroelastic response to dynamic loads such as gusts and landing impacts. In
additon to accelerations, gyroscopic loads caused by airplane angular motions
must also be considered.

Under normal conditions, the most severe engine aerodynamic loading occurs at
takeoff when the maximum engine thrust produces a high mass flow rate through the
inlet combined with a high angle of attack. These effects are illustrated in
figure 10 which shows low pressure caused by suction on the Tower inside 1ip of
the inlet. This is associated with high Tocal velocity as the flow turns
sharply. Supersonic flow usually occurs in this region, followed by shocks and
sometimes by local flow separation.

Of Tesser importance, but significant because it is a condition that creates a
load reversal, is the maximum dynamic pressure condition shown in figure 11.
This condition involves a negative local inlet angle of attack and an inlet
pitching moment acting downward. This moment 1is, however, of much smaller
magnitude than the nose-up moment at takeoff.

Neither the maximumodynamic pressure condition nor the one shown in figure 12 --
stall warning at 10~ flaps -- are normal revenue service flight conditions. Both
of these, however, are currently flown in the flight acceptance test of every new
airplane.

One of the more uncertain assumptions regarding inlet pressures has been the
circumferential distribution. A simple, one wave cosine distribution,
illustrated in figure 13, rotated to account for non-symmetric effects has been
customary. This assumption awaits validation by the results of the Nacelle
Aerodynamic and Inertia Loads (NAIL) flight test program.

To illustrate the joint efforts in the JT9D Diagnostics Program and the interde-
pendence of the engine and airframe manufacturer in the propulsion interface,
Figure 14 shows the mathematical model used to analyze the 747 propulsion system.
Government and industry foresight several years ago provided the NASTRAN finite
element program giving wide availability to this technology. Air breathing
propulsion structures are a relatively late application of this technology, and
there 1is currently a large effort being made toward test and analysis
correlations to enhance this application.
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Currently, Boeing and the three major jet engine manufacturers are utilizing the
type of models illustrated here to calculate deflections, clearance changes,
internal loads, and vibration behavior on the 767, 757 and 737-300 new airplane
programs and on future powerplant installations for the 747 airplane program.

The airframe and engine manufacturer must each conduct their own analyses for
their specific needs. An exchange of data files provides each with this
capability and the integrated model as illustrated in figure 15. Recent trends
in nacelle design have resulted in much closer structural coupling between the
engine, nacelle, and strut. For example, in the 767 design the front mounting
system has been placed to minimize thrust bending moment, and the thrust reverser
and fan exhaust cowling are hinged from the strut and clamp onto the engine
through circumferential V-grooves. This not only simplifies engine removal and
maintenance but also serves as a dual load path with the mounts which provides
the redundancy required for fail safe design in case of mount failure. An extra
benefit from this dual load path is a reduction of engine loading which enhances
engine performance through reduced clearance changes under flight operating
loads. The close coupling inherent in this type of design necessitates use

of detailed nacelle-engine-strut finite element models to define interface
loads accurately.

A characteristic of engine structure relative to conventional airframe structure
is its inherently greater stiffness and complexity. This obviously must be the
case in order to maintain the dimensional constraints so important to engine
performance. The maximum engine bending deformations are typically one to two
orders of magnitude less than maximum strut deflection as exhibited in figure 16
for a "g" loading condition. The attainment of accuracy in the engine and
nacelle math model comparable to conventional airframe structures , therefore,
requires a great deal of experience and effort and should rely heavily on
accurately measured data when available.

To illustrate this point, figure 17 shows typical calculated clearance change
contour lines for a normal takeoff condition. This plot is for the inboard side
of the number three engine on the 747 airplane. Clearance closure is denoted by
the shaded regions. The information shown here is used by the engine
manufacturer in a separate post processor program that calculates blade rubs,
stage-by-stage clearance increases, and TSFC deterioration.

The ultimate goal in the diagnostics effort is to provide adequate data for
taking actions toward eliminating performance deterioration. Much of the
required data has been generated in the early tasks. The flight Toads portion of
the JT9D Diagnostics Program in which engine clearance changes are measured in
flight and the concurrent NAIL flight Toads program will complete the data. The
task ahead is the application of this data and the appropriate use of design
tools in concerted efforts between the engine and airframe manufacturers to
reduce performance deterioration. -A considerable effort has evolved in the area
of integrated engine-nacelle design studies aimed at stiffening current power
plant installations. More important is the use of the diagnostics data in
systems currently under design and development that recognize and build
deterioration prevention into the initial designs.
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CONSERVATION OF STRATEGIC AEROSPACE MATERIALS (COSAM)

Joseph R. Stephens
NASA Lewis Research Center

SUMMARY

NASA has undertaken several projects directed at conserving strategic
materials used in the aerospace industry. Research efforts involving univer-
sities and industry as well as in-house activities at the NASA Lewis Research
Center comprise the current ''Conservation of Strategic Aerospace Materials"
COSAM effort. The primary objective of COSAM is to help reduce the dependence
of the United States aerospace industry on strategic metals, such as cobalt
(Co), columbium (Cb), tantalum (Ta), and chromium (Cr), by providing the mate-
rials technology needed to minimize the strategic metal content of critical
aerospace components for gas turbine engines. Thrusts in three technology
areas are appropriate for COSAM. These include near-term activities in the
area of strategic element substitution; intermediate-range activities in the
area of materials processing; and long-term, high-risk activities in the area
of '"mew classes'" of high temperature metallic materials. This paper describes
in some detail the efforts currently underway and the initial results gener-
ated to date. Initial emphasis has been placed in the area of strategic ele-
ment substitution. Specifically, the role of cobalt in nickel-base and cobalt-
base superalloys vital to the aerospace industry is being examined in great
detail by means of cooperative university-industry-government research efforts,
Investigations are also underway in the area of ''mew classes' of alloys.
Specifically, a study.has been undertaken to investigate the mechanical and
physical properties of intermetallics that will contain a minimum of the stra-
tegic metals. Current plans for COSAM are presented in this paper also.

INTRODUCTION

The United States relies heavily upon foreign sources for the supply of
most strategic metals required by our aerospace industry. With the exception
of molybdenum, iron, magnesium, and the rare earths, the United States imports
from 50 to 100 percent of such aerospace metals as Co, Cb, Ta, Cr, And Mn
(ref 1). However, the potential for foreign cartels, political unrest, and
production limitation is great and is intensified by steadily declining known
reserves. Thus, the United States can expect to be faced with supply shortages
and price escalation for many strategic metals. Since these metals are vital
to the welfare of the nation's economy, their continued availability at a rea-
sonable cost is a national issue which requires cooperative action between the
aerospace industry and appropriate government agencies.
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The aerospace industry is currently a major factor in the positive inflow
of funds from U.S. exports (ref. 2). This industry, and within it the air-
craft engine industry in particular, relies heavily upon imports for several
key strategic metals including cobalt, columbium, tantalum, and chromium. In
order to offset or minimize future disruptions in supply, efforts to develop
viable options must begin now, since a new material can take from 5 to 10
years of research and development efforts before qualifying for aerospace
service.

NASA currently has plans to address the aerospace industry's needs to
minimize the use of strategic metals for advanced aerospace systems. COSAM
has as its broad objective the reduction of the dependence of the U.S. aero-
space industry on strategic metals. This objective can be accomplished by
providing the materials technology options needed to allow individual com-
panies to trade-off the material properties of critical components versus cost
and availability of their strategic metal content. This paper summarizes
NASA's current activities in this area and broadly outlines the plans for
COSAM.

STRATEGIC MATERIALS

A definition of strategic materials as used in this paper is given in
figure 1. Strategic materials are those predominantly or wholly imported
elements contained in the metallic alloys used in aerosvace components which
are essential to the strategic economical health of the U.S. aerospace indus-
try. As the basis for what are considered strategic metals, we will focus on
the aircraft engine industry's needs. Based on a survey of the ASME Gas
Turbine Panel and a subsequent survey of a number of aerospace companies, the
elements listed in figure 1 were considered to be the most strategic with
respect to the aerospace industry. As a result of prioritizing by NASA's
COSAM planning team supplemented by further discussions with several aircraft
engine manufacturers, four elements emerged that were of particular concern.
The alloys used to build the critical high temperature components for aircraft
propulsion systems require the use of the four metals - cobalt, columbium,
tantalum, and chromium. These metals are contained in steels, stainless steels,
and superalloys that are used in engine manufacturing. Figure 2 lists these
four elements in the high priority category with a brief rationale for this
ranking. The remaining five strategic elements evolving from our surveys were
given a lower priority and figure 2 also contains a short explanation for this
ranking.

The location of these metals in aircraft engine compressors, turbines,
and combustors is illustrated in figure 3. The need for such metals has in-
creased as the demands have grown for higher durability plus high performance,
fuel efficient aircraft turbine engines. Based on the essential nature of
these metals and for the U.S. aircraft industry to maintain its competitive
position, it is necessary that supplies be readily available at a reasonably
stable cost. To achieve these requirements, domestic sources of key metals
are desirable.
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Today, we are almost totally dependent on foreign sources for these metals
as shown in figure 4. In several of the countries listed in figure 4, recent
political disturbances have led to supply interruptions. Therefore, the U.S.
aircraft engine industry can be seen to be highly vulnerable to supply insta-
bilities of the essential metals for engine manufacturing. Accompanying supply
disruptions or increased demand is an accelerated price increase. Escalated
prices during the recent few years are evident for tantalum, columbium, cobalt,
and to a lesser degree for chromium, as shown in figure 5. These rapid price
increases illustrate the additional vulnerability of the U.S. aircraft engine
industry to cost fluctuations. The essential nature of cobalt, columbium,
tantalum, and chromium along with their vulnerability to supply instabilities
and cost fluctuations combine to cause these metals to be classified as strate-
gic aerospace metals.

The portion of these four metals used in superalloys for the aerospace
industry compared to all other U.S. uses is shown in figures 6 to 9. The ‘'he
use of these metals in superalloys as compared to total U.S. consumption in
1979 was: cobalt - 30 percent, columbium - 28 percent, tantalum - 5 percent,
and chromium - 3.4 percent. These data reveal that superalloys comprise the
largest single use of both cobalt and columbium.

OVERVIEW OF COSAM

COSAM has as its primary objective the reduction of the dependence of the
U.S. aerospace industry on strategic metals. COSAM can also provide the indus-
try with some options for making their own property versus availability/cost
trade-offs when selecting aerospace alloys. These objectives will be achieved
by providing the technology needed to minimize the strategic metal content of
critical components in aerospace structures. Initial emphasis will be placed
on the aircraft engine industry. COSAM initially is focused on conservation
of the strategic metals cobalt, columbium, tantalum, and chromium. Strategic
metals such as titanium, the precious metals, tungsten, and others may be
brought into COSAM as it progresses.

Along with prioritizing the strategic elements that were identified, the
role that the NASA's COSAM effort should encompass was also evaluated. Options
that were considered are listed in figure 10. All of these options could con-
tribute to the conservation of strategic materials and minimization of U.S.
aerospace industry vulnerability. However, within the scope of our program
a decision was reached based on Lewis' traditional roles and expertise to focus
on the three areas noted in figure 10. These areas consist of strategic
element substitution, process technology, and alternate materials. Contribu-
tions to the other areas may benefit from COSAM through cooperative programs
with other governmental agencies such as in the area of scrap reclamation or
through cooperation with technical societies in establishing a critical
material index. Having selected a list of four high priority strategic ele-
ments and having defined the areas of emphasis for COSAM and specific objec-
tives, a technology approach was adopted as shown in figure 11. Conservation,
as well as reduced dependence on strategic metals, will be achieved in the
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area of strategic element substitution by systematically examining the effects
of replacing cobalt, columbium, and tantalum with less strategic elements in
current, high use engine alloys. This will help guide future material speci-
fications if one or more of these metals becomes in short supply. Conservation
through process technology will be achieved by advancements in those net-shape
and tailored-structure processes that minimize strategic material input re-
quirements. This will lower total usage. And in the longer term, development
of alternate materials that replace most strategic metals with those highly
available in the U.S. could lead to a substantial reduction in the U.S. depen-
dence on foreign sources. Both of the later two technology areas will help
conserve the four strategic metals Co, Cb, Ta, and Cr.

EARLY COSAM ACTIVITIES

COSAM efforts began in FY'80. Efforts on planning and organizing are
still underway. In addition to the planning activities, several small re-
search activities have been initiated. These research activities focus on two
of the three major thrusts of COSAM - strategic element substitution and devel-
opment of alternate materials. Special emphasis of these initial efforts is
on developing a fundamental understanding of the role of strategic elements in
current aircraft engine alloys so that effective alloying element substitution
can be conducted. Similarly, in the development of alternate materials, a
basic understanding of materials properties and alloying concepts is being
emphasized. Consequently, university grants play a major part in COSAM. In
addition, cooperative programs with industry augmented by in-house research at
the NASA Lewis Research Center comprise the approach used in these initial
projects. This cooperative approach will continue to be followed in COSAM
and industry, universities, and government in-house research will each play a
key role. The subsequent paragraphs will describe in some detail early COSAM
research efforts.

Strategic Element Substitution

Four metals were mentioned previously as being classified as high
priority strategic metals. Cobalt was selected from these four metals for the
early COSAM strategic element substitution research. The basis for selecting
cobalt was twofold. First, the largest single use of cobalt in the U.S. is in
superalloys for jet engine applications as was shown in figure 9 (ref. 3).
Many of the other applications indicated in figure 9 are also important to the
nation's economy and security as well. Secondly, the specific roles that
cobalt plays in nickel-base superalloy fabrication and performance has not
been clearly established. Most superalloys currently in use were developed at
a time when cobalt was plentiful and inexpensive. Literature results (Ref. 4)
are conflicting as to the role that cobalt plays in nickel-base superalloys in
important areas such as phase stability, Yy' partitioning, strength, fabricabil-
ity, and oxidation and hot corrosion resistance. Because of these uncertain-
ties, there existsastrong possibility that the strategic element cobalt can be
substantially reduced or possibly eliminated from several superalloys without
sacrifice of the key properties for which these alloys were selected for
engine service.
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Four nickel-base and one cobalt-base superalloys were selected for this
investigation. The five alloys are listed in figure 12 along with their
typical applications in the aircraft engine industry, the forms in which the
alloys are used, and remarks as to why they were selected for this activity.
Applications include turbine disks, turbine blades, and combustors. A variety
of product forms are represented by the applications of the five alloys as
noted in figure 12. The selection of the five alloys was based primarily upon
the considerations given in this figure. Waspaloy* was selected because it
represents the highest tonnage of cobalt now in commercial aircraft engines.
Selection of Udimet-700* was based on the fact that this alloy is used in the
as-cast, as-wrought ingot, as-wrought powder, and as-HIP powder metallurgy
fabricated conditions. The potential for determining the impact of cobalt on
both conventionally cast as well as on single crystal turbine blades was the
reason for -selecting Mar-M247*. Rene' 150* was chosen because it is one of
the most advanced directionally solidified alloys. The wrought, sheet alloy
HA-188* was selected because it represents one of the largest uses of a cobalt-
base alloy in aircraft engines.

The primary purpose of the cobalt strategic element substitution research
is to determine the fundamental role of cobalt in a wide variety of nickel-
base superalloys and in a high-use cobalt-base superalloy. A secondary purpose
is to develop the methodology to explore the roles of other strategic elements
in similarly chosen alloys so as to have maximum impact on a wide range of
users.

Figure 13 shows the participants in this COSAM effort on cobalt strategic
element substitution. These initial research efforts are planned for a three-
year period and consist of cooperative programs involving universities, indus-
try, and NASA Lewis Research Center. Nominal compositions of the five alloys
given in figure 13 indicate that cobalt content ranges from 10 percent in Mar-
M247 to 39 percent in HA-188. 1In addition, the y' phase ranges from 20 per-
cent in Waspaloy to 65 percent in Rene' 150. The first phase in each research
effort will involve substituting the less strategic element, nickel, for
cobalt in incremental steps to a zero cobalt content. The effect of this sub-
stitution on properties and phases present, such as y', will make up the major
portion of the research effort in the first year of each program element.
Efforts in subsequent years will be directed at identifying and optimizing
alloying elements as substitutes for cobalt in the five alloys so as to main-
tain the key properties of these alloys.

The cooperative nature of the research being conducted on Waspaloy and
Udimet-700 is illustrated in figure 14. The role of industry as represented
by Special Metals Corporation is outlined. Their primary role is to charac-
terize and optimize fabrication and heat treating procedures for the reduced

*Trademarks

Waspaloy United Technologies Corporation
Udimet Special Metals Corporation
Mar-M Martin Marietta Corporation
Rene' General Electric Corporation
HA Cabot Corporation
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cobalt Waspaloy and Udimet-700 alloys. The university role in this effort is
~also shown in figure 14. Columbia University will be involved with mechanical
property characterization, structural stability, microstructural features, and
theoretical formulations to identify future alloy modifications if required
for the second phase of the project. Purdue University will be primarily
responsible for microstructural and microchemistry characterization of the
reduced cobalt content alloys. To round out the program, NASA Lewis Research
Center will be involved in further mechanical and physical metallurgy charac-
terization of the alloys as shown in figure 14. The output of this coopera-
tive effort is expected to be a clearer understanding of the role of cobalt in
nickel-base superalloys.

Some preliminary results on the effects of reducing cobalt in Waspaloy,
a 13 percent cobalt alloy, are shown in figure 15 (ref. 5). Tensile strength
appears to be insensitive to the amounts of cobalt in the alloy. However,
rupture life decreased with decreasing amount of cobalt in Waspaloy. Further
testing will be required to better characterize this apparent effect.

Similar effects of cobalt on the rupture life of Mar-M247 have been deter-
mined as shown in figure 16 (ref. 6). A possible contributing cause to this
reduction in rupture life is the decrease in amount of y' in this alloy with
decreasing cobalt content as shown in figure 17. Also shown in figure 17 is
the change in Yy' composition. As cobalt is removed from the alloy, the
largest change in the composition of y' is the increase in tungsten content.
Further studies are underway to clarify the role of cobalt in this alloy.

The research efforts on Udimet-700 and Rene' 150 parallel the previously
described efforts on Waspaloy and Mar-M247. It is anticipated that these
studies will lead to an understanding of the fundamental role of cobalt in a
variety of conventional and directional nickel-base superalloys. These
results should provide an improved technical base to develop modified super-
alloys in later stages of COSAM, as illustrated in figure 18.

Alternate Materials

Research in this area must be considered to be high risk and long range,
but it has the potential of a high payoff in terms of significantly reducing
the nation's dependence on strategic materials. As an example of alternate
materials, intermetallic compounds are currently being investigated for
possible structural applications. Initial efforts are centered on nickel and
iron aluminides. Successful development of this type of alternate material
offers the possibility of partially or totally replacing all the strategic
materials in components where intermetallic compounds can be utilized.

Intermetallic compounds are of interest because of their potential high
temperature strength as shown in figure 19 (ref. 7). It can be seen in this
figure that nickel aluminides have the strength capability of competing with
current nickel-base alloys. However, a possible disadvantage of this type of
material is that simple binary aluminide compounds have shown a lack of room
temperature ductility (fig. 20). The factors which influence the high ductile-
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to-brittle transition temperature of nickel aluminide (~600 + 0c) are
currently being investigated. A NASA grant with Dartmouth University is
aimed at understanding the fundamental deformation mechanisms in nickel
aluminide. From these investigations, methods of improving the low temper-
ature ductility of nickel aluminide may be suggested. An accompanying in-
house research project at NASA Lewis Research Center is focusing on the high
temperature mechanical properties of aluminides. These studies can provide a
fundamental basis for more extensive research to develop these nonstrategic,
alternate materials as shown in figure 21.

COSAM PLANS

Future COSAM efforts can build on the fundamental understanding from the
early research for cobalt substitution, as was shown in figure 18. Major
efforts will be devoted to developing, and if warranted, to scaling-up low or
no-cobalt nickel-base superalloys for fabrication into various components.
Demonstration of continued promise could also lead to verification in engine
tests by major engine producers. Similar efforts will also be conducted for
other strategic metals such as columbium and tantalum.

In the area of alternate materials, much more work will be required to
develop materials such as intermetallic compounds. As was shown in figure 21,
initial efforts will focus on fundamental studies aimed at improving low
temperature ducitility and high temperature strength of FeAl and NiAl inter-
metallics. Complete property characterization will follow on more promising
compositions. Reiterations of these basic steps will be required to further
optimize the alternate materials and make them viable candidates as structural
materials for aircraft engines. Scale-up and rig testing of promising compo-
sitions for blades and vanes will follow. The development of alternate
materials will help conserve the strategic metals Co, Cb, Ta, and Cr.

A third area of the COSAM consideration involves conservation through
improved materials processing technology. Although none of these activities
have been initiated, plans have been made for investigating processing
technology in such areas as advanced melting techniques, tailored fabrication,
advanced coatings, joining techniques, and fabrication efficient processes. A
reduction in strategic material usage should result from these processing
technologies. For example, early efforts on near-net-shape fabrication of a
turbine disk (ref. 8) have been shown to be able to reduce input material
weight compared to conventional casting/forging practice and further gains
appear possible. Improved processing technology will also help conserve the
strategic metals Co, Cb, Ta, and Cr.

CONCLUDING REMARKS

This paper has presented NASA's COSAM efforts and planning. The primary
points are summarized below:
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1. Advancements in materials technologies are needed to provide the aerospace
industry with alternative materials options in the event of future strategic
metal shortages or excessive price increases.

2. The primary role of NASA's COSAM efforts will be to address strategic
material problems within the aerospace industry. COSAM should make contribu-
tions to a national data base that will benefit many other domestic industries
as well.

3. COSAM was designed to involve cooperative research efforts with industry
(alloy producers, component fabricators, and engine manufacturers), with
universities, and with government research facilities (primarily the Lewis
Research Center).
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STRATEGIC MATERIALS

® DEFINITION: THOSE PREDOMINANTLY OR WHOLLY IMPORTED ELEMENTS CONTAINED
IN THE METALLIC ALLOYS USED IN AEROSPACE COMPONENTS WHICH
ARE ESSENTIAL TO THE STRATEGIC ECONOMIC HEALTH OF THE U.S.
AEROSPACE INDUSTRY

® SURVEY RESULTS
A.S. M. E. GAS TURBINE PANEL SURVEY STRATEGIC ELEMENTS IDENTIFIED
Cb, Co, Cr, Ta, AND W

NASA AEROSPACE COMPANY SURVEY
(ADDITIONAL ELEMENTS) Mn, Pd, Pt Sn

Figure 1. - COSAM background.

HIGH PRIORITY

Co SUPERALLOYS LARGEST SINGLE USER (30% OF TOTAL)

Cb SUPERALLOYS LARGEST SINGLE USER (28% OF TOTAL)

Cr CRITICAL TO ENVIRONMENTAL RESISTANCE OF ENGINE COMPONENTS
Ta CRITICAL TO ADVANCED ENGINE ALLOYS

LOWER PRIORITY

w NEW U. S. MINES ON STREAM, PROJECTED SELF-SUFFICIENCY BY 1985

Mn WIDELY USED IN STEEL INDUSTRY, HOWEVER POTENTIAL LOW COST
ALTERNATIVE TO Ni

Pd, Pt USED FOR ELECTRICAL/ELECTRONIC APPLICATIONS
Sn USED FOR Al AIRFRAME ALLOYS AND IN SOME Ti ENGINE ALLOYS

Figure 2. - Strategic element focus.
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CHROMIUM

CHROMIUM COBALT
COBALT CHROMIUM COLUMBIUM
COLUMBIUM COBALT TANTALUM

NEEDED FOR PERFORMANCE AND LONG LIFE
COBALT — HIGH TEMPERATURE STRENGTHENER

COLUMBIUM — INTERMEDIATE TEMPERATURE STRENGTHENER
TANTALUM — OXIDATION RESISTANCE
CHROMIUM — CORROSION RESISTANCE

Figure 3. - Strategic metals are critical to turbine engines.
METAL % IMPORTED MAJOR FOREIGN SOURCE
COBALT 97 ZAIRE
COLUMBIUM 100 BRAZIL
TANTALUM 97 THAILAND
CHROMIUM 91 SOUTH AFRICA, ZIMBABWE

Figure 4. - U. S. aerospace is vulnerable to supply instabilities.
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Figure 5. - U. S. aerospace is vulnerable to cost fluctuations.
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Figure 6. - U. S. consumption of cobalt in 1979 (Total pounds, 20.3 million).
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CARBON
STEELS

2%

SUPERALLOYS
SIS
w7

Figure 7. - U. S. consumption of columbium in 1979 (Total pounds,

6.3 million).

CHEMICAL
INDUSTRY

CAPACITORS
68%

Figure 8. - U. S. consumption of tantalum in 1979 (Total pounds,
1.7 million).
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~CAST IRON
Figure 9. - U. S. consumption of chromium in 1979 (Total pounds chromium

ferroalloys, 1.0x109).

" OPTIONS CONSIDERED IN PREPARATION FOR
STRATEGIC MATERIALS SHORTAGE

® EXPAND EXPLORATION
® |[MPROVED RECOVERY

® STRATEGIC MATERIAL SUBSTITUTION \/

® SCRAP RECLAMATION

® REDUCED WASTE IN PROCESSING

® ALTERNATE MATERIALS
® STOCKPILING
® CRITICAL MATERIAL INDEX

Figure 10.- Options considered in preparation for strategic materials short-

age).
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OBJECTIVE:

@ PROVIDE TECHNOLOGY OPTIONS WHICH WILL SUPPORT THE AEROSPACE INDUSTRY
IN MAKING STRATEGIC ECONOMIC DECISIONS AIMED AT SIGNIFICANTLY REDUCING
STRATEGIC METAL CONSUMPTION
- Co, Cb, Ta, Cr, AND OTHERS AS IDENTIFIED

APPROACH:

® DEVELOP UNDERSTANDING OF ROLES OF Co, Cb, Ta, AND Cr IN CURRENT
SUPERALLOYS

® |DENTIFY SUBSTITUTES AND LOW STRATEGIC METAL CONTENT ALLOYS
® DEVELOP PROCESS TECHNOLOGY THAT WILL MINIMIZE STRATEGIC METAL INPUT AND WASTE

® |DENTIFY ALTERNATE MATERIALS AND PROCESSES THAT HAVE HIGH LONG TERM POTENTIAL
IN REDUCING STRATEGIC METAL USAGE (HIGHER RISK APPROACH)

Figure 11. - COSAM program objective and approach.

ALLOY TYPICAL ENGINE  FORM REMARKS
APPLICATION
WASPALOY TURBINE DISK ~ FORGED HIGHEST USE

WROUGHT ALLOY IN
CURRENT ENGINES

UDIMET-700 TURBINE DISK ~ FORGED | SIMILAR ALLOYS USED
(LC) ASTROLOY ~ TURBINE DISK  AS-HIP- IN VARIOUS FORMS
; POWDER AND APPLICATIONS

(RENE 77) LP BLADES CAST

MAR-M247 TURBINE CAST CONVENTIONALLY-CAST, D.S.
BLADES AND SINGLE CRYSTAL

RENE' 150 TURBINE DS-CAST  HIGHLY COMPLEX
BLADES DIRECTIONALLY-CAST ALLOY

HA-188 COMBUSTORS ~ WROUGHT ~ HIGH USE COBALT-BASE

SHEET ALLOY

Figure 12. - Superalloys selected for initial COSAM activities.
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PARTICIPANTS ALLOY NOMINAL COMPOSITION Y
Ni Cr Cc Mo W Ta Re Al Ti Hf

COLUMBIA UNIV WASPALOY « 585200 13! 4 -= == == 133 — 0%
PURDUE UNIV

SPECIAL METALS

NASA-LEWIS

COLUMBIA UNIV UDIMET-700 53 15 19 5 -- -- -- 43 35-- 40%
PURDUE UNIV

SPECIAL METALS

NASA-LEWIS

CASE-WESTERN MAR-M247 60¢ 8 10/ .6 107 3" =—S5I5ENININAR (55%
RESERVE UNIV

TELEDYNE

NASA-LEWIS

NASA-LEWIS RENE 150 590512 IS5 BN AR G55 R] L 588 65%

(TBD) HA-188 22 2 N — 4 - — —— -
Figure 13. - Elements of initial COSAM activities.
MATERIAL PHYSICAL METALLURGY AND EXPECTED

FABRICATION PROPERTY CHARACTERIZATION RESULTS

OLUMBIA UNIVERSITY

® MECHANICAL PROPERTIES

® STRUCTURAL STABILITY

® MICROSTRUCTURAL ANALYSIS
® DATA ANALYSIS AND
THEORETICAL FORMULATIONS

SPECIAL METAL

® HOT WORKABILITY
o TMP

® CHEMICAL ANALYSI
& DTA ANALYSIS

PURDUE UNIVERSITY
CLEARER UNDERSTANDING
® ' AND CARBIDE EXTRACTIONS OF ROLE OF COBALT

® y AND y' CHEMICAL ANALYSIS IN NICKEL-BASE
® X-RAY DIFFRACTION SUPERALLOYS
ELECTRON MICROSCOPY

NASA - LERC

® LOW CYCLE FATIGUE
® THERMAL FATIGUE
® CYCLIC OXIDATION
@ HOT CORROSION

Figure 14. - Cooperative program to determine fundamental role of cobalt
Waspaloy and U-700.
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RUPTURE LIFE, 730° C; 550 MPa TENSILE STRENGTH, 535° C

% COBALT
0
8
13
(WASPALOY)
l 1 J | J
0 25 50 7% L0 L1 L2
LIFE, hr STRENGTH, GPa
Figure 15. - Preliminary results of reducing cobalt in Waspaloy.
0
% COBALT
5
(MAR-M247) 10
| e I
0 100 200 300
LIFE, hr
Figure 16. - Preliminary results of reducing cobalt in Mar-M247.

(Rupture life, 870°C; 360 MPa.)
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Figure 18. - Planned flow of COSAM strategic element substitution research.

FY80 Fy81 FY82 FY83 Fysa FY85 FY86

UNDERSTANDING ROLE OF
COBALT IN
SUPERALLOYS

—

IDENTIFY ALLOY

DEVELOPMENT
APPROACH
ALLOY
CHARACTERIZATION
COMPONENT FABRICATION
ENGINE VERIFICATION : E. G.,
LOW-COBALT/HIGH STRENGTH DISK
LOW-COBALT/HIGH PERFORMANCE
BLADE (ENGINE MANUFACTURERS)
Figure 17. - Amount and composition of gamma prime as a function of cobalt

content in Mar-M247.
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Figure 19. - Typical strengths of aluminides and
superalloys.
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Figure 20. - Typical ductility values for

L MAR-M246
1000 h

RUPTURE LIFE

aluminides and superalloys.
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FY80

FY8l

FY82

FY83

Fy84 Fy85 FY86

UNDERSTANDING DUCTILITY AND
STRENGTHENING MECHANISMS IN FeAl
AND NiAl INTERMETALLICS

R

PROPERTY CHARACTERIZATION
MECHANICAL-PHYSICAL-ENVIRONMENTAL

T

IDENTIFY AND SCALE-UP
INTERMETALLICS FOR BLADES
AND VANES

fi 1a

RIG TESTING

Figure 21. - Planned flow of COSAM alternate materials research.
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WHO NEEDS ENGINE MONITORING?

James L. Pettigrew, P.E., Lt Col, USAF
Wright-Patterson Air Force Base

ABSTRACT

The requirement for Engine Monitoring Systems (EMS) is elusive even for
its advocates. Decisions not to invest large sums of up front money in equip-
ment which will be of uncertain value are easily made by conscientious program
managers. Even as on-condition maintenance (OCM) is being established as the
desired approach in the Air Force, many people in the decision chain doubt the
potential value of on-board engine monitoring equipment.

EMS advocates have not provided convincing answers to many hard questions,
some of which are: "Should the EMS capability provide on-board GO-NO-GO infor-
mation? How much engine monitoring is enough? What parameters are required?
How will the EMS capability be used to direct maintenance actions? Does the
environment require only engine parts tracking, engine usage, or performance
trending data?'' Answers may not have uncontested technical support but may
require judgement based on something like Pareto's 80-20 law applied to
operational data.

The true EMS values are certain only in the future operational environments.
The EMS advocates' problems are to find for the system managers acceptable up
front rationalization for the added EMS cost. Past operational evaluations of
a few EMS units for short periods have not all produced convincing results.
This presentation will discuss these evaluations and their lessons learned,
then review the options for each required EMS phase, and close with a review
of the guidance being provided for EMS on new systems.

COST TRENDS

Table | shows the maintenance cost of flying various Air Force engines
for thousand engine flight hours. The maintenance cost are in 1980 dollars.
In most cases, these costs equal or exceed the acquisition cost for that
engine. The acquisition costs shown are first production contract costs in
then year dollars. For a true comparison, the earlier engine cost would be
corrected for inflation. From these numbers, the throwaway engine might not
be such a bad concept, especially when you remember that with increasing
engine age performance deteriorates and engine service life between repair
shortens. Maintenance manhour per flight hour on the newer engines is also
increasing to some very high numbers.
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FAILURES

Failures result from wear, leaks, structural damage and human error.
There are many things which influence operating time before engine failure.
An Engine Monitoring System (EMS) provides a data base from which failures
can be predicted, detected, and diagnosed early, before there is a loss in
mission capability.

IMPORTANCE OF VIEWPOINT

The viewpoint from which an individual looks on things has a large
influence on what he is able to see. This is illustrated by the old saying
that ""A jackass on a hill can see more than a genius in a valley."

An EMS is more than black boxes full of electronic circuits. The people
who look at an engine monitoring system as the black boxes might be considered
the genius in the valley. In the total system view, EMS is the executive
control system which tells the maintenance supervisor that an individual
engine requires diagnostic work to find out why it is abnormal. The EMS data
function is similar to the blood pressure check performed by the doctor. |[f
he finds any abnormalities in blood pressure he runs other diagnostic tests
to determine what is causing you to be abnormal.

REQUIRED TASKS

Figure 1 illustrates the data flow in an EMS. Data can be obtained in
ways ranging from a manual recording of cockpit instrument readings to
sophisticated complete electronic systems which automatically records, stores,
and transfers the data to ground computers. Airborn engine monitoring system
electronics often have decision logic to determine engine status as soon as
the aircraft lands. Airplanes with two pilots and mission requirements for a
cruise leg are generally able to use manual recording. On single pilot air-
craft work load generally prevents the use of manual recording. The ability
to get in-flight engine performance is the missing piece for single pilot
fighter aircraft. Therefore, current thrust in developing EMS capability is
improvement of in-flight data acquisition ability.

Before the in-flight data can be used to predict, detect and diagnose
failures, it must be validated, corrected, compressed, displayed, and then
interpreted. There are a number of ways of interpreting. The status of
engines can be obtained from the data by limit exceedence or by observing
trends. The important results from an EMS is the effect of the information
on the maintenance system. |If we only gather the data, and look at the data,
and do not use it to direct maintenance, EMS is of little value to the total
system.
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WHY OCM

In February 1974, the Department of Defense gave the following logistics
and material support guidance:

1. Establish engine maintenance policies to eliminate maximum
operating time.

2. Exploit modular designs in new engines.
3. Use on-condition maintenance techniques.
L. Apply to existing engine types wherever practicable.

With the on-condition maintenance you need a methodology to tell you what
the existing condition is within the engine so you can schedule it for
maintenance. Figure 2 illustrates why on-condition maintenance has an
advantage. It can reduce risk and save dollars.

Engine usage varies by the mission being flown. For example, a fighter
aircraft on a low-level mission flying at 600 knots, Mach .95, would have
its inlet pressure increased by a factor of 1.8. On the low-level mission,
the engine with a 20 to 1 compression ratio would have a combustor case
pressure of 36 atmospheres. On the other hand, an intercept mission which
cruises out at 30,000 feet MSL would only see 12 atmospheres combustor case
pressure. The cruise engine obviously is capable of operating more hours
before failure because of the less stressful usage. |f maintenance is
driven by maximum operating time, the additional operating capability of an
engine used at the lower rate will not be utilized. |If the condition of
each engine determines when it must be repaired, then the full engine
capability can safely be used.

AIR FORCE EMS PROGRAMS

Air Force EMS programs are divided into three categories: (1) developed with
aircraft, (2) contract maintenance, and (3) add-ons to operational aircraft.
See Table |l for a listing of EMS developed with aircraft.

MRS is a Maintenance Recording System that is applied on the SR71 with a
J58 engine. It is an analog recorder that gives a continuous trace of the
engine operating parameters throughout that mission. |t has an approximately
1100 hours meantime between failure (MTBF), and is considered a successful EMS
system. |ts data is automatically acquired and formatted with manual
interpretation by a technician rolling the strip chart and looking at total
trace for each sortie. That strip chart may be 8 to 10 feet long for a
sortie. The interpretation of the analog traces is a disadvantage on this
system.
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The Malfunction Detection Analysis and Recording System (MADARS) was
built and developed with the C-5 aircraft. It automatically acquires and
formats the data. Interpretation is both manual and automatic. Logis is
proved to print out the maintenance action required in many cases. A
shortcoming of MADARS is an overall system MTBF. MADARS monitors
all aircraft systems. The MTBF for the engine portion of the MADARS which
provides engine data is approximately 100 hours.

The Central Integrated Test System (CITS) is another system designed to
monitor the total airplane as well as the engine; it has been tested on the
four B-1's during their Category | & Il flight tests. It is rather complex
and there are some differences of opinion on its real potential benefit to
the operational weapons system.

The two systems at the bottom of the figure, Events History Recorder (EHR)
and Engine Time Temperature Record (ETTR), are different in that they record
usage more than they record the traditional performance monitoring parameters.
The ETTR infers engine health from counters that pick up the amount of time
above a certain temperature and the speed cycles on the engine in terms of
core engine speed. This information allows low cycle fatigue tracking. The
operational units have some problem of short meantimes between failure. The
EHR runs about 600 hours and the ETTR runs about 2500 hours.

Contract maintenance is used on systems with only a few aircraft. Under
this approach, the Air Force uses the aircraft and asks the aircraft company
to provide all of the support away from the flight line. The maintenance
approach used by the Air Force is a threefold approach: flight line,
intermediate, and depot maintenance.

Flight line maintenance does remove and replace activities, as well as
servicing. The intermediate maintenance shop located at the base does minor
overhaul work. The major overhaul facilities does the complete overhaul. |In
the contracted approach, the contractor provides the intermediate and the
depot maintenance.

Contract maintenance systems have a Contractor Operated and Managed
Based Supply system (COMBS) at each base operating the type aircraft. Blue
suit, flight 1ine maintenance personnel go to the COMBS facility which
provides a replacement part over-the-counter. See Table Ill for a summary
of USAF contract maintenance programs.

The T-43 aircraft uses a flight log engine monitoring program with manual
data acquisition, automatic computer formatting and both automatic and manual
interpretation. The C-9 uses ground trim data from routine ground runs as a
basis for determining engine conditions. From the Air Force standpoint, both
of these programs are still fairly new. The T-43 is just now reaching the
first overhaul on the engines. The KC-10, also contract maintenance, will
use flight deck monitoring with manual acquisition, automatic formatting and
manual interpreting of the data. The E-4, which is the SAC Command and
Control airplane, also uses flight deck monitoring, with manual recording,
automatic formatting and manual interpretation.

212




EMS EXPERIENCE

These applications show the wide range of choices available to accomplish
each of the required EMS tasks. Each of the systems discussed currently
fulfills the engine monitoring requirements for its weapon system. However,
cost benefits from the EMS application are difficult to accurately quantify.
The benefits are real, but normal system data has not been defined to break
out the results. These systems give insight into how the next monitoring
system should be designed and built. A selling point often used to justify
an EMS is elimination of all ground support equipment. These programs
generally show that ground equipment may even see additional use. Monitoring
EMS data does give us additional insight into engine health, and is capable of
controlling on-condition maintenance.

ADD ON EMS

Several operational aircraft have added EMS for service test in an attempt
to demonstrate the value of the engine monitoring. See Table IV for a summary
of EMS add-ons to operating aircraft. The Engine Health Monitoring System
(EHMS) was tested on the T-38. It automatically acquired and formatted the
data for semiautomatic and manual interpretation. The results of the
T-38 test indicates that EMS probably would not be cost effective. The
operational use for the airplane is important. The Air Training Command wants
to assure highly reliable engines. Therefore, its overhaul interval is
shorter. The test was run within the ATC standard operational framework;
therefore, there were few failures. |If the engines do not fail, the
monitoring system cannot prove its capability and benefits.

Engine Condition Monitoring Program (ECMP) employed in SAC is flight
deck monitoring. ECMP is being credited with secondary damage savings of $2
million dollars a month and reducing the in-flight shutdown rate on the SAC
fleet by better than 50%. The 50% is based on the three year, in-flight
shutdown rate average prior to implementation of the program, compared
against the three years since the program has been in use.

Again, look at the concept of operation. ECMP is used on a multi-engine
aircraft. With multi-engine aircraft, in-flight shutdowns do not have a
strong safety indication. Therefore, the overhaul interval is much longer
than on a single engine aircraft. Failures do, therefore, occur within the
maximum operating time. The ECMP was able to detect these failures before
occurrence, allowing repair when the deterioration was in the earlier stages.
More than 2000 engines have been repaired solely because of ECMP indications.
Only six have been disassembled during this period where no problem could be
identified.

The A-10 Turbine Engine Monitoring System (TEMS) has been service
evaluated with positive results, and is following on with a squadron level
evaluation planned to determine how well that system functions to drive
maintenance in the operation scenario.
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The electrostatic probe is new technology that came out of the Air Force
Institute of Technology (AFIT) about ten years ago. The theory is that rub
or errosion in the engine gas path produces an electrostatic charge in the
exhaust stream. The quantity measure of electrostatic charge per unit time
infers the rate of deterioration within the gas path. The phenomena has been
verified but it has not been operationally employed as a monitoring system.

The engine diagnostic system EMS is a monitoring system for the F100
engine in the F-15 aircraft. It is a service test to validate state of the
art EMS capability against thirty~two goals. The results proved the system
would get the data with accuracy equal to the test stand.

GENERAL RESULTS FROM ADD~ON TESTS

Experience does not show optimistic near term expectations for add-on
monitoring systems. EMS generally drives the maintenance cost higher. Start-
up problems show that a successful new system takes time to mature. Software
problem solutions have taken longer than expected before the EMS successfully
records in-flight data. Test plans often are written to conduct the
evaluation within normal operating scenario which prevents the test yielding
conclusive evidence on EMS value. The test aircraft are used to meet mission
requirements in the normal manner. Maintenance is done by the TOs with
little flexibility allowed to meet test objectives. Therefore, the test
articles may not obtain sufficient flight hours or get appropriate focus.

Many valuable benefits come from a monitoring system. You get design
feedback, correlation between the testing and operation usage, and verification
of repair effectiveness. Verification of repair is often overlooked in the
benefits analysis of the program. Maintenance replaces the wrong part,
puts the aircraft back in service and it flies without a squawk, so it is
concluded that the repair fixed the original squawk. Data from the monitoring
system allows one actually to see the performance trace change providing a
powerful quality control capability on maintenance and repair. EMS certainly
provides improved knowledge of failure modes.

Technical orders are based on a number of A PRIOR! assumptions. These
assumptions are presupposed by experience, and are not subject to further
examination or analysis. Based on A PRIORI assumptions, technical orders are
written as if the A PRIORI knowledge illustrates the true behavior of an
engine.

A monitoring system may provide data which causes one to question A PRIORI
assumptions. EGT margin is believed to have full capability to effectively
identify an engine as good or bad. EMS data shows that the EGT does go
through the red line just before the engine is torn asunder. However,
experience with a SAC monitoring program showed that severely deteriorated
engines with basket case turbines often run cooler with a greater EGT margin.
The cooler operating engine can be explained by the facts that the EGT probes
are not covering the total exhaust stream and that the turbine nozzle areas
change with deterioration. Engines were found by the SAC program with
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missing first stage nozzle and burner center cones broken off and laying back
against the first stage nozzle. These engines passed EGT tests. In fact,
two-thirds of them passed complete test runs and were certified for flight.
Teardowns later found the bent and broken hardware within the engine. See
reference 1 for an example from the SAC ECMP,

The ECMP showed that the beginning failure in the majority of the J57/
TF33 engines started with fuel nozzles. Some fuel nozzles in a couple of
burner cans would plug with the engine continuing to meet performance specs.
The good burner cans got more fuel causing hot spots which resulted in
burning and bowing of the vanes. Hours later, a vane would eventually
burn through. The piece of broken vane would have about an 80% probability
of making it through the turbine without engaging in the stationary and
rotating vane rows. That is hard to believe, but under the monitoring
system, many engines were missing a half first stage turbine nozzle vane
on tear down. The missing piece had marked the turbine stages as it passed
through. |In other cases, the piece would engage between the rotating
turbine wheel and stationary nozzle with sufficient force to break
a blade. The engines are amazingly tough.

The SAC ECMP uncovered a change in depot maintenance procedures. Fuel
nozzles were designed to be repaired in matched sets. |t was decided that
overhaul of the fuel nozzles in matched sets was too costly. So, like parts
were worked in batches. Nozzles were assembled randomly from the batches.
Tolerance control was gone from the batch repaired fuel nozzles. The result
was a very short service life on badly mismatched sets.

Within six months after depot changed overhaul procedure, fleetwide
ECMP monitoring on SAC engines identified the problem. The fuel nozzle overhaul
problem potential will never be known because it was not allowed to exist long
enough to have its full impact on the fleet. ECMP identified engines with
bad nozzles for repair before other parts were damaged. How do you value
something that is responsible for turning a problem around before its impact
is documented?

MANAGEMENT LESSONS LEARNED

Responsibilities should be defined at the outset of an EMS program. Keep
on board equipment simple which may be aided by limiting the in-flight task to
data acquisition. Do the formating and interpretation of the data in the
ground system. Remember that every pound of weight on a fighting aircraft
costs performance. The mission of the Air Force is to fly and fight. Man
should be in the loop so he is able to understand what the output from the
monitoring system means. Provide realistic time and training, support equip-
ment, and EMS spares. Organize a realistic, timely base monitoring team to
use the in-flight data to drive maintenance actions. Effectiveness is
improved if the EMS system is built-in versus retrofit. One should not wish
to monitor everything.
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TECHNICAL LESSONS LEARNED

If the necessary parameters can be defined, it is possible to minimize
sensor requirements. Insure that the output of the in-flight equipment is
compatible with the existing test equipment. Provide flexibility so the
necessary data can be obtained to track a new failure mode. Provide self-
check to isolate the bad data. Trending does allow you to determine
deterioration within the engine. Increasing fuel prices are emphasizing
the need to obtain the engine data while the engine is in the revenue
service, to use the airline term, rather than do a ground run. If the engines
don't have problems, you don't need monitoring. Good engines receive no
benefit from being monitored. |f you know what the engine's performance
parameters are doing, you can determine its reliability potential and therefore
enhance flight safety.

THE ADVOCATES PROBLEM

Why is it such a problem to get EMS on AF equipment? (See Figure 3)

The figure shows the time line for a weapons system versus accumulative or
life cycle costs. Air Force System Command (AFSC) is responsible for the
acquisition process until Program Management Responsibility Transfer (PMRT).
then, Air Force Logistics Command (AFLC) takes over for logistic support.
The process begins with an approved operational requirement for a specific
weapons system to do a job. The System Project Office (SPO) director is
assigned the responsibility for the acquisition. He is given a certain
budget and has to acquire the required capability within that budget. An
engine monitoring system adds an immediate cost increase to the system which
is apparent. EMS benefits accrue in system operation after PMRT. Several
years of operation may pass before the meantime between failure for the
major items of the system is reached. During the acquisition phase there is
no way of knowing the correct slope on the operations cost curve. Therefore,
the SPO director on his watch sees only the impact of EMS cost on his
system. EMS potentially available benefits accrue in service after PMRT
when AFLC has the watch.

ELEMENTS OF SYSTEMS EFFECTIVENESS

Earlier the importance of viewpoint was discussed with the idea that the
""jackass on the hill could see further than the genius in the valley."
Analyze that idea from a standpoint of system effectiveness. (See Figure 4)
Three people are involved in the Weapon System Effectiveness Problem: The
overall field commander decides what weapon will be employed on what
target at what time, and the branch on the right of figure 4 represents his
interest; The wing commander has to implement the field commander's orders
as the center branch represents his interest. He wants X equipment on the
line and ready to meet the mission requirement. The Deputy Commander
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Maintenance (DCM) is charged with the responsibility of making that

equipment available. His interest is in the branch on the left. The EMS
system in order to be judged cost effective and worthy of purchase by the SPO
director must clearly improve each of these elements for total system
effectiveness. That is the heart of current EMS development guidance that is
being given to industry for the new weapon system starts.

EMS DEVELOPMENT GUIDANCE

The following general guidance for the development of an Engine Monitoring
System (EMS) was provided by the Propulsion Director of Engineering, 30 January
1981, to maximize system effectiveness of our new weapon systems.

The EMS will be dedicated primarily to the performance of "Engine Monitoring,"
i.e., capture of in-flight engine operating data. The EMS function operating
within the planned logistics/maintenance concept will not be compromised by
over sophistication of tasks and multiple roles for the EMS hardware. Where
airframe monitoring systems are to be used, the EMS must be compatible and
compliment that system. However, an option for independent operation of the
EMS should be planned in the event that an integrated airframe/engine
monitoring system is not included. The current development guidelines for
on-board EMS capability are:

1. Simplify on-board equipment by limiting in-flight requirements to data
capture with data interpretation on the ground.

2. Limit EMS design goals to evaluation of engine suitability for
continued service rather than fault isolation to an individual module/
component.

3. Plan use of ground test equipment, e.g., borescope, chip detector,
to confirm EMS indications and enhance diagnostics prior to engine removal.

4. Integrate the EMS output from an operational weapons system viewpoint

by use of ground station data processing with the man in the loop for
interpretation and direction of maintenance.

PLANNED APPROACH

During the early phases of each EMS program the engine contractor will be
tasked by the Air Force to prepare a detailed feasibility analyses covering
the following areas:

1. A list of aircraft/engine parameters to be monitored/recorded in-flight
by the EMS.

2. Feasibility of performing the following engine monitoring/diagnostic
functions using the parameters recorded in-flight:
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- Engine Documentary Data

- Parts Life Tracking

- Parameter Tracking/Trending

- Engine Suitability for Flight

- Warranty Validation (if required)
- Suitability for Flight

In addressing the feasibility of performing each of the above functions
with the EMS, the contractor must direct his analysis to answering the
following questions:

a. Does the technical expertise exist currently to adequately
perform each function without causing a negative impact on the planned
maintenance/logistics concept for the application?

b. How would each function's data product interface with the planned
maintenance/logistics concept?

c. Where and by what means would the EMS data product be converted
into useful information?

d. Who would eventually use the information?
e. What will an EMS do for system effectiveness?

Once this feasibility analysis is provided, a complete review will be
conducted by the Air Force. The direction for the development of the EMS
for the engine will then be established.

TOTAL SYSTEM VIEWPOINT

The engine contractor should be tasked with the responsibility
for developing all aspects of the EMS system with Air Force assistance. This
includes all hardware required on-board, on the flight line and in the ground
station, plus all software required for the EMS to function satisfactorily.
The EMS must work hand in hand with the planned engine logistics/maintenance
concept. As such, both systems or programs must be developed concurrently
to insure optimum utility of the EMS. It is essential that a total system
perspective (airframe, maintenance, logistics) be the overriding consideration
in the development process and that the EMS and the maintenance concept be
concurrently developed. The overriding question is: 'How much EMS is enough
for system effectiveness optimization while remaining affordable?'" Pareto's
criteria can help zero in on the answers during the acquisition phase.
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Using the weapon system approach as an evaluation criteria early in the
acquisition phase will hopefully help get the genius out of the valley onto
the back of the jackass on the hill so that they can together gallop toward
realization of potential EMS capabilities.
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USAF TURBINE ENGINES
MAINTENANCE VS ACQUISITION COST TRENDS

INITIAL ENGINE NOT  MMH/1000EFH REMOVALS 1980 MAINT COST ACQUISITION
OPERATING MISSION 1000EFH $ DOLLARS/1000EFH COST-THEN §
CAPABILITY CAPABLE %
NON AB
1980 (TJ) ] 850 1.268 $161K $176K
1980 (TF) 2 700 0.85 $88K $210K
1989 (TF) 13 1080 0.38 $728K $888K
1976 (TF) 28 820 1.2 $581K $570K
AB
1959 (TJ) 14 144 3.1 $320K $160K
1962 (TJ) 22 87 4.2 $53K $ 85K
1987 (TF) 18 289 7.4 $876K $730K
1976 (TF) 17 323 8.2 $2,000K e

TABLE 1 - MAINTENANCE COST TRENDS FOR USAF TURBINE ENGINES. AS A BASIS FOR COMPARING ACQUISITION COST
THE COST FROM THE INITIAL ACQUISITION CONTRACT IS PROVIDED IN THEN YEAR DOLLARS, THE COST DATA IS EXTRACTED
FrRoM THE 1980 ASD ENGINE ADVISORY GROUP (EAG) MINUTES DATED 24 SEPTEMBER 1980,

ENGINE MONITORING SYSTEMS
DEVELOPED WITH AIRCRAFT

SYSTEM DATA AIRCRAF T/ENGINE STATUS
ACQUIRE/FORMAT/INTERPRET

MRS A A M SR71/J58 OPERATIONAL MTBF 1100 HOURS

MADARS A A M/A C5A/TF39 OPERATIONAL MTBF 100 HOURS

TOTAL MADAR SYSTEM 8 HOURS

cis A A MA BF101 OPERATIONAL IN CAT 1&N
TESTS
COMPLEX NOT READY
FOR OPERATIONAL

DEPLOYMENT
EHR M M A F15/F 16/F100 OPERATIONAL MTBR 600 HOURS
ETTR M L} A AV0/TFI4 OPERATIONAL MTBR 2500 HOURS

TABLE 11 - SUMMARY OF ENGINE MONITORING SYSTEMS DEVELOPED WITH AN AIRCRAFT.
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EHMS

ECMP

TEMS

ELECTROSTATIC
PROBES

EDS

ENGINE MONITORING SYSTEMS
ADD-ONS TO OPERATIONAL AIRCRAFT

DATA
ACQUIRE/FORMAT/INTERPRET ARCRAFT/ENGINE

A M/A T38/485

M M KC135/TF33
B520.G/57
BS2/H/TF33
ci

A M/A A10/TF34

A L] NUMEROUS
ENGINES

A MA F15/F100

STATUS
JUDGED NOT COST EFFECTIVE

OPERATIONAL - SAVES

$2 MILLION IN SECONDARY
DAMAGE EACH MONTH. REDUCED
IFSD RATE BY NEAR 50%

SERVICE EVALUATION ON 5
AIRCRAFT WARRANTS FOLLOW ON
SQUADRON EVALUATION

PHENOMENA VERIFIED

SERVICE TEST ON 5 AIRCRAFT
MEETS MANY OF THE 32 DESIGN
GOALS  ACCURACY EQUALS
TEST STANDS

TABLE II1 - SUMMARY OF ENGINE MONITORING SYSTEMS TESTED AS ADD-ONS TO OPERATIONAL AIRCRAFT,

Sstem
MAME

FLIGHT LOG
CIEMAS*

GROUND TRIM
DATA TRENDED

* CENTRAL INFORMATION ENGINE MOMTORING AND AMRCRAFT SYSTEMS
** ENGINE PEFORMANCE MOMITORING - GE
*** CONTRACTOR OPERATED AND MANAGED BASE SUPPLY - INCLUDES INTERMEDIATE AND DEPOT ACTIVITIES

ENGINE MONITORING SYSTEMS

AIRCRAFT/ENGINE STATUS
DATA
ACQUIRE/FORMA TANTERPRET

A AM T43/J7809 FLT LINE BLUE SUIT
COMBS* * *UNITED/SFO
OCM CYCLE LIWITS

M M C-9/J7808 FLT LINE BLUE SWIT
COMBS
HARD TIME CYCLE LIMITS

A M KC-10/CF 6-50C2 FLT LINE-BLUE SUIT
COMBS
OCM-CYCLE LTS

A L] E4A/CF6 50 FLT LINE-BLUE SUIT

Ccomss
OCM-CYCLE LTS

TABLE IV - SUMMARY OF ENGINE MONITORING SYSTEMS USED WITH USAF AIRCRAFT OPERATED THE CONTRACT

MAINTENANCE CONCEPT.
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ENGINE MONITORING SYSTEMS
REQUIRED TASKS

& R D

7

* GAS PATH
PARAMETERS

ACQUIRE DATA

* MECHANICAL
PARAMETERS

L

SYSTEM IMPACT
* IMPROVED
MISSION
CAPABILITY?

* LOWER LCC?

>0

TAKE ACTION

* DIRECT SPECIFIC
REPAIRS WITH
WORK ORDERS.

: N

FORMAT DATA INTERPRET DATA
* VALIDATE I::> * CHECK LIMITS
« CORRECT * CHECK TRENDS
« COMPRESS * DIAGNOSE
* DISPLAY * PROGNOSICATE

FIGURE 1, THE TASKS WHICH MUST BE ACCOMPLISHED FOR DURING THE OPERATION OF AN ENGINE MONITORING SYSTEM.
THERE ARE OPTIONS AT EACH LEVEL WHICH RANGE FROM PENCIL AND PAPER TO CAPABLE ELECTRONICS. THE MOST
IMPORTANT LINK IS INTERACTION WITH THE OPERATIONAL SYSTEM,

WHY?
ON - CONDITION MAINTENANCE (OCM) REDUCES
RISK . . SAVES +

POTENTIAL RISK
WIO OCM \
v APABILITY
100% AVERAGE C
<
Qv«

o <
w ?‘c’ POTENTIAL
= &/ 2 '\ ADDITONAL
> I/ & USE WITH OCM
e /3 3
4 O/ & $p‘
(o] sov Ly G?’
o & - RS2 FIELD LIMIT
w £ s <@g MAXIMUM
w |3 > OPERATING
- TIME

ENGINE OPERATING TIME

FIGURE 2 - WHY USAF WANTS ON-CONDITION MAINTENANCE (OcM). IF IT IS NOT BROKEN, WHY FIX IT? MAXIMUIM
OPERATING TIME MAY F X ONE GOOD ONE WHILE ANOTHER FLIES TO FAILURE, OCM [DENTIFIES THE EXTREMES AND
MAKES THE REQUIRED REPAIRS AT THE APPROPRIATE TIME.
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ELEMENTS OF SYSTEM EFFECTIVENESS

[SYSTEM EFFECTIVENESS|
1

r I 1
AVAILABILITY DEPENDABILITY CAPABILITY
MEASURE OF SYSTEM MEASURE OF SYSTEM MEASURE OF
CONDITION AT CONDITION DURING RESULTS OF
START OF MISSION PERFORMANCE OF MISSION

MISSION
RELIABILITY REPAIRABILITY RANGE
MAINTAINABILITY SAFETY ACCURACY
LOGISTICS FLEXIBILITY POWER
HUMAN FACTORS SURVIVABILITY LETHALITY

FIGURE 3 - THE ELEMENTS OF SYSTEM EFFECTIVENESS. POSITION IN STACK EXERTS GREAT INFLUENCE ON INDIVIDUAL
VALUE PLACED ON EACH ELEMENT OF SYSTEM EFFECTIVENESS. THE ULTIMATE VIEWPOINT IS SYSTEM EFFECTIVENESS.

THE ADVOCATE'S PROBLEM
PROVE EMS VALUE FROM SYSTEM VIEWPOINT

SPO AFLC
// /= WITHOUT EMS?
PMRT . /
X i | .~ b NKNOWN TO
= | 7 WHICH St —— U
7 s s THE SPD
o 1 |~ -~ SLOPE’,
e - 7 WITH EMS?
w )//
S —— s
= L2 _ 27 HIGHER INITIAL INVESTMENT
< e CERTAIN TO THE SPD
= RHl WSS e LOWER INITIAL INVESTMENT.
1 |
S | Q - “WHY BUY EMS?
o 1oy
g [0 |
— 4,‘ I A - ~IT WILL BE GOOD FOR YOU
o 'I NEED PROOF - NOT SPECULATION
T “’l’lé |
‘l“ I
{ b b 4 4 1 § q |
|

s iy
TIME (YEARS)

MTBFs - GENERALLY GREATER THAN EXPERIENCE AT PMRT

FIGURE 4 - THE ADVOCATE'S PROBLEM. CONVINCE THE SPO DIRECTOR TO SPEND THE UP-FRONT MONEY REQUIRED

TO BUY AN ENGINE MONITORING SYSTEM.
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TOTAL SYSTEM VIEWPOQINT

WHO DOES WHAT?
, i -~ ACCUMULATED

HOW MUCH IS ENOUGH? ¢ 5"/ RESULT

S

U

GOAL J &

1)

MAXIMUM SYSTEM S A
EFFECTIVENESS
P ———

e ~——— e N T ——
VITAL TRIVIAL
FEW MANY

FIGURE 5 - THE TOTAL SYSTEMS VIEWPOINT AND PARETO'S LAW MAY IN COMBINATION BE THE KEY TO ANSWERING
CRITICAL QUESTIONS NEEDED TO DEFINE THE REQUIRED ENGINE MONITORING SYSTEM.
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F100 ENGINE DIAGNOSTIC SYSTEM STATUS TO DATE

James A. Boyless
Wright-Patterson Air Force Base

SUMMARY

An engine diagnostic system, proposed for the F100 engine, is being tested
in five specially modified Tactical Air Command F-15 aircraft during a 16-month
flight evaluation at Langley AFB, Virginia. After more than 3300 engine operat-
ing hours encompassing almost 900 flights during the flight evaluation, these
aircraft provided a data base, still being analyzed, that has shown successful
demonstration of the original functional characteristics. Table I|A presents the
general system evaluation in six areas while Table IB presents a more detailed
look at these functional characteristics through March 81. Those areas listed
as partially demonstrated are now being further tested at Langley AFB. Four
general design requirements; recording engine operating time/low cycle fatigue
event detection, engine trim and trend and performance data collection were
demonstrated. |t also successfully demonstrated validation of maintenance
actions taken and indicated needed maintenance.

INTRODUCTION

The U.S. Air Force On-Condition Maintenance (OCM) concept, defined in
AF Regulation 66-14, directs maintenance on the basis that the condition of the
equipment dictates the need for maintenance. To adequately perform OCM, inputs
from engine maintenance management tools such as oil analysis, borescope
inspection, parts tracking, periodic and phase inspection, monitoring, and
diagnostics are required. Of these, monitoring and diagnostics are, by far,
the most difficult to achieve. Monitoring and diagnostics development activi-
ties have encompassed aircraft/engine systems from the F100/J57 to the recent
F-15/F100. On each system, various parameters, both airframe and engine, have
been used to provide a summary of information for maintenance personnel,
logistic support and provide a feedback loop for future engine development. A
review of the F-15/F100 Engine Diagnostic System (EDS) through a system descrip-
tion and status to date is presented.

BACKGROUND
HISTORY
1. As gas turbine engine technology increased in complexity, so too, did
the need to assist maintenance personnel to perform and diagnose problems for
maintenance. In addition to assisting on-base maintenance through increased
emphasis on On-Condition Maintenance, logistic requirements for improved engine

life usage data dictated a means of acquiring that data be developed.

2. Preliminary studies by the Air Force Propulsion Laboratory indicated
that an Advanced Fighter Diagnostic System (AFDS) could prove feasible in an
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application for an advanced design jet engine. The AFDS results led to defini-
tion of both hardware and software requirements as well as researching existing
capabilities. Additional studies were then conducted to evaluate the signifi-
cant areas of on-board processor, engine sensors, and use of existing equipment
for system development. This system (renamed F100 Engine Diagnostic System
(EDS)) was targeted for the F100 engine in both the F-15 and F-16 aircraft.
These two aircraft powered by the same basic Pratt & Whitney F100, were chosen
for the complexity and the operational environment envisioned for the engine.

SYSTEM DESCRIPTION

The F100 engine is well suited for the complex task of engine diagnostics. It
is a modular engine designed for operational readiness and maintainability. It
is also complex and requires knowledgeable maintenance personnel for repair.

To ably assist the maintenance personnel, the F100 EDS went through an exten-
sive review of Failure Modes and Effects Analysis (FEMA) and cost effective
analysis. Thirty eight engine and airframe parameters were included in the EDS.
Once these parameters were selected, hardware was developed to monitor the
required information. The F100 EDS has eight primary elements that visually
present cues of engine status, and/or provides a means to collect and diagnose
engine anomalies. These elements shown in Figure 1 are:

Onboard: EDS Engine Sensors Ground: Data Collection
Engine Multiplexors (EMUX) Unit (DCU)
Data Processor Unit (DPU) Diagnostic Display
Status Panel Unit (DDU)

Cockpit Advisory Lights
Cockpit Pilot Option Switch

ENGINE MULTIPLEXER (EMUX)

The engine multiplexer unit was developed under Air Force contract to
collect, condition and multiplex sensor signals serially to the onboard Data
Processor Unit (DPU). The EMUX replaces both the present F100 Event History
Recorder (EHR) and the junction box (J-Box) for engine aircraft electrical
connections. The unit is fuel cooled using existing EHR cooling lines and is
hard mounted in the area vacated by the J-Box. EMUX reliability and durability
to perform its functions is achieved through internal vibration isolation.

DATA PROCESSOR UNIT (DPU)

The DPU is an airframe mounted, air cooled unit consisting of a central
processor, Intel 8080, core memory, and interface circuits. Both cooling and
electrical power requirements are provided by the aircraft. This unit is the
nerve center of the inflight monitoring system. It is programmed through
software logic to detect a limit exceedance, declare an event, and store that
event for later collection/diagnosis.

AIRCRAFT COMPONENTS

1. There are three aircraft components that are integral parts of the EDS;
the cockpit warning lights and pilot option switch, status panel, and transfer
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receptacle. These components are also depicted in Figure 1. The DPU can, on
command, store a data record by means of the pilot option switch located to the
left of the pilot. In addition, a cockpit warning lights indicate Fan Turbine
Inlet Temperature (FTIT) Overtemperature or excessive temperature occurrences.

2. To aid Flight Line personnel to quickly determine if an aircraft can be
turned around, an EDS Status Panel is located in the existing maintenance access
door, 48L. The status panel has latching indicators that can be set by either
the DPU or EMUX. Either built-in-test for DPU and EMUX will set these latches
as well as Hot Start detection for either engine.

3. The transfer receptacle, located in the same access door as the status
panel quickly connects the DPU to either the DCU or DDU for extraction of
stored data. Average transfer time is six seconds. Either collection or
diagnostic operation can be performed under the 'wing.'

DATA DIAGNOSTIC UNIT (DDU)

Just as the DPU is the nerve center of the onboard system, the DDU serves
that function on the ground. It is a portable ground unit with an alphanumeric
display screen and keyboard for interfacing the maintenance personnel. For
storage of flight data the DDU has the capability to maintain five records. The
unit shares common components with the DPU for increased maintainability. The
interface of maintenance personnel and the under the ''wing'' is accomplished by
providing power through batteries. The unit can also be used with 115 volts AC
in test areas or engine shop.

DATA COLLECTION UNIT (DCU)

The DCU is small, light weight, and portable unit that uses internal battery
power. It is used to collect and transfer data stored by the DPU. There are
indicators for successful transfers of data from DPU and the presence of any
maintenance advisory information. The DCU is designed to collect data from
10 to 15 aircraft and shares common modules with the DPU and DDU.

SYSTEM CAPABILITIES

The entire Engine Diagnostic System functional characteristics are designed
to perform in five specific areas. These areas include Time and Cycle recording,
Event Detection, Diagnostic and Troubleshooting, Engine Trim, and Trend & Per-
formance data collection. A capsulized view of these capabilities vs either
installed or uninstalled engine is shown in the following table:

FUNCTIONAL CAPABILITIES VS ENGINE INSTALLATION

INSTALLED UNINSTALLED
Time and Cycle DPU DPU
Event Detection DPU pDDU
Diagnostic & Troubleshooting DDU DDU
Engine Trim DPU/DDU DDU
Trend & Performance DPU
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A schematic view of how EDS data was collected is shown in Figure 2. The

components shown detail the units involved in the airborne and ground portions
of the system description.

FLIGHT EVALUATION
TEST ENVIRONMENT

1. The test environment was a Tactical Air Command operational base, where
the EDS was an adjunct to the existing base level maintenance organization.
The base level maintenance organizations were involved throughout the Flight
Evaluation Program (FEP) but the impact of EDS on maintenance was to be on a
non-interference basis. This basis was justified in the fact that EDS was in
a validation phase rather than actually being incorporated into the entire
fleet.

2. Both test equipment, and Auxiliary Ground Processor (AGP) were procured
and installed in the EDS Laboratory. Nine permanent party individuals were
on-site during the FEP.

TEST AIRCRAFT

Five Tactical Air Command (TAC) F-15 (10 F100 Engines + one spare) were
specially modified with EDS equipment. A control group of 12 non-EDS F100
engines were identified for comparison.

TEST METHOD

1. The objective of the test can be summed by Figure 3. The functional
capabilities of the F100 EDS were to be validated through actual inflight
collection, ground transfer, and on-site evaluation of data. As a basis for
validation, 3000 engine operating hours was set as a goal. Furthermore, a de-
tailed Flight Evaluation Plan (FEP) was used as a tool in evaluating the
inflight data. Every diagnostic find was verified and validated by performance
of a resulting maintenance action.

2. Time and cycle recording functional capability was to be accomplished
automatically by the EDS. Transfer of the recorded data would take place from
the DDU to a teletype in the proper format of the present AFTO form 93.

3. To accomplish the test method the present Maintenance Action Cycle used
at Langley was to be integrated with the EDS. Figure 4 shows schematically how
this occurred. During the test the crewchief would check the EDS status panel
to determine aircraft availability. |If any work would be needed the flight
dispatcher would send a technician with the DDU or DCU. The DDU provided
information would be reviewed by the propulsion maintenance unit with advice
and/or assistance provided by the EDS team.

L. To gather the data, there were five F-15 aircraft and eleven engines

specially modified for the test (See Figure 5). These aircraft were to average
between 45 and 60 engine operating hours per month (See Figure 6).
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5. Validation of the data included an indepth critique of the inflight
data. There were five categories in which the data were grouped. These groups
include Hits, Goods, False (I & Il1) and Misses. Hits would be scored as
follows; An event was declared only by EDS and/or the event was confirmed by
the present reporting system, a pilot or maintenance write up. A good is an
event not declared by EDS nor reported by the present system. On the other hand,
False | is an event declared by EDS and not by the system while False Il is
false but a known ''fix'"' is in work to remedy the cause. Finally, a Miss is a
pilot or maintenance write up not detected by EDS when it should have been.

6. Engine trim both installed and uninstalled would be performed in place
of the present trim procedures using the present M-37 test stand. Careful
monitoring of the time used to trim, and fuel used were recorded for comparison
against non-EDS engines.

7. Diagnostics and troubleshooting was to be evaluated by careful review
of actual usage of the equipment by the Maintenance personnel. |f maintenance
was declared once an event detection occurred, the procedure called for the
repairman to use the DDU. Once validation of the event occurred, the DDU was
to be used to diagnose or ''troubleshoot' the malfunction. Maintenance records
would be screened and data kept that expressed the amount of usage the DDU
attained, time to troubleshoot, and diagnose malfunctions and compared to the
control group.

8. Once the diagnostic and troubleshooting scenario ended and an Engine
trim was required, the fourth capability was to be evaluated. In fact, this
evaluation included all engines to be trimmed. Records were to be kept for
manhours required to trim and fuel used.

9. Finally, the ability of the system to collect trend and performance
data was to be tested.

RESULTS AND DISCUSSION

1. The Flight Evaluation Program (FEP) test results are presented in the
succeeding figures. These results are based upon the period 1 Apr - 12 Dec 80
and the data gathered at Langley AFB, Virginia. The FEP, because of software
complexity, was divided into a debug and actual validation period. Figure 7
gives a comparison of the actual vs projected engine operating hours. There
were 2577 hours attained by 12 Dec 80 and an additional 738 hours through
26 Mar 81. Time and Cycle data was automatically printed by a printer to
correspond with the actual AFTO Form 93 required by the engine management
information system (see Figure 8). From the beginning of the program there
were 13 events that were continuously monitored from start-up to shut-down
of the engine. As the program progressed, however, there were lessons learned
that deleted one event and switched four from No-Go to Maintenance Advisory.
These four events are depicted in Table Il1l. The system's ability to detect
events accurately was extremely important. Figure 9, Event Detection Accuracy,
shows how the accuracy of the system progressed. The check sum on the abcissa
is an identity associated with software improvements of the basic event
detection logic. As can be seen accuracy increased from a point of 88.7 per-
cent to 99.7 percent at 12 Dec 80. The 99.7 percent assessment is based upon
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77 transfers of data (See Figure 10) where 63 Hits were recorded. These Hits
inturn were used to recommend maintenance action. There were 1006 goods reports
with only 3 False | events detected.

2. These results demonstrate the successful capability of EDS to detect
events. By using the last operable checksum, 0119, the entire evaluation period
was reviewed and summarized as shown in Table V. Of the twelve events,
continuously monitored by EDS there were five events that were detected on
numerous flights during the evaluation period. Three events clearly stand out.
Stalls were very prevalent during the evaluation period. How extensive they are
can only be speculated at the present time. Detailed analysis of this event
continues.

3. Fan Turbine Inlet Temperatures (FTIT) Spread events were also numerous
during the evaluation. These EDS modified engines have reported numerous FTIT
Spread Events. Investigation continues to determine cause and effect on the
engine. One attempt to seek information on effects has been to change
borescope (Visual) inspection of the three engines to a 50 hour interval rather
than the 100 hour interval presently used.

L4, Just as Stalls and FTIT events have been prevalent, Rear Compressor
Variable Vane (RCVV) events have also been numerous. These events have been
tracked throughout the evaluation period. Investigation as to cause continues.
Diagnostics and Troubleshooting capability have been demonstrated by EDS
personnel in the laboratory and to a limited extent by maintenance personnel.
Diagnostics and Troubleshooting by the EDS personnel throughout the evaluation
period occurred on a daily basis to confirm detected events and recommend
maintenance. Maintenance personnel used EDS in a limited manner as a mainte-
nance tool as well as a training aid.

5. Tables V, VIA and B show the potential engine and maintenance saves
credited to EDS during the flight evaluation. Engine saves included a high
scavenge pressure event that the pilot was unaware of. Had the discrepancy
continued the engine could have reached the catastrophic state of complete loss.
The most obvious save for maintenance is preventing mis-directed maintenance.
Four of the eight pilot assessments included dual engine anomalies whereas EDS
confirmed only one engine had the anomaly not both.

6. EDS engine trim capability was demonstrated. Both uninstalled and
installed engine trim was performed using EDS. After five partially successful
attempts at uninstalled trim, identified software changes have been made and
testing continues. Installed engine trim has been successfully demonstrated
after several attempts. The entire trim procedure with exception of Engine
Pressure Ratio (EPR) check was performed. EPR check could not be accomplished
due to a false sensor reading.

7. Finally, trend and performance data was collected. Accumulated data
indicates that 183 data points were captured EDS and the resulting analysis
revealed that gh% 8f the data points lay in the lower PLA range (See Figure 11).
This range, 30 -40, is the area of idle reset area where the augmentor is wide
open. The conditions for data to accurately reflect trending and performance
required a stabilization time of 180 seconds and was often reached in a landing
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approach. But due to the reprogramming ability of EDS a change of constants for
PLA was approved and capture of data will be in the desired PLA range, 40-80".
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SYSTEM EVALUATION
SUMMARY

OVER 650 FLIGHT SETS OF DATA ANALYZED

DEVISED/IMPLEMENTED SOFTWARE DIAGNOSTIC
TECHNIQUES

EVALUATED 8 SETS OF SOFTWARE - 3 OFPs, 2 ODPs,
2 OCPs

VALIDATED SYSTEMS CONTRIBUTION IN AREA OF

e ENGINE ANOMALIES
e MAINTENANCE ACTIONS

VALIDATED SYSTEMS ABILITY TO COLLECT DATA
e TIME/CYCLE
e PERFORMANCE/TREND

DEMONSTRATED SYSTEM FLEXIBILITY THRU
REPROGRAMMABILITY

TABLE IA

CAPABILITIES
SUMMARY OF RESULTS
(1 APR 80 - 26 MAR 81)

DATA COLLECTION - 87% OF FLIGHTS RECORDED
EVENT DETECTION - 99% ACCURATE

DATA ANALYSIS - DEMONSTRATED

TRIM CAPABILITY - PARTIALLY DEMONSTRATED
GROUND DIAGNOSTICS - DEMONSTRATED

USER EVALUATION - PARTIALLY DEMONSTRATED

TREND AND PERFORMANCE - DATA COLLECTED

TABLE IB
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® DETECT EVENTS AND LIMIT EXCEEDANCES

EDS TOTAL SYSTEM DESIGN
FUNCTIONAL CHARACTERISTICS

® COLLECT IN-FLIGHT TREND DATA

® PROVIDE IN-FLIGHT PERFORMANCE CHECK

CAPABILITY

® RECORD OPERATING TIME AND LCF COUNTS

® PROVIDE “NO-GO” INDICATION AT THE FLIGHT LINE

® CONDUCT FAULT ISOLATION AND DEFINE

MAINTENANCE ACTIONS

® PROVIDE HARD COPY OF ENGINE RECORDS FOR INPUT
INTO CENTRAL DATA SYSTEMS

® PROVIDE CAPABILITY TO PERFORMANCE ENGINE TRIM

TABLE II

EVENT MENU

AT START OF
FLIGHT PROGRAM
13 EVENTS (11 NC-GO)

AT END OF
FLIGHT PROGRAM
12 EVENTS (6 NO-GO)

EVENT TYPES

NO-GO

MAINTENANCE
ADVISORY

MAINTENANCE

NO-GO | apvisoRy

HOT START
N, OVERSPEED

FTIT OVERTEMP

FTIT SPREAD OUT OF LIMITS

OIL PRESSURE OUT OF LIMITS
SCAVENGE PRESSURE OVER LIMITS
VIBRATION OVER LIMITS

EEC FAULT

ENGINE STALL

AUGMENTOR BLOW-QUT-MISLIGHT
RCVV OUT OF LIMITS

MAIN FUEL PUMP DETERIORATION
MAIN FUEL PUMP FAILURE

M X XM > M X X X x X

|

X

| > | > »x x
|

>
| S sSmsss s |

>
|

& If cleared by pilot @ If out of envelope

TABLE III

233




EVENTS* (HITS) DETECTED PER ENGINE
10 JULY THRU 18 DECEMBER

ENGINE S/N

160

an

330 | 415

470

528 | 639 | 694 | 722 | 801 | 907

TOTALS

ENGINE
NO-GO

HOT START
O'SPEED
O'TEMP
OIL PRESS.
EEC

MFP FAIL

2

& NON

MAINTENANCE
ADVISORY

STALL
SPREAD
SCAV PRESS.
AUG BO/ML
RCVV

VIBS

23

22

1 n 2

RECORDS

TREND
PERF

16
3

29
17

24 27

10

18
12 4 3

183
67

*Hits — as determined by checksum 0119 in use at the end of the program

TABLE IV

POTENTIAL ENGINE ‘‘SAVES’’ BY EDS

ENGINE | PILOT
EVENT. o W <05y CORRECTIVE ACTION
OIL PRESS, LOW an YES |SERVICED OIL TANK
VAC CHECK NO. 4 COMPARTMENT.
SCAV PRESS., HI 470 NO |FOUND FOREIGN MATERIAL IN
ENGINE OIL SYSTEM.
EDS DETECTED O'TEMP LEVEL
O'TEMP 330 YES |HIGHER THAN REPORTED BY THE
PILOT. EEC CHANGED.
160 YES* |BORESCOPE EVERY 50 FLIGHT
. |HOURS AS A PRECAUTION UNTIL
FISTAERESD ek :Ez. PHENOMENON AND CONSEQUENCES
330 CAN BE QUANTIFIED.
Richn 3an N.A. | REPLACED NO. 4 PROBE, VERIFIED
694 N.A. |REPLACED NO. 4 PROBE, VERIFIED
FTIT PROBE
694 N.A. |REPLACED NO. 5 PROBE, VERIFIED
NON BILL OF MATERIAL RELAY
C‘T;S?Ngoﬁ'é’:g NO  |PANEL BLOCKED AN EEC FAILURE
WARNING TO COCKPIT.

*FTIT Spread is not monitored in aircraft other than EDS equipped aircraft.

TABLE
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MAINTENANCE ‘‘SAVES”’ BY EDS

E"s%"f PILOT ASSESSMENT EDS RECORD
694 | HAVE TOMISMATCH PILOT OPTION DATA RECORD
THROTTLES TOMATCH | CONFIRMED MISMATCH IN
RPM RPM, FTIT. PLA RIGGING.
470 | NO COMPLAINTS REPEATED EEC LEVEL 1
FAULTS. 0DU CABLE SHORTED.
639 | NOT APPLICABLE SEVERAL FALSE RCVV EVENTS
ON RECENT FLIGHTS, TT25
ERROR. MISSING AP2 PLUG.
722 | LOWTHRUST RPM LOW OUT OF TRIM,
IN STABILITY PILOT OPTION RECORD.
801 | A/BBLOWOUT ONBOTH | NOTHING WRONG WITH 801.
(528) | ENGINES (528/801) ENGINE S/N 528 HAD A “HARD
LIGHT/BLOWOUT” FOLLOWED
BY A STALL. EPR HIGH 0.11.

TABLE VIA

MAINTENANCE ‘‘SAVES’’ BY EDS

ENSI;:‘NE PILOT ASSESSMENT EDS RECORD
n A/B BLOWOUT ON 311, TOOK STALL FOLLOWING AN
PILOT OPTION. AUGMENTOR “HARD LIGHT/
BLOWOUT.” RCVV's OUT OF
BAND, AXIAL ON STALL, RCVV
AND PILOT OPTION EVENTS.
907 A/B BLOWOUT ON BOTH NOTHING WRONG WITH 907.
(528) ENGINES (907/528). ENGINE S/N 528 HAD A
“HARD LIGHT/BLOWOUT"
FOLLOWED BY A STALL.
722 PILOT REPORTED AUGMENTOR EDS DETECTED STALLS IN

ANOMALIES ON THREE FLIGHTS.
ON SECOND FLIGHT DOUBLE
HARD LITE ON BURNERS.

AUGMENTATION ON EACH OF
THE THREE FLIGHTS FOR
ENGINE $/N 722 ONLY.

TABLE VIB
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ENGINE TIME AND CYCLE DATA RECORDS
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EVENT DETECTION ACCURACY
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TREND/PERFORMANCE RECORD SUMMARY
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TURBINE ENGINE PERFORMANCE ESTIMATION
AND ITS ROLE IN FUTURE SYSTEMS

Ronald L. DeHoff
Systems Control, Inc.

Charles A. Skira
Wright-Patterson Air Force Base

(Text was unavailable at the time of printing.)

OBJECTIVES

o  EVALUATE DATA ACCURACY, REPEATABILITY AND
SENSOR VARIATIONS

e DEVELOP ALGORITHMS TO REDUCE PERFORMANCE
DATA TO USABLE PARAMETERS

»  ASSESS APPLICABILITY OF RESULTS TO THE ENGINE
MAINTENANCE PROCESS

FIGURE 1

MIMS INFORMATION ARCHITECTURE

S, MIMS
=
FIGURE 2
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PERFORMANCE DATA PROCESSING FLOW PATH
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FIGURE 3
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MODEL DEVELOPMENT TECHNIQUES

o BASELINE (fQ(x))

FIT POPULATION OPERATING DATA WITH A GROUP
OF CORRELATED EXPLANATORY VARIABLES

»  PERTURBATION (fg(x) 8)

FIT PERTURBATION DATA GENERATED AT REPRESENTATIVE
FLIGHTPOINTS BY VARYING ENGINE PARAMETERS SINGLY

FIGURE 5
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