ENGINE DEVELOPMENT DESIGN MARGINS BRIEFING CHARTS

Chuck Bentz
Universal Technology Corporation
Dayton, Ohio

CHART 1 comments: ENGINE DEVELOPMENT DESIGN MARGINS

BACKGROUND: New engines experience durability problems after entering service.
The most prevalent and costly is the hot section, particularly the high-pressure turbine. .
The origin of durability problems can be traced back to: 1) the basic aero-mechanical
design systems, assumptions, and design margins used by the engine designers, 2) the
available materials systems, and 3) to a large extent, aggressive marketing in a highly
competitive environment that pushes engine components beyond the demonstrated
capability of the basic technology available for the hardware designs. Unfortunately the
user must operate the engine in the service environment in order to learn the actual hot
section life. Development testing in ground based facilities can point to some early
durability problems with the hot section hardware but the actual thrust loading and the
time at max effort take-off conditions used in service are needed to determine the hot
section life.

Several hundred thousand hours of operational service will be required before the
demonstrated reliability of a fleet of engines or the design deficiencies of the engine hot
section parts can be determined. Also, it may take three to four engine shop visits for
heavy maintenance on the gas path hardware to establish cost effective build standards.
Spare parts drive the operator’s engine maintenance costs but spare parts also makes lots
of money for the engine manufacturer during the service life of an engine. Unless
competition prevails for follow-on engine buys, there is really no motivation for an OEM
to spend internal money to improve parts durability and reduce earnings derived from a
lucrative spare parts business.

If the hot section life is below design goals or promised values, the OEM might argue
that the engine is being operated beyond its basic design intent. On the other hand, the
airframer and the operator will continue to remind the OEM that his engine was selected
based on a lot of promises to deliver spec thrust with little impact on engine service life if
higher thrust is used intermittently. In the end, a standoff prevails and nothing gets fixed.

This briefing will propose ways to hold competing engine manufacturers more
accountable for engine hot section design margins during the entire Engine Development
process as well as provide tools to assess the design temperature margins in the hot
section parts of Service Engines.

PURPOSE: The purpose of this briefing will be to define a methodology of interaction
between the customer and the competing engine manufacturers during the entire engine
development process to achieve desired or promised levels of hot section durability. This
briefing will also outline the Development of Design Margins for the Hot Section
Components which will include the Combustor and the High and Low Pressure Turbines.

Temperature margins are absolutely needed in the hot section during engine development
to reduce the durability problems and performance demands that a new engine type will
face as it enters revenue service for the commercial operators or operational service for
the military.
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CHART 2 comments: SCOPE
This briefing is divided into two sections.

The first section is a discussion of engine degradation in service, the impact of usage
rates (flight hour/cycle) and flight legs, the sensitivity of engine life to thrust derate and
thrust uprating. Comments will be made concerning the origin of durability problems.

Real engine data will be shown to illustrate the impact of engine component degradation
on service life as well as the impact of take off thrust rating used in service on engine life.

The second section discusses a proposed methodology for Engine Development Design
Margins for hot section parts. Some comments will be made on the value of System
Engineering during engine development in terms of reducing overall Life Cycle Cost.
Customer involvement is a key element of the engine development process as well as
accomplishing independent assessments of critical component designs such as the high-
pressure turbine. As higher levels of engine performance are being demanded, higher gas
temperatures will be used in the engine cycles which puts greater demands on the
accuracy of design systems used by the engine designers for the hot section parts as well
as the available materials systems. By tracking the demonstrated progress of component.
and engine development tests, the customer will be in a better position to judge the
potential life of a new engine before it selected and enters service.

Working with several engine manufacturers during an engine development encourages
more accountability among the viable competitors but represents an additional workload
to evaluate the progress of the hardware development to design intent. However, design
deficiencies can be discovered during component testing if sufficient test instrumentation
are used and the tests are conducted at temperature levels representative of engine
conditions. In full scale engine testing, hot section design deficiencies may be more
difficult to analyze because of the lack of high temperature instrumentation and sufficient
coverage of the critical areas such as the temperature profiles exiting the high -pressure
combustor and entering the exit guide vane and the first stage turbine.
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CHART 3 comments: Background

It is important to understand the impact of engine component degradation as well as the
flight environment (length of flight leg and flight hours/N1 Cycle) on engine time on
wing. Engine degradation is caused in part by the loss to the tip seals and airfoil shapes
plus more peaked temperature profiles exiting the high-pressure combustor. Engine time
on wing is reduced for various other reasons to include: 1) the more frequent use of lower
derate (higher thrust settings), 2) the flight legs result in fewer flight hours/N1 Cycle or 3)
the engine is uprated (“Throttle Pushed”) to satisfy the operators need for more thrust.
Thus, one user of a given engine type may achieve higher time on wing because his
average flight legs are longer. On the other hand, another operator may experience less
engine time on wing for the same flight legs than another operator for the reason that his
average take off derate thrust settings are much lower which requires higher cycle
temperatures resulting in accelerated hot section distress. The origin of the problem may
also be that the engine hardware is operating at higher gas temperatures to produce the
desired take off thrust than the design intent of the hot section. As the loss in gas path
seals increase the tip clearances in both the compression system and the turbines forcing
the engine cycle run hotter to produce the same engine pressure ratio, the peaked gas
temperatures exiting the combustor may exceed the basic materials capability of the hot
section parts. Exposure to prolonged high gas temperatures will result in severe
oxidation/erosion on the leading edges and trailing edge tips-of the first stage high-
pressure turbine blade resulting in increased scrape rate or total replacement of the T1
Blade Stage.

When a high bypass turbofan as shown in CHART 4 reaches 0 °C EGT Margin (defined
as the Redline Temperature minus the Measured EGT measured at station 6), the engine
must be scheduled for a shop visit to accomplish heavy maintenance to restore the gas
path hardware performance. Otherwise, serious over-temperature to the high-pressure
spool parts will result and increase the scrape rate of the vane and blades. Thus, engine
time on wing is influenced by the average engine derate used in service, the average
length of the flight legs, and the flight hours/N1 Cycle. One N1 Cycle is equivalent to
engine idle to max RPM and return to idle. Sometimes the number of partial N1 Cycles
are counted at intermediate RPM’s and divided by four to increase the total accumulated

N1Cycles. Counting the partial cycles may be more important to the military user than
the commercial operator.

CHART 5 is provided to clarify some of the terminology commonly used in engine
maintenance. Logisticians and maintainers use these metrics to forecast spare parts and
workload requirements as well as judging the quality of the maintenance work
performed. The concept of computing the SVR using the Shop Visit Factor (SVF) times
the ERR was developed to estimate the time between heavy maintenance. Dividing TBO
into the overall refurbishment cost of an engine provides the maintenance cost per engine
flying hour. SVF is a function of 1 minus the fraction of engines removed by
management decision or Returned to Wing for no fault and/or minor repairs. Each user
has a different RTW percentage based on the condition of engine hardware in service and
the prevailing maintenance policy at the military unit or commercial operator.
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CHART 6 comments: Engine Degradation in Service

New engines as well as refurbished engines are built to established standards by the
maintainers. The level of EGT Margin for a new engine delivery is set by the customer
whether the military or commercial operators. The engine will not be accepted unless
the EGT Margin is above an established level of EGT Margin. During the refurbishment
cycle, new parts are installed to restore the gas path performance but the engines can not
be economically restored to New Engine condition. The important point of this chart is
that the new or rebuilt engine goes through an Initialization and Wear in Period that
decreases the available EGT Margin. Initialization occurs during the first 50 to 100 N1
Cycles whereas the Wear in Period is generally completed after 300 to 400 N1 Cycles
depending upon the levels of engine derate used by the operator. During Steady State, a
New Engine or a refurbished engine will provide the same rate of EGT Margin
degradation as shown on the graph. If the base material capability of the T1 blades is
marginal at the end of the service life, the rapid deterioration of the T1 blade surfaces
will occur causing the more Rapid Deterioration Rate of the EGT Margin.

CHART 7 comments: Flight Leg Impact of TBA

This chart provides an insight of the impact of the flight leg on engine time on wing.
Commercial operators will fly long and short haul routes but accumulate only 1 N1
Cycle/Takeoff and Landing. Whereas, a military transport will fly a 3.5 hour mission and
accumulate 0.7 to 3.5 EFH/N1 Cycle. High power usage accelerates engine deterioration.
N1 Cycles count the number of events the Hot Section is exposed to high gas
temperatures.

There is a misconception that may create some confusion, if not some targeted
disinformation. The Time on Wing of an engine that experiences fewer N1 Cycle may be
misleading. For instance, the build standard for a 9000 EFH engine may be around 1000
N1 Cycles if the engine flies a 9 hour flight leg. Whereas the build standard for an
engine flying a 1.9 hr flight leg will be around 5000 N1 Cycles to achieve 8400 EFH’s of
service. The ERR of the long haul engines are generally lower than the short haul
engines. The disinformation is created when certain marketing imply that the long ERR
can be achieved for the short haul application. To avoid any confusion, the average flight
leg should be provided for the Engine Removal Rates (ERR) that are stated to sort out the
long haul engine durability from the short haul engine durability. Compare like flight leg
ERR’s between various engine offerings. Adjust the ERR for the same flight leg before
judging the time on wing of competing engine offerings.

CHART 8 comments: EGT MARGIN SENSITIVITY

This chart indicates the sensitivity of EGT Margin loss for a 1% loss in engine
component efficiency for a high pressure ratio engine cycle with a Bypass Ratio of 6.
The most notable is the High Pressure Turbine (HPT) with a -26.2 °C. loss in EGT
Margin. Depending on the level of distress from oxidation and erosion, the loss in
component efficiency could be greater than 1.5 to 2%. See Comments:
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CHART 9 comments: CAUSES OF DETERIORATION

This chart is self-explanatory and identifies the causes for component deterioration for
the compression system, the combustor and the high and low-pressure turbines.

CHART 10 comments: NON-ATTRIBUTION STATEMENT

Real engine data are used to describe the impact of flight leg, EFH/N1 Cycle and thrust
derate on engine time on wing and illustrate the need for development design margins.
Since these analyses were performed, the T1 Blades for the military and commercial
versions of the same engine type have been replaced with upgraded cooling designs and
coating systems. The upgraded blade design should be independently reviewed at a
future date (circa 1998-9) in order to determine the demonstrated improvements in
operational service.

CHART 11 comments: IMPACT OF INCREASED THRUST RATING (Same
Hardware)

This chart shows the accelerated rate of EGT Margin reduction when a 37.5K take off
thrust rated engine (Baseline Engine) is operated at a 40K (Throttle Push) take off thrust
rating. The fleet of 37.5K commercial engines uses an average derate of 19 to 21% based
on a 40K thrust rating whereas the 40K rated engine used an average derate of 5 to 8%.
The rate of deterioration increased from 10 °C/1000 N1 Cycles to a range from 14-16
°C/1000 N1 Cycles. The Initialization and Wear in Period for the engines operating at

the higher thrust rating occurred at lower levels of N1 Cycles than the 37.5K rated
engines.

CHART 12 comments: PW2037 EGT MARGIN DEGRADATION

This chart shows the degradation rate of several first time out commercial engines with
an average flight leg of 2.7 EFH. All engines were removed for T1 blade distress or
performance deterioration. The wear in drop was around 19-23 °C at 700 N1 Cycles.
The rate of EGT Margin Degradation for four engines ranged from 10.5 °C/1000 N1
Cycles over a range from 700 to 2000 N1 Cycles to 9.2 °C/1000 N1 Cycles from 2000 to
3200 N1 Cycles. It was notable that rapid degradation (33-55 °C/1000 N1 Cycles)
occurred around 8-10 °C EGT Margin remaining. Microstructure analyses indicated
leading edge metal temperatures exceeded 2150 to 2250 °F. Severe loss of material on
the blade tips due to oxidation and erosion was noted from the blade mid span back to the
trailing edge. Loss of material on the blade tips reached 70 to 80 mils on most blades at
the trailing edge. :
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CHART 13 comments: DURABILITY OF NEW BLADE DESIGN (Same engine
type)

This chart shows the impact that a 10% lower engine derate (higher thrust usage) has on
the engine time on wing before T1 Blade distress drive the engine off the wing. The
other difference was that Operator B had more Max Effort climb outs during take off. As
noted, both Operators have an average flight leg of 1.94 hours however Operator B has
lower Time on Wing and lower N1 Cycles before a heavy maintenance is required. The
T1 blades on these engines had TBC coverage on the blade platforms only.

CHART 14 comments: F117 DO-1 EGT MARGIN DEGRADATION

An independent assessment of seven engines was accomplished circa early CY96. It was
determined from the data analyzed that the average engine degraded at a rate of 14.5
°C/1000 N1 Cycles. The average take off derate was 12 to 16%. Max take off thrust was
used during 7 to 20% of the take off conditions for the engines analyzed. Rapid
degradation also occurred at around 8 to 10 °C EGT Margin remaining. CHART 15
(COMMENTS ON ENGINE USAGE) discusses some of the noted trends in the engine
data analyzed for “average” type engine usage. The LIGHT DUTY and HARD-
PRESSED Engine Usage curves were estimated based on all the data analyzed.

CHART 16 comments: DEGRADATION CHARACTERISTICS COMPARED

This chart summarizes the differences in several engine metrics between the commercial
and military versions of the same engine type. The military version is operated at a 40K
take off rating while the commercial version is rated at 37.5K thrust. The average engine
usage is shown on the lower portion of the chart. The commercial version has only one
max take off per month whereas max take off thrust is used in the range from 7 to 20%
on some of the military engines. The other notable difference is the partial N1 Cycles per
flight. The commercial engine has one partial cycle during each landing when the thrust
reverser is deployed. The military engine can have 4 to 8 partial N1 Cycles on the
ground and/or in flight performing one or more of the mission scenarios.

CHART 17 comments: INDEPENDENT ASSESSMENT

This chart summarizes the impact of uprating a commercial engine for military use,
which is usually a more severe environment due to the various mission profiles, and
austere operating conditions. “Throttle Push” is usually needed to offset increased drag
and airframe weight or to provide for increased payload and range. However, “Throttle
Push” with reduce engine life as noted by the analyses performed in the foregoing charts.
The OEM must upgrade the hot section parts to provide acceptable engine time on wing
and manage the durability problems of fielded engines.
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CHART 18 comments: A CRITICAL OBSERVATION

This chart reiterates the fact that new engines will experience durability after entering
service. The most prevalent and costly to fix are the HPC, Combustor and the HPT
Blades. The origin of engine durability problems is outlined again for review.
Something can be done to reverse the trends but will take informed and dedicated

Systems Engineering and the disciplined use of DEVELOPMENT DESIGN
MARGINS.

CHART 19 comments: DEVELOPMENT DESIGN MARGINS

This chart summarizes the various topics to be covered in this section of the briefing.

CHART 20 comments: DESIGN MARGINS APPROACH

This chart covers the basic approach of establishing and tracking Development Design
Margins. It outlines a Systems Engineering Approach that requires analytical work to be
accomplished independent of the engine manufacturer. Preliminary estimates of T1
Blade leading edge temperatures are made independent of the engine designer based on
assumed state of the art component characteristics. Design deficiencies are determined
from component and engine testing. The customer must determine the source of the
deficiencies that were determined through component or engine testing. These
deficiencies may be a direct result of the design system or the component assumption
used by the engine designer. The customer must also perform independent
microstructure analyses of hot section parts to verify the max temperature exposure. The
engine designer should be made aware that the customer will be conducting independent
analyses of the hot section designs. Algorithms and design templates will be provided to
accomplish the independent analyses.

CHARTS 21 and 22 comments: LCC CONSIDERATIONS and ROI BENEFITS

These two charts attempt to show the LCC impact of Hot Section problems and the
benefits of performing dedicated Systems Engineering during an engine development. If
an engine hot section were to provide only half the goal life for a fleet of 400 engines and
effective System Engineering were applied to successfully achieve the goal life, then the
ROI in maintenance cost reductions is estimated to be 1000.

CHART 23 comments: MORE AFFORDABLE APPROACH

This chart outlines a Systems Engineering Approach for use by the government and a
more affordable approach for commercial operators. Specialized consulting could also be
considered to accomplish some or all of the analyses.
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CHART 24 comments: DESIGN MARGINS TEMPLATE

This chart summarizes the four major elements of establishing and tracking Development
Design Margins. They are: 1) Establish and track engine component performance
parameters, 2) Establish State of the Art Values for the Performance Coefficients that
affect blade and vane metal temperatures (Phi, CPF, PF, Coatings Systems, etc.), 3)
Calculate the Vane and T1 Blade Metal Temperature Requirement (use Tbmr equation),
and 4) Calculate metal temperature sensitivity for a range of Pattern and Profile Factors
(PF) and the Overall Cooling Performance (Phi). Note: CPF is Combustor Pattern Factor
used for the vane while PF is the Profile Factor used in the calculation for the T1 Blade.
It is important to use degraded values for gas path component efficiencies, Pressure
Ratio’s and Core Airflow at the end of the service interval when calculating the gas path
temperatures and the Calculated Blade Surface Temperature on the leading edge of the
blade. It is also important to compare independent calculations with the design intent of
the engine designer. As Component Rig and Engine Test Data are available, compare
with estimates and design intent. Urge designer to correct any deficiencies and determine
when the next design iteration will be tested. Obtain vanes and blades for microstructure
analyses. The materials will indicate the level of high temperature exposure and
eliminate some of the smoke and mirrors!

CHART 25 comments: TRACK COMPONENT PERFORMANCE

This chart attempts to show critical parameters of the gas path that must be tracked
during the development process. The differences between the Desired and the
Demonstrated values for component efficiencies and Pressure Ratio can cause a lot of
error in the design temperatures of the hot section parts. Unfortunately the turbine blade
design is a long lead item and any changes to the cooling design and blade castings are
difficult to correct in a timely manner. Temperature Margins are important early in an
engine development program to protect the design life of the hot section. Estimated
values component efficiency reduction are provided for use in cycle calculations.

CHARTS 26-28 comments: ESTIMATING T1 BLADE MAXIMUM SURFACE
TEMPERATURE

The next three charts plus the appendix entitted DERIVATIONS outline the general
equation for estimating the maximum surface temperature on the leading edge of the first
stage turbine blade. The DERIVATIONS Appendix contains the same derivation for the

Vane. These equations are first order approximations of the surface temperature on the
leading edge of the vane and blade airfoils.
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CHART 29 comments: BLADE TEMPERATURE SENSITIVITY TO
COMPONENT PERFORMANCE COEFFICIENTS

This chart is provided to show the range of performance degradation that can be expected
for the performance factors shown. It should be pointed out that the levels for the Overall
Cooling Performance (Phi) are very optimistic. The New Engine Phi should be in the
range of 0.55 to 0.5 rather than 0.75 to 0.7. These later values were used in an advanced
study. The importance of using degraded values for the Performance Factors and the
Advanced Coating Systems is to insure that the condition of the hot section parts at the
end of each service interval are serviceable and have a low scrape rate. Otherwise, the
cost to refurbish the high-pressure turbine will be extremely high. The Relative Rotor
Factor is a function of the vane and blade stage design and difficult to calculate but must
be considered. The engine designer must declare a development pad for the T1 Blade to
accommodate unforeseen development problems and for a “Throttle Push” that may be
needed to provide more engine thrust later in the program. Uprating the engine should
not result in a corresponding decrease in engine time on wing. The OEM should provide
anew T1 Blade design for the uprated engine especially if the current blade design is not
meeting engine life goals.

CHART 30 comments: PROPOSED EQUATION FOR ESTIMATING T1 BLADE
METAL REQUIREMENTS

The equation to calculate the Base Metal Requirement (Tbmr) for the T1 Blades contains
eight terms that are described under Definition of Terms. The bracketed terms are
referred to as the component sensitivity factors that take into consideration the additional
temperature margin that has to be accounted for at the end of the service interval in order
to avoid any distress on the first stage blades and allow repair. Use of this equation will
be demonstrated in CHART 33. A more detailed discussion of the rationale for each of
the terms in the equation is contained in a report prepared for the Turbine Engine
Division of the Air Force Propulsion and Power Laboratory at WPAFB, OH.

CHART 31 and 32 comments: MIXED FLOW TURBOFAN and SAMPLE
GASTURB CALCULATION (Joachim Kurzke www.gasturb.de)

A cross section of the an mixed flow turbofan engine is provided in CHART 31 to
understand the sample cycle calculations made by GasTurb for Windows shown in
CHART 32. A baseline cycle calculation is made using the proposed component
efficiencies, pressure drops and design pressure ratio’s at the select design point.
GasTurb calculates Tcbs in the Composed Values for different levels of Overall Cooling
Performance (Phi). It can be noted that a Phi of 0.5 provides a 243 °F higher Tcbs than a
blade design using a Overall Cooling Performance of 0.7. This large increase in blade
surface temperature for a small reduction in cooling performance sounds the alarm to
verify the overall cooling performance in the engine rather than a component rig test.
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CHART 33 comments: SAMPLE CALCULATION OF THE TURBINE BASE
METAL REQUIREMENT

The end of the service interval calculations must be accomplished to determine the
temperature increases that must be accounted for when the engine components degrade.
A baseline cycle calculation is used to determine the delta increase in the Tdec. Loss in
Thermal Protection, Leading Edge Phi and Higher Profile Factor are determined for each
of the design points. The examples shown are for the SLS and M3/60K Cruise operating
points. It is noted that the estimated Tbmr of 2583 °F at SLS is beyond current materials
capabilities. Current materials start to oxidize and erode above 2050 °F and melt at
around 2400 °F. The loss in thermal barrier protection is caused by erosion that
decreases the TBC thickness and cannot be avoided. Limited exposure to fine particles
on the ground or in the air can cause a sudden drop in EGT Margin and a corresponding
increase in Turbine Inlet Temperature to maintain the same engine thrust which will
destroy the T1 Blades.

CHART 34 and 35 comments: Tm SENSITIVITY TO COOLING PERFORMANCE
and Tm SENSITIVITY TO PROFILE FACTOR (Both at SLS Conditions)

If Cooling Performance (Phi) decreases from 0.7 to 0.5, Tm will increase by 200 °F at a
T4 0f 3460 °R. At 4070 °R, Tm would increase approximately 325 °F. A Profile Factor
change from 0.25 to 0.35 would result in approximately 36 °F increase in Tm at a T4 of
3460 °R. Overall Cooling Performance provides a significant change to Tm as noted. It
is extremely important that advanced high temperature cycles use realistic and attainable
levels of Phi. These levels should be based on engine testing rather than component rig
or coupon tests as the scale of turbulence, air density and configuration differences will
result in a poorly executed cooling system design and negative temperature margins.

CHART 36 comments: CUSTOMER INVOLVEMENT

This chart is self-explanatory. Get involved. Obtain responsible design information and
development data from all tests. Insure design stability of the gas path components.
Nothing is more frustrating for a turbine designer than to have the design temperature
increased with no available temperature margins or time for a complete redesign of the
blade and cooling schemes. The other important point is to participate in conceptual,
preliminary and final design reviews. Do your homework and come to the meeting
prepared with good questions. Expect to get slow rolled or isolated! Microstructure
analyses of distressed hardware will determine who is right!
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CHART 37 and 38 comments: TRACKING PROGRESS and COMPETITION AND
ACCOUNTABILITY

Independent analyses will create a greater appreciation and understanding of the
accomplishments of the engine manufacturer and the areas for improvement. Continue to
remind the competitors that Positive Design Margins for the Hot Section Parts are
absolutely essential. Always question the Design Practices and Procedures plus the
engine design assumption when distressed hot section parts result after an engine test.
Use the Cooling Performance and Profile Factor Sensitivity curves prepared for the
engine design to debate whether the correct Phi and PF were used in the blade design
and/or were the engine component efficiencies lower than design requirements. The
benefits and liabilities of TBC Systems must be continually evaluated for affordability
and reparability.

Competition is key in having the option to procure the most durable engine type that
meets the performance requirements of the airframe. Independent analyses will
encourage more accountability from the engine manufacturers in the competition.
Continue a relentless pursuit. Operational and Maintenance Budgets will benefit.

CHART 39 comments: SUMMARY

In conclusion, become more involved in all phases of the engine design and development
process. Use the tools suggested in this briefing. Conduct independent analyses of all
component designs. Compare “Hard Pressed Hardware” test results with the design
intent. Understand and assess the technology baselines of all components at each engine
manufacturer. Evaluate the Design Systems and Best Practices at each engine company.
Microstructure analyses of hot section parts are essential to pass judgment. Make sure
that the parts that are analyzed have been exposed to sufficient hot time at high power
engine design temperatures.

Engine Design Margins are required to successfully field an engine with acceptable
durability, survive component degradation and low derate operation in service. Design
Margins will allow some thrust uprate as needed to satisfy system requirements.

Always balance risk with reasonable levels of conservatism.

Pursue excellence in Engine Development. Operational and Maintenance budgets will
benefit.
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