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Problem Attacked

The developmentthroogh Qualification Testof any
turbojet or turbofan engine typically clears the “average
engine. The limited number of enginesusedin a de-
velopmentprogram reducesthe possibility of en-
countering the extremesof thetolerances, material
propertiesand trim bands. Oncein service, these 3
sigmaproblemssurface. These enginefailures and
malfunctionsare seriousand disappointingafter years
of developmenttests. The enginemanufactureris
askedwhy weren’t theseproblemsuncoveredearlier?

One reasonis that there are rare failure modes
that havesmall probability of detection within the
developmenttest program. Figure 1 shows the
probability of detecting failure modes that have 0. 1,
0.01 and 0.001 probability of occurrencein a typIcal
developmentenginebuild of 100 test hours. Fig-
ure 2 shows that although somefailure modeswill be
detectedwith high probability before PFRT, others will
not appearuntil long after MQT even whenwe assume
all testing is relevant. New technologyis neededto
detectthesefailures early to preventoperationalprob-
lems and costly retrofits.
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Fig. 1 Failure Mode Detection.

Another reasonis that there will be interactions
betweenrandomengine variablesthat in a few casescan
produce extraordinary performance, stress, and func-
tional suitability. The prediction of theserare events
taxes thebestengineering.

MonteCarlo simulationshave beena valuable tool
in the FlOG enginedevelopmentfor dealingwith these
two classesof problems. It hasprovided insight and
corrective actionwell in advanceof the usual “sur-
prises.” Three of theseare describedin this paper.

The techniqueconsistsof programming a mathe-
matical model of thephysical system including the ran-
dom variables. For eachtrial, a set of input data is

generatedby using random numbersto samplethe input
probability distributions. The math model or simulator
is exercisedwith this input to producetheoutput variables.
The processis repeatedfor hundredsor thousandsof
trials to accurately definethe outputprobability distri-
butions. The simulation accuracyis verified by com-
parisonswith the existing system. Only after this
validity is established,can thechange, improve-
ment, redesign, new mission, etc., be evaluated.
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Fig. 2 F100 DevelopmentTesting.

The more random variables, the better the
techniqueworks. Accurate simulationscan bepro-
grammedquickly andinexpensively. Samplesizes
largeenoughto work well out in the tails of thedistri-
butionsareavailableto detectthe rarefailure modes.
The constructionof the simulator oftenprovidesthe
engineerswith newinsight andunderstandingof their
systems.

The applicationof this advancetechnologyto
the F100 engineis illustrated hereinwith threeexam-
ples:

1. The selectionof thebesttechniques
for trimming the fuel control

2. An analysisof low cycle fatiguelife
in a turbine disk

3. The prediction of turbine blade failures
from resonantvibratory modes

Trim Simulator

The objective of the trim simulator is to identify
the best trim procedure, that is mostaccurate, sim-
ple, quick andrepeatableprocedure. The simulator
is also usedto re—evaluatebest trim proceduresfor
improvementsin control logic, sensors, AGE equip-
ment and enginecomponents.
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The FlOG enginehasseveral control trim adjust-
ments available for idle, high power, augmentation
fuel flow and variable geometry. The following sources
of variation are programmed(Figure 3) in the simula-
tion:

• Engine—to—enginevariation. This is the
main reasonfor having trim adjustments,
i.e., trim adjustmentsallow an old
deterioratedengine to producethe same
performance as a new engineeven after
hundredsand thousandsof hours of ser-
vice.

• Control deadbands. Thesearenull areas
provided to keepthe control from constant
dither.

• Sensorandcontrol errors. Both bias
andprevision errors haveto be accounted
for.

• Test standinstrumentationerrors.

• Engine run—to—runvariation.

• Installed vs uninstalled. The aircraft
environment is different from thetest
stand, i. e., bleed flow, power extrac-
tion, ram recovery, distortion, altitude,
ambient temperature.
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Fig. 3 MonteCarlo Trim Simulator.
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Eachengine simulation is trimmed accordingto the

given trim procedure. The given trim proceduremay
be:

• Trim anywherein the trim bands

• Trim to thecenter of the trim bands
(perfect trim)

• Try a new, proposedtrim procedureor
trim band

• Use the ttasreceived!rtrims from the
control vendorwithout readjustment.

• Combinationsof the above for different
trim parameters.

Then ten runs are madeat eachsea level ambient
temperatureconsideredand at high altitude, low and

high Mach number to determinethe effect of trim in
flight.

Another engine is then createdby randomsam-
pling the input distributions and theprocessre-
peated. Enoughenginesare trimmed and exercised
to accuratelydetermine the variation at eachsea
level and altitude conditions (Figure 4).

Fig. 4 Monte Carlo Trim Simulator.

The outputmay be displayedas frequencydistri-
bations on computer graphics devicesor machine
plotted. Any parameteravailable from the thermo-
dynamic engine — control simulation may beconsidered
as output: Airflow, stall margin, thrust, TSFC, aug—
mentor stability, etc. With this output the best trim
proceduremay be selectedandimprovementsevaluated.

Low Cycle Fatigue Life

Rotating machinerytypically haslow cycle fatigue
limitations that require replacementof disks/spacers
before they becomelife—limited by creep or stressrup-
ture considerations. LCF life is influenced by:

• Dimensional control of stress concen-
tration regions on the part

• The material property fatigue char-
acteristics

• The rateof build up of high strain range
cycles encounteredin operation.

The variation from engine to engine from eachof these
threesourcesforms probability distributions. Each
assemblyin each engine is a randomsample from these
distributions. Although most enginesmay have many
times the calculatedminimum life, all parts must be
replacedwhen the (calculated)minimum part’s LCF life
is usedup.

For example, considera Monte Carlo simulator
of the LCF life of the FlOG first turbine disk. The input
probability distributions for eachof thethree sources of
variation were obtainedas follows:

• Actual measurementswere obtainedfrom
production parts for eachcritical dimen-
sion. Thesedata were usedto form
histogramsor bar charts.

• The distribution of material properties
camefrom fatigue tests of samples
from production melts.
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• The build up of high strain cycleswas
determinedfrom the mission mix and
engineusageof F—is operational squad-
rons.

Eachtrial simulateda single engine turbine disk.
Random numberswere usedto sampleeachof the above
distributions. The “data” was then transformedusing
equationsthat relatedimensions, material properties
and engineusageto LCF life. (Figure 5)
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Fig. 5 Monte Carlo Simulation of First Tur-
bine Disk.

In detail the hole through the rim of the disk — a
passageto supply cooling air to the turbine blades— is
the location of the stressconcentrationlimiting cyclic
life (Figure 6). This stressconcentration factor (1(t)
is a function of the dimensionalcontrol of the hole
(Figure 7). The rim stressin turn is driven by rotor
speed (Figure 8). Finally, thefatigue capability of
the material hasa log normal distribution from
maximum to minimum properties.

Fig. 6 The LCF Limiting Location Occurs in
Cooling PassageThrough Disk Rim.

Fig. 7 Effect of DimensionalControl on Hole on
the StressConcentrationFactor (Kt).
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Fig. 8 Rim Stressas f (RPM).

Pastpractice hasbeen to work with “worst case”
life, the highest stresswith the lowest material capa-
bility. But this masks (1) what drives the life, and
also (2) how far out on thetail of the distribution curve
you are in the “worst case.”

The Monte Carlo simulation of thousandsof FlOG
enginesprovided the expecteddistribution of disk life
in the field (seeFigure 9). There was anorder of
magnitudedifference betweenthe (2 a’) minimum andthe
maximum life disk.
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Fig. 9 1st Turbine Disk Cyclic Life Distribution of

1000 Engines.

To determinethe effect of eachvariableon this
large spread,we varied the dimensioncontrol on the
hole, the typical designapproach, in the MonteCarlo
simulation, and recalculatedthe distribution of disk
life in the field. A reasonablevariation in the geometry
only produceda l09~improvement in the life. Obvious-
ly somethingelse was producingthe large variance.

Holding the material properties constantat their
meanvalue, resulted in the life distribution shownin
Figure 10. This approachproduceda 5:1 increasein
theminimum life and drastically reducedthespread.

The driver on the LCF life on this disk, was the
fatigue propertiesof the material, not the geometryof
the rim hole or how theengineswere beingused.

So for a given amountof developmenttime and
cost, the potential payoff is greater working for better
material properties (less spreador higher mean).
That is wherewe concentratedour efforts, we found
that the temperaturelevels andtimes at temperature
during theprocessof making the “log” greatly effect
the fatigue capability of the finished disk. Without
the Monte Carlo simulation, thedevelopmenteffort
would have beendirected toward revising the geometry
of the rim cooling hole.
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Early FlOG productionenginesencounteredcracks
in the2nd turbine bladeon initial teardown in produc-
tion after run-in. It was found that the crackedblades
characteristically had low (natural) frequencies.

The causeof the problemwas analyzedto be a
resonanceoccurring at high rotor speedspossibly
amplified by the tip rubs that characteristically occur
during run—in. Only the low frequencybladeswould be
in resonanceat thesespeedsand thereforeonly these
bladeswerecracked.

The fix was to cull all bladesin this low fre-
quency regionbefore they got into engines. A Monte
Carlo simulation wasconstructedto confirm the
analysis.

Some3700bladeswere frequencycheckedto pro-
vide the population of 1st modefrequenciesexpected
to occur in production. A core enginewas strain—gaged
to provide thedistribution of vibratory stressvs rotor
speed, and laboratory testing provided the vibratory
allowable for this material at the steadystressespres-
ent at high speeds.

The Monte Carlo predicteda failure rate of 7/
1000 engineswith thesedistributions whereaswe were
encounteringmore like 7/100 failures in early produc-
tion. The simulation was carefully checked for both
engineeringand programmingerrors. (Meanwhile a
production enginethat hadbeenculled for low frequen-
cies cameup with a crackedblade!) Upon reanalyzing
the strain gagedata, a secondstressregion wasfound
in the mid rotor speedregion that only occurredon
thosebladesthat were closeto the disk harmonic but
whosenatural frequencieswere significantly lower than
the averagefrequencyfor that wheel, the“tuned absorb-
er” phenomena.

This was a completelydifferent failure modethat
also matchedthe fact that only low frequencyblades
were found cracked. The distributions for the vibra-
tory stressesandmaterial allowables for this failure

modewere addedto the input to the Monte Carlo.
(Figure 11) It now calculatedtheobservedfailure rate.

An experimentalengine was built with the blade
frequencydistribution contained in the last production
engine. It cracked the low frequency blade without
runninghigh rotor speeds.

With anoperatingMonte Carlo that containedall
the experiment~ldata, analytical functions linking this
data to the tunedabsorberand matching the observed
failure rate, we could then usethe MonteCarlo to
evaluatecandidatefixes.

The short term approachwas to match the fre-
quenciesin the wheel suchthat there were no “strangers”
lower than a certain frequencylevel below the average
of the wheel. The Monte Carlo was usedto select this
frequencylevel.

The long term approachwas to redesignthe blade
with a revised wall thicknessdistribution. Again the
Monte Carlo model was usedto select the configuration
and tolerancecontrol that gavethe bestbalanceof
failure ratefor the bladeand LCF life for the disk.

Conclusion

The Monte Carlo simulator canbe built from
engineeringdata collected during the development
program ... to define the rare failure modesthat
could otherwise only be identified well into the
statistical baseof full production.

The FlOG engineprogram hasusedthe Monte
Carlo techniqueextensively during CIP to attack a
variety of engineeringproblems. In eachcaseit has
contributed to quantifying the “drivers” on the prob-
lem, and defining thepayoff of the solution.
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Fig. 11 Monte Carlo Simulation of 2nd Tur-
bine Blade Failure.
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