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SECTION 1.0
INTRODUCTION

Design specifications for all military aircraft engines include durability and life requirements
for all hot section parts. The durability of hot-section parts is highly dependent on the type
of aircraft mission flown, the geographical location of the operating base, and pilot opera-
tion since all these factors affect the temperature-pressure environment in the hot section
and the cyclic history of the parts.

An accurate, realistic, mission-analysis-oriented, life prediction system for the combustor
and the turbine can reduce development and maintenance costs of a new engine or advanced
model of a current engine. Such a system can improve combustion and turbine durability
design capability, provide a method for defining realistic accelerated endurance tests which
simulate design missions, and evaluate component life as a function of actual use in the field
for maintenance and logistic considerations.

This report describes the analytical development of a computer program for predicting the
service lives of combustors and turbine airfoils as functions of aircraft mission parameters.
The work effort was organized in four phases. Phase I involved the gathering of data from
field service and in-house testing, the identification of the combustor and turbine airfoil
failure modes, and the development of failure models based upon the physical processes
involved and calibrated with the available data. In Phase II, a mission analysis program,
currently used to predict turbine airfoil lives, was updated to reflect the most recent turbine
service data and modified to accept the bumer failure models developed in Phase 1.

The results of Phases I and II were verified in Phase III using available service data. The
uncertainity of the model was established by determining the sensitivity of the predicted
service life of the component to variations in material data, thermal gradients and manu-
facturing tolerances. In Phase IV, a mission mix life sensitivity study was conducted using a
base mission and three alternate missions. The B-50 lives (time period during which 50
percent of the components will have failed) of the turbine airfoils were predicted for both

a transport and fighter/attack propulsion system.

The work accomplished in each phase of this program is discussed in separate sections
below.
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SECTION 2.0

PHASE I — IDENTIFICATION AND MODELING OF COMBUSTOR
AND TURBINE AIRFOIL FAILURES

2.1 TURBINE AIRFOIL FAILURE MODES

2.1.1 Turbine Airfoil Failure Mechanism Review

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 in
high-strength materials and technology. This is especially true in the turbine component
where the latest super-alloys with special protective coatings are used in an environment with
gas temperatures well above the melting point of the materials. Today’s turbine airfoils must
endure higher temperatures, higher stresses, and more severe transients than ever before.
These severe operating conditions have resulted in three primary modes of failure in turbine
airfoils. These modes are creep, creep-fatigue interaction, and oxidation/corrosion/erosion.

Creep causes failures by having the part either rupture or exceed allowable dimensions.

Creep stress is generally due to three causes, all of which may be present in a turbine

airfoil. These causes are thermal gradients, rotation, and airflow. Thermal gradients occur
primarily in cooled parts where a difference in metal temperature between elements of the
part establishes strain in those elements, causing creep. Rotation causes a centrifugal stress

in turbine blades, and airflow causes bending stresses in both vanes and blades. These stresses,
coupled with high metal temperatures, are the forcing functions in the creep phenomenon.
The amount of creep damage which a blade or vane has sustained is measurable with special
gages that measure blade growth or vane deflection. At this time, no method has been
developed for production use that will refurbish material that has sustained creep damage.
For this reason, a turbine blade that has undergone creep growth beyond limits must be
scrapped. However, creep deflections on less critical airfoils, such as vanes, have been re-
furbished in some instances. Vane trailing edge bow is an example of a repairable creep fail-
ure. Vanes which have this type of failure mode will usually have both repairable limits and
scrap limits. UER’s (Unscheduled Engine Removals) can be caused by the creep failure mode,
that is, by having a blade reach creep rupture.

The creep-fatigue interaction mechanism results in failure by the development of cracks on
the surface of the airfoil (either inner or outer surface of a cooled airfoil). Creep-fatigue in-
teraction can be described in terms of the exhaustion of material ductility at the critical lo-
cation on the airfoil surface. In this model, strain is introduced as described above, and also
by cyclic stresses resulting from transient engine operation. Rapid acceleration or decelera-
tion of the engine results in severe cyclic strains especially in cooled airfoils. Cracks due to
creep-fatigue interaction which occur on less critical components, such as vanes, are often
repairable. Cracks which occur in critical areas of turbine vanes or turbine blades cannot be
repaired and therefore cause the part to be scrapped. Cracks which occur in critical areas
often progress to rupture before they are discovered and thereby cause a UER.
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The oxidation/corrosion/erosion mode results in failure by the depletion of the airfoil coat-
ing and/or base material. Oxidation is the reaction of oxygen in the gas stream with various
elements of the alloy, thereby depleting and weakening the alloy. Corrosion in turbine air-
foils results from airborne salts or sulfur compounds in the fuel reacting with the airfoil coat-
ing and/or elements in the airfoil alloy. The sodium sulfate deposits on the airfoil and reacis
with those elements which were added to the alloy to impart oxidation resistance, thereby
reducing the inherent oxidation resistance of the alloy. The erosive nature of the turbine at-
mosphere is produced by small particles of carbon formed in the burner and other fragments
of upstream material which are carried by the gas stream to the turbine airfoils at high tem-
peratures and high velocities. The loss of metal due to erosion can be significant over the life
of a turbine part, but, perhaps more important, the loss of protective coating through erosion
renders the alloy vulnerable to attack through oxidation and corrosion. Analytical models
of these phenomena are the least developed of all failure modes at this time and generally
must be dependent on empirical data. Since all three of these mechanisms usually occur sim-
ultaneously in varying degrees, one model which correlates coating life to metal temperature
is used for all failures of this type.

Coating and base metal depletion within specified limits are repairable by a strip and recoat
process on both blades and vanes. Airfoils which have metal loss beyond repairable limits
must be scrapped. This failure mode can lead to blade rupture by reducing the load-carrying
capability of the airfoil or by providing a flaw from which a crack may initiate and propagate.

2.1.2 Definition of Failure

A turbine airfoil may be considered failed in three ways: (1) inspection of an airfoil may
reveal damage which is beyond allowable replacement limits and therefore must be repaired,
(2) inspection of an airfoil may reveal damage which is beyond repairable limits and therefore
must be scrapped, and (3) an airfoil may sustain damage which causes it to rupture and there-
by results in an unscheduled engine removal (UER). The ruptured airfoil is by far the most
critical type of failure since it often results in an inflight shutdown of the engine.

A new inspection technique has been developed and used on the Pratt & Whitney Aircraft
JT9D engine. This inspection technique makes use of a boroscope probe to look into the en-
gine hot section while the engine remains installed in the aircraft. Whereas in the past an en-
gine was either removed for a scheduled inspection or for a UER caused by the failure of some
component, an .’_éngine can now be removed based on results observed with the boroscope.
This type of failure can be caused by any of the three primary turbine airfoil failure modes

since creep and creep-fatigue interaction can lead to a crack before the airfoil actually ruptures.

There have also been numerous instances where oxidation/corrosion erosion distress on a
turbine blade has been discovered by the boroscope inspection, thereby resulting in a UER

but preventing further damage by a blade rupture, Hence, the boroscope inspection introduces
anew type of UER failure for turbine airfoils — removal for visual distress.
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2.1.3 Selection of Failure Modes

The selection of failure modes for analysis in this program was based upon the relative im-
portance of the mode to the reliability of the respective engine and on the availability of
data to substantiate the model. The JT9D-7 and the TF30-P-100 have been selected as re-
presentative of transport and fighter attack engines. For the JT9D-7, the failure modes
selected were those that caused unscheduled engine removals (UERs). These types of failures
are extremely important to an operator and extensive data is available for the JT9D-7 engine.
The TEF30-P-100 engine, on the other hand, has not accumulated any UER data for turbine
airfoil failures. Therefore, scrap modes from this engine were selected for analysis. A list

of the failure modes selected for analysis is summarized in the following table:

JT9D-7
Ist vane (creep-fatigue cracking) UER
Ist blade (creep-fatigue cracking) UER
Ist blade (oxidation/corrosion) UER
2nd vane (creep-fatigue cracking) UER
2nd blade (creep-rupture) UER
TF30-P-100
Ist vane (creep-fatigue cracking) scrap
Ist blade (creep) scrap
2nd blade (creep) scrap
2nd blade (under shroud cracking) scrap
3rd blade (creep) scrap
2nd vane (oxidation/erosion) scrap and

refurbishment

These failure modes have been selected as pertinent examples. They are not meant to be all
inclusive. The user can analyze other failures in these or other engines by incorporating the
failure routines in the mission analysis program.

2.1.4 Statistical Life Prediction Model

The statistical model used at Pratt & Whitney Aircraft is based on the Weibull method of
failure analysis.

The Weibull method is a statistical presentation and analysis technique which permits the
use of failure and non-failure (suspension*) data to determine a probability distribution via
the Weibull equation:

t-t
i ) 3
F(t) = 1—e n (D

*Refers to unfailed parts in service that have not yet accumulated as much time as some of
the failed parts.
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where F (t) = cumulative probability of failure (the area under the distribution
from tytot)
B = Weibull slope
n = characteristic life
t random variable (stress, time, etc.)
to = origin of the distribution

The probability density function f (t) is equal to dF(t)/dt, the ordinate of the frequency
distribution

8
Bty P! . _[n_(t't°)]

P

f(t) = 03]

Presentation of the Weibull analysis requires special probability graph paper: the ordinate is
a double log scale of the expression containing the ‘‘fraction failing” while the abscissa is a
single log scale of the random variable. The relationship between traditional probability dis-
plays and the Weibull form is shown in Figure 1. It may be seen that the Weibull line is, in
fact, a distribution. The slope, B, 1s a sha: ~ factor since it indicates the skewness of the
probability density function. The characteristic life, 7, is frequently not used in practice due
to the lack of convenient mathematical interpretation. In its place, the median life, i.e. the
life at 50 percent cumulative probability, is used — this life is often referred to as the “B-50
life”.

Presentation of data in the Weibull manner allows the uniform presentation and easy inter-
pretation of statistical data. By routinely analyzing data and incorporating new data in this
manner, ready access to a vast data bank is provided. Data available encompasses turbine
vanes and blades further separated by failure mode and operator for each engine model. This
data varies somewhat due to engine maturity and operator experience, and is limited in many
cases where no failure experience exists.

Figures 2 through 9 are samples of the statistical models used at Pratt & Whitney Aircraft
for several turbine failure modes of the JT9D-7 and TF30-P-100 engines. The JT9D Weibull
plots have been updated since the first interim report (Ref. 1). The JTID-7 first blade
creep-fatigue interaction failure mode is shown in Figure 2; JTID-7 first blade leading edge
oxidation/corrosion/erosion failure mode is shown in Figure 3; the JT9D-7 second blade
creep-rupture failure mode is shown in Figure 4 and the second stage creep-fatigue failure
mode is shown in Figure S. As additional reports of UER failures for each particular mode
are received, the Weibull analyses are periodically revised to reflect all of the available data.
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Figures 6 through 9 are the statistical models of several TF30-P-100 turbine failure modes 4
for full power operation of the engines. Service failure data on the P-100 engines does i

not exist at this time, since these engines have only accumulated a maximum of 600 hours in
service. The accumulation of data is also complicated by the fact that these engines are being
operated at reduced power, and approximately 300 to 400 of the 600 hours were accumulated ;
at reduced power operation. For this reason, the damage sustained by the turbine airfoils is 4
well below what would be expected at 600 hours. Due to the lack of service failure data,
the statistical models shown for the P-100 engine are a result of calculating the B-50 life and
using a Weibull slope which is based upon the limited amount of low time (200 to 300 hours)
growth data on first-stage blades. The calculation of the B-50 life was accomplished with the
use of the mission analysis program and a physical failure model which has been calibrated
by in-house endurance engine data. Until more time is accumulated on these engines, it will
be impossible to develop a statistical model based on service failure data.
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Figure 3

LIFE ~“HOURS

JT9D-7 First-Stage Turbine Blade Leading-Edge Oxidation/Corrosion/

Erosion Failure
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2.1.5 Description of Failure Modeling

A turbine life prediction model is currently operational at Pratt & Whitney Aircraft. This
model considers the general failure processes of creep, fatigue, and oxidation/erosion/corro-
sion as may be manifested by component stretch, deflection, cracking and burning to name
a few of the more predominant failure identifications. This model is general enough to ana-
lyze vanes and blades, cooled and uncooled, with and without coatings on all engine types.

The failure model is shown schematically in Figure 10. The input parameters required

from the engine performance and mission definition are engine station pressure near the
part, coolant supply temperature, engine station temperatures on either side of the part,
rotor speed, and mission time spent at the power level. In addition, the results of a refer-
ence point analysis are required to give metal temperature, stress, and strain range for criti-
cal regions of the point defined at a reference power level. This reference point analysis is
performed externally to this mission analysis/physical modeling system and the results 1rust
be provided as input. This analysis consists of a heat transfer and stress analysis for a typical
power setting as well as for a typical transient excursion. The results are used as input to the
program and are in the form of stress, temperature, and strain range for all critical elements
of the part as required for each failure mode.

ENGINE PERFORMANCE
AND MISSION PARAMETERS

|

HEAT TRANSFER FAILURE

AND STRESS —_— MODEL
ANALYSIS RESULTS

LIFE FRACTION
FOR EACH MODE

Figure 10  Input and Output for Turbine Failure Model
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The general procedure followed by the mission analysis is to break the mission into a series
of steady-state performance points and a series of transient cycles. The failure model takes
these increments and calculates a life for each. This “life” is the full expectancy of the part
assuming only this single performance point is run until failure. At the end of the mission
the life fraction rule is applied for creep, fatigue, and erosion/corrosion/oxidation while
creep-fatigue interaction is used when required. The life fraction rule (often called Miner’s
rule) is used to combine differing creep, fatigue, or erosion/corrosion/oxidation damage
rates by weighting each rate by the time spent at that rate. Since these rates are related to
the life expectancy for each performance point, the life fraction rule may be stated as fol-
lows:

L = ——— (3)

n
IR S
. =

where L is the average life
t; is the time spent at the ith performance point
L; isthe life expectancy at the ith performance point

2.1.5.1 Turbine Creep Life

The creep failure model requires a metal temperature and stress at each flight condition. Cal-
culation of metal temperature and stress for the power level is made by scaling the known

reference point analysis by the engine performance. This temperature and stress are used with
material properties according to the equations below to calculate the creep life. The inclusion

| of mission time yields the required creep life fraction. The nomenclature is tabulated below
and described in Figure 11.

Cy Gy, C. = scaling constants
N = rotor speed
} p = pressure
i T = temperature
i} = stress
I Subscripts
C = coolant
[ G = gas
M = metal
N = rotor speed component
! P = pressure component
i R = reference
i S = supply
1 = station inlet
2) = station e:it
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Figure 11 Nomenclature for Airfoil Creep Calculation

Three input scaling constants, relating the various temperatures are defined as:

o Ty - Te
a " T~_T
c—Tc
Tg,— ¥

% = T3
1— T,

_ Te-Tg
Cc = 37
G~ Ts

4

(5)

6)

The metal temperature can then be related to the environmental temperatures and scaling

factors by combining equations (4), (5) and (6). The resulting relationship is:

Ty = Cy [Ty+Cy(Ty = Tp)l +1-C,) Tg +C{l Ty -Gy

(Ty = Tp) - Tgl}
The stress is related to reference conditions by:
2

A Y

The stress and temperatures are used with the material property library to obtain a creep life
for that flight increment. Figure 12 is a flow diagram for the turbine creep life model.

N
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Figure 12 Creep Mode Model

2.1.5.2 Turbine Creep — Fatigue Interaction Life

The creep-fatigue interaction model employs a ductility exhaustion mechanism to combine
creep and fatigue damage (Ref. 2). A total strain range is based upon input reference condi-

tions (subscript R) and mission take-off conditions (nomenclature appears in previous section):

T, -Tg

AETR S AETRR T———'———l
R

9
_ TSR

The general form for the equation relating strain range (Aepg) and the number of cycles
to failures as:

a
1 2er

Sl (10)
by 4 AGTR

If the component is strain cycles through n cycles (n < No), the ductility is reduced by:
1/a
AGTR % /
Ae = ¢ {1 - |l -4n|———— (1
2¢¢

In order to determine the interaction of fatigue and creep, the assumption is made that, for

a given temperature and stress level the creep behavior of a material may be represented by
the equation:

ecr = At (12)
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“reduction of ductility™, it is possible to write an equation for an equivalent creep time based
on the reduction of ductility during the fatigue portion of the cycle.

} Ae llb
| tag e (13)

The remaining ductility after a subsequent creep exposure of dukation tine will then be

efl = €~ A(tinc i tf:q)b (14)

Substitution of ef', as calculated in Equation (14), into Equation (11) will then determine
Ac¢ for the next n cycles. For the second and subsequent fatigue and creep exposures, tf:q
takes the form

l Equating the failure mechanisms for creep and fatigue by saying that both contribute to a
I

PR VIS VS

I/b
Ae +ep-ef /
l Lol (15)
The above procedure is repeated until failure occurs, i.e., when !
a .
TR
1 < 4n ( (16)
2 Gf
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The creep-fatigue interaction model is shown schematically in Figure 13.
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Figure 13 Creep-Fatigue Interaction Mode Model
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2.1.5.3 Turbine Oxidation/Erosion/Corrosion Life

Temperatures calculated for the creep life (Section 2.1.5.1) are used to calculate oxidation/
erosion/corrosion life from tables that are built into the deck. There is an option for the user
to input these curves. The calculation procedure is illustrated in Figure 14,
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Figure 14 Erosion/Corrision/Oxidation Mode Model

2.1.5.4 Material Data

Three types of material property data are required to analyze the three primary failure
modes.

The mission analysis program is programmed to accept creep data in the form of a Larson-
Miller Parameter (LMP) curve and a Larson-Miller Constant (LMC). An example of such a

curve is shown in Figure 15. This curve permits the calculation of creep life as a function
of stress and metal temperature (Ty) by the following equation.

LMP
= _ 1Mc
Ty + 460 ) L)

CREEP LIFE = 10(

20

r-.._.
4

e "




r—yq--y-w = T

i - N

———

100

60

%

40 %

e

STRESS ~ ksi

10

36 38 40 42 44 46 48 50
LMC =20

LMP X 103
Figure 15  Typical Larson-Miller Parameter (LMP) Curve

A more extensive explanation of this method of data presentation can be found in section
2.2.3.34.

The creep fatigue interaction mode of failure requires fatigue data as well as the creep data.

Fatigue data is input to the program in the well known Coffin-Manson format, that is, cycles
to failure versus total cyclic strain represented by a straight line on log-log scales. An example !
of this data is shown in Figure 16. k

Surface depletion properties vary with base metal as well as coating. The surface depletion
properties are also input to the program in a similar manner. In this case, life is an exponen-
tial function of metal temperature. An example of this data is shown in Figure 17.

22 COMBUSTOR FAILURE MODES

2.2.1 Combustor Failure Mechanisms

Identification of burner failures and failure mechanisms is complicated by the non-critical
nature of most burner failures and by the interaction of more than one failure mechanism.
Blade rupture will result in an unscheduled engine shutdown, and a disk rupture is catas-
trophic. Consequently the failure criteria associated with these parts must be closely related
to their ability to continue functioning. To relate some burner failure criteria, such as crack
length or burned area, to the ability of the bumner to function is far more difficult. There
are examples of engines performing with “failed burners” undetected until a routine inspec-
tion or the failure of another component. The consequences of a burner failure are generally
more economic than operational and result in a general deterioration of the engine or
possibly serious damage to the turbine.
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Figure 16  Typical Curve of Cyclic Life vs. Total Strain Range
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If the burner failure is non-critical, the reported time of the failure is really the observed
time and may be related to overhaul schedules or the life of another component. If the fail-
ure of another component causes an engine removal, the burner failure may not find its way
into the statistical data or, conversely, a non-failed burner may be replaced because it is con-
venient or cheaper to do so at that time.

The burner failure mechanism is further complicated by the complex nature of the failures.
There is seldom a single cause. By the time a failed burmner is examined, the basic causes of
failure may be obscured by secondary failures.

2.2.2 Selection of Failure Modes

Because of the difficulties in obtaining representative failure data outlined above, P&WA
instituted an airline burner survey. The condition of a fixed number of JT9D-7 burners at
engine removal was noted in detail. The cause of engine removal need not have been the
bumner. A representative sampling of airlines was used to include a range of tough (full
power, hot climate) to easy (de-rated, cold climate) operators. Burner data was obtained
for burners with up to 8000 hours of operation.

Although the condition of the burners observed in the survey varied greatly, depending on
the operator and the number of cycles and hours, the location of cracks was consistent.
Figure 18 is a plot of the frequency of cracks in the inner liner for 5 of the burners reported
in the survey. In Table 1 the results of the survey for one operator are summarized. While
the number of cracks increases with cycles and hours, other forms of distress are random.
Metal erosion is the least frequent form of distress and in most cases it is related to louver
lip buckling or some other damage immediately upstream of the erosion.

In addition to the special survey data, in-house testing and field service testing data for the

JT9D-7 and TF30 P-100 and P<412A engines was reviewed to define the primary failure modes.

The failure modes selected are lip buckling and creep-low cycle fatigue (LCF) interaction
(cracking). A third failure mode, oxidation/erosion, was considered to be a secondary failure
mode, as erosion damage seen on burners is generally the result of louver lip collapse.
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Figure 18 Axial Crack Frequency Study
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TABLE 1

RESULTS OF AIRLINE BURNER SURVEY FOR JT9D-7 SINGLE OFERATOR

Hours 1268 3421 3783 4058 4136
Cycles 801 2238 2256 238S 2476
ID Damage (No. of Locations)
Axial Cracks 9 12 27 43 43
Circumferential Cracks - 9 - S 1
Louver Creep and/or Buckling - i2 -~ 21 1
Metal Erosion and/or Burn Through - 5 - — -
OD Damage
Axial Cracks 9 18 67 65 27
Circumferential Cracks - 2 - 4 -
Louver Creep and/or Buckling 13 10 - - -
Metal Erosion and/or Burn Through 3 1 - - -

2.2.3 Description of Burner Failure Modeling

2.2.3.1 Temperature Simulation

The calculation of bumer life due to LCF-creep interaction cracking and louver lip buckling
requires knowing the burner temperatures and using these temperatures to predict the
resultant stresses and strains. Since the model will not include complete thermal or stress
analysis, temperatures and strain ranges will be input along with the compressor exit and
turbine inlet temperature for a reference condition. The program will then vary tempera-
tures and stresses throughout the flight cycle.

For the hot metal temperatures of the louver (this occurs at the weld joint and louver lip)
the following expression relates the changes in metal temperature (Ty, — TMR) to the
change in the compressor exit temperature (T3 - T3 R) and turbine inlet temperature

Ty — TyR =06 (T3 — T3p) + 0.4 (T, — Typ) (18)

By determining the metal temperature at some reference condition (subscript R)the temp-
erature at any other operating condition may be calculated. The constants (0.6 and 0.4)
have been determined from a large number of thermocouple tests with many burners. How-
ever, the program is set up to input these constants so that the user may alter these values.
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To complete the structural analysis, a temperature gradient between the hot portion of the
louver (TM) and the cold portion shielded by the lip (T K) must be known, This temperature
is related to the compressor exit temperature (T3) by:

- =]
Tx = T3 + 20°F (19)
This expression is simpler than the expression given in the first interim report for this
contract (Ref. 1) while providing essentially the same values.

2.2.3.2 Elastic-Plastic Analysis

Air-cooled combustion chamber liners experience large, thermally-induced strains that
exceed the elastic limits of the material at points of maximum stress and/or temperature.
As illustrated in the typical stress-strain-temperature curve of Figure 19, once the propor-
tional limit has been exceeded, the simple proportional relationship between stress and
strain is lost and the problem becomes considerably more difficult.

PROPORTIONAL
LIMIT AT T1

STRAIN

STRESS

Figure 19  Typical Stress-Strain-Temperature Relationship

Analytical procedures which handle both elastic and plastic conditions are only now be-
coming available. To make use of these programs would require combining an entire
structural analysis program with the mission analysis program and failure model. As noted
before, that is beyond the scope of this work. Therefore a portion of the analysis for both
creep-LCF and louver lip buckling involves developing procedures for adapting the elastic
analysis to a plastic situation.
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2.2.3.3 Creep-Low Cycle Fatigue Failure Model

Examples of typical combustion chamber liner failures are illustrated in Figures 20 and 21.
The cracking shown in Figure 20 is characteristic of LCF failures in can-annular combustion
chambers. Cracking initiates in the region of the seam welding joggle radius and progresses
circumferentially around the liner. The liner must be removed and repaired to prevent
separation when such cracks are found in hot-section inspection. Figure 21 illustrates the
typical cracking failure mode experienced in large diameter annular combustion liners. In
this case, cracking initiates either at the louver lip edge or sometimes in the seam weld and
then progresses axially. As in the case of the can-annular liner, the burner must be removed
and repaired before the axial crack reaches a critical length which, fortunately, can be in the
order of several inches.

Figure 20  Typical Circumferential Cracks in Can-Annular Burner
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Typical Axial Cracks in an Annular Liner

Figure 21
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Both of the cracking modes described above are caused by cycling of the thermal gradient
between the hot louver lip and the cold louver knuckle. This gradient results in a high hoop
stress in the lip-seam weld area and a high bending stress in the seam weld-joggle radius area.
The relative magnitudes of these bending and hoop stresses are dependent upon the liner
radius. Smaller radius liners (can-annular burners) have bending stresses higher than hoop
stresses and hence failure is by circumferential cracking. Large radius liners (annular burners)
have hoop stresses higher than bending stresses and hence failure is by axial cracking. The
relative magnitudes of hoop and bending stress components as a function of liner radius are
given in Figure 22.

STRESS PRODUCING

R AXIAL CRACKS ~ S,
PRED i
7 crnfcuun'n‘;:::;rllll ~§— “STRESS PRODUCING
¢ CRACKING CIRCUMFERENTIAL
(7]
2 \ CRACKS ~ S,
w PREDOMINANTLY
ac AXIAL CRACKING
o—
7 \
Sy
“2" A =HOOP STRESS
= T .
C=BENDING STRESS
@ c";‘::""“" FULL ANNULAR
—_—
) URNERS ~=—o BURNERS |
0 10 20

BURNER RADIUS ~ r ~ INcHES

Figure 22 Relative Magnitude of Hoop and Bending Stress Components vs. Liner Radius
2.2.3.3.1 Damage Model Formulation

For a typical flight cycle, a hysteresis loop similar to that of Figure 23 can be used to
represent stress-strain relationships. The portion of the curve from the origin to point A
represents stress-strain at transient conditions from idle to takeoff. The dwell, representing
time at SLTO, climb and cruise is depicted by the constant strain portion of the curve,
A-B. Descent is represented by the remainder of the cycle, B-C.
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In order to break up the problem into tractable components, the inelastic strains occurring
within the cycle are segregated into a time-independent (plastic) strain component and a
time-dependent creep strain component according to the concept proposed by S. S. Manson
(Ref. 3). The time-independent plastic strain range component is that which would occur '
if the reversal took place immediately without any dwell at the maximum strain condition.
The time-dependent strain component is taken as the additional inelastic strain which occurs
as a result of the dwell at maximum strain.

Manson defines four combinations of creep and plasticity that can be used as building blocks
for partitioning complex cycles:

A€ pp tensile plastic strain reversed by compressive plastic strain

R

A€ pp tensile creep strain reversed by compressive plastic strain E
A€ pc ™ tensile plastic strain reversed by compressive creep strain

A€ T tensile creep strain reversed by compressive creep strain

Sk e st e

e
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These four definitions can be summarized in the following table taken from Reference 2:

Notation Tensile Strain Compressive Strain
Aépp plastic plastic

Aepc plastic creep

Aecp creep plastic

A€, creep ! creep

The time-independent reversed plastic strain is A€, (no creep component), and the dam-
age associated with it, is given by an expression of ?ﬁe form [Ref. 3]:

I
R (_A_e_pp__) & (20)

Npp 0.75 D,

where: a is a constant related to the material
Dp is the tensile ductility of the inaterial
N

pp is the number of cycles to cracking

The damage associated with the time-dependent creep strain components depends on the pre-
dominant cracking mode. In the case where the hoop stress, and consequently the axial mode -~
of cracking, is dominant, the creep damage component is of the Aepc type.

The combustor lip, as it heats up, cannot grow because of the restraint of the cold knuckle
and is therefore in compression, and, at the high temperatures, the damage mechanism is
creep. When the cycle is reversed and the lip is cold, the tensile strain is plastic. The dam-
age is then given by [Ref. 3]:

1 A€pc pe
Bl =———— : Qn
Npc 1.25 Dp

where: b is a constant related to the material

Npc is the number of cycles to cracking
If the bending stress, and therefore circumferential cracking mode, is dominant, then both
the A€, and A€ type strains are present. On the surface that is in tension when the
material is hot, the mechanism is A€ cp (tensile creep strain reversed by compression plastic
strain), while on the opposite surface t%e mechanism is one of compressive creep reversed
by plastic strain. Observations that combustor cracks were initiated on the side in tension
at high temperature confirmed Manson’s conclusion that the A € cp Was more damaging
than the A € & cycle. However, damage was best correlated with t?le expression for Np .

(Equation 21)rather than that proposed by Manson for Ncp:
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e _Le"p \ e (22)
Nep 025D, /
where: D, is the creep ductility

The two forms of damage are assumed to be linearly accumulative, leading to the total life:

1 1 1
SR e P
Nt Npp NPC

(23)

2.2.3.3.2 Determination of Time-Independent Plastic Strain Range, A € pp

As noted earlier, the calculation of cyclic plastic strains and strain ranges is a difficult ana-
lytical task. Instead, the total strain range, A€ tr is approximated from the elastic stress:
(See Figure 23)

A€ . = AS

tr elastic/ E

(24)
The LCF strength of materials is commonly specified in curves showing the cycles to crack-
ing as a function of the total strain range (elastic and plastic) on a log scale. These curves
have the form shown in Figure 24, and several models have been proposed in the literature
to relate the LCF curves to common material properties. The model proposed by Langer
[Ref. 4] envisions the curve to be found by the sum of the elastic, A€ e and plastic, A€
strain range components. Using this model, the plastic strain range can be determined by
subtracting elastic strain from the total strain range:

A€y, = A€, — A€, (25)

pp,

A

9 €pLasTIC

A€TR =A€PpLASTIC * AEELASTIC

L€ msm:/7

STRAIN RANGE ~ roc A€

lsssssesss sennseagesssnessenssssssasssnnssennsnnesssafes

LTI R

-—t
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CYCLES TO CRACKING ~ roa N

Figure 24  Typical LCF Life-Strain Log Plot with Langer’s Hypothesis
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Equation 25 provides a simple estimate of plastic strain range, requiring only the total strain
range as calculated by elastic analysis and the value A€ e 35 estimated from the convention-
al endurance limit or curve fit for actual LCF data.

2.2.3.3.3 Determination of Time-Dependent Strain Range, A€ pc OF A€ -

In general the stresses/strains causing failure in combustor liners are the direct result of ther-
mal growth incompatabilities and, as such, come under the class of strain-controlled cyclic
problems. 1t is postulated that the creep strains induced during a typical cycle are primarily
the result of stress relaxation at constant total strain. Referring to Figure 23, the creep
strain associated with a given stress relaxation is taken as the change in elastic strain, or
simply as Ascreep/E'

In order to obtain a closed-form solution for the stress relaxation occurring in a cycle, a re-
lationship between creep, stress and time proposed by J. Marin [Ref. 5] is assumed:

€ = [K| +K, (1 —e Y+ Kgt] S™ (26)

The first term in the brackets in Equation 26 is proportional to the initial loading strain, the
second term is proportional to the transient creep strain, and the third term is proportional
to the steady-state creep strain.

Since, for a given material, the expression within the brackets is only a function of tempera-
ture, Equation 26 can be simplified to:

€= B;SM Q7

Since the process is assumed to be one of stress relaxation at constant strain, the strain must
remain at its initial value:

€, = B,S™ = K;5;™ (28)
Rearranging Equation 28.

1
K
si_s=si[1—<——]) ] 29)
By

and dividing by Young’s Modulus to convert the stress terms to strains:

Nt B A€y, 1/m l : B 1/m e
r = SN . —— - JE— .
L P K E B )

In liquation 30 the initial strain, € v has been replaced by its equivalent, the total strain
range as calculated by elastic analysis.

1/m
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2.2.3.3.4 Determination of Kl. m and Bt

; One way the stress (S)-strain (€) relationship of a metal can be represented mathematically _
] ' is: , 3
‘ i €= S/E for S< S, (31a)

€= as®+S§/Efor S > 5 (31b)

where: a, b are constants for a given material
E is Young’s Modulus
Spl is the proportional limit of the material

Since the combustor sustains damage at conditions beyond the proportional limit, the stress-
strain relationship can be represented, with little loss in accuracy as:

= asb (32)

Rewriting Equation (26) for the non-time-dependent situation:

€= K,sm (33)

Therefore, K, and m are constant for a given material, and their values can be determined
by a logarithmic plot of the stress-strain relationship in the plastic range (see Figure 25).

STRAIN ~ LOGe

In K

STRESS ~ LOGS

Figure 25  Typical Log Plot of Stress-Strain Relationship in the Plastic Region
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B; can be considered as analogous to K. Unlike K|, however, B; is both time and tempera-
ture dependent and requires creep data for its determination.

In materials manuals, creep data is represented by a series of stress-time curves for various
temperatures (Figure 26a). Each curve represents a different percent creep for the material.
The format js cumbersome, and numerous procedures have been proposed to condense creep
and rupture data to a single set of curves. Larson-Miller [Ref. 6] proposed the parameter

(T + 460) (C + Log t), where T is the temperature in °F, t the time in hours, and C a material-
dependent constant (Figure 26b). For most materials, C ranges between 14 and 22, with

20 a good average number if specific data is missing [Ref. 7].

For a given flight interval, time and temperature are determined and used to enter a Larson-
Miller-type creep plot. The intercepts of the constant-creep lines define a stress-strain curve
for the material at the time and temperature of the flight interval (Figure 26¢). In an ana-

logous plot to that used to determine K|, B; is the intercept of the logarithmic stress-strain
plot.

2.2.3.3.5 Creep/Relaxation Under Various Hold Conditions

A typical aircraft mission cycle involves hold periods at various power conditions, and,
therefore, at various temperature levels. In order to employ Equation 17 at the different

temperature levels and accumulate the creep damage, a Time Hardening Theory [Ref. 8} has
been adopted.

The concept of the Time Hardening Theory is illustrated graphically in Figure 27. The first
hold condition occurs at temperature T, for a time period ty. Attime = t| conditions change,

and the liner is at temperature T until time is equal to ty. Equation 30 can be rewritten
in the form:

A -1 E
i = = [ k™, I/m] (34)

To calculate the creep strain (A€ cr)j that occuns in any time interval:

A€ = Accr)ti - A‘cr)ti_l (35)
Combining equations 34 and 35:
A i, % s z
A‘cl‘)i = ___E_ [( Kl I/m _ Btl/m)ti = (Kl 1/m _ Btl/m)ti_] ] 36)
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Figure 27  Graphical Description of Time-Hardening Theory

During the interval t;_ | to t;, the temperature is constant, and, since K is only a function
of temperature:

' =K 37
|\|)li l\l)ti 1

Therefore Lquation 36 becomes:
A€, = Al gt/m B;!/m 3
Cl’)i s _[::_ t )tl' 1 e | )ti (38)

2.2.3.4 Louver-Lip Buckling Failure Model

Conventionally cooled combustors utilize a film of air at compressor discharge tempecrature
to protect the liner from hot combustion gases. The air enters the combustion chambers
through a series of holes. In order to provide a smooth uniform film (circumferentially) in-
stead of a series of discrete jets, a slot region is formed by the louver lip. In the harsh com-
bustor cnvironment, these lips have tended to collapse in just those regions of the liner that
were hottest, in-ine with fuel nozzles, for example. This led to a cutting off of the cooling
flow where it was most urgently nceded, resulting in bumning of the metal and progressive
deterioration further downstream.

36

e oy sttt




To reduce the metal temperature of the combustor, coatings were added to the hot side of
the liner to act as an insulating barrier. While the reduction in metal temperature was not
great in absolute numbers, it was frequently sufficient to bring the combustor under a thres-
hold level above which deterioration was very rapid. One shortcoming of the earlier coatings
was their tendency to flake off or erode. Efforts to improve the adherence of the coating
were successful.

When louver-lip buckling was identified as a major combustor failure mechanism, early
modeling attempts utilized a bi-metallic strip theory: as the coating heats up more than the
metal, it expands and, adhering to the metal, curls the lip inward, thus causing buckling.
Several laboratory tests altered this theory. The coating did indeed expand more than the
metal, but the cause of the expansion was a phase change in the coating brought about by
oxidation.

Two distinct phenomena cause louver-lip buckling. One is the aforementioned coating ex-
pansion effect, and the other is thermal buckling caused by the thermal growth of the lip as
it heats up. Restrained by the cold knuckle, the lip relieves itself by buckling. (See Figure
28) The amount of louver-lip buckling is:

2 (39
LR ) W, )
i

where: Wy is the amount of thermal buckling that occurs at the worst flight condition.
This is a one time occurrence.

Wci is the amount of coating-induced buckling at flight condition. It is cumula-
tive, but the rate varies, depending on whether thermal buckling has occurred or
not.

Failure is assumed to occur when the lip closes completely.

-_L_..

t

Figure 28  Combustor Louver-Lip Buckling Nomenclature
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2.2.3.4.1 Thermal-Buckling Model

The tendency of the louver lip to buckle is a result of the temperature difference between
the hot-lip and the cold-knuckle regions of the louver. An elastic-plastic model for louver-
lip buckling has been developed with a critical lip-buckling temperature determined as a func-
tion of the geometry and lip-knuckle gradient.

A lip buckling coefficient k is defined as:

k = S/E (40)

where: Eis Young’s Modulus

Sce is the elastic buckling stress

Figure 29 relates the buckling coefficient, k, to the geometry of the louver (radius, lip
length, and thickness). The value of k which is independent of both material and temp-
erature, was determined by a parametric analysis of shells.

As was noted in the creep/LCF section, at the stresses and temperatures of interest the com-
bustor material is beyond its elastic limit, reducing the usefulness of Equation 40 The as-
sumption is made that Equation 40'can be written:

k = Sc/Et 41)

where: E; is the slope of the material stress-strain curve in the plastic region, called the
tangent modulus.

S is the critical buckling stress.

Unlike the elastic region where E is a constant, dependent only on material and temperature,
E, also varies with stress and strain. Figure 30a describes a typical stress-strain relationship.

If a secant modulus, Eg, is defined as the slope of a straight line from the origin to any point
on the curve, (in this case the critical buckling point) then:

S = kEy = € K 42

or

€./x = E/E) o (43)
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Figure 30  Critical Buckling Strain-Temperature Relationship

The procedure to determine the critical buckling temperature is described graphically in Fig-
ure 30. For any material, the stress-strain curves are described as a function of temperature
in Figure 30. By determining the slope, E., and the secant modulus, E_, along each line, a
relationship of Et/Es with € is developed for each temperature (Figure 30). On the same
figure, Equation 42 is plotted as a straight line of slope I/k. The temperature intercepts are

then plotted against strain to form the critical temperature-critical strain relationship of Fig-
ure 30.

The critical strain is a plastic strain, while the calculated lip strain is an elastic strain. Figure
31 is a typical stress-strain curve of an outer liner louver lip and knuckle, the hot lip being
in compression and the cold knuckle in tension. The different slopes in each region reflect
the different temperatures. The stress of the lip as calculated by an elastic shell analysis is
clearly above the elastic limit of the stress-strain curve (Point A of Figure 31), while Point
A’ represents the stress-strain conditions of the cold, unyielded knuckle.
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Figure 31 Typical Stress-Strain Curve For Lip Buckling Model

The approach to the plasticity problem follows from the fact that the sum of the thermal
loads (stresses) on the shell structure must equal zero, while the strain is assumed to be equal
to that predicted by the elastic analysis. Since the actual stresses must lie upon the stress-
strain curve (See Figure 31), a2 new equilibrium condition (B-B') must exist. If that strain
exceeds the strain required to cause buckling, then the amount of thermal buckling is deter-
mined from a curve of strain vs. amplitude (Figure 32). This curve is independent of ma-
terials and radius. It relates the loading on the hoop to the deflection required to relieve the
load. The number of waves varies with radius but the wave length is independent of radius,
thus making Figure 33 general for all materials and geometry. The value of thermal deflec-
tion is taken as the maximum value seen throughout the life cycle.
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The computer program does not perform the above analysis graphically. Instead, a mathema- 5 |
tical relationship for the stress-strain-temperature property is combined with the assumptions {
of zero stress-constant strain range described in Figure 31 to provide an analytically de- |
termined value of elastic strain € A Which is compared with the calculated value of lip strain. i
The stress-strain relationship of the material is expressed as: @ 1
S=mLog € +b (44)
where: b, m are functions of the material and temperature
S is the stress
{
€ is the strain
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It should be noted here that the form of the stress-strain representation of Equation 44
differs from that used in the creep/LCF model:

€ = as? (32)

Both equations are approximations which adequately model the material property data in
the region of interest. The form of the equation selected is determined by mathematical
convenience dictated by the particular application.

The slope of Equation 44 is E:

E; = 3S/0€ = m/€ (45)

At the critical buckling conditions, Equations 44 and 45 become:

w
[}

c = m/Log€ +b (46)

E,=m/ €, {47)

Substituting Equations 46 and 47 for S and E, in Equation 41 results in the following ex-

pression for critical plastic strain € a which is a function of geometry, material and temper
ature.

k =€ . [Log €+ b/m] (48)

Since Equation 48 cannot be solved explicity for€, a plot of k versus €, for different tem-
peratures has been prepared for Hastelloy-X (Figure 33). The curves have been incorporated
into the program to permit determining the critical plastic strain from the buckling coefficient
and temperature. Table 2 lists the Hastelloy-X data used to generate Figure 33.

The program next relates the critical plastic strain to an equivalent elastic strain (Point B to
Point A on Figure 31). Referring to Figure 31, since the sum of the stresses must equal zero
in either case:

SA—SB=SBI—-SAI (49)
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To maintain a constant strain:
€g-€pA=€Ep -€, (50

Dividing Equation 49 by 50.

Sa—5s  _ Sp—Su

€- €, €p- €y 1)

Since the cold knuckle is in the elastic range, (SB' = SA') /(€ B CA' ) represents Young’s
Modulus of the knuckle material:

SA~Sp
—_ = F 52

For the hot lip, the following stress-strain relationships apply in the elastic and plastic regions
respectively:

SA = CA E (53)
Sg=In €g+b (54)
Combining equations 52, 53, and 54, and solving for(A,

€,= €xE+m €Ep+b (55)

E+ E’

If the strain at Point B represents the critical plastic strain then€ Ais the equivalent elastic
strain that will cause the lip to buckle.
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To summarize the procedure for determination of the equivalent elastic strain at which buck-
ling will occur:

1) A buckling coefficient based only upon geometry is detesmined (Figure 29).
2) A plastic buckling strain is determined from Equation 48 or Figure 33.

3) An equivalent elastic strain is determined, based upon the assumptions that the
sum of the stresses are zero while the total strains are equal in either the actual
plastic case or the calculated elastic case (Equation 55).

2.2.3.4.2 Coating-Induced Buckling

Oven tests of magnesium-zirconate coated Hastelloy-X strips confirmed the oxidation-volume
change bimetallic strip mechanism of louver-lip deflection. This data, presented in the form

of curves (Figure 34) of strip deflection vs. time-at-temperature forms the basis of the
coating-induced buckling model.

The extent of coating-induced buckling during a flight increment is:

W =C, (L) oy (56)
S i \ 1.5 !
where L0 is a hoop restraint factor
L is the louver lip length
8i is the strip deflection that results from time t; at temperature Ti

The hoop restraint factor, depending on the geometry, temperature, and whether the lip has

buckled thermally at some prior flight point, is determined from Equation $7a (thermally
buckled or 57b (thermally unbuckled):

()
"

b = G +C (57a)

r = Gy (57b)
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where C is the hoop restraint factor for a thermally unbuckled lip (see Figure 35)

is the temperature required to generate a buckling strain (°K)

is the lip temperature °K)

For a thermally unbuckled lip, the hoop restraint factor is obtained by treating the lip as a
hoop and calculating its resistance to an applied moment. If the lip temperature is 1367°K,
it is considered buckled and can be treated as a cantilevered beam. Between the onset of
thermal buckling and 1367°K, the hoop restraint is interpolated by Equation 57a.

The strip deflection curves are represented by an equation of the form:

S
8 = minimum max

Bt (58)

where 8, and amax are all functions of temperature (see Figures 36, and 37).

The path dependence of Equations 57 and 58 makes it impossible to incorporate coating- |
induced buckling into a mission analysis program as stated. When a mix of missions is used

to analyze a component life, the life computations must be independent of the sequence

in which the missions are flown. In order to make the problem tractable, the model is

modified so that the maximum value of C calculated through the mission is used:
i

W, =C L] (59)
L Tmax|is| &

In addition, to evaluate the deflection that occurs at any interval in the mission without re-
course to a path depende‘nt procedure, the total deflection prior to the interval is used to ob-
tain an equivalent time t :
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The incremental deflection is then computed as:

* Pn
8 = B, [t + Aty ] — 8.1 (62)

T

P
o

This procedure is illustrated graphically in Figure 38.

=

3.2.3.4.3 Lip-Buckling Failure Model £

At the conclusion of a mission, the total strip deflection, 8;, and the total flight time tg are
used to find an equivalent temperature such that the entire mission can be represented by:

e AN

P
8¢ = By tg ¢ (63)

B e, AR T S AR
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Figure 38 Coating-Induced Buckling Procedure
Since failure is defined as complete lip closure, the strip deflection required for failure is: ;
#
W= wtmax 2
8¢ = L\
Cr max (T_S )
(64) §
and the time to closure is:
5f I/Pt y
te = 1
B¢ (65) |

The number of cycles to failure is then:

t 4
- 1
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SECTION 3.0

PHASE 11 — FORMULATION AND DEVELOPMENT OF MISSION
ANALYSIS PROGRAM

Since the mission analysis program was operational for turbine airfoils prior to the start of
the contract, work in Phase II has been limited to encoding the combustor failure models .8
described in the previous sections, incorporating these models in the mission analysis pro-

gram,and providing suitable modifications to the input/output routines. Modifications to

the airfoil portion of the program have been limited to those changes required to improve

the calibration of the model. Details of the program are spelled out in the Users Manual.
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SECTION 4.0
PHASE 111 — VERIFICATION OF FAILURE MODELS

4.1 MODEL CALIBRATION

4.1.1 Turbine Failure Model Calibrations

Since the turbine failure models were in existence at P&WA prior to initiation of this con-
tract, work in this area was limited to updating the calibration of the models with recent
field service data. Unscheduled engine removal data were used to evaluate the failure models
for the JT9D-7. Because the TF30-P-100 engine has not accumulated any unscheduled engine
removal (UER) data, scrap mode data was used to calibrate the model.

The calibrations of the JT9D-7 reference models were based on correlations between in-
house test data and selected airline statistical plots (Weibull), where at least seven UER data
points were used to define each Weibull plot. The reference models are analytical represen-
tations of the failure modes of the airfoils.

The JTID-7 first vane thermal fatigue failure model has been completed. The slope of the
fatigue curve (combustor temperature rise x ATVR vs life in cycles) is set by the results of in-
house tests, and its intercept is defined so that the model correlated with field data. ATVR

is equal to the ratio of the maximum combustor temperature rise to the average combustor
temperature rise (maximum turbine inlet temperature - compressor exit temperature)/( aver-
age turbine inlet temperature - compressor exit temperature).

The JT9D-7 first blade creep/fatigue model correlated with the statistical data. Therefore,
no further work was required.

The JT9D-7 first blade oxidation/corrosion model defining coating depletion and base metal
attack was based upon in-house testing. The model was then calibrated empirically to match
the statistical data. This approach is required because of the difficulty in determining, by
in-house testing, when an airline operator defines the airfoil as being a UER.

The JT9D-7 second-vane calibration was directed at defining the characteristic gas tempera-
ture of the vane (i.e., the gas temperature at the first vane to fail). Using the calculated
vane cooling effectiveness, average gas temperature, and combustor pattern factor, the char-
acteristic gas temperature that would match mission analysis predictions with airline ex-
perience was determined.

The JTID-7 second-blade reference model was calibrated using data for a heavy-tip blade
which is currently being removed from service. Since there is little experience with the light-
tip replacement, an empirical correction factor is employed to convert the model from the

heavy-to the light-tip blade. This adjustment has been calibrated by in-house testing and the
limited field data available.
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For the TF30 P-100, reference models were developed using in-house endurance data.

Reference models were developed for first-blade creep, second-blade creep, second-blade
under-shroud cracking, second-vane oxidation/corrosion, and third-blade creep/failure modes.

4.1.2 Combustor Failure Model Calibrations

4.1.2.1 Creep-LCF Model

The condition of a number of JTID-7 combustors at engine removal was noted in detail in a
special airline survey conducted at P&WA. A representative sampling of airlines was used
including a range of “tough™ — full-rating, hot-climate — to “easy” — de-rated, cold-climate —
operators. Data was obtained for combustors with up to 8000 hours of operation. The

combustor was not necessarily the cause of engine removal.

Figure 39 shows the data taken from the damage surveys. The plotted symbols indicate the
results of the inspections (cycles) plotted at the estimated maximum metal temperature for
the particular louver and flight condition. The temperature estimates were derived from
analysis, confirmed by thermocouple measurements in experimental engines. The open
symbols indicate that no cracking distress was observed at inspection while shaded symbols
indicate louvers in which cracking was observed. The critical regions in this combustion
chamber are found to be in the front end of the outer liner and in the aft end of the inner

liner.

Figure 39
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The curve drawn in Figure 39 represents the typical mission life predicted by the creep/LCF
failure model. Mission life is calculated from the linear accumulation of damage at the sea-
level takeoff, climb, cruise, and thrust-reverse operating points.

Application of the failure model to a typical can-annular combustor configuration is demon-
strated in Figure 40. The data is taken from a rig test of a section of a combustor in which
the louver lip is alternately heated and cooled between 1600°F (1144°K) and room tempera-
ture. Also shown in this figure is the observed life in the mode of failure of the particular
configuration tested in airline service and the data of Figure 40 for the JT9D-7. The data is
plotted as predicted life versus observed life (cycles). Almost all of the predictions fall within
a factor of two of the observed lives. Considering the uncertainty involved in the observed
data and the predicted metal temperature, and the accuracy claimed for the strain range
partitioning method, the results were considered very encouraging.
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Figure 40  Comparison of Creep-LCF Life Prediction with Field Service Experience
4.1.2.2 Louver-Lip Buckling Model

Calibration of the thermal buckling portion of the louver-lip buckling model was accom-
plished by rig testing. As part of an in-house test program conducted at P&WA, louver-lip
buckling data was obtained in a fluidized bed test. A schematic of the test rig is shown in
Figure 41. The test specimen was held in the fluidized bed with the lip and seam weld heated
while cooling air reduced the temperature of the cold knuckle portion, thereby imposing a
gradient upon the structure. The test specimen was run with the hot portion at 1700°F
(1200°K) and progressively higher gradients were imposed until the onset of buckling was
observed. The louverlip buckling model predicted that at 1700°F (1200°K) a gradient of
675°F (375°K) would be required to buckle the test specimen louver. Figure 42 is a plot of
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4.1.2.3 Verification With JT9D-70 Burner Data

At the time the burner failure models were being developed, the JT9D-70A was just begin-
ning to undergo in-house endurance testing and field service evaluation. The burner models
were used to predict the life of the liners as a function of temperature.

For the relatively long flight time case (4 hours), depicted for the outer liner in Figure 43,
the predominant failure mechanism is expected to be louver lip collapse. The problem here
is basically time at temperature rather than cycles. An early inspection of a service liner in-
dicated that lip collapse would be the failure mode, confirming the model. There was no in-
dication of cracking.

In the shorter flight time case (1.6 hours), illustrated in Figure 44 for the inner liner, the

relative importance of the creep-LCF life has increased to the point that cracking would be
the primary failure mode. Here again, preliminary examination of the service hardware con-
firmed the prediction. Cracking had begun to occur while there was no sign of lip buckling.

Figures 43 and 44 confirm the validity of the two combustor failure models. In the long
flight time case, the program predicts and experience confirms that lip buckling will be the
primary failure mode. In the short flight time case, cracking is predicted to be the primary
failure mode, and again, this is confirmed by observations.

4.2 UNCERTAINTY ANALYSIS

The purpose of this portion of the contract was to determine the sensitivity of the lives pre-
dicted by the model to variations in the input parameters. The usefulness of the model is
doubtful if a change in an input parameter of a magnitude consistent with its uncertainty,
produces a large change in the predicted life.

4.2.1 Turbine Airfoils

Table 3 lists the variables to be perturbed to evaluate the sensitivity of the turbine airfoil
models. The results of the uncertainty analysis for the airfoils are summarized in Table 4.
In each engine (TF30 and JT9D) a typical mission and conditions were selected to produce
a reference B-50 life based upon the following conditions:

(1) Minimum material properties.

(2) Average values of compressor, combustor and high turbine inlet temperatures.

(3) An average combustor exit radial profile consistent with a half-deteriorated
engine,
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TABLE 3
VARIABLES FOR UNCERTAINTY STUDY

Creep Failure Mode

1. Material Creep Properties
2. Airfoil Physical Dimensions (Tolerances)
3. Airfoil Cooling Flow
4. Cooling Effectiveness
S.  Average Engine Gas Temperatures
6. Gas Temperature Profile (Radial)
7. Pattern Factor
8. Rotor RPM
9. Engine Airflow
Creep-Fatigue Failure Mode

Same as those for creep, plus:
10. Material Fatigue Properties
11. Engine Transient Operation
12. Tgas — To01 Differences

Oxidation/Corrosion/Erosion Failure Modes

1. Coating Properties

2. Coating Thickness

3. Airfoil Cooling Flow
4. Cooling Effectiveness
5
6
7

Average Gas Temperatures
Gas Temperature Profile (Radial)
Pattern Factor
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For each perturbation, the baseline conditions were utilized, as noted in the column under
uneertain variations.

The results are reported as life divided by base life for an incremental change in the baseline
condition. As an example, the creep-fatigue life of the JT9D-7 first blade would be 1.01
(0.99) times the base life for a 1% Increase (decrease) in material creep properties. Aster-
isks appear for those items for which uncertainty in the parameter will have no effect on the
part or failure mode. For example, transient operation is the rate at which the engine condi-
tions are shifted. This in tum affects thermal gradients and is reflected only in the life of
parts with fatigue failure modes. The other columns have asterisks.

The failure model for the first vane differs from the models Tor other components. It
involves a relationship between gas temperature and life. The relationship is determined for
one operating condition by a two-dimensional thermal analysis and a stress analysis and is
then calibrated with test engine data. The lack of field data is the reason there are no values
in Table 4 for the TF30 first vane. Crack propagation rate data is then used to extend the
analysis at one point to a general model. Parameters such as material properties and film
effectiveness do effect the life of the first vane but they cannot be perturbed in the model.
They are built into the analysis at the reference condition.

One exception to the procedure of perturbing a parameter above and below a baseline value
is the burner exit radial profile. An arbitrary shift (see Figure 45) in the combustor exit
radial profile has been imposed to determine its effect on airfoil life.

10

ATGAS( Fl o

~10

-20

0 20 40 60 80 100

PERCENT SPAN

Figure 45 Radial Gas Profile Shift




4.2.2 Burner Analysis

The results of the corresponding analysis for burners is presented in Table 5 for the creep-
low cycle fatigue (cracking) failure model and in Table 6 for the louver lip buckling model.
The base life calculation was performed for an annular, film cooled bumer of louvered,
sheet metal construction (JT9D) on a typical commercial mission. The symbols along with
the variable description are consistent with the nomenclature used in Section 2.2.

Some care should be exercised in interpreting the results of the lip buckling uncertainty an-
alysis. The lip buckling involves two phenomena: thermal and coating-induced buckling.
Thermal buckling may or may not occur for any given situation, while the coating-induced
buckling always occurs at a rate that is a function of time and temperature. Therefore, the
results of any uncertainty analysis will strongly depend on the base case selected.

The relative insensitivity of lip buckling to the various material moduli is partially a result
of the two-phenomena mechanism described above and partially a result of the manner in
which the moduli enter the calculations. For example, equation 53 is used to calculate the
equivalent elastic stress required for lip buckling. The modulus terms appear in both numer-
ator and denominator, roughly canceling the effect of the perturbation.

The large increase in louver lip buckling life that occurs when the metal temperature is drop-
ped 100°F is also due to the two-phenomena mechanism of the model. With the metal
temperature reduced 100°F (55.6°K) the lip did not exceed the critical buckling tempera-
ture and closure of the lip is due only to the coating volume change.
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TABLE §
PHASE LIl BURNER CRACKING MODEL UNCERTAINTY ANALYSIS

Reference Life = 4400 Hrs.

Variable Variation Life/Base Life
Youngs Modulus (E) +10% 1.04
~10% 0.95
Plastic stress-strain relationship (K{) +50% 1.12
-50% 0.83
Tensile ductility (Dp) +50% 1.84
~50% 061
Endurance limit strain range +25% 1.17
~25% 0.88
Time dependent plastic stress-strain relationship (B,) +50% 0.96
-50% 1.09
Hoop strain thermal gradient proportionality (Cyy) +25% 0.75
—25% 1.65
Time at take-off +25% 0.96
—-25% 1.02
Metal temperature +100°F 0.66
~100°F 1.86
66




Variable

Young Modulus (E)
Secant/Tangent Modulus (Es/Et)
Coating Expansion Modulus (5)
Buckling Amplitude (Wt)

Metal Temperature

Lip Length (L)

Lip Thickness (h)
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TABLE 6
' PHASE 111 BURNER LOUVER LIP BUCKLING UNCERTAINTY ANALYSIS

Reference Life = 3200 Hrs.

Variation
+10%
—10%

+10%
-10%

+25%
~25%

+25%
~25%

+100°F
—100°F

+0.05 in.
+0.15 in.

—0.005
+0.005

Life/Base Life
0.99
1.02

1.02
0.98

0.68
1.65

0.84
1.16

0.21
11.76

0.71
0.58

0.93
1.10
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SECTION 5.0
PHASE IV — MISSION MIX LIFE SENSITIVITY STUDY

5.1 MISSION ANALYSIS LIFE PREDICTION

The calibrated mission analysis-life prediction computer program was used to predict the
B-50 life of each of the modified components for a baseline mission and three alternate
missions. The turbine airfoils were evaluated in both a transport (JTID-7) and a fighter/
attack (TF30-P-100) propulsion system, using suitable missions for each powerplant. Since
the only data available to calibrate the combustor failure models during the period of the
contract came from the commercial JT9D-7, only a transport mission mix was applied to
the combustor. For similar reasons, meaningful lives could not be generated for the JT9D
engine at fighter/attack aircraft operating conditions.

5.1.1 Transport Mission

The baseline transport mission was a typical four-hour full-rated commercial mission con-
sisting of take off, climb to dispatch altitude, cruise to destination and landing. The three
alternate missions were full rated two- and six-hour missions and a four-hour derated mission

TP e S FRELES 288 o
et stk b e

with derated takeoff and climb. The common characteristics of the four flights were: i :
Take Off Gross Wt 600.000 1bs (272,000 kg) ; 3
Dispatch Altitude 33,000 ft. (10,000 m) ; 1
Take Off Ambient Temperature 64.6°F (18.1°0) i
Cruise Mach No. 0.84
Climb Characteristic 250/340/.81

The climb characteristic describes the climb as 250 knots up to 10,000 ft. (3000 m) and
then 340 knots until a speed equal to .81 Mach number is reached. In the derated mission,
the angle of attack is lower and the aircraft takes longer to reach dispatch altitude. Because
of the lower power requirements the component operating temperatures are lower,

The component life predictions are summarized in Table 7. The benefits in durability of

flying derated becomes apparent when the two four-hour missions are compared. The

manner in which life, in hours, increases with the duration of the mission underscores the

importance of the number of cycles on component lives. Much of the hot-section damage

to components occurs at take-off and climb and an aircraft flying only two-hour missions

takes off 3 times as often as one flying six-hour missions for the same total flight time. .
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TABLE 7

HOT SECTION COMPONENT LIFE PREDICTIONS (B-50 UER)
FOR TRANSPORT (JT9D) MISSIONS IN HOURS

Airfoil Ist Vane | Ist Blade|1st Blade |2nd Vane|2nd Blade | Combustor
Failure Mode Creep |Oxidation, Creep Creep- |Lip
Mission Fatigue |Fatigue |Corrosionf Fatigue {Creep LCF |Buckling
Derated 4 hr. Mission 114400 | 6900 7300 10400 [16500 5600 {4000
Full Rated 2 hr. Mission | 5600 | 1900 |3600 2100 3200 2100 | 1800
Full Rated 4 hr. Mission 11700 | 3900 6100 4300 6600 4400 |3200
Full Rated 6 hr. Mission |17800 | 6000 {8100 6600 [10100 6700 (4300

5.1.2 Fighter/Attack Mission

The four TF30-P-100 missions selected from the F-111 aircraft were a functional check flight
profile mission, a training mission (baseline), a transition profile mission and a radar score
profile mission. A detailed description of these missions can be found in the Appendix. The
last three missions were run without any touch and go landings. The predicted lives for the
missions are summarized in Table 8.

TABLE 8

TURBINE COMPONENT LIFE PREDICTIONS (B-50 SCRAP)
FOR FIGHTER/ATTACK (TF30-P-100) MISSIONS IN HOURS

Airfoil Ist Blade | 2nd Vane | 2nd Blade 2nd Blade! 3rd Blade
Failure Mode Oxidation/ | Underskroud
Mission Creep Corrosion | Cracking Creep Crecp
Functional Check
Flight Profile 1700 1600 700 6000 1700
Training Without
Touch and Go 2800 2400 1000 8300 2800
Transition Profile
Without Touch and
Go 2800 2000 900 7700 2500
Radar Score Profile
Without Touch and
Go 9300 7000 3200 27000 8900
69
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5.1.3 Mission Mix Sensitivity

A study was performed to establish the sensitivity of the failure models to perturbations in
mission parameters. Tables 9 and 10 present the results of the study for the JT9D-7 and
TF30-P-100 respectively. In Table 9 the results shown in Table 7 for the four-hour, full
rated mission, selected as the baseline, have been repeated at the top of the table, and the
results of the various perturbations have been reported as life divided by base life. Similarly,
Table 10 presents the results of the study for the TF30-P-100 with the training mission
selected as a baseline. The perturbations associated with take-off gross weight and climb for
the TF30-P-100 were not included because aircraft rated performance information (as op-
posed to engine performance) was not available.

TABLE 9

MISSION PARAMETER SENSITIVITY STUDY, JT9D-7 HOT SECTION COMPONENTS

Airfoil Ist Vane | 1st Blade] 1st Blade }2nd Vane | 2nd Blade Combustor
Failure Mode Fatigue |Creep/ | Oxidation|Creep- Creep Creep- | Lip

Fatigue | Corrosion|Fatigue | LCF | Buckling
Mission Parameter Life/Base Life
Bascline 4 hr. full rated mission 11700 {3900 | 6100  |4300 6600 4400 | 3200
Ambient temperature +5 C 0.94 0.76 0.76 0.79 0.7 0.88 | 0.74
Ambient Temperature -5 C 108 1.55 1.48 1.48 1.87 1.16 | 1.61
Take off Gross Weight + 10,000 1bs.*] 0 0.92 0.96 0.96 0.99 1.0 0.96
Take off gross weight - 10,000 1bs.* |1 .0 1.0l 1.04 1.00 1.01 1.0 1.04
Dispatch altitude +1000 ft** 1.0 0.99 0.96 1.0 1.0 1.0 1.01
Dispatch altitude - 1000 ft.** 1.0 1.0 1.0 1.0 1.0 1.0 0.98
Cruise Mach Number +.01 1.0 1.0 0.96 1.0 1.0 1.0 0.96
Cruise Mach Number - 0] 1.0 1.0 1.03 1.0 1.0 1.0 1.04
Climb airspeed +5 knots 1.0 098 0.99 0.99 0.98 10 0.98
Climb Airspeed -5 knots 10 1.02 1.01 1.01 1.02 100 | 1.02
Climb Mach Number + 01 1.0 1.0 0.99 1.0 0.99 1.0 0.99
Climb Mach Number —.01 1.0 1.01 1.01 1.01 1.01 1.0 1.01
Block Time +15 minutes 1.06 1.06 1.04 1.06 1.06 1.06 1.05
Block Time - 15 minutes 0.94 ‘0.94 0.96 0.94 0.94 094 | 095
* 4350 kg ** 305m
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TABLE 10

MISSION PARAMETER SENSITIVITY STUDY, TF30-P-100 TURBINE COMPONENTS

e e e S~ o, B S S

Airfoil Ist Blade | 2nd Vane 2nd Blade 2nd Blade | 3rd Blade
Oxidation/ | Undershroud
Failure Mode Creep Corrosion Cracking Creep Creep
Mission Parameter Life/Base Life
Baseline Training Profile Mission 2800 hrs. | 2400 1000 8300 2800
Ambient Temperature +5 C 0.82 0.88 0.84 0.84 0.84
Ambient Temperature -5 C 1.35 1.20 1.32 1.32 1.32
Dispatch Altitude +1000 ft. (305m) 1.10 1.06 1.09 1.10 1.09
Dispatch Altitude - 1000 ft. (305m) 0.94 0.96 0.94 0.94 0.94
Cruise Mach Number +01 0.97 0.98 0.97 097 097
Cruise Mach No. - .01 1.04 1.02 1.04 1.04 1.04
Block Time +15 minutes 1.10 1.10 1.10 1.10 1.10
Block Time -15 minutes 0.90 0.90 Ly 0.90 0.90

The greater sensitivity of the fighter/attack aircraft to dispatch altitude relative to the trans-
port is related to the type of mission. The transport climbs to a dispatch altitude once, and

then cruises while the fighter/attack aircraft climbs to altitude several times within a mission
and the 1000 ft (305 m) increment is applied each time.
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10.

12

13.
14.
IS.
16.
17.
18.

20.
21.
2%
23,
24.

25.
26.
27.
28.
29.
30.
31.

FUNCTIONAL CHECK FLIGHT PROFILE

Power Setting (N2) Time
Idle 50 min
Max AB 3 min
Idle 1 min
85% 1 min
Mil I min
85% S min
Mil 2 min
90% 1 min
Idle 2 min
Mil 2 min
. 85% 8 min
Mil 3 min
90% I min
Min A/B (Zone 1) 1 min
Mil $ min
Max A/B I min
Max A/B 2 min
Max A/B 2 min
. Max A/B 2 min
Min A/B I min
Mil I min
80% 2 min
Idle 1 min
88% 15 min

TABLE A-1

Alt (1,000 ft.)

Ground level

15
IS
IS

15
15
20
20
20
20
20
30
30
30
30
30
40
41
50
50
30
15

4

4

a. 25cycles*4% N2

b. 4 cycles up to Mil for 30 sec duration.

c. 4 cycles from Mil to 80% for 30 sec

duration.

Mil 2 min It

Idle 2 min 11

90% 2 min 11

Mil 2 min 11

80% 10 min 4

90% S min 4 Ground level
Idle 20 min Ground Level

One cycle up to 75%
after landing

74

Mach No.

a. 2 Cycles 75% N2 back to idle.
b. 1 min at Mil back to idle.

c. | min at Max A/B back to idle.

d. 15 sec at Mil back to idle

.65 Takeoff & climb

45 Decelerate

45 Angle of attack & airspeed

check

.70 Accelerate

.75 Climb

.75 Level off

.75 Level off

.35 Gear cycle decelerate

.75 Accelerate

.75 Cruise

75 Climb

.75 Level off

.9 Min A/B stop check

.9 Stabilize

1.1 Accelerate

I.1-1.4 Climb

2.2 Accelerate

2.2 Climb

1.5 Decelerate

1.5-9 Descent decelerate
.85 Descent
.78 Descent to TFR
.78 TFR

.78 Climb
4 Decelerating
.4 Gear warning check
.75 Accelerating
32 Landing pattern
Landing
Taxi

kit

S ot




|
TABLF A-2
TRAINING PROFILE
Power Setting (N2%) Time Alt (1,000 ft.) Mach No.
1. Idle (68%) 50 min Ground level .0 Gnd start up
Alignment of IRS
and taxi
2. Max AB 1 min 1 .65 Takeoff
3. Military 8 min 20 (18-22 MSL) .75 Climb
4. 85% 20 min (Avg Time) 20 .73 Cruise i
5. 80% 3 min 7 (Avg Alt) .8 Letdown !
6. 88%* 55 min*** (30 min TFR)  0.5-1.0 TFR{ 20010 **** 75 i
) o 1000° AGL ’ ,‘
7. Military 6 min 20 .75 Climb
8. 83% 15 min 20 .73 Cruise }
9a. 90% to Max AB 15 min 15-20 .88 Defensive
Combat
9b. 85 to Mil 20 min 10-22 .85) Maneuvering '4
10. ldle (68%) 3 min 4 .5 Descent ]
11. 80% 10 min 4 32 Approach 4
12. 90% S min 4.1 .3 Turn to final, ?
final approach 3
13. Idle to Mil** 15 min 1-3 .3 Touch & goes 3
14. 1dle (68%) 20 min Ground level 0 ]
* 100 throttle excursions of at least 4% from stabilized RPM. :
** 3.5 throttle excursions (3 touch & go landings on about 15% of all training missions).

*** 30 min TFR penetration to bomb drop. ~ 25 min circular pattemn for additional bomb drops.
Subsequent to a bomb drop a full Mil power 1 min climb to 3000, reduce power for down-wind log
180° from drop path (2 min), descent (70-75% power), 180° descending turn to bomb run.

*x2%x507 at 500', S0% at 1000’
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TABLE A-3
TRANSITION PROFILE

Power Setting (N2) Time Alt (1000 ft) Mach No.

Items 1, 2 same as training profile.

3. MIL 6 MIN 13 75 Climb ’
4. 85% 45 MIN 13 .13 Cruise

5. 90%* 35 MIN Airwork

6.  Same as Items 10-14 of the training profile Penetration

with 3 touch and go landings on 100% of these flights

*Doing Lazy 8's, Wing Sweeps, Penctrations, Max Power Climbs, many throttle movements between idle to
zone 5.

(5) Lazy 8 -80%- MIL - 3 min each

(4) Chandel - Military - 1.5 min each

(1) Max Power Climb to 30-35K '- 3 min

(2) Simulated Traffic Pattern at Alt - 5 min similar to steps 6, 7, 8 of Instruments Profile

e
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TABLE A4
RADAR BOMB SCORE (RBS) PROFILE

Power Setting (N2) Time Alt (1000 ft) Mach No.

Items 1, 2, 3 same as training profile

4. 8% 30 min 20 .73 Cruise
5. 8% 10 min 12 .74 Letdown
7. 87% 40 min 10 .75 Straight &
Level
8. MIL 3 min 15 .75 Constant
Speed Climb
9. 83% 10 min 15 .75 Bomb Run
Straight &
Level
10. 80% 30 min 15 .73 Big Circle To
Re-enter
Bomb Run
11. 83% 10 min 15 .75 Straight &
Level Bouit:
Run
12. 80% 15 min 15 .73 Retum To
Base
Items 10, 11, 12, 13 and 14 from training profile including three touch and go landings on 15% of
flights.

77

#U.S.Government Printing Office: 1977 — 757-001/75







