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The NASA Energy-Efficient Engine (E3-Engine) is used
as the basis of a Weibull-based life and reliability analysis.
Each component’s life, and thus the engine’s life, is defined
by high-cycle fatigue or low-cycle fatigue. Knowing the cu-
mulative life distribution of each of the components making
up the engine as represented by a Weibull slope is a prerequi-
site to predicting the life and reliability of the entire engine.
As the engine’s Weibull slope increases, the predicted life de-
creases. The predicted engine lives L5 (95% probability of
survival) of approximately 17,000 and 32,000 hr do correlate
with current engine-maintenance practices without and with
refurbishment, respectively. The individual high-pressure
turbine (HPT) blade lives necessary to obtain a blade sys-
tem life L0.1 (99.9% probability of survival) of 9000 hr for
Weibull slopes of 3, 6, and 9 are 47,391; 20,652; and 15,658 hr,
respectively. For a design life of the HPT disks having prob-
able points of failure equal to or greater than 36,000 hr at a
probability of survival of 99.9%, the predicted disk system
life L0.1 can vary from 9408 to 24,911 hr.
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The classic approach to aircraft engine component design has
been deterministic. The deterministic method assumes that full
and certain knowledge exists for the service conditions and
the material strength. Specific equations with specific mate-
rial and fluid characteristics then define an engine component’s
operating conditions. They are coupled with experience-based
safety factors to predict the component’s performance, life, and
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reliability. Variability in heat treatment, loading, and operating
profile, among other variables, is not necessarily factored into
these equations. This omission can result in large variances in
the component’s performance, life, and reliability from those
predicted. Being able to design for manufacturing and opera-
tional variation and to accept a defined risk can be a valuable
design tool.

Palmgren (1924) suggested a probabilistic approach to pre-
dicting the lives of machine components and, more specifically,
of rolling-element bearings. On the basis of his test results, he
suggested that an acceptable life be defined as that time at which
10% of a population of bearings will have failed or 90% will have
survived. He also noted that there was an apparent effect of size
on life. That is, larger bearings with the same equivalent load
as smaller bearings had shorter lives than the smaller bearings
(Zaretsky, 1998).

Weibull (1939a, 1939b) published two papers that describe a
statistical approach to determining the strength of solids. Weibull
postulated that the dispersion in material, or fracture strength,
of a homogeneous group of test specimens can be expressed
according to the following relationship:

ln ln
1

S
=e ln

[
X

Xβ

]
[1]

where X = σ and Xβ = σβ (Weibull, 1951). The derivation of
the Weibull distribution function can be found in Melis, Zaretsky,
and August (1999).

Equation (1) relates the probability of survival S and the frac-
ture (or rupture) strength σ . When ln ln (1/S) is used as the or-
dinate and ln σ or ln N as the abscissa, fracture and fatigue data
are assumed to plot as a straight line shown in Figure 1. The
slope (tangent) of this line is referred to as the “Weibull slope”
or “Weibull modulus,” usually designated by the letter e . The
Weibull slope is indicative of the dispersion of the data and its
density (statistical) distribution. Weibull slopes of 1, 2, and 3.57
are indicative of exponential, Raleigh, and normal (gaussian)
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FIGURE 1
Sketch of Weibull plot where the Weibull slope, or the tangent
of the line, ise . Sβ is the probability of survival of 36.8%, at
which N = Nβ or N/Nβ = 1. (From Melis, Zaretsky, and

August, 1999.)

distributions, respectively (Weibull, 1962). The plot itself is re-
ferred to as a “Weibull plot.”

Weibull (1939a, 1939b) further related the probability of sur-
vival S, the material strength σ , and the stressed volume V
according to the following relation:

ln
1

S
=

∫
V

f (X )dV [2a]

where for a given probability of survival S = So,

ln
1

So
= Co = Vo f (X ) [2b]

Letting

f (X ) = σe [3]

it follows that σ is inversely related to Vo where the exponent is
the inverse of the Weibull slope,

σ =
[

Co

Vo

]1/e
[4a]

or in general for any S, V ,

σ ∼
[

1

V

]1/e
. [4b]

In 1947, Lundberg and Palmgren applied Weibull analysis
to the prediction of rolling-element–bearing fatigue life. The

Lundberg-Palmgren theory expressed f (X ) in Equation (2) as

f (X ) = τ c Ne

Z h
[5]

where τ is the critical shear stress, N is the number of stress
cycles to failure, and Z is the depth to the maximum critical
shear stress in a concentrated (hertzian) contact.

For a given probability of survival S,

N ∼
[

1

τ

]c/e [
1

V

]1/e [
1

Z

]−h/e
[6]

In Lundberg and Palmgren (1947) the parameter c/e is the
stress-life exponent. This implies that the inverse relation of life
with stress is a function of the life scatter or data dispersion. A
search of the literature for a wide variety of materials suggests
that the stress-life exponent is independent of Weibull slopee .
Also, from observation, and contrary to the Lundberg-Palmgren
assumption, fatigue life appears to be independent of the depth
to the maximum critical shear stress in a body. Hence, Zaretsky
(1994) has modified the Lundberg-Palmgren theory, where

f (X ) = τ ce Ne [7]

For a given probability of survival S,

N ∼
[

1

τ

]c[ 1

V

]1/e
[8]

Zaretsky (1987), as well as Ioannides and Harris (1985), pro-
posed a generalized Weibull-based methodology for structural
life prediction that uses a discrete-stressed–volume approach.
Zaretsky, Smith, and August (1989) applied this methodology
to qualitatively predict the life of a rotating generic disk with cir-
cumferentially placed holes as a function of the various Weibull
parameters. August and Zaretsky (1993) extended the method-
ology of Zaretsky to allow for calculating the local probability
of failure within any component’s stressed volume as well as
within the entire component based on finite-element stress anal-
ysis. Holland, Zaretsky, and Melis (1998) applied this method
to predicting the fracture strength and life of a metal-matrix
composite ring using coupon data to determine the Weibull pa-
rameters. Zaretsky, Poplawski, and Peters (1996) and Poplawski,
Zaretsky, and Peters (2001a, 2001b) applied the Zaretsky method
to predict the lives of ball and roller bearings. Melis and Ogonek
(1995) implemented this life-prediction methodology through a
computer code called Probable Cause.

Melis, Zaretsky, and August (1999), using the method of
Zaretsky and the computer code Probable Cause, analyzed the
lives of two different groups of aircraft gas turbine engine com-
pressor disks for which there existed limited fatigue data
(Mahorter et al., 1985). These disks were manufactured from
a titanium (Ti-6Al-4V) alloy. A reasonable correlation was ob-
tained between the disk lives predicted by using the computer
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code Probable Cause and those predicted by using a modified
crack-growth-life–prediction method. For both methods, at a
failure probability of 0.1% (99.9% probability of survival), the
life of the first group of disks was slightly overpredicted, and
the life of the second group of disks was significantly under-
predicted. The failure probability analysis for both disk groups
predicted with reasonable engineering certainty the failure lo-
cations at the bolt holes of each disk. These locations correlated
with those observed experimentally.

Using the Weibull analysis and the Lundberg-Palmgren the-
ory, Lewicki and colleagues (1986) determined the fatigue life
of an Allison T56/501-D22A gearbox based on a typical operat-
ing profile. Excellent correlation was obtained between the pre-
dicted lives and actual field data. To the best of our knowledge, a
Weibull-type reliability (failure probability) analysis similar to
that of Lewicki and colleagues (1986) has not been performed
on an aircraft gas turbine engine as an entire system.

The NASA Lewis Research Center (now the Glenn Research
Center) developed an experimental aircraft engine incorporating
technologies new at the time. The engine and the program were
known as the Energy-Efficient Engine, or E3-Engine (Figure 2;
Davis and Stearns, 1985). Most of these technologies have been
incorporated in both currently flying commercial and military
engines. Using the E3-Engine as a basis for analysis, it is the ob-
jective of the work reported herein to (1) demonstrate and apply
a Weibull probability analysis to its rotating components based
upon a low- or high-cycle fatigue criteria for removal and (2) de-
termine engine life and reliability based upon the cumulative life
distributions of individual engine rotating components.

WEIBULL PROBABILITY ANALYSIS
A typical scenario that can be adopted to design an aircraft

engine for life and reliability is to assume a typical flight (pro-
file) cycle and specify a life in flight hours and a reliability for

FIGURE 2
Cutaway of E3-engine flight propulsion system (FPS) illustrating its features. (From Davis and Stearns, 1985.)

the engine. Usually an engine is removed for cause, degraded
performance, or because it has reached its specified design life.
Any engine event that will require removal of the engine from
the aircraft or removal of the aircraft from scheduled service can
be designated a failure. The engine can be removed or repaired
for cause or for an expired time before an anticipated failure
can occur. A component in the engine can be failed when it is
no longer fit for its intended purpose even though it is still func-
tional. A component is removed before it can cause secondary
damage to the engine.

When specifying a design life, an acceptable reliability also
needs to be specified; that is, how many incidents of engine re-
moval for cause is the end-user airline willing to experience
before the engine’s design life is reached? As an example, if
there were a fleet of 1000 engines and the end user were willing
to accept that 50 engines would be removed for cause before
the design life was reached, the engine could be considered to
operate at a 5% removal (failure) rate or at a 95% probability of
survival. This number does not anticipate “infant mortality” or
“human factors” in the analysis. Although, based on experience
or a previously existing data base, these causes may be factored
into a final analysis. However, for the purpose of this article and
the resulting analysis, infant mortality and human factors are not
considered.

Figure 3 shows, generically, a typical flight profile for the
NASA E3-Engine (Davis and Stearns, 1985). There are 15 power
settings for this engine during the flight cycle. Using the required
engine-design life of this typical flight cycle at a 95% probability
of survival, the engine life can be determined at each power
setting using the linear damage (Palmgren-Langer-Miner) rule
(Langer, 1937; Miner, 1945; Palmgren, 1924) where

1

Lsys
= X1

L1
+ X2

L2
+ · · · Xn

Ln
[9]
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FIGURE 3
E3-engine typical flight cycle. (From Davis and Stearns, 1985.)

and assuming that the engine life is directly proportional to the
engine thrust load T (power setting) to a power p where

L ∼ 1

T p
. [10]

The cumulative life of each of the engine components illus-
trated in the Weibull plots of Figure 4 can be combined to deter-
mine the calculated engine-system life Lsys using the Lundberg-
Palmgren formula (Lundberg and Palmgren, 1947):

1
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e
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= 1
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e

1
1

+ 1

L
e

2
2

+ · · · + 1

L
e

n
n

. [11]

Equation (11) is derived from Weibull Equation (1) and is found
in Melis, Zaretsky, and August (1999).

The value of the Weibull slope or modulese can be differ-
ent for each component system and between elements within
a component system. Where the cumulative distribution func-
tion of engine removal for cause, as represented by a Weibull
slope, is not known, it is not unreasonable to use the value of
the Weibull slope of the cumulative distribution of the shortest
lived component system within the engine to represent that of
the engine.

FIGURE 4
Sketch of multiple Weibull plots in which each numbered plot
represents the cumulative distribution of each component in a
system, and the system’s Weibull plot represents the combined
distribution of plots 1, 2, 3, etc. All plots are assumed to have the
same Weibull slopee . (From Melis, Zaretsky, and August, 1999.)

ENERGY-EFFICIENT ENGINE
The NASA E3-Engine (see Fig. 2) was used as the basis

of the Weibull-based life and reliability analysis reported in
this article. The engine, which was successfully fabricated and
tested, was a “clean-sheet” derivative of the GE CF6–50C en-
gine. A summary of the NASA E3-Engine was described by
Davis and Stearns (1985). A review of the gas-path fluid dy-
namics was described by Hall and colleagues (1998). Details of
the rolling-element–bearing support system were described by
Broman (1982) and those of the high-pressure turbine (HPT)
were described by Halila, Lenahan, and Thomas (1982).

A typical flight cycle for the E3-Engine flight propulsion
system (FPS) is shown in Figure 3. Table 1 summarizes the
engine-thrust load and time at each power setting, as shown in
Figure 3. The E3-FPS engine cycle pressure ratio at maximum
climb is 38.4 with a bypass ratio of 6.7. The fan-pressure ra-
tio at maximum climb is 1.7 with a turbine inlet temperature of
1343◦C (2450◦F) static, warm-day takeoff. The installed engine-
specific fuel consumption at maximum cruise is 0.0575 kg/
N-hr (0.564 lb-fuel/lb-thrust-hr) with a thrust range of 162.4
to 173.5 kN (36,500 to 39,000 lbf). The rotating components of
interest are as follows:

1. Fan
2. Quarter-stage fan booster
3. High-pressure compressor (HPC)
4. High-pressure turbine
5. Low-pressure turbine (LPT)
6. Rolling-element bearings
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TABLE 1
E3-Engine Thrust Fraction with Typical Flight Conditions as

Shown in Figure 3

Flight propulsion
system based on

E3-engine
condition

Thrust
(fraction)

Engine
speed

(fraction)

Maximum
cruise
thrust

(fraction)

Time at
powera

(min)

Takeoff 1.00 1.00 1.18 2b

Maximum climb .85 .95 1.00 22
Maximum cruise .65 .9 .76 48
Approachc .45 .825 .53 5
Loiter .33 .78 .39 5
Flight idle .25 .76 .29 12d

Taxi .13 .72 .15 9
Ground idle .07 .7 .08 8.7
Cutoff .05 .04 1.5+

aTotal flight time, 117.5 min.
bIncludes thrust reverse 20-sec transient 5 sec up to 15 sec down.
cUsually 0.3 thrust fraction.
d Flight idle varies from 11.5 to 16.5 sec.

Each of the component systems cited above is summarized
in Table 2. For example, the number of elements in the fan
represents the number of blades. The hours are representative of
the service life of that element (or elements) of the component.
Davis and Stearns (1985) and Halila, Lenahan, and Thomas
(1982) define an engine cycle as one flight hour.

The fan has shrouded blades and a quarter-stage booster un-
der an untrapped island, and outlet guide vanes are an integral
part of the fan frame. The low-aspect–ratio fan blade is to meet
bird-ingestion requirements and the quarter-stage fan booster
configuration is to mitigate foreign-object damage (FOD) to the
core and compressor.

The compressor achieves a 23:1 compression ratio in 10
stages, with the inlet guide vane (IGV) and the first four stators
being variable. Active clearance control is used to enhance cruise
performance and reduce deterioration. The unboosted configu-
ration in combination with the two-stage turbine provides better
specific fuel consumption (sfc).

The combustor is a double annular arrangement that provides
low emissions and shorter engine length. Because combustor
removal usually occurs for reasons other than fatigue, the com-
bustor life is not included in this investigation.

The two-stage, high-pressure turbine has a high wheel speed
(e.g., 12,627 rpm, nominal 518 m/sec (1700 ft/sec) tip speed)
and extended-life requirements demand a clean design with 56%
of the HPT power extracted by the first stage. The blades/vanes
are moderately loaded. Compressor discharge air cools the first
stage, and seventh-stage air cools the second stage. The case
clearance is actively controlled from the fan duct air.

The five-stage, low-pressure turbine is also moderately
loaded. It is a low-throughflow design close coupled with the

TABLE 2
E3-Engine Components and New (2000) Engine Technology

or Experience-Based Life Assessment

New engines before
parts are removed

or repaired

Major rotating Number of Allowable Typical
components elements (cycles) (hr)

Fan
Hub 1 20,000
Blades/stators 32/34 25,000

Compressor-Low
1/4-Stage-low-drum (3507 rpm)
Disk 1 20,000 25,000
Stators/blades 60/56 25,000
Inlet guide vanes 64 25,000

Compressor-HPC-drum-11,600 rpm
Forward shaft stub 1 20,000
Inlet guide vanes 32 25,000
Disks 11 20,000
Stage 1 stators/blades 50/28 25,000
Stage 2 stators/blades 68/38 25,000
Stage 3 stators/blades 82/50 25,000
Stage 4 stators/blades 92/60 25,000
Stage 5 stators/blades 110/70 25,000
Stage 6 stators/blades 120/80 25,000
Stage 7 stators/blades 112/82 25,000
Stage 8 stators/blades 104/84 25,000
Stage 9 stators/blades 118/88 25,000
Stage 10 stators/blades 140/96 25,000
Seal-bolt flange-disk 1 20,000
Combustor transition drum 1 20,000

Turbine-HPT-drum
Disks 2 20,000
Nozzles/blades 46/76 25,000
T1–T2 Inner seal bolt 1 20,000

flange disk
Stage 2 stators/blades 48/70 25,000
T2 Seal bolt disk 1 20,000

bearing flange

Turbine-LPT-drum
Disks 5 20,000 50,000
Stage 3 stators/blades 72/120 50,000
Stage 4 stators/blades 102/122 50,000
Stage 5 stators/blades 96/122 50,000
Stage 6 stators/blades 114/156 50,000
Stage 7 stators/blades 120/110 25,000

Bearing system
No. 1 angular contact 1

ball: engine support

(Continued on the next page)
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TABLE 2
E3-Engine Components and New (2000) Engine Technology

or Experience-Based Life Assessment (Continued)

New engines before
parts are removed

or repaired

Major rotating Number of Allowable Typical
components elements (cycles) (hr)

No. 2 angular contact 1
ball: core thrust

No. 3 cylindrical roller: 1
HP-spool

No. 4 cylindrical roller: 1
HP-spool

No. 5 cylindrical roller: 1
engine support

high-pressure turbine. The case is full-round rather than split
and has a high aspect ratio, tip-shrouded blades, and disks con-
nected to form a drum supported by a single cylindrical roller
bearing. The LPT cooling air is fifth-stage compressor air. Active
clearance control (ACC) also uses fan-bleed air.

The engine is supported on a forward ball bearing at the fan
and an aft roller bearing within the LPT. The loads are carried
out through the fan and turbine struts to the pylon mountings
on the wing. The high-spool forward support is carried by a
roller bearing near the HPC inlet guide vane and an aft roller
bearing near the LPT inlet. The thrust bearing in the vicinity of
the HPC inlet guide vane is a split–inner-ring, angular-contact
ball bearing.

ENGINE-MAINTENENCE PRACTICE

Service Life
The service life of an aircraft gas turbine engine is based upon

deterministic calculations of low-cycle fatigue (LCF) and previ-
ous field experience with like and similar engines. It is probable
that no two engine companies determine the life of their engines
in the same way or apply the same experience and safety factors
to their designs. This can be readily illustrated by the reported
life estimates of the NASA E3-Engine. Davis and Stearns (1985)
determined the life of an engine based upon its similarity to their
maintenance experience with a commercial engine having sim-
ilarly designed components. These life estimates are shown in
Table 3.

The life in hours shown assumes that before the times shown,
there will be no failures. Hence, where the service life is listed
as 9000 hr, the engine is removed from the aircraft and in-
spected. Routine maintenance is performed. The component des-
ignated under the column “Service life” is either repaired and/or
replaced.

TABLE 3
E3-Engine Flight Propulsion-System Life Based on 1985

Technology and Experience

Service life Total life with
(hr) repair (hr)

Combustor 9000 18,000
HPT rotating structure 18,000 36,000
HPT blading 9000 18,000
Remainder of engine 36,000

From Davis and Stearns, 1985.

In the column “Total life with repair,” the part is removed from
service and/or the usable life of the engine has been reached.
This scenario assumes that all engines will operate and fail in a
like and similar manner at a designated time and that removal is
required before that time is reached. Table 3 does not anticipate
any cause for engine removal prior to those times listed except
from engine performance degradation.

Causes of Engine Removal
Engine Performance Degradation

There are numerous factors to consider before an engine is
repaired or refurbished. The primary reason for engine removal
is performance deterioration. This condition can be tracked with
relative ease and the engine removal can be planned and sched-
uled. Performance deterioration can be a decline in engine effi-
ciency in either the compressors or the turbines, loss of engine
stability or surge margin, or exhaust-gas temperature (EGT) lim-
its that can cause “overtemping” of the turbines. Deteriorating
engine efficiency and rising EGT, in most cases, are a steady
progression and can be monitored through engine-condition–
monitoring (ECM) programs. Deterioration or loss in engine
stability cannot be tracked by means of ECM. The engine has to
be periodically tested to check for sufficient surge margin (not
all engine types will experience this condition).

Engine performance degradation is measured in terms of the
EGT margin. During the engine development, a single probe
or multiple probes are placed downstream of the HTP to pro-
tect it (and nozzles) from excessive turbine inlet temperatures
(T41). A baseline correlation is established between the tem-
perature measurement downstream of the HPT and the T41. An
EGT margin of 17◦C (30◦F) might be correlated with an 83◦C
(150◦F) change in T41. So the T41 redline may be at 1538◦C
(2800◦F), and an EGT margin of 17◦C (30◦F) would indicate
operation at a T41 of 1455◦C (2650◦F). This temperature may
affect engine operations so that clearances begin to erode, blades
roughen, coatings degrade, bearings wear, or fuel nozzles clog
or coke, as engine efficiency deteriorates. To maintain the same
thrust level required by the flight profile, more fuel loading is
required (emissions increase as well) and the engine speed is in-
creased. Increased fuel loading then increases T41, for example,
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to 1482◦C (2700◦F). The EGT margin takes into consideration
all the combinations of adverse conditions that the engine may
encounter. As an engine approaches a 0-EGT margin, it is re-
moved for refurbishment as a precaution against operating under
adverse conditions.

When the engine is pulled for refurbishment, all components
are inspected, and damaged components are replaced or re-
paired. The engine is reassembled and a new performance EGT
margin is determined on the engine test stand. There are three
important things to note:

1. No two engines perform alike, whether they are new, refur-
bished, or repaired.

2. EGT margins characterize each engine and, like a fingerprint,
are not the same but can be averaged over the fleet.

3. EGT margins of today’s new engines are, on average, higher
than those for refurbished or repaired engines: 12,000 to
20,000 hr on a new engine versus 5000 to 15,000 hr on a
refurbished or repaired engine. Some engines can be repaired
on the wing.

Foreign-Object Damage
FOD can cause an engine to be removed from service, de-

pending upon the extent of the damage. However, if the damage
is light, the engine can be left on the wing and the damage re-
paired. One of the most common causes of FOD is ingestion
of birds. All engines are required by the certification process
to be able to ingest a predetermined number of birds without
incurring engine shutdown. However, even with the design re-
quirements, an engine may ingest a flock of birds or, on a rare
occasion, ingest a larger-than-designed-for bird, and damage to
the engine blades may result. Other causes of FOD are accreted
ice and runway debris that the engine picks up and ingests during
takeoff or landing.

Hardware Deterioration
Even when an engine is operating properly, it can expe-

rience some form of hardware deterioration that requires en-
gine removal. One good example is the deterioration of the
HPT blades. An engine is borescoped periodically to deter-
mine its health. It is not uncommon to find that the HPT blades
deteriorate in service because of the extreme operating con-
ditions they encounter. Depending upon the condition of the
deterioration, an engine may be allowed to remain in service
on a decreased-cycle inspection interval until it is determined
that the deterioration is beyond limits and the engine must be
removed.

Oil Consumption
A high oil consumption (HOC) condition will cause an engine

to be removed from service. The causes of an HOC condition
are numerous and include broken oil lines, oil leakage around
the mainline bearing carbon seals, and coking in bearing com-
partments because of an air leak. Significant loss of oil during

flight will cause an engine to be shut down and subsequently
removed from service.

Other Causes
An engine in service may be performing perfectly but may

be removed because one or more of its rotating parts has run up
against a hard time or cycle limit. On rare occasions, an engine
may be included in what is considered a quality escape, wherein
it has been determined that there is a problem with a batch of
parts used in assembling a group of engines.

Another cause of engine removal is the failure of a component
or rotating part that causes an in-flight shutdown (IFSD) event
or an uncontained failure. Finally, due to a known safety-related
problem, an engine may be removed because of a federally man-
dated airworthiness directive (AD) note.

ENGINE REPAIR AND REFURBISHMENT
Operation of the airline industry is very expensive and the

profit margin is extremely small. In general, new technology,
first-run engines will get upwards of 20,000 hr of operation
before refurbishment. Operating times for second-run engines
before refurbishment are shorter than those of first-run engines.
Each and every engine that is brought in for repair or refurbish-
ment is given special consideration so that the work scope of the
engine is correct.

The following is a general guide for module refurbishment
of engines removed for performance deterioration:

Fan Fan refurbishment each time; a big driver in perfor-
mance and relatively inexpensive to do

LPC Minor refurbishment at first engine shop visit and
major refurbishment every other visit; generally, se-
vere conditions not seen by LPC

HPC Refurbished at a major shop visit; tip clearances re-
stored, restored efficiency

HPT Refurbished at a major shop visit; most deterioration
seen by the components

LPT Refurbished every other major shop visit; not a big
driver in performance deterioration

Bearings Bearings refurbished or restored at each major shop
visit; rolling-element fatigue (spalling) possibly ex-
perienced by number 1 angular-contact ball bearing
(generally, bearings run well and trouble free and
rarely are the cause of engine removal)

When an engine is removed from service and shipped to the
refurbishment shop, the engine and its individual module perfor-
mance are evaluated and the root cause of removal determined.
If an engine is removed for performance or hardware deteriora-
tion or a major part failure, the engine will be, in most cases,
completely broken down into modules. Then each module will
be refurbished. Generally, the high-spool section of the engine
(the HPC, combustor, T1-nozzles, and HPT) will be refurbished
at every major engine-shop visit. The low-spool section of the
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engine (fan, LPC, and LPT) will be individually evaluated as to
the need or level of refurbishment required. Because the low-
spool section does not experience conditions as severe as those
of the high spool, the level of refurbishment can be lower and
the time between refurbishment can be extended.

It is always good practice to refurbish the fan blades during the
engine-shop visit. With the large-bypass fan engines, restoring
the efficiency of the fan is relatively easy and results in a big
return on investment in service.

If an engine has been removed for cause, such as an IFSD
event, HOC, quality escape, maintenance errors, or the like, the
cause of the engine’s removal will be evaluated, together with
the age of the engine and each module age and the current per-
formance of the engine and each module. An engine that is
performing well may be repaired and returned to service for an-
other couple of years, or the refurbishment of the engine may be
more extensive.

The major nonrotating structure of an engine can be used
indefinitely as long as the components are replaced and repaired,
and the new performance EGT margin is positive. Hence, the
serial number life can be considered indefinite.

RESULTS AND DISCUSSION
The NASA E3-Engine (see Figure 2) was used as the ba-

sis of the Weibull-based life and reliability analysis reported in
this article. The engine, which was successfully fabricated and
tested, was a clean-sheet derivative of the GE CF6-50C engine.
Each of the component systems of interest for this investigation
and analysis is summarized in Table 3, which represents 1985
engine technology and experience in comparison with Table 2,
which summarizes typical hours of service in engine technol-
ogy of 2000 before parts are inspected or repaired on comparable
components.

Failure Criteria
In practice, the various engine companies have different meth-

ods of determining component and system lives and reliabilities.
That is, it would not be unreasonable to expect that the life and
reliability of the same component might have distinctly differ-
ent values were they to be calculated or determined by each of
the independent companies. These numbers are based on stress
analysis, laboratory test data, field experience, life factors, and
engineering judgment. They are for the most part deterministic
and do not assume or anticipate incipient failure or cause for
removal prior to the designated time.

Many design engineers use a probabilistic approach wherein
a normal or log-normal distribution is assumed about a calcu-
lated or experimental mean value of life and a 99.9% probability
of survival is calculated. As previously discussed, this would im-
ply that 1 in 1000 of the same components would be removed
for cause prior to reaching the calculated or projected time.

Davis and Stearns (1985) and Halila, Lenahan, and Thomas
(1982) discussed the mechanical analytical methods and proce-

dures for turbine engine and HPT design. The designs for the
engine components are based on life predictions by using mate-
rial test curves that relate life in cycles or time (hr) as a function
of stress. Six criteria for failure were presented:

1. Stress rupture
2. Creep
3. Yield
4. Low-cycle fatigue (LCF)
5. High-cycle fatigue (HCF)
6. Fracture mechanics

A discussion of each criterion above is beyond the scope of
this article. However, it can reasonably be concluded that items 1
and 2 are defined by steady-state stress and time at load and tem-
perature. Items 3 and 6 are defined by stress and temperature and
are generally considered to be independent of time. Where limits
are placed on stress, temperature, and time for a component’s de-
sign, the criteria that will define the component’s life and thus the
engine’s life will be either HCF or LCF. At high temperatures,
it is difficult to determine a fatigue limit or a stress below which
no failure will occur for most aerospace materials. Failures are
statistically distributive; that is, the ratio of time between the
first component failure and the last in a population can be 1 or 2
orders of magnitude. All materials and components will not have
the same cumulative failure distribution curve (Weibull slope).

A major omission made by many in determining the life and
reliability of the various components is consideration of each
component’s size (stressed volume) and the number of compo-
nents of a given type and design in the operating system. This
omission was recognized by Weibull (1939a, 1939b) and is in-
corporated as a stressed-volume effect in Equations (2) through
(8). For example, for a given stress distribution, a turbine disk
having less material volume or a smaller number of bolt holes
will have a longer LCF life at a given probability of survival than
a larger disk of the same design (Zaretsky, Smith, and August,
1989). In many designs, the life of a single component is incor-
rectly based on the life of the stressed-volume that has the high-
est single-stressed value, independent of other stressed points in
the body. This can result in overpredicting the component’s life
(Melis, Zaretsky, and August, 1999). It is also not possible to
accurately relate individual coupon fatigue and fracture strength
data to component life and reliability without considering the ef-
fect of stressed volume or the number of elements in the system
(Zaretsky, 1987).

Effect of Weibull Slope on Life Estimation
In Equation (1), the Weibull slope is designated by the sym-

bole and is indicative of the dispersion of engine or component
failure or replacement data for an entire engine or a single com-
ponent when plotted on Weibull coordinates. As previously dis-
cussed, Weibull slopese of 1, 2, and 3.57 are representative of
exponential, Raleigh, and normal (gaussian) distributions. The
life distribution of a component and thus the Weibull slope is a
function of the material from which it is made, the manufacturing
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process, including tolerances, and the operating variables that
deviate from defined steady-state conditions. Because of the lack
of a definitive statistical database, the statistical distributions and
thus the Weibull slope of most, if not all, engine components is
assumed or estimated. The effect of this estimation on life and
reliability prediction prior to this study has not been evaluated.

Engine Life
When predicting engine life and reliability, knowing the

Weibull slope of each of the components that make up the en-
gine is a prerequisite to predicting the life and reliability of the
entire engine. It is also important for logistic planning to deter-
mine the rate at which components and engines will need re-
placement or repair. As previously discussed, Davis and Stearns
(1985) and Halila, Lenahan, and Thomas (1982) determined the
life of an engine based upon its similarity to their maintenance
experience with a commercial engine having similarly designed
components. These life estimates are shown in Table 3. We as-
sumed that the life estimates in Table 3 represent the 99.9%
probability of survival for each of the component systems. Us-
ing Equation (11), we calculated the life of the entire engine at
a 95 and a 99.9% probability of survival for the assumed com-
binations of Weibull slopes shown in Table 4 for the HPT blade,
the HPT rotating structure, and the remainder of the engine as
follows:

1

L
e

sys
sys

= 1

L
e

1
HPT blade

+ 1

L
e

2
HPT ROT.ST.

+ 1

L
e

3
RE

[12]

Since we assumed that the general cause for removal of the
combustor is erosion wear and not fatigue, we did not include it
in our life calculations. The Weibull slope for the entire engine
system was assumed to be the same as that for the turbine blades.
According to Davis and Stearns (1985) and Halila, Lenahan, and
Thomas (1982), the HPT blades are the shortest lived compo-
nents in this engine.

The results of our analysis are shown in Table 4. The L0.1 and
L5 lives are the times on or before which 0.1 and 5% of the en-
gines will be removed from service for cause, respectively. That
is, out of 1000 engines, one engine will be removed at the L0.1

life and 50 engines will be removed at the L5 life. The least vari-
ation and longest predicted lives occur with an assumed engine
Weibull slope of 3. This is nearly a normal distribution. As an en-
gine’s Weibull slope increases, the predicted life decreases, and
there is greater variation and sensitivity to variation in each in-
dividual component’s Weibull slope. Although we do not know
with reasonable engineering certainty that these assumed dis-
tributions (Weibull slopes) actually represent those found in an
engine, they show that errors and vast differences in predicted
life and engine replacement can occur. The predicted L5 lives
of ∼17,000 and 32,000 hr, which are dependent on the Weibull
slopes assumed, do correlate with current engine maintenance
practices without and with refurbishment, respectively. That is,
it can be reasonably anticipated that at one of these time inter-

TABLE 4
Effect of Cumulative Distribution of Individual Component
Lives on Predicted Engine Life and Reliability Based Upon

Component L0.1 Lives Shown in Table 3

Weibull slope,e

Turbine Turbine All other
Predicted engine life (hr)

blades disks components L0.1 L5

Engine Weibull slope,e = 3
3 3 3 8606 32,009

6 8645 32,154
9 8645 32,158

6 3 8945 33,270
6 8991 33,471
9 8992 33,445

9 3 8945 33,270
6 8992 33,445
9 8992 33,445

Engine Weibull slope,e = 6
6 3 3 131 252

6 134 258
9 134 258

6 3 189 364
6 8943 17,237
9 8944 17,239

9 3 189 364
6 8967 17,283
9 8967 17,283

Engine Weibull slope,e = 9
9 3 3 26 40

6 26 40
9 26 40

6 3 33 51
6 685 1061
9 686 1062

9 3 30 51
6 1090 1688
9 8990 13,923

vals, 5% of the engines in service will have been removed for
repair or refurbishment for cause.

Component Lives
Turbine Disk Life

An error that is frequently made in life prediction, whether
for aerospace or nonaerospace application, is the assumption that
the life of a combination of the same components in a system
will be the same as that of the single shortest lived component in
that system. For a single component, the life of that component
is incorrectly taken to be the life of the most highly stressed
element in the body, or what is referred to as the probable point
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FIGURE 5
Cross-sectional schematic of high-pressure turbine disk stress concentration and LCF life locations. (a) T1 disk; (b) T2 disk. See

Table 5 for locations and definitions. (From Halila, Lenahan, and Thomas, 1982.)

of failure (ppf). This error can be illustrated by the E3-Engine
high-pressure turbine disk-life calculations for T1 and T2 disk
stress concentrations, as shown in Figure 5 (Halila, Lenahan,
and Thomas, 1982) and as summarized in Table 5.

Halila, Lenahan, and Thomas (1982) imply that the design
life of the disk is equal to or greater than 36,000 hr at a probability
of survival of 99.9% based on the calculated life at the location
of the forward-arm air hole for the T1 disk (see Table 5a and
Figure 5a). Using the data from Halila, Lenahan, and Thomas
(1982), which account only for the ppf, we recalculated the disk
lives individually and as a system based upon Equaion (11). For
our calculations, we assumed Weibull slopes of 3, 6, and 9 and
that the section shown in Figure 5 repeats in 15-degree segments
of the disk, accounting for multiple elements. The results are
shown in Table 6. From this table, one sees that the predicted
L0.1 system life can vary from 9408 to 24,911 hr, depending on
the Weibull slope assumed.

Blade Life
The HPT blades present a similar problem with regard to

determining their lives. Initially, the time to removal of these
blades is determined by a creep criterion that is deterministic
or, at least, is not assumed to be probabilistic. This criterion is
dependent on time exposure at stress and temperature. Mate-
rial test data are used to predict rupture life based on calculated
stress and temperature. Throughout an engine cycle these com-
binations of stress and temperature vary, so the linear damage
(Palmgren-Langer-Miner) rule (Equation (9)) can be applied to
determine the retirement times of the blade.

Blade-coating life is another time-limiting criterion for re-
moval and repair. The blades are usually removed when the

engine is removed from service for other reasons and, as nec-
essary, the remaining coating is removed by chemical stripping
or machining and is replaced. The coating life usually does not
dictate blade replacement, only repair.

Besides creep, the limiting time for blade replacement is HCF.
As with LCF, HCF is probabilistic. The blades are subject to
vibratory stresses combined with mechanical stresses caused by
centrifugal loads, gas aerodynamic loads, and thermal loads.
Because of the variations in operating conditions, the linear-
damage rule can also be applied to the operating profile of the
blades to determine their life.

For the E3-Engine, the HPT blades were designed for a system
life of 18,000 hr, with repairs permissible after the first 9000 hr
of engine operation. No reliability was specified by Davis and
Stearns (1985) or Halila, Lenahan, and Thomas (1982) for the
9000-hr life. However, we assumed for this discussion and for
subsequent calculations that the designated time is at a 99.9%
reliability for the combination of all the blades contained on
disks 1 and 2. Disks 1 and 2 hold 76 and 70 blades, respectively,
for a total of 146 blades. Again, assuming Weibull slopes of 3, 6,
and 9, we determined the life of an individual blade at a 99.9%
probability of survival using Equation (11):

Lblade = (
nL

e
sys

)(1/e ) = (146 × 9000e )(1/e ) [13]

The individual blade lives necessary to obtain a blade system
life of 9000 hr at a 99.9% probability of survival for Weibull
slopes of 3, 6, and 9 were 47,391; 20,652; and 15,658 hr, respec-
tively. Based on these individual blade lives and 1000 engines, or
146,000 blades in service, plus a retirement time for the blades
of 18,000 hr constituting the total blade life with repair, it would
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TABLE 5
E3-Engine High-Pressure Turbine Disk Stress Concentration and Low-Cycle Fatigue (LCF) Life Material René 95

Stress Critical
Nominal stress intensity factor timea Temperature LCFb life

Location (MPa (ksi)) Ktσ ; Mpa (ksi) (sec) (◦C (◦F)) (kilocycles)

(a) T1 disk, Figure 5(a)
1.
2.
3.
4.
5.
6.
7.
8.
9.

Forward arm air-passage slot
Forward arm flange air-passage slot and scallop
Forward arm ring container
Forward arm scallop
Forward arm air hole
Aft arm air-passage slot
Forward arm bolt hole
Aft arm bolt hole
Disk post notch

448 (65)
269 (39)
331 (48)
393 (57)
455 (66)
400 (58)
421 (61)
434 (63)
276 (40)

841 (122)
731 (106)
945 (137)
565 (82)

1103 (160)
469 (68)
938 (136)
931 (135)
827 (120)

875
40
40

875
875
875
875
875

40

541 (1006)
427 (800)
458 (857)
545 (1013)
544 (1012)
553 (1027)
541 (1006)
552 (1025)
527 (980)

>100
>100
>100
>100

36
>100
>100
>100
>100

(b) T2 disk, Figure 5(b)
1.
2.
3.
4.
5.
6.
7.

Forward arm air-passage slot
Forward arm air hole
Aft arm flange double slot
Aft arm flange air slot
Forward arm flange bolt hole
Aft arm flange bolt hole
Disk post notch

407 (59)
427 (62)
441 (64)
648 (94)
427 (62)
455 (66)
234 (64)

476 (69)
1082 (157)

731 (106)
752 (109)
931 (135)
993 (144)
703 (102)

875
875
875
875
875
875

40

552 (1025)
451 (1023)
513 (955)
518 (965)
552 (1005)
517 (963)
338 (640)

>100
45

>100
>100
>100

60
>100

aCritical time, time from throttle burst at takeoff.
bLow-cycle fatigue.
From Halila, Lenahan, and Thomas, 1982.

be expected that 8, 64, or 512 blades would be removed for cause
prior to this time for Weibull slopes of 3, 6, or 9, respectively.

Other Components
A similar analysis can be performed for the fan blades and

hub, quarter-stage fan booster disks and blades, high-pressure
compressor disks and blades, low-pressure turbine disks and
blades, and rolling-element bearings. In fact, this type of analysis
has been performed to determine the life of rolling-element bear-
ings individually and as a system for nearly 5 decades (Zaretsky,
1992). Once all the component lives are determined at a given
probability of survival (or at a given replacement rate), the

TABLE 6
Predicted Life of High-Pressure Turbine Disks as Function

of Weibull Slope

0.1% life L0.1
a (hr)

Weibull slope,
e Disk 1 Figure 5(a) Disk 2 Figure 5(b) System

3 11,228 12,646 9408
6 21,136 25,634 20,195
9 25,288 31,346 24,911

a99.9% probability of survival.

removal rate for cause of the entire engine can be predicted
with reasonable engineering certainty.

GENERAL COMMENTS
The use of deterministic methods to predict engine compo-

nent life and reliability can improperly predict both the actual
removal rate of the component in service and the resultant service
life of the engine. The use of mean or median lives coupled with
an assumed statistical distribution can distort the life-prediction
process. Field data can indicate significantly shorter lives than
the predicted lives, a situation that can result in economy- and
safety-related issues for airlines. Conversely, component lives
that are too short can be predicted, and this can result in prema-
ture component removal and heavy costs to airlines.

The key to economic viability and flight safety is to predict
with reasonable engineering certainty individual component and
resultant engine lives and to be able to remove them from service
for repair or refurbishment before secondary damage can occur
because of a failed part. As has been pointed out here, a condi-
tion precedent to engine-life prediction is knowing the statistical
distribution of removal for cause of each component, together
with that of the entire engine. To a limited extent, these data can
be obtained from full-scale component testing, but this method
is not economically viable or time efficient. However, these data
are available from airline maintenance records together with the
engine flight profiles.
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By using the method advocated by Zaretsky (1987) and illus-
trated by Melis, Zaretsky, and August (1999) for aircraft engine
turbine disks, it is possible to extract the necessary engineering
and reliability parameters from available airline data bases so as
to allow the design engineer to predict the reliability of future
products and engines. This method also allows airlines to pre-
dict engine life and reliability for their own engines on the basis
of their own flight profiles, independent of those of the engine’s
manufacturer.

SUMMARY OF RESULTS
The NASA E3-Engine was used as the basis for a Weibull-

based life and reliability analysis. When limits are placed on
stress, temperature, and time for a component’s design, the cri-
terion that will define the component’s life and thus the engine’s
life is either high-cycle or low-cycle fatigue. Based on the en-
gine manufacturer’s original component-life calculations, the
engine’s life and reliability were determined on the basis of
assumed values of each of the component’s cumulative life dis-
tributions as represented by a Weibull slope. The lives of the
HPT disks and blades were also evaluated as a system and indi-
vidually. The following results were obtained:

1. Knowing the cumulative statistical distribution (Weibull
slope) of each of the engine components is a prerequisite
for accurately predicting the life and reliability of an entire
engine. As the engine’s Weibull slope increases, the predicted
life decreases.

2. The predicted engine lives L5 of approximately 17,000 and
32,000 hr, which depend on the assumed Weibull slope, do
correlate with current engine maintenance practices without
and with refurbishment, respectively. That is, it can be rea-
sonably anticipated that at one of these time intervals, 5% of
the engines in service will have been removed for repair or
refurbishment for cause.

3. The individual HPT blade lives necessary to obtain a blade-
system life L0.1 of 9000 hr for Weibull slopes of 3, 6, and
9 were 47,391; 20,652; and 15,658 hr, respectively. Based
on these individual blade lives and 1000 engines, or 146,000
blades, in service plus a retirement time for the blades of
18,000 hr, constituting the entire blade life with repair, it
would be expected that 8, 64, or 512 blades would be removed
for cause prior to this time for Weibull slopes of 3, 6, or 9,
respectively.

4. For a design life of each of two HPT disks having probable
points of failure equal to or greater than 36,000 hr at a proba-
bility of survival of 99.9%, the predicted disk system life L0.1

can vary from 9408 to 24,911 hr, depending on the Weibull
slope assumed.

NOMENCLATURE
C Constant
c Stress-life exponent

e Weibull slope or Weibull modulus
h Exponent
Kt Stress intensity factor
L1, L2 Cumulative life of each engine component; hr or

number of stress cycles
L1, L2 Engine life at each power setting; hr or number of

stress cycles
L0.1 0.1% life or life at which 99.9% of population sur-

vives; hr or number of stress cycles
L5 5% life or life at which 95% of population survives;

hr or number of stress cycles
N Life; hr or number of stress cycles to failure
n Exponent or number of system components
p Load-life exponent
S Probability of survival; fraction or percent
T Engine thrust load; N (lbf)
V Stressed volume; m3 (in3)
X Load, time, or stress
Xβ Characteristic life or strength at which 63.2% of

population fails; hr or number of stress cycles;
kN/m2 (ksi)

X1, X2 Fractional time at load or speed for related lives L1

and L2

Z Depth to maximum critical shear stress, m (in)
σ Stress or strength; N/m2 (psi)
τ Critical shear stress; N/m2 (psi)

Subscripts
blade Blade or blades
HPT High-pressure turbine
n Number of components or elemental volumes
o Initial value
RE Remainder of engine components
ref Reference point, stress, volume, or life
ROT. ST. Rotating structure (disks, drums)
sys System or component probability of survival or life
β Designates characteristic life or stress
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