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Fatigue Reliability of Gas Turbine Engine Components
under Scheduled Inspection Maintenance

J. N. Yang* and Shiung Chent
The George Washington University, Washington, D.C.

A probabilistic methed is developed for the fatigue reliability analysis of gas turbine engine components under
scheduled inspection maintenance in service. Various statistical uncertainties involved in the complex design
system of gas turbine engine components have been taken into account, including the time to crack initiation,
fatigue crack propagation, service loads, crack modeling, crack geometry, nondestructive evaluation (NDE),
etc. It is demonstrated that the service inspection maintenance can be used to improve the reliability of fatigue-
critical components significantly. Such an improvement in fatigue reliability is shown to depend on the capabil-
ity of the NDE system employed. An example for the third-stage turbine disk of a TF-33 jet engine has been
worked out to demonstrate the application of the analysis methodology developed.

I. Introduction

OST rotor disks of gas turbine engine are limited by

low-cycle fatigue (LCF) life, generally expressed in
terms of mission equivalency cycles. The LCF life usually is
defined as the number of cycles necessary to initiate a crack
approximately 0.03 in. (0.76 mm) long. The distribution of
LCF life is obtained for a given set of loading conditions
(stress/strain, time, temperature). Traditionally, the LCF life
prediction for gas turbine rotor disks is made for crack initia-
tion life at an occurrence rate of 1 in 1000 disks. It is at this life
that all LCF-limited disks are removed from service. This pro-
cedure has been very successful in preventing the occurrence
of castastrophic failure of disks in the field. However, in re-
tiring 1000 disks because 1 may fail, the remaining life of the
999 unfailed disks is not utilized. )

Recently, guidelines and requirements for the structural
design of gas turbine engine components are given in Engine
Structural Integrity Program, referred to as ENSIP.!* Fur-
thermore, the philosophy of retirement for cause (RFC) has
been proposed,*® under which each disk is inspected
periodically. When a crack is detected during inspection, the
disk is retired; otherwise, it is returned to service until the next
inspection maintenance. This procedure could be repeated un-
til the disk has incurred detectable damage (crack), at which
time it is retired for that reason (cause). Retirement for cause
(RFC) is, then, a methodology under which an engine disk is
retired from service when it has incurred quantifiable damage,
rather than because an analytically determined minimum
design life had been exceeded.

To implement the RFC procedures, an optimal inspection
interval should be determined such that the life-cycle cost of
engine components is minimum and a high level of reliability
is maintained. While the fatigue reliability of airframe struc-
tures under scheduled inspection and repair maintenance or
periodic proof test maintenance has been investigated,®!” the
reliability analysis of gas turbine engine components has
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received considerable attention recently. An analysis
methodology is developed in this paper to determine the
fatigue reliability of gas turbine engine disks under scheduled
inspection maintenance in service as shown in Fig. 1. In addi-
tion, the average percentage of components to be replaced
during each service inspection maintenance is estimated. The
present methodology is based on the probabilistic approach
taking into account all the statistical variables in the complex
RFC system, including the time to crack initiation, fatigue
crack growth damage accumulation, service loads,
temperature profiles, fabrication deviations, nondestructive
evaluations, etc. An example using the third-stage turbine disk
of a TF-33 jet engine is given to demonstrate the application of
the analysis methodology. The current investigation represents
one phase of the probabilistic retirement-for-cause analy-
SiS.18-19

II. Preliminary
Initial Fatigue Quality

One important quantity in the fatigue analysis is the initial
fatigue quality (IFQ), which defines the initially manufactur-
ing state prior to service of a component or details, such as
bolt holes, rim holes, cooling air holes, web holes, etc. For
some engine materials, such as titanium, Waspaloy, Astroloy,
etc., the initial fatigue quality can be represented by the
statistical distribution of the time to crack initiation. The time
(cycles) required to initiate a reference crack size q, (e.g., 0.03
in.), referred to as time (cycles) to crack initiation (TTCI), is
also referred to as the low-cycle fatigue (LCF) life in gas tur-
bine engine literature; it involves considerable statistical
variability.

The time to crack initiation, denoted by 7T, at a critical loca-
tion of a component under service loading spectra is assumed
to follow the lognormal distribution

loge [ <logt—i1T 2]
()=——rexp| -4 —EL 1
Jr (0 N2xtér P ar ) M

where f;(¢#) is the probability density function. The mean
value i, of log T is obtained from a few component test data
under nominal load spectra. The standard deviation ¢ of log
T is computed from the constant-amplitude tests results of
coupon specimens, as well as the statistical dispersion of ser-
vice loads. 8
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Fatigue Crack Propagation

After a crack is initiated at the reference crack size a,, it will
propagate under service loads. The Paris model for the crack
growth rate of a corner crack has been modified as follows'3:

d
—-=0s"a @

where da/d¢= crack growth rate; Q, V, and b are constants;
and S is the “‘normalized”” maximum stress in the design spec-
trum, in the sense that S=1 represents the nominal design
spectrum.

The values of Q, ¥, and b can be determined from three or
more crack growth curves, i.e., crack size a(¢) vs cycles ¢, us-
ing the least-squares best-fit procedures. The crack growth
curves can be obtained from the results of spin pit tests, field
experience, or numerical integrations using general computet
programs under spectrum loading. It was demonstrated in
Refs. 18 and 19 that the crack growth rate model proposed in
Eq. (2) correlated very well with available crack growth
damage results in bolt holes and cooling air holes of engine
disks.

Under well-controlled laboratory environments, test results
of the crack growth rate for engine materials (such as IN100,
Waspaloy, etc.), exhibit considerable statistical variability.20:2!
Likewise, many quantities influencing the crack growth
behavior also involve statistical scatter. The statistical
variability of the crack growth damage accumulation should
be taken into account. Recently, efforts have been made to
randomize the deterministic crack growth rate equation.20-2
The log normal crack growth rate model is employed herein to
randomize Eq. (2) as20-22

da

=200 ©)

where Z is a random variable accounting for the following
contributions to the scatter of the crack growth rate,

Z=H,H,H;H,S" Q)

where H,, H,, H,, H,, and S are random variables denoting
the contributions to the statistical variability of the crack
growth rate from various sources. H, represents the material
variability; H, the variability of crack geometry, such as
aspect ratio, stress intensity factor, etc.; H; the variability of
crack modeling, e.g., two-dimensional crack model, etc.; and
H, the variability of crack growth damage due to each
equivalent cycle. For instance, two stress records may be
modeled by the same number of equivalent cycles, but the cor-
responding crack growth damages are not identical. Finally, S
denotes the variability of stress resulting from variabilities of
service loads, temperature profile, and the stress concentra-
tion factor X, in each hole.
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All of the random variables H,, H,, H;, H,, and S are
assumed to follow the log normal distribution with the median
value equal to unity (i.e., taking values around unity). It
follows from Eq. (4) that the random variable Z is log normal
with the median value Z equal to unity, i.e., Z=1.0. Thus, the
deterministic crack growth rate equation (2) represents the me-
dian crack growth behavior, whereas the statistical variability
of the crack growth rate is taken care of by the log normal ran-
dom variable Z.

The mean value fi, and standard deviation &, of log Z is ob-
tained from Eq. (4) as

B, =logZ=0
8, = (5, + 8y, + 53y, + 55, + V263) % ®

where &y, G4, Gy, and &y, are the standard deviations of
log H,, log H,, log H;, and log H,, respectively, and 7, the
standard deviation of log S.

Thus, the probability density function of Z, denoted by
f2(2), is given by

logz

I

zZ z

)Z]; 0<z<o 6)

where &, is given by Eq. (5).

Inspection Procedures

The capability of a nondestructive evaluation (NDE) system
is defined by the probability of detection (POD) for all cracks
of a given length in a given environment. Many POD curves
can be found, for instance, in Refs. 23-27 and the references
therein.

An engine component is inspected by two NDE systems
using the intersection rule,?5?7 described as follows. When a
component is inspected and accepted by the first NDE system,
it is returned to service; otherwise, it is further inspected by the
second NDE system. Some actions may be taken for those
components rejected by the first NDE system before being in-
spected by the second NDE system—for instance, cleaning,
polishing, or replicating of the rejected critical locations. The
component is replaced only if it is rejected by both NDE
systems; otherwise, it is returned to service. The second NDE
system may be identical to the first one (i.e., the first NDE
system is used twice) or it may be a redundant system to be
used only for those components rejected by the first NDE
system. However, the detection capability of the second NDE
system should be much better than that of the first in order to
return to service a high percentage of good components that
are rejected by the first system. The surface preparation of the
critical location, such as cleaning, polishing, or replicating,
etc., will increase the NDE capability significantly.
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The POD curve for the first NDE system is expressed by
POD (a,;1) =exp(a* + 3*ha)/[1
+exp(a*+6*ha)]; O0<a<o @)

where POD(a;1) is the probability of detecting the crack size a
and o* and B* are constants. Equation (7) is referred to as the
log odd function.2526

The POD curve for the second NDE system is expressed in
terms of the Weibull function, i.e.,

POD(a;2) =0 a<e
=1—-exp{—1[(a—e)/B]*} ;a=e (3)

where ¢ is the crack size below which the crack cannot be
detected by the NDE system and o« and § are constants
representing the bandwidth and central location of the POD
curve, respectively. It should be mentioned that the POD
curve for the second NDE system, POD (a;2), reduces to the
unit step function, i.e., POD(a;2)=0 for a<aypg and
POD(a;2)=1 for a=aypg as e =aypg, 8—0, and a— 0.

The resulting probability of crack detection under two NDE
systems using the intersection rule is given by

Fp(a)=POD(a;1)POD(a,;2) C)]

For the situation in which only a single inspection is used,
Fp(a) is equal to POD(g;1), i.e.,

Fp(a) =POD(a;1) (10)

III. Formulation

The component is assumed to consist of only one critical
location and the failure of such a critical location will imply
the failure of the entire component. Furthermore, when a
crack is detected in such a critical location, the component will
be retired or replaced. A gas turbine engine disk, however,
usually contains many critical locations, including bolt holes,
rim holes, web holes, etc. The entire disk will be retired and
replaced by a new one if a crack is detected in any one of the
critical locations. The solution of such a component with
multiple critical locations will be described later. For simplic-
ity of derivation and presentation, service inspection main-
tenance is assumed to be periodic, i.c., the inspection interval
is identical, as shown in Fig. 1.

Nonreplacement Policy (Nonrenewal Process)

We shall consider first the nonreplacement policy, in which
components are not replaced when they fail in service or when
they are retired during service inspection maintenance. Thus,
the fleet size decreases monotonically as a function of service
time. This is referred to as a nonrenewal process. Solutions
under the nonreplacement policy will be derived in this subsec-
tion, from which solutions under a replacement policy will be
derived later.

Consequently, the probability density function of the crack
size described later is not normalized, in the sense that the in-
tegration does not result in a unity, because the crack popula-
tion reduces monotonically.

In the First Service Interval (0,7)

Suppose a crack is initiated at time (cycles) ¢ in (0,7), i.e.,
a(t) =a,. Then the crack size at the end of the jth service in-
terval j7, denoted by a(j7), is obtained by integrating Eq. (3)
from ¢ to jr as follows:

a(jr) =ay/[1—aseQUir—1Z]"* an
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in which c=b—1 (12)

Obviously, the crack size a(7) at the end of the first service in-
terval 7, i.e., j=1in Eq. (11), is a random variable since Z is a
random variable. The conditional probability density of a(7),
denoted by f,,,(x If) given that a crack is initiated at ¢ in (0,7),
can be obtained from the probability density of Z given by Eq.
(6) through the transformation of Eq. (11) for j=1, with the
results

Ja& ) =f,[W(r—0)1I(x;7—1) for x=a, (13)

where
Wi(x;r7—t)=[cQ(r—1) 17 (agc—x"°)
IT—1)=[Q(r—6) ] (x) ¢! (14)

The probability density function f,,, (a;2) of the crack size
a(r) at 7 for x=aq, can be obtained from the conditional prob-
ability density f,,, (x I7) using the theorem of total probability

Sun 2= 1 (W (5701

xI(x;7—t)fr(t)dt forx=a, (15)

where f(f) is the probability density function of the time to
crack initiation given by Eq. (1).

The probability of failure in the first service interval (0,7),
denoted by p(1), is equal to the probability that the crack size
a(7) at 7 is greater than the critical crack size a,,

s =plamza] = | fu (w2)dx (16)
where f,, (x;2) is given by Eq. (15).

In the Second Service Interval (1,27)

The probability density of the crack size at the end of the
second service interval 27 is contributed by two parts: the first
comes from those cracks initiated in the first service interval
(0,7) but not detected at 7, and the second from those cracks
initiated in the second service interval (7,27). Each contribu-
tion is derived in the following.

Let a, (7) be the crack size at 7, given that the crack is in-
itiated at ¢ in (0,7), , i.e., a(¢) =a,, and reaches a size x at 27.

08 |

061

04t

0.2

PROBABILITY OF DETECTION

1 1 ] 1

0 20 40 60 380 100 120
CRACK SIZE, 10 INCH
g. 2 Various POD curves for NDE system.

F



418 J. N. YANG AND S. CHEN

Then, it can be shown from Eq. (11) that!?

T—1 aj 1/c
az(‘r)=B(X,-T—t,27'—t)=ao/[1—2T_t <1_ > an

Hence, the conditional probability density of the crack size at
27, contributed by those cracks initiated at ¢ in (0,7), can be
obtained from the transform of Eq. (11) for j=2, with the
results

S0y (W) =Fp[BOsT—1,21—0) 1f, [ W(x:21~1)]
XI(x21—1) x=a, (18)
=0 . B(xr—t,2r—t)=a,
where W(x;27—1t) and I(x;27—t) are given by Eq. (14) with 7
being replaced by 27 and Fj (x) is the probability of missing
the crack size x during the service inspection, i.e.,
Fp(x)=1-Fp(x) (19
where F, (x) is given by Eq. (9). The second equation of Eq.
(18) indicates that the component will have failed in (0,7) if
a,(t)=a,.

The unconditional probability density function is obtained
as

Sy (x2)= S;F}‘) [B(x;t—t,21—0) 1/ [W(x21— 1) ]

xI(x2r—0)f(0)dt;  x=a, (20)

The probability density function contributed by those
cracks initiated in the second service interval (7,27) can be ob-
tained in a similar fashion as Eq. (15)!8

Iy 2= | 1 W er=0)]

X IO =0 fr(r+0)dt; x=a, 1)
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Fig. 3 Cumulative probability of failure as function of service life
using POD curve 1,
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Consequently, the probability density function for the crack
size greater than a, at the end of the second service interval 27
is the summation of Egs. (20) and (21),

fa(ZT) (x,'2) =f£81) (x’.z) +ff(§€%r) (x"Z) (22)

The probability of failure for a component in the second
service interval, denoted by p(2), is obtained as

P = | fun (52)x 23)

In the nth Service Interval [ (n—1)1,n7)

In a similar fashion, the probability density function for the
crack size larger than a, at the end of the nth service interval
n7 prior to inspection can be derived as follows:

n

Jomy (62) = E Doy (nr) (652)5 x=a, 24

i=1

where f{),,, (x;2) is the contribution from cracks initiated in
the /th service interval given by!®

n—i

iy (X52) = SO { H] F3[B(x;mr—1t, (n—i+ I)T—f)]}

Xfz[W(x;(n—i+1)t—1)]
XI[x;(n—i+Dyr—t]fel(i— D7+ 8)df (25)

where F§[B] =0 for B>a, and

n—i

Il esiBsmr—t,(n—i+ Hr—1)1 =1 for n=i (26)

m=1 .

Blx;mr—t,(n—i+1)7—t]

_ __ mr—t [, 4 ]
_a"/[l (n—i+1)7—t(1 xC> @7

Wix;(n—i+1)71—t]1 ={cQl(n—i+)1—1]} ! (a;¢—x°)
28)

Ix;(n—i+D1—t]1={Q[(n—i+1)7—t]} 1 (x) ¢!
29

The probability of failure in the nth service interval is given
by

H =\ i (5200x (30)

Probabilities of Retirement and K Account

In addition to the probability of failure derived above, the
probability of retirement (or crack detection) G (#) during the
nth inspection maintenance and the probability K (n) that a
component will be inspected by the second NDE system (i.e.,
inspected twice), referred to as the probability of K account,
are important in the cost/risk analysis of engine components.
The formier is related to the cost of replacement, whereas the
later is related to the cost of employing the second NDE
system. In order to estimate these probabilities, the prob-
ability density function of the crack size in the region smaller
than a, should be determined. This is because the first NDE
system may detect a crack size smaller than «,, although such
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a contribution is usually very small. The probability density
function of the crack size a(¢) in the crack size region smaller
than a, has been derived in Ref. 18, with the results

loge
fa(t‘) (x;1) :m

1 [/ —(1/v)] /apt’) — i\ 2
Xexp{—-——< (/v) ogfx 2t") uT) }; x<a, (31)
2 Gr

in which v=§,/6 is the ratio of the standard deviations of log
a(0) and log 7, respectively, where a(0) is the initial crack size
and 7 the time to crack initiation, the distribution of which is
given by Eq. (1). The initial crack size a(0) is also assumed to
follow the log normal distribution. It is mentioned that , and
& are the measures of the statistical dispersions of ¢(0) and T,
respectively, and that they have been observed to be very close
to each other.!8

Thus, the probability density of the crack size prior to each
service inspection maintenance f,,, (x) for n=1,2,... is ex-
pressed as f,,,) (X) =fa(nry (x;2) for x=a, and f, (.
(X)=F4(nry (x;1) for x<a, given by Eqgs. (24) and (31), respec-
tively. During the nth inspection maintenance, the
probability that a component will be retired (i.e., a crack will
be detected), denoted by G(n), and the probability of K ac-
count, denoted by K(n), are given by

G(n) = | Fugun (DFp () dx

a

K1) = Ty (OPOD& 1) dx (32)

0

It is emphasized that the contribution to G (n) and K(#n) from
Jainry (x;1) is very small and hence the approximation given by
Eq. (31) is not at all critical.

Replacement Policy (Renewal Process)

Under the replacement policy, when a component fails in
service, it is replaced by a new component at the end of the ser-
vice interval. Likewise, a component is also replaced by a new
one when it is retired during each service inspection
maintenance. Thus, a constant fleet size is maintained. The
new component for replacement is referred to as the renewal
population and the replacement policy is also referred to as the
renewal process. Under the replacement policy, let R () be the
probability that a component will be replaced at the end of the
Jth service interval, p(j) the probability of failure in the jth
service interval under the replacement policy, and K (j) the
probability of K account. These quantities can be derived
from the results obtained previously under the nonreplace-
ment policy.

The probability of replacement R(1) at the end of the first
service interval 7 consists of the probability of failure and the
probability of retirement

R(I)=G() +p(1) (33)

At the end of the second service interval 27, the probability
of replacement consists of the probability of failure in (7,27)
and the probability of retirement at 27 for both the original
population and the renewal population introduced at 7 with
probability R(1),

R(2)=[G2)+p)T+R(DHIG) +p()] (34

where [G(I)+ p(1)] is the probability of replacement at 27
for the renewal population introduced at 7[with probability

R(D)].
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In a similar manner, the probability of replacement at the
end of the jth service interval j7 can be obtained as

j—1
R()=1GH)+p()]+ E R(K)[G(i—k)
k=1
+p(j—k)] forj=23,... 35)
Equation (35) is a recurrent solution that can be computed
starting from R(1) given by Eq. (33).
In a similar manner, the probability of K account and the

probability of failure under the replacement policy can be ob-
tained as

K()=K(I); K()=K()
I

+ R(k)R(j—k) forj=23,... (36)
1

.
|

-
Ih

pI)y=pU); pG)=pU)

ji—=1
+ Y, R(K)p(—k) forj=23,... 37
k

=1

Since the probability of failure of fatigue critical com-
ponents is usually designed to be very small, it is reasonable to
assume that the event of failure in each service interval is
statistically independent. The cumulative probability of
failure in the service interval (0,j7), denoted by P(j7), is ob-
tained as

J
pyn=1-1J11-pt1 j=12.. (38)

k=1

IV. Demonstrative Example

The analysis methodology developed herein is applied to the
third-stage turbine disk of a TF-33 gas turbine engine for
demonstrative purpose. The material of the engine disk is In-
coloy 901 and the 10 bolt holes are the critical locations where
cracks may develop. Currently, the design life for such a disk
is 2500 cycles, i.e., the disk is discarded after 2500 cycles of
service life. Under service inspection maintenance, the design
life is extended to 12,500 cycles.

Available test results indicate that the initial fatigue quality
can be represented by the distribution of time to crack initia-
tion (TTCI) with the reference crack size @, =0.03 in. The me-
dian life and the coefficient of variation of TTCI are, respec-
tively, 7=4000 cycles and V,;=75%. The log normal
parameters appearing in Eq. (1) for TTCI distribution are
computed at ji; =log T=1log 4000=3.6 and 5=t (I + V%)/
m10=0.29. Crack propagation data at two bolt hole locations
were obtained from spin pit tests under a nominal loading
spectrum.* The average crack propagation life from the
reference crack size a,=0.76 mm (0.03 in.) to the critical crack
size @, =8.51 mm (0.355 in.) is approximately 11,500 cycles.*
The crack growth data under the nominal loading spectrum
(S=1.0) are best fitted by the crack growth rate equation (2)
with the result, Q=4.22x 10" and »=1.2914. On the basis
of other experimental data, the statistical dispersion of the
crack growth rate is ¥; =30%, as defined by that of the ran-
dom variable Z in Eq. (4). Therefore, the log normal
parameter for Z is §,=0.1276, see Eq. (6). Furthermore, the
parameter v appearing in Eq. (31) is approximately 1.0469.

The probability of crack detection for the first NDE system
is defined by Eq. (7). A POD curve with «*=55.28 and
B8* =16.4 shown in Fig. 2 as curve 1 is considered. Since such a
POD curve is narrow banded, the second NDE system is not
employed.
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Without inspection maintenance, the cumulative prob-
ability of failure P(jr) for one bolt hole is computed as a func-
tion of service life; the result is shown in Fig. 3 by a solid curve
designated as curve 0. It is observed that the cumulative prob-
ability of failure increases as the service life increases.

Under the scheduled inspection maintenance, the cumula-
tive probabilities of failure P(j7) for a bolt hole are computed
and presented in Fig. 3 by solid curves designated 1-4. The
number shown on each curve (or curve number) denotes the
number of inspection maintenances performed in the service
life of 12,500 cycles. For example, curve 3 in Fig. 3 represents
the cumulative probability of failure for a bolt hole in which
three service inspection maintenances are performed in 12,500
cycles, i.e., the inspection interval 7=3125 cycles.

Figure 3 clearly demonstrates that the probability of failure
in service is reduced significantly by the application of
scheduled inspection maintenance. Furthermore, the prob-
ability of failure decreases as the number of inspection
maintenances in 12,500 cycles increases.

The probability of replacement R (/) during the jth inspec-
tion maintenance for j=1,2,..., can be interpreted as the
average percentage of replacement. The results have been
computed and presented in Table 1. Also presented in Table 1
is the total average percentage of replacements, i.e., R =sum
of R(j) fromj=1ton—1. Itis observed from Table 1 that the
total average percentage of replacements increases as the
number of inspection maintenances increases.

The purpose of employing the second NDE system is to
return good components rejected by the first NDE system into
service, thus reducing the percentage (and cost) of replace-

NO.2 POD CURVE
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Fig. 4 Cumulative probability of failure as function of service life
using POD curve 2.
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ment. Such an advantage, however, is compensated by the
cost of the K account, since the second inspection is usually ex-
pensive and time consuming. As a result, the advantage of the
second NDE system will be more significant when the first
NDE system involves more detection uncertainty, i.e., the
POD curve is wide banded. Since the POD curve of the first
NDE system is narrow banded (less detection uncertainty) (see
curve 1 of Fig. 2), the application of the second NDE system is
not advantageous at all.

Let the POD curve of the first NDE system be the one
shown by curve 2 in Fig. 2 in which a*=66.6 and 8*=23.4,
Although such an NDE system is not as capable as the
previous one, the POD curve is narrow banded, indicating less
statistical uncertainty in crack detection. Consequently, the
second NDE system is not employed. The cumulative prob-
abilities of failure are displayed by solid curves in Fig. 4 for
different inspection intervals. The average percentage of
replacements during each inspection maintenance and the
total average percentage of replacements in the service life of
12,500 cycles are presented in Ref. 18.

It can be observed from Figs. 3 and 4 that, with the same in-
spection interval 7, the probability of failure using POD curve
2 is much higher than that using POD curve 1. This has been
expected because POD curve 1 is capable of detecting smaller
cracks. However, the total average percentage of replacements
is smaller with the application of POD curve 2 (see Ref. 18).

Consider POD curve 3 as shown in Fig. 2 for the first NDE
system where o* =28.94 and 8* =11.73. It is obvious that the
capability of such an NDE system is not as good as other POD
curves. By use of one NDE system, the cumulative prob-
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Fig. 5 Cumulative probability of failure as function of service life
using POD curve 3.

Table 1 Average percentage of replacement using POD curve 1

No. Inspec. Average percentage of replacements
of interval, ith inspection maintenance
inspec. cycles 1 2 3 5 6 7 8 Total
1 6250 65.43 65.43
2 4166 36.64  58.59 95.23
3 3125 19.07 50.09 39.72 108.88
4 2500 9.91 40.86 34.87 3495 120.59
5 2083 529 31.62 32.38 29.55 30.28 129.12
6 1785 293 23.64 2993 2639 2622 26.69 135.80
7 1562 1.69 17.37 2693 2451 23.23 23.64 23.84 141.21
8 1388 1.00 12.68 23.58 23.07 21.19 21.15 2147 21.53 147.47
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Table 2 Average percentage of replacement and K-account using POD curve 4

No. Inspec. Average percentage of replacements Two-NDE  One-NDE
of interval, ith inspection maintenance system system
inspec. cycles 1 2 3 4 5 6 total total
1 6250 19.82 19.82 62.24
2 4166 1.62 47.83 49.45 100.65
3 3125 0.09 19.73 42.18 62.00 127.31
4 2500 0.0 6.12  31.72  30.82 68.66 149.92
5 2083 0.0 1.63 18.19 29.78 23.05 72.65 170.29
6 1785 0.0 0.40 8.84 2341 2459 18.26 75.50 189.43
No. Inspec. Average percentage of K account
of interval, ith inspection maintenance
inspec. cycles 1 2 3 4 5 6 Total
1 6250 62.24 62.24
2 4166 39.19 76.88 116.07
3 3125 25.85 62.11 69.12 157.08
4 2500 17.80 49.12 67.58 57.17 191.67
5 2083 12.66 39.18 60.77 61.36 50.32 224.29
6 1785 9.25 31.57 52.73 61.66 54.21 46.51 255.93
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Fig. 6 Cumulative probability of failure as function of service life
using POD curve 4.

abilities of failure are shown in Fig. 5. Although the capability
of such an NDE system is not outstanding, it is still possible to
substantially reduce the failure probability using a shorter in-
spection interval 7. The percentage of replacement during each
inspection maintenance was presented in Ref. 18. As expected,
the total average percentage of replacement is much smaller
than those associated with POD curves 1 and 2.

Finally, POD curve 4 shown in Fig. 2 is considered for the
first NDE system, where o*=13.44 and $*=3.95. With a
single NDE system, the cumulative probabilities of failure are
displayed in Fig. 6. The average total percentage of replace-
ment in 12,500 cycles is shown in the right-hand column of
Table 2. (also see Ref. 18.)

As observed from Fig. 2, POD curve 4 is wide banded, in-
volving considerable statistical uncertainty in crack detection.
Hence, the second NDE system is employed in which the POD
curve is considered to be a unit step function at the crack size
a=¢=0.06 in., which corresponds to a 90% detection prob-
ability for the first NDE system. The cumulative prob-
abilities of failure have been computed but not displayed
because of space limitations. It is mentioned that the failure

probability using two NDE systems is slightly higher than that
shown in Fig. 6, in which only one NDE system is employed.
The average percentage of replacements as well as the average
percentage of the K account are given in Table 2. A com-
parison between the total average percentages of replacement
shown in Table 2 indicates that the second NDE system is
capable of significantly reducing the total percentage of
replacement. '

V. Conclusion and Discussion

A probabilistic method based on fracture mechanics has
been developed for the reliability analysis of gas turbine
engine components under scheduled inspection maintenance
in service. Using the third-stage turbine disk of a TF-33 jet
engine as an example, it is demonstrated that service inspec-
tion maintenances can significantly reduce the probability of
failure. The improvement of fatigue reliability is shown to be
sensitive to the crack detection capability of the NDE system
employed. With appropriate NDE systems, it is concluded
that the design life of gas turbine engine disks can be extended
considerably, while maintaining a high level of reliability
through the application of scheduled inspection maintenances.
A tremendous life-cycle-cost saving and a substantial reduc-
tion in disk replacements resulting from scheduled inspection
maintenances has been reported.!®

In addition to jet engine components, the present
methodology can be applied to much wider practical prob-
lems, such as large generators in hydraulic or nuclear
powerplants, various types of machinery under fatigue en-
vironments, helicopters, offshore structures, etc., to mention
just a few.

In the present formulation, various quantities involving
statistical uncertainties have been taken into account. These
include the statistical variabilities of materials, time to crack
initiation, crack propagation, service loads, stress intensity
factor, stress concentration factor, crack geometry, crack
modeling, idealization of equivalent load cycles, NDE
capability, etc. However, several statistical quantities are not
accounted for as explained in the following paragraphs.

Experimental test results indicate that the fracture
toughness K, involves statistical scatter. Hence, the critical
crack size a., theoretically, should be considered as a random.
variable. However, as the crack size approaches the critical
crack size a., the crack growth rate is very high and the crack
growth damage accumulates very rapidly. Thus, the variability
of the critical crack size has a negligible effect on the fatigue
life of the component.
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The number of load cycles in each service interval 7 cannot
be determined precisely because of possible miscount.
However, this uncertainty can be reduced significantly by a
better fleet tracking system. Likewise, it can be accounted for
in terms of the crack propagation rates, such as H, described
previously.

The solutions obtained above hold for a critical location,
such as one bolt hole. A turbine disk usually contains many
holes and the entire disk will fail if any one hole fails. Hence,
the survival (or the reliability) of the entire disk implies the
survival of all holes. If the survival of each hole is assumed to
be satistically independent for a conservative estimate, then
the probability of failure of the entire disk can be computed
easily.’"'® On the other hand, the solutions obtained in this
paper may be used in approximation for a disk, if 1) the
distribution of the time to crack initiation is the smallest
among all holes, 2) the distribution of the crack growth
damage accumulation is the largest among all holes, and 3) the
POD curve represents that for a disk. While the distribution in
assumptions 1 and 2 can be derived using the extreme value
theory, further research is needed to establish a POD curve for
a disk.

In the present investigation, the initial fatigue quality is
represented by the distribution of the time to crack initiation
alone. This is applicable to some engine materials, such as
titanium, Waspaloy, Astroloy, etc. Recently, the NDE
capability has been improved significantly such that a small
crack size can be detected with high probability. Furthermore,
intensive research efforts have been conducted to predict the
fatigue crack growth behavior in the small crack size region.
As a result, the reference crack size g, at crack initiation can
be defined to be very small, thus increasing tremendously the
fatigue crack propagation life. This is particularly true for
some powder metallurgy superalloys. Under such a cir-
cumstance, however, there are initial flaws that are greater
than a, and that start to propagate immediately after the com-
ponent is introduced into service, i.e., the TTCI is zero. Con-
sequently, the initial fatigue quality should be represented by
two populations: one defined by the distribution of the time to
crack initiation and the other by that of the initial flaw size.
The solution for such a general case is presented in Ref. 19.
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