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ABSTRACT

‘'he fact that different ways of estimating the risk of failure
of nuclear pressure vessels may lead to results of the same or-
der of magnitude is not necessarily an indication of trustworth-
iness of the respective estimates. It appears that other factors
than those normally considered might play an important role and,
in particular, events or phenomena which may affect the quality
of the materials used and the reliability of manufacture, ope-
ration and control procedures.
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FRACTURE MECHANICS

The critical event in catastrophic failure of a pressure vessel
is the fast, unstable propagation of a crack. This process can
e treated theoretically by means of fracture mechanics, rela-
ting the size of the crack, a, to the stresses, ¢, and the pro-
pagation resistance of the material, Kyc, in its simplest form
according to the eguation: ovfa = Kyc. The crack is postulated
to exist as the result of fatigue, growing according to the
oquation: da/dN = (AR) .

This fracture mechanical concept is classical and need not be

o laborated in detail here. It is assumed that data on the res-
pective variables are available with a certain accuracy. This is
the first prerequisite for an assessment of assurance against
catastrophic failure. One may then arrive at what is called a
deterministic conclusion about the occurrence of failure. As will
be explained in the next section, however, this is not suffi-
cient for estimates of risks.
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THE PROBABILISTIC APPROACH

Clear}y the determination of risks is a probabilistic exercise.
In principle the probabilities of the fracture mechanics para-
meters_are coupled together in order to arrive at a probability
of their critical combination according to the equations men-

?io;gd a?ove. Graphically in two dimensions this is summarized
in FPig. l.

Several.probabilistic analyses have been made in the last de-
cade, yielding a number of different results depending on dif-
ferences in the assumptions about statistical distribution of
the parameters involved. Some factors are better known than
others. The stress distribution is probably the variable which
can be regarded as the most reliable one. The statistics of
the toughness of the material are less satisfactory, in parti-
gular With respect to the lower end of the distribution, which
is of interest from the point of view of failure.

As regards data for the presence of cracks this is a funcion of

among other things, the probability of not detecting defects #
gnd not determining their size and location properly. So far the
1nput on this point has consisted of functions or curves, Fig.2

Whlch have been obtained by asking the opinion of experienced '
inspectors. Obviously this is questionable as far as reliability
of the final risk figures are concerned.

The figures for the rates of catastrophic failures arrived at
by means of probabilistic fracture mechanics vary considerably
degendlng on the data and the methods applied: from an order of
10 to 107° per vessel and year.

The rela?ive importance of the uncertainties of data for the
three major factors governing the risk of catastrophic failure
can be agsessed by a sensitivity analysis. This has been done
as a project within the Swedish safety programme (Palm, Nilsson
1989). Briefly the results indicate that the failure probabili—l
ty is very sensitive to the type of distribution function for
the fracture toughness. As far as the risk of not detecting

cracks is concerned, the most important crack sizes are between
10 and 15 mm.

At this point a further word of caution is warranted. It is a
common saying that no statistical evaluation is better than the
input data. But in addition to this one has to notice that also
the choice or rather the restriction of variables limits the
value of the results as a basis for decisions. A probablistic
assessment of the risk of catastrophic failure using fracture
mechanical concepts has naturally to be based on data which can
be used for calculations according to the equations quoted a-
bove. This normally excludes so-called soft information which
does'not easily lend itself to quantitative treatment. Before
deal}ng with such shortcomings of the probabilistic assessment
a brief review of another statistical approach will be given.
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A CASE FOR FAILURE STATISTICS

Risks under more conventional circumstances are usually esti-
mated on the basis of statistics collected in the past from a
large number of cases. This is not possible with the same ac-
curacy for failure of nuclear pressure vessels, since - fortu-
nately - no such events have yet been recorded.

There are, however, means of making use of information from
failure statistics for other kinds of pressure vessels. This
has been done several times. The first attempts were relatively
primitive inasmuch as only little consideration was paid to
differences between thickwalled nuclear pressure vessels and
non-nuclear ones. In recent years there has been an improvement
in the selection of data and their treatment.

In the latest contribution to the analysis of failure statis-
tics, data from England and USA have been used (Smith, Warwick,
1981) . With due consideration to the particular character of

the vessel population examined with respect to size, wall thick-
ness, welding, inspection, age, etc, the conclusions that can

be drawn from this study appear to be trustworthy. One finds
that the rate of catastrophic failure at 95 % confidence level
is 2 x 10™° per vessel and year. The probability that defects
will be formed which would need repair is 4.5 x 10~4 per vessel
and year.

Obviously there is a discrepancy between these figures and
those quoted above from probabilistic analyses. The sensitivity
analysis referred to (Palm, Nilsson, 1980) indicates possible
reasons why there might be such a difference. More recently a
revision of one of the early probabilistic calculations has
been made in order to find out whether figures of the order
produced by failure statistics could possibly be arrived at u-
sing the probabilistic approach (Harrop, 1982).

Two important parameters, the incidence of cracks and how they

grow, were arbitrarily adjusted to obtain a fit with the empi-

rical evidence. Justification of the sense of these changes was
given a posteriori. It was found that the theoretical probabi-

listic model can give results consistent with the main features
of empirical evidence from a population of non-nuclear vessels.
It was even possible to change the rising trend of the failure

rate with age, which was typical of the original probabilistic

model, into the reverse, which is true of failure statistics.

AN INDEPENDENT VIEW

While it is true that probabilistic assessments based on frac-
ture mechanics may be made to fit failure statistics evaluation,
this appears too schematic to be the last word about the risk
of catastrophic failure of nuclear pressure vessels. For those
familiar with the complexity of design, manufacture, control
and operation of such a component the procedures for analysing
this risk seems too little sensitive to influences from soft
factors which are wellknown to ocecur in practice.
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matically as a consequence of ambitions or directives. Manufac=

ture of pressure vessels, for instance, might appear to be a

relatively straight forward activity, but the troubles and

delays experienced even by companies of high reputation in

this field tell another story. The same is true also of control,
‘ which has to be performed according to schemes that cannot

simply be copied from other types or scales of production. o
3
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Fig. 3. Histogram of ultimate strength of reinforce-
ment bar steel showing outliers.

SHORT CRACK PROBLEMS IN GAS TURBINE
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ABSTRACT

88 turbine disks operating under low—cycle fatigue conditions represent typical
#achine parts with short crack systems. Herewith, the authors aim at presenting
#0me methods being good for solving real problems with short cracks in the process
disk airworthiness certification.
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BACKGROLND

Nimec, Drexler (1984) stated that there Is no universal method which would enable
solving short crack problems in machine parts under all possible varieties of struc-
tural configurations and corresponding operational conditions. Obviously, the engi-
meering solutions of the mentioned problems are to be searched for a specific
machine type and a representative sample of its working field characteristics, only.
In these relations, short crack problems in gas turbine disks involve the following
typlcal subproblems of

1. detecting a short crack at its first occurence,

2. o adequate description of a short crack system aiming at the relation of short
¢rack characteristics to disk relizility parameters,

3. estimating the safe 1ife or 1ife to safe crack occurence in the worst damaged
fir-tree blade attachment on the disk taken for being the least reliable disk in the
whole envisaged production series. ,

In this relation, it is the authors task to present some possible solutions of the
subproblems mentioned above.

PROBLEM OF DETECTING A SHORT CRACK AT ITS FIRST OCCURENCE

The main problem in examining a disk under test - should any of the known detection
mthod be used - is the human operator taking the following two final resolutions:
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i) the crack Is ( is not ) present In the investigated zone,
i1) If present, the crack length estimation is L mm.

The presence of the human operator in crack detecting procedure forces the necessity
of carefully verifying outside reference data on crack detecting probability before
applying them to one s own purpose. One of the reliable ( robust ) methods often

used independently on others under laboratory conditions is visual detection suppor-=
ted by several component penetrants and a microscope. In this connection, a method

Is necessitated how to quantify the crack detection ability level of a human operators
such quantification is required by Civil Aviation Authorities when an airworthiness
certificate Is applied.

First, let us examine the information structure of the results of human operator’s
activity In detecting cracks: these results are in form of registered crack length
data referring to critical zones, e.g. edges of disk blade attachments, see Fig. 1.
Such a crack length datum forcibly involves the following information ¢

a) the one of the type of critical machine part under investigation,

b) the one of the type of the detection method used, i.e. on human ability ( one
operator or operator group ) to crack detection,

c) the one of a finished programme test unit number,

d) the one of crack trace length as accessible to visual investigation,

e) the one on all other operat ing conditions which were not explicitely mentioned.
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Fige 1. Crack number n. in function of the programme test
unit number N as found on disk blade attachment ed-
ges, back side ( Némec, Drexler, 1984 ). Pa = crack
occurence probability in a fir-tree blade attachment.
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The whole information content of a crack length datum may be depleted by the follo-
wing elementary statement definitions : w

C t " The critical machine part under investigation is a gas turbine disk

N 3 " The programme test unit number finished by the disk up to this inspection time
Iinstant is n

D s " Cracks are visually detected by a selected human operator whose ability level
Is to be quantified "

L ¢+ " The crack trace length is L mm"

0 s " Other operating condition present when detecting cracks "

In our case, we have limited considerations of a specific machine part ( disk ), of
sn a priori agreed programme test unit number and of standard laboratory conditions.
Hence, the fact that a crack length datum involves information expressed through
statements C to O can be registered by a composed statement (D.L /C.N.0O) being of

random character due to the problem nature.

Therefore, our task to quantify the operator's ability level in respect to crack de-
tection is transferred to that one of estabiishing an adequate probabiiistic charac-

_teristic. Using the product rule, we may write

Prob [ DL/C.N.0 ] = Prob[DJL.CN.0]. Frob [ L/ C.N.0] (1)
1 2 3 4 .5 1 2 3
999 .999
99 [ .99
:95 - 95
9 — .9
. Prob[L.DJ] 7
3 Prob [L]
B C1 &
S
Rejil o I — — | .3
Ly=.a05 cmm3
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Fige 2. Crack length first occurence experimental data L as
investigated In Weibull probability paper in respect
to human operator s ability to crack detection. 1, 2
component probability distributions ( see right side
of equ.(6), @ sample upper 1imit due to an a priori
agreed test unit number N .
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Omitting - for brevity sake - the 1imitation symbols C .N.O, we get
Prob [D.L] = Prob [D/L]- Prob [ L] (2

where Frob[D.L] g the Joint occurence probability of the event that a crack is de-
tected at Its first occurence and has a length of L mm, Prob [D/L] means the con-
ditional probability of a crack being detected given its length Lmm, Prob [LJ]

means the probability of a crack having a lenght y <L mm independently of crack de-
tection method used. It is evident that the conditional probability Prob [DfL]pre-
sents an adequate characteristic to be found as qual ifying the ability level of a hu-
man operator in respect to crack detection. From equ.(2), we obtain the basic formula

Rob L[D.L]
Prob LD/L] = m (3)

For estimating Pro® LD/LIfrom experimental crack length data, see Fig. 2., two basic
physical boundary conditions are to be taken into account s

A)  Given an almost sure detectable crack length L4 , then for all crack lengths
L2L, ( see straight line segment 2 in Fige 2. ) holds

Pmb[D/(LaLd)] = 1,0 (4)
and hence
Rob[D.(L2L)] = Prob [ L] (5)
For L<Ly the aimed probability characteristic Rob LD.L] can be Tound as follows

Prob[D(L<Ly)]

: (6)
Prob[D-(L> Ly)1

Frob [D/L] = Prob[Djy _\ 1=

B) The cracks grow from zero lengths to Lp lengths ( L =L.g) corresponding to ca-
tastrophical damage brought to the disk. Therefore, from a physical point of view ,
the two-parameters Weibull probabilistic model will be adequate for the component
probability distribution, namely :

B,
1-expf-( %1) “3
1-ep {-( %)
In Fig. 3. the result of applying equ.(7) to Fig. 2. data ( 160 data altogether )

is shown. The almost sure detectable crack Tenght Ly has been estimated taking the
left side of equ.(7) equal to unity.

ProbLD/L] =

(1)

FROBLEM OF AN ADEQUATE SHORT CRACK SYSTEM DESCRIPTION

Drexler, Statelny ( 1983 ) presented one of the possible assessments of this problem
using the quantile crack length Ly for Q = 0.05 and the Instantaneous total number
of cracks n¢ in the fir-tree blade attachments of the disk as parameters describing
the short crack system as a whole. In Fig. 1. , the Ne total number of cracks is re-
ferred to the programme test unit number by the following formula

n.=(m+4)-(1-exp {-c N;No)“} ) (8)

=C
nt—-l
=
| 3
a
@ o ® ~ © N« o TR o I

41,405
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of detecting a short crack of an

ng a short crack on basis of equ.(7) applied

a priori given length L at its first occurence In a blade fir-tree attach=
data.

ment of a gas turbine disk using penetrants and microscope detectlon tech-
niques. The probability Prob[D/L]curve demonstrates the human operator
ability level in visual detect!

Fige 3. The conditlonal probability Frob L D/L]
to Flge 2.
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m being the number of fir-tree attachments to the disk under investigation, whereby
the crack occurence probability in one of the blade attachments is given by

i 3

Pa = ms1

(9)

PROBLEM OF ESTIMATING LIFE TO SAFE CRACK OCCURENCE

Referring to alrworthiness requirements for a hazard rate the life estimation in
test unit number to safe crack occurence within a single disk has been derived by
N&mec, Drexler ( 1984 ) as follows

Npge = K- tn.(4-ProbLrgge /nim; M=11)} (10)

where m._, Moo are total numbers of cracks in the disk blade fir-tree attachments up
to the safe crack length Lpg. and to the critical length Leg , M is the number
of disks accounted for in the 1ife estimation, whereby the conditional probability

k o Pmb[(x<ﬂ o U ~m;M-4
Fnob[nFsC/nF,m,M-1_] - Fscle N €.

Problx<ng;ng;m; Maq]
Ngge m_§ m-j
zg‘d Ci ‘Pg.’“‘Pa) l
F m 4 m-4
= ¢ pd- C1-p )"
Considering the M>>4  disk production series, the probability (11) of meeting

X< N Cracked ones of m fir-tree blade attachments in the least reliale one of
M prodiced disks changes to

(n)

?mb \-n'FS('/nF,m, M>>4] = 4_<4-ﬂ'°bEnFSC/h'F )

m; M=4 Tyl 1-exp {-M-Probflx<npgdnim;Mad1y (42

whereby Rroblx<nin ; m ;M>>4Japproaches unity. Hence, the 1ife estimation Npgc(Mdto
safe crack occurence for the least reliable one of M disks is given by the formula

.o
Npg(M) 2 A M- Frob [ <hpgdeng sm ;M =4 ] (13
In our example case, we had A = 1,105, Ny =24, m =28, 1€ M <5000 and for

B, = 0.82759. The result when applying equ.(13) to these data is shown in Fig. 4.
Therefrom we see that production series increase in M from 1 to 5000 disks dimini-

shes in our example case the posslgle programme test unit number gain AN = NF:E No
to sbout a half, when N° = 1.1x10".
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