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SUMMARY

An investigation was conducted to determine the applicability
of statistical methods as an approach to the evaluation of materials
for use in gas turbines by determining the frequency distributiomn
of time until fallure of gas-turbine blades. Gas-turbine blades
of a cast cobalt-base heat-resistant alloy were run in gas-turbine

wheels of approximately 12%-1nch total diameter. The wheels were

operated at accelerated-life conditions: a rotor speed of
22,500 rpm and an indicated turbine-inlet-gas temperature of 1850° F.

Two wheels, each incorporating 142 inserted blades of this
alloy were tested. In one wheel the entire complement of blades
failed. In the other wheel 64 of the blades were failed. The
complete frequency distribution of time until blade fallure is
presented for the first wheel and cumulative frequency curves are
presented for both wheels. The blades in the first wheel had
an average life of 25.52 hours with a standard deviation of
11.49 hours.

The need for representative performance-life figures as sup=
plied by statistical methods of analysis for use in comparative
evaluation and for correlation of performance data with laboratory
properties, especially during research and development, is indicated.
Use of time for initial failure to evaluate material performance
will probably yleld results that differ from those obtained by the
use of a representative average value.

INTRODUCTION

Ges-turbine cycle efficiency and power output are dependent
to a large extent upon the gas temperature used. The maximum
allowable temperature is limited by the capacity of the materials,
particularly that of highly stressed parts such as turbine blades
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to perform satisfactorily for a sufficient period of time to result .
in a practical over-all economy. Life expectancies of turbine parts

currently are short even at relatively low operating temperatures.

New materials have been developed and older ones have been improved

in an attempt to increase life expectancy. As such materials

become available, a comparative indication of their potential per-

formance must be obtained.

Routine laboratory tests are usually.applied to newly avail-
able materials to rate them upon the basis of stress-rupture strength,
creep rate, fatigue life, and other properties. These laboratory-
determined* properties are valuable in the selection and develop-
ment of materials in that they furnish a relatively fundamental
bagis for comparison and study. The data are difficult to apply
directly for service use, however, because they fail to indicate
the effects of the complex conditions of stress, temperature, and
atmosphere that exist in service.

In order to approach service conditions, simulated service
tests, simplified to reduce the number of and improve the control
of operating variables, are extensively employed for evaluation
of materials before use in service applications. The value and
the applicability of these data for the manufacturers of turbines
and materials increase as the test conditions approach those of
the intended application.

The role played by particular laboratory-determined properties
with respect to the service life as shown by service and simulated- A
gservice operations is important in the selection and the develop-
ment of new materials. The performance characteristics that limit
the life of a material for a particular service application must
be known; the material may then be improved in those properties,
or another material with better properties may be substituted.

The usgual method of correlation of properties determined by lab-
oratory evaluation with performance in service is to examine care-
fully service-failed parts in order to classify the type of failure.
If the failure can be attributed to a particular mechanism such

ag fatigue or stress rupture, a material may be chosen that is
gsuitable in this respect as indicated by laboratory investigation.

Statistical methods of correlation may be used in this analysis.
Dr. Bruce S. 01d (formerly of the Office of Coordinator of Research
and Development, Navy Department), has attempted application of these
methods to turbine-blade fallures by means of multiple correlation
with laboratory properties. O0ld gathered laboratory and service-type
data from a large number of sources comprising several gas turbines 3
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and their materials. The results of this attempted correlation were
promising but not entirely satisfactory because of many voids and
lack of repetition of important data. Further work in mathematical
correlation may lead to increased blade life by supplying informa-
tion as to which laboratory-determined properties currently cor-
relate with the performance of materials.

Statistical methods may also be applied to the comparative
evaluation of materials in the laboratory and in service by apply-
ing sampling procedures and by using standard methods for the
determination of average performance characteristics and for the
indication of reliability of results. Comparative evaluatlions are
not generally based upon statistical sampling procedures at present.
General methods of applicable sample analysis and correlation
analysis are presented in, among others, references 1 (pp. 1-46),

2 (pp. 82-348, 434-460), and 3 (pp. 74-128).

Investigations were conducted at the NACA Cleveland laboratory
to determine the applicability of statistical methods as an approach
to the evaluation of materials when formed into a particular serv-
ice shape and operated at accelerated-life conditions. This investl-
gation is reported herein.

APPARATUS

A unit consisting essentially of a gas turbine and a combus-
tion chamber was used for the quasi-service operation of turbine
blades. Figure 1 illustrates the setup.

The combustion air was taken from a central combustion-alir
supply and was led into the combustion-chamber supply line. The
alr flowed first through an orifice that was used to measure air
flow, then through an air-flow-control valve and into the combus-
tion chamber, where fuel (62-octane gasoline) was sprayed into the
combustion air and burned. Fuel flow was measured by a rotameter
and controlled by a needle valve. Initial ignition was obtained
with a spark plug.

The hot gases flowed from the combustion chamber through an
inlet duct, where the static pressure and the temperature were
measured, into the turbine case. The turbine-inlet-gas tempera-
ture was measured with a shielded chromel-alumel thermocouple at

a point 11%—inches upstream of the turbine inlet.

The hot gases passed from the turbine inlet, through the noz-
zles, past the rotor blades, and then into the exhaust line and into
an exhaust system maintained at a pressure slightly bolow atmospheric.
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Rotor speed and turbine inlet-gas temperature were registered on a
recording tachameter and recording potentiometer, respectively. The
control system was so designed as to require a S5-minute scavenging
of the system before the start of combustion in the burmer.

The turbine unit was mounted with the axis of rotation hori-
zontal within a water-cooled drum (figure 1(b)). The waste-gate
outlet of the turbine was capped. The turbine inlet was connected
to the combustion chamber by the inlet duct, which passed through
an opening in the side of the drum. A water-jacketed plate was
fitted to the front side of the drum and an exhaust line was bolted
to this plate. The space comprising the front and back halves of
the drum was separated by a steel divider. The back half of the drum
was supplied with air to cool the instrumentation and the back side
of the turbine.

The over-all diameter of turbine disk and blades was approxi-

mately 12% inches. The blades were fastened by a dovetall arrange-

ment and were secured in the disk slots by peening the bucket-root
rolls. Each disk contained 71 long-necked and 71 short-necked
blades spaced alternately. Photographs of a long-necked and a
short-necked blade are shown in figure 2.

The turbine shaft was not externally loaded.

PROCEDURE

Wheel -and -shaft assemblies were assigned identification numbers
in the order used: the first assembly to be operated was called
wheel 1; the second, wheel 2. All wheel-and-shaft assemblles were
obtained from the Army Air Forces, and, upon receipt, were inspected
for external and internmal flaws by a fluorescent-oil and a radio-
graphic method, respectively.

Wheel 1, upon receipt, contained blades of the following
nominal composition and was operated with these blades:

C Ni Fe Cr Mo Co
0.15-0.35 1.75-3.25 0.5-2.0 25.5-29.5 5.0-6.0 Remainder

The original blades contained in wheel 2 were replaced by
blades of the same nominal composition as wheel 1 but from a dif-
ferent source. Before these blades were assembled to wheel 2,
they were also checked for internal and external flaws by radio-

graphic and fluorescent-oll methods, respectively.

LLB
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The shrouds of the blades of wheel 2 were of greater thickness
than those of wheel 1. This difference resulted in greater centri-
fugal stress for the blades of wheel 2. The blades were installed
in the disks, and the wheel-and-shaft assemblies were set into tur-
bines in accordance with applicable Army Air Force technical orders.
Before the initial run of the wheel-and-shaft assemblies, the assem-
blies with their respective rotating components installed were
dynamically balanced.

During operation of the unit, the turbine was motored at a
rotor speed of approximately 6000 rpm until the time-delay relay
in the control circuit permitted the initiation of cambustion in
the combustion-chamber. This period of operation was designated
motor time. Combustion was then started and a rotor speed of
22,500 rpm and a turbine-inlet-gas temperature of 1850° F were
attained in about 3 minutes. This period of attaining operating
conditions was designated power time.

The turbine was maintained at these conditions until a failure
occurred (condition time). Such an occurrence was immediately
apparent, for coincident with the failure the pitch of the sound
emitted by the unit changed. Combustion was then terminated, and
the wheel speed rapidly fell to about 6000 rpm; the turbine was
motored at this speed until it reached room temperature. During
condition time, the specified turbine speed was maintained within
+200 rpm and the specifiled turbine-inlet-gas temperature, within
an indicated *15° F.

Upon blade failure, the turbine was removed from the unit and
disassembled. The blades that had failed were removed from the
disks in the manner prescribed by applicable Army Air Force tech-
nical orders. Replacement blades, new or used, were inserted in
the manner previously mentioned. Failure-time data were taken only
on the original complement of blades and not on replacement blades.
Blade fragments thrown from the wheel occasionally nicked the
remaining blades. In no case were the injuries considered of
sufficient importance to warrant removal of the nicked blades.
Wheels were rebalanced by removing material from the rim of the
disk whenever an appreciable amount of unbalance developed.

The appearance of wheel 1 after a total of 28% hours of power

and condition time is shown in figure 3(a). T&e blade-root portion
and fragments from wheel 1 after a total of 285 hours of power and

condition time are shown in figure 3(b). These photographs are



6 NACA TN No. 1603

representative of the fallures experienced with the exception of
one blade that exhibited local necking. The damaged condition of
the fragments thrown from the wheel 1s the result of the impact of
the fragments upon the water-cooled drum.

At each overhaul, the condition of each blade was logged.
Occurrence of failure, presence and extent of cracking, and presence
and extent of stretching were recorded for each blade. In addition,
motor time, power time, condition time, and total power and con-
dition time were recorded for each run of each wheel. In addition,
photographe of the front and the back of the turbine wheels were
taken at each overhaul.

At the inception of the program, severely cracked blades, as
well as completely fractured blades were considered as failures,
because presumably a severely cracked blade would fail in a short
time after the crack was noticed. As a result, fewer shutdowns
caused by blade fractures were expected, which would extend operat-
ing time and reduce total overhaul time. This practice was sub-
sequently discontinued, however, and only fractured blades were
considered fallures.

METHODS OF EVALUATING BLADE PERFORMANCE

Several methods exist for the selection of the group of fail-
ures to be used for the comparative evaluation of materials that
have been operated under simulated service condltions. The time
for the first failure is frequently taken as a representation of
the performance of a material. For example, 1f two materials were
to be compared for use as turbine blades, two wheels might be
assembled, each bladed with one of the materials. The wheels
would be operated at the same conditions until blade fallure
occurred. The time for initial failures of the blades of each
material would be noted and used as & basis for comparison. This
procedure may be satisfactory for selection of materials for final
power-plant rating. ¥or the evaluation of materials during research
and development, however, knowledge of the properties of the average
blade and of the potential performance of a material are neces-
sary.

A more complete understanding of the behavior of the material
may be obtained if the wheels are operated until all blades on
each wheel have failed and the failures are considered as a group.
Two or more materials may then be compared on & basis representative
of the lot, such as average life. The fallures can be considered
as a frequency distribution by grouping the fallures into equal
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time intervals and plotting the results in the form of figure 4.
The choice of time interval, usually one of oonvenience, is found
by dividing the range of time of failure (difference between long-
est life and shortest life) by the number of groups desired. Fewer
groups are used when the number of failures studied is small.

Any one of several comparative distributions is possible for
blades of a material B that 1s to be evaluated with respect to
those of material A of figure 4(a). The dotted curves of fig-
ures 4(b), 4(c), and 4(d) illustrate a few of these distributions
in order to indicate the possible relations of initial fallure
to average life in the analysis of turbine-blade failures. The
first example (fig. 4(b)) shows a distribution of B that has the
gsame dispersion of failures or deviations from average as A. First
failures, represented by the portion of the curve near the origin,
as in figure 4(b), would possibly be suitable for comparison of
the two, because average properties, near the peak of the curve,
show the same absolute differences as initial failures. Figure 4(c)
i1llustrates a distribution of B-that has the same average as A

but the dispersion is different. Here comparison of time of initial

failures would not be representative of average life. Figure 4(d)
illustrates distributions that have different dispersions and dif-
ferent averages, both greater, than A, For curve Bl the difference

in initial failures understates the difference in averages; the
difference in averages is much greater than the difference in
early failures. Qualitatively, however, the initial failures

may be indicative of the relative average properties. For curve
BZ’ an interpretation obtained from only a consideration of initial

failures is opposite that obtained from a consideration of averages.

In addition to these possibilities of misinterpretation of

date, numerous other possibilities of error exist if the distributions

are unsymmetrical. Initial failures generally are indicative of
the relative average blade performence only when the distributions
have the same dispersion; yet only absolute differences in initial

failure times and average lives are the same. Percentage differences

in initial failure times are greater than percentage differences
in average lives.

It is evident that the consideration of the complete distribution

of material performance or of at least an average property and a
term for deviation aids in the comparative evaluation of materials
for research and development by supplying an estimation of quanti-
tative differences in average performance. A significant cor-
relation of initial fallures in simulated service tests with

L



8 NACA TN No. 1603

laboratory-determined properties would not necessarily be expected,
as it would represent an attempt to correlate average properties

as determined by laboratory tests to the properties of the worst
blades in simulated service tests. Again, to attempt correlation
using an average-life property and a term for deviation from service-
type tests would be preferable.

The use of the arithmetic mean for expression of central
tendency of the distribution is satisfactory. Its only important
disadvantage is that it is adversely affected by the occurrence of
extreme values, blades of unusually long or short life, and in
such cases the results obtained may not be truly representative.
Use of the mode also has advantages. By definition the mode is the
most frequent value, the maximum ordinate of a smooth distribution
curve. The mode is therefore the most typical blade. For accurate
determination, an ideal frequency curve of known equation must be
fitted to the data and the ordinate corresponding to the maximum
must be chosen. If desired, the mode may be roughly approximated
by several other methods (reference 2, pp. 125, 487-488, and ref-
erence 3, pp. 23-25).

Standard deviation is commonly used as a measurement of dis-
persion. It is the root mean square of the deviation from the

arithmetic mean as defined by
_ 28
i n

where

o gtandard deviation

x individual deviations from arithmetic mean
n total number of items

As a measure of dispersion, one standard deviation of time on
both sides of the average life (arithmetic mean) includes approxi-
mately 68 percent of the failures; two standard deviations, approxi-
mately 95 percent of the failures, and three standard deviations
practically all, or 99.7 parcent, of the fallures (reference ol
p. 38). This approximation holds true for symmetrical or slightly
gkew distributions. Knowledge of the standard deviation is neces-
sary to permit estimation of lot performance from a small sample.

As stated, the initial plan in this investigation was to replace
both fractured blades and severely cracked blades because inspection
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of the wheel during initial runs revealed that a few blades were
badly cracked (figure 3(a)). The assumption was therefore made

that these cracked blades would fail very soon and removal of

blades which had cracks longer than half the blade width would speed
the program by lengthening the interval between wheel removals. The
criterion of fallure of the material was therefore considered to be
fracture or severe cracking. The number of failures recorded during
a glven time period was the total of all replaced. Operation in this
manner was found to allow periods of operation as long as 5.4 hours
without shutdown for overhaul. At shutdown as many as nine

fractured hlades and as many as 13 cracked blades were replaced.

The use of these data in the plotting of distribution curves was
found to be difficult. The time interval chosen for plotting the
frequency-distribution curve was necessarily large because the

length of time between shutdowns was very large. The use of time
intervals less than the length of time between shutdowns occasionally
resulted in time intervals with a frequency of zero. An unsuccessful
attempt was made to adjust the data of the cracked blades to approach
more closely their actual fracture times. The data of the completely
fractures blades were studied to determine the average time elapsed
between a severe crack and a complete fracture, but these elapsed
times had a very wide range and a reliable correction factor could
not be determined. In addition, the exact time when a given amount
of cracking occurred was impossible to determine.

Because of difficulties in handling the adjustment of cracked
blades removed, the procedure was so changed after 28.3 hours
and 103 failures for wheel 1 and 7.7 hours and 32 failures for
wheel 2 that only fracturel blades were replaced. The criterion
for failure was then fractured blades. With this method, the time
of failure was certain. From the failures of the remaining blades,
an attempt was made to approximate fallure life of the cracked
blades that had been removed so that the time for failure could
be adjusted in the plotting of a frequency-distribution curve.
The data were found to be insufficient to allow ad justment; therefore,
the time of replacement of cracked blades was considered the time for
failure and they were then treated in the same manner as fractured

blades.

RESULTS AND DISCUSSION

Wheel 1. - The failures for wheels 1 and 2 are summarized in
tables I and II, respectively. The blade failures experienced
appeared to be of the stress-rupture type, in combination with other
effects. The distribution of blade failures for wheel 1 are shown
in figure 5. The abscissa is the total of power and condition times
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because occasionally a blade faillure occurred during the approach
to test conditions. To consider only condition time would suggest
that blade fallure had occurred without the application of addi-
tional time at stress (zero time at test conditions). In plotting
the results, the time interval of 5 hours beginning at 1, 6, and

11 hours etc. was arbitrarily chosen. At the conditions used, the
average life (mean) for the blades of wheel 1 was 25.52 hours with
a standard deviation of 11.49 hours. Reference 2 (p. 125) gives an
empirical relation whereby the mode may be roughly approximated.

It is expressed by the equation

mode = mean - 3 (mean - median)

The median is the life of the middle most blade of the 142 investi-
gated, that is, the life of the 7lst or 72nd blade falled. The
median was 25.53 hours. By substitution into the equation, the
mode for wheel 1 was found to be about 25.55 hours. The insigni-
ficance of the difference (0.03 hr) between the mean and the mode
indicates that the distribution is effectively a normal onse.

The deviation is great, which indicates considerable differences

in the performance of the individual blades. These differences
apparently may result from dimensional differences among the blades
that cause a wide variation in stress. An exploration of the pos-
sible dimensional differences in the blades of this wheel ylelded
no data that could be significantly correlated to explain the large
range in blade life, which indicates that this effect was of
gsecondary importance. Possibly the large deviation may be explained
by the presence of minute faults in the blade material — faults

too small to be resolved by the usual inspection methods. Although
a radiographic inspection method is used for detection of internal
flaws and a fluorescent-oil method for external cracks, the size of
the flaws detected 1s limited by the resolving power of the inspec-
tion equipment. Considerable improvement in blade performance
could probably be made by reducing the dispersion of fallure times
by the use of better inspection techniques and improved processing.
The existence of blades with a life of 70 hours, as shown at the
upper end of the distribution curve, suggests this life as a goal
for the blades of wheel 1 that may be reached by preliminary
elimination and improvement of the blades that fall early.

Comparison of wheels 1 and 2. - Wheel 2 was included to present
data for comparison with wheel 1. Obviously, 1if the blade -lives
of wheels 1 and 2 were to be compared on the basis of time for
initial failure, an incorrect conclusion would result as to what
the average performance might be. The first blade fallure of
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wheel 1 occurred after 3.92 hours and the first of wheel 2 after
5.59 hours. If the wheels are compared on this basis, the probable
1life of wheel 2 is indicated as being 43 percent greater thamn that
of wheel 1. The error in this conclusion may be seen by comparing
the materials by means of a cumulative-frequency curve (fig. 6),
which is a plot of total blades surviving against running time.

The 1life of the average blade of wheel 2 is suggested as less than
that of wheel 1, contrary to the analysis suggested by consideration
only of initial failures. Although the blades in wheel 2 had
heavier shrouds and consequently were more highly stressed, the
time of initial failure of the wheel was greater than that of @
wheel 1, and the possible error resulting from the use of initial
failure is thereby emphasized.

Evaluation of methods. - The use of distribution curves to study
blade failures can be of great value. First, they clearly define
the performance of the average blade. If an unusually wide dis-
persion exists excessive latitude in dimensional tolerances or
need of improvement in production control is indicated. In addi-
tion, the deviation to the right suggests a goal, or the potenti-
ality of the material, that may be achieved if causes of early
failures can be determined and eliminated.

The operation of a wheel until all the blades have falled is
expensive. If in any particular investigation a great many blades
are found to fracture soon after cracking, thus causing frequent
shutdowns for overhaul, or if cracking is to be considered failure,
operating time probably may safely be reduced by replacing the
cracked blades when the unit is shut down for replacement of
fractures blades. The unit should be stopped at regular intervals
and the wheel inspected for the presence of cracked blades. The
approximate time of cracking will then be determined. The length
of tlme between shutdowns for inspections should be determined by
the scatter of failures. For a wheel showing a relatively wide
gcatter of blade failures, such as wheel 1, a greater time interval
between inspection shutdowns could be chosen than for a wheel exhib-
iting a narrow range of scatter of fallures, like wheel 2. If the
average life of the material is desired, every blade on the wheel
must be failed, as each one falled increases the average life of the

total failed.

The cost of obtaining the average life for material evaluation
and correlation may be reduced by using a much smaller sample than
the 142 blades used in wheel 1. For example, one wheel may have
blades of several materials. The number of materials that may be
tested on one wheel is dependent upon the gize of the sample desired
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for each material. The choice of sample size is dependent upon

how reliable an average is desired and the expected deviation of
the distribution. In order to obtain the same reliability of the
average, a smaller sample would be required of a material exhib-
iting a relatively narrow scatter, such as suggested by the cum-

ulative frequency-distribution curve for wheel 2, than for a material

exhibiting a wide scatter such as that of wheel 1. When using
several materials on one wheel, failure of each blade on the

wheel would still be necessary but failure of all the blades would
result in simultaneous data for several materials. The reliability
o®the average computed from the data for each sample can be esti-
mated by standard statistical procedures, which involves the use

of "t" tables (reference 1, pp. 14 -33, reference 2, 434-443, and
reference 3, 113-128). If more data are found necessary for a
particular material, another sample may be run along with several
other materials on a new wheel.

If some material is chosen as a standard and it is desired

merely to determine whether some other materials are better than
the standard as far as average life is concerned, methods of
sequential analysis may be applied with a further saving in operat-
ing time.

CONCLUSIONS

A study of statistical methods and an analysis of the results

of bucket-failure investigation indicates that:

1. The time for first failure may not in general be taken as

an accurate indication of the performance of the average blade.

2. A need exists for representative performance-life values

ag supplied by statistical methods of analysis for use in com-
parative evaluation and correlation, especially during research and
development, to avoid the errors that may result from consideration
of initial failures only or by the use of too few tests.

3. The use of better inspection techniques and improved proces-

ging may narrow wide distributions and increase life expectancies.
Research on methods of improving the life of the first blade to
fail is needed.

Flight Propulsion Research Laboratory,

National Advisory Committee for Aeronautics,
Cleveland, Ohio, December 14, 1947.
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TABLE I - SUMMARY OF BLADE FATILURES FOR WHEEL 1

Run | Power plus |Cumulative Blades replaced
condition |[total of
time power plus |Fractured |Cracked | Total |[Cumulative|
(hr) condition total
time
(hr)

1 et 55 92 il 0 1 L

2 4,17 8.09 1 L 2 3

3 LS 8.22 2 1 3 6
4 «18 8.40 1 1 2 8

S 2 4635 11,03 1L 1 2 19

6 13 L ¢ehlL il 1 2 19

7 S AR, RSl 2 0 @ 2l

8 3.84 16085 8 & 10 31

9 1D 16.50 1 11 12 43
10 938 2l eS8 10 9 19 62
L 3.42 25.55 9 7 16 78
12 2.20 SilielS 1L 8 ZAaL 99
135 .54 28027 3 1 4 103
14 ceb 28,55 1L 1 104
15 ol 29.50 il il 105
16 S 2965 1l Wl 106
17 150357 30.97 2 & 108
18 L5 SeZ2 4 4 42
19 12l 52550 2 2 114
20 o (D 551010 4 4 L8
2 1.43 34.53 %] 3 121
2o 1502 55455 1L 1 122
23 2lail > 37 .28 2 2 124
24 .45 Sl il L 125
25 178 39595 1 3L 126
26 WS35 41.05 5 3 129
2 ST 41,27 1 e 130
28 S 41.42 1 i 131
29 15590 43.32 1 1 132
30 0D 43,85 2 2 134
31 157 45,22 2 2 136
e 210 45,32 Al 1 1Ly
33 DD 45,87 1 L 138
34 ool 49,18 1 i 139
515 15529 61.47 1 1 140
36 9855 70.82 1 i 141
37 120 72,02 1 1 142
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TABLE II - SUMMARY OF BLADE FATLURES FOR WHEEL 2

Run | Power plus| Cumulative
condition | total of Blades replaced
time power plus
(hr) condition | Fractured | Cracked | Total | Cumulative
time total
(hr)

il 5.59 5.59 L 0 1 1
2 .23 5.82 i (0] 1 2
3 Atk SR93 ik 3 2 4
4 -0 6.03 1 0 3t S
5 .09 6.12 2 0 4 7
6 o2 6.24 1 0 1 8
7 209 6.353 1t 0 ik 9
8 o)/ 6.40 2 0 2 11
9 .20 6.60 4 0 4 15
10 ALk 6.77 1 0 i 16
niL el S lf 1 0 il 17
12 ol 17 6.89 2 0 2 19
13 .22 Tfodlit 1 4 S 24
14 .20 oSt 1 3 4 28
15 «1a 7.43 1 0 1 29
16 <15 7.58 it 0 3 30
17 S0 7.68 1 1 2 32
18 <05 Teil> 1l 1 33
19 +22 795 AL 11 44
20 <07 8.03 il 1 45
21 209 8.12 2 2 47
22 10 8.28 1 il 48
23 .05 8.27 2 2 50
24 L 8.357 1 1 Sl
25 .07 8.52 il 1l 52
26 .06 8.58 ik 1 53
27 .14 8.72 2 2 S5
28 .06 8.78 1 1 56
239 alo) 8.88 1 i 57
30 .05 8.95 1 il 58
S .10 9.03 2 2 60
32 S07 9.10 1 il 61
35 +10 9.20 ik 1 62
34 +10 9.37 1 1 63
55 <05 9.42 It 1 64
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(b) Photograph, front view.

Figure |. — Concluded. Setup for turbine-blade-failure investigation.
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(a) Long-necked turbine (b) Long-necked turbine
blade, front view. blade. side view.
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(c) Short-necked turbine (d) Short-necked turbine
blade, front view. blade, side view.
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Figure 2. — Typical gas—turbine blades used in investigation, shown as
received.
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(a) Turbine wheel showing cracked and fractured blades.

Figure 3. — Damage to blades of wheel | after 285 hours of power and
condition time.
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(b) Fragments of fractured blades.
Damage to blades of wheel | after 285 hours of

Figure 3. — Concluded.

power and condition time.
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Figure 4, - Possible relations of time for initial failure to average life.
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Figure 5. - Distribution of time to blade failure for wheel 1.
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Figure 6, - Cumulative-frequency curves of time for blade failures,




