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I - OBJECTIVES
By Benjamin Pinkel

This serles of papers discusses the problem of obtaining high operational reli-
ability for turbojet engines. By high operational reliability is meant operation
with low probability of flight accident. High operational reliability is easier to
achieve and operating costs are reduced with engine components of increased life.
The considerations involved in increasing component life are briefly discussed.

High operational reliability can be cbtained by proper practices in engine de-
sign, manufacture, flight operation, and maintenance based on an accurate knowledge
of the characteristics of the engine and its components. Studies of these charac-
teristics have been made at the NACA Lewis laboratory. This series of papers re-
views the pertinent characteristics of the engine and its components, and discusses
in the light of this information the kinds of action necessary to improve operational
reliability.

As a starting point, the failure data on jet engines in military service were
exsmined. These data served mainly to reveal the components that were the principal
sources of difficulty, and they provided only a rough indication of their modes of
failure and failure times. A study was also made of flight accident records to de-
termine the severity of the operational difficulties that resulted from failure of
these various components.

The service records revealed the failure of a large variety of components.
Some of these components have no unusual stress or wear problems and with proper
design should last indefinitely. Other components have finite lives because of
wear, fatigue by vibration and thermal cycling, and creep. Turbine buckets, turbine
disks, bearings, and combustor liners are examples of parts with finite lives. The
lives of these components in many of the current military engines are considerably
shorter than desired times to overhaul. Unpredictable failures of some of the com-
ponents come from environmental causes such as foreign-object damage. Foreign-
object damage ranges from immediate destruction of the engine to nicking of the com-
pressor and turbine blades which can result in reduction in their lives. Shortened
life of components in the hot end of the engine results from overheating or over-
stressing as a result of malfunctioning of the automatic control or bad handling
practice by the pilot.

If the wear-out or failure times could be accurately specified, then high oper-
ational reliability could be achieved even with components of short life by a proper
replacement schedule. However, the normal scatter in material properties and dif-
ferences in severity of the operational histories of individual engines place part
of the burden of preventing failure in flight on service-inspection procedures.
Hence, the scheduling of replacements and of inspections is part of the procedure
for improving operational reliability. These inspection and replacement procedures
must be derived from a knowledge of the failure mechanisms of the components. This
derivation will be discussed.

Increased reliability can be obtained at a sacrifice in performance or an in-

crease in cost. Examples of methods of increasing reliability at a sacrifice in
thrust per unit weight are

(1) Strengthening the engine (e.g., through the use of a centrifugal compressor
in place of the axial compressor and more rugged critical chponents)

(2) Reducing operating temperature and stress
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Examples of methods of increasing reliability at the expense of greater initial cost
or greater maintenance cost are, respectively,

(1) Increasing development effort and quality control
(2) Increasing frequency of inspection and replacement of parts

The finding of the best compromise between reliability, performance, and cost
is a special study for each engine and each application. For example, specific
thrust is given more importance relative to these other factors in the fighter than
in the transport application. This type of analysis will not be attempted. However,
it is hoped that the insight presented into the characteristics of the engine and
its components will provide guidance for these special analyses.

Unfortunately, all the data needed for the discussion of the operational reli-
ability problem were not available. The additional information needed will be

pointed out.

In summary therefore, an attempt will be made in these papers to provide the
following:
(1) An analysis of statistical data on failure of engine components in service
to reveal (a) the most critical engine components, their modes of failure,

and failure times; and (b) the tendency of the failure of the component to
cause engine failure and flight accident

(2) A review of the theory and experimental data relating to the engine and its
components that reveal (a) the causes of component failures, (b) the manner
in which the components fail, (c) the factors that influence failure time and
the relation between performance and failure time, (d) the phenomena that in-
dicate incipient failure and the grace time between incipient and final fail-
ure, and (e) the effect of the component failure on the engine

(3) A discussion of the measures required to improve operational reliability,
covering the following activities:

(a) Design and manufacture

(b) Inspections

(c) Replacements

(d) Maintenance practices

(e) Flight operational practices

(4) Additional information needed

The records reveal failure of a large number of miscellaneous engine components.

However, in these papers, only components are covered which are pressed by turbojet
performance requirements to operate at conditions where uncertainty exists regarding
the desipgn factors and the behavior of materials. Because foreign-object damage and
difficulties arising from inadequate or defective control can greatly reduce coOm
nent life, these topics are also included.
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The NACA is indebted for statistical data and valusble discussion to personnel
. in Wright Air Development Center, Air Materiel Command, Oklahoma City Air Materials
Area, Directorate of Flight Safety, Bureau of Aeronautics, and the Aircraft Engine
Industries.

In order to avoid proprietary difficulties, engines and aircraft are designated
by a code system.

'SLE
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II - FAILURE STATISTICS

By Floyd B. Garrett and G. M. Ault

SUMMARY

Service records of turbojet engines in Air Force military service were sampled
end studied. Although the records were not designed for this purpose, considerable
insight was gained as to the causes and frequency of turbojet-engine failure. Data
required for an improved future study are suggested.

The time to overhaul of the average turbojet engines of three models for which
considerable experience has been obtained varied with engine model and application
from 105 to 760 hours. Most of the engines were near the low side of this band.
The most frequent and consistent cause of overhaul was foreign-object damage, from
26 to 59 percent of the engines being overhauled for this reason.

Failures in the hot section (i.e., in the combustor and turbine sections) are
a frequent cause for engine removal from aircraft. Also large percentages of the
engines going through field repair and major overhaul require replacement and repair
of these components.

Failures of some engine parts have caused flight accidents. In 1953, 205 acci-
dents were due to jet-engine failure or malfunction. The responsible component was
determined for 182. In decreasing order of frequency, these were fuel-control fail-
ure (68 accidents), compressor failure including foreign-object damage (54 accidents),
turbine bucket failure (16 accidents), turbine disk failure (14 accidents), main
bearing failure (10 accidents), and finally miscellaneous, which includes 20 acci-
dents from 16 different causes. Of the 54 accidents resulting from compressor fail-
ure only one involved a centrifugal compressor, although the flying time accumulated
for engines having centrifugal compressors was about the same as for engines having
aXxial compressors,

INTRODUCTION

Service records of turbojet engines were studied in order to obtain insight
into the causes of engine failure. Since the most extensive use of these engines
has been by the U.S. Air Force, the records of this organization were examined in
some detail.

This paper summarizes the results of this study and indicates, where possible,
the times to major overhaul obtained on these engines, the engine components that
most commonly failed, and the operating lives of some of the components. In addi-
tion, 'accident records for jet-powered aircraft for the year 1953 were reviewed to
indicate component failures that have been important causes of accidents. Since the
records available were not designed specifically for the study of engine reliability,
comments are offered as to the records desired to facilitate future studies such as
described herein. Two appendixes are included to describe in general terms the actu-
arial method of determining engine life and the two general laws of failure, "chance"
and "wear-out."

The statistical data herein are for engines of older design that have been
operated in the military services. Sufficient operating experience is not yet avail-
able for later engines to permit such a study. It is inaccurate to extrapolate all
the implications of these data on older engines to the performance of engines of the
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latest design and to operations in other services, such as in commercial transport.
The later designs have corrected many faults of the older designs; however, they
also can be expected to possess faults yet to be discovered. By bringing to light
all possible information on several engines for which considerable operation has
been experienced, it is hoped that the later designs may avoid the faults of the
older designs.

In addition, for reasons given herein, this statistical study is limited as far
as possible to engines that had never been previously overhauled and, therefore, to
engines of relatively short operating times. For some components, particularly the
turbine disk, long-time operation can be expected to introduce failures not revealed
herein. In these cases, more data are presented in the other parts of this report
that discuss the individual components.

The engines and aircraft are coded. For aircraft, the code B indicates bomber
aircraft, C indicates cargo aircraft, and F indicates fighter aircraft.

SOURCES OF DATA

The Air Force records from which data were available are shown in table I. The
first column lists the titles of the records, and the third column tabulates infor-
mation obtained from these records for this study. Since the records were collected
by the Air Force for purposes other than the type of analysis presented in this
report, there are some limitations; these are listed in column four. The time peri-
ods studied are indicated in the last column. The first source is the Aircraft
Engine Life Expectancy Exposure Table, published monthly. This record gives the
operating time since manufacture or since last overhaul of all engines installed in
Air Force planes. Each engine is not listed separately; but, rather, the engines
of each model are grouped into 10- or 20-hour intervals of flying time. This-record
also gives the number of hours flown each month and the number of engines removed
for major and minor overhaul. From these data the Air Force calculates the expected
time to overhaul (life expectancy) for each engine model. For the present study one
limitation is that this record does not distinguish between "new" (not previously
overhauled) and overhauled engines.

The second source is the Engine Technical Order Compliance and History Record,
commonly called the 60B. This is essentially an engine log that stays with the
engine throughout its life. The record is used to note compliance with Technical
Orders, that is, to note whether recommended engine modifications have been made and
to note when the engine was transferred or overhauled. Since it is not specifically
required that all part changes be noted, it is not possible to follow the-life of
the engine components from this record; therefore, the 60B's were not used in the
present study.

The Engine Removal or Loss Report (ER), which is published monthly, tabulates
for each engine removed from an airplane (that is not immediately reinstalled in the
same position in the same airplane) the cause for engine removal, the operating time
on the engine, and whether the engine is "new" or has been previously overhauled.
The cause for removal is based on the information available to the pilot and the
crew chief or line officer who orders the removal. And, since the engine is only
partially disassembled and inspected, limitations exist. For example, an engine
may have been removed because of excessive vibration; it would be important to know
whether the vibration resulted from a fatigued bearing or a failed compressor blade,
but that will not be known until the engine is disassembled. Also, if a part is
changed while the engine is mounted in the airplane or if the engine is removed, re-
paired, and immediately reinstalled in the same position in the same airplane, no
ER notation would be made.

CONFIDENTIAL
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When an engine is removed because repairs are needed, it can either be repaired
in the field or shipped to an overhaul depot. The Air Force has in operation an
extensive program of field "minor repairs" for jet engines that permits all hot-
section components (combustors, nozzle diaphragms, disks, and buckets) and turbine-
shaft bearings to be replaced in the field rather than requiring the engines to be
sent to major overhaul. Dissassembly of the compressor rotor to replace failed parts
was not permitted in the field at the time of these data. Therefore, field repair
data emphasize hot-section part replacements, whereas data giving reasons for major
overhaul tend to emphasize difficulties within the compressor, including foreign~
object damage, and within the accessory drive section of the engine. No single
source of data gives the complete story. Information on repairs made in the field
are available from (1) Unsatisfactory Reports (UR), and (2) a special Summary of
Field Maintenance and Repair.

A UR is written at the option of field personnel when a difficulty is found
with an engine or engine component. Since a UR is written at the discretion of
field personnel, there is no assurance that one will be written each time a repair
or part change is made. UR's, therefore, cannot be said to give a complete picture
of a difficulty. Generally, however, they do give a qualitative picture of problems
that occur. Such a report gives a description of the unsatisfactory condition en-
countered and the operating hours on the engine since "new" or since last overhaul.
The operating time on a part that may have been previously changed several times is
not given. The UR's are summarized monthly, and the summary is published as a
Statistical Summary of Deficiencies Reported by Unsatisfactory Reports. This form
tabulates for each engine model the number of times for the month and accumulated
for the year that a particular difficulty has been reported. The summary is in very
broad terms (e.g., number of "internal failures,” "vibration difficulties”). This
report does not indicate engine operating times.

e

Another source of field maintenance and repair data is a special Sumhary of
Field Maintenance and Repair made available by OCAMA. This tabulation indicates the
percentage of each engine model going through the field repair program that has a
particular part replaced. It does not indicate the operating time on the engines,
or whether the engines are new or have previously been overhauled or repaired.

When an engine goes through major overhaul, a Disassembly Inspection Report
(DIR) is written. This describes, in the opinion of the inspector, the particular
part failure or other reason (e.g., foreign-object damage) that caused the engine
to require overhaul and describes in considerable detail all the part replacements
made for each engine. Currently, this is the most complete of all engine records.
The major limitation is that, even for an engine never previously overhauled, it is
not certain that a part replaced in overhaul has not also been previously replaced
in the field. Thus, the operating time on any part cannot be stated with certainty.
Engines A and B overhauled at OCAMA had previous minor repairs noted on the DIR's
insofar as the data were available to the inspector from the engine 60B‘'s. Minor
repair data are not noted on DIR's for C engines. The DIR's are summarized monthly,
and the summary is published as a Statistical Summary of Disassembly Inspection
Reports. This summary tabulates for each engine model the number of times for the
month and accumulated for the year that a particular part failure, environment,
(e.g., foreign object) or operating condition (e.g., overtemperature) has caused an
engine to require major or minor overhaul. The summary separates new engines from
those previously overhauled. The engines of each model are grouped on the basis of
reason for overhaul, and the average operating time since manufacture or last over-
haul is given for each of these groups.
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The remaining sections of this paper describe the results obtained from a study
of several of these sources for various models of three engines. For each source
used, data covering a complete 3-month period were studied as indicated in table I.
The same time period could not be used for all sources, because the data were not
available. In the case of DIR's, the time period represents the time period of
overhaul. Some of the engines had been removed from service several months before
overhaul. The DIR's were not available to permit grouping on the basis of time of
removal from service, although it might have been priferable to do so.

The Air Force revised its methods of collecting data on part failures and re-
placements in February of 1955 (ref. 1). An important difference in the new system
is that every part replacement or repair must be noted on a special form and sent
to a central agency. With these data the true magnitude of part replacements will
be readily available. In addition, when an engine undergoes field repair or inspec-
tion, a DIR will be written similar to that now written for overhaul. Records are
discussed more fully in the section SERVICE RECORDS DESIRED.

COMPARTISON OF JET- AND RECIPROCATING-ENGINE LIFE

The times to overhaul (engine lives) of aircraft engines used in military air-
craft are given in reference 2. To provide a crude yardstick for measuring engine
life, the times to overhaul of the jet engines are compared with the times to over-
haul of reciprocating engines of 2000 horsepower or greater also in use in military
service.

Comparisons of the lives of jet and reciprocating engines may not be entirely
fair, because the engines do not perform the same function. The reciprocating
engines are used by the Air Force to power bomber and cargo aircraft, whereas the
Jet engines power bomber and fighter aircraft. Comparisons of engine lives made
herein are based on the times to overhaul determined by actuarial computations de-
scribed in references 2 and 3 and appendix B herein. For reasons described in appen-
dix B, engine lives are compared herein on the basis of the median time to overhaul =
rather than the mean. The median time to overhaul, which is the time when 50 per-
cent of the engines of a sample will go to overhaul, is called "the life of the aver-
age engine" as contrasted to the mean, which is the average life.

In general, the life of the average jet engine is appreciably less than that of
the average reciprocating engine. This may be seen in table II, where for the jet
engines the life of the average engine ranges from 105 to 760 hours, with most models
on the low side of this band. For several models of reciprocating engines, the life

of the average engine ranges from 340 to 1140 hours, with many models above 650 hours.

The characteristic shape of these distribution curves is indicated by the sample
cumulative frequency distributions plotted in figure 1 (see appendix B for descrip-
tion of plot). Besides the indicated differences in lives of the average engine,
another comparison can be made by noting the percentage removed for overhaul after
a particular time period. For example, at the end of 100 hours, for the jet engine,
31 percent of the C-7's, 28 percent of the B-3's, and 11 percent of the A-7's would
go to overhaul; whereas, for the reciprocating engines, only 4 percent of the R-1's
and R-3's used in a cargo aircraft and 8 percent of the R-3's used in a bomber air-
craft would go to overhaul.

It should be emphasized that these data indicate only the time to major over-
haul. 1In the case of the jet engines, an extensive field minor repair program is in
operation. The minor repair program for jet and reciprocating engines can be com-
pared on the basis of the number of removals for minor repair per removal for major
overhaul. This ratio is indicated in figure 1 and for several engines in figure 2.

CONFIDENTTIAL
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For the jet engines the number of removals for minor repair per removal for major
overhaul varies from 0.5 to 17, whereas it varies from O to 0.10 for the recipro-
cating engines. From table II and figures 1 and 2, it is apparent that times to
overhaul are much shorter for the jet engines in spite of the extensive Jet-engine
field minor repair program.

In addition to time to overhaul, it may be of interest to consider the number
of removals of the engines from aircraft for repair or overhaul per unit of flight
time. This comparison is shown in figure 3 on the basis of number of removals per
10,000 hours of flight time. The jets obviously have many more removals than the
reciprocating engines. The removal rate varies by engine model and application.
The C-1 to C-5 Jet engines in a training fighter had 307 removals per 10,000 hours
of flight, whereas in the same application another model of the same engine, the
C-7, had 46 removals.

The time to overhaul of jet engines is a function of the application and engine
design, as is indicated in figure 4, where the distribution of time to overhaul of
five models of the B engine are compared. The lowest median overhaul time, about
80 hours, is for the B-7 in a bomber. Another model of the same engine, the B-9,
used in another bomber (B-4) has appreciably greater life (750 hrs). In fact (based
on actuarial data), this engine has the longest median time to overhaul of any jet
engine for which data are available. Another model of the B engine, the B-3, used
in this same bomber aircraft (B-4) has appreciably less median life (220 hrs).
Another interesting point results from a comparison of-the B-6 and B-11 with the
B-10 engine. The engines are similar and power essentially the same fighter air-
Pplane, but the B-6 and B-11 engines having the lower life are equipped with after-
burners and also operate more time at maximum engine speed.

ENGINE REPAIR AND OVERHAUL DATA
Causes of Engine Removal

It is of interest to consider why engines are removed from aircraft, what parts
most frequently need repair in the field, and what is repaired in major overhaul.
The causes for removal of engines from aircraft are summarized in figure 5 for five
engine models from the Engine Removal Reports. (More accurately the figure summa-
rizes causes of engine removal that result in installation of a different engine in
the aircraft, since this is the only time an ER is written.) The stated cause re-
flects the information available to the pilot and crew chief,or line officer who
orders the removal. These men have probably looked into the iplet for compressor
blade damage from foreign objects and perhaps removed the tail ¢one to examine the
turbine section. Since the data are to be later tabulated by automatic machines,
they are limited to a code system indicating the reason for engine removal. If a
satisfactory code letter does not exist, the cause for removal is indicated with a
code letter designating "other known reason, not specified by code."

> *

The statistics on five engine models were studied. The high mark n each bar
(maximum) represents the model having largest percentage found for the spegified
removal cause, while the low mark (minimum) represents the model having,¢ﬁé lowest
percentage of this removal cause. The spread for each cause is represented in fig-
ure 5 by the height of the cross-hatched area.

The distribution of reasons for removal among the five individual engine models
is shown in figure 6. One of the largest categories for every engine model is the
number removed for other known reasons not specified by code, which varied between
9 and 27 percent (Eig. 5). The bearing category rarely shows any entries. If a
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main bearing were bad, it might be more likely noted under rough operation or exces-
sive vibration, since the engine has not been disassembled to a point where those
making out the engine removal form can see the damaged bearing. The cause of the
rough operation or vibration will not be 'known until the engine can be disassembled
in field repair or in overhaul. The importance of a particular component in causing
engine removals varies from engine to engine. For example, the turbine section
other than buckets caused 23 percent of the removals in one engine, but none in
another engine. This is indicated by the fact that the shaded area goes down to

the axis (fig. 5).

Another point is that foreign-object demage is consistently a problem. At a
minimum, it caused 9 percent of the removals of one engine model and up to a maximum
of 39 percent of another model. Other causes that were high were turbine buckets,
internal failure, engine accessories, and rough operation or vibration.

Parts Replacements Made in the Field

As mentioned earlier, when an engine is removed from an airplane for repairs,
it can either be repaired in the field or sent to major overhaul. A 3-month summary
of the field repair data is shown in table III and as a bar graph in figure 7, which
shows the percentage of the A, B, and C engines going through field repair that had
particular parts replaced. As mentioned previously, at the time these data were
collected, replacement of all hot-section parts was permitted in the field. Dis-
assembly of the compressor to replace stator vanes or rotor blades was not permitted,
however. If a stator vane or rotor blade in the compressor needed replacing, the
engine was sent to major overhaul. Thus, field maintenance data emphasize hot-section
repairs, and major overhaul data tend to emphasize foreign-object damage and com-
pressor repairs. The compressor could be reworked in the field, however, to "stone
out" minor nicks or dents resulting from foreign objects; and, on an average, 18
percent of the B engines going through overhaul had compressors reworked because of
foreign-object damage. In the later section on parts replaced at overhaul, those
parts replaced because of foreign-object damage are isolated from other causes, but
these field data apparently do not make this distinction; thus, some replacements
of turbine buckets, for example, may have been because of nicks and dents from for-
eign objects as well as from cracking or fracture resulting from fatigue or stress-
rupture. Also, the replacement of turbine wheels apparently does not necessarily
indicate failure of the disk, since entire wheel assemblies are occasionally replaced
in the field, even though only some of the buckets have failed. The disks are sub-
sequently rebladed and returned to service in a different engine.

These data from field repairs show that many hot-section parts are being re-
placed on engines going through minor repair. For example, 35 percent of the C
engines had wheel assemblies replaced (perhaps because of either bucket or disk
failures), 25 percent of the B engines had buckets replaced, 55 percent of the C
engines had nozzle diaphragms replaced or repaired, and 55 percent of the A engines
required replacement of the combustor inner liner. Although bearing replacements
were high, it will be pointed out later that, because of the absence of an accurate
criterion of bearing failures, the fact that a bearing is replaced does not neces-
sarily mean that the bearing was bad. Also, it is clear that the life of a compo-
nent varies with engine design. For example, replacement of a combustor inner liner
was required in 55 percent of the A engines but in only 15 percent of the C engines.
Data were not available to permit association of these replacements with operating
times of the engines.

CONFIDENTIAL
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Causes of Engine Overhaul

The number of Disassembly Inspection Reports available for engines being over-
hauled for the first time in the 3-month study period are shown in table IV. The
fact that the engine life varies with engine model and application (fig. 4) means
that engines should not be grouped when studying causes of overhaul and part failure.
Because sample sizes in some cases were so small, a decision was made to study only
those engine models having more than 50 engines overhauled in the study period. In
addition, only new engines (not previously overhauled) were studied to minimize the
uncertainties regarding operating times on the parts. These factors limited the
study to the five engine models indicated by asterisks in table IV.

This table also indicates for the five engines studied the maximum and median
operating time on the engines in overhaul. The fact that the data are limited to
engines having relatively short operating times must be kept in mind when drawing
conclusions from the data. For example, one reason that a disk problem was not re-
vealed by these DIR statistics is that most of the disk failure mechanisms are time-
or cycle-dependent, and the engines studied have not operated sufficiently long for
disk failures to be encountered. A better insight into the magnitude of disk prob-
lems can be gained from part VIII on turbine disks, since the authors have also re-
viewed some of the statistics for engines that had one or more overhauls and have
thus accumulated more operating time. The B-7 engine is not reviewed herein, be-
cause it is used in an unusually severe and uncommon application.

The cause for engine overhaul for five jet engines is shown in detail in fig-
ure 8. These data are from the DIR's that 1list, in the opinion of the inspector, the
single failed part, the environment, or the other reason (e.g., personnel errors,
crash, or accident) that caused the engine to come to overhaul. The data are based
upon an inspection after disassembly of the engine.

In each case the height of the shaded bar indicates the percentage of engines
that were overhauled because of failure in a particular section of the engine (read-
ing the right ordinate scale); for example, 8.8 percent of the A-7 engines were in
overhaul because of failure in the compressor section. The height of bars to the
left of the shaded bar indicates the relative distribution of replacements among the
particular parts of the compressor; for example, 6 percent of the A-7 engines were
overhauled because of compressor rotor blade failure and about 0.8 percent because
of stator vane failure. The left ordinate scale indicates component failures as a
percentage of engines for which component failures are the cause for overhaul; for
example, failures in the compressor section of the A-7 engine represented 55 percent
of the engine component causes of overhaul but only about 8.8 percent of all causes.
If a part failed because of foreign-object damage, the cause of overhaul was noted
as foreign-object damage and not charged to the particular engine part. The causes
of overhaul are summarized by section of the engine (e.g., bearings, combustor
assembly, etc.) for all five models in figure 9. The most frequent reason for en-
gine overhauled was foreign-object damage (varying between 26 and 59 percent), the
minimum being higher than the maximum for any other cause.

Table V indicates that, in all cases where engines were overhauled because of
foreign-object damage, the damage causing overhaul was noted in the compressor. The
relative importance of an engine part in causing overhaul varied with engine design
or application (fig. 8 and table V); for example, the turbine section in the A en-
gine was an infrequent reason for overhaul, but in the B-3 the turbine section is
second only to foreign objects.

As the field minor repair program continues to expand, part failures in the
engine hot sections, such as the combustor assembly and the turbine section, will be
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a reason for sending an engine to major overhaul even less often, since repairs of
hot-section parts will be made in the field.

Parts Replaced at Overhaul

All parts replaced in overhaul on five models of jet engines undergoing their
first overhaul during a 3-month period are summarized in this section, again based
on data from DIR's. Figure 10 and table VI give a detailed breakdown on part re-
placements. The data are summarized by section of the engine (e.g., bearings, com-
bustor assembly) in figure 11. All replacements noted by component in figures 10
and 11 are for reasons other than foreign-object damage. Very large percentages of
some parts were replaced in overhaul. For example, from 25 to 60 percent of the
engines had one or more of the main bearings replaced, and about 90 percent of the
C-7 engines required part replacements in the turbine section. Part replacements
because of foreign-object damage were very high in all engines.

Table VI includes a breakdown of parts replaced or repaired because of foreign-
object damage. It is apparent that both stators and rotating blades and buckets
suffer damage from foreign objects. The C-7 engine, the only centrifugal-flow en-
gine among the five studied, had a lower frequency of compressor damage than turbine
demage, whereas the axial-flow engines suffered more compressor than turbine damage.

The fact that parts were replaced or repaired in overhaul does not necessarily
mean, of course, that the engine would not have been operative if the part had not
been replaced. For example, a turbine bucket may have been replaced because it had
a cracked airfoil; if not replaced, appreciable additional operating time might be
achieved in some cases before the airfoil completely fractured. Cracked parts can-
not be left in, however, unless it definitely is known that the progression to frac-
ture will be very slow and that fracture will never cause an aircraft accident. The
date do indicate that the parts show at least incipient failure.

None of these engines had ever been overhauled previously; and the average en-
gine in overhaul had short operating times since new, ranging from 55 hours for the
B-9 engine to 305 hours for the C-7 engine. It might be thought that these high re-
Placement rates are not typical for all engines in service, since the data are' only
from engines in overhaul. Because a majority of these engines came to overhaul be-
cause of foreign-object damage, a "chance" phenomenon (appendix A), the data do tend
to represent all engines in service. From these figures and the earlier one on field
replacements (fig. 7), it is seen that whenever these engines are carefully examined
large numbers of parts will need replacement or repair. This is particularly true
of hot-section parts and perhaps main bearings. It is not certain when a bearing is
replaced that it has clear indications of damage, however. Also, many parts will
need replacement because of foreign-object damage.

The number of replacements of any part varies with engine design; for example,
replacements of the nozzle diaphragm were made in only 8 percent of the B-10 engines
but in 88 percent of the C-7 engines (fig. 10). The number of replacements also
varies with the application of the engine.

Time Dependency of Part Failure

The most important data needed from service experience to assess the reliability
of any engine part accurately and objectively are the rates of failure against oper-
ating time. (Rate of failure is the percentage of the parts in service that fail
per unit of time.) If the failure rate against operating time is known, the serious-
ness of reported part failures will be known and need not be based on conjecture.
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For example, the previous section on Causes of Engine Overhaul stated that foreign~
object damage was the most frequent and consistent cause for overhaul and that from
26 to 59 percent of the engines in overhaul came for that reason. This number is
not of importance, however, unless it is related at least to the operating life of
the engines. If the operating life were very long, say 10,000 hours, the fact that
an engine came to overhaul because of foreign-object demage would not be nearly so
significant as in the case of an average life of only 250 hours. The true impor-
tance would be clear if the percentage of engines requiring overhaul because of
foreign-object demage per unit of flying time were known. In addition, from data
of failure rate against operating time it can be determined whether the part fail-
ure follows a "chance law" (failure rate time-independent) or "wear-out law" (fail-
ure rate time-dependent). These laws are described in appendix A,

If the part failure follows a chance law, scheduled replacements will be of no
help in avoiding failures. Inspections to search for incipient failures, say cracks
that may lead to complete part fracture, may still be helpful in some cases, however,
The failure rate can be reduced by reducing the severity of the enviromment (e.g.,
screening the engine or cleaning runways to protect against foreign objects) or by
making the component better able to withstand the environment with improved materials
or redesign.

If the part failure follows a wear-out law, then a grace period may be found
during which no failures occur. Replacements can be scheduled before failures start
or when the rate reaches a certain value. The failure- law followed by a part should
be determined from service records, because unpredictable environments might cause
e part failure that was expected to follow a wear-out law to follow essentially a
chance law. Also, failure rates may be higher in service than predicted by design
or by test-stand operation.

The failure rate for components could be determined by introducing a known
sample of new engines into service and determining the percentage of the particular
part failed after the engines have operated through various time periods. Also, the
failure rate of crmponents could be determined by the actuarial method (appendix B)
if the component failures were reported as related to total exposures to failure in
& menner similar to that now reported by the Air Force for the engines as a whole.
Since data such as these are not now avallable, variation of failure rates with oper-
ating time cannot be determined for engine components.

Data are available from the DIR's that give the operating times on the engines
in overhaul, the part failures that caused the engine to come to overhaul, and all
additional parts repaired or replaced in overhaul. An attempt was made to see if
something about time dependency (other than failure rates) could be learned from
these data. It is obvious that causes for overhaul must be related in some way to
the engines in service. The parts that cause the engine to come to overhaul are
essentially the "bad" parts, and any study that considers only the engines in over-
haul would be basing conclusions on the bad parts and neglecting the part of the
sample that is still in service. It is basic that any discussion of time dependency
of failure must relate those failed to the sample as a whole. This subject is dis-
cussed in more detail for the engine as a whole in appendix A. The causes for over-
haul could not be related to the total engines in service, because the service in-
formation was not available.

Based on the arguments that follow, some efforts were possible to determine
time dependency of failure for the parts replaced or repaired in overhaul (1n addi-
tion to those causing overhaul). If a random sample of engines from service can be
selected and the parts thoroughly exsmined for failure, some information can be ob-
tained by determining the percentage of these examined per unit of operating time
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that have a particular failure and plotting these data against operating time. At
least some insight may be gained as to whether service time affects part failure,
and some idea of percentages of failures may be indicated. Generally, these fail-
ures found will be "incipient" failures as contrasted to failures that will make the
engine inoperative. For example, if a sample of engines is chosen from service and
examined for failures, the turbine buckets may show cracks, but very few would have
the airfoil missing, since missing airfoils would have made the engine inoperative
and such buckets would have already been repaired.

The engines examined in overhaul tend to meet the needs for a random sample, in
that the majority of these engines were in overhaul because of foreign-object damage
(which is a chance phenomenon), or for causes unrelated to the engine (e.g., demage
in handling). The time dependency of the failure of parts replaced because of other
than foreign-object damage was examined. The engines were grouped into classes of
about the same number of engines, usually about 20, but in order of increasing oper-
ating time. The failure rates for the first 20, then the second 20, and so forth,
were determined and plotted as bar graphs (or histograms) against operating time
(fig. 12). If no failures were noted, the end of the sample interval is indicated
by a short vertical line. Smooth curves are drawn through the midpoints of the tops
of the bars to produce the final curves. Plots were made for all main bearings,
compressor blades, combustor inner liners and transition liners, nozzle diaphragms,
turbine disks, and turbine buckets.

For the bearings it was quickly found that as a rule a straight horizontal line
would fit the histograms quite well, suggesting that the probability of replacing
a bearing in overhaul is independent of operating time on the bearing. Although
these bearing data indicated that bearing replacement is independent of age of the
bearing, bearing failure is not necessarily time-independent. The inspector who
makes the decision to replace the bearing does not have an accurate criterion for
rejecting bearings. Rejection is often based on his intuition plus the reasonable
philosophy that as long as the engine is disassembled anyway, new bearings may as
well be installed. Part IX of this report proves that many good bearings are re-
placed during overhaul. Since bearing replacement does not indicate bearing failure,
nothing can be learned from an examination of such data, and no curves are presented.

For most other parts, however, the basis for replacement is cracking, warping,
or fracture of the part, and part replacement indicates incipient failure. "Replace-
ment probability" curves are presented for each of the other parts by engine model
in figure 12. In many cases the probability of the need for part repair or replace-
ment is quite high and increases rapidly with time. For example, figure 12(a) shows
data for the A-7 engine. The curve shows that, for engines having only SO hours of
operating time, 15 percent needed nozzle diaphragm replacement or repair. The prob-
ability increased rapidly until, after 275 hours of operating time, more than 90
percent of the engines needed nozzle diaphragm repair or replacement. A similar
curve is shown for inner liners. The curve starts high, and the probable necessity
of inner liner replacement increases rapidly with age.

Some of these parts in service engines show a grace period. Thigs is indicated
for the turbine buckets in the B-3 engine (fig. 12(b)), where none of the engines
that had run less than 138 hours needed turbine bucket replacement; then the prob-
ebility started to increase. In order to achieve good reliability, all components
should have a grace period so that replacements can be scheduled to avoid failures.
The grace period should be very long - preferably greater than the desired time to
overhaul - so that replacements do not have to be made before major overhaul. Other
parts also showed a grace period. For example, no turbine disk failures were indi-
cated out to the maximum time on these B-3 engines in overhaul, 635 hours. The
sample size was very small, however.
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Unfortunately, many of the hot-section components exhibit failures starting
near zero time. It is of interest, however, that, although high rates were found
for a component in one engine, the failure rate for this component may be negligible
in another engine for the operating time for which data were available.

If data plots like these are to be used, they should be based on much larger
sample sizes and they must be very carefully interpreted. For example, the C-7 en-
gine (fig. 12(e)) gives no indication of incipient bucket failure. The chapter on
turbine buckets (part VII) points out that the nature of the failure mechanism of |
the buckets in this engine is such that incipient failure will not be found. The
buckets progress from cracking to fracture so rapidly that the first indication of
fracture is actual bucket fracture. The method of inspection must also be consid-
ered. This was discussed in connection with bearing failures. Also, no incipient
failures of turbine disks were found in the B-9 engine. New inspection procedures
have since been introduced that are now finding quite high percentages of incipient
cracks in disks in overhaul in this engine.

ACCIDENT STATISTICS

A summary of the causes of engine failure or malfunction that resulted in 205
jet-powered aircraft accidents in the year 1953 is shown in figure 13 (data from
ref. 4). The part failure responsible for accident could not be determined in 11
percent of these accidents. The biggest single offender was the fuel control, which
caused 33 percent of the accidents. Second was compressor failure, including that
due to foreign objects; following this was turbine buckets, then turbine disks,
bearings, and finally miscellaneous, which includes 20 accidents from 16 different
causes. For each of the components listed in figure 13, about half the failures
resulted in destruction of the airplane.

Of these 205 accidents, 173 were listed as major accidents, of which 100 re-
sulted in total distruction of the aircraft and 73 in substantial damage to the air-~
craft. The rate for major accidents caused by engine failure or malfunction was 7.9
per 100,000 aircraft flying hours (ref. 5). It is of interest that the failure rate
for axial-flow engines was almost 3 times that for centrifugal-flow engines (12.0
and 4.1, respectively, per 100,000 aircraft flying hours). Of the 54 accidents at-
tributed to compressor failure, only one involved a centrifugal compressor, although
the aircraft flying time accumulated for each engine type was the same, about
1,100,000 hours.

Of the 205 accidents listed in figure 13, 188 involved single-engine aircraft
and 17 involved multiengine aircraft; however, the multiengine aircraft had much
less exposure to failure (i.e., less operating time). The number of major accidents
for multiengine aircraft per unit of operating time (axial-flow engines) was about
the same as for all aircraft having axial-flow engines (12.2 and 12.1 per 100,000
aircraft hours, respectively). For the single-engine aircraft, 98 of the 188, or
52 percent, resulted in destruction of the aircraft; whereas, for multiengine air-
craft only 2 of the 17, or 18 percent, resulted in destruction of the aircraft.

Although only limited flying time (about 105,000 hr) was available in 1953 for
aircraft having pod-mounted engines, the major accident rate was about one-third of
the average, or 3.8 per 100,000 hours (four major accidents). Only one of these
four major accidents resulted in destruction of the aircraft, and in this case the
fragments of the turbine wheel went through the fuselage rupturing the refueling
manifold and setting fire -to the aircraft. In two of the four, the engines that
failed tore loose from the aircraft.
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SERVICE RECORDS DESIRED

As was pointed out earlier in the section on Time Dependency of Part Failure,
the most important data needed from service records are the rates of failure of the
engine components against operating time. With these data the problem areas would
be accurately illuminated and the importance of the problem would be quantitatively
determined. If the correct information were provided, the service data would pro-
vide a basis for the following:

(1) Improved design, both as a basis for quick fixes of urgent problems and as
a basis for building up long-range design criteria so that future designs may
be improved

3761

(2) Improved operating conditions; point out needs for personnel instruction,
improved engine controls, or runway cleaning in the case of foreign-object
damage

(3) Provision of safeguards such as screens for protection against foreign ob-
jects and warning devices to warn of impending part failure

(4) Scheduling of replacements and inspections to reduce the probability of
flight accidents

From a review of the current failure data it is apparent that great economies would
be gained by rapid inflow of quantitative failure rate statistics that indicate
accurately where quick fixes are needed. Besides the savings by reducing the prob-
ability of future aircraft accidents, the logistics problem and the number of spare
engines might be reduced. Frequently, problems continue for a long period of time
before recognized and studies toward a fix are initiated.

The desired records involve two main features: First, an accurate operating
history of engines in service is required, and second, all part failures for the
engines in service must be known. These data must be reported in such a way that
the two can be put together to determine a failure rate. In addition to the identi-
fication of the failed part, information is needed as to the nature of the failure
and the location of the failure on the part (see IIC that follows).

Both the Air Force (ref. 1) and the Navy (ref. 6) have initiated new programs
of record collecting as a basis for product improvement. The programs emphasize the
collection of part failure data similar in part to that described in section II that
follows.

Although the magnitude of the required data may seem large, that suggested in
section II is not inconsistent in magnitude with that already initiated by the Air
Force and Navy. In addition, the Air Force is collecting data on engine life for
the actuarial method that at least approximates that suggested in section I. The
magnitude of the program could be reduced by collecting data only for engines that
will be used in appreciable numbers in the future, not data from retiring engine
models.

The following .records appear desirable:

I. ENGINE HISTORY - An engine log should be maintained that will stay with the
engine. o

A. Initial information recorded on this log should include:

1. Serial number of engine
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2. Manufacturer and date of manufacture

3. Modifications incorporated from date of manufacture to date of
installation

4. Date of placing in service
5. Model of aircraft and position in which engine is installed
B. The following history during usage should be recorded:

1. Operating time and date of modifications

2. All part replacements or repairs, including operating time, and date;
where several of a particular part are used (e.g., turbine buckets), a
log of each part and a method of identifying its location in the engine
must be kept so that histories are not mixed

3. History of replacement parts installed (whether new or used)

4. Engine operating time when minor repairs and overhauls are performed
and description of work performed

5. Operating history including:
a. Time at maximum rated conditions
b. Number of accelerations and decelerations
c. Number of starts

d. Duration and severity of each overspeed, overtemperature and
assoclated engine speed, and hot start

e. Base of using activity

At regular intervals (e.g., every 3 months), data for each engine by serial
number should be sent to a central data agency. These data should describe the
total operating time on the engine and the operating time at which overhauls and
repairs were performed and summarize the history of operating conditions.

In view of the extensive minor repair program for jet engines, considerable
doubt is raised as to the usefulness of data describing time to overhaul for these
engines. Since the entire hot section (combustor, turbine section, turbine bearings,
and tail cone) and external accessories can be replaced in the field, engines are
now sent to overhaul primarily because of problems of the compressor and accessory
drive section of the engine. It is understood that changes of even these parts in
the fleld may also be permitted at a later date. Therefore, the average time at
which an engine is sent to overhaul will tell only a very small and difficult to
interpret part of the engine failure story. The specific data that are needed are
the rates of part failure against operating time as developed by I and IT.

II. PART REPLACEMENTS AND REPAIR - Whenever a part is repaired or replaced whether
in the field or during overhaul a record should be sent to a central data agency

indicating:

A. The part and whether it was replaced or repaired and reinstalled
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B. The operating time on the part

C. Failure of the part (e.g., whether cracked, fractured, nicked, dented, or
distorted) and location on part where failure occurred; (the man in the field
cannot be expected to interpret the cause of failure, whether fatigue, stress-
rupture, etc., but with a report of the location and general characteristics
of the failure, a pattern will develop enabling technical personnel to go
into the field to study and interpret a particular type of failure)

D. Model and serial number of engine and the aircraft and base in which engine
was used

E. Circumstances that resulted in finding the failure (e.g., flight inspection,
inspection during overhaul)

F. Effect of part failure on engine operation and associated engine parts
G. Disposition of part replaced, whether condemned or repaired

Data described in I and II are believed to represent all the data required for
an understanding of reliability of the engines. The central agency can enter part
failures by engine serial number into a card-type tabulating system. Having a
record of every part failure or repair and of the operating time on every engine in
service as described in section I, the central agency can determine the failure rate
against operating time of every important engine component. This would simply be a
matter of determining how many engines had completed a time period of flight, say
from O to 25 hours, and what percent had a particular part failure in this time
period.

Although the difficulty in compiling operating data as under IAS is appreciated,
particularly where large numbers of engines are involved, the correlation of com-
ponent life against operating conditions would be of great value in aiding in the
definition of the importance of service operating conditions and in providing a
basis for scheduling replacements. (Additional comments are made on this subject
in the other chapters of this report, particularly in part VII.)

As mentioned previously, the main features of recording of part replacements
as described in section II have already been adopted by the Navy (ref. 6) as well as
the Air Force (ref. 1). In addition, DIR's will be written for all minor repairs
as are now written for major overhauls. The location of the failure on the part (IIC)
is believed to deserve consideration for inclusion into the systems of references
1 and 6. Addition of section I would provide a basis for determining the important
data on component failure rates.

SUMMARY OF RESULTS

Service records of turbojet engines in Air Force military service were sampled
and studied. Although the records were not designed for this purpose, considerable
insight was gained. Suggestions were presented as to data required for any improved
future study similar to that conducted herein.

Among-the more important findings from the available data were the following:
1. The time to overhaul of the average turbojet engines of three models for

which considerable experience has been obtained varied with engine model and appli-
cation from 105 to 760 hours. Most of the engines were near the low side of this
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band. In addition to major overhauls, a very extensive program of field minor re-
pairs is in use for the jet engines. The engines are given 1/2 to 17 minor repairs
for every major overhaul. A minor repair can consist of replacement of all hot-
section components.

2. The most frequent and consistent cause of overhaul was foreign-object damage,
from 26 to 59 percent of the engines being overhauled for this reason. The relative
frequency of other causes for overhaul varied appreciably with engine design and
application.

3. Failures in the hot section of the engine, that is, the combustor and tur-
bine sections, are a frequent cause for engine removal from aircraft. Also, large
percentages of the engines going through field repair and major overhaul require
replacement and repair of these parts. In one engine model, for example, 87 percent
of the engines going through overhaul required repair or replacement of a part in
the turbine section, either bucket, disks, or nozzle diaphragm. The age of the
average engine in overhaul was 305 hours. In another engine model, 15 percent of
the engines in overhaul having 50 hours of operation had their nozzle diaphragms
repaired or replaced. After 275 hours, 90 percent of these engines required replace-
ment or repair of the nozzle diaphragm. In other engines the "failure rate" for the
same part was low.

4. The failures of some engine parts have been causes of flight accidents. In
1953 205 accidents were caused by engine failure or malfunction. In decreasing
order of frequency, these were fuel-control failure (68 accidents), compressor fail-
ure including foreign-object damage (54 accidents), turbine bucket failure (16
accidents), turbine disk failure (14 accidents), and main bearing failure (10 acci-
dents). Of the 54 accidents resulting from compressor failure, only one involved
a centrifugal compressor, although the flying time accumulated for engines having
centrifugal compressors was about the same as for engines having axial compressors.
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APPENDIX A

CLASSIFICATION OF FAILURES

Failures have been classified on the basis of their governing laws into three
broad categories (refs. 7 to 9). These categories are initial failure, chance fail-
ure, and wear-out failure.

Initial failure results from the fact that a component is defective at the time
it is first put into operation. Such defects result, for example, from errors in
manufacture or from the pre-use environment such as damage in storage, transit, or
handling. Proper testing or green-running should prevent initially defective com-
ponents from being put into service.

Chance failure results unpredictably from environmental causes. The funda-
mental characteristic of chance failures is that, for fixed environment conditions,
the hazard of a failure-causing condition is equally likely during equal times in
the operating period; that is, the probability of failure is independent of oper-
ating time. An example of chance failure is damage resulting from foreign objects
coming into the engine inlet. A foreign object is equally likely to enter the in-
let at any time in the life span of the engine.

Wear-out failure results from the depletion of some material or property of the
component tlat is essential to its proper operation. The depletion process may
occur through asbrasion, corrosion, or through the "using up" of life as in stress-
rupture or fatigue. The probability of failure increases with age. An example of
”we;r-out" failure is the failure of turbine buckets by stress-rupture (see part
VII).

Figure 14 shows the shape of the curves for several functions for chance and
wear-out failure. Both left and middle curves are instantaneous failure rates; the
left curve is based on the part of population that has survived the previous time
interval, whereas the middle is based on the starting population. The middle fore-
tells at the start of operation what fraction of the starting sample will fail per
time interval at some time in the future; that is, it evaluates a group performence.
In contrast, the left curve deals with the individual that is still successful part
way through its life span and gives its failure rate in the immediate future. The
left curve is commonly called (ref. 9) the "hazard" of failure function, and the
middle curve is called the "distribution" of failure function. The curves are, of
course, mathematically related. If one is known, the other may be determined.

Comparing the chance and wear-out failure types, several facts are evident.
With chance failure, a new component is as likely to fail as an old one, and nothing
can be gained by scheduling replacements or by preventive maintenance. The failure
rate can be reduced only by reducing the severity of the environment (the hazard),
or in making the component better able to withstand the environment.

With wear-out failure, preventive maintenance can be extremely helpful, and
replacements of old components may be scheduled to reduce failures in service. Also,
only in wear-out failure is it possible to have a period of time before failure be-
gins, a grace period.

To improve reliability, efforts must be made to reduce chance failure rates to
a minimum, thereby ensuring that component failure is by wear-out. Then preventive
maintenance can be used. The grace period for wear-out failures should be as long as
possible, at least greater than the planned time to overhaul.
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The shape of the distribution of times to overhaul for a particular engine is
usually the result of the additive effects of the distribution of failure of many of
its components (ref. 7). On new engines the shape of the curve may define the fail-
ure characteristics; chance distribution would probably indicate that unpredictable
environment is very important, and wear-out indicates that environment is of lesser
importance. For an overhauled engine, the shape of the curve of time to overhaul
may be misleading. For example, an engine containing many components, each of which
fails at a definite age (wear-out) but being of mixed ages (a previously repaired or
overhauled engine), can exhibit a constant hazard of failure (chance). On the other
hand, if an overhauled engine having parts of mixed ages shows essentially a wear-
out failure distribution, perhaps it might be said that the important parts are
being replaced in overhaul and that environmental hazards are not controlling
failure.

The curves on the right side, which plot the total number of failures as a
percentage of the initial population at any time of operation, are called cumulative
frequency plots. All three curves are mathematically related. If one is known, the
others may be determined. Use of this is made in the actuarial method (ref. 2).
These cumulative frequency plots are useful for comparing engines, particularly,
because the percent or numbers going to overhaul after a period of time and the
median life or the life of the average engine may be read directly. The median is
the 50 percent point; half the engines have a life less than this time and half have
a life greater than this time. For reasons described in appendix B, the median
(rather than the mean) is used in the body of this paper for comparing engines.
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APPENDIX B

ACTUARTAL METHOD FOR DETERMINING ENGINE LIFE

In the study of engine reliability, it is important to know the average LifeNof
the engines and the percent of the engines that will require overhaul after various
periods of time. The Air Force now uses the actuarial method to determine the over-
haul distribution curves from which this information can be obtained.

Before describing the actuarial method, it is important to emphasize that the
average engine life cannot be determined solely on the basis of the operating time
on engines in overhaul. The primary difficulty with this practice is that the age
of the engines in overhaul at any time is related to the age of engines in service.
If, for example, a sample of new engines were introduced into service and the life
of those engines that had gone to overhaul were examined a short time later, the
average time to overhaul would be found to be very low, because the engines would
not have had time to accumulate many operating hours. Obviously, the time to over-
haul indicates the life of the bad engines; the good ones are still in service. If
the operating time on the engines in overhaul is reexamined some time later, the
average time to overhaul will be much higher and with time will probably tend to
increase until all the engines of the sample have gone to overhaul. In fact, only
after all the engines have gone to overhaul will the distribution of lives of engines
at overhaul give the correct figures for engine life. Since the average engine in
military service may fly only 20 hours per month, it would take 3 years to achieve
720 hours of operation on the average engine and perhaps twice that long for some
engines of the sample.

In practice, the situation is more complicated than described, because, as
engines are removed from service for overhaul, they are replaced in service by new
or newly overhauled engines. Usually, this results in a distribution of operating
time since new or since overhaul on engines in service as shown by figure 1S WA
high percentage of the engines in service have low operating times, and thus the
operating time on the average engine in overhaul will be lower than the correct dis-
tribution. Very little can be learned about overhaul times by examining the average
times to overhaul of just those going to overhaul in a particular time period.

The most direct method of determining the percentage of an engine model that
will go to overhaul after various times of operation and the average life (informa-
tion described by the middle or right curves of fig. 14) is to introduce a finite
sample of engines into service and to determine the percentage of the sample that
goes to overhaul after various periods of operation; for example, wait until all:- of
the sample of engines have operated 50 hours and determine what percent went to over-
haul, then wait until all had operated 100 hours and determine what percent went to
overhaul, and so on. In practice, this method is almost impossible to use, because
some of the sample of engines may be operated only very little and it may be a long
time before all of the sample have completed even the first 100 hours.

It is usually more convenient to determine the left curve of figure 14 and from
this to calculate the middle or right curve as desired. The left curve indicates
the percentage of those that started a particular time interval (say from 50 to 100
hr) that fail in the time interval, whereas the middle curve describes the percent
of the initial or starting sample that fail in the time interval. To determine the
left curve, it is not necessary to walt until all of a sample have passed through
the time interval; but rather a failure rate for any time interval can be calculated
as soon as a sufficient number of engines have operated through the particular time
interval to permit a statistically sound calculation to be made.
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The Air Force uses the actuarial method to determine the left curve for all jet-
engine models in service. The calculations are made as follows: For jet engines the
operating time is divided into 10-hour intervals. Each month the Air Force deter-
mines how many hours were flown (number of "exposures to failure") by an engine
model within each 10-hour time interval; then they determine how many engines from
each time interval had to be sent to overhaul for "usage" reasons. The ratio of
these two numbers is the average failure rate per hour for the particular time
period. Multiplying by 10 gives the total failure rate for the 10-hour period. (A
clarifying comment might be made about the importance of the term "exposure to fail-
ure." Whereas, in the case of human mortality, any living person is constantly ex-
posed to causes of death, and this exposure cannot be turned on an off at will,
engines are "exposed to failure" only when operating; thus, engines that have not
operated during a study period must be excluded from the study sample. )

The same calculation is made for each 10-hour period for engine operating times
as great as have been obtained. These failure rates are plotted against time, and
the experimental data are then smoothed and extrapolated beyond the point where oper-
ating experience has been obtained. Figure 16 (from ref. 2) shows a typical plot of
crude failure rates, the smoothing, and the extrapolation. In this particular plot
the failure rate has been drawn up to 100 percent in the last time period (to 500 hr),
since this is the maximum allowable operating time for the engine and overhaul is
mandatory.

Basically, the preceding is the method by which the failure rates are calcu-
lated by the actuarial method. In practice, the actual calculations are quite in-
volved, because it is essential in determining the failure rate for each time period
that the number of engines sent to overhaul be divided by the actual number of "ex-
posures to failure" in the time period and not just the number of engines that hap-
pen to have, say, from O to 10 hours of operating time. Obtaining these data requires
the use of an adaptation of the general "exposed to risk" formulas used in the cal-
culation of mortality tables for human lives. This adaptation has been developed

by the authors of reference 3.

Once the failure rate curve (the left curve) has been determined, the frequency
distribution of times to overhaul (the middle curve) can be readily calculated by
multiplying the number in the sample by the failure rate of the first time period
to give the number failed in the first period, subtracting this number from the
original sample size, and multiplying by failure rate for second time period to give
number failed in the second period, and so forth.

The life of the average engine (the median) is recommended and is used in this
paper as a basis of comparison rather than the average engine life (the mean), be-
cause the median is determined from only the early portion of the curve (e.g., fig.
16) that is based on experience and thus also does not include the number that arbi-
trarily go to overhaul because of maximum operating time (the final upswing of fig.
16). The median is the time when 50 percent of the engines of a sample will go to
overhaul and can be read directly from a cumulative frequency plot (right curve of
fig. 14); half the engines will go to overhaul in less than this time and half in
more than this time.

The failure rate curves determined for several engine models-as of January 1955
are given in reference 2. As previously described, the curves have been extrapolated
beyond the point where operating experience has been obtained. An indication of how
much of the curves must have been extrapolated can be had by comparing the time to
overhaul based on the actuarial calculation with the operating times on engines now
in service. These distributions are compared for six engine models in figure 17.

A comparison of the life of the average engine (the median) from the actuarial
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calculation to the number and percent of engines in service having more operating
time than this is shown in table VII. These data are determined from figure 17. a
For example, for the A-7 engine the median time to overhaul (the 50-percent point)
is about 208 hours. The curve of age of engines in service (just above the actu-
arial curve) indicates that about 27 percent (100 - 73) of the engines in service
have had longer than 208 hours of operation. From the data for number in service
from table II, about 142 of the engines in service in February 1955 had longer

than this operating time. Thus, the actuarial curve out to the median time to over-
haul is based on a reasonable amount of experience. Tsble VII shows that the actu-
arial curves generally are based on appreciable operating experience out to the life
of the average engine (the median) and should be quite accurate in this range. The
ma jor exception is the B-9 engine having the longest operating time to overhaul of
all jet engines. In this case of the 5783 engines in service, only 1 percent or 58
of the engines in February 1955 had operated beyond the median time. Therefore, the
median might be subject to appreciable error in this case.

3761

The actuarial curves predict that many of the engines now in service should go
to overhaul, because they have reached their maximum allowable operating time; yet
most of the distribution curves of figure 17 show that very few engines now in serv-
ice are approaching such times. There are several possible reasons for this:

(1) The average number of hours of operation per month for these military en-
gines is small. A spot check indicated 17 and 20 hours per month for two fighter
engines and 24 and 31 hours per month for two bomber engines. If an engine is oper-

ated 20 hours per month, it would reguire 3% years to accumulate 800 hours of oper- ,

ation, the maximum allowable operating time for the B-10 engine.

(2) When a new engine is introduced into service, the maximum allowable oper-
ating time may be set as low as 50 hours and moved upward as experience is obtained. L
Thus, the low operating times on any group of engines may indicate that the allow-
able operating time may have only recently been moved upward, and no engines have
‘had time to accumulate a large number of operating hours.

(3) The actuarial method considers only those engines that go to overhaul be-
cause of "usage reasons." Ten to thirty percent of some models sent to overhaul
were found to have been removed from service because of "nonusage" reasons (e.g.,
for modification, because the engine was to be transferred overseas, or because of
accident or combat damage).
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TABLE I. - USEFULNESS AND LIMITATIONS TO PRESENT ANALYSIS OF STATISTICAL DATA FROM SEVERAL SOURCES

Source

Frequency of

Information useful

Limitations for

Time period

publication in present analysis present analysis of data used
in analysis
Aircraft Engine Monthly 1. Operating time on all engines Mixes new and previously July to September,
Life Expectancy in service overhauled engines 1954
Exposure Table 2. Number hours flown per month
3. Usage removals for major over-
haul per 10-hr period
4. Total removals for major over-
haul per 10-hr period
5. Removals for other than major
overhaul per 10-hr period
6. Engine life expectancy (actu-
arial calculation)
Engine Technical Continual 1. Data and operating time of: Incomplete record of parts |‘Not used
Order Compliance a. Technical order replaced
and History compliances
Record (60B) b. Transfers
c. Overhauls
2. Reasons for removal of
accessories
3. Work performed at depots
Engine Removal or Monthly 1. Reason for removal 1. Information based on May to July, 1953
Loss Report confi- 2. Maintenance required (whether limited disassembly
(ER) dential) ma jor, minor overhaul, or 2. Engine must be exchanged
none) to be included as a
3. Operating time since new or removal (an engine
last overhaul removed, repaired, and
4. Total time since manufacture returned to same air-
5. Number of overhauls since craft and position is
manufacture not recorded as a
6. Number of minor repairs since removal)
new or overhaul 3. Data incomplete because
information reported
by code letter
Unsatisfactory As needed Description of unsatisfactory 1. Form not mandatory Not used
Report condition and time since 2. Life of parts not
(UR) overhaul recorded
Statistical Monthly Summary of unsatisfactory con- No information on engine or | Not used
Summary of ditions reported by UR's component life
Deficiencies
Reported by
Unsatisfactory
Reports
Summary of Special Summary of components repaired 1. Life of parts not April to June, 1954

Field Malnten-

ance and Repair
(not a standard
report -

especially prepared
by OCAMA)

or replaced

recorded

2. New engines not sepa-
rated from old (or new
or repaired parts)

Disassembly As needed 1. Cause for overhaul Life of parts unknown August to October,
Inspection 2. Other parts that needed 1953
Report replacement during

overhaul (simultaneous
(DIR) replacement)
3. Total time since manufacture
4. Total time since last
overhaul
S. Number of previous overhauls
6. Previous minor repairs where
given

Statistical Monthly Current month's trend and Gives only cause for over- Not used
Summary of accumulated trend for year haul; other necessary
DIR's of causes for overhaul repairs not recorded
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TABLE II. - COMPARISON OF MEDIAN TIME TO OVERHAUL
FOR JET- AND RECIPROCATING-ENGINE
ATRCRAFT IN MILITARY SERVICE
Engine code |Aircraft code| Median time Number of engines
to overhaul |in service as of
(pet a2l February 1955
hr (ref. 10)
Turbojet:
A-6 F-4 105 34
A-9 F-4 110 485
A-10,13 F-4 110 90
B-7 B-2 120 1143
A-3,4,5 F-2 140 278
B-6,11 F-3 150 1213
B-1,2,3,4 F-3 160 405
A-7 F-2 220 527
B-3 B-4 240 427
B-2,4,5 B-3 260 25
B-10 F-3 270 15352
Cc-7 F-1 410 2998:
C-6 F-5 440 254
B-8 B-4 8610 855
B-9 B-4 760 5783
Reciprocating:
R-4c B2-1 340 433
R-4c B2-2 350 179
R-3a B-5 350 20982
R-3b B-6 400 S5
R-4b B7-2 450 1Lk
R-4b C3-2 460 232
R-4e B2-1 460 810
R-4b B7-1 470 795
R-4e B2-2 470 296
R-3c C-1 520 901
R-4b C3-1 680 258
R-4F C3-2 690 2096
R-2b B-1 740 1162
R-2c B1-3 750 518
R-4a C-1 800 604
R-4d C-4 800 44
R-1a B-8 820 1899
R-41 Cc-2 850 764
R-4g Cc-2 910 270
R-4b B7-3 920 152
R-2a C-5 940 582
R-24 Bl-2 1140 566

a
From reference 11.
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TABLE III. - SUMMARY OF FIELD MAINTENANCE AND REPAIR®

-
Percentages obtained from 340 A, 1261 B, and 322 C engines that received jet-engine fiel{]
maintenance ("minor repair") and were returned to service.

Engines ([Number 3 |Number 4 |Number 4 |Inner Tran- Nozzle Turbine | Turbine Compressor
bearing, |bearing, [0oil seal,|liners,|sition |diaphragm,|buckets,| wheel reworked,
percent |percent percent . |percent|liners, percent |percent |[assembly,| percent

percent percent
A-5 0 0 0 1S 7 509 41 .4 255 it
A-7 14.5 19ue 2 44 .4 0 40.4 759 13 29,58
A-8 0 0 0 5545 559 5828 (0] 0 44 .4
A-10 0 0 0 5355 0 535 0 0 Bl
A-6 Spsle 0 S5 B S 50 0 Tl 0
A-13 0 0 0 71 .4 0 14.3 0 0 28.6
Average A 55 S ol 95.3 30 3759 2o 7.6 18.4
B-3 0 0 4 56 52 60 4 8 8
B-1 14.3 0 286 S 42.8 42.8 42.8 0 0
R-2 0 L2885 0 35 S oS 6245 50 25 S0
R-4 288 4.9 9.2 BER 35 38 28.1 282 )3
RBR-5 0 6.3 0 6.2 SIS 46.8 43.7 156 9.4
R-6 2.8 8.9 ez 22158 565 239 7.8 39.6 10.6
B-7 4.8 s 0 16.6 SIS 1l ) 4.7 28.6 Teell:
B-£ 0 4 Sigdl BHED 2402 5 LSRZ a4 505
B-9 it 6.2 6.2 1E745(8 26019 4.1 12.4 1Ue)51S) 40.9
B-10 ZinD 8.2 82 Skl Clipke) 155 34.2 Sl 237
Average B ZZis) 5.8 6.8 5875 32.4 Sl 2561 lig=e 11840,
c-1 0 42.8 44 .3 0 _—— 14.3 14 .3 14.3 0
c-3 0 100 0 0 ——— 100 0 100 0
C-4 50 0 0 0 S=rie 50 0 S0 0
C-t 40 20 .2 44 ———- 64 68 12 0
Cc-7 19,9 16 ol 5bic2 ———- 46.4 2982 1 6.3
Average C az.0 S50 12.8 iS58 —_—— 54.9 2205 300S 155)
aComputed by OCAMA from Form 20's RCS-2-AMC-A7. Submitted for April to June, 1954.
v . .
9.8
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TABLE IV. - NUMBER OF NEW ENGINE DIR'S AVAILABLE FOR STUDY IN 3-MONTH SAMPLE (AUGUST TO OCTOBER, 1953)

Engine |Total |Fighter |Bomber Not Minor Maximum operating Median operating
model [number designated [overhaul time on these time on these
engines in overhaul, |engines in overhaul
hr Iglig

A-5 2 i it

A-6 2 2

®ia7i .| 136 110 4 22 489 160

A-8 16 4 12

*p.3 73 68 5 634 247

B-4 33 20 2 i

B-5 il 6 1.

B-7 88 1 82 5

B-8 93 38 55

b P 72 51 21 285 55
¥B<10 .| 161 99 62 301 88

C-4 il 8 1

C-5 8 8

C-6 40 39 i

YA 209 1 885 305

*These samples were used for statistical study.
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TABLE V. - REASONS FOR OVERHAUL FOR GROUP OF ENGINES OVERHAULED

IN THE PERIOD AUGUST TO OCTOBER, 1953

Failures associated with Percent of engines overhauled
Cc-7 A-7 B-3 B-9 B-10
q
aCompressor 8 9 1172 4 5 q
l.
Blades 5 558 Pite 1 0
Stators 1.4 o1l 4.1 © .6
Disks 0 o7 1.4 L5
Casing 4.3 0 0
Miscellaneous 1.4 1L55 St % o 1) Sk
Main bearings 7 5 0 7 4
Accessory bearings 1€ 0 0 8 1
8Combustor assembly S 0 10) 0 1
Outer shell 3.8 0 0 0 o) :
Inner shell 5 0 0 0 0
Transition liner 0 0 SI6& 0 .6
Fuel nozzle "5 0 0 0 0
Miscellaneous ) 0 @) 0 0 .
&Turbine section L3k 1L 16 0 3
Nozzle diaphragm 9IRS o 1t il 0 &
Buckets A5 S 1.4 0 iES)
Disks 0 0 0 0 0
Inner gas baffle 0 0 0 0 0
Miscellaneous 1.4 0 0 0 5%
Accessories 11 ik 7 &) 7
Foreign objects 30 S 26 el 42
Compressor 2989 5582 26 59%z 41.6
Turbine section 0 0 0 0 0
bOther causes 28 o 29 S 59
Mean time to overhaul, hr |305 160 247 515 88
Number in sample 210 136 73 S 161
8Does not include foreign-object damage. 5
bE.g., modification, crash and accident, unknown, changed in
handling.
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TABLE VI. - PARTS REPLACED OR REPAIRED DURING OVERHAUL

(AUGUST TO OCTOBER, 1953)

Parts of engine replaced |Engines requiring specified part
replacement or repair, percent
of engines overhauled
c-7 A-7 B-3 B-9 B-10
aCompressor 22 1% 15 5 7
Blades oD 6.6 4 Al 0
Stators 9 il 4 0 (5
Disks 0 15 0 1l 1229
Casing el 0 1.4 0 W
Miscellaneous 6.2 4.4 6.9 2o T 3%
Main bearings 359 31 60 29 24
Accessory bhearings 64 2 29 15 2
8Combustor assembly 44 5 26 3 25
Outer shell S5ha e 0 0 .6
Inner shell 4553 5509 16.4 ST 23
Transition liner 0 ST 16.4 0 1.2
Fuel nozzle A5 2.9 0 0 0
Miscellaneous 0 o7 0 0 .6
8Turbine section 87 49 48 4 14
Nozzle diaphragm 85Nl 42.7 35.6 1.4 8-V
Buckets ALk 7 -d 288 2ol 56
Disks 0 51 0 0 0
Inner gas baffle 348 0 0 0 0
Miscellaneous abal 15 27 O qeae
Accessories 14 9 8 10 1z
Foreign objects 84 85 55 7451 66
bCompressor 50.3 | Bi.1 | 30.5 | 69.7 | s62ak
Blades 49.3 83.4 28, 8HIR6 ST 52t
Stators 3243 Tl 28.8 { 67.6 55.8
Casings 185 1.4 1.4 0 1.8
Miscellaneous oy 14 .7 T 0 158
PTurbine section 75.4 | 524 ] 16.4 [43.4 | 43.5
Nozzle diaphragm 66.8 22 .4 2.7 3442 S
Buckets 1056 49.6 16.4 | 43.4 40.4
Mean time to overhaul, hr [305 160 247 515) 88
Number in sample 210 136 73 7S 161

8Does not include foreign-object damage.

bForeign—object damage.
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TABLE VII. - PERCENT OF ENGINES IN SERVICE

9.8

THAT HAVE MORE OPERATING TIME THAN
PREDICTED LIFE FOR AVERAGE

ENGINE (FIG. 17)

Fﬁﬁgine Time o major Engines in service that
model overhaul for have more operating
median engine time than predicted
(actuarial life for average engine,
method) , (column 2) 4
e @Number Percent
A-7 208 142 2l
B-3 25, 118 27.5 y
B-9 743 58 1l
B-10 258 522 2l
c-7 402 495 1685
aCalculated from total number in service as of

Feb. 1955 (ref. 10 and and table II).
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Percent removed for overhaul
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Figure 1. - Comparison of time to overhaul of several engines on the basis of

cumulative frequency distribution.
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Percent of engines with component failure
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Figure 10. - Components replaced or repaired during engine overhaul (from DIR).
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IIT - FOREIGN-OBJECT DAMAGE

By Lewis A. Rodert

SUMMARY

Review of U.S. Air Force service records shows that foreign-object damage in
Jjet engines is a major maintenance and safety problem. Few objects are identified;
however, most damage is caused by air-base surface debris, parts of failed inlet
components, and objects left by personnel. Centrifugal engines are less vulnerable
to damage than axial types. Aircraft designs providing maximum engine-inlet height
have minimum engine damage. Screens for axial-flow engines have not been effective
in preventing damage necessitating premature overhauls but probably have prevented
accidents. Personnel training, improved air-base debris removal, avoidance of mass
taxi operations, improved engine screens, and engines of rugged construction are
suggested as remedial measures.

INTRODUCTION

The ingestion of foreign objects into gas-turbine engines has been the cause
of many minor repairs, premature engine overhauls, and major aircraft accidents.
An effort has been made by the military services and the aviation industry to re-
duce foreign-object damage (refs. 1 to 3), but opinions differ on how the reduction
may best be accomplished (refs. 4 and 5).

The NACA Lewis laboratory has reviewed records of service experience with gas-
turbine engines and other available sources for information on the following
questions:

(1) What is the effect of foreign-object damage on reliability and safety?

(2) What are the origins and modes of ingestion of objects which damage
engines ?

(3) What efforts have been made to reduce foreign-object damage?

(4) What steps should be recommended for further damage reductions in the
future ?

This report attempts to answer these questions.

ANALYSIS OF PROBLEM
Maintenance and Safety

When damage caused by the ingestion of foreign objects is slight, the engine
is repaired at the maintenance base of the operating squadron. In a 3-month period
of 1954 the required reworking of compressors due to foreign-object damage comprised
about 18 percent of the minor repairs on axial-flow engines performed at the squad-
ron bases. Maintenance work necessitated by foreign-object damage on centrifugal
engines was less than 2 percent of all minor repairs during the same period.
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Air Force Technical Orders specify nick and dent tolerances for gas-turbine
engines. When damage caused by the impact of an object exceeds that allowed in the
technical orders, the engine must then be sent to an overhaul base for complete
disassembly and repair.

Air Force Disassembly Inspection Reports (DIR's) prepared by the gas-turbine
engine overhaul bases during the period extending through August, September, and
October, 1953, have been reviewed in detail.l The sample includes reports for 222
type A engines, 666 type B engines, and 726 type C engines. Engines A and B are
representative of axial-flow engines, and engines C are representative of centrif-
ugal engines. Disassembly Inspection Report Summaries for 1953 and the first six
months of 1954 were studied for a further indication of the trends in the problem.

The inspection of a gas-turbine engine during overhaul may reveal indications
of several malfunctions. FEach malfunction or unsatisfactory condition found is
described in the inspection report. A primary reason for the removal of the engine
from service, based on information obtained during the inspection, is indicated in
the report. Malfunctions, therefore, are reported either as the primary reasons
for removal from service or as simultaneous failures also found during inspection.

The data on the damage by foreign objects were compiled as (1) total damage
composed of both primary and simultaneous damage, and (2) primary damage only.

In the NACA study, foreign-object damage included damage caused by objects
originating outside the aircraft, objects probably left in the inlet duct by per-
sonnel, objects generated by failure within the inlet duct including screen com-
ponents, and objects of unknown origin. Damages caused by objects generated by
failure behind the inlet screen or engine face were considered internal failures.
Foreign-object damage was reported only when a nick or dent was observed that was
clearly caused by the passage of an object through the engine. If an unexplainable
major internal break-up of the engine had occurred, nicks or dents on the rotating
parts were considered to have been cuased by debris from the unknown failure and
not by foreign objects.

The engines were divided according to primary cause for removal from service
under the following headings:

(1) Foreign objects
(2) Other factors

The criteria for category (l) have been noted previously. Category (2) includes
engines damaged as a result of internal failures, malfunctions caused by personnel
error, damages caused by crashes or accidents, engines overhauled for unknown

causes (primary failure not identified), engines removed from service without appar-
ent damage, and malfunctions resulting from accessory or control-system failures.
The compilations were made for all engines of each model irrespective of engine
dash number and previous overhaul experience.

The inspection of extensively damaged engines frequently fails to lead to the
identification of the initial failure cause. The difficulty of the inspection is
increased if the engine has been subjected to the impact of a crash. For these

lEngine model and dash numbers are given in code to conceal the identity of
proprietary products.
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reasons, not all engines damaged by foreign objects have been so listed in the
compiled data. The results, therefore, are in error, the problem being of greater
magnitude than indicated by the overhaul records.

Information contained in the DIR's on damage and overhauls caused in engines A,
B, and C by foreign objects is summarized in table I. Most of the reported damage
to engines A and B was in the compressor. Most of the foreign-object damage to engine
C was in the form of nicks and dents on turbine-section components.

The Air Force DIR Summaries provide additional information on the frequency of
premature overhaul caused by foreign-object damage. Thirty-two percent of all Jjet-
engine overhauls in 1953 were prematurely caused by foreign-object damage. The
percentage of premature overhauls due to foreign objects in engines B increased
from 38 percent in 1953 to 42 percent in the first six months of 1954.

The hazard to flying safety created by the ingestion of foreign objects into
gas-turbine engines cannot be evaluated directly from engine-overhaul statistics.
Foreign objects may have caused major Jet-engine aircraft accidents, but confusion
of the debris usually concealed the evidence required to prove the fact. Studies
by the Air Force Directorate of Flight Safety Research have led to the statement
that "axial flow compressor failure is the largest single factor contributing to
the jet engine accident rate. Foreign object damage and metal fatigue in compres-
sor rotor parts are principle [ sic] factors in these failures" (ref. 1). There-
fore, it is important that foreign-object damage be reduced in order that jet-
engine maintenance problems be minimized and flight safety improved.

Objects Identified

The objects that damaged the engines are listed in table II, insofar as iden-
tifications were made or inferred in the DIR's. The identifications are based on
the following:

(l) The object was found in the damaged engine or otherwise positively
identified.

(2) The nature of the damage indicated the kind of object responsible.
(3) A missing part from the inlet components could have caused the damage .

The significant observation to be made from the information presented is that
comparatively few of the objects that damage engines are identified (table T )i
Large objects may cause major breakups of engine interiors or accidents and then
become lost in the debris. Small objects may pass through the engine and become
lost. Pebbles and other frangible objects may become broken into very small pieces
and make identification improbable or of dubious value. Much of the damage is
therefore attributed in the official reports to objects of unknown origin or
identity.

Rivets, screws, special fastenings, and screen segments that fail and/or
become loose in the engine inlet are a known source of damage. Spare parts and
metallic debris left in the inlet by manufacturing, maintenance, and operating
personnel are also known to have contributed to the problem.
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The DIR's indicate that most of the damage in engines sent to overhaul bases is
of moderate severity in the form of nicks and dents, the depths of which exceed
limits specified by Air Force Technical Orders. The sizes of the nicks indicate
that most of the damage is done by small objects. Small objects generated by the
failure of inlet-duct components are sometimes identified (table II).

Large objects do not pass through the engines and are therefore found unless
a major accident results and the evidence is lost. Large objects such as tools,
failed parts, and spare parts left in the engine inlet have been identified,
although comparatively infrequently (table II).

Objects left in engine inlets, including tools, parts, and scrap, during
final assembly and preparation for initial flight tests by aircraft manufacturers
and overhaul agencies may constitute the ma jor cause of damage when engines are
initially operated. Debris from the air-base surface, including pebbles, concrete,
and metallic objects, is believed to cause most of the damage after the engines
have been placed in service by the operating agencies.

Modes of Entry

References 2 and 5 indicate possible ways in which foreign objects enter
engines. The mode of entry of objects generated or left in the engine inlet is
self-evident. Airport debris may be blown into engine inlets by the blast of
other jets or may be thrown in by landing-gear wheels. Other investigations of
the modes of entry (refs. 4, 6, and 7) conclude that the engine air-inlet stream,
unaided by outside influences, will not cause the ingestion of objects from the
ground surface if the air flow is uniform and undisturbed by vortex formations.

The ingestion of foreign objects from the ground by vortices formed between
the engine inlet and the ground has been investigated at the NACA Lewis laboratory
(ref. 8). The presence of vortices is evidenced by dust and water whirls and
occasionally by visible cores (fig. 1). The visible core of a vortex formed at an
engine inlet is composed of condensed water droplets. The condensation of these
droplets results from a static temperature equal to or less than the dewpoint tem-
peratures at the vortex-core pressure. The reduced temperature in the vortex core
is indicative of a low-pressure region.

The NACA study of ingestion by vortices showed that "pebbles, typical of
objects that damage jet engines, were projected into the air by the vortices and
were drawn into the engine by the high-velocity inlet-air stream."” Vortex forma-
tion depended on engine speed, engine height, and surface wind (ref. 8). The
possibility of ingesting airport surface debris is enhanced by

(1) Increased engine speed

(2) Increased engine size

(3) Reduced engine-inlet height above the ground surface

(4) Reduced wind or taxi speed
Pebbles on smooth surfaces are less likely to be projected upward into the inlet
by a vortex than when they are lodged in a crack. When exposed on a smooth surface,
the pebbles were swept aside by the circular motion outside the vortex core but

were not projected upward. Pebbles lodged in cracks and thus constrained from
lateral motion were projected into the air when a vortex core passed over the crack.
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Thus, from available information, the nature and modes of entry of foreign
objects of major importance are as follows:

(1) Inlet components released by failure and drawn into engine
(2) Objects left in inlet by personnel and drawn into engine

(3) Air-base debris thrown into the engine inlet by the blast of other jets
or aircraft landing-gear wheels

(4) Air-base debris ingested by engine-inlet vortices

DAMAGE PREVENTION

The damage caused by the ingestion of foreign objects into gas-turbine engines
may be reduced as follows:

(l) Ruggedly constructed engines

(2) Aircraft design, particularly increased engine air-inlet height above the
ground

(3) Air-base construction and operation

(4) Engine-inlet screens and inertial separation devices

Rugged Engine Construction

The rugged nature of the centrifugal engine C is indicated by the data in
table I. Foreign-object damage occurred in 68 percent of the centrifugal engines
and in an average of 60 percent of the two axial-flow engines. Foreign-object
damage, however, was the cause of premature overhaul in only 15 percent of the
centrifugal engines, contrasted with about 42 percent in the axial-flow engines.

New axial-flow engines presently coming into service are expected to be less
vulnerable, but service data are not yet available on these engines. Speculation
on reduced vulnerability is based on the benefits to be derived from design fea-
tures of the new engines, several of which are

(l) Loosely held compressor blades that will reduce impact damage

(2) Increased safety factors in blade design that will extend the nick
tolerance of blades

(3) shrouded stator blades that will tend to arrest the propagation of damage
through an axial-flow compressor.

These factors tend to reduce the hazard caused by the ingestion of foreign objects.
However, whenever a blade is nicked, repair will still be necessary before flight
is possible.

To obtain high air flow per unit frontal area and high pressure ratio per
stage, compressor design trends of the future are expected to include longer blades
(high tip to hub ratio) and higher rotating speeds. Both trends will increase
blade stress and hence reduce blade factors of safety and will require improved
materials and construction methods, if future engines are to be less vulnerable
to foreign-object damage.
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Aircraft Design

The types of aircraft in which the engines were installed were indicated in
the reports of most engine inspections. These data made possible an analysis of
aircraft design effects on the frequency of jet-engine damage. The following fac-
tors were examined:

(l) Landing-gear wheel locations in relation to engine air-inlet location

(2) Height of engine air inlet above ground surface in ground operating
condition

No consistent changes in damage rates were found for wide variations in wheel
location, indicating that objects tossed up by wheels are responsible for little
damage.

The relation of engine damage to the distance from the engine air inlet to the
ground surface or engine height is indicated in figure 2. The results of this
analysis show that the percentage of engines damaged in the various aircraft in-
creased as the height of the engine air inlet decreased. Variations in engine
height probably affect the ingestion of objects picked up from the air-base surface.

The study of foreign-object ingestion by engine-inlet vortices (ref. 8) indi-
cates that the maximum height at which a vortex will form between the inlet and
ground depends on the operating power of the engine. Increasing the power resulted
in the formation of vortices at greater heights. The use of higher powered engines
mounted in twin pods is believed to provide more favorable conditions for vortex
formation and may possibly result in a higher damage rate at a given height than
indicated in figure 2.

The details of the air-inlet duct design can also affect the foreign-ob ject
problem. Design ingenuity and safety margins determine inlet component failure
frequency rates. The configuration of the duct determines the ease and efficiency
with which inspections may be made for objects left in the inlet by personnel and
also affects the efficiency of the engine-inlet screen installation.

Operating Techniques and Air-Base Construction

The "Name and Location of the Iast Using Activity" of the engines for which
inspection reports were analyzed indicated the local base or region where each was
operated. Operating environmental factors believed to influence foreign-ob ject
damage include the effectiveness of debris removal, mass taxing and take-off maneu-
vers, operating personnel efficiency, and air-base surface material. Foreign-
object damage was compiled for engines installed in various aircraft for the various
air bases designated as the "Last Using Activity." Foreign bases and bases from
which fewer than ten engines had been received and inspected were not analyzed in
the study. The results of the analysis of engines B damaged by foreign objects are
given in table III. The data were analyzed for each aircraft to avoid complex
interrelations with effects of engine height given in figure 2. Foreign-object
damage to engines varies over wide ranges with variations in base of operations.

As noted for bomber aircraft B-2 and B-4, the engine damage rate at some bases may be
twice as great as at others. The variation of fighter-engine damage with bases is
significant but not as large as for the bombers.
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The study indicates that the over-all damage caused by foreign objects might
be reduced by universally applying the operating techniques and air-base construction
methods followed at the bases having the lowest rates. The following actions are
suggested:

(l) Develop surface-cleaning devices capable of covering the large areas of
an air base in a short time and removing all debris, including objects
lodged in cracks

(2) Avoid mass taxi and take-off maneuvers

(3) Train personnel to inspect for and remove objects in inlets and on ground
under inlets in run-up areas

(4) Eliminate airport debris by the development of improved materials and
construction techniques

Investigations of runway surfaces should include a search for materials that
do not generate debris when subjected to repeated freezing cycles, heating cycles
from jet exhaust, fuel spillage, and other forms of destructive exposure.

Screens

The use of screens as protection against damage to gas-turbine engines by
foreign objects is a controversial issue. In support of screens is the claim that
the ingestion of large objects that can cause complete and sudden engine failures
followed by aircraft accidents may be prevented by the use of screens. In 1952 the
removal of fixed screens from most Air Force aircraft due to icing difficulties was
accompanied by a sharp rise in major accidents. When retractable screens were
later installed, flying safety improved, indicating that the use of screens had
prevented the ingestion of objects that can cause accidents (ref. 2)e

Nevertheless, strong objections to the use of screens have been raised (ref. AL
The arguments against their use are

(1) Air-pressure loss across screens reduces engine thrust and moves the con-
dition of engine operation closer to the stall region of the compressor.

(2) sma11 objects pass between screen elements, and large high-velocity objects
break through and cause engine damage .

(3) Retractable screens as presently designed and operated dump the collected
debris into the engine when they are retracted during flight.

(4) Warped screens become inefficient, and those that fail in fatigue provide
an additional source of engine damage.

(5) Screens are vulnerable to icing and add weight and complication.

Screening effectiveness. - Sections of screens used on centrifugal engines are
shown installed in figure 3. Fixed screens used on early axlal-flow engines are
shown in figure 4, and a retractable screen is shown in figure 5. These screens
are representative of equipment developed and used over the past several years.
Other screen equipment is currently under development by the aviation industry.
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Centrifugal engines in the present study were fitted with screens shown in
figure 3. The number of engines fitted with each screen, the mesh dimensions, and
the percentage of engines damaged by foreign objects are given in table IV. Early
models of the centrifugal engines were fitted with the fine screen having 0.132-
inch-square openings. More recent engines were fitted with the coarse screen
having 0.216-inch-square openings.

The two screen types were inspected after service on engines in NACA research
projects. The fine mesh screens were in excellent mechanical condition after exten-
sive usage; the coarse mesh screens were deteriorated. Broken wires, enlarged
mesh dimensions, and large edge clearance between screen and engine frame resulted
in openings as large as 0.50 inch in the coarse mesh screen (fig. 3(b)) through
which objects might pass. Thirty-six percent of the engines with the fine mesh
screen were damaged, while 84 percent of the engines with the coarse mesh were
damaged, indicating the need for small screen openings and the importance of con-
struction details that ensure reliability in screen design.

Insufficient data hampered the study of the effectiveness of screens for axial-
flow engines. The DIR's show that about 40 percent of all axial-flow-engine over-
hauls are prematurely caused by foreign objects. Thus, the general implication of
the results of the present study and of the data in the Air Force DIR Summaries is
that screens are ineffective. While present axial-flow-engine screens may prevent
accidents, the maintenance problem due to the ingestion of foreign objects still
exists. These observations are confirmed by the results of Air Force studies of
the need for screen improvements (ref. 2).

Performance penalties. - The inlet screen acts as a restriction in the engine
inlet and causes a reduction in thrust due to reductions in air weight flow and
pressure ratio across the engine. The static-thrust reduction caused by inlet-
screen pressure losses has been computed for engine B operating at a sea-level
static pressure of 2116 pounds per square foot, a nozzle-outlet temperature of
1740° R, and a nozzle pressure ratio of 1.91. For small inlet pressure losses
APl, the thrust loss AFJ for engine B is given by equation

=1.85 — )

in which F, is the normal thrust and Pl is the inlet total pressure. The
relation of equation (1) is shown graphically in figure 6.

The pressure loss across an engine-inlet screen composed of streamlined sec-
tion elements may be computed from the equation

AP =N 2 Cg (2)
Ds
in which
P pressure, lb/sq ft
CD section drag coefficient
(o section chord, ft
s section spacing, ft

q dynamic pressure of flow through screen, lb/sq e
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The design of screens involves several conflicting requirements, as may be
seen from equation (2). High impact strength requires large screen section chord
and thickness. Thickness is important when objects strike between the sections.
High resistance against vibration stresses also requires large thicknesses. High
screening effectiveness, however, requires small screen section spacing; and low
thrust loss requires large spacing and small chord, location of the screen in a
region of minimum velocity, and a minimum drag coefficient.

The drag coefficient depends on several additional factors, including chord-
thickness ratio, chord-spacing ratio, Reynolds number range, and aerodynamic smooth-
ness. Turbulence or flow distortion may cause the streamlines to deviate from the
angle of minimum drag with the screen and thereby increase the pressure loss.
Therefore, the pressure loss across the screen also depends on the design of the
air-inlet duct.

The effect of engine-inlet screens on the performance of an F-86D airplane
was investigated by the U.S. Air Force (ref. 9). The report states that "a static
thrust calibration showed that extending the inlet screens caused a blocking effect
on the engine air-intake ducts which resulted in a loss of thrust under sea-level
standard day conditions, of 3.3% for the 'Military Power' thrust selector position
(afterburner off)..." The drag coefficient for the F-86D aircraft soreen computed
from the thrust loss and the screen dimensions (substituted in egs. (l) and (2))
is about 0.145. An experimental engine-inlet screen (ref. 10) gave pressure losses
corresponding to a drag coefficient of about 0.06. This screen was of the fixed
type and was mounted in a laboratory duct setup. The F-86D airplane screen drag
is greater than that of the experimental screen, probably because of flow distor-
tions and turbulence in the airplane air inlet and greater aerodynamic roughness
of the service equipment. Review of available knowledge on pressure losses across
screens and grids (ref. 11) show the need for additional drag data on screens of
streamlined sections.

Efforts to improve screens should be aimed at the following design objectives:

(l) Aerodynamically smooth screens and inlet ducts

(2) Undistorted inlet airstreams

(3) Low-velocity screen location

(4) Small section spacing

(5) Retention of objects caught

(6) structural ruggedness of screen
The achievement of these goals will overcome most of the objections to screens
listed previously. Efforts to improve engine protection should also include con-
sideration of inertial separating devices. Inertial separation of objects in com-
bination with the use of screens is also of interest among the possible ways of
solving the problem.

Ground run-up screens. - The military services have attempted to reduce foreign-
object damage by the use of screens attached only during some engine ground opera-

tions (ref. 12). The following ground-screen problems were revealed in collecting
data for this report and in interviewing personnel:

(1) Ground screens impose high pressure loss and thereby prevent rated power
operation of engines. All engines must be operated at rated speed in order to
make fuel-control adjustments.
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(2) Screen mesh openings are not small enough to stop many objects.

(3) Ground screens that are large enough to reduce pressure losses and that
have small enough mesh to stop all objects are bulky and cause a hazard to personnel
who apply or remove them from operating engines.

Perhaps future improvements in other methods of protection will eliminate the
need for ground run-up screens. In the interim, however, ground screens are impor-
tant in protecting engines against foreign-object damage, and their continued devel-
opment is needed.

ADDITIONAL INFORMATION NEEDED FOR IMPROVEMENT OF OPERATTONAL RELTABILITY

Reduction of foreign-object damage to gas-turbine engines may be effected by
further engine development, airplane design, improved operating techniques, and
special protective devices such as screens.

For Immediate Application

Some measures may be applied from existing knowledge with little or no equip-
ment development, while others will require additional information and development.
The following are suggested for immediate application:

(1) Improve and uniformly epply training and supervision of manufacturing,
maintenance, and operating personnel in engine-damage avoidance. Emphasis should
be placed on preflight inspection of engine inlets and ground areas under engine
inlets.

(2) Improve debris removal from ground operating areas, particularly from
paving cracks, and eliminate sources of debris.

(3) Avoid mass taxi and take-off maneuvers and other operations that cause
debris to be thrown into engine inlets.

(4) Employ available ground and engine-inlet screens as much as possible.

(5) Inspect engines carefully after each operation for screen damage and nicks
and dents in the entering stages of the compressors. Inspection of all blades
would be ideal, but in absence of a practical method by which this may be accom-
plished in current engines, a significant percentage of damage can be detected
from the inspection of entering stages and screens. Entering stages are the most
highly stressed, have the lowest factors of safety, and are most vulnerable to
foreign-object damage.

For Future Application
Measures to be recommended and on which additional information is needed are

(l) Improved air-base cleaning equipment

(3) Redesign programs for the elimination of unreliable air-inlet components
and fastenings that can release objects and damage engines

(3) Improved engine-inlet screens
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Information on screen drag should be provided for variations in screen geom-
etry and Reynolds number and thus enable designers to achieve the most favorable
compromise between preserving maximum thrust and protecting against damage. Inves-
tigations should also be made of the effects of screen location on inlet air pres-
sure recovery, uniformity of flow to the engine face, and ice prevention. The
results should enable designers to select the most favorable screen location in
consideration of all the problems and the types of aircraft involved. Also, in-
stallations that take advantage of inertial separation should be studied.

Since no single material contains the optimum characteristics required for
compressor and turbine blading, it is possible that the ruggedness of such blading
can be improved by combining several materials into a composite structure. Thus,
the various components may individually contribute to static strength, fatigue
strength, abrasion resistance, internal damping, and so forth. Research should be
undertaken to determine the optimum combination of materials and the structure into
which they should be assembled in order to provide the maximum resistance to dent-
ing and the minimum reduction in life when denting occurs.

CONCLUSIONS

The ingestion of foreign objects into jet engines is a threat to flying
safety and necessitates maintenance on many engines which otherwise would have
remained in service. Few objects that damage engines are identified. Air-base
surface debris blown in by other jets or ingested by vortices provides a major
part of the problem, but failed inlet components and objects left in inlets by
personnel also contribute. Centrifugal engines are less vulnerable than axial
types, although both have high damage rates. Increasing engine-inlet height re-
duces the foreign-object damage rate; however, increased height is not a panacea.
Significant variations in foreign-object damage exist in engines operated at
different bases; thus, the operating environment and techniques are also important
factors in determining damage rates. Screens have been ineffective in preventing
damage necessitating maintenance; however, the record indicates that screens have
improved flying safety somewhat.

Steps to reduce foreign-object damage should include personnel training,
better debris cleanup, improved screens and air inlets, and engines of increased
resistance to foreign-object impact. Research on the criteria of screen design,
screen installation, and rugged engine construction is suggested. Until the danger
of foreign-object damage is completely eliminated, it is essential that a scheduled
inspection be set up for damage to the compressor and turbine blades.
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TABLE I. - SUMMARY OF FOREIGN-OBJECT DAMAGE AND JET-ENGINE OVERHAUL CAUSES
Foreign-object damage| Engine A Engine B Engine C All
Number |Percent | Number [ Percent [ Number | Percent | Number | Percent
Damaged $167 75 366 55 492 68 1025 64
Not Damaged 55 25 300 45 234 52 589 36
Total 222 100 666 100 726 100 1614 100
Overhaul causes
Foreign objects 1LIKe) 53 251 38 110 15 480 30
Other fac/tors 103 47 415 62 616 85 1134 70
Total 222 100 666 100 726 100 1614 100
TABLE II. - IDENTIFIED OBJECTS CAUSING PREMATURE OVERHAUL OF ENGINES
Objects Number| Percent Objects Number | Percent
of engines of engines
overhauled] overhauled
Engine A Engine B
Screen segments® 23 1953 Metal pieces 22 8.8
Rocks and pebbles 5 4.2 Rocks and pebbles 117 6.8
Battle debris 1 .8 Screws and b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>