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| ABSTRACT
L.»_,,‘Mw-m_:.wz,u e

This report documents the basic research and development required, as well as other
changes possible within the state of the art, to achieve a substantial improvement in the
reliability of civil helicopters.

Federél Aﬁéﬁon Agency civil helicopter Malfunction or Defect V(M or D) reports were
reviewed to identify and prioritize the problems, supplemented with military helicopter data
only where deemed necessary.

Th_e costs gf_ unreliability in terms of unscheduled on-aircraft maintenance manhours
and the costs of repair components and materials are included.

A listing of specific R&D recommendations is provided with an estimation of the pay-
offs, timing, and development costs. :
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This study has shown that 78 percent of the reliability problems of civil helicopters can
be categorized into 30 problems. These problems were analyzed to determine causal factors

and to recommend corrective action. Of the_ 30 problems that were analyzed, the following o
table lists their relative impact by subsystem: .. /o
- . L \4 * o o o Lty - ."‘
Unscheduled :
» Relative ., |Maintenance = Repair Parts
Subsystem Failure Rate (%) ~  ‘Manhoirs (%)~ Cost (%) o
 Propulsion (Turbine power)t  35.3 A 251 66
Drive 13.9 35 [ 21.3
Rotor 122 197 | 11.4
Airframe _ 19.9 ' 10.1 -~ 7}
Landing Gear (Floats)* 9.4 . 5.6 ; 12
Fuel - - : -5 , 1.1. '
Hydraulics 4.1 2.8 ;

.TOnly turbine-powered helicopters were included in this study.

* *An aggressive reliability improvement program has virtually eliminated floats
from the problem list subsequent to the data received for this study.

In terms of unscheduled maintenance manhours and cost of repair parts, the propulsion,
drive, and rotor subsystems represent over 80 percent of the reliability problem. Since these
subsystems also have a major impact on mission reliability (aborts) and safety, it is clear that
major emphasis should continue to be placed on improving these subsystems. Because of the
significant number of problems and the unscheduled maintenance manhours involved, air-
frame reliability also needs improvement.

This study has defined research and development that should be conducted to sub-
stantially improve reliability of civil helicopters and thereby reduce operation and maintenance
costs. The highest priority programs are listed below with estimated nonrecurring costs and
timing in months:

Nonrecurring Time
($ x 1,000) (mo)

Propulsion (turbine engines)

e Fuel control and.governor:
Study failure modes and develop 400 36
diagnostic fault-isolation techniques :

o Compressor/turbine failures: :
Study failure modes and 400 36
application of inlet separators



Drive
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___ Nonrecurring Time
($ x 1,000) (mo)

T TN TIPSR

o Transmission gear and bearing spalling:

Materials development per reference 1 500 - - 36
e Gear scuffing.and spalling: .

Lubricant development 150 24
o Main and tail rotor gearbox housing :

cracks: Vibration reduction per ' : '

reference 2 : . ) 6,'300 60
Rotor - - Cee '
e Tension-torsion blade retention:

‘Develop bearingless main rotor, reference 15 % - -
e Main and tail rotor control bearings: ) S

Continue development of elastomeric

and dry-lube bearings 800 ' 36
Airframe '
e Structural cracking and unbonding:
Implement composite airframe
structures program, reference 3, and —— —
implement-vibration-reduction
program, reference 2

Many areas of unreliability can be improved by application of existing technology. Among

the more prominent are:

N

NOo s W

10.
11.

Changeover to fiberglass composite rotor blades

Use of more effective turbine-engine inlet separators and screens to reduce FOD and
compressor erosion

Introduction of an aggressive engine failure analysis and fix program

Improve durability of airframe fasteners and small hardware

Redesign and testing to reduce spalling of transmission bearings

Redesign to improve lubrication of drive shaft hanger bearings. _
Recfesign main transmission housings on one model helicopter to reduce mounting lug’
cracking

Use. the latest gear materials and improved process and quality controls to reduce tooth
spalling and scuffing problems

Iziapr-dv;e corrosion _résisténée of rotor components tﬁrough better coatings that are
damage-resistant
Apply the latest technology in hydraulic actuator seals to reduce seal leaking

. P,ljc_;ductiimprovement of fuel pressure switches and fuel pumps
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The major reliability problems of the civil helicopter fleet as reported by helicopter
operational and maintenance personnel are documented in this réport. An assessment of each
problem is made to determine if the reliability can be improved by application of present -
technology or whether additional research and development are required. |

The reliability impact is measured in three ways:
The relative frequency of each problem in the fleet.
e The relative on-aircraft manhours to repair, associated with each fleet problem.

The relative cost of repair materials or replacement parts associated with each fleet
problem.

The primary source of problem identification and prioritization is the FAA Malfunction
or Defect report (M or D), FAA Form 8330. This report may be filed by pilots, operators,
and maintenance or repair personnel and is mandatory for the certified domestic repair
facility. The data reporting is not mandatory for all personnel and all types of malfunctions,
particularly for those malfunctions not immediately critical to flight safety. This FAA M or
D report is, however, the most complete source of reliability data with inputs from all segments
of the civil helicopter fleet that is known to the authors. Thus it is best suited as a data source
for any quantitative évaluation of the hehcopter reliability problem. - :

This data was supplemented in a few cases by military data, when the same helicopter or
subsystem was used in both civil and military applications. All data from sources other than
the FAA M or D report is referenced in the text.

The data reviewed covered the period of 1971 through 1976 and covered only turbine-
engine aircraft. This was done because virtually all reported data for the reciprocating-engine-
powered helicopters was for the Bell Model 47, a model last manufactured in 1973 and con-
sidered atypical of the present-day product.

The flight hour base of the turbine-engine-powered civil helicopter fleet during this 6-year
period was approximately three million hours. The annual total civil helicopter fleet flight
hours in Figure 1 are shown for the past nine years with yearly usage projected to 1985. The
turbine-powered helicopter annual usage has been steadily increasing, exceeding that of the

. plston-engme-powered aircraft several years ago. The proportion of the total fleet hours

taken by the turbine-engine-powered machines is expected to continue to rise as-the civil
helicopter fleet is modernized.

A typical distribution of flight hours among the various helicopter models is shown in
Table 1, which gives the 1975 turbine-powered helicopter fleet records. The Bell Model 206



‘dominates this._civil fleet and the civil helicopter reliability records reflect the high usage of
this helicopter.

Typical missions for the civil helicopter fleet are given in Figure 2, which gives the per-
centage of flying hours expended in 1974-75 for each type of flying.

| TABLE 1. 1975 U.S. GENERAL AVIATION FLIGHT HOUR DISTRI-
g BUTION FOR TURBINE-POWERED HELICOPTERS

M*I"Aeféentage of !

i Turbine-Powered

" || Manufacturer Model S ~ Flight Hours
1'Single Engine . e
Bell 206 . 1569
Bell 205 5.6
| FH1100 44 |
| Hughes 369 - 11.1 ;
Alouette III | i
Sud Aviation SA341G | 65
; Aerospatiale SA315B o )
| SNIAS SA318C
\Twin Turbine
| Bel 212
. Sikorsky S-61, S-64, S-58T 15.5 |

/’ Boeing Vertol 107, BO-105

1 ,’Total Turbine-Powered Flight Hours 7 820,549

~ —

T _
f Data from reference 4
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_TYPE OF FLYING

b o et e cem e

~ AIR TAXI (CHARTER, OFFSHORE DRILLING
— PERSONNEL AND EQUIPMENT)

INDUSTRIAL (CONSTRUCTION i
— PROFESSIONAL PILOTS)

CORP/EXEC (PROFESSIONAL PILOTS)

AGRICULTURAL (SEEDING, SPRAYING)
' OTHER (POLICE, FIRE, SAR, MISC)
~ INSTRUCTION, TRAINING

BUSINESS (NONPROFESSIONAL PILOTS)
_PERSONAL (PLEASURE)

l
|
H

DATA BASE: 1974 AND 1975
- 2,960,070 FLYING HOURS

PERSONAL 1.35

AIR TAXI
33.5

TRAINING
5.0

AGRICULTURE
10.1

INDUSTRIAL
'27.0

CORPORATE

/EXECUTIVE
12.3

REFERENCE 4 - .
A

Figure 2. Percentages of civil helicopter flying hours by kind of flying
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What is reliability? Webster’s dictionary gives the definition, “suitable or fit to bg relied
upon, worthy of dependence or reliance . . . ... giving the same results on successive trials . . . .’
(ref. 5). . .

Reliability to the military is “‘the probability that an item will perform its intended func-
tion for a specified interval under stated conditions” (ref. 6). Demonstration of reliability

is usually expressed in terms of mean time between failure (MTBF), or failure rate, 1 .
MTBF

important in demonstrating improved reliability. There may be agreement among operators
that the highest priority.of corrective action should be directed at preventing malfunctions
that result in mission aborts. These are the reliability problems that most affect the helicop-
ter task completion and also have flight safety implications. Fortunately these are a small
pari of the helicopter reliability problem; one summary of reliability data for the OH-58 air-
craft (the military version of the Bell Model 206) showed that less than 0.4 percent of mal-
functions requiring repair or replace maintenance actions resulted in mission aborts (ref. 7).

The mean time between failure (MTBF) of a helicopter is certainly an important reliability

parameter.~The adverse effect of a low MTBF is increased if the:malfunction has the follow-
ing characteristics:

. has safety of flight implications
prevents mission completion
causes extensive downtime of the helicopter
reqtiires many maintenance manhours to correct

requires expensive repair parts

requires not-normally-inventoried replacement parts.

A civil helicopter operator may be very tolerant of a helicopter with a high malfunction
rate (and a resulting low MTBF) if he has no mission-affecting failures, the helicopter avail-
ability-is high, and the frequent maintenance actions are very inexpensive to correct in terms
of manhours and materials. Some light bulb and rivet/screw failures are examples of this type
of malfunction. Conversely, a high-reliability helicopter in terms of a high MTBF may be
considered unacceptable if the relatively few malfunctions are of a nature that adversely affect
availability or flight safety and result in a high repair cost per flight hour. Engine failures fall
in this category. : . :

In this report the three parameters chosen as indexes for determining the impact of
reliability are the failure frequency, on-aircraft manhours to repair, and the cost of repair
parts. "The rationale for the selection of these indexes is as follows:

' 5.



~Submission of the FAA M or D report is not obligatory for many helicopter personnel;
the defects that are reported tend to be those considered most relevant by the operational
or maintenance personnel, primarily serious defects and those endangering the safe
operation of the aircraft. Thus the reported failure frequency obtained from this data
source is weighted toward the more significant failures.

The FAA M-or D reports contain no information identifying malfunctions resulting in
mission aborts, nor do they give information from which the impact of the malfunction
on helicopter availability can be determined. Therefore this parameter could not be

- evaluated from the reliability data. The subject is discussed separately, however.

The on-aircraft manhours to repair and the cost of repair materials and components can
be determined from the malfunction descriptions and relative failure frequencies ob-

" tained from the FAA M or D data, either by maintenance engineering analysis procedures
or, on some models of helicopter, from the extensive data records of equivalent military
models. These are important parameters in the determination of an operator’s manpower
requirements and operating expense.

Helicopter downtime and the normal inventory of spare parts are not parameters de-
terminable from the FAA M or D reports and are somewhat dependent on the size of
each individual operator’s fleet and maintenance shop, as well as his operating practices,
and so were not possible to evaluate in this study.
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3.1 Problem Idenuflcatmn

Over 1 ,500 Federal Aviation Agency Malfunction or Defect. reports ({P}‘AA M or D) cover- A
ing the turbine-engine-powered civil helicopter fleet for the years 1971 through 1976 were AN
reviewed to determine the subsystems and components responsible-for the-civil helicopter ‘
rehablhty problem. The distribution of reported malfunctions by subsystem isgivenin
Figure 3.

The frequency of malfunction of each component was taken as a standard for problem
identification. - Major problems were determined in three ways:

e  Problems with the highest reported frequency of occurrence.

e  Problems requiring the highest on-aircraft unscheduled manhours to repair or replace
associated components. The reliability impact was determined by the magnitude of the
product of the manhours per problem occurrence and the frequency of problem occurrence.

e  Problems with the highest costs of repair materials and replacement components. The
reliability impact was determined by the product of cost per problem occurrence and
the frequency of problem occurrence.

The 20 miost frequently reported problems were identified for further analysis; Figure
4 shows the relative failure rate of each of these problems.

Tﬁese 20 problems were reported in over 70 percent of the FAA M or D reports and
thus any alleviation of these problems would have a large impact on improving reliability.

A second review was made to find the problems that required the largest expenditure of
unscheduled on-aircraft maintenance manhours. Figure 5 shows the relative impact of the
top 20 reliability problems where the product of unscheduled maintenance manhours per
problem occurrence and the frequency of problem occurrence is used as a standard for
evaluation, Seven of these problems were not previously identified on the 20 most frequent-
ly reported list.

A third review of problems was made to determine those problems having the greatest
impact on reliability when the cost of repair materials and replacement components was con-
sidered. Figure.6 shows the relative impact of the top reliability problems when the product
of the cost of repair materials and replacement components per problem occurrence and the
frequency of problem occurrence is used as a standard for evaluation. As might be expected,
several problems with a rélatively low failure rate had a large’impact 6n reliability repair cost
and vice versa. Again, several new problems were identified for a major reliability problem
list. '
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Figure 3. Distribution of reported reliability problems by heliébpter subsystem
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“RELATIVE FAI LURE RATE

FUEL CONTROL |

AIRFRAME CRACKS

FLOAT LEAKS ~

FUEL GOVERNOR,

TRANSMISSION BEARING SPALLS

"ACTUATOR LEAKS

COMPRESSOR FAILURES

BLADE CRACKS AND CORROSION

_TENSION-TORSION PACK FAILURES

TAIL ROTOR TRANSMISSION -MOUNTS

‘TRANSMISSION HOUSING CRACKS

HANGER ‘BEARINGS

FUEL PRESSURE SWITCH

SWASHPLATE SUPPORT CRACKS

FUEL PUMP

SMALL HARDWARE

SKIN UNBOND

NOTE: AREA OF EACH PROBLEM BAR IS

ENGINE LUBE PROPORTIONAL TO PROBLEM

MAGNITUDE.
_ FUEL PUMP SPLINE WEAR

FUEL CELL LEAKS

DATA SOURCE: FAA M OR D RECORDS

__F iguré?j Top 20 most fré;luently repBrfe& reﬁabﬂig i)fo_bienis of civil héli_éof)}e_rs_ ‘.
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RELATIVE MANHOUR REQUIREMENT

TRANSMISSION
BEARING SPALL ;

AIRFRAME CRACKS

- FUEL CONTROL

COMPRESSOR FAILURES ,

TRANSMISSION HOUSING CRACKS |

TENSION-TORSION PACK FAILURES

FLOAT LEAKS:

FUEL GOVERNORS

GEAR SCUFFING/SPALLING

ACTUATOR/SERVO LEAKS

HUB BEARING FAILURE.

TAIL ROTOR TRANSMISSION MOUNT CRACKS

HUB/SWASHPLATE SUPPORT CRACKS :

MAIN ROTOR MAST BEARING RETA!NER NUT

TURBINE FAILURE |

BLADE CORROSION AND CRACKS
TAIL ROTOR GRIP BRG ,
MAIN ROTOR MAST CORROSION
HANGER BEARING FAILS
SWASHPLATE BEARING FAILS

NOTE: AREA OF EACH PROBLEM BAR IS PROPORTIONAL -
TO PROBLEM MAGNITUDE.

) Figure 5. Top 20 maintenance manhour problems of civil helicopters
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COMPRESSOR
FAILURES ,

FUEL CONTROL

TRANSMISSION BEARING SPALL

TURBINE FAILURES

TRANSMISSION HOUSING CRACKS .

TENSION-TORSION PACK FAILURES -

BLADE CRACKS AND CORROSION

FUEL GOVERNOR,

GEAR SCUFFING AND SPALLING,

HUB BEARING FAILURE .

"MAIN ROTOR MAST RETAINER NUT.

HUB/SWASHPLATE CRACK:

TAIL ROTOR GRIP BEARING .

TRAIL ROTOR TRANSMISSION MOUNT .

SWASHPLATE BEARING FAILS
NOTE: AREA OF EACH PROBLEM BAR IS PROPORTIONAL |
TO PROBLEM MAGNITUDE. ;

Fighre 6. Top 15 relative repair parts cost problems of civil h;liooptels ;
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,Th_i;rt_:y_ reliability problems were selected for further analysis by combining the lists of
high frequency of occurrence, high maintenance manhours, and high materials/components
cost problems. This combined list accounted for more than three-quarters of the reported
malfunctions, as shown in Figure 7.

A breakdown of these 30 problems by subsystem is given in Table 2, which shows the
problems arranged within each subsystem in order of decreasing frequency of occurrence,
decreasing unscheduled manhour requirements, and decreasing repair parts cost.

No 6ne problem in the instrumentation, avionics, electrical, or flight controls had suf-
ficient reported failures to be represented on this major problem list.

Figure 8 shows the reliability impact by subsystem of these 30 major problems based on
frequency. of reported problem occurrence. Figure 9 shows the subsystem reliability impact
based on the unscheduled maintenance manhours associated with these problems. Figure 10
shows the subsystem reliability impact based on the relative cost of repair materials and re-
placemént componerits associated with these problems. :

In reviewing Figures 8, 9, and 10, the following conclusions can be drawn:

o The propulsion subsystem has the largest reliability impact of any subsystem when
measured by either the frequency of reported problem occurrence or the cost of repair
parts standards and has the second highest impact in terms of the on-aircraft unscheduled
maintenance manhour requirement. This subsystem accounts for more than a third of

-~ the reported malfunction occurrences, a quarter of the unscheduled maintenance man-
hours, and two-thirds of the costs of repair materials and parts.

e The airframe subsystem, which had approximately one-fifth-of the reported malfunctions,

can be seen to have an almost negligible impact on the cost of repair materials and parts.
However, the reported malfunctions of this subsystem cause 10 percent of the unschedul-
ed maintenance manhours associated with the 30 major problems.

e  The drive subsystem has the largest impact on unscheduled maintenance manhours of
any subsystem. The identified drive subsystem problems result in more than a third of
the unscheduled maintenance manhours associated with the major problems. The drive
is-the second highest subsystem in terms of the relative cost of repair parts, resulting in
over a fifth of the parts cost attributed to these major problems.

o The drive and rotor subsystems are nearly equal in reported failure rates, but the rotor
system has approximately half the reliability impact of the drive in terms of unscheduled
maintenance manhours and associated cost of repair parts

o  The three subsystems, propulsion, drive, and rotor, constitute 98 percent of the rehabﬂ
ity repair cost.

12
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ALL REPORTED CIVIL HELICOPTER MALFUNCTIONS OR DEFECTS, 1971 THROUGH 1976

THIRTY
RELIABILITY PROBLEMS
ANALYZED — 78%

RELIABILITY PROBLEMS
NOT ANALYZED — 22%

Figure 7. Thirty anal)}zed reliability problems represent more than three-quarters -
of the malfunctions or defects reported to the FAA
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PROPULSION
35.3%

AIRFRAME .
19.9%

HYDRAULICS -
4.1%

LANDING
GEAR
9.4%

Figure 8. Major rellablllty problems 1s of civil hehcopters by telatxve
failure rate of subsystems
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AIRFRAME
10.1%

PROPULSION

25.1%

FUEL 1.1%.

HYDRAULICS 2.8%

LANDING:
GEAR
5.6%

NOTE: MANHOURS BASED ON ON-AIRCRAFT REMOVAL,

REPLACEMENT, OR REPAIR ASSOCIATED WITH
MAJOR PROBLEMS

Figure 9. Major reliability problems of civil hehcopters by relative unscheduled
maintenance manhours on subsystems
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PROPULSION
66%

AIRFRAME |
LANDING GEAR,

FUEL _
HYDRAULICS |

DRIVE |
21.3% |

NOTE: COSTS BASED ON REPLACEMENT COMPONENTS -
AND REPAIR MATERIALS o o

Figure 10. Major reliability problems of civil helicopters by relative costs
of repair parts for subsystems _ , |
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tute nearly a fifth of the reported failures are nearly insignificant in terms of the relia-
bility repair cost problem and are responsible for only a tenth of the associated major
problem unscheduled maintenance manhours.

The subsystem reliability impact of these major problems is discussed in greater detail
in the following section.

3.2 Subsystem Problem Discussion

This section gives a general discussion of the problems of each subsystem. A more de-
tailed discussion of each problem on which this discussion is based is contained in the appendix.

3.2.1 Propulsion Subsystem. — The propulsion subsystem is the primary reliability
problem of the turbine-engine-powered civil helicopter operator.

As has been shown in Figures 8, 9, and 10, the propulsion subsystem has the largest
reliability impact of any subsystem in terms of the frequency of reported malfunctions and
the associated cost of repair materials and replacement components and has the second
largest impact on unscheduled on-aircraft maintenance manhours.

The major problems identified for this subsystem and the corresponding detailed techni-
cal analysis reference number in the appendix are:

e Fuel control problems ) Problem P1
e  Fuel governor problem - Problem P2
e Compressor failure Problem P3
e Engine and accessory lubrication system failures Problem P4
e Fuel pump spline wear Problem P5
e  Turbine failure _ Problem P6

Figure 11 shows the contribution of each propulsion subsystem major problem to the
entire subsystem reliability problem for each of the three re]iabiliiy parameters of this study
(relative frequency of occurrence, unscheduled maintenance manhours, and repair parts cost).
In addition, the propulsion subsystem impact on the major problems of the entire civil heli-
copter for each reliability parameter is given for reference.

Malfunctions of the fuel control and the fuel governor can be seen to be the two most
frequently reported problems. Fuel control problems require the largest percentage of un-
scheduled maintenance manhours, closely followed by compressor failures. Costs of repair
components for compressor failures are the dominant factor in the parts costs of the propulsion
subsystem, but repair costs associated with the fuel control, turbine failure, and fuel gover-
nors are also significant as the propulsion subsystem costs of repairs are two-thirds that
generated by all civil helicopter major problems.

' 19.
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.. -The major propulsion system problems are solved by a remove-and-replace operation.
The appropriate accessory or the basic engine is then returned to the manufacturer or overhaul
facility, since very few civil helicopter operators will do this type of specialized repair work.

Fuel controls and fuel governors are frequently removed and replaced as part of a diag-
nostic technique. Often the unit is subsequently found to be fully functional when examined
by the overhaul facility. This may be an expensive means of troubleshooting as the costs of
disassembly and examination of a functional unit can be very nearly as costly as examining
a defective unit; however, this may be the most practical means of troubleshooting available
to the small helicopter operator.

The costs incurred by a compressor or turbine failure are those of the return of the
engine to the manufacturer and the necessity for a major overhaul. The cost per malfunction
of this category of problem is clearly very high.

Engine and accessory lubrication system malfunctions and fuel pump spline wear prob-
lems are each responsible for approximately 5 percent of the propulsion subsystem major
problem failure rate but aggregate less than 1 percent of system repair cost. This results from
the ease of diagnosis and correction of these problems relative to the.balance of the propulsion
system.

The causes of the propulsion subsystem problems are very poorly defined. As the civil
helicopter reliability problem is, to a large degree, a reflection of the propulsion subsystem
problems, it is important to determine the causes of malfunctions.

A rather comprehensive study of military aircraft turbine engine R and M problems
(ref. 8)-gives some insight as to probable causes of malfunction of the civil helicopter pro-
pulsion subsystem, as follows:

e Fuel controls. Observed failure modes were:
— Contamination from the actuating media or :com the fuel itself causiny sticKing
and binding of spools, leakage of valves, and clogged orifices. |

— Wear on moving or contacting elements.
— Fatigue failures of springs, bellows,and retention devices.
— Misadjustment, erroneous troubleshooting, etc.

e Compressors. FOD to the compressor vanes and blades was responsible for 27 percent
of unscheduled engine removals. '

o Turbine problems are principally with the nozzles as the result of thermal stresses,
thermal weakening, and hot gas erosion.

A detailed study of civil helicopter turbine engine failure causes is in order in view of
the magnitude of the propulsion subsystem reliability problem. For example, the civil
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) he'li",c.,b_pten__EAAAqur D data provides very little evidence of an FOD-related compressor failure

problem. This may be a true situation, or it may be due to the operator’s inability to deter-
mine FOD damage in the field. The review of military helicopter unscheduled engine removal
causes of reference 8 indicates that the magnitude of the compressor problem on military
helicopters is comparable to that of civil helicopters only if the FOD-related compressor
problems are included in the comparison. As such, it is inferred that the civil operator may
encounter FOD problems of a magnitude comparable to military users, although this issue
does deserve additional research.

With regard to accessory/lube failures, again a comment on the civil helicopter data is
required. Most of the failures included in this category are reported as lube system metallic
contamination probably related to oil-lubricated bearing failures, although it is impossible to
determine this without shop/overhaul data.

It is evident that the propulsion subsystem problem will not be alleviated unless the
correct malfunction causes are known.

3.2.2 Airframe Subsystem. — The airframe subsystem ranks next to the powerplant
subsystem as a reliability problem from the standpoint of reported malfunctions, as was
shown in Figure 3.

Figures8,9, and 10 showed that, although the airframe subsystem accounts for nearly
20 percent of the reported major problem malfunctions, the associated airframe unscheduled

~ on-aircraft maintenance manhours account for only 10 percent of the major problem man-
hour rate and the associated airframe cost of repair materials or components for these prob-

lems is neghg1ble

The major problems identified for this subsystem and the correspondmg detail technical
analysis reference number of the appendix are:

e Airframe skin and structure cracking Problem Al
e  Small hardware loss or failure _ Problem A2
e Skin unbonding Problem A3

Figure 12 shows the contribution of each of the three airframe subsystem major prob-
lems to the entire subsystem reliability problem for each of the three reliability parameters of
this study-(relative frequency of occurrence, unscheduled maintenance manhours, and cost of
repair parts). In addition, the airframe subsystem impact on the major problems of the entire
civil helicopter is given for each reliability parameter for reference.

The dominating reported problem of the airframe subsystem, as shown in Figure 12, is
skin and structure cracking. This problem accounts for more than 80 percent of the airframe
reliability problems, whether measured against the frequency of problem occurrence, un-
scheduled maintenance manhours, or cost of repair parameters.
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Skinv.and-.vstructur_e cracking has three principle causes:
e High localized vibration

Laad'concenﬁ*ation at attachments of skin and structure

Maintenance-oriented damage which results in a load concentration.
Small hardware and honeycomb panel skin unbonding problems also have maintenance-
oriented damage as a prime causal factor. Rough handling of the small hardware — hinges,
latches, and attachmg rivets or screws — will fail or deform parts while the skin of metal honey-
comb panels is very vulnerable to puncture loads. Helicopter vibration is a significant part
of the small hardware problem, as well as improper design or manufacturing consideration for
the tolerance variations of a fastener installation. Metal honeycomb panels have had a history
of unbonding problems which have been traced to improper processing procedures, as well as
internal corrosive attack caused by improper selection of bonding materials or 1mproper1y
sealed panels.

Surpnsmgly, the FAA M or D airframe data shows little ev1dence of corrosion as a prob-
lem, although information from civil operat10ns led the mvestlgatom to believe that cor- -
rosion is a serious problem. A report on the Petroleum Helicopters, Inc., maintenance
practlces (ref 9) dlscusses corrosion as a significant problem and states that it is the PHI

expenence.” .

- A-discussion of the airframe reliability problem is in order at this time. Airframe prob-
lems tend to be rather easily detectable well before they become flight safety hazards. Re-
pairs are relatively simple and rapid and have very low associated costs of repair materials.

- This has two results:

e  Malfunctions such as fastener replacement, minor sheetmetal cracking, and corrosion can
be repaired before they progress to the hazardous condition requiring an FAA M or D
report. Thus the reported airframe malfunction rate based on the FAA M or D reports
may not-be as representative of the civil helicopter airframe reliability problem as are
the dynamic systems, propulsion, drive, and rotor, in which a failure has a more direct
association with flight safety and has a greater probability of bemg reported on the FAA
M or D report.

o The cost of repair of failure is low compared to a system involving removal and replace-
ment of an expensive component such as the powerplant or drive. This is the reason
for the low repair cost of the airframe subsystem relative to other major subsystems
(K1%),:as previously shown in Figure 8.

In summary, the a1rframe fallure occurrences are believed to occur at a higher rate than
reported on FAA M or D reports simply because of the nonsafety-critical nature of many
malfunctions, and this ratio of malfunctions occurring to malfunctxons reported is higher than

other dynarmc systems ‘The associated maintenance manhours and costs of repair materials
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_ would also be proportionally more than that shown in this report. Further study of airframe

reliability would be in order to prove or disprove this assumption, since airframe malfunction
rates on military helicopters with less safety-critical definitions of failure than the FAA M or
D report have been reported at over 30 percent of the aircraft rate (ref. 10).

3.2.3_Drive Subsystem. — In terms of total failure rate, the drive subsystem ranks third
behind propulsion and airframe as a major civil helicopter problem. However, drive subsystem
failures rank first in terms of the requirement for on-aircraft unscheduled maintenance man-
hours and second to the propulsion subsystem in terms of cost of repair components and
materials associated with the failures.

The severest impact of a drive subsystem failure is caused by an internal failure of the -
main transmission. To remove a transmission it is necessary (on nearly every helicopter) to
remove-the rotor- hub, blades, and rotor controls. After reassembly, the blade track must be
rechecked. Thus, there is a large manhour impact of a transmission malfunction.

The transmission overhaul is sufficiently complex and time-consuming that a small civil
operator will use a remove-and-replace technique for an internal malfunction, substituting
another transmission while the defective unit is being repaired. This accounts for the high
cost of repair components.

The thajor problems identified for this subsystem and the corresponding detailed techni-
cal analysis reference number of the appendix are:

Transmission bearing spalling Problem D1
Tail rotor transmission mount cracking Problem D2
Transmission Housing cracking Problem D3
Hanger bearing failure , . Problem D4
Gear scuffing and spalling Problem D5
Drive shaft sialine wear Problem Dé

Figure 13 shows the contribution of each of the above major problems to the drive sub-
system reliability problem for each of the three reliability parameters of this study (relative
frequency of occurrence, unscheduled maintenance manhours, and cost of repair parts). In
addition, the drive subsystem impact on the major problems of the entire civil helicopter is
given for each reliability parameter for reference.

The dominating drive subsystem major problem is transmission bearing spalling. This
problein accourits for over 40 percent of the drive subsystem reported malfunctions, more than
50 percent of the on-aircraft unscheduled manhours associated with drive subsystem reported
malfunctions, and over 60 percent of the costs of drive subsystem repair components.

The two other major drive subsystem problems requiring transmission removal and
replacement -are cracking of the housing and scuffing or spalling of gearing. These problems,
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_when added to the bearing spall problem, account for 65 percent of drive system reported

malfunctions, nearly 90 percent of the maintenance manhours, and 96 percent of the as-

.sociated repair costs. Clearly, main transmission reliability is a major driving factor in good

helicopte"r reliability.

Investigation showed that bearing spalling is a major problem in the civil helicopter fleet

only because of one bearing installation in one model of helicopter and is not a major problem

on all models. Cracking of the housing was found to be a similar problem, primarily occurring
at one location on one model. These two problems appear to be typical of the state of the art
of helicopter transmission design, where the emphasis is on very high power transmittal with
very low weight and good efficiencies. An unanticipated load or condition may result in a
component malfunction and the correction of a condition of this type will often be technically
feamble but require a major component redesign.

Bearing spalling and gear scuffing and spalling are normal forms of deterioration of heli-
copter transmissions, as is shown by Table 3 which displays detailed military helicopter trans-
mission failure modes. Bearing problems account for 45 percent of the failures, with pitting
and spalling accounting for nearly half of the bearing problems. Gear deterioration is respon-
sible for 23 percent of the failures and pitting/scuffing/spall/wear is the largest contributing
failure mode. This deterioration is to be expected; however, a condition that exists primarily
at one location as reported in the civil helicopter FAA M or D data is a reflection of a detail
design problem. " -

Of the remaining three high-frequency-of-occurrence drive system problems, two were

" also found to be the result of detail design execution; the third reflects the state of the art.

The tail rotor transmission mount failure is predominantly-a one-model-helicopter prob-
lem. Hanger bearing failure is also reported as a major problem because of the failure rate
occurring with one configuration of tail rotor drive shaft and supporting bearings.

The spline wear problem has been a typical drive system problem and becomes more
prevalent when relubrication is difficult and the spline is forced to.accommodate misalign-
ment between the coupled members. An improvement in the state of the art of splines,
flexible couplings, and lubricants would be of benefit to future helicopter drive systems.

3.2:4 Rotor Subsystem. — The rotor subsystem ranks a close fourth to the drive sub-
system in terms of reported failure rate for the major problems. The rotor major problem
frequency of occurrence is 12 percent of all aircraft major problems. The associated man-
hours td'repair rank the rotor as the third highest subsystem at 20 percent of the total; the
cost of repair components is also third at 11 percent of total parts cost. Furthermore, although
not quantitatively apparent from the civil helicopter data, troubleshooting rotor-system-
related vibrations (1 per rev, n per rev) is a major erroneous removal and excessive aircraft
downtime problem of military helicopters.




TABLE 3. CHARACTERISTICS OF THE MILITARY DRIVE SYSTEM

Component Progtession;
Element Distribution Interval
Failure Mode (%) (hr)
Drive System
Transmissions
Bearings )
Pitted/spalled 19.17 300
Corrosion 21.50 1,000
Fracture/broken cages 091 10
Seizure (no lube) 4521 1 0.176 1
Worn races and rolling
elements " | 3.45 1,000
Gears
Pit/scuff/spall/wear (10.63 200
Corrosion 5.72 1,000
Mount flange crack -] 044 200
Teeth fracture - 23.23 5.64 20
Fretting 0.44 800 -
Spline wear | 0.40 900
Lube System
(Coolers/fans,lubricators) A
Corrosion 0.11 800
Leaking 0.52 100
Wear 3.24 1 14 400
Broken studs, lines, etc 1.1 25
Seizure of pump/fan L 0.11 11
Retention and Mounting Hdw i
Pitted/broken 7.1 500
Corrosion 16.00 { 0.58 1,000
Wear 8.318 800
Nonrotating Structure i
Corrosion 1.81 1,000
Wear 1.714 300
Broken/chipped 508 1 o.75 250
Cracked ! 0.81 700
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TABLE 3 — Continued

- Worn | _ 2.0

Component Progression
Element Distribution Interval
Failure Mode ‘ (%) (hr)

Clutches o ‘
Corrosion . [ 10.33 1,000
Seizure ©0.002 1,000
Wear ) . 1.5 300
Spline wear 3.25 | 1 048 600
Broken clips 0.79 100
Cracked Ll 0.15 1

Shafts (quill and gear) )

Pitted/spalled splines 0.75 600

Corrosion 0.49 1,000

Fatigue cracking 400 1 0.20 .10

Worn splines - 9 2.55 500
'Shafting

Sync Shafts/T/R Shafts
Cracked 2.0 10
Misaligned 2.0 500
Dented 6 1.0 100
Scored ‘ 1.0 25

Hanger Assembly' .

Bearing wear/spall 24.0 - 200
Leaking 36 { 8.0 200
Lube starved 4.0 20

Mounts
Broken 22.0 100
Cracked 25 { 3.0 150

Adapters
Lug failures 3.0 25
Improper alignment 16 { 10.0 300
Spline wear 3.0 300

Couplings
Broken/cracked - - 112.0 25
Bolt failures 17 1.0 25
Bent ' 2.0 200

200

Transmission data from USAAMRDL TR73-58
Shafting data from Boeing document D210-10846-1
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 The subject of fault-isolating the source of unusual vibration is addressed in the mainte-
nance report (ref. 11) generated by this study.

The major problems identified for this subsystem and the corresponding detailed techni-
cal analysis reference numbers of the appendix are:

e  Blade cracksand corrosion Problem R1
e Tension-torsion assembly failure Problem R2
® S;vés}{élate.éﬁbpon cracking ' Problem R3
e  Rotor hub bearing failure | Problem R4
o  Main rotor retention nut failure Problem RS
e Tail rotor grip bearing failure | Problem R6
e Swashplate bearing failure _ Problem R7
° Mamrotor r'lr'la;stvcorrosion Problem R8
e Rotor hub seal leaks Problem R9

e Rotor hub corrosion Problem R10

Figure 14 shows the contribution of each of the above major problems to the rotor _
subsystem reliability problem for each of the three reliability parameters of this study (rela-
tive fréquency of occurrence, unscheduled maintenance manhours, and cost of repair parts).
In addition, the rotor subsystem impact on the major problems of the entire civil helicopter
is given for reference,

Cracking and corrosion of blades and failures of the tension-torsion assembly constitute
the two highest ranking rotor subsystem problems in terms of relative failure frequency and
the cost of repzir/replace components.. The tension-: orsion assembly problem i:as the highest
unscheduled maintenance manhour requirement of the rotor subsystem.

The remaining problems individually are of relatively low failure rate, associated main-
tenance manhours, and cost of repair parts but in aggregate constitute a significant problem.
As discussed in more detail in the individual writeups, these problems are primarily due to
the state of the art in design execution for an area exposed to loads of a variable magnitude
and vibratory nature, with sand, dust, and rain environment, and subject to frequent mainte-
nance operations which increase the chance of Murphy-type errors.

3.2.5 Landing Gear Subsystem. — There is a great difference in the landing gear prob-
lems encountered by civil and military helicopter operators. A comparison of failure modes
experienced by the two operators is shown below:
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Civil Operator ]’ V Military Opeator

— Popout/fixed flotation gear leakage — Wheel bearings rough, broken
—. Structure, cross-tube cracks — Brakes worn or cracked
— Broken skid ' — Strut worn, leaks !
' — Master cylinder leaking
- Parking valve failure

— Skid, cross-tube failure

Float leakage is the only landing gear problem on the civil helicopter major reliability
problein list'but is the third largest reliability problem in terms of the frequency of reported
failures for the period monitored, 1971 through 1976.

The extensive use of flotation gear by helicopters performing offshore oil-drilling sup-
port raised this problem to a magnitude unparalleled by military landing gear problems.
Simultaneously, the civil operators’ general preference for skid-type gear rather than wheels
(especially for oil platform operation) negated the major military problems related to wheels,
brakes, and master cylinders. The impact of this problem on the civil helicopter reliability
problem in terms of the three reliability parameters of this study (relative frequency of oc-
currence, unscheduled maintenance manhours, and the cost of repair parts) is given in Figure
15. This problem-is discussed in more detail in the appendix, reference number L1.

Further investigation of the float leakage problem showed that an aggressive product
“improvement program had been conducted by a major float manufacturer midway through
the reporting period in response to the magnitude of the reported problem After these
changes had been implemented, the reported fa11ure rate dropped by a factor of 10 to 1; W1th

the lower malfunction rate, float leakage was no longer on the major reliability problem list.

This was not apparent from the data review until a year-by-year study of reported failures
was made. When this was done, a rather dramatic drop in reported failures could be observed
in the period following th_e introduction of the float improvements.

Following examination of the FAA M or D data and the reported failure modes, a pre-
liminary report of this problem was discussed with a representative of the Air Cruisers
Company, Division of the Garrett Corporation, a major float manufacturer. In brief, the Air

Cruisers Company stated that they . had been alerted by the Helicopter Association of America |

and two helicopter ‘manufacturers of reported problems. They took the following steps:

~  Identified the_problem modes and causes by:

e Discussion with the helicopter manufacturers.

e Discussion with the float-using operators.

e Review of the FAA M or D reports submitted by the HAA.

32

s



v i

Amu—ﬁ: 1BO[J) WASASqns 18aF wEv:ﬂ Jo f)miqena1 aAne[dy ‘S 2inSig

SW3LSAsans; SIWILSASENS ; SW3LSASENS
1V . . v v

v
mv_<m|_ 1lvoid!

SHVIAT ._.<O|_u_

IR Lt

SWILSASENS 1TV 40 % SW3LSASENS 11V 40 % B SW3LSASENS 1TV 40 %
—SW37904d HLIM @31VID0SSY — SW378904d HLIM d3LVID0SSY —30N3H4HNII0 W3T180Hd
150D SLHVd IAILVYIIH SHNOHNVYW IONVNILNIVIN JAILVIIY 40 AON3IND34H4 3AILVI3Y

o /

33,



1
HRY

[

Tomge LenAs

i

— Instituted an immediate short-range program to reduce problems, primarily to assure

the proper inspection, maintenance, and operational procedures since floats are ex-
tremely sensitive to any deviations from anticipated design conditions in these areas.
This is particularly true in terms of inflation practices and prevention of chafing and
abrasion.

— Instituted a longer-term program to increase float performance in the present operational
environment. This includes the following:
o .Increased thickness of coatings on the float fabric.
e Reinforcement to wear areas.
® Testing and making available to operators a top dressing to.improve weather resistance.
® Reviewed and clarified maintenance manuals which define proper care of floats.

® - An in-house review of manufacturing practices to assure that this was not contributing
to the reported failures.

e Other detailed investigations and changes in the areas of fungus resistance, adhesive
and solvent compatibility of float materials, and structural improvement.

That this program was effective is indicated by the HAA records of FAA M or D reports
which show, on one model helicopter, 105 float reports submitted in the 2-year period 1973
and 1974, and only 5 in 1975.

?

It is significant that the original floats were reported to meet the helicopter manufacturers

. specifications in all respects. The floats incorporating the long-range improvements carried a

weight penalty of approximately 20 percent in achieving the improved reliability.

The history gives an indication of the reliability improvement possible in some areas if
problems are vigorously attacked and realistic weight/reliability trades are adopted.

3.2.6 Hydraulics Subsystem. — In the military environment, line and hose leaks dominate
the hydraulic system failure rate. This has led the industry to design helicopters with modular
hydraulic systems wherein the number of potential leak points is greatly reduced. Line/hose
leaks are also a problem to the civil operator, but not to as great an extent as the military.

Flight control actuator/servo leakage is the only hydrauilic subsystem problem in the
civil helicopter major reliability problem list. Figure 16 shows the impact of the hydraulic
subsystem; and thus this problem, on the major problems of the civil helicopter in terms of '
the three reliability parameters of this study (relative frequency of occurrence, unscheduled
maintenance manhours, and cost of repair parts). This problem accounts for approximately
4 percent of the reported failures, less than 3 percent of the associated manhours for an on-
aircraft repair, and approximately one-tenth of one percent of the cost of repair/replacement
components. The problem is fundamentally one of seal technology (ref. 12). It appears that
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th.e»,-r_eported problem is to a large degree solvable by existing technology, as the frequency of
problem occurrence on one model of helicopter has driven this problem to the major reliability
problem list. The problem is discussed in greater detail in the appendix, reference number H1.

3.2.7 Fuel Subsystem. — The fact that three fuel subsystem problems are members of
the top reliability problem list is of some surprise to a reliability engineer accustomed to re-
viewing military helicopter data. These three problems and the corresponding detailed ‘techni-
cal analysis reference number of the appendix are: |

o Fuel pressure switch problems Problem F1
o  Fuel pump failure ~ Problem F2
Fuel cell leakage Problem F3

THhe fuel subsystem major problems account for 5 percent of the civil helicopter reliability
problem in terms of the frequency of occurrence of a problem, but account for only 1 percent
of the unscheduled maintenance manhours and less than one-half percent of the cost of repair
components associated with these failures.

Figure 17 shows the contribution of each of these three problems to the entire fuel sub-
system problem in terms of each of the three reliability parameters of this study (relative
frequency of occurrence, unscheduled maintenance manhours, and the cost of repair parts).
In addition, the fuel subsystem impact on the major hehcopter reliability problems is given
for each parameter for reference.

F ailure of fuel pressure switches is the most frequently occurring problem and responsible
for the largest maintenance manhour expenditure on this subsystem. Fuel cell leakages cause
the largest impact on repair parts costs. Fuel pump problems have the second highest frequency
of malfunction and are second highest in terms of maintenance manhours.

The solution of all fuel system problems would benefit from a better definition of failure
modes and causal factors. A review of problems to date has indicated that all three problems
can bealleviated by better application of current technology:

e®  Fuel pressure switch failures are partially due to the lack of design consideration for the
helicopter maintenance and vibratory environment.

e The fuel boost pump failures are believed to be predominantly direct-current-powered
units; Boeing Vertol experience has been that the newer ac-powered motor pumps have
an appreciably improved reliability.

e  Fuel Gell problems can be alleviated by better design for the aircraft maintenance and
opérational environment.

More detail on these problems is given in the detailed technical discussion in the appendix.
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3.2.8. Remaining Systems. — None of the flight control, instrument, or electrical subsys-
tem problems were of a sufficient magnitude to be members of the civil helicopter top re-
liability and ‘maintenance cost problem lists. These systems represent only 5 percent of the
total problems and are nearly equal in occurrence. Some of the more significant problems in
these suEsystéms are listed below.

Instrumentatlon/ Avionics (1-2/3% of total)

Engine gas temperature indicator (32% of this subsystem’s problems)
Bulbs (29% of this subsystem’s problems)

Transducers (23% of this subsystem’s problems)

Tachometers (16% of this subsystem’s problems)

thht Controls (1- 2/ 3% of total)

Tail rotor chain (42% of this subsystem’s problems)
Binding or loose linkage (39% of this subsystem'’s problems)

Electrical (1-2/3% of total)
Generator (40% of this subsystem’s problems)

Battery (charge and overheating) (33% of this subsystem’s problems)
Anticollision light (13% of this subsystem'’s problems)

All three of these systems are significant contributors to the mission abort and trouble-
shooting problems associated with helicopters. However, the quantification of these problems
from the FAA M or D reports is impossible as the abort and troubleshooting data is not in-
cluded. The problem of mission aborts is discussed in the following section.

3.3 Mission Reliability

‘The FAA M or D report provides no information with regard to mission reliability, and
so neither the magnitude nor the source of the mission abort problem could be determined
for the.civil helicopter fleet.

Data on mission aborts for the OH-58 helicopter is available (ref. 7). This is the military
counterpart of one of the most widely used civil helicopters, the Bell Model 206. The magni-
tude and source of the problem experienced by the military are an indication of the i nnpor-
tance of mission reliability to civil helicopter fleets.

Table 4 shows the magnitude of the military helicopter-abort problem. Only three of
every 10,000 fhghts are not completed because of a hardware-orientéd problem.

~__ _Table 5 gives the source (responsible subsystem or component) of the mission aborts and
also shows the comparative hazard of the failure in terms of a precautionary landing incident,

forced landing, or major or minor accident. The dominant source of mission aborts is warning

lights. This subject requires additional research to determine if the civil operator has this
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problem. The second major source of mission aborts is engine fallures Engine failures have
the h1ghest percentage of hazardous aborts resultmg in one-third of the major accidents, over
40 percent of the incidents, and nearly three-quarters of the precuationary landings.

Figure 18 displays the causes of engine aborts for two turbine engines used in fixed-wing
applications. The dominant mode of failure is (as it is for civil hehcopter engines) fuel control
and governmg devmes

'Reference-7 states that 13 percent of mission aborts are caused by false indications of
the warning light system. However, three quarters of the aborts which resulted in a major or
minor accident, forced landing, or incident originated from a malfunction of one of the major
problem area subsystems covered in this report. It is believed by the authors that the entire
subject of civil helicopter mission reliability requires additional research. The recommended

. product improvements and research and development of this report will, however, have a
substantial impact in reducing civil helicopter mission aborts.

TABLE 4. FLIGHT SUCCESS OF THE OH-58A HELICOPTER,
AUGUST 1970 THROUGH JUNE 1972

Location.
Within Qutside

Statistic conus! coNusl Totals

Number of Flights 681,572 . 1,000,275 1,681,847

Average Flight Duration 16.037 21.023 19.003

(minutes), '

Number of Flight Aborts 188 318 ' 506

Flight Success (percent)- 99.973 99.968 99.970

Accrued Flight Hours 182,173 . 350,487 532,660

MTB Flight Aborts 969.005 1,102.16 1,052.668

(flight hours)

NOTES:

1. CONUS = Continental United States

2. Number of flights, number of landings, accrued flight hours, and total flight

hours reported on DA Form 1352
, . . accrued flight hours ‘
3. Flight duration (minutes) = no. of flights x 60 ,
f flight aborts,

4. Flight success % = (1 — nong ofgfnghts ) x 100 l

5. From reference 7 ‘
i
i
i



[ 90UaIaja1 WOoIg

0001 e I I 81 6v 4! 19¢ ~ SEo
60 e 4 1 aunfreq waIsAg 10
Tl 12 1 o am[re,] buuresg Jobuey
S'1 S S aanjre ] jusawnnsuy
0¢C L I 1 1 S wie1sAS 1030y Urepy
0¢C L b 4 Xoqresn)
0¢ L L wa)sAG [eoLnoe[y
9¢ 6 I VA 9 uoneIql\ AAISSIOXH
9¢C 6 g I S JOI0Y el
" 6'C 01 1 A 1 9 walsAg [o1u0)
(23 11 1 74 9 walsAg ong
Z's 81 1 LT waIsAg oTMmeIpAH
g 61 z LT UOTIedIpU] JUSLINIISU]
0'8T (4" 9 98 9 4! aunfre, sutbuy
208§ SLT e 0L1 by Hururep
es |2z s gE 7B | &7 .
g o oE | BE | 28 | 25 | &3 | & g 8 0
g 5 : =1
g & N ] .
= m < - +-—K1oberen
X°®

ZL6T ANNL HONOYWHL 0461 LSNONVY ‘SLYOIY
LHOIT ONISNVD ATLNINOTYA LSON SINALI NO VLVA V85-HO ANYY 'S HTAV.L

o

i
L4 T

IGRZ i3071)

7oL

Ty



FUEL-GOVERNING
DEVICES, INCLUDING SENSORS
(FAULTY, INOPERATIVE,

ADJUSTMENT REQUIRED)

38% ,

FAULTY OR
_INOPERATIV

LUBE SYSTEM_

7%

LUBE AND FUEL
LEAKAGE

13%

IGNITION
13%

BASIC
ENGINE
(FOREIGN-OBJECT DAMAGE,
INTERNAL FAILURE,

INOPERATIVE, FAULTY
OPERATION)

25%

AIR BLEED 2%

ABORTS: TF34 ENGINE|IN’

MAG PLUG/FILTERS 2% 4 ENG
S-3A AIRCRAFT |

!

FUEL-GOVERNING
DEVICES

(FAULTY, INOPERATIVE, -
ADJUSTMENT REQUIRED)

31% |

IGNITER ,
(INOPERATIVE)!

- JAIR BLEED
'DEVICES ,
(INOPERATIVE OR
LEAKAGE, INCLUDING!
i DEICE) 0%
BASIC ENGINE
(FOREIGN-OBJECT
DAMAGE, INTERNAL '
FAILURE, |
INOPERATIVE, = |
FAULTY OPERATION) - _

o LUBE AND FUEL

18% LEAKAGE
19%

MAGPLUG
(INDICATIONS) |
C21%)

ABORTS: T56 ENGINE IN_
E-2C AIRCRAFT]
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Figure 18. Distribution of engine subsystem reliability problem.§
on U.S. Navy aircraft
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The major subsystem reliability problems were reviewed to see which could be alleviated
by application of present technology and which required additional research and development
for any substantial reliability- improvement. Table 6 gives an estimate of the percentage of
the reliability problems of each subsystem that require each of the two categories of action.

As shown in Table 6, solution of propulsion subsystem reliability problems is highly dependent
on additional R&D, while the other major subsystems — airframe, drive, and rotor — have a
slightly higher percentage of problems that are solvable by product-improvement-type changes
than those requiring additional R&D for solution. The landing gear, fuel, and to a lesser degree,
the hyc{gaulli“qs,gb_system problems are largely solvable with prodycg::ir_npgjgyemerit-type changes.

Table 7 gives a brief summary of the failure modes and the nature of the recommended
action to improve the rehablhty for each major problem, either in terms of a product-improve-
ment-type change or the recommended R&D program. The backup discussion of each problem
is contained in the problem writeup in the appendix.

As can be seen from the detailed problem writeups and the recommended action, this
study defined product-improvement-type changes using present technology as having a great
potential for alleviating the civil helicopter reliability problem. The difficulties of implement-
ing these changes should not be underemphasized. Solution of some problems requires ex-
tensive redésign which affects other interfacing components. Réqualification of components
is needed, which is both expensive and time-consuming. Component weight and cost may be
_ adversely affected. Service manuals, spares costs, and similar factors may add up to such a
-high price that retrofit incorporation of a change just for increased reliability may not be cost-
effective in the existing civil helicopter fleet. It may well be the subject of a study to determine
how to establish incentives for incorporation of product-improvement reliability changes;
perhaps a reliability warranty program could be examined.
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B —— 'EE’NC UDING REMARKs-q

Table 8 is a summary of the research and development recommended for increased reli-
ability, mcludmg an estimation of the impact on size, configuration, and mission applicability.

- All items considered are listed, even those having a low priority and/or low payoff. Estimated

. nonrecurring costs and timing are also included in Table 8.

Table 8 gives an assessment of the priority and payoff for each recommended R&D pro-
gram as well-as the applicability to each-size helicopter in the civil fleet. As is shown, it is

"+ recommended that a high priority should be directed at R&D programs to improve the pro-
" pulsion subsystem reliability. This 'subsystem has the largest frequency of problem occurrence,

.. the largest costs of associated repairs, and requires substantial on-aircraft unscheduled main-

tenance manhours to correct reliability problems. The payoff from propulsion subsystem R&D

' is expected to-be high. -Initial studies are directed at detailed problem identification.

The followmg areas of research defined in Table 8 are of benefit to more than one

) subsystem:

o Vibration and load reduction are of benefit to the airframe, rotor, and drive subsystem

as many of these subsystem problems are known to be related to high vibration levels or
unant1c1pated loads

~ e  Spline lubncanon 1mprovements should alleviate propulsion subsystem problems with

fuel splines and drive subsystem problems with drive shaft splines.

e Improvements in filtration will benefit the engine lubrication system and will also give
improved seal life in the hydraulic actuators.

Airframe subsystem problems originate from vibration and also from inability to with-
stand maintenance and operational loads. The requirements of the user’s real environment need
a better definition. Use of composite structures will alleviate many airframe skin and structure
problems, but a development program for compatible hardware is suggested to avoid introduc-

" tion of new problems.

Drive subsystem materials and lubricant development programs are recommended to

| ~ improve the -overall reliability level of the next generation of helicopters (ref. 1).

Many rotor problems will be alleviated if further development of composite and advanced

' composites structures results in the widespread use of bearingless main and tail rotor hubs.

Corrosion-resistant, easily maintained blades with judicious use of advanced composites will

" give optimum structural characteristics while keeping the reliability gains associated with the

- composite blade. At the same time development of design parameters for oscillating seals and

. ¢
LEET Y -

i

R

TR 4602 (3.7

CFORLy SE0ZT 13074}

:* lubrication-free bearings such as elastomeric and TEFLON fabric is recommended.

--Development of improved coatings for metallic dynamic system components is recom-
mended to protect components from corrosion-and maintenance damage.
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Magega}g and structures developments_nl_ﬂpawt._matenals and for fuel cells will improve

the damage tolerance without the adverse weight impact now associated with chafe- and
puncture-resistant fabric structure.

A final recommended program is for the development of improved actuator seals, as
ﬂight control actuator leakage is a generic problem that has been increasing in magnitude as

controls becomes more widespread.

The estimated costs and elapsed time for each R&D program have been given in Table 8.
Additional funding will be required for follow-on action after completion of the study pro-
grams sch asthe three propulsion subsystem studies to determine the détailéd failure modes
and problem causal factors. It is anticipated that the studies will define any additional
requirements. |

All program costs shown in Table 8 are not additive as several problems call out the same
research program as a solution and the entire program cost was repeated for each problem
entry. No attempt was made to allocate the costs of a program among the several problems
that it would alleviate.

This study has shown that a small number of reliability problems have a major impact on
unscheduled maintenance manhours and repair parts cost. The propulsion, drive, and rotor
subsystems represent over 80 percent of these manhours and parts cost and additionally have
a substantial impact on safety and mission reliability (aborts). Therefore the highest priority
efforts must be directed at improving reliability of these subsystems. The airframe subsystem
contributes significantly to unreliability because of a large number of failures and maintenance
manhours expended.

The research and development identified herein will have a long-term impact on reliability.

The importance of aggressive product-improvement programs using known technology
must be emphasized because these will have a more immediate impact on new helicopters now
being developed for the civil market.
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SR B Included in th1s appendtx are detatled techmcal discussions of the individual civil helicop-
ter rehablhty*problems foir SURECSLELERICI R o S e e
1. The t’qp 20 most frequently reported problems, e
"2, The top 20 mamtenance manhour probléms,
<t The- top ~1~&repa1r parts cost .problems.w S I e s o
R For c&wemértée en 1ndex of the problems is hsted by subsystem
T Component/Subsystern = ‘." e ~ " Reference Number
Propuls10rt Subsystem o )
Fuel Control~ = - =~ - !
Fuel Governor...... e . P2
Compressor Fatlure R B - P3
Englne Lubncatton i Lo ' P4
. Fusl Pu“r‘ﬁ‘p“Sphne Wear R 5]
Turbme Fatlures z S - P6
Alrframe SubS’ystem ‘~ ___.L.._.,,,,_..__ T .
An‘frame Skin and Structure Cracks C Al
Small_,l;lgrguare Loss or Fatlure A2
Skin Unbondmg D o o A3
Drive Subsystem I _
Transrmssmn Bearmg Spalhng D1
Tail Rotor Transmission Mount Cracks D2
Transrmission Housing Cracking—~ =~~~ = - == - - D3
Hanger Bearing. Failure : .. o D4
Gear ‘Scuffing and Spallmg o 0 - D5
Drive Shaft Sphne Wear i : Dé
~ Rotor Subsystem R s
Bladé Cracks and. Corrosion’ ; ‘ " Rl
; Tension- Tomlon”AisSe’mbly Fallure T T . R2
& SwashplateSuppeﬂ—Craclang—--—-m—m—,-- . (A
Rotor Hub Bearing Failure - - - : - R4
o . Main Rotor Retention RS
R Tail Rotor Grip Bearing Failure R6
Zizw . Swashplate Bearing Faillure =77\ . & R7
Lo Lt Do el
. L L T

3 "CH <z s,w_,gc

PR 622 3 TY TATING



COmponent/sub'siisEem""“W“' b . Reference Number
Main’ Rotor Mast Corrosmn L R8
Rotor. Hub Seal Leaks e R9
Rotor Hub Corros1on I R10
o Landmg Gear Subsystem e _ ) o
Float Leaks | - | A L1
Hydrauhc {Subsystem' PR T e o /
o Flight Control Actuator Leaks S Hl /
= K ST O O i
- Fuel Subsystem L il e e
Fuel Pressure Sw1tch Problems_'.;; . F1
Fuel Pump Fallure BT F2
Fuel ?Cleﬂbbeakage e m - -F3
- *m B B _ i T
T 0 T T
B :-: :). [ __’z:L ' 62 ;;Y:
"3‘§ o P
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S CIVIL HELICOPTER RELIABILITY PROBLEMP1

F UEL CONTROL

.........

ment durlng engme startmg and up to the ﬂ19ht range of the power turbme apprommately 85

- t0 100 percent of the normal flight rpm. In the upper speed range, the governor controls the
.. speed. Common malfunct1ons of the fuel control are improper-starting and fluctuations of

speed in the-lower ranges -There is little. correcuve action possible for fuel controls in the

" field, so the most common correctlon of a malfunctlomng fuel control is to remove and re-
_ place the umt :

Often a-unit is removed as part of a troubleshootmg operation and subsequent test and

dlsassembly show_the unl:t is fully functlonal W1th no. defect

A study of the turbme engine rehabﬂrty problems of Army hehcopters (ref 8) reports

" the fo]lowmg fallure modes of fuel control units:

e Contammatlon fromithe‘actuatmg media or from the fuel itself causing sticking and

b1nd1ng of spoo]s leakage of valves, and clogged orifices.

i

e Fahgue fa11ure of sprmgs, be]lows, and retention devices.

‘ N Mrsad]ustment erroneous troubleshootmg, ete. (estimates-of-this problem-are as high

as 50%)

Problem ‘Solu'tion’ '

Present--Technology~ ~—-The-problems are-not-defined-in-detail in-the civil helicopter data

base. The'prime engme manufacturer does not usually perform the detailed design, manufac-

ture, or overhaul of the fuel control and seldom has detailed awareness of failure mode and

frequency of this assembly "The area needs considerable study to define the problem prior to

: estabhshmg a solution: Records do-indicate substantial differences between failure rates on

* the fuel controls. oﬂd1fferent model helicopters, indicating some technology is present for al-

leviating the problem ES I

A ﬂeet evaluation program of the commparative reliability of present engine fuel controls

.+ with similar units protected by better filfration is recommended. This will document the
-, magmitude of the possible reliability improvement and cost, weight, and complexity penalties

.

of improved filtration._ . . __ .
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1

_Itis also recommended that a joint auframe/englne/control manufacturer effort deter-
mine causes and make recommendatlons for correctmg fuel control problems.

Advanced Technology ~—This-item-is-orie of-the major erroneous-removal problems en-

' . countered in turbine: hehcopters ‘As. many as 65 percent of the military helicopter fuel controls
~ removed in the field exhibit no defect when tested in the shop. This problem appears to be

<~’3

mstallatlon/mterface related and isa cand1date for addmonal research prior to complete prob-
“lem resolutlc,n b

P -

A f1el$d d1agnost1c/mspect10n techmque is requ1red SO that erroneous removals can be

‘4 rmmrmzedl One optlon to ‘be consrdered is the development of a f1eld level GSE item for

: ,__.___.
' b
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': with no defects

. I. L~ -

CIVIL HELICOPTER RELIABILITY PROBLEM P2
-~ FUEL GOVERNOR

"?A'-;“'f_ﬁ"-‘,iirldilem

The~ functlon of the govemor is'to'maintain nearly constant power-turbine rpm in response
. to wide variations. in. power demand by the pilot’s collective setting, while the turbine speed is

. in the 90- to 100percent range. Common . symptoms of a malfuncnomng governor are speed

- variations, ftorque and! turbme temperature varlatlons, and a drop in rpm occurring with a
. demand forj power.. “The solutlon fora rnalfunchonmg governor is to replace the component.

Very little ’on-aucra£t~mamtenance is-coriducted:- Often-a governor-is-removed-as part of a
troubleshootmg operatlon and subsequent test and disassembly show the umt is fully functional

: The g;ovemon ofa tw;in-'turbi_ne‘ engine helicopter has more demanding requirements. The
engine torques-and.-turbine-inlet-temperatures.should be matched throughout the flight range,
" and it is apparent to the pilot if the governor actions result in a variance.
: -~ Problem Solution
Present Technology. — As with the fuel control system, the problems are not determinable
* in detail. The prime engine manufacturer does not perform the detailed design, manufacture,
~ or overhaul of the fuel governor and seldom has a detailed awareness of faxlure modes. The
area~needs add1t10nal study to- defme the problem prior to- estabhshmg a solution. It is recom-
. mended that-a,Jomt.auframe/eng;ne/govemor manufacturer effort determine causes and make
. recommendations for corrécting f%I_gogemon__RnohIerns.

Advanéed Technology. — As with the fuel control, a large percentage of the fuel governor
removals-has-no-defect-when-checked-at-the factory/overhaul- facility. - This item requires a field
diagnostic/inspection tech’nicjﬁe so that erroneous removals can be minimized. One option to
be consldered is the development of a f1eld-1eve1 GSEi item for off-a1rcraft fuel governor
checkout. - T

T
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e Corros1on/erosmn-mduced vane fa11ures :
) e

L

CIVIL HELICOPTER RELIABILITY PROBLEM P3
- COMPRESSOR FAILURES

' ' Problem

Civil hehcopter rehablhty -data-lists only ““failure” as the principle malfunction of the
‘ compressor Vlrtually every mﬁternal engme faﬂure is:cause for removal therefore, to an

- usually be determmed only after dJsassembly so they are not known to the operator.

A study~of many-of_the same engmes used in the c1v11 fleet but. 1nsta11ed in. Army helicopters

° Blade/dlsk fatigue fallures

. ® Drffuser crack.mg and leakage T

e Compressor hmng wear and crackmg (th1s was a problem peculiar to one engine design)

e Vanable stator and b_‘leed ,problems (looseness and mechanism failure)

A tabulatlon ‘of the reasons for rmhtary helicopter unscheduled engine removals given

_inthe reference 8 report showed that-a total of 41.6 percent of all engines removed was due
- to. compressor problems (compressor- fa11ures FOD and erosion, with FOD the predominant
- - failure cause) : :

s s st et e e o St et A e e Pfabléﬁi So‘lutj_’o‘ﬁ
Present Technology. — The compressor failures must be examined in more detail to see if
the civil helicopter problems are due to detail design execution or require an advancement in
- technology. The problems may be solvable with existing technology once the details of the
failure modes-are-determined:-It-is possible that solution requires a‘means of establishing a
~ cost incentive to justify the corrective action.

If, for example FOD is the predommant cause of failure, the cost of the present poor
reliability and engme repa1r may outwelgh the adverse cost and weight of inlet screens.

Itis recommended that a ]omt airframe/engine manufacturer effort determine causes and

" make recommendatrons for correctmg compressor problems To aid in this mvest19at1on itis

recommended that the FAA M or D report be revised to request that add1t1ona1 data on failure

« causes be supphed when this form is submitted by the engine overhaul facility.

Advanced Technology. ~. Since thecivilhelicopter data base does.not.contain depot tear-
down/overhaul—results this-discussion-is- based exclus1vely on rmhtary hehcopter experience.

TTeeh
AL




-

S -
ERRE N3]
Tt 4822

AU . RN

_The development of erosmn re81stant blade vane materials. and corros1on-prevent1ve
- coatings, coupled with the development/application of effective air Pparticle separators, is
* required to reduce the magmtude of this problem. The GE T700 engine has addressed all of
" these problems and-a studxrof the-effectiveness-of R&M improvements on the T700 is being
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. conducted by .GE.:fon USAAMRDL. This.may identify the areas of additional R&D required.
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CIVILﬁELICOPTER RELIABILITY PROBLEM P4

- ENCGINE LUBRICATION SYSTEM MALFUNCTION

‘Problem
The civil helicopter engme lubncanon system component failures and failure modes are
not well- defmed Many lubrlcatlon system failures jeopardize the.engine and so the entire

-, engine wuh its. lubncatmn pumps ftlters 'and valves is sent to a distribution center for rework
“oor checko t :

A stu'dy-'of “mi-liftary~l'§1e]icopter en‘gin‘e R&M-factors-(ref.-8); reporting on-many of the same

~ engines used in c1v1l hehcopters gave two. major categories of lubrication system malfunctions:

l

5 1. Pumps and*assomatedvalvmg'm — e T T T

- 2, Coolers and filters

Tubmg and ﬁttmgs, leakage ‘and chafmg made up the balance of the problem.

‘ ' Problem Solut1on

Present.Technology. ‘__.~The~problem can-be- somewhat allev1ated by -additional filtration

" torestrict'any debris. generated from contammatmg the ent1re system and requiring the re-
* . placement of both engine!and hehcopter-mounted components. Failure to remove the entire
" 'system has resulted in res1dual contan'unanon ‘causing secondary failures.

i

A f1eld evaluatlon P _Pg ram of the comparatlve reliability. of present engine lubrication

e T LA R

 systems w1th similar systems protected by better filtration is recommended. This will document

the magnitude of the possible rehablhty 1mprovement and the cost, we1ght and complexity
penalt1es of 1mproved flltratzon - '

...».L-.

Itis also recommended that a joint airframe/engine manufacturer effort be made to

- deterrmne other causes and make recommendatlons for correctlng engine lubncatlon system
- problems o : ‘

5
. 2

- f e 3 e s o e

Advalnced Technology Redundancy of the lubncatlon system may slightly increase

the frequency of malfunction of these components, but the consequence of a failure in terms

-~ of safety as'well as in‘ ‘u’risc’heduled mamtenance manhours and repa1r parts costs becomes
- relatively bemgn 1
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,WMC'lVlL HELICOPTER RELIABILITY PROBLEM P5
- FUEL PUMP SPLINE WEAR

G T Problem
Wear, of gas: turbme-dnven fuel pump splmes “has been a significant-problem for over a
" decade. The .spline- dnve Is generally lubrzcated only at assembly and operates at high speed
-, and with . some rmsahgnment and lack of- concentncrty

li : H
The mouon of sphne surfaces WIth condItIons of margmal lubrication generates wear '
" debris Whlch acts~as anwabrasrve to generate sull faster-wear-rates~In-the fuel- -pump environment,
 fuel contammatron may. wash away any . grease The emphasis on low werght results in high
" spline tooth contact stresses and further aggravates the problem. -

—— e JESR—. e e - —

--Problem Solving' -
Present Technology ‘The problem can be allevrated WIth present technology but with
~ an adverse:impact.on weIght and cost. Sphne wear is reduced by using a slower-speed drive,
" keeping contact stresses low in the spline. teeth ‘and minimizing mIsahgnment both by configura-
tion and by closer control of tolefances. - S

o DesIgn changes so that spl.Ines of thIs type can be relubricated w1thout dIsassembly would
"! give considerable Improvement ‘Thisisa product-rmprovement—type change rather than an
- R&D-program;— - e e
Advanced Technology Desrgn for longer sphne hfe_yrsﬂanwar‘ea in which R&D will show
a payoff and such:a program to include materIals configuratron ‘and lubricants is recommended.
Considerable viork is “being done by the thtary organizations and any additional research
- should be interfaced-with-their-effort.- A recent development of the Naval Air Systems Com-
~ mand, for ‘example, is a polyirrIid sleeve between male and female spline portions which pre-
_ vents metal to-metal contact and accommodates rmsahgnment

3
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e ClVIL HELICOPTER RELIABILITY PROBLEM P6

TURBINE FAILURES

 Problem

Civil helicopter rehahmtyt'da‘t‘a fists“‘failure’as the ‘principle-R&M impacting malfunction

. of the engme ~V1rtually every mternal engme fallure is cause for removal, so to an operator

. Nozzle band crackmg

PP NOREE e ,; 70}

........

The real fail'ure caa'ses 'an'd' mad'es' can usually be determined only after disassembly, so

" they are notlmown-toﬁe operato ——-—~j~~~* e e

1 .

A study of Army turbme engmes made to determine R&M factors (ref. 8) covered many

., of the same engines- used in the c1V11 hehcopter fleet. Thisreport gave the following as major
- turbine fa11ure modes: C

,,,,,,

e Nozzle support structure wear/crack.mg

e Nozzle‘ er‘os;on . burning, tsul,ffldat;lon .

i

Blade/wheel crackmg is an 1nfrequent faﬂure mode. This area is safety-impacting and is

B given a propomonally larger amount of des1gn attention.

The r'naJor R&M problem then, is caused by therma.l stresses, thermal weakening, and the
erosive effects of the hot gases '

Problem Solution

Present Technology The cml hehcopter turbme fa1lure data base should be expanded
to allow examination in greater detail. While some problems appear to be alleviated by existing
design techniques; the inevitable use of higher-turbine pressure ratios-and operating tempera-
tures and the trend to increase power-to-weight ratios make this an area for continued research.
A joint airframe/enginé manufactiier effort is recommended to determine causes and resolu-
tion of turbine reliability. problems, '

Advahcéd—Tééhnology:~%vSince-the~eivil~«he1ieopter“data~-base does-not contain depot

. teardown/overhaul results, :t_l_,lisfd_i,scu,s‘si,on is based exclusively on military helicopter experience.

RTURSEEE IR EUREL A ‘. P

The use of cast nozzles and slotted inner/outer noiﬁlé"lfa_rfds,' alorfgv“v?iﬂl'thé"development

.- and application of improved materials, directional solidified alloys, and improved coatings to

resist sulfidation, would be a great step toward reducing the magnitude of this problem.

» Analogously, development/application of turbine engine fuels with lower sulphur content would
*+ have-a-highly-beneficial-effect-upon-turbine-reliability. -A- materlals/coatmgs development pro-
- granvis recommended-toalleviate future turbine-area problems—' .
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- concentratlons

f

s _ o ,CIVIL HELICOPTER liELIABILITX PROBLEM Al _.
o AIRFRAM_E VIBRATION AND CRACKING

[ S e PR

1. I-hgh locahzed v1brat10n (partlcularly in- the v1cm1ty of the rotors and engme) and pulsating
a1rloads due to rotor downwash o top surfaces. T

f

2 Load concentratlon typ1cally m the areas of

Door attachments

°
° Landmg gear attachments i

o -~ Tailbooi attac S e
°

Engme attachments

L3 Mamtenance~or1g1nated damage primarily in’ the areasof: "~

e Doors, access panels loaded: abnormally (wind load on open panel; vertical loads
- ON-Open: doors doors opened-too far;-thus cracking structure at hinges; bent .
structure whlch results i in cracking due to load ‘concentration in operation)

l

- Strmgers~and longeronsdented from mamtenance which. then crack due to load

t

o I Damage from tools and toolboxes restmg on- horlzontal surfaces which are pri-
manly fa1rmgs

o Dentmg damage from steppmg -on. nonwalkway areas . _—
° Carg‘o','p’assenger-'loading damage of unreinforced areas

Problem Solutlon

Present Technology. — The problem can be greatly alleviated With existing technology but
with a weight penalty; The design approach is twofold:

3

1

1. Demgn for the real mamtenance and user environment, that is:

° Heav1er skm on honzontal surfaces
° Pgtte,r ,v.vgr.lg-p,l.etfplzm_s_ .

) PRI EEUR S PR . : . .. . .
& e — Components-designed-to-be-resistant-to maintenance damage. _Avoid flimsy edges

-on formers and-stringers that may be exposed-to maintenance damage

2. Design for higher load factors, that is:

) Remforce structure at points of load transfer




i Des19n to be more remstant to vibration in areas demonstrated to be vulnerable

to this source of problems

Advanced Teehanlogy; 'é'THe following areas of technology offer considerable promise:

> . 1. Advanced materials, which promise ’-Weight reductions of 12 percent with present design
principles; offera means ‘of designto the real maintenance and-vibration environment
with equ1va1ent welg?t as’ compared to ‘today’s technology (ref. 3).

2. Reductlon of the wbratlon leve]s‘~ Onemethod isto useisolation systems between the
fuselage and-the rotor system “The airframe will then be less susceptible to vibration-
induced cracks (ref. 2).

: Addifiohal REféfénEés TJZ—\’fli‘ft}.fe'r'"diﬁcussi(’:»r'l-of the skin and structure cracking problem
* of two military- hehcopters is-given-in-reference-10: An-excellent summary of the effects of
. mamtenance/operanonal damage on the U.s. c1v11 hehCOpter airframe is given in reference 16 '
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e Res1s}tance to v1brat10n
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CIVIL HELICOPTER RELIABILITY PROBLEM A2
SMALL HARDWARE

' ; ; Problem

nges~latches--rtvets~screws-and other -hardware fail-at such-arate-as-to-cause a signifi-

~cant R&M’problem The probleri is usually minor per event, but the frequency of occurrence
o - is very }ugh One: study of mili tary ‘helicopters (ref.. 10) reported that hardware problems ac-

" counted for 15 percent of the total malfunctions on two models of hehcopter There is some

safety 1mp11cat10n as panel loss resultmg 1n rotor contact has occurred FOD to engmes

" data 1nd1cates the same causal tactors are occurrmg " Thé causes are:

'_ ‘o V1brat10n-mduced fa1lures caused by loads 1mposed by adJacent structure

‘e Mamtenance damage caused by excesswe loads apphed w}ule securing the fastener or by
- rough handhng of hardware or attached structure

S Manufactunng-tolerance varxatlons that cannot be accommodated W1thout damage to
the fastener a :

:i The cml hehcopter problem»ls mcely summed up in a recent statement by F rank McGuire,
. Editor, Hehcopter News (ref 16) I “In many ways the helicopter is just out and out too
- flimsy.” . f‘ i : .

S e ..“”“”Problem'Soluu'on TR
l s

Present Technology The frequency and severity of the'srnau hardware problem can
be greatly alleviated with present technology once it is acknowledged that there is a require-
" ment fora rugged de31gn to survive in the user’s environment; that is, design for the following:

e Tolerance to mamtenance damage

e Crew, passenger,_baggage and cargo damage tolerance
A program for f1eld evaluatron of the reliability of an airframe reinforced locally to
'3 withstand| hlgh vibration levels; normal thaifitenance and operational loads, and with the
¢ hardware- mstallat on—mspected—toassurea]l aspects-are-according-to-manufacturer’s require-
* ments. This will enable a-quantitative determination of the reliability improvement and as-
' sociated weight/cost penalties available with the present small hardware technology.

|
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Advanced Technology =

More study and definition of the operational design criteria will permit a weight- and
cost-effective approach for hardware survival.

Fastener research is requzred to improve the tolerance to maintenance and manufacturing
d1screpanc1es -

Hardvvare must. be developed to be more compatible with the use of composite and honey-
comb constructlon Present’ hardware is based on decades of use with solid metal struc-
ture and some proves madequate when used with composite or honeycomb.

V1brat10n levels should be reduced One method would be to develop and field-test a
v1bratlon-1solat10n system : : i




CIVIL HELICOPTER RELIABILITY PROBLEM A3
SKIN UNBONDING

PR Problem

Civil hehcopters makemde use-of- honeycomb panels they are highly efficient from a

. strength- to we1ght ratro Both metal and compos1tes are used for skm and. core although use

..............

i

‘ There are. many reasons wh1ch have been found for thls problem wluch is most predominant
" with the metal honeycomb construction:

L Manufactunng/processmg methods have been at fault- Proper-cleaning and surface

preparatlon of materlals have been found essentlal to good performance

:" 2. Some hygroscop1c bondmg matenals have been used; these transmit m01sture which

corrodes the metalhc surfaces and ¢ causes the bond failure.

3. Attachments such as fasteners and other hardware are not sealed wh1ch results in

moisture and ﬂmd penetratlon

4. Mechanical damage such as punctures allows moisture and other fluids to enter the

" horieycomb core.”Aluminum skin on “the order of 0.010 inch thick is often used which
is structurally adequate but nearly mtolerant of mamtenance crew, or cargo damage.

; - t

Many panels now in use in the c1v1l hehcopter ﬂeet although qu1te new in chronologlcal
age, represent somewhat obsolete design and fabrication techniques because of the rapid

changes made in-this-area of structures technology. -

__Problem Solution

Preserit Tebhnology =

e Cons1derable research has beén done in the areas of unproved processmg and bonding

0l
ALY
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agentfs SO the problem w111 be a]lev1ated as these procedures are implemented.

o Useof compos1tes has resulted in fewer bondmg problems than the metal honeycomb

structure BN

i e e e e e e e e

S ) Better fastemng methods to the honeycomb panel have been developed so that better

sealing results against external moisture and fluid contamination.

- —A-field demonstration program-could-evaluate thereliability-improvement possible for

a hrstoncally troublesome'honeycomb’panel mstallanon 1f the current technology in composite

PtE EL LU YT 4
'z 1Nc~ RS
T TPATING



et matenals manufacttmng and process controls and panel desrgn confrguratron were combined

to make a :replacement panel.” The field reliability problems experienced by this present-
technology panel would enable a cost-weight-reliability trade to determine the effectiveness
© of fleet retrofit*oﬁ'preSent"techn'oltho r_e'p_lace’ that now in use in the civil helicopter fleet.
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Advanced Technolocry Work is needed in the followmg areas:

Better defuutmn of 1_he requlrements of the operatmnal envrronment is needed, par-

Better defuutlon (supported by testmg) of the damage tolerant performance of honey-
comb skins: of d1fferent thrcknesses and materials.

Better fastener and attachment procedures and hardware are requ1red to assure fewer
load- transfer d1scont1nu1t1es ‘at these points. Design criteria should be better defined; for
exaniple, a desirable feature would be to require fastener attachments to exceed the
strength of the attached ‘hardware, so that any maintenance damage results in failure of
the- low-costnfastener —rather than-the -high-cost panel.- This is particularly necessary for

composite panels_ since there is a lack of technology in this area.
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ot s ﬂ-{_—[.'_ CIVIL HELICOPTER RELIABILITY PROBLEM D1 |
| TRANSMISSION BEARING SPALLING  °

e b e

Problem

Spalhng (or ﬂaklng)~of beanng_s is the result of fatIgue failure-of-the- contacting surfaces.
~If the bearmg is properly made ;- ounted and lubrICated and the loads are not excessive, bear-
. ing spalhnq should oceur only mfrequently

g,,

Common problems found to contnbute to transmIssmn beanng spalling are the following:

1. Unant1c1pated loads In excess of the deSIgn load spectrum

.2, Lack Iof cleanhness of the bearmg materIal IncluSIons or ﬂaws act as orIgms for
Inc1pIent faIlure T o

3, MIsahgnment or other assembly condItIons such as to cause an unant1c1pated distribution
of load ' ,

In the civil hehcopter data base thIS problem is associated predominantly with the
spallIng of the. upper shaft support. bearmg in one model of helicopter and, as such, is not a
* generic problem to the cwIl hehcopter of the magnitude indicated but rather a particular
problem In deSIgn executIon Although the magnitude of this problem may be biased by this
"""" Table 3, bearinig spalls are theé catise of more than
19 percent of- all military hehcopter transmission unscheduled removals.

" Problem Solution
Present-’ Technologyri'r—'l‘he'particular problem in the one-helicopter model that drove
this faIIure cause_to: the. predommant problem list appears to be a matter of design execution.

CorrectIon is probably ImpaIred by cost and weIght changes and the necessity to change inter-
. facing components '

ti B
i

The genencuproblem of transmIssmn drive-system- bearmg spalling: can be allev1ated :

- Improvement-type deSIgn !approaches will reduce the problem magnitudeé:

‘“ 1. Bearings of VIM-VAR processed steel (MSOor 9310, vacuum-mductIon-melted or
K vacuum-arc-remelted) with the forged billet ultrasonically inspected. This material gives
N fewer and smaller inclusions for possible fatigue failure mItIatlon than single vacuum-arc-
T __melted steels with conventional inspection techniques.

-
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e P Improved quahty_assurance of cr1t1cal beanng charactensucs such as surface finish and
- mternal clearances assurmg better lubr1cat10n and more predictable load-carrying ability.

3. Since spallmg isa load-sens1t1ve characteristic, increasing the size of the bearing will reduce
the surface contact stresses _The bearing life increases as the inverse of the 7th or 9th
S power of the contact stress ratios if all other factors remain unchanged. This approach
’ does carrya we1ghrpenalty ‘but; smce*total weight-of transmission bearings is only -7
percent of-the: transmxssmn assembly weight (ref. 1, Figure 18),.a trade of this sort (weight
increase to mcrease rehablhty) may be in order., The problem could then be seen in proper
perspectwe : :

Advanced- Technology«—“'l'he followmg approaches may- further-reduce the transm1ss10n
bearmg spallmg problem Pl f .

t

1. The- cmlhehcopter fleet has -more freedom to use lubncants more-suited to the specific
apphcatlon than does the mlhtary, which relies on a universal lubricant, suitable for all
' apphcatlons and. env1ronments (but posslbly optimum for none). Research shows that
B for many helicopter applications, straight mineral oil gives about twice the life of the
rmhtary lubr1cants ®ne ‘concern-is that mtroducmg more lubricant types could create
add.monal loglst1cs (supply) problems

. 52 Contmued matena]s research to develop stiffer transmission housings and bearing ma-
terials.with. betterJoadcarrymg charactensﬂcs "A program outlined in reference 1 is
recommende& -

L 3B V1bratlon reductlon toxeduce unant1c1pated loads upon the bearings. The program out-
' lined in reference 2i 1s recommended o




— ,,_,_M,CI_\/IIL HELICOPTER RELIABILITY PROBLEM D2

: TAIL ROTOR TRANSMISSION MOUNTING

Problem
The. ta1l rotor gearng mount. fa1lures are reported asa problem The details of the failure
* are not reported; however’ the failures aré principally a problem in one model helicopter. This
s evidence that this is: not, a problem indigenous to the civil helicopter, but rather a problem
_ of design-execution-on the-one model-that is the principle source of thesereported failures.
T oo ':

Failures in the tail rotor area of hehcopte;s_ are not unusual due to the high vibration and
’ d1ff1culty of accurately predlctmg loads

.

- e — i
{

~---Problem Solution- ~ - - - -

i

Present Technology Better detalled desxgn executlon would reduce the magnitude of

. this problem greatly Rehab1hty warranties n'ught increase the cost-effectiveness of design
changes to. correct: this type of problem.

Advanced Tefqhnolody. — A vibration reduction program, oriented to the tail rotor area,
. would reduce the frequency of this type of failure which occurs primarily due to unanticipated
" loads. This program should address theé vibration reduction approaches of reference 2.
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‘ CIVIL HELICOPTER RELIABILITY PROBLEM D3
TRANSMISSION HOUSING CRACKS

' ments have fnctlon dampers as well

R -T‘»"f”_'f'—"‘: _ Problem

Cracks in- the*attachment/hft—lug&of the-transmission-of- one-helicopter model caused this
problem to make the top problem hst The problem is beheved to be one of des1gn executlon

- to the forward-edge oﬂtheiransrmssmn and transmits vertical forces .w1th no.lost. motion; the
. other five lugs attach to mounts havmg a degree of resilience. The two aft outboard attach-

!.
3.
'

--Problem Solution -

Present Technology The partlcular problem of the hehcopter in quesﬁon appears
‘_ solvable with present technology with probable adverse impact on cost and weight. The lug
attachment crackmg problem does not” appear to be generic to the civil helicopter.

Adva'nced Technolog‘;y Reduction of rotor loads and vibration should alleviate this and

T BLATK
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" other unantlclpated hehcopter component: crackmg problems Research requ1rements for
“ such a program are outlmed in reference 2.



‘ CIVIL HELICOPTER RELIABILITY PROBLEM D4
'"HANGER BEARING FAILURE

| e Problern
The dnve shaftmg between“the mam rotor transmission and the tail rotor transmission is
supported by-a number of hanger bearings. - The shaft welght is generally negligible in terms

. of the bearing allowable loads, so:the pnnc1ple loads are those caused by structural deflections

. and vibration.: The calculated hves of these bearmgs are so lugh ‘that the beanng should not

constitute a problem Yet, the problem of providing axial and angular freedom for shaft de-
flection makes~th1s—a-d1fficdt bearmg application--and- the frequency-of-failure drove this

~ problem to the major rehgblhty problem list.

f = Problem Solution

Prese:ntmTechnology.-;-:—;'llhis-problemwis reported to. be.more.prevalent in one model of
helicopter' than in: the overall civil fleet, leading to the conclusion that the problem is one of

~ design exe‘cution énd‘ not fa generic problem.

In reviewing- ‘the- hlstory of shaft hanger bearings, it was found that many design ap-

‘ . proaches have been taken to allewate this problem with considerable success. These include

splined shaft sections to allow axial and angular freedom, flexible couplings between shaft
sections, flexxbly mounted hanger assemblies, damped hanger assemblies, elastomeric mounting

-of the beanng, and-the requlrement for periodic lubrication of the bearing. In general, the

more complex and expensive approaches have resulted in more rehable assemblies.

Advanced Tec':hnolog;? "~ Thereisa }ié’é&' to determine the life-cycle cost impact of
higher initial investiment to alleviate this R&M problem.
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B CIVIL HELICOPTER RELIABILITY PROBLEM DS
' GEAR SCUF FING/SPALLING

TR '—‘-;"“—‘-‘-" - ProbIem

e e e ee pemeae

?

- localized s irface: weldmg and tearmg loose caused by shdmg of contactmg surfaces Scuffing
. isan indlcat;on. of, lubr,lcat;on,brea_kdown at the tooth contact point and an important cause

. has been found to;be improper surface finish.” Scuffing is generally initiated during run-in of a
. transrmssuim and éXh1b1ts a decreamng'fallure rate w1th time.- Spalhng results from high contact

- detectable: by debns detectlon systems Gear spalhng is potennally a nucleus for a more serious

_tooth fatrgue failure but i 1s not safety-cntlcal by itself. Debris generated by spalling and de-

. tected by a debris :dete_ctlon system would be causé for fransmission removal and so severely

impacts the maintenance-¢ost-of ‘a-helicopter.

. ‘ ProI;l;mSolutmn .

Present'Technology : SOme of the spalling and scuffing problem can be alleviated by

improved control of quahty factors as- d1scu$ed under transrmss1on bearings. This includes:

1.

' ) ...2 «
3.
4.

Improve "m’“‘terlal cIe”a‘nthe‘s§ by use of doub“le-vacuum-melt”steels with ultrasonic
mspectmn of the b111et

- Improved surface fmlsh of the contactmg areas.

Better d1stnbut10n of lubncant on the contacting surface.

A welght/rehablhty trade to’ reduce the load-related fa11ure phenomena

Advanced 'Techn‘ol_ogy. = The following areas of ‘potential R&M improvement in the area

of scuffing and/or spalling were identified in reference 1:

1.

ImprOved“'load"'shwaring*and~reduced“s]iding*of'noninvolute';"nigh=contact-ratio spur-gear
teeth’ provide reduced noise and vibration levels and increased load capacity and life for
planetary systems.

Increased contact. aréa, reduced nﬁsalignment sensitivity, and sliding of nonoctoid, high-
contact-ratio. bevel teeth provide red reduced n01se and vibration levels and increased load
capamty and hfe N

Advanced hot-hardnes gear matenals prowde mcreased load capaclty and life and in-
creased tolerance to emergency oil-off operation.
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s 4. Advanced finite-e element analys1s of planetary (spur and hehcal) and spxral bevel-gear
rim thickness will preclude acatastrophic failure through the gear rim or web and an

1mproved_ load d1smbut19n can be obtained.

In addmon to. these 1mprovements in lubricants for gearing offer both short- and long-term
T poss1b1ht1es to increase load capacny ‘
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s assembly 1s sealed

-, tion of this drive shaft spline in military helicopters.

S -

e e e
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CIVIL HELICOPTER RELIABILITY PROBLEM D6
_DRIVE SHAFT SPLINE WEAR

. Prbblem

This problem relates t0o- wear of a sphencal spline used. in-each-of the-two flexible couplings

_ of the dmve shaftmg from,theengme to. the main‘ transmission. The splines accommodate axial

motion and mlsahgnment They are packed at assembly wtth an extreme-pnessure grease. The

| system and an alrframe mounted engme Th1s requ1res couplmgs to accommodate large axial
~_‘'motions and angular xmsahgnment Sealmg to retain the lubricant and exclude contammants :
. is d1ff1cult Seal failure results in 1ubr1cant loss and subsequent splme wear.

Mamtenancerof the dnve shaft sphned coupl.lngs is_time-consuming as the shafting must

" be removed from the hehcopter the couplings disassembled and then inspected for wear, re-

grease-packed and then reassembled

There:is somfe‘ -indica-;tionv oflubn'catijon breakdown in high-ambient-temperature opera-

"-P'roblé'r'n Solution

Present Technology ..~ The flexible couphng conf1gurat10n wh1ch employs a spherical

spline was forced by the des1gn conﬁguratlon of the flexibly mounted transmission with the

engine separately mounted on the airframe. With this configuration, the most promising area
of present technology is the development of a grease lubrication system that does not require
removal from the .hehcopt_er and-subsequent.disassembly...With.more frequent lubrication of
the 'splines, the spline wear problem WOuld be alleviated and the R&M impact improved.

Advanced. Technology Development of improved flexible couphngs would improve

.. the helicopter R&M. - There:is increasing need for shafting to-accommodate relative motion
i between components as. rotor-lsolatxon systems are used to reduce the helicopter vibration

o levels.

Fur:ther resear'chconchigh préSsure spline. lubricants particularly for operation in high
ambient temperatures ‘may also allewate this problem Use of dry-lubr:cant coatings should
be cons1dered in any sphne lubncant program B




CIVIL I-lELlCOPTER RELIABILITY PROBLEM Rl

'METAL BLADE CRACKING AND CORROSION

Problem

The~ metal blades COIlSlSt of an‘alurmnum extruded spar-with-an-aluminum sheetmetal
. .fairing bonded.to the traﬂmg edge..:Common fa11ure modes are cracking (predormnantly in the
., bond areas) and corrosion. . These ‘are not: safety-of-ﬂlght problems but must be corrected before
", they progress to that stage. . This blade concept, while initially inexpensive, is very difficult to
- repair and 50 a large proportion’ “of damaged blades are scrapped. The blade is susceptible to
~ FOD. Repan* -of- dents—makes—the~blade susceptible-to-further-. crackmg of-the-dented area, re-
sulting in subsequent scrappmg

T T Problem Solution” T T
Present-Technology.-—The fiberglass composite blade is . much less susceptible to bonding
cracks, dentmg, FOD, or corrosion. Although the initial cost of this blade is presently high, |

with mcreased productlon‘ quantities the initial costs are projected to be similar to metal blades.
. Repair has’ been s1mple and inexpensive, resultmg in low life-cycle costs.

Advanced_Technology__ ‘The use. of advanced composites gives t better weight-to-strength
_ratios with: R&M characteristics similar to flberglass and offers overall helicopter performance
" gainis. Thus, the value of advanced compoesite material application to blades will be in the area
‘of providing R&M characteristics comparable to fiberglass, while simultaneously providing a
- weight/performance improvement which can be applied for reliability improvement elsewhere
/in the heli?opter. A prog_gfam is recommended to develop such an advanced composite blade.
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L4 Elastomenc bearmgs in compression.

___CIVIL HELICOPTER RELIABILITY PROBLEM R2
TENSION-TORSION ASSEMBLY FAILURES

1 i 'Problem
The tensron-tersronahsemblyretams the blade against-centrifugal forces while permitting
the torsional movement reqmred for blade control Catastropluc blade loss has resulted from

the pack asembly is cntlcal to safe operat10n and any pack detenoranon cannot be observed
in the alrcraft 1nsta11at10n the packs arereplaced when any deterroratxon is found at overhaul,
regardless of how_senous NS R

Two fo'r‘ms of d‘et’eriorati‘on have been observed:

. e — e — =

-~1.  The polyurethane cover deteriorates from hydrauhc 011 or other ﬂurd contamination.

This becomes evident from the bhstered appearance (Cover deterloratlon is a possible
cause of pack‘faﬂure ) T '

2. Broken wires: protrude through the cover.

Altho’ugh theipack ccbnsis_ts of «mu-l;tiple- wire windings; the assembly shows little sign of
- redundancy and acts as a single load path for blade retention.

' ] .. Problem Solution

Present Technology. - _ It is probable that continued effort will soon result in complete
understanding of problem causal factors and solutlons of the wirepack problems. Other ap-
proaches for the blade retentlon problem ‘which have been successfully used are the following:

1. Aseries of angular contact ball bearings sharing the centrifugal load as a thrust load on
each bearmg o :

2 Many parallel stamless-steel straps carrying the centnfugal load as a shared tension load

and t tw1st1ng to promde blade pitch freedom

3. Many para]lel metal bars carrying the centnfugal load asa shared tension load and twisting
to prov1de blade p1tch freedom : _

These approaches are in‘use, ‘and as far as is known, none has resulted in a safety-of-flight
- problem‘ Some-offer- posmve-redundancy-m load-path-and-better inspectability of condition.
- Some require a configuration change to the rotor head. Weight and cost may be slightly affected

' adversely.
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Advanced Technology. — Bearmgless rotor hubs h_gv_u}g a tgr_gc_:rgally flexible composite

element to retain the blade are under development and offer promise of weight and cost savings
and rehablhty ‘and: maintainability improvement. Continued development of bearingless

_ compositehubs: sumlar_ to that-discussed in-reference 14 is recommended.
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- . __.____CIVILHELICOPTER RELIABILITY PROBLEM R3
' HUB AND SWASHPLATE SUPPORT CRACKING

Problem

The problem refers-to-cracks-in dynamically loaded components-of the rotor hub and
. upper controls. .The. cracks appear repetitively in a few of many similar components and occur
_asa s1gn1f1cant problem in only-a few modéls of helicopters. These components have very little
; redundancy, and smce t'h'e‘y are cntlcal to safe ﬂ19ht they are carefully ‘inspected at frequent
.. intervals once a: problem of t}us tffp‘e matenahzes This adds to the R&M burden.

AT §__ Problem Solutron
Present Technology. '“—"Al'ffi‘oiiﬁli‘t-l{e"ékaict‘ causes of this problem are not understood,
. many similar components' are functioning satisfactorily in the same design of helicopters, and
many othénhe]icopter_designs have components.that accomplish the same function as the
! components in question and are not an R&M and safety problem. This appears to be a problem
© in detail des1gn execution: ithat may be difficult to correct without a serious 1mpact on cost and

" weight, and the redes1gn of ‘the malfunétioning and interfaging ‘components.

: Adxanged_il‘megl,rr@ggyn:_.I!ih_e,yirbr_ati,gnran_d loads reduction program identified in refer-
 ence 2, if adapted, will result in better identification of loads. Unanticipated load levels must
" bea s1gmf1cant factor in th1s problem N
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CIVI»L HELICOPTER RELIABILI TY PROBLEM R4
HUB BEARINGS

o r ) érobiem

. are both 011- and grease 1ubr1cated beanngs reﬂected in this problem The loads ‘have both
. steady and -alternating components and the bearings oscillate through small angular excursions
. at rotor frequency. Proper functioning of these bearmgs is essential to minimizing hehcopter
" vibrations. A malfunctlon if undetected can progress to a safety-of flight problem.

i

4
l

The bearmgs mcluded are the followmg

Plteh! changefbearmg —-;—~~-~~— e S
)
Teetenng-}ungeabearmgs e

P1tch—hnk«attaehment——trunmen assembhes e

; : i

Replacement of the p1tch change and teetermg—hmge beanngs generally requires removal

_ and part1al disassembly of the rotor hub, after which a check track and balance should be
" conducted. Replacement ‘of the pitch link attachment trunnion can usually be done without

" impact onyblade-track,,however -the. check track.is desirable. . The R&M and cost impact re-

= sults from the above operatlons

i
I

: H ¢
L e L .

"I"“""Pro‘bléni ‘Solution

' .
d -
3

Present Technglogy L= The p‘roblem is most severe on the smallest _more hghtly loaded

lems could be allev1ated by Iarger bearmgs but w1th some adverse. 1mpact on cost and we1ght

- e b et e o memande s a0 7 v et

pe
Advanced Technology ~.The bearingless main rotor, with flexing elements rather than

rolhng-element bearings, is.a concept that t offers R&M savings. Other promising areas for
which technology must be developed to assure a favorable R&M 1mpact are:

Elastomenc beanngs o
TEFLON fabnc bearlngs o

1

As d1scussed in C1v11 Helicopter Rehab1hty Problem R6 (Tail Rotor Grip Bearings), the
technology of design for. these bearings under alternating loads and oscillating motion is not

currently well enough-defined to;permit accurate hfe predmtlon

N
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. would allev1ate the. problem

i

CIVIL HELICOPTER RELIABILITY PROBLEM R5
- MAIN ROTOR RETENTION NUT FAILURE

Problem

.. maintenarice 1mpact of: such a faxlure “The failures 1nvolved are mamly crackmg of nuts on
-, blade retention:bolts.: Malfunctlons involve failure of the nut retaining latch and loosening of

- the nut. Asthe nuts’in’ question perform a critical functlon and have httle redundancy, there

. are safety-of fhght 1mphcat10ns from th1s problem

1

The fallure causal factors were not reported in the data rev1ewed Whﬂe there are many

’_ possible causes for these faﬂures, ‘high-strength aircraft hardware has been found particularly
sensitive to materials defects and deviations in manufacturing and processing. Brittle failures

of aircraftj nuts have been found to-have resulted from deviations in the heat-treatment
processes. ... _ S e e

Problem Solution

Present Tecliriologyi Redesign to use material less sensitive to processing flaws would
alleviate the problem, | but with an adverse impact on component weight and a redesign and

. requahfmatlon requ1red

l
i

- -Use of hardware’ calhng for more’ strmgent control of critical processing characteristics

i
i

Advanced Technology. — Redundant meansofattachmentofsafetycnhcal hardware,
if developed, would reduce the criticality of this hardware and permit the use of lower heat-
treat material, less-sensitive to material-and processing flaws. :
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CIVIL HELICOPTER RELIABILITY PROBLEM R6_

TAIL ROTOR GRIP BEARINGS

Ll f?ffl’"_f-; Problem.

TEFLON fabnc-hned bearmgs are’ commonly used for tail rotor-blade mountings to pro-
vide retention. agamstecentnfugal force while allowing pltch freedom, and .also as teetering-

. axis bearings.: These bearings are compact and light in weight. They do not need lubrication

and generally- g1ve excellent, maintenance-free service for a teasonable life. In some applica-
tions, however poor beanng performance fesults for no apparent reason. Two examples of
this are- the~malfunct~mn~of teetermg- -bearmgs of-one-helicopter-model and the tail rotor
bearings of another model

Re‘ia;’aééiiiéﬁft“affﬁﬁ;‘rataf”sfezr‘“iﬁgs‘ig 'usually followed by a check track and balance; this
representsf* an‘undesirable ‘burjd'en‘ on ‘maintenance personnel.

struction and bondmg resms which i improve performance under o one condition are sometimes
found detrimental to. satlsfactox:y,operaUOn under another condition, Most TEFLON fabric
bearing testing has been dlrected at verification of performance for spec1f1c applications.

T T e Problem Solution

Present Technology — The R&M problems of the spec1f1c he]_,lcoptexs could be greatly
alleviated by a change in component geometry to reduce the loads. This would involve the
costs of nearly complete rotor hub redesign and requalification, with probable adverse impact
on component-procurement- costs -and weight. -

Bearingless tail rotors using flexing elements of fiberglass-reinforced composite have |
demonstrated excellent performance in two recent helicopter designs. These hubs eliminate
all but the pitch-change linkage bearings. This concept should greatly alleviate R&M problems
of tail rotor assemblies. . This is a product-improvement-type change.

Adv?ance'd'TechnoIog&. :— R—esearch' is needed to determine the parametric relation of
factoxs'inﬂii'en’éin“g“'I‘EFLON‘ fabric-liried and other nonlubricated'bearing wear.

— e S ..4< St

Elastomenc beannqs have the potent1a1 for maintenance-free operation for many rotor
system applications. Again, considerable research is needed to f fully understand the load/
motion requirements to give long life in the many differing helicopter dynamic system
applications. '
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_CIVIL HELICOPTER RELIABILITY PROBLEMR7 |
- SWASHPLATE BEARING FAILURES

T brohiem

The l'nany bea'r'in'gs'*'a;nd bushmgs in the-swashplate and support-system deteriorate.
These are: mostly drylubncant (TEF LON fabnc) bearings, although rolling-element bearings

i_LZ,.,vZ.. Aifl"

The reported problems mvolve ma]functlon of the followmg components:
i

Beanngs, bushmgs, and bolts for swashplate centenng 4

Umba]l for swashplate centermg

Collectwe yoke bearmg

Swashplate bearmg (rollmg-element) spallmg

In addmon to the- above the nuhtary version of one model of these helicopters reports
- avery h1gh detenorauon rate of the TEFLON fabric sleeve bearings for swashplate centering.

The ;1'3_‘140b_l_'erh‘w Eppeéz;s-to be éi's_soéieted‘ with the large number of bearings in an installation

“ and the necessity toremove-blades; hub, and-rotor-controls to replace-a malfunctioning bear-

ing. Also, deterioration .of bearings in the rotor controls results in unacceptable vibration

 levelsso that mamtenance cannot be deferred

P Pro'ble‘m Solution
Present Technology Th1s isa problem in de31gn execution. The rotor controls are very
compact for light weight and low drag. Itis difficult to increase the capacity of any one of
the bearings once ‘the’"éoh:f_iéfuréiﬁoﬁ has been established without impacting the size of the
entire assembly. “Thus; improving the R&M requires a weight-cost trade, but can be achieved
with existing.technology... .. ...

Advanced Technology. — A new concept of using scissors-type linkages for swashplate
centerifig was devéloped by Boeiiig Vertol and used on"the YUH-61A and the HLH rotor con-
trols. This lmkage was-completely replaceable without removing the rotor system and thus,
the R&M’ 1mpact ‘of bean aring re _placement is minimized.

F urther development of the technology of TEFLON fabric and other dry-lubricant

%, bearings, as well-as-elastomeric-bearings; would-aid-in life-prediction of future-bearings of this

type and so reduce the magnitude of this problem in future helicopters. -




m
s

RN

0

. CIVILHE 'LiEOPTER RELIABILITY PROBLEM RS
© - MAIN ROTOR MAST CORROSION

'Problem
The defmmon—of the spec1f1c areas of corrosion-was not- g1ven in-the-data reviewed. Itis
_: not clear whether the.problem isin: e1ther of the sphned areas, the threaded areas, or inside or
. outside the Tnain. transnussmn '
(: ;‘ ~t--' -
The mam rotor 'mast isa dynarmc component ‘whose integrity is eritical to flight safety,
© and the perrmssrble damage»level “from: mcks ‘dents; or- corrosmn is-low.- -The corrosive damage
. permissible.on one area of the rotor shaft of a military version of one of the more widely used
- civil hehcopters is hrmted to that amount that can be cleaned up w1th steel wool..

-
i

r b “Problem Solution

A Present Technology ‘The technology exists to improve- the corrosion resistance of each
' " of the areas of the rotor mast either by damage-tolerant coatings over the plated exterior
' surfaces, addmonal seals,’ shlelds, and’ boots o protect unplated surfaces and threads, and
B corros1ve-re31stant 011 compa’uble coatmgs for the shaftinginside-the transmission. Redesign,
. .. additional. procurement cost, and possible complexity become the trade for alleviating the R&M
~ impact. The problem also could be alleviated by a redes1gn to reduce the criticality of corrosive
E damage Th1s would advexsely affect we1ght :

Advanced Technology == Development of improved corrosive-resistant, damage-tolerant
: coatmgs would allev1ate much of the hehcopter R&M cost problem

, NS — [o—




_CIVIL HELICOPTER RELIABILITY PROBLEM R9
ROTOR HUB LEAKS

Problem

Althoughnota- h19h fa1lure=rate 1tem ;leaking of oscillating seals in the rotor hub is a
traditional hehcopter problem. These seals retain the oil for the main rotor hinge-bearing lub-

. rication. The: problem is that the usage of the seals is small and so it has never been profitable

for a seal manufacturer to develop the technology for this nearly unique application. Helicop-
ter manufacturers have conducted thousands of hours of seal testing aimed at development of
a successful seal-for—aspecﬁlc-apphcatmn -rather than development of parameters necessary

" move the blades and hub to replace the seal then reassemble and retrack the blades.

Problem Solution
Present Technology — The random nature of the sea.l leakage problem 1nd1cates a devia-
tion in materials or manufacturing process control. Increased quality assurance that seal
componients are meetirig spec1f1ed des1gn_ requirements and that critical processes are properly
controlled are the most effective areas of present technology to alleviate this R&M problem.

Advanced Technology The followmg areas of further research should be examined:

e A program to determme de51gn parameters for oscillating seals.

e A program to evaluate ﬂex1ble boot-type seals.

e Devel6pmernit _ot-elastomenc or 6thersealléss bearings.” ~ = "

e Development of bearingless rotor hubs.
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CIVIL HELICOPTER RELIABILITY PROBLEM R10

ROTOR HUB CORROSION

Problem

11‘ are dynarmcally loaded and have httle redundancy, corroswe damage ina cntlcal area in excess

1 of 0.005 inch in depth is suff1cxent to cause the component to be re]ected Many areas cannot

" be properly 1nspected or repan‘ed on'! the aircraft. Consequently, if damage is suspected in
~ these areas« the~rotorwblades and hub-must- be removed from the aircraft.- This.causes the R&M

, 1mpact T

i
i

Prese

'
4

l ) N
‘,,‘_
i -

Proble}n’ Solution

nt. Technology L_As the. damage is. mamtenance-1mt1ated for the most part, a tougher

- surface coatmg such as a polyurethane base would alleviate the problem, although impacting

' ‘, adversely the procurement cost of components The life-cycle cost would be reduced however,

Other

. by the reduced mamtenance requlrements

corros1on-res1stant mater1als (t1tan1um and sta1nless steels) and coatmgs (nylon

powder and plasma spray) will reduce R&M problems with present design configurations.

Advanced Technology. — The composite rotor hub (bearingless main rotor) as discussed /e

*" in reference 14 offers corrosion resistance as well as weight savings.
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CIVIL HELICOPTER RELIABILITY PROBLEM L1
-FLOAT LEAKS

ST T Problem

1
o
H

..............

ar mstallatlon and the emergency type “The latter ﬂoat is carried collapsed and is inflated for
v emergency water landmgr Reported fa:lures are as follows:

L Perrr anent: ﬂoats Abrasmn and chafmg, both from landmg and from passengers/crew
' entenng and leavmg the a1rcraft -cause leaks

2. Collap51ble ﬂoats ananly, these leak at pmholes and seams, occasmnally they are
found to have chafing damage. Chafmg occurs in the packaged float when aircraft
deﬂectrons result inrelative: motion between adjacent layers of fabrics. The floats must
bewte’sted4a-t‘regular'~i'nterv'a]sw ~'Phey5fail--to~inﬂate and-are-found-to leak.

Float materlals are deterrorated by sunhght and contammatlon such as is caused by
pen‘oleum-based fluids and other common chemicals such as cleaners. Abrasion is caused by !

) sand, dirt, and mechamcal damage “The ﬂoats can be easlly punctured. Both over- and under-
< inflation.can- bestmcturallydamagmg, yet the normal operating pressure range is only from
“7 1.5 to 2. 0 PSIG. (A 30-degree increase in temperature will cause approximately 1 PSIG change

in pressure as wﬂl a 2 OOO-foot altltude change at standard atmosphenc condmons )
o Floats are de51gned to meet cntlcal target we1ghts and must be treated with consideration
., for the 1nherentw matenalscharactenstlcs 1f trouble free service 1s :desired.

As eXplained' in the Landing Gear Subsystem Discussion, Section 3.2.5, the float reliabil-
ity problem was-greatly alleviated when one of the major float manufacturers instituted an
aggresswe product-1mprovement program in 1974.  Following this a dramat1c reduction in
float fallure rate became evident; with this lower rate float leaks would no longer be ranked
5 asa maJor problem Iti is mterestmg that part of the rehablhty 1mprovement came from the
- useof heav1er fabric. coatmgs and adchtlonal fabric chafing strips. -

. Problem SOIut.i.on

Present Technology. — Float reliability can be improved by the judicious addition of
weight. Heavier materials and more reinforcement of materials are examples of this ap-
proach. Float procurement specifications should require abuse resistance more typical of
the real operatmg environment and permit mcreased weight to achieve this reliability.

Advanced Technology. — This problem appears unique to civil helicopter operation.
Military helicopter operatlon i with Tl6ats is g uite hrmted SO httle research is done by the

310 — el b Page ! _96‘ iy
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__Research to develop new materials and new construction methods is needed so that the
adverse weight impact of a reliability improvement can be minimized.

Devélopmer';tjof“weight=cosf-reﬁabﬂity trade criteria would assist in the selection of an
optimum!design float.for the desired application.
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. CIVILHELICOPTER RELIABILITY PROBLEM Hl
ACTUATOR LEAKS

Problem

Flight control actuatorseal leakage has been a recurring problem in helicopters ever since
hydrauhc boost systems have been employed

The ﬂ19ht controkactuator reacts rotor control forces. These forces alternate, coming to
a peak each time a blade passes over the fuselage. As the hydraulic cylinder acts as a stiff
spring, the piston moves. in the cylinder N times per rotor revolution, where N is the number of
blades. "This motion wears seals. "The pressure pulses generated deform the seal at the same
frequency; generatmg further wear: - Since any generated metallic wear debris is abrasive, it
results in accelerated wear _External contamination of the fluid or seal causes further acceler-

" ation of wear

Improvements,,in.seal,.technology_have alleviated these problems by research in the fol-
lowing areas: :

° Improved seal conf1gurat10ns

° Improved p1ston plston rod, and cyhnder materials and coatings
) Improvement~m—fﬂn*atlon"of‘the~hydrauhc'fluld-- S

e - Boots and scraper ﬁngs to exclude contaminants

¢ Mult1p1e vented and unvented seal concepts

Aetna-tor-si'z'i-ngwis'fanot-heefaetor-in'-se'al wear. A large actuator is stiffer hydraulically
than a small one, so that less motion results from the alternating loads. The reduced motion
improves the seal life.

The‘generic:problem- of actuator leakage in civil helicopters does not appear to be as
much of a-problem.as.indicated by the data. This is.because the leakage in one model of
helicopter drove this problem to the major R&M problem list.

‘ " Problem Solution

Pr.esent_T,echnology,.:,,._The_,s_eve_r;e seal leakage of the one mode] helicopter mentioned
previously appears to be the result of design execution. It would appear that the problem
could be reduced to the acceptable level of other helicopters by using existing technology,
although va‘a‘p‘osmbie adverse 1mpact om 1mt1a1 cost and Wélght"*"‘“ ——————

Advanced Technology. — The entire area of sealing and filtration is a subject that deserves

further research in order to 1mprove the R&M factors of future civil helicopters.
A .
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o ”CIVIL HELICOPTER RELIABILITY PROBLEM F1
FUEL PRESSURE SWITCH

IR "'V'Problem
Fuel pressure smtchesare commonly -ased to signify loss of fuel boost pressure. The
electrical signal goes.to.a. caunon light. Some helicopters have another pressure switch to

~ signal that the fuel filter i is blocked and i is about to bypass. The switch is usually a sealed as-
sembly that is replaced rather than repaIred Consequently, ‘failure modes are not defined.

I

e A suscepthIlIty to fuel contammatlon

e Deterioration 'frorn the .vibratory. environment (this is especially predominant in
unpotted switches)

- Problem Solution

Present Technology - A better defImtlon of failure modes is required and the modes
must be assocrated ‘with desIgn approaches

Some pressure SWltCheS have been examined that have good, sturdy construction, with

. wrench. ﬂats to avoid. mamtenance damage. Others have been examined that have a highly
v canulevered support sO that they are suscepthle to vibratory or maintenance damage, have

no wrench flats O that v1se grips:or pliers must be used for installation and removal, and the

 electrical a‘ss"e‘mbly”ls suscepthle ‘to overtorque: ~Surprisingly; the-latter-switchcarries a

weight penalty in addition to other disadvantages.
These factors _IrldIcate that product-Improvement-type changes will greatly alleviate this
problem '

Advanced Technology Iiis probable that no new technology is required but merely
a careful definition of réquirements to survive in the real environment. This will then require

an investment to d des1gn and fabncate components to meet these more demanding
spemfIcatlons o
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_CIVIL HELICOPTER RELIABILITY PROBLEM F2
..[FUEL PUMP FAILURE

‘ ,tl’roblem

The civil hehcopter normally-haS*fuel boost pumps to pump from the fuel tank to the

engine and an engine- mounted pump. to. maintain controlled pressure to the fuel nozzles. Mal-

. function of both of: these | pumps has been a historical problem in the civil helicopter fleet.

The fuel boost pump is technically - considered part”of the fuel system, while the engine-
mounted pump is techmcally a powerplant component. While the problem is reported as that
of a fuel- system-pump-faﬂure (s en—the -fuel-boost pump), -the-part-number-of the malfunction-
ing components were not avax]able _and it is suspected that some of the reported problems
represent : fa1lure of the engme—mounted fuel pump.

The overwhelrmng proportlon of maintenance actions for the two pumps is to replace s
the unit. ‘Failure modes.are usually not.determinable at the operating level. In an Army study
of R&M problems of the military version of one of the more widely used civil helicopters,
the fuel boost pump was reported to have leaking and burned faﬂure modes. The majority
of failure: modes were undeterrmned however

Boemg Vertol expenence has been that these boost pumps, which are predominantly
direct-current, motor-dnven units, have problems with the commutator brushes and tend to
develop leaks between the pump and motor. The engine-mounted pumps are susceptible to
contamination;and—seiz’ing‘is a common failure mode.

Problem Solutlon

Present Technology. — A further identification of the problem is needed. The failure
modes must be determined-in detail; and-the relative performance of various design approaches
should be established to determine if the problem exhibited reflects a unique design approach.
A trade study should be made of the application of ac motor pumps for the fuel boost sys-
tem. These motor pumps are brushless and operate completely submerged in fuel, thereby
eliminating shaft seal problems. : -

AdvancediTechnolo;gy». — None proposed.
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FUEL CELL LEAKAGE

R e -;_ﬁj_f,f _J;Probl,em
i N -
Fuel cells are“'fna'de °f léyém °f fab" 1c” lmpregnated with-an elastomer The following

causal factors have been expenenced for leakage

L

o o s W

Mechamcal damage durmg shlppmg, storage, installation; and ‘maintenance results in
punctures and tears

Ch‘a‘frng“on?nv_ets;"screw‘_heads,“sharp"_edges; andFOD such-as loose-hardware, tools, and

other-debris wears and punctures fabric. (Strips for chafing protection are installed at
assembly but become dislodged or unbonded by fuel contamination.)

Delamination- of fabmcs - parﬁcularly at seams.
Stress“db‘n’centrahon at flttxngs -and attachments weakens-fabric: -
Shelf hfe matenals are age- and sunhght -sensitive.

Cell materlals stlffen in the cold and may crack if handled at low temperature.
The p"fc")"Blé“r'fts"liﬁ"ﬁitﬁ"’t’hé}dé’té’ik"'6"f"CO'nStI‘U'CﬁOH; LT T
._Problem Solution ;

Present Technology — Many of the problems are caused by methods of design execution,

manufactumgprocemng -and-the-desire- to-minimize weight.- -Some examples of this are:

the tank without nskmg damage

Fuel cells are generally located in an macces51b1e area. Iti is d1ff1cult to remove or install

Noncrashworthy tanks (beheved to be the only type represented by this data) are made

of thin fabnc very susceptlble to mechamcal ‘damage and chafing.

i

The high rate of delarmnanon of some manufacturers’ fuel cells indicates the existence

of a processmg prohlem

Crashworthy fuel cells are becommg available for the civil helicopter market. These are
much th1cker and more tolerant of mechamcal damage and chafmg

ey s e e s A e o ._.?. PO

1 .....

The problemuof fuel cell: leakage can be alleviated within present technology by design to -

cope with-the maintenance and eperational environment; specifically, design to give better access
to fuel cell area and use of sturdier crash-resistant-type cells. These approaches, however, will

adversely 1mpact procurement cost and welght
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S Adv;mced;‘[‘echm)logyJw F uz:ther research inn matenals and processmg methods appears
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