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PREFACE

A Specialists’ Meeting on Hclicopter Propulsion Systems was held in Toulouse, France,
during the week of 1 1th May 1981. This meetiag was the $7th conducted by the AGARD
Propulsion and Energetics Panel. The objective was to bring together those individuals whc
have made significant contributions to the field and to promore diaicgue on subjecis related
to component technology for turboshaft engines and transmissions, inlet proteciion sys.ems,
engine-airframe dynamic comp: Hility, and future requirements. This meeting was held in
parallel with a Fluid Dynamics Panzl Symposium on Aerodynamics of Powerplant
Installations. The meeting site was the Ecole Nationale Supéricure de I’Aéronautique et de
I'Espace, Complexe Aérospatial de Lespinet.

The Technical Evaluation Report (TER) for the Helicopter Propulsion Systems
meeting was prepared by Mr Warner L.Stewart, Director of Technical Services, NASA-Lewis
Research Center, Cleveland, Ohio. Mr Stewart’s TER is a very complete summary of the
meeting and will serve as a basis for future meetings on helicopter-related technologies.

The program committee appreciates the support given by the local coordinator and is
pleased to have had the opportunity to hold the 57th meeting at such excellent facilities
in Toulouse. In addition, the summary and TEK provided by Mr Stewart are gratefully F
acknowledged. His work in support of the Propulsion and Energetics Panel has been
valuable in high-lizhting arcas in need of increased atiention.

JOHAN ACURIO
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TECHNICAL EVALUATION REPORT

by

Wirner 1..Stewart
NASA Lewis Research Center
Cleveland, Ohio, USA

1. INTRODUCTION

The helicopter emerged upon the aviation scene approximately 30 years behind fixed wing aircraft. Although it
found some use during World War 11, it was during the Korean War that large numbers of helicopiers were built. Since
then an incrcased number and types have cmerged — to a point where, at the present time, it plays a significant role in
both military and civil applications. Although in the past most helicopters were designed for military use, many designed

specifically for civil or combined uscs are emerging — responding to new needs for such an aircraft (off-shore oil, logging,
etc.).

The significant improvements in helicopters have been paced by advancements in the propulsion system, including
both the engine and power trunsmission. Indeed, the advent of the gas turbine engine revolutionized the helicopier much
to the same extent as it did for the fixed wing aircraft. Its unique features of high power to weight ratio and reliability
have resulted in it being used almost exclusively in present helicopters.

Although the modern helicopter and its associated propulsion system is highly sophisticated, many problems still
persist. In addition, new requirements are demanding still further improvements in the technology of engines and trans-
missions. For these reasons -- and the fact that the NATO community is depending upon the helicopter to increased
degrees for both civil and military uses it was very appropriate for the AGARD Propulsion and Encrgetic Panel to
sponsor the subject Specialists’ Mecting. The objectives were to provide 2 forum for discussion of current technical
probiems facing this sector, new requircments 1equiring advanced technology, as well as some of the new and emerging
technologies of interest for this application.

2, SESSION CONTENT

The Helicepter Propulsion Systems Specialists’ Meeting was divided into six sessions with a total of 25 papers
planned. Three were withdrawn, with 22 papers actually presented. The Table of Contents includes those papers
pr sentedd by session number  For purposes of this review, the order of grouping of these papers has teen modified in
order te better group them from a subject matter standpoint. Thesc ten groupings will be briefly reviewed in relation to
the meeting obiectives,

Genera! Interest - Two contrilnitions were inade 0i more general interest and nontechnical in content.

- A filmu was presented describing the pionceering efforts of Italy's Corradino d*Ascanio in piloting the first success-
fully controlled helicopterin 1930,

Paper No. 12, by D.Berthali (Fr), described helicopter development in France. He described this in terms of three
generations or eris in helicopter evolution  piston, turboshaft and maturity. He pointed out that France now
has 15 per cent of the world market through such aircraft as the Dauphin 11, Super Puma, and Ecureujl. He ended
on an optimistic note commenting on the increased emphasis in civil and multipurpose use as well as foresecing
increased colluborative etforts anongst tne Europeans.

Surveys  Three papers were presented projecting a look into the future from the view of three countries.

- Paper No.1 by G.Holbrook (Us), was the keynote address Jooking at the past. present, and future of helicopter
propulsion. Issues for the future identificd in this vxceellent paper included reliability. fuel consumption, life
cycle cost, and emergency power rating. These issues became themes to be repeated many times throughout the
mecting. The paper also presented some aggressive projestions for the future and challenged the engincering
community to make it happen.

Paper No.4, by M.Paramour and M Sapsard (UK), paralleled the keynote speech but with major emphasis on
military issues. The paper identified environmental Eazards, range and endurance, lifc cycle costs, and flexible use




kLT
¥

U, mmm‘-mw‘wwv e

v e

r

of ratings as major concerns tor the future, It also concluded that, fur their applications, environmental resistance
and low cost of ownership would be of greater importance than higher performance.

Paper Ne. 25, by H.Bree and G.Backmann (GE), also related principally to military missions. It described mission
needs and related them to propulsion requirements. Tt pointed out that twoe-enginge aircralt would probably be
required from the standpoint of flight training. 1t also commented on the impact of dwindling resources (fuel,
and strategiv materials) on the design of future engines. It also emphasized the overriding importance of life cycle
cost {including buth procurement and ownership aspects) Tor the German military missions.

Development History  Two papers documented some of the experiences gained in recent development programs.

- Paper No.2, by JEresco (FR). reviewed procedures used (o satisly certification and airworthiness requircments

for the Makila engine used in the Super Puma. Topics covered included simulation testing of control responses,
endurance testing and salt corrosion qualification testing.

- Paper No.3, by C.Crawford and W.Crawford (US), discussed lessons learned during the T700 development
program. The two part paper finst covered the wide range of requirements pluced on this engine ta meet the US
Army needs. The second part then described how successful the G.E. development program was in meeting these
requirements. 1ts suceess was pointed out to be the result of a full test program during development, extensive
scrvice testing, and time to make fixes before committing the engine to production.

Engine Component Technology - Three excellent papers were presented directed at technology developments for small
gas turbine engine components,

— Paper No.8, by }.Schrader and W.Schneider (US), dwelt principaily on advancements in the aerodynamic
components and discussed higher pressure ratio compressors with fewer number of stages, advanced reverse Mlow
combustors offening reduced emissions, and cooled small axial turbine stages.

— Paper No.5, by J.Dominy and K.Hart (UK), concentrated on compaonents for power transmission systems

including bearing and cngine gearing technolegy - and then internal air systems including turbine blade and
nozzle vane cooling together with disc sealing and cooling.

- Paper Nu.24, by C.Valker, G.Weden and 1.Zuk (US), complementd the above two papers by touching on all of
the areas involved. Subjects covered included LDV systems for flow mapping, felt ceramic combustor liners,
variable area radial turbines, and spiral groove lift-oft seals.

The above papers emphasized challenges to the designer Lo confront the detrimental effect of reduced size on the
performance and wechanical integrity of components for lower power turboshaft engines. They also highlighted the role
and importance of advanced computational methods in the design and analysis of these advanced components.

Preliminary Development - Two complementary papers were presented representing some of the early development
activities in Europe in relation to a medium size advanced turboshaft engine.

- Paper No.6, by J.Hourmouciadis and H.Kreiner (GE). presented MTU's part of the activity, looking at a 900 kw
unit. Tne paper was in two parts. The first concerned itself with configuration selection working from a base 10
a considerably more simplified arrangement. Cycle pressure ratio of 12 was selected as the optimum when
considering related losses. The second part then described some of the related component activities. The key

10 success was viewed as being a combination of good analytical tools, component test [irst, and then verification
in engines,

Puper No.7, by M.Giraud and H.Loustalet (FR), described their part of this program and, in a manner similar to
the previous paper, included two parts. The first described the jnteractive nature of “architecture™, component
geometry, and cycle. The study started with the simplest of architecture but moved close to the German
geometry when cycle considerations {SFC) were considered. The paper also described related component

activities. The conclusions emphasized the importance of the integration of the three considerutions described
above, and also pointed out the requirement of collaborative development efforts,

Alternative Engine Cycles  Although several papers touched on this subject, one wus ¢xclusively devoted to it.

- Paper No 9, by H.Gricb and W_Klussmann (GE), recxamined the potential of the recuperated engine with
emphasis on military missions. It was pointed out that such a cycle is favourable when extensive eperation at

low “mean™ power is utilized. Several layouts were presented and a reasonable potential was shown in termus of
both weight (including fuel) and life<xycle costs.

Transmission Considerations - Three excellent papers spotlighted the importance ot helicopter power transmission and
covered a range of subjects from research to technology to development.

- Pyper No.10, by B.Shotter (UK). was a fundamental paper dealing with lubrication breakdown between meshing
gear teeth. [ts intention was ta give a feel for the physics of wear initiation including scuffing and micropitting

.- concentrating on the sources of damage. Ilustrative photos were included together with sketches to show
contact history in relation to film wedge buildup and breakdown,
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~ Paper No. 11, by K.Rosen and H.Frint (US). covered two technology programs. The first considered high contact
ratio gearing and included descriptions of both the advantages of this type of gearing as well as attending
problems. The second part then highlighted progress made in exploring the potential of a fabricated stainless
stee] transmiission housing. Comments on recommended future transmission RNT were also included.

- Paper No.12, by A.Garavaglia and G.Gattinoni (1T), discussed the design criteria for the A129 helicopter drive
system. The paper showed some of the interesting and novel enginecring features included in that system.

Iulet and Protection Systems  Two very complementary papers were presented covering this subject which is of extreme
importance to helicopter operations.

-- Paper No. 14, by A Vuillet (FR). discussed the many factors affecting heticopter inlet design (ice, sand, gas
ingestion, pressure distortion and loss, etc.). Comparisons between “static™ and “pitot™ inlets were covered at

length including forward velocity effects. Acrodynamic considerations required included entrance position,
surface arca, and lip thickness.

Paper No.17, by P.Brammer and D.Rabone (UK), described case histories in the area of environmental protection.
Experiences with the Sea King were highlighted with the various design modifications to incorporate added
protection against the clements described. A similar discussion of the Lynx was included. Proposed protection
for the T700 powered EH101 was also included and indicated to be very conservative,

Both papers indicated that the subject of inlet protection is a very difticult problem indeed and must be considered
as an important £ tor in the beginning of development to insure success.

Propulsion/Airframe Compatibility - Three papers were presented covering three importang aspects of this subject.

~ Paper No.20, by C. Albrecht (US). emphasized compatibility attention required due to the sophistication of
this type aireraft, the cost of correcting problems, as well as the myriad of interfaces involved. Scveral interesting
examples were cited including both the problem and solution. The paper indicated that, to minimize such

problems, the lutest in technology must be applied together with a strong propulsion/aitframe company relation-
ship.

1

Paper No.21, by D.Dini (IT), presented an interesting treatise on factors affecting engine response due to main
rotor transicnts. Engine eftects considered included gyroscopic, acceleration, and distortion. Torque input
variations were described trom such sources as lift variations due to forward velocity, types of rotor systems

to be considered, as well as flight mancouvres.

— Paper No.22, by G.Genoux and H . Maice (FR), dwelt on two very significant aspects of helicopter design
vibration and noise. It included two parts. The tirst discussed rotor geserated vibration and deseribed methods
to reduce this vibration at the source as well as techniques for reducing its transmission into the fuselage. The
second part dealt with main gear noise  considered the most significant source of cabin notse. Factors
considered in reducing this noise included gearing redesign, special oils, reduction of resonances through the
transter chain, damper utilization, and sound absorption treatment.

Emesgency Power Rating - Although tovched on in many pipers, two papers were devoted exclusively .o this extremely
important and critical subject. Of course, of most significance is the application to twin-engine instuita’ions,

Paper No.19. by J.Dedicu, M.Russier and H.Dabbadie (FR), gave an approach introducing the concept of
“superemergency rating’ which translates into the utilization of higher turbine inlet temperature dunng
cmergency use. Fogine application studies were presented 6 shiow its atiaciiveness. The relation of over-
temperaturing to hot section ¢reep was then deseribed together with a recommended new approach (o engine
utilization. This would include a onc-minute limit at this high temperature with subsequent engine removal for

inspection and possible overhaul. 1t was hoped that new certification procedures employing this concept would
be incorporated in the near futare,

Paper No.23. by D.Lewis (UKD, also addressed this issue heid-on, The paper described the present rating system
together with its nuny disadvantages. Tt also introduced the term Pereep™ s a measure of accumulated Lot
section damage. The paper proposed the introduction of @n engine monitoring system that would allow tracking
af this “creep”. Cettitication would then include power versus ereep information and would be used to pauge
lite consumed.

3. CONCLUSIONS AND RECOMMUENDATIONS

The papers presented at the meeting, in the Technical Evaluator’s opinion, were very successiul in accomplishing
the objectives outlined at the beginning. The major issues and concerns related to helicopter propulsion were amply
spotlighted. They were cearly presented. treated from severa® viewpoints, and inchipded extensive discussion. In pencral,
the papers were ot heavy in terms of detailed technical content but certainly were at o depth sufficicnt for purposes
of the meeting.
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It is recommended that, for future meetings, the Propulsion and Energetic - Panel consider some of the more critical

subjects surfaced during the course of the meeting and covered by many of the papers, Suggested topics include the
following:

— Stall Engine Technology addressing issues of reduced size on acrodynamics, and mechanical performance, as well
as structural integrity. The subject is important for applications beyond that of helicopters.
- Transmission Technology covering such elements as performance, reliahility, vibration and noise. Extremely
important in relation to increased acceptance ot the helicopter in the civil market.
— Inlet and Environmental Protecrion which has become so entical for many of the more severe missions
cncountered by this type vehicle.
— Emergency Power Rating was a subject brought up repeatedly at the meeting as a eritical issue in the optimizing

of engines for use in two-engine helicopters (the one-engine out issuc). Present rating systems should be thoroughly
explored together with an examination of all the potential alternatives.

Finally, the Technical Evaluator would like to express his appreciation for the opportunity to serve in this cupacity
in contributing to the S7th Specialists’ Meeting of the Propulsion and Energetics Panel. It was indeed a pleasure.

-

s




P —

Helicopter Propulsion Systems - Past, Present and Future
by
Robert R. Lynn, Senior Vice President - Research and Engineering
Bell Helicopter Textron
P.O. Box 482
Fort worth, Texas, U.5.A., 76101
and
Gordon E. Holbrook, Consultant
(Formerly of Detroit Diesel Allison)
18418 Horseshoe Circle
Rio Verde, Arizona, U.S.A., 85255
Keynote Address

AGARD - PEP Specialists Meeting cn
Helicopter Propulsion Systems

Toulouse, France

May 11-15, 198l

SUMMARY

Helicopter propulsion systems are reviewed, and it is noted that helicopter development

is paced to a major extent by the power plant. Power available, reliability, fuel con-
sumption, power-to-weight ratio, and life-cycle costs are key parameters.

The application of emerging technclogies such as microelectronics, ceramics and other
new materials and approaches, and the continuing refinement of the aerodynamics and
dynamics of gas turbine power plants are discussed and noted to result in a significant
benefit to the helicopter and its operator.

Important airframe-propulsion system interface requirements are given, and the need is
discussed for new innovative certification procedures that provide for emergency opera-
tion with acceptable economics.

Finally, future propulsion system capabilities are projected and their dramatic benefit
for the helicopter noted. Bringing this about is the challenge for propulsion system
specialists. 1

INTRODUCTION

A key element in the progress of rotary-wing aircraft is its propulsion system, consid-
ered here to consist of the engine and the rotor transmission, together with their
respective interfaces to the airframe.

The early helicopters (Figure 1 of 2) were powered by the Otto engine for the same
reasons that that engine was first selected for fixed-wing aircraft. This engine could
be made reasonably lightweight, had a low fuel consumpiion, was reliable and available
in a range of power outputs that was adequate for the needs of the early aircraft.
However, it became apparent that another type of power plant would be needed because the
limiting power output per cylinder for reliable operation of the Otto engine was about
115 horsepover per cylinder, and that increasing the numbers of cylinders beyond eight-
een led to unacceptable complexity and operational problems. With this type of engine,
a transmission Is reguired to reduce the engine output speed to that of the rotor with
engine/rotor speed ratios of 9:1 to 12:1.

Figure 1 - Sikorsky Model R-4,

First U.S. Production Helicopter First Commercially Certificated Helicovter
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The tiansmigsgion was considered to be a disadvantage principally because of weight and
complexity, and a number of alternate typec of power plartsg were investigated aimed at
eliminating the rotor drive transmission, the attendant antitorque system and the inher-
ent power limitation of the Otto engine. Experiments were conducted with rotor-tip-
wmounted low- and high-temperature air nozzles or pressure jets, ramjets, pulse jets, and
even rockets. Most of these systems were built in a single rotor configuration and
flown successfully. Figure 3 illustrates some of these early transmissionless machines.

- ‘ . - & . TTFeS s . . -
. . v . S Hughes Hellcopter Company
Nederl:ngs:ogiéiigpggzji:d“‘try ; " XH-17 Cold Pressure Jet

A

ompany

American Hellicopter Company
XV-9A Hot~-Cycle Turbojet XH-26 Pulsejet

Hughes iircfaft C

Figure 3 - Transmissionless Helicopters

It was found that while these power plant weigh%s were relatively low, the complexity
and structural problems associated with delivering compressed air and/or fuel and elec-
tricity up the mast and out the rotor blades, the high centrifugal force field in which
blade-tip-mountsd engines were required to operate, the noise they generated, and their
very high fuel consumption made them impractical or, at least, not competitive for mis-
sions beyond about 50 nautical miles. Their fuel consumption ranged from about four

times that of a reciprocating engine for a hot pressure jet to a factor of 50 times for
a rocket.

Concurrently, the efficiency and reliability of the gas turbiie engine were improving
rapidly. The free power turbing, driving Une rotors through modern transmissions, was
ultimately adopted for most helicopter applications because of the inherent advantages
of the turbine, its favorable torque-RPM characteristics, and its freedom of the need
for a disconnect clutch. The power response characteristics of the two-shaft turbine
were recognized to be inferior to that of the single-shaft turbine, and some helicopter
manufacturers selected the single-shaft engine and accepted the penalties associated

w.th a disconnect clutch. Power response is an even more important consideratison for
multiengine helicopters.,

Current gas turbine engines have cruise fuel consumptions of about 1.2 to 1.5 times
those of reciprocating engines of the same output. However, the reduced turbine engine
weight offsets the slightly higher fuel consumption for all but the longest ranges.
Additionally, the turbine operates with considerably less noise and vibration. With its
use have come improvements in reliability both for the aircraft and the engine. Most

current turbine engines require transmission reduction ratios in the 20 to 25:1 range
for helicopter application.

As the turbine was introduced into the helicopter, design improvements in the second
generation or evolved transmissions allowed the increased gearing associated with the
higher ratio to be absorbed, essentially without notice. Allowable stresses of primary
bevel gears were increasad by 30 percent through the application of better materials and
manufacturing methods. Transmission time between overhaul (TBO) was increased because
of the experience developed with the reciprocating engine, continuing better designs,
and due to the smoother operation associated with the turbine. The Bell Model 47 trans-
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mission TBO was about 200 hours when it was first put into commercia)l service. When the

Huey helicoptexr was at a comparable stage of development, its transmission TBO was 1000
hours.

Although significant progress has been made in rotor and airframe aerodynamics and struc-
tures, the high state of development of the helicopter would not have been possible if it
were r °. for the introduction of the gas turbine with its high horsepower output per unit
weight .nd volume, good efficiency, and its virtually unlimited power output potential.

Although there is still some interest in the pressure jet propulsion system for very

large helicopters and a great deal of interest in the reciproZating engine for the very
small helicopter, future progress in helicopters will be paced by the advancing technol-
ogies in gas turbine and transmission design and manufacture that will further increase
their reliability, efficiency, and decreasc spccific weight, and volume, all at an accept-
able cost.

it is the purpose of this specialists meeting to examine these emerging new technologies
so that the potential improvements that they offer can be understood and used to improve
the helicopter.

PRESENT STATE-OF-THE-ART

There are in service today a wide range of gas turbine-powered helicopters for both mili-
tary and civilian applications. Governments most often sponsor the initial research and
development efforts for a new engine aund helicopter maunufacturers have been quick to
adopt the new engines to improve their commercial helicopters, resulting in immedlate
profitable use by the operators. The helicopter manufacturers and the operators have
jointly developed this new, vigorous industry, but it is paced by engine development.

In :ome cases, 1t is feasible to replace re=-
ciprocating engines with a gas turbine. The
S58-T and the Soloy 47 are examples. The
Soloy 47 (Figure 4) is an Allison Mcdel 250
gas turbine repowered version of the 260-
horsepower Lycoming piston-powered Bell 47,
which went out of production in 1974. Bene-
fits for this installation are improved per-
formance and better direct operating cost
achieved at an increased engine initial cost
at least five times that of the reciprocat-
ing engine,

There are now available a number cf well-de-
veloped free turbine engines ranging from
420 up to 4400 horsepower that are specific-
ally designed for use in helicopter propul-
sion systems. Figure 5 shows a map of the
key parameters associated with available en- s
gines. The spread in parameters iundicates
the effect of size and technology level.
Figures 6 through 12 illustrate some of the
available engines and the helicopters in
which they are installed. Other engines are
under developnent to produce over 8000 horse-
power on a 90°F day at 4000 feet altitude. )
There is still a lack of a flight-qualified .U Fuel Consumption
turbine engiue of under 400 norsepower rat- < ,
ing. For this reason, a sizable number of T8 Zooo 3000 Hams B0R wem TooR
helicopters of 3000 pounds gross weight or 2
below, such as the new Robinson R22, con-
tinue to use the reciprocating engine.
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The available engines may be used in single
or multiengine installations for efficient
helicopters with gross weights ranging from
about 3000 to well over 100,000 pounds.
Thus, except for the very small machines,
helicopter development in almost any size
class 1s not limited by lack of available 200
turbine power plants. With most new commer-
cial developments, however, it would be most
unusual to find an available high technology
power plant that would provide exactly the
desired performance for the precise size
helicopter that is sought. There 1s a dif-
ferent situation with the military where
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Figure 5 - Map of Key Engine Parameters




Bell Model 206B

I'ignre 7 - Detroit Diescl Allison C30 Turbine Engine and Helicopters it Powers




Bell Model 222 AS350

MBB/Kawasaki BK117

Figure 8 - Lycoming LTS 101 Turbine Engine and Helicopters it Powers
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Figure 10 - Rolls Royce Gem Turbine Engine and Heljcopters it Powers
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Power, weight and fuel consumption data R
from current engines are shown in Figures l

13 and 14 as historical trends, based on
O BO9n,
a ~=

qualified. It is seen that the higher

power engines have better performance, and s
that engine performance overall has im-

proved as a funct.on of time as new tech- 5
nology features have been introduced. The o \\?\Q~L~ bl R
technology improvements have largely been 200
associated with materials and aerodynamic sFC a0
advancements, and we can reasonably expect ™™ =
such improvements at least to follow the
trend projected from cur history into the
future.

o‘( [

the year the engine was certificated or r JEE °
oo ,

But, it is believed that the historical
projections are conservative. In the
past, a major effort has been exerted to
reduce engine complexity at the expense of
performance. Reliability and initial cost
cannot be sacrificed; however, with the
new situation in fuel availability and
increasing cost, engine manufacturers must Figure 13 - Historical Trend of
take advantage of additional approaches to
improve efficiency, including such things
as the use of varjable geometry and cool-
ing schemes and recuperation. These will
be discussed later.

[}
1980 1960 1970 1980 1990
YEAR OF QUAUFICATION

Turbine Engine Specific Fuel Consumption

Current transmission systems have reached
a relatively high state of development. k
Allowable surface compressive stresses and
gear root bending stresses have increased
over 10 and 35 percent, respectively, over ¢
second generation design values. Jnitial :ts o

— O

a

times between overhaul (TBO) now start at sr
a level to which earlier designs had to be .,
gradually developed. The same is true for osv

the power or torque per pound of transmis- ™3 ‘
sion. Progress is being made in reducing B
transmission structure and airboriie noise 3
by use of such approaches as higher con-
tact ratio gears. Today's transmissions Lo ,
offer more features--simple diagnostics in 3?§7
the form of chip light detectors, lower h
noise, and often the ability to continue e
operation for a significant time after
loss of lubrication. This technology was o
originally spawned by military require- 1950 1980 1970 1980 1990
ments and is known as “fly-dry." An YEAR OF QUALIFICATION
zlternagéve to a fly—dryltiapsmigsion is Figure 14 - Historical Trend of

o provide an emergency lubrication system. { : i€4 :
This, too, has been done successfully. Turbine Engine Specific eight
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Power transfer couplings have improved significantly over the designs of two decades
age, and puwer matching in twin or triple engine designs is now an accomplished fact.
New transmissions must keep pace with the technology level of new engines.

Current engines and the transmission systems that they drive are in a wide variety of
configurations and technology levels. While all of them give, or promise to give, a
creditable account of themselves in service, there is much room for improvement. The
most significant areas that need attention include:

Engine and transmission reliability
Engine control system reliability

Engine fuel consumption at cruise power
Propulsion system initial and life-cycle costs
Emergency power rating

Engine and transmission size and weight
Propulsion system health monitoring
Noise and vibration levels

- Inlet air filtration

+ Low grade fuel capability

- Engine/transmirsion/airframe int:gration

]

In the paragraphs that follow, the technologies needed in each of these areas will be
discussed briefly, together with the promise for progress which they offer.




TECHNOLOGY ADVANCES NEEDED

Reliabilit

once the helicopter is designed, its propulsion system selected, the development leading
up to its qualification and/or certification is complete, and it is introduced into
service, the early performance predictions tend to fade into the background, and the
economics of its operation become uppermost in the owner's/operator's mind. Primary in
this regard is the aircrafts' and their power plants' reliability; i.e., the ability to
perform consistently in the manner required for the intended use.

NASA states! that approximately 49 percent of the instances of unreliability in modern
turbine-povwered helicopters occurs in the propulsion systems. Of these, 35 percent are
attributed to the engine or its associated systems and 14 percent to the transmission.
A review of helicopter accidents due to material failure shows that the engine and its
systems cause over two-thirds, the transmission system less than 10 percent. Bell data
indicate that i1n a typical helicopter fleet, an unscheduled interruption of operation
due to aircraft material problems occurs once every 400 flight hours. About 30 percent
of those interruptions are caused by the engine and transmission systems.

It is obvious that improvements that reduce the number of these interruptions will
increase safety, reduce costs and increase customer satisfaction. In the great majority
of cases, nevw technology 1s not required to improve reliability, merely a more careful
attention to detail in the application of known principles. Early correction of the
service-revealed difficulties is vital to the continued growth of the industry, and
engine manufacturers must appreciate this.

Even though most cases of unreliability can be corrected easily, there are some areas
where the current designs are being pushed to the limit, and future progress depends on
the application of new technology.

For example, experience has shown that as many as two-thirds of the power interruptions
in flight are caus~d by the present generation of partially open-loop, hydraulic- or
pneumatic-mechanical engine control systems. Present-day and future gas turbines need
more precise closed-loop scheduling of fuel flow and variable geometry features tc matsh
the pileot's power demands to the ambient conditions and engine requirements. ‘The appli-
cation of microelectronics to the fuel management and variable geometry systems, par-
ticularly during engine starting, shows promise of providing precise and reliable re-
sponse of the engine to flight requirements and. thus, of reducing pilot workload, con-
serving engine life, and providing greater power reserves.

operational recording devices and maintenance techniques can be developed that continu-
ously monitor propulsion system health and total life used so as to give early warning
of unfavorable operating trends and impending troubles. These systems will permit the
establishment of least-cost maintenance programs that are consistent with the reliable
operation of the propulsion system.

Eventually it may be postible to integrate the flight and engine controls for even
greater simplification of the cockpit, reduced pilot workload and increased safety. It
is here that a great part of the human error accidents that make up 70 percent of all
accidents might be prevented. A word of caution is in order, however. The environment
into which these devices are thrust must be clearly understood and protected against.
In addition to heat and vibration, the ever increasing electromagnetic pollution of the

atmosphere is of concern. There is a great deal to learn here, and we must proceed
cautiously.

Transmission reliability might be most impreved through better manufacturing teclniques
that provide ultra-high levels of consistency, thus eliminating the stresses associated
with manufacturing variation. Improved inspection techniques are important so that
inclusions can be minimized. Techniques for measuring root bending stresses should be
more precise than observing tooth loading patterns.

In the design of propulsiocn systems, care must be taken not to overemphasize weight
reduction, when a little more could provide significant improvement in reliability. The
trend of contracting power-by-the-hour for the helicopter, as well as for the engine,
can be expected to grow rapidly as our customers demand consistent, predefined cost of
operation. This will cause design approaches to become moie conservative,

An lmproved operating enviromment for the engine and transmission can contribute greatly

to the reliability of the propulsion system. Inlet air filters or particle separator:,
crash-resistant suction fuel systems, highly effective fuel and oil filters and oil

coolers, engine/airframe dynamic compatibility, vibration isolators and low-loss exhaust

systems that minimize reingestion and protect the airframe from high temperatures are o
all important eleaents of successful beljcopter propulsion systems. All requixe con- v,
tinuing improvement.




The integration of the engine and transrission is also quite important. Engine shaft
speeds will always be pushed as high as aerodynamic refinements allow, so as to reduce
the size of the engine. With higher engine output speeds, greater speed reduction 1is
required. Thus the question, how much of this reduction should be taken as part of the
engine, if any, and how much in the helicopter transmission? This question must be
answered for each design, based on considerations of mounting and shafting. The possi-
bility of mounting the engine and transmission together as a single unit should not be
overlooked.

Specific Fuel Consumption

In the light of the current fuel shortage and ever increasing fuel costs, the fuel
consumption of the eagine at cruise power is an important factor in the earning power of
the helicopter. The importance of fuel cost is indicated by Table I,2 which shows the
fuel costs for several Bell helicopters as a percent of direct operating costs (DOC) for
various prices of fuel. In the future, even with the coming low-grade fuels, fuel costs
can be expected to exceed the upper values shown, and, as they do, fuel consumption
reduction becomes mandatory.

. Fuel Cost, U.S. $/GAL
Helicopter 1.0 [ 2.0 J4.0 ASSUMPTIONS

Model No.
Fuel Cost As ¥ DOC
- 1200 FLT HRS PER YEAR
068 1s 9 3 - DEPRECIATION @ 7% P.A.
- INSURANCE @ 6% PURCHASE PRICE
205A-1 2a 35 a7 o1 A
208 Z £ e NFLATION @ 8% P.A.
212 2 30 e - 5 YEAR INTERVAL FROM MIN TO
2 MAX FUEL COSTS

Table I. Fuel Cost as a Percent of Direct Operatin; Costs

In the continuing evolution of gas turbine technology, reduction in specific fuel con-
sumption can be achieved by higher pressure ratios and increased turbine operating
temperatures, as well as by better compressor aerodynamics, improved combustion, more
efficient turbines, and reductions of losses caused by tip clearance and friction.

In achieving these improvementic, it is cssential that an adeyuaile siall margin be re-
tained, so that the engine can operate smoothly throughout the flight regime. Engine
performance deterioration must be minimized throughout the overhaul interval or provided
for initially, and engine performance must be readily restored to original levels during
overhaul. Inlet air cleaning and flight line washing techniques, tugether with good air
filtration and simple, rugged designs, are contributory to this goal.

It is also most important that full power is available within a few seconds of pilot
demand. This can most likely be achieved by better control of running clearances and
temperature control systems. The requirement for almost instantaneous power response
from the remaining engine(s) upon engine failure caus s one to look again at the single-
shaft turbine or to consider the more complex and more efficient three-shaft designs.
Power response time 1is extremely important.

Higher turbine operating temperatures will require more extensive use of turbine cooling
for metal wheels, blades, and vanes combined with high-temperature cgating or, alterna-
tively, the introduction of ceramic components. This family of materials, with its high
strength-to-weight ratio at elevated temperatures and corrosion resistance, shows promise
of reliakle high-temperature operation with increased useful lives and reduced weight

and parts cost.

The use of a highly effective recuperative system to reduce fuel consumption is a possi-
bility., especially for large, long-range rotorcraft or for military helicopters requir-
ing infrared suppression. Even for smaller commercial helicopters, a recuperative
system might be attractive if it were designed as an integral part of the fuselage to
minimize it's size, weight, and drag impacc.

Variable geometry and cooling schemes. offer considerable promise. The variable cooling
involves manifolding and throttling to reduce cooling air flow at part power operation
for better efficiency. Variable geometry takes the form of variable compressor and

turbine stators, variable exhaust and turbine nozzles, and gas-producer clutching arrange-

ments. These devices do increase parts count and cost, but they offer the possibility
of major improvements in efficiency. Table I12? presents the probable specific fuel
consumption and weight of the types of devices mentioned. It is seen that very signif-
lcant improvements can be expected, and these add to the cycle and component efficiency
increases projected from history.
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Percent Change
Device SFC Engine Weight
Reduction Increase

Variable Cooling 2 2
Recuperation 19 24
Variable Geometry 27 2

with Recuperator
Variable Geometry 13 4

without Recuperator

Table I1.

Propulsion Sy:stem Weight

Potential of Engine Developments

Fropulsion system w2ight is an important factor in the critical trade-off between engine

plus fuel weight and useful load and range.

Advanced aerodynamic technology can reduce

the number of stages in the compressor and turbine, thereby reducing weight and increas-

ing reliability.

Transmission gearing can be made somewhat
lighter by refined design techniques, but
presently known materials, heat treatments,
surface processing, and lubricants are
being pushed to the limits. The use of
double-vacuum melt. steels, new steels with
higher allowable stress, improved lubri-
cants, especially those with higher Rydet
capacity, and silicon nitride bearings in
special applications are possible avenues
for reducing transmission weight, New
configuration transmissions such as the
use of traction drives, especially for the
smaller systems, offer promise. Consider=-
able weight savings are possible in the
transmission area.

Figure 15 shows the relative Hertzian and
root bending moment stress levels thal

have been used in transmission design in
the past and similar data for new materials
being evaluated now. Figure 16 shows the
resulting increase in mean time between
removal (MTBR). Clearly, time will bring
further improvement here.

Composite materials are finding broader
application in the propulsion system
because of their high specific modulus,
light weight, corrosion resistance, and

low cost. These materials are now widely
used in cowlings and inlet systems.
High-temperature polyimide materials are
extremely attractive in these applications.
Although never used 1n production, success-
ful drive system shafting has been made or
graphite. Transmission cases have been
made of composite materials. Figure 17
shows a composite transmission case in pro-
cess for a Boeing Vertol CH47D helicopter.

We should pursue the promise of composites--
including metal matrix composites-~through-
out the propulsion system. Possible
applications include high-speed shafting,
compressor components, and engine and
transmission gear cases, providing the
reduced heat transfer coefficient through
them can be offset by increased cooler
capacity with a net weight reduction.
Development efforts should be continued to
understand more fully and to control the
unique properties of composites so that
they can be used with the same confidence
as homogeneous materials.
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Propulsion System Costs

Although propu151on system acquisition cost is a large part of the total cost of a
helicopter, it is small when compared to the life-cycle cost of the system, which in-
cludes the fuel, lubricants, parts, maintenance, and labor used duxing the useful life
of the system. Thus, it is prudent to consider life-cycle, cost-effective improvementn
to the helicopter and its systems, including the propulsion system, even though the
acquisition costs may be increased.

The technologies discussed above aimed at increasing parts life and reliability and
reducing fuel consumption must be viewed as they contribute to reducing life-cycle
costs, rather than the shorter term acquisition costs. Similarly, propulsion systam
manufacturers must make the hard trade-offs such as between increased reliability and
lower fuel consumption based on congideration of life-cycle cost. This concept will not
be easy to sell to our prospective customers, unless it is backed up by innovative guar-
antees--and this is what we must do. j

Rating Philosophy and Qualification/Certification Procedures 7

There is an urgent need for some truly innovative thinking on the part of industry and
the civil regulatory agencies concerning the rating philosophy and certification pro-
cedures for helicopter engines, particularly those used in multiengined ajrcraft. 1In
those applications, the maximum allowable gross weight of the helicopter is not limited
by the total installed power, but rather by the amount of power available from the
remaining engine(s), should one engine fail at the most critical point during takeoff.

This leads to a set of one-engine-inoperative (OEl) ratings for use during emexgency
conditions, wiich occur very infrequently, if at all, during the life of a given engine
or helicopter. At present, the highest emergency rating in current engines is approxi-
mately 110 percent of the takecff rating and is called a 2-1/2-minute rating. It is
demonstrated by fifty 2-1/2-minute runs for a totai of 2 hours and 5 minutes of testing
in the United States Federal Aviation Administration's required 150-hour certification
endurance test. By contrast, the same test schedule requires only 11 hours, 40 minutes
of operation at takeoff power, which is used about once every flight. At the conclusion
of the test, the inspection of the engine parts must not reveal any impending failure
that would compromise further safe operation.

The infrequent situations requiring emergency power during takeoff would normally exist

for no more than about 10 to 20 seconds of operation of the surviving engine(s) and

would occur only to complete a takeoff after one englne failure at the critical altitude i
and temperature condition. with no wind and with nc suitable landiuy area available.

This situation does not occur often, and when it does occur, the required duration of

the emergency power is very low.

The amount of testing at the 2-1/2-minute rating is disproportionately high. Because of
the long test time, the emergency power level that can be certificated is limited due to
the creep and stress rupture considerations of the turbine rotor. 1If a shorter demon-
stration period were acceptable--say ten 30-second bursts to a maximum emergency power
during the 150-hour test--the rating could be as much as 125 percent of the takeoff
rating, thus increasing the allowable payload of the helicopter by approximately 50
percent.

Even higyher OEI ratings, perhaps as much as 150 percent, would be possible as a "burn-
out" rating, demonstrated by a single 30-second burst followed by 15 minutes at normal
rated power (NRP) on the type test engine following reassembly after the post-test

1nspect10n The burnocut rating would be certificated with the underctanding that that

rating would be used once, and upon its use, the engine would be returned for overhaul.

There is also the need for a higher enroute emergency OEI power rating. Although this
rating should be of a much longer time duration, the approach of requiring engine over-
haul after the use of that power would allow the definition of an acceptable certifica-
tion test. The time duration for the enroute emergency OEI power rating should allow
time for the disabled rotorcraft to fly to a location where low altitude flight could be
maintained at NRP. Although this will vary depending on what area of the world the
flight takes place, it is believed that a one-hour emergency enroute power rating would
suffice, with flight at NRP allowed for an additional two hours.

The aerodynamic design of the compressor and its operating line may have to be adjusted
to achieve these higher OEI ratings without surge, possibly resulting in a slight com-
promise in cruise fuel consumption. Even so, there would be a reduction in total fuel
used for a given payload because of the use of higher percentage of NRP during cruise.
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THE CHALLENGE

It is visualized that future helicopter propulsion systems will consist of two or more
turboshaft engines driving through high reduction ratio, lightweight, on-condition,
fail-safe transmissions. The engines will have a higher cycle pressure ratio, more
efficient compressors and turbines, operate at higher turbine gas temperatures than
present engines and incorporate variable geometry features. These engines will be free
from surge and capable of extremely rapid power response under all conditions.

The control systems would be the full authority, electronic type with engine and trans-
mission health monitoring and outputs to the flight control system. Both the basic
engine and transmission will be more compact and lighter in weight per horsepower pro-
duced or transmitted, and the engines will use considerably less fuel at cruise power
than they currently do wWith these new engines, safety and economy will be provided
through the application of rational OEI emergency power ratings. All of these gains
will be accompanied by concurrent improvement in system reliability and a reduced life-
cycle cost.

The gross weight of a helicopter that is powered by this advanced propulsion system will
be about 20 percent less than today's helicopter doing the same job, and il will use at
least 25 percent less fuel and travel at about a 10 percent higher speed--because of its
improved propulsion system.

THE CHALLENGE TO THE PROPULSION SYSTEM SPECIALIST IS TO IDENTIFY THE
TECHNOLOGIES REQUIRED TO ACCOMPLISH THESE GOALS, TO LAY PLANS TO

BRING THEM ABOUT, AND TO MAKE IT HAPPEN,
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DISCUSSION

W.Crawford, US
I question the capability to achieve 50 percent emergency power capability without burn-out. Modemn engines have
temperature/power derivatives that will not give that much additional power for significant temperature increases.

Author’s Reply
Twenty-five percent should be available for present engines. Fifty percent is believed to be achievable through the
use of ceramic materials in critical locations.

K.Rosen, US
What plan would you offer for emergency power certification?

Author’s Reply
Joint approach to the certifying agencies by the engine manufacturers, helicopter manufacturcis, and operators, all
acting in concert. Actual time histories of simulated or real engine failures at critical points in the flight path would
be a start.

P.Brammer, UK
Is a 3C-second burst at emergency power adequate?

Author’s Reply
Perhaps not. This value should be settled by pilots. Somec of them have indicated ten scconds is cnough but it is
hoped that the number would come out between 30 and 45 scconds.
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PROGRAMMES D'ESSAIS DE DEVELOPPEMENT
ADAPTES AUX MOTEURS D'HELICOPTERES

ar

J FRLSCO
Sociétt TIHRROMECA
B8ORDES
64320 B1ZANOS - FRANCL

1 - INTRODUCTION

Dans un programue général de deéveloppement d'un moteur, ¢'est a dire depuis la premiére rotation
au banc jusqu'a la mise en service du modele développé en passant par la mise au point dy modcéle de base,
le chemin & parcourir e€st semé de contraintes de plusicurs natures
- en premier lieu des exigences réglementaires qui sont constituées par les réglements de Navigabilité
pour les moteurs civils, par des Spécifications techniques particuliéres pour les moteurs militaires ;

- en secord lieu des exigences d'ordre opérationnel qui viennent se juxtaposcr aux piécédentes et qui sont
constituées

. par les divers types d'utilisation envisagés : profils de vol des différentes missions.

. par les conditions d'environnement susceptibles d'étre rencontrées,
Ce second volet est particulid¢rement important pour un turbomoteur d'hélicoptére du fait de la variétgé
des utilisations et des conditions d'environnemcnt comparées a celles d'un réacteur ou d'un turbopropul-
seur,

Pour répondre a l'ensemble d¢ ces exigences il taut b3tir, entre avtres, un programme d'essais qui
prenne en compte ce faisceau de contraintes, parstols contradictoires, d'une part pour obtenir la Certifi-
cation et d'autre part pour effectuer la mise en service, l'exploitation et le développement sans alégs
majeurs.

11 peut puraitre ambitieux d’aborder un gujet aussi vaste dans un aussl court laps de temps, aussi
nous nous limiterons & examiner quclgues essals spécifiques & un turbomoteur d'helicoptére.

2 - PROGRAMME MAKILA

Nous avons choisi ccmme exemvle le programme du turbomoteur MAKILA qui équipe 1'hélicoptére AEROS—
PATIALE AS-332 Super PUMA.

Rappelons bricvement 1'origine et les principales détapes du programme MAKILA. Lancé en 1974 pour
répondre aux besoins du marché des hélicoptéres de moyen tonnnage 3 long rayon d'action, le MAKILA turbo-
moteur dc¢ la classe des 1300 kw ( 1800 ch) est d'unc conception moderne, entiérement medulaire tout en
possédant 1'architectire générale des moteurs TURROMECA,

11 développe en conditions Standsrd au niveau de la mer 1240 kW aux régimes de decollage et in-
teirmédiaire d'urgence (ou 30 minutes) et 1310 kw au régime maxi d'urgence (ou 2 1/2 minutes), la puissance
thermique marximale est de 1 400 kW.




Etapes clés du programme

premiére rotation au banc en réacteur Novembre 1976

premier vol sur PUMA SA 330 Juin 1977
premier vol sur Super PUMA A3 332 Septembre 1977
Réception des premiers moteurs de série Décembre 1979

Certification DGAC . Février 1980

3 - EXIGENCES REGLEMENTAIRES DE NAVIGABILITE

T N R

Comne pour tous les turbomoteurs TURDOMECA pour les hélicopteres qui ont a la fois des applica-
tions civiles et militaires, nous avons choisi d'emblée de répondre & l'enveloppe des réglements civils

et a des points particuliers des Spécifications militaires pour les moteurs, notamment en ce qui concer-
ne les essais d'environnement.

Le MAKILA répond danc a la fois aux exigences d2s réglements de navigabilité suivants :

-~ Le JAR-E ou Joint Airworthiness Requirements-Engines a l'édition 3 qui est le régle-
les moteurs, basé sur le réglemecnt Britannigue B.C.A.R Section C a 1'édition 10. Pour i
information, le JAR-E n'étant applicable aujourd’'hui qu'aux moteurs d'avions il a été adapté pour pouvoir :

correspondre a l'ipstallaticn motrice définie par la FAR 29, notamment en ce qui concetne les régimes
d'utilisation,

ment européen pour

- La FAR Part 33 a 1l'amendement 8

Le MAKILA a également subi des essais dérinis par les Spécifications pour les moteurs militaires
MIL-E-8593 A et D.Eng RD 2100.

e b A i s e AR ot it S B e e

L'ensemble de ces réglements constitue la base du programme des essais de validation du moteur.

Par rapport aux autres types de moteur ce¢ qui caractérise essentiellement les moteurs d'hélicopté~
re du point de vue des réglements, c'est l'existence de regimes d'urgence pour les appareils multimoteurs
classés en Catégorie A c'est & dire certifiés pour assurer un transport public de passagers

- Régime maximal d'urgence selon définition BCAR Section Cou régime 2 1/2 minutes E
selon définition FAR Part 1 destiné a couvrir le cas de panne d'un moteur au décol-
lage pour les hélicopteéres.

Ceci siqgnifie qu'en cas de panne d'un motzur, un surcrolt de pulssance doit étre

instantanément disponible sur le ou les autres moteurs pour permettre a 1'hélicop-
tére de poursuivre la phase de décollage.

- Régine intermédiaire d'urgence a duréde illimitée selon définition BCAR ou
Régime 30 minutes selon définition FAR Part 1

L'existence de régimes d'urgence constitue une donnée fondamentale pour la conception du moteur
mais aussi pour le programme d'essais. Tel est le cas pour le MAKILA. Nous verrons dans la suite de 1l'ex-
posé quelles sont les implications particuliéres a ces régimes sur les démonstrations apportées.

4 . EXIGENCES OPERATIONNELLES

Les contraintes issues des exigences opérationnelles viennent s'ajouter aux exigences réglemen-
taires. Elles forment 1l'essentiel de la particularité des turbomoteurs d'hélicoptéres par rapport aux
autres types de moteunr, Elles ccont constilufes par 1a variéte des types d'utilisation allide a un large
éventail de conditions d'environnement.

La difficulté réside dang la simulation de ces conditions dans un programme d'essais nécessaire-
ment contracté dans le temps afin d'anticiper au mieux les conditions réelles d'utilisation,

Les différents facteurs dont il faudra tenir compte sont en particulier :

. le_type_de_mission_

=~ transport :

. transport public ou privé de personnel

liaison avec les plate-formes de forage en mer, acheminement de personnel, de ma-
tériel.

. transport et secours en montagne

. liaison aéroports/villes
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- travail aérien

. transport de charges & 1'élingue
» ygrutage
- surveillance de lignes électriques a haute tension, de routes, de pipe-lines etc...
- évacuation sanitaire
- missions militaires diverses
. l'environnemen®.
les différents types de mission ¢énumérés sont réalisés dans des environnements trés divers
tels que
- atmosphére saline propice 3 la corrosion (notamment pour la desserte des plate-formes en
mer)
- atmosphére sableuse propice a 1l'érosion principalement dans les tégions du Muyen Orient
~ atmosphére chaude et humide des pays tropicaux également propice a la cortosion ainsi
qu'au développement des micro-organismes dans le carburant
~ atmosphére polluée des régions fortement industrialisées pour les missions prés du sol
de survol de lignes haute tensicn ou de routes
~ atmosphére froide et vol sous la neige
- vol sous pluie intense en pays tropical

les_opérations d'entretien

la qualité des opérations d'entretien varie considérablement du fait de la multiplicité
des utilisateurs d'hélicoptercs, de leurs moyens, de la dispersion géographique et en par-
ticulicer de 1'¢loignement des bases d'entretien des zones d'utilisation.

L'exposé de ces exigences montre bien 1'extréme variété des conditions réglementaires et opération-
nelles qu'il faut couvrir. Mais en outre, si des équipements optionnels permettent a l'hélicoptere de
s'adapter A des travaux et des environnements treés différents, le turbomoteur, lui, restant en place, doit
assurer cette polyvalence dans tous les cas.

Les différentes contraintes exposées ci-avant interviennent en effet soit isolément, soit combinées
et les essais devront donc en constituer une enveloppe représentative.

On imagine aisément gue des choix doivent &tre faits pour les programmes d'essai car il n'est pas
possible de reproduire exactement au banc toutes les conditions susceptibles d'étre rencontrées en servi-
ce.

I1 est donc nécessairc d'effectuer des essais de simulation au banc sur éléments séparés et sur mo-
teur complet pour s'approcher au plus prés des conditions opérationnelles et anticiper aussitdt que pos-
sible les problémes qui risquent de se poser en utilisation.

6 - PROGRAMME D'ESSAIS MAKILA

Dans l'ensemble du programme d'essais du turbomoteur MAKILA nous avons choisi trois essais gui ont
pour objet de simuler guelqgues unes des conditions exposées précédemment et gui sont particuliéres a l'u-
tilisation d'un hélicoptére.

Il s'agit d'essais gui se rapportent aux questions suivantes :
. Temps de réponse en puissance et transfert des charges en cas de panne d'un noteur
. Tenve du moteur en longue endurance
. Résistance du moteur a la corrosion

5.1, Temps de réponse en puicsance

Sur hélicoptére bi-moteur une des conditions importantes que doit remplir l'installation motrice,
c'est comme nous 1'avons mentionne précédemment la continuation du vol en cas de panne d'un moteur, mémec
pendant la phase de décollage.

Cette condition implique de reéaliser une régulatipn qui assure lec foncti-ns suivantes :
- transfert instantané de charge des 2 moteurs sur un seul
~ puissance maximale disponible dans un délai trés court (régime maximal d'urgence ou
2 1/2 minutes) pour des raisons évidentes de securité

performances en transitoire permcttant cette puissance sans pompage, sans instabilité

et sans dépassement des limites autorisées de vitesse, de couple et de température

des gaz.

- précision d'affichage de ¢ecte puissance de fagon a éviter les marges excessives préju-
diciables a 1'évaluation des performances de l'hélicopteére.

- fidélité d'affichaje de cette puissance a la fois pour deg raicons de sécurité et pour

¢viter le dépassement des limites de fonctionnement du moteur.
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C'est 1'association 4'une régulation de carburant de qualité ayant des marges confortables avant
décrochage des compresseurs avec une bonne combugtion en regime transitoire qul permet de remplir ces
fonctions.

Sur le MAKILA 1a solution choisie pour la régulation consiste en un régulateur mixte hydromécanique

et électronique qui maintien: la vitesse de turbL.pe libre constante par action sur le débit carburant
avec une fonction J'anticipation grace & une liaison avec le pas général de 1‘'hélicoptére.

Nouz ne rentrerans pas ici dans le principe ou dans le détail de la construction du regulateur, ce

n'est pas l'objet de 1l'exposé. Nous allons plutdt excminer les e5s2is & mettre en ceuvre pour vérifier
que toutes les fonctions énumérées précédemment sont réalinéeg d'abord sur le réguiateur seul, ensuite
§ur le moteur 3u banc puis sur le moteur en vol et enfin communt les différenLs paramétres spécifiques
3 l'utilisation interviennent.

a - EsBaigs_de_gimulation sur_réqulateur

Les premiers essais a mettre en oeuvre xont effectués svr le régulateur seul sur un banc de simu-

lation.
Ne & /}w AW

APM SHP

W, T

AN —

Ng MAX

WG

1.5 sec. ' TEMPS
e TIME

A partir d'un fonctionrement stabilisé correspondant a une croisiére & vitesse donnée par exemplc,
on a un état de charge sur le moteur qui correspond & une vitesse du générateur de yaz Ng, image de la
puissance soit Wl. On réalise alors instantanément un échelon de puissance par une simulation de charge
sur le réyulateur & pas général constant jusqu'a une valeur correspondante de puissance w2 qui représente
la puissance maximale d'urgence, c'est a dire la panne d'un moteur. On s'est fixé préalablement le temps

minimum pour obtenir cette puissance, leguel représente le temps mini de restauration de la puzeﬁance pour
que le pilote puisse maintenir 1'hélicoptire en vol dans la phase la plus critique.

Gn vérifie alors sur.le régulateur gque cc =omps fixé & 1,7 sec. pour l2 MAKILA n'est pas dépassé
et on contrile en méme temps que le K s'établit 4 la valeur maximale prédétermindesans que le ANg soit
supérieur aux limites validées, et sans oscillation du régulateur.

On réalise ainsi grace au simulateur le contrdle :

~ de 1a disponibilité de la puissance maximale

~ de l'affichage de¢ cette puissance sans instabilité
~ de la fidélité et de la prézision de cet affichage
- de la rapidité d'ob%ention de la puissance maximale

Ces mémes easals sont ensuite réalisés en simulant toutes les coaditions &'environnement envisa-
gées
. température de carburant fornction du domaine de vempdérature ambiante prévue c'est A dire de
=50°C & + 50°C. Ep fait le domaine A vonsidérer s'étend de -50°C a + 70°C pour tenir compte
des températures d'imprégnation ces téservoirs et des tuyauteries d'un hélicoptere restant
plusieurs heures sur un packing vl la température extérieure est de + S0°C.

pression atmesphérigue c'est & dire altitude~pression donl 1'influence se fait sentir sur
ur: dispasitif de contrdle Qd'accélératiasn qui élaiore une loi de débit.

Les essais au banc consistent A établir cette loi pour un fonctionnement au sol de sorte
qu'elle couvrn l'ensemble du domaine en altitude. Les vérifications sont faites ultérieure-
ment lors des es-ais en vol.
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. conditions d'alimentation du moteur en carburant, c'est & diie les conditions de pression
ou de dépression & l'aspiration de la pompe HP.
On fait donc varier pour cela le deébit et la preasion a l'entrée pour simuler le fonction-
nement avec et sans pompe de gavage et on vérifie que l'on obtient le Ng maxi dans ces
conditions.

. type de carburant

La variété des carburants & utiliser est 13 aussi une dec caractéristiques de l'utilisation des
turbomoteurs d'hélicoptéres du fait, bien entendu, de la multiplicité des utilisateurs, des régions et
des disponibilités : depuis les carburants approuvés pour l'utilisation normale Jet Al, JP8, JP4 et JPS
jusqu'aux carburants de remplacements avec restrictions d'emploi tels que le gaz-oil routier ou l'essence
aviation.

i s

Les essais décrits ci-dessus sont donc effectués successivement avec les divers carburants prévus
en utilisation pour vérifier les performances du régulateur au banc et définir les éventuzlles limitations
d'emploi.

b - Essaig sur moteur au banc

Lorsque la mise au point du régulateur au banc de simulation est terminée il faut vérifier cette
fois sur moteur complet que toutes les fonctions sont bien réalisées avec la charge représentée par un
frein sur 1'arbre de sortie moteur. La différence essentielle avec 1'installation sur hélicoptere est
1l'inertie entre l2 frein du banc et la trangmission jusgu'au rotor.

Du fait de l'inertie et de la régulation de charge du frein la fonction temps d'établissement de

la puissance maximale ne peut &tre contrdlée au banc. On contrdle par contre la valeur de cette puissance,
c’'est 3 dire en fait la valeur du Ng maxi en augmentant progressivement la charge du frein.

Ng tr/mn 4
LIMITE THERMIQUE

- )
bl //f///// _ THERMAL LIMIT

2
fl

==

= — ==

?/// =

LIMIT TO OBTAIN THE MAX. POWER

~p

TEMPERATURE CARBURANT °C
FUEL TEMPERATURE

On vérifie ainsi que la valeur de Ng se trouve entre les limites suivantes correspondant a 1'en-
semble du domaine de founctionnement :

- limite thermique maximale valjdée pour le moteur
- limite pour obtenir la puissance maximale

< - Ekssals sur moteur _er_vol

Tous les essais préliminaires étart effectués on consjdére que toutes les garanties sont pri-
ses pour obtenir en vel e puissance meximale d'urgence mais il reste & le vérifier et, en particulier,
a dererminer qualle est l'influnence de l'inertie de la transmission et du rotor de l'hélicoptere sur la
réponse du réaulateur, ce qui n'avait pu &tre fait au banc.

Cette véritication fait l'objet d'une campagne d'essais sur hélicoptere ou l'on 1éalise la ma-
nlpu}ation suivante : & pas constant en montée en bi-moteur on ramcne brutalement la manette de commande
du dJdébit de cacburtant d'un des motecurs de la position “rdgulation® & la position "ralenti-vol" correspon-
Jant & un cran vt 1'on ovserve 1'évolution des paramétres NG du 2¢ moteur et N rotor principalement.
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L‘évolution du NG permet donc finalement de s'assurer que le transfert de puissance s'effectue
bien sur le moteur restant et qu'il délivre bien la puissance nécessaire a la poursuite du vol dans un
temps compatible avec les conditions établies sans oscillation ni dépassement des limites approuvées.

Cette méme vérification doit ensuite étre menée sur un nombre significatif de régulateurs et
dans toutes les conditions revendiquées a savoir :
~ altitude
- différents types de carburant
- carburant chaud et froid
-~ panne de pompe de gavage

Ce parcours complet étant achevé, on est assuré d'avoir couvert tous les types d'utilisation en-
visagés avec le maximum de garanties.

5.2, se2i d'ondurance &in_cycies_de vol-type

Iy

Le deuxiéme exrmple toujr s tiré du programme de développement MAKILA concerne 1'endurance
du moteur en cycles qgue nous avons convenu de désigner "vol-type".

Comme nous 1'avons vu précedemment la variété importante des utilisations de 1l'hélicoptére
rend difficile la détermination d'un seul et méme profil de mission. Il est donc nécessaire de faire cer-
taines hypothéses simplicatrices. En fait le profil de vol-type quel qu'il soit constitue une référence
3 partir de laquelle il est possible de déterminer les influences de tel profil plus ou moins sévére.

La base de départ est constituée par le ou les spectres d'utilisation de 1'hélicoptére ex—
primé en puissance totale & l'entrée BTP et calculé pour la masse maximale en conditions Standard. L'exem-
ple suivant est donné pour la simulation d'une utilisation civile de transport. D'autres simulations peu-
vent exister pour des utilisations plus sévéres, en particulier militaires.

N Ce spectre ect synthéiisé et ramene en puissance par moteur avec les temps aux différents pa-
Lers.
SPECTRE YYPE TRANSPORT CIVIL
" PROFIL DY CYCLE D U SSAI
CIVIL TRANSPORT TYP{ SPECTRUM TEST CYCLE PROFILE
W
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A
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Oh en déduit un cycle type pour le moteur dont la durée totale a été cholsie & 30 minutes. Ce cy-
cle de référence correspond aux Conditions $tandard au niveau de la mer et il faut donc simuler 1l'utilisa-
tion du moteur a Jdes conditions thermigues plus scévéres. A cet effet une partie des cycles est reéalisece
a Standard + 20°C et une autre partie & Standard + 395°C correspondant a la limite du domaine de fonction-
nement pour le motcur. 4 000 cycles de 30 minutes, c'est a dire 2 000 heures d'essal ont ainsi €té réali-
scées. La simulation du foncticnnement A température ambiante ¢levee est realisce d'une part on augmentant
la vitesse du géndérateur de gaz pour obtenir lu puissance currespondante au Std et d'aut{u part «n ef(gc7
tuant un prélevement d'air derriére le compresscur centrifuge de fagon a3 obtenir la tempcrature d'entree
turbine corcespondant au tonctionnement a Standard + 20°C et 1 35°C.

L'engemble de ces dispositions doit faire 1'objet de l'accord des Services Officiels frangais et
d'ailleurs ce type d'essal est realisd la plupart du temps au Centre d'Essais des Propulseurs a Saclay
sous la surveillance directe de ces Services, ce qui fut le cas pour le MAKILA.

Le but principal de cet essai ¢tant de vérifier l'endurance des ¢léments du moteur pour le poten-
tiel envisagé des démontages réguliers sont effectués pour contrdler l'état des pieces. On profite egale-
ment de cet essal pour mettre au polnt et valider les méthodes d'entretien : inspections périodiques par
endoscope, lavage compresseur etc...

5.3. Essai _d'inqestion d'eau salde et de susceptibilité a la corrosion

Une des utilisations les plus importantes de 1'hélicoptére sur le plan civil est le trans-
port "off-shore” pour les liaisons avec les plate-formes de forage en mer.

Un turbomoteur d'hélicoptére doit donc étre capable de résister a l'agressivité de l'atmos-
phére saline sans pour autant avolr des caractéristiques technologiques ou de construction spécifiques
a l'utilisation marine. En effet comme nous l'avons vu précédemment la polyvalence des hélicopteres né-
cessite gue le tur..mnteur puissce s'adapter 3 toutes les conditions d'environnement envisagées et il est
donc prévu dans le programi- 9énéral des essais d'ingestion d'cau salée et de susceptibilité & la corro-
sion.

Ces essals sont empruntés aux Speclifications pour les moteurs militaires Britanniques
D.Eng-RD 2100 ou Américains MIL-E-8593~-A dustinés & couvrir les utilisations marines.

i
t
i
r
.

5.3.1, Essai d'ingestion d'eau salée

Cycle_ )
BUASE CTIONNEMENT ‘
Partielle Cumulce
5 - Régime Pulssance Décollage Marche
2 20 25 Régime Puissance Maximale Marche
continuc
3 5 30 Ralenti Arrét
4 - - 2 accélérations du ralenti
au régime deécollage Arrct
5 - - Contrdle des performances Arrét

Le deébit d'eau injecté a 6té réglé a 0,6 1/h, il est réparti uniformément dans 1'entrée d'air
au moyer d'un injecteut culibré.
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ESRAI DINQESTION D'EAU SALEE
SALT WATER INGESTION
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TTTT  LAVAGE WASHING

20 ¢ycles de 2 minutes, soit 10 heures d'essai sont ainsi réalisées, Ces essais sont mis a profit
a la foie pour vérifier le comportement deg organes internes du moteur 3 la corrosion par le sel et pour
"megurer” 1l'efficacité des méthodes de lavage du moteur,

Deux lavages avaient été prévus tous les 2 cycles avec un mélange d'eau déminéralisée et d'un inhi-
biteur de corrosion & 2%. Le lavage s'effectue rmoteur en fonctionnement au ralenti pendant 5 minutes, la
quantité injectée est d'ernviron 5 litres.

Aprés le lavage, le moteur est protégé par injection dans l'entrée d'air pendant l'auto-rotation
d'un produit hydrofuge pur.

Un relevé des performances est effectué au début et a la fin de chaque cycle et si 1l'on observe
1'évolition des paramétres débit d'air, rapport de pression, température d'entrée turbine, puissance et
censommation on peul
- mesurer la perte éventuelle de performances
- déterminer les organes du moteur qui se dégradent
~ évaluer l'efficacité de la méthode et du produit de lavage

On cbserve que la perte de performances due a l'encrassement par le sel est importante, jusqu'a
12,5% sur la puissance mais que la lavage effectué permet de restaurer les performances initiales ( et
méme plus du fait que le moteur d'essai n'était pas “"neuf").

Sur le MAKILA ces essais ont permis de mettre au point notamment une rampe de pulvérisation instal-
lée 3 poste fixe sur l'hélicoptére, 1'injection du produit de lavage pouvant méme étre comma.dée dzpuis
le poste pilote.

5.3,2. Essai de susceptibilité 3 la corrosion

' i sl = = R
L'esgal oo déroule de la fagon suivanie s

a) Protection interne et externe du moteur : . L
- injection en ventilation de 0,5 1 d'un produit hydrofuge a l'interizur du noteur
~ pulvérisation externe de 0,6 1 de ce méme produit

b) 2 heures aprés la protection injection d'eau salée en ventilation jusqu'a ce qu'un
brouillard épais sorte en continu pendant 1 minute au moins par la tuyére

c) pulvérisation externe du moteur avec la solution d'eau salée
d) obturation des orifices d'entrée d'air, de tuyére et de vanne de décharge
e) le moteur reste ainsi imprégné pendant une semaine puis on recommence la méme upéra-
tion sans protection préalable et on laisse A nouveau l'eau salée agir pendant une
semaine
f) 4 la fin de la gseconde semaine le moteur est démonté pour établir 1'étendue et l'em- J

placement des zones corrodées.

Cet essal trés sévére permet de préciser aprés analyse quelles sont les modifications 3 apporter
pour obtenir une protection efficace.
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On observe par exemple les zones ol le sel s'est dépos€ sans corrosion et les zones telles quc
- certe ins plans de joints qui nécessitent une protection plus efficace.

6 - CONCLUSION

Les contraintes de différentes natures Qui sont imposées au constructeur d'un moteur d'hélicoptere
pour répondre aux exigences tant réglementaires gu'opérationnelles nécessitent d'établir un programme
d'essai qui s‘approche au plus prés de l'utilisetion.

Nous avons essay€é dans cet exposé de montrer par quelques exemples tirés du programme MAKILA comment
ces exigences se traduisaient dans la pratigue des essais.

C'est en restant attentif aux besoins des utilisateurs d'hélicoptéres que. le constructeur peut met-
tre en service des moteurs toujcurs mivua adapi€s au marche, toujours plus performants, fiables et écono-
migues.

2

2 stlbuiti




31

AIRCRAFT TURBINE ENGINE DEVELOPMENT - CURRENT PRACI'ICES AND NEW PRIORITIES

by
Charles C¢. Crawford, Jr. will@am J. Crawford, 111
Director of Development and Qualification Vice President and ngeral Ma@agcr
U.S. Army Aviation Research Military Enginc Projects Division
and Development Command General Electric Company
4300 Goodfellew Boulevard 1000 Westilern Avenue
5t. Louis, MO U.S.A. 63120 Lynn, MA - U.S.A. 01910
SUMMARY

The T700 cngine program was conducted during the 1970s and is therefore representi.’ve of
recent practices employed in the development of turboshaft engines for U.S. military
application. The engine, which is in the 1,600 horsepower class, recently entered service
in the twin-engine U.S. Army UH-60A Black Hawk helicopter. The T700's field introduction
follows an extensive program of technology demonstration, development, gualification and
maturity, which was conducted by the General Electric Company under contract with the
United States Army. The paper surveys requirements applied in the T700 program and
associated benefits, challenges and penalties. Suggested improvements for future pro-
grams are offercd, and technology needs revealed during T700 devclopment are identified.
Post-qualification maturity testing, which was conducted to provide early cexposure of
high-time failure modes, is described. Program features which are important for maximum
development costs payback are summarized.

SECTION I

PROGRAM REQUIREMENTS
by Charles C. Crawford, Jr.

This section describes major development and qualification requirements which had their

first U.S. Army application in the T700 program. General turboprop specifications from

the 1950s were the starting point in developing these requirements. The specifications

were updated with requirements subsequently generated for new U.S. Air Force and U.S. Navy

engine programs, and incorporated unique Army requirements based on then current helicopter
operational experience. The resulting documcnt was inciuded in the Army's reguest to -
industry in 1971 for an eugine to power the planned Utility Tactical Transport Aircraft

System (UTTAS) .

Under the performance requirements, 30-minute Intermediate Rated Power (IRP) and Maximum
Continuous Power (MCP) ratings were specified. This approach, plus the use of maximum
continuous limits for the drive system, would virtually eliminate the pilot's concern for
exceeding time-at-power limitations. At sea level standard day conditions, minimum IRP of
1,500 horsepower was required. A minimum acceptable level of power to be available at
4,000 feet/95°F (1219M/35°C) was also specified to ensure that the UTTAS could perform

its primary mission under altitude and hot day conditions. The U.S. Ammy considers that :
the 4,000 feet/95°F capability will permit operation over 95% of the world., Maximum -
allowable specific fuel consumption at 60% power was defined to ensure selection of
engine cycle parameters which would minimize fuel consumption at helicopter cruise con-
ditiuns. These requirements, plus maximum allowed engine weight, established the turbine
inlet temperature, pressure ratio and airflow. The cpecifications reguired exlensive
altitude engine testing to verify performance guarantees thrcughout the operating
envelope. Minimum engine performance is documented by a computer program which is used
to define aircraft opcrator's manual performance data and to generate power available
data when considering new engineg applications.

S ety

Regarding the control systems, the UTTAS
engine specification contained ceveral
requirements intended to reduce pilot work-
load and to automatically provide over-
speed and overtemperature protection. These
features allow the pilot to devote maximum
attention to mission accomplishment and tc
minimizing vulnerability. Constant power
turbine speed governing requirements

allowed no more than 3% speed variation
during transients and no more than 1%

during steady state operation. Torque
matching requirements specified a capability
to automatically match the output shaft
torque of all engines in a multi-engine
installation within 5% of the torque avail-
able from a single engine at MCP. 1n
addition to primary control speed limiting,
a secondary system was required to auto-~
matically limit power turbine overspeed in

Hughes AH-64 AAH on Simulated N-O-E Mission




the event of total loss of load (output shaft failure, etc¢.). Direct turbine gas
temperature limiting was also required.

Cold weather operation with earlier generation helicopters revealed the need for more
stringent cold starting requirements. As a result, the UTTAS engine specification
called for starting with ~65°F (-54°C) JP-4 fuel and with 12 centistoke (12 mm2/s) JP-5
fuel. A cold temperature starting and acceleration test was specified which required
four successive starts at each of these conditions. The starts were to be preceded by
a ten-hour cold soak after the main bearings had reached test temperature. The JP-5
requirement also provides an improved JP-8 <old starting capability relative to older
U.S. Army engines.

The UTTAS engine requirements alsc included new engine life ciiterja. For example,
5,000~hour design life to a power spectrum which specified 15% time at IRP was required.
The specification called for increased endurance testing; two 150-hour qualification
tests, with 50% time at IRP. Hence & thorough evaluation of hot section stress rypture
life could be obtained. Tightened allowable performance degradation requirements were
introduced to reduce performaince-loss damage such as turbine airfoil high temperature
erosion and seal wear. The endurance tests also incorporated a requirement to verify
stable operation with a wide range of aircraft rotor systems. Maximum and minimum
allowable power absorber polar moment of inertia and torsional spring constant were to
be specified and the two endurance tests performed with power absorbers having
characteristics at the maximum and minimum limits.

In recognition of the frequent power transients associated with helicopter operation, the
specification contained Low Cycle Fatigue (LCF) design and test requirements. The test
was approximately 400 hours in length and consisted of 3,500 rapid power transients.
Approximately three minutes of steady-state running were required after each transient.

One of the most common causes for early
removal of helicopter engines is performance
loss due to sand erosion or Foreign Object
Damage (FOD). 1In recognition of this
problem, an integral inlet particle sep-
arator was required. The qualification
requirement consisted of a 50-hour sand
ingestion test, during which 80 1b (36.2 kq)
of sand were ingested. Hourly transients
were required to check for loss of stall
margin. Maximum allowable power and SFC
lJosses at test completicn were specified.

New fuel system durability tests of
increased severity were also required in
the UTTAS engine specification, including
a 309-hour test with highly contaminated
fuel. Also required was a 300-hour fuel
boost pump cavitation test at maximum
Sikorsky UH-6UR Blafk Hawk In Operation in speed and flow conditions.

a Desert Environment

Because of the combat environment envisioned
for the UTTAS, emphasis was placed on

vulnerability and survivability criteria. These inciuded a nonvisible smoke limit and
test, projectile damage design criteria, and loss of 0il requirement and test. A suctioa
fuel system, which dictates below-ambient fuel pressure at tiie engine inlet, was also
incorporated in the UTTAS engine regquiremreats. The absence of pressurized fus=l in the
aircraft lines greatly reduces the potential for serious post-crash or post-ballistic-
impact fire.

The importance of keeping the cngine operationally readv was aiso acknowledged by
including maintainability, condition monitoring, and fault isolation requirements. These
included guaranteed component replacement times, a maintainability demonstration, bearing
accelerometers, a history recorder, and erosion/foreign object damage indicators.

Lessons Learned and Futuie Program Corsiderations

This section summarizes lessons learned from development, qualification and fielding of
the T700-GE-700 engine, Regarding performance, the UH-60A has met its objectives and

the T700 has been a major contributor. Particularly noteworthy is the improved part-
power fuel economy. The T700 provides approximately 30% lower specific fuel consumption
than previous generation Army engines of the same power class, a significant feature with
today's emphasis on fuel conservation.

Advanced performance and weight requirements must be carefully selected because they
strongly influence unit cost, producibility, durability, and power growth cepability.
Engine weight increases (with compensating IkP increases) were incorporated during the
T700 program in order to control cost and introduce life improvements. The complex
designs required to achieve advanced technology tend to impact engine producibility.
Emphasis nmust be placed on durability because hardware designed to meet challenging
performance and weight requirements is prone to rapid degradation in the demanding
military operational environment. The following examples illustrate this point. High
work compressor stages typically require airfoils with sharp leading edges, which are
vulnerable to erosion or foreign object peening with resultant performance loss.

e Ak




33

Compressor design should provide adequate stall margin after decrements for production
hardware variations, field deterioration, and installation effects are applied. Close
clearances increase the potential for performance loss due to rubs and for airfoil
fatigue due to rub-induced excitations. Close clearances, plus the super-critical
rotational speeds of small engines, dictate emphasis on accurate rotor balance at
assembly and on design features which retain proper balance in the field. The small
orifices and passages of hot section cooling schemes are vulnerable to plugging by
ingested sand particles, oxidation, or upstream loss or rub coating. Design attention,
as well as technology advances, are needed to reduce the magnitude of these effects in
small, high performance turbine engines.

In addition to performance/weight vs. cost, producibility, and field durability trade-
offs, there is also an important performance/weight vs. power-growth-potential trade-
off which should be considered in establishing requirements. High turbine temperature
associated with advanced performance goals increases the difficulty of subsequent
temperature increases for growth. The integral inlet separator adds to the growth
challenge by inhibiting airflow increase through addition of compressor stages. The
first step of T700 power growth is being met with the Navy T700-GE-401 and Army
T700-GE-701 engines, primarily by increased turbine temperature., Further growth will
require technology advances in such areas as power-turbine-driven booster staging and
high temperature durability of small turbine airfoils.,

The T700 control system was successful relative to the goal of relieving pilot workload.
However, the aircraft test program revealed that constant speed governing contributed
to helicopter rotor speed droop following large collective pulls with the rotor
decoupled. The collective pull causes power turbine speed to increase slightly prior
to main rotor reengagement. As a result, fuel flow is reduced by the governor, thus
amplifying the droop tendency following reengagement. Further advances in control
system technology are needed to provide improvements in this area. In the future,
engine testing which simulates autorotation and subsequent reengagement is needed to
evaluate the effects of these conditions early in the development program. The power
turbine overspeed control system successfully prevented excessive overspeed in a
qualification test designed to verify this capability. Subsequent analysis indicated
that at high altitudes peak speed reached following load loss could exceed minimum burst
speed. Design changes bz2ing incorporated in the T700-GE-701 will ensure overspeed
protection at extremes of the operating envelope as well as at normally encountered
altitudes.

The durability testing was quite successful in finding and fixing problems before pro-
duction. The endurance, LCF, and sand erosion tests were all beneficial for this
purpose. However, LCF testing was not initiated until the final year of tihe development
program. Prior endurance tests were to the 150-hour test cycle, which is mostly at
steady-state conditions. Earlier cyclic testing would have further increased the
number of LCF fixes incorporated into the first production engine. Also, subseqguent
experience has shown that the bearing and power takeoff components of advanced small
engines require additional evaluation beyond that provided by engine endurance testing.
Lube system simulator plus instrumented engine testing should be conducted early in
the development program to define the operating envirorment of these components.
Fatigue testing of critical elements should be performed to escablish life.

There are several tradeoffs associated with making the Inlet Particle Separator (IPS)
an integral part of the engine, in addition to the growth constraint mentioned above.
The integral approach has the major advantage of development and qualification of the
IPS with the hardware it is designed to protect. However, the integral IPS increascs
the engine anti-icing air requirements, with a resultant power penalty in icing con-
ditions. It imposes constraints on aircraft inlet design by regniring interface with
IPE fcatures and wmay prevent inlet optimization for multi-engine installations, It
cannot be removad when extended operation from impruved airfields is envisioned. Hence
the inherent weight and inlet pressure loss penalties associated with any inlet pro-
tection system are always present with an integral design. The scavenge passage of the
engine-integral approach can be a path for reingestion of debris or exhaust gas into
the compressor inlet. In view of these tradeoffs, the integral IPS question should

be carefully considered for each new program, It is still considered the correct
approach for U.S. Army engines. However emphasis in future programs should be placed
on minimizing the adverse tradeoffs cited above.

The suction fuel system capability has been achieved by the T700/UH-60A system, with
resulting major safety benefits. However, the aircraft development effort revealed
the need for the following special design and test considerations, During aircraft
operation with hot JP-4 fuel at high altitude, air is released in the aircraft fuecl
lines, especially at locations where large pressure drops occur. This air can
accumulate in horizontal lines and may be released as a large bubble into the engine
fuel boost pump, resulting in flameout. Suction fuel delivery systems should be
designed to minimize these effects. Shutdown in hot ambient conditions, plus engine
heat soakback into the fuel, can also cause vapor buildup in a suction system, with
resultant starting problems. Fuel system leaks are a source of air entrainment with

a suction system. Leakage checks should place the fuel system under a vacuum to simu-
late actual conditions. Because of the strong installation influence on suction fuel
system performance, the aircraft/engine interface conditions should be defined as
completely as possible. Specifically, the engine program should include a suction fuel
system for the altitude pexformance testing to provide engine test verification of the
pump's capability under high V/L conditions. The aircraft program should include




verification that fuel temperature and
vapor content at the engine inlet are no
higher than the engine rzquirements through-
out. the operating envelope.

Early data following fielding of the UH-60A
indicate that the T700 maintainability
features will provide a significant improve-
ment in operational readiness. The engine
is being maintained as an on-condition
system without a scheduled overhaul inter-
val. Regquired inspections are limited to
a 10-hour check of conditicn-monitoring
Two T700-GE-700 Turboshaft Engines of features and a 500-hoyr "on-wing" borescope
1,560 Shaft Horsepower are Installed inspection. Many of the fault indication
in the UH-60A and AH-64 ideas evaluated in development proved not to
be feasible for production due to limited
accuracy, questionable reliability and adverse impact on engine cost and weight. The
history recorder on the production engine has counters to record engine hours, power
transients, and time/temperature effect. The modular design of the T700 plus the avail-
ability of these life usage indicators, dictates improved record-keeping in the field
to ensure that life usage data on removed modules, as well as engines, are maintained.
If this difficulty can be overcome, the history recorder will provide a much more
accurate means for monitoring hardware life compared to the traditional approach based
only on engine operating hours.

Conclusion

The T700 engine was developed and gualified to meet several new U.S. Army requirements.
The resultant configuration is already providing far-reaching benefits, Lessons
learned from the program will be applied in the definition of future engine spec.fi-
cations, as part of the continuing process of optimizing requirements for the unique
military helicopter environment.

SFECTION 2

ENGINE DEVELOPMENT PROGRAMS

by William J, Crawifoid, IIl

This section discusses the T700 engine development program generated in response to the
U.S. Amy requirements as described in the previous section of this paper. It is pre-
sented from the engine contractor's point of view,

0f all the many influences involved in the success of a development program, there are
three factors of major importance from the engine contractor's viewpoint:

» He must have an established Technology Base from which to draw for program
development and cengine design

He must have a thorough understanding of the customer's needs

He must have the benefit of "Value Added Management" depth to meet the
challenges requiring innovation and invention.

From the beginning of the UTTAS engine effort, the precess followed by Army program
management was directed to reducing the risk of applying state-of-the-art technology.
Advance verification of the performance of small engine components was critical to

the decision to proceed to full-scagle development since the higher pressures and temp-
cratures required had not previously been achieved in this size¢ engine. Evolution of
the engine progressed through several years of component development followed shortly
thereafter by a competitive 4-year engine demonstrator program that lead to the full-
scale development program.

General Electric¢ approached the performance
challenges presented by the small engine
design by adapting technologies already
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developed and proven on its large com-~
mercial and military engines. These
adaptations were combircd with ideas
developed through Army-sponsored small
engine research and were subsequently
component-tested in the initial stages of
the program,

Once these component technologies were
successfully run in the demunstrator

engine program, GE set out to define
customer needs for its own perspective in
order to determine total engine design

that would be responsive to the user's
operational needs. Consultations were

held with Army personnel at every level

and digcipline to evolv: the overall engine
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design features, later to be proposed as the T700 design. Additional perspective in
maintainability was obtained by conducting an Army-critiqued "maintenance demenstration”
on the performance-oriented demonstrator engine. Thias gave the design areas hands-on
experience with actual hardware.

Applying innovative approaches to the user's "lessons learned"” problems was the key
to achieving the maintainability, reliability and other "ilities" characteristics
unique to today's operational T700. The inlet separator, self-contained lube and
electrical systems, and spring-clip line clamps are examples of this input/contractor
innovation process.

Development Program

The specificity of the U,S. Army requirements in the various disciplines - i.e., main-
tainability, reliability, vulnerability, etc, - demanded that all the disciplines input
to the engine design process from the beginning. Representation from the separate
specialty areas actively participated in the generation of the design and were respon-
sible to see that their particular requirements and interests were present in the final
design. Drawing release for manufacture required review and sign-off by all areas.
This was unprecedented, as was the veto power that each had, thus assuring that their
discipline interests were protected. Conflicts were arbitrated by the Design Review
Board with final decisions by Engine Program Management.

Continued involvement of all the disciplines was also reinforced by the reporting and
demonstration requirements set down by the Army. For example, three maintainability
demonstrations were required. The first two were conducted by GE personnel monitored
and measured by the Army. One was scheduled early in the program and the other at the
midpoint. The final demonstration was an evaluation performed by U.S. Army personnel
who were representative of training and skill levels of field organizations. The
engine used was one of the MQT engines following its post-test inspection. The results
verified that overall reguired objectives were met, and also indicated areas where
improvements could be made. In a similar way, factory engine reliability was tracked
and reported monthly against a goal requirement at MQT. Contract incentive payments
were contingent upon attaining these goals/regquirements.

The development test program incorporated all the specialized environmental, overspeed
and overtemperature tests standard to the industry. The Army reguirements also specified
other engine tests that were tailored to the helicopter application such as sand
ingestion, power turbine loss of load/overspeed protection and a low cycle fatigue test.
G01ng beyond the initial program requirements, an additional series of 25-hour engine/
airciaii integration tests was included later in the program. These teésts subjected

the engine and the aircraft mounting, inlet and exhaust components to abusive vibration
stresses concurrent with operation to the MOT cycle. The development program reguired
that a total engine factory test of at least 2,500 hours be attained by the Preliminary
Flight Rating Test, and a minimum of 7,500 hours at MQT. The latter was exceeded by
approximately 1,500 hours. The development test program was culminated with a double
MQT, qualifying the engine with two different fuels and oils, as well as providing two
samples for durability evaluation.

Maturity Program

Overall UTTAS Program timing planned by the Army provided for Competitive Test (GCT)

of the two different aircraft each of which powered by the same configuration T700. The
test was begun at about the same time that engine MOT was completed. Under prior pro-
gram standards, engine qualification would be considered complete at this time and

the engine would have been committed to production. At this peoint, a post MQT program
was initiated with the goal of accumulating additional endurance experlence and sub-
jecting the engine to more LCF testing.

The overriding purpose of this Maturity Program was to provide a mature, reliable engine

prior to full rate production, To accomplish this, the following objectives were
established:

e Develop high initial Mean Time Between Failure-Require Overhaul (MTBFRO)
[ Establish sound field maintenance procedures and intervals

. Identify unique installation-related failure modes

® Establish programs for smooth transition to production manufacture

The approach selected was to conduct accelerated, severe, abusive tests so that the
required production target dates were assured.

A secondary benefit of the Maturity Program was that it provided a highly valuable period
to resolve residual problems uncovered in the field and factory programs and any that
might evolve from the aircraft GCT. 1In addition, a smooth transition to Production
through Producibility and Manufacturing Technology programs was made possible, as well

as the implementation of cost reduction programs prior to production.
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Engine Delivery

Maturity Factory Program

The Maturity Program was divided into two
major parts for maximum effectiveness,

e Factory

- Two 1,000-hour accelerated
endurance tests

- 1,500-hour mission test
cycle

- Low Cycle Fatigue test
(3,500 cycles)

- Service Revealed Difficulty/
Fix qualification program

~ Qualification of Production
Parts List

- Support accelerated aircraft
test program

- Update prototype engines to
latest configuration

- Repair/overhaul as necessary

- Perform high time analytical
inspections

Immediately following the completion of the Qualification Program and the maintain-~
ability demonstration, the two MQT engines were reassembled and began running to
accumulate the 1,000 hours on each. Any "failures" during this period of intensive
endurance testing were considered as successes since they identified weaknesses in the
system that could be resolved, endurance tested, and gualified for initial production.
Approximately one year after initiation of these 1,000-hour endurance tests an Acceler-
ated Simulated Mission Endurance Test (ASMET) was initiated.

Actual Black Hawh Aircraty
Ingtallation Interface Hardwara

A:Ial’ &L . ' Vorticsl

Blgctro- Alt Bag Flactro-Nygravlic
Hydraune Buspenyion Bhakere
Sheker

Simulates Engme/Alrcran lnstallahon
Operating Conditions

1,500-Hour Mission Cycle Test

At this point it might be best to highlight
the 1,500-hour ASMET mission cycle test
vehicle. As indicated in the illustration
the engine wvas supported by the actual
aircraft mount system and also had the
a2ixframe inlel sysiem, exhaust system and
control/sensing and fuel connections
applied to simulate the aircraft installa-
tion, The entire test vehicle was
installed on a vibration test stand angd
simultaneously subjected to the full range
of frequencies characteristic of the heli-
copter installation and an engine operating
cycle of increased severity containing
significantly more transient operation than
the previously conducted endurance tests.

Concurrent with these factory tests, flight

test engines were
problems (SRDs).

improvements made
incorporated into

generating service
Subsequent design

:”;2’““" thcese SRDs were

the ASMET engine to make

it as close as possible to the production configuration.

All field operations support during the Maturity Program was provided by the Integrated
Logistics Support Management Team. This effort included deployment, at a number of
operating sites, of necessary spare parts, special ground support equipment, and
technically qualified field representatives. Engines used during this phase of the
field program were Flight Rated engines updated to MQT configuration plus some maturity
design improvements. The update of these engines and subsequent initial repair engines
were processed at the General Electric Depot Service Facility.

Coordination of field maintenance tasks for installed engines was conducted with the
airframer. Technical Manuals and Repair Parts and Special Tools Listing were reissued
reflecting updates to the mature engine configuration immediately after MQT. All

field maintenance, troubleshooting and repair was conducted against these documents to
"test" them for accuracy and adequacy in the hands of the user. Depot manuals reflected
the same updates, again as a base for improvements determined from experience,

Maturity Program Results

A number of field problems were exposed during the severe competitive evaluation of

the air vehicles. The most important of these corrected were redesign of the Number 3
Bearing and the Power Takeoff Assembly. Other improvements included the Hydromechanical
Unit (fuel control, and a new high pressure fuel pump, lower sensitivity chip detector,
new power turbine shaft seals, and an improved airseal to reduce Electrical Control Unit
operating temperatures. All of these changes were developed and gualified for first
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Costly Fleld! Retrofit Programs Avoided

New Failure Modes Identified and Fixed

proauction engine introduction, thereby

eliminating all known in-flight shutdown
and mission abort causes experienced in

GCT.

First hand cobservation of field operations
algo had indicated areas where maintenance
procedures and some design features could
be modified - or in some cases be elim-
inated - to decrease field maintenance
actions by as much as 85%. It is inter-
esting to note at this point that the top
three problems on the Army's list were the
frequency of adding oil, oil sampling and
oil filter changes. All items the
engineer had little concern about
previously!

The accelerated factory tests did identify
new failure modes as indicated by the
chart. Most of these were fixed for first
engine procduction. Without the maturity
experience these problems would have
remained hidden for one to three years or
more basc< 1 on average military use. The
result would have been expensive programs
of a fail-analyze-fix nature followed by
retrofit.

Maturity program testing also led to a
number of design changes for performance
improvements. Following changes to the
compressor and combustor, throttle stall
margin and deceleration stall margin were
improved by more than 30%, greatly enhancing
operational suitability. The power turbine
was improved to increase its efficiency

as well as for better maintainability and
reduced cost.

Logistics support benefits derived from the
results of the Maturity Program were many.
Materiel support requirements for the fully
operational system were established for
spare parts and spare engines, and ground
support equipment was designed and quali-
fied. Support facilities were set up and
qualified as required, such as the depot/
overhaul shop and central warehousing.
Field procedures and depot repair pro-
cedures were developed and verified.
Documentation was updated to reflect actual
field operation and issued before first
fielding the production aircraft. 1In
effect, an experienced organization and
system were in place to sunport the UH-603
trom the very beginning.

Lessons Learned and Future Considerations

As noted in Section 1, the test program
generated for the T700 Development Effort
did have some of the special tests necessary
to expose short term LCF, thermal cycle
problems, and stress rupture. However,

not only was this testing conducted too late

to be of much benefit to the development effort, but there was not enough of it to pro-
vide a realistic picture for verifying the required design life,

The Maturity Program was necessary to exploit this kind of test and serves as an excel-
lent benchmark from which to create future development programs. Endurance testing
through MQT cycle tests finds durability problems, but they take a long time to surface
and many are stress-rupture oriented. The ASMET was a sound compliment to the Develop-
ment Program. It provided valuable exposure of the engine/airframe interface hardware
and did uncover a number of problems, but fewer than anticipated. The test cycle used
in this ASMET was tailored to the Black Hawk mission giving about 3:1 severity compared

to field operation.

Based on the experience gained in the eight years of test, a new accelerated test cycle
has been designed which provides a better balance of LCF and maximum temperature
operation. The Accelerated Mission Test (AMT) has shown tremendous payoffs., It is
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Lessons Laarned

Key elements of this success were:

W.Heilmann, Ge

powder metallurgy discs?

Author’s Reply
High speed tests uncovercd a problem area that was not anticipated in the design analysis, clearly justitying its value.
In addition, of the failure test made with the powder metuaurgy discs, no failures were encountered involving defacts.

One was for Manufacturing Producibility.

comparcd with the é-hour MQT Cycle and LCF
and ASMET Cycles in the chart. Older test
efforts spent too much time on tests which
were not representative of user operation.
A significant part of current GE test pro-
grams for all engines continues to be the

ALMT.

Future test program planning should begin
testing earlier. Strong considerations
should be given to including the AMT as
part of the Development Qualification
Program.

Conclusion

One of the best measures of the success of

a program is the level of Engincering

Change Proposal (ECP) activity in the first H
few years of service, The T700 has now been

in production for three years and has

accumulated more than 65,000 operating hours.

The engine stands out for the low ECP

activity. Only 12 ECPs have been approved in

the three years. And, only one of them

is a new "failure mode" identified and fixed.

The other 10 were residual from the late
stages of the maturity effort - 3 uncovered by ASMET and 7 from the competitive flight
test program. The first production model of the T58 engine (same approximate size and
horsepower) of twenty years ago had 66 ECPs for the corresponding period.

The excellent detail program pians defined by the Army for the UTTAS engine made

winning the competition for development a tough challenge. Once embarked on the program,
however, valuable experience was gained that resulted in successful development of an
operationally ready engine for the user.

e Full development under what should be called a normal specification
° Extensive flight testing - with the real engine and installation - provided
identification of most of the ficld probleas,
o Time to develop fix-plans and a comprehensive manufacturing plan.
DISCUSSION

Could you describe some of your reasons for low cyele fatigue testing including high speed and consideration of




FUTURE TECHNOLOGY AND REQUIREMENTS FOR HELICOPTER ENGINES
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SUMMARY

Engine design featurcs and the technology needed tc produce them arise from the operational requirements
of the user services. Thec paper discusses the design considerations and technology needed to meet
possible futurc Jperaiional requirements and describes the relevanti technological worsk being carried
out or supported ty the UK Ministry of Defence (Procurement Executive)., Alsc considered are the
trade-offs vhich became necessary in seeking a suitable solution to conflicting needs. Finally the
sizes of engines required to meet likely aircraft applications are examined.

1. INTPODUCTION

The introduction of the gas turbine caused a revoluticn in helicopter range/parload capability due to
the drapctic improvement in engine power to weight ratio, which incrcased by a factor of about 3:1.
Since thet time helicopters and their component parts heve steadily improved, and should continue

to do su for the foreseeable future. As the genersl capsbility of helicopters has increased so too
have the expectations of the users. One of the eims of the Ministiy of Defence (MOD(PE)) is to ensure
that the technology necessary to fulfil the expectations of the UK Services is availsble when required.
This s essential if gestation pericds for rew engines are to be compotible with those for helicopters.
To achieve this aim MOD(PE) and Industry work in collaboration on & broad spectrum of research and
technology programmes. In the gas turhine field several such programmes have been, or are, underway
and some have been directea at helicopter engines in particidar. Inevitmbly some helicopter
requirements cause c¢onflicts in engine design and tiade-offs must be made. It is intended to

indicate typical requiremerts for both military and civil helicopters and to show the types of trade-
off which may be nade to produce a successful, gen?1al purpose gar tvrbine. Important influences on
these tyvade-offs are the rating structure of the engine &rd vhe certificuticn tests requlred to clear
these ratirgr. Care must be tukcn that designing to meet the operntional requirement and designing

to meet the certificaticn rules do not lead to different ancwers.

2. PREYIOUS PREDICTIONS

It is irstructive Lo go back to records of previous AGASD conferences on helicopter propulsion, held
in 1966 and 1971, and look at predictions of th: improved technolcgy cr engincs that would be in
production i1 1980 (Ref 1). Bused on cycle and compunent analyses, it was forecacl that, st the
design point, a Vgecific Fuel Consurption (SFC) of 85ug/J (0.5 1b/SHP hcur) an overall pressure ratio
¢f about 1L and turbize inlet temperatures of 1300-1550CH were to be cxpected. This comparcd with
values then currert of about 100w/ (0.€ 1b/SHI' hour), 12, end 1260-1450%, We can racord with
satisfucticn that these predictions have in the event proved co.rect. Vigure 1 illustrates the
variation, ai the design point, of specilic power ard specific fuel consumption with cycle pressure ratic
and tewperature. The precise shape of these curves a:pends upon the assumed cycle aad component
efficienzies. The chicice o1 these is in turn, goverucd by the peed to maintein those good hundling
qualities withcut which ar:y engine, however efficient ut its dusign point, would be little more thun
us :less.

A gerelurnment not prodicted in the AGARD papcers of 14 years ago was the advent of torquemecters of a
type suiteble for engine condition muritoring ard ceterioration chesking. Also unforeseen was the
full potentisl of micro-processors, then in their infancy. The implications of these devices sre
denlt with later in this payer. It could be argued that these further developments, which were not
discussed ten yuurs afc, have been as significent as thuse viilch vwere given great emphasis. We snall
be interve:ed Lo see whether any predictions made av this conference mansge to strike the right
balance. In tewn year's time, vith the bencfit of hindsight, we shall know.

3. GINRKAL DESIGN CONSIDERATIONS

3.1 Renge and bndurance. The primary reguirement for sny sircraft is that it can carry its
loa3d over & prescri'ed Aistance or fur a riven period of time.

To provide a given helicopter with e gooc cperating range aud endurance the engines must huve a

low fuel consumjtion, jurticuierly at cruise conditiour. Two prinecipal factors decide the level 7
of tuel consumpticn. Firotly Lhere 12 the efficluncy of the engine itsalf, as determined by its ‘
cycle and componcrt efficicencies.  Oecondly there is the matching of the engine to the aircraft, ;

particyularly the sizing of the engiue.

Lo Ty

The design and technclogy reguirrments forr high eyele afficiencies, in terms of component
pecformance, ona higher pressuw. ané temperature ratios are well enough known. Tuchnology
programues are nof in hand in toth thesce sreas eud para 5 describes some of ihe work being
carried out to develep couled turbines suitsble for small engines. Whilst these developments in
smal) military cngines are very umportunt; witention must be paid to their effect on initial und
life-cyrle custs, and tou ensuring tbat gains in design point cycle effjciency art not made at the
eypense of engive handling quelitics, ot off-desi- conditions.
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The queetion of engine sizing is one of considerable complexity and some controversy. Two
schools of tlought seem to exist, and for iny given applicetion the right compromice must be struck.
If low specific fuel consumption is an over-riding requirement then it is necessary to operate st
the lowest practical point on the SFC curve, ie at ms high a proportion of maximum powcr as
possible. This mcans using a small engine running at comparatively high power levels. Obviously
there is a penalty to be paid in engine life, when this is compared with the use of larger, less
highly rated engines as proposec. by the second school of thought. Such larger engines would be
able to cope with engine failures on multi-engine helicopters vithout the need for contingency
ratings, but would carry penalties in terms of weight and SFC, and possibly aircraft range., The
relationship between optimum engine sizing, the rating structure and qualification requirements
is discussed further in para 6.2,

3.2 Agility end Engine Handling. Aircreft agility and problem-free engine handling are necessary
for all helicopters, but especially for those on the bat*lefield or landing on moving ships.

From the engine aspect, agility principally requires sufficient installed power to allow rapid
aireraft clipb and acceleration, a question again of engine sizing. Also important is a rapid
response of the engine to a demand for power. Engine response is of partiocular concern in cases of
engine failure on & multi-engined helicopter, when the remaining engine(s) must reach Contingency
or Maximum power before rotor speed hes fallen dangerously. Although there is no reason to
suppose that the response times of tue most recent engines are Loo slow for present day needs, the
introduction of light weight helicopter rotors, which would have less stored energy, may bring
about a requirement ro- faster engine response times. The prime technical requiremeni for good
engine handling and response tiwes is an adequate compressor surge margir. Engine response would
also benefit from improvements ir the mechanical design of engine rotating components, giving
reduced moments of inertia and & greater angular acceleration for a given luvel of over-fuelling.

An sgile helicopter must not only accelirate rapidly Ynt mlso decelerate rapidly without gaining
height; low flight-idle power levels may therefore be desirable. It must also be ensured at the
design stage that the o0il system will function for adequate periods of operation at low or

w_n

negative "g".

3.3 Availsebility. Two major ractors affect this property. They are maintainebility and
reliability.

3.2.1 Mairtainability. ZFXase of maintenance is important both in the battlefield and on
board ship. Further moves towards "on-condition" mainterance ars envisaged, using a range of
engine health monitcring technigues. For first and second line meintenance however, the
main reyuirement is to be able te remove and replace engines and modvles in minimum time,
using only the smallest and most basic tool kit. It is doubtful whetner new technology 1is
needed to nchieve thess gosls; nowever, it ic witelly imporiant $5 give careful alleuntion bu
them at a sufficiemly early stage in the design of the engirve. Maintainability must be
designed in, and cannot be udded later as a "bolt-on-extra".

Further moves towards on-condition maintenence, as oppoced to the use of fixed life
comporents, will depend on impreved techniques of engine conditior monitoring, perticularly
in the fizlds vf low cycle fetigue, therma' fatigue and creep usage monitoring, and non-
destructive testing. Improvements in the bore-scoping of gas generator turbipes are also
highly desirable, difficult though this i3 in engines with reverse flow combustors.

Wrilst modular construction is now the accepted practice for aerc engines, it is desirable
that engines rebuilt from modules of differing lives should not require running un a test bed

price to Lnstallatlen, anc. for multi-engined instsllations it is desirable to be able to torque
mstch the engines without the need for a flight test.

3.3.2 Reliability. Reliability may either be considerrd in terme of the helicopier or of the
engine alone. The rellabzllty of the helicopter is determined pertly ty fundasmental choices
such &5 the number of engines. A multi-engined helicopter will have a better chance of
completing or at least returning safely from & wission than e single-engined orc. The number
of defects pe— operating hour will however be higher, assuming the reliability of each

engine installation to be the same.

The reliability of an individual engine depends on mmny factors: not only the most obvious

ones of qualiiy of design and manufecture, but also the rating of the engine and the lifing

and meintenance policies adopted. The basic quulity of design and munufacture, Titness for

purpose, is validetcd by the programae ol qualificaticn testing, all of which muy be

c.nsidered as part of the reliability mctivity which is now accorded speciel attention in

develonment progremmes. The rating of the engine, resulting from the trade-off estublished

between life and pover and the mission profile, wili determine the potentiel life betiween

reconditioning or replacerent of the engiuc and its modules. As peris approach the end of

their poutentiel lives, the probability of faiiure increuses. Tne lifing and maintunance £
policy will determine how far engines are mllowed to venture into this region before being :

rejected &s time-expired. ﬁrﬁ
Religbility is therefore net w churacteristic which can be developed independently of other k.
engire prarameters. 1t is one of the meny interacting variables which iufiuence the design i"
of the engine &nd its cost of ownership. i

3.4 Life Zyels Uosts. The Services requirs helicopters which not only meet Lheir teernicel require-
ments, but do s0 et minimun cost. In the pust, emphasis has been vlaced on developrent and
initiae) production coots with estimatec being bLasew on data from provicus projects. More recently




sttention has been given to Life~Cycle Costs (LCC), which also take account of the operation and
support costs.

The extent to which the aim of low life-cycle cost may be echieved depends on the priorities
given to the other requirements, on how intensively the aircraft are used, and on the totael
number of engines produced, for toth military and civil customers. A simple engine may be cheaj.
to buy, and so may its spare parts. However, a more sophisticated fuel-efficient engine used
intensively might save the difference between ecquisition cocts, through savings in fuel, The
engine rating also affects life-cycle costs; the benefits to cruise SFC, and hence operating
costs, of a highly rated engine may be offset by higher support costs.

During the early stages of a helicopter project, many c-mplex and interacting variables, all of
wvhich influence life-cycle costs, have to be snalysed. The life-cycle costs for the various
helicopter designs considered during these early stages can in principle be estimated using
mathematical models. Although there are many such models, ther: is considerable difficulty in
obtaining reliable cost data of sufficient accuracy to demonstrate the sensitivity of LCC to
changes in engine design. It follows that small changes in predicted costs need to be treated
with caution.

Although life-cycle cost estimates are carried out separately for the engine, they must not be
considered in isolation. The aim of the operator should be tc reduce the life-cycle costs of

his helicopter fleet. This may not always be schieved by using the engine with lowest life-
cycle cost. The use of an advanced engine with higher life-cycle costs but with lower weight and
fuel consumption might so influence the design of the aircraft that it permits a substantisl
reduction in the life-cycle cost of the complete system.

The following might be a list of life-cycle cost priorities for future engine design:

a. Jdentify the most sensitive engine-related cost factors, for example SFC or power/
weight ratio, and design the engine installation ircluding intake, transmission and exhaust
to winimise helicopter LCC, whilst using an engine that will be close to the technological
state-of-the-art at introduction into service. (Ref 2).

b. Design for minimum total component manufacturing costs, thus also reducing spares costs
(Ref 3).

¢. Design to allow repair/replacement of defective parts as close to the front-line as
possible (Ref L). Modularity i: an example of this concept, but care must be taken to
ensure that hardware benefits are not cancelled by increases in paper-work and data
recording.

d. Develop a logistics model, based upon component tailure intormation/predictions, that
will alliow an optimum cerviecing policy and organisation to be developed. This would take
advantage of Item c above and also make the best use of the equipment that had evolved and
actually existed.

e. Use "on-condition” monitoring tezhniques, planned in such a way as to minimise shop
visits and LCC. The model of Item d should be updeted regularly to reflect current service
experience. This model should use only the most significant lifed components for data.

3.5 Flexible Use of Ratings. At present UK engines are certified with the power levels above
Maximum Continuous availsble for only a limited time per flight, a fiight being dcfined as from
take-off to touch down. To give the maximum flexibility of operation it would be desirable to
dispense with these somewhat artificiel time limits. They arc imposed, not because any immediete
drcadful consequences are certain to cccur if they are ever exceeded, but so that the engine is
unlikely to fail from hot end distress in its authorised time between overhauls. The use of on-
board engine usage monitoring systems would ensble greater flexibility to be granted with safety.
Some means of discipline in engine usage would stili be necessary to cnsure that an adequate

life vas achieved in practice, but the rigid manner in which the limitations are currently
expressed in the UK could be relaxed. The relationship between rating structure and
qualification rcquirements is discussed further in pera 6.2.

3.6 Extended Fuel Capability. The current reange of gas turbincs is able to operate satisfactorily
for extended periods on all currently available gas turbine fuels ranging from high flash point
(F-4b, AVCAT, JP-5) to wide cut (F-LO, AVIAG, JP-L). Many can also run for limited periods on
diesel and/or gasolire fuels. Future engines will also need to accept gas turbine fuels which, as
a result of worldwide difficulties in supply and locel variations in fuel properties, may not
meet current quality standards. Inevitably the ability to run on a wide range of fuels might
necessitate some compromise in design which would not be necessary if the engine were required to
run on high quality turtine fuel only.

Crude oils vary both in the nature and proportion of their constituents. As the availability of
crude oils changes bolh the physicel an< chemical properties of future fuels will change.

Figure 2 shows distillation curves for typical tuels currently available (Ref 5). The extent

of the distillstion (temperature) range o' any fuel is representative of the availability of that
fuel from the parert crude oil.. It can be secen from Figurc 2 that fuels such as AVIAG, MOGAS
sud DIESO have a wider distillation range than AVTUR or AVCAT. A hypothetical future wide cut
fuel is also indicated. OSome properties which may change are given below:

Freezing point: raising of the freezing point could lead to fuel flow problems in cold
conditions both in flight end on the ground, possibly necessitating tank heaters.
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Specific energy: reductions in specific energy could negate improvements in eugine SFC e.g. a
general reduction from 43 to 42 MJ/kg which is only within the range of current fuel specs,
would lead to a corresponding increase in SFC, of 2.4%.

Aromatics: increases in aromatic content would effect the performance of clastomeric scals,

and would also lead to increases in the smount of heat radiated to combustion chamber walls
due to increased flame luminosity.

Viscosity: higher viscosities could lead to poorer atomizetion and vaporizstion end thus to
starting difficulties, and "streaky" combustion.

Other obvious important properties which could change for the vorse are vapour pressure,
thermal stability and lubricity.

L. ENVIRONMENTAL HAZARDS

It has been said that & helicopter engine has to cope with two environments; the one that was there
before it arrived, and the one that it brings with it. An examinstion of typical helicopter
environmental factors tends to produce a list similar to that in Table 1. The three Services,

Army, Air Force and Navy generally require the seme features but with a different balance of priorities.
The operating environments tend to fall into two broad cetegories. The first is the maritime
environment in which Naval and some Air Force aircraft operate, and the second is the overland/
bvattlefield environment in which Army and Air Force aircraft principally operate. It may aluo be
argued that although some of these hazards exist for civil helicopters the severity may not be so
great.

4.1 Inteke Protection. Tre dirty atmosphere produced by main rotor downwash during hover

near the ground, and the sensitivity of smmrll gas turbines to impact and abrasion by ingested
foreign matter, make the provision of engine intake protection highly desirable. Stoneguards and
sand filters are available for the current generation of engines as optional ‘'role' equipment.
Future engines will require & belter dust particle separation efficiency ir order to avoid the
blockage of cooling holes in film-cooled turbines, as well as further to reduce impact and

abrasion demage in compressors. A technology programme, supported by MOD(PE), has examined a number
of different configuretions of separator.

An intake separator should of course also provide protection egainst impact from birds, ice shed
from the airframe, and hailstones. Provided that ingested objects are reliably directed away
from the turbo machinery, the blading may be better optimised for performence. Further
advantages that may sccrue from a correctly designed separator are an improvement in intsake
distortion due to better conditioning of the intake air and, in the case of Naval aircraft, less
internsl corrosion ceused Ly salt waler.

4.2 Icing and Selt Corrosion. Resistance to icing and salt corrosion are particularly important
for maritime helicopters. A number of helicopters operated by the UK Services now have limited
clearance for operation in icing conditlons. The latest UK helicopter engine, the Rolls-Royce Gem,
15 fully cleared for operation in icing conditions; anti-icing air is us=d to heat the intake,

and ice ingestion tests neve Leen curried out sutisfactorily. Extension of the clearance to

fly in icing conditiony is therefore deprndent on advances in airframe snd rotor rather than

engine technology.

Corrosion as @ result of salt water ingestion is a familiar problem in engines operating over

or near the sca. Corrosion is best avoided by a suiteble choice of materials and protective
treatments vhen the engine is first designed. A strong incentive Lo do this is the knowledge that
the engine will be submitted to a stringent qualification test. At present the US salt corrosion 4
test is considerably more severe than the UK test, A Rolls-Royce Gem engine, incorporating a
number of modifications has reccently completed a test to the U3 schedule with very encouraging
results. Consideration is nov being given to adopting the US recquirement for UK qualification
of engincs to be used in marine environments.

L.3 Noise. A low noise output is hclpful not only to commcrcial operators but also to cnable a
battlefield helicopter to evoid detecetion. Although the major and most characteristic element

of helicopter noise is produced by the rotor, a reduction in engine noise is nonetheless desirable.
Intake scparators and exhaust IR suppressors will in themselves give some degrec of aelleviation,
The design of the engine installation i3 also an important factor. Any further measures, such

as acoustic treatmen's, need to be carefully eveluasted as they could carry a considerable weight
penalty.

L.4 Bettle Damage Survivability. There is littlc that the engine designer can de to reduce the
vulnersbility to battle damage of the internal parts of the cngine, apart from taking such
measurcs as strengthening the outer casings. Careful attention should however be given to the
routing of pipes, cables and controls to makc them less vulnerable, External mechanisms, such
as variable compressor geomelry arc also wesk points. 1f possible the design of the engine
installation should be such as to meke it unlikely that more than one engine will be struck by a
single projectile. Local asrmour protection is possible, but d - account should also be taken
of weight.

k.5 Suppression of Infra-Red Radiation. An important requirement for battlefield helicopters is

protection from heat seeking missiles. leat is emitted both from the hot parts of the engine
and from the exhaust gases., Methods must be found to minimise both, without unduly compromising
other requirements. Fundamentally, the quantity of heat rejected, in the exhaust, at a given
engine pover can be reduced by the use of more efficient engines., A further reduction in
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radiation from the exhaust can be achieved Ly lowering its temperature, for example by diluting it
with cold wir in an exhsust suppressor. Possibly, air from the inteke separator could be used

for this purpose. Heat emission from hot metsel parts may be reduced by conventional shielding,
and by an exhuust configuration which avoids a direct or indirect external view of the final
turbine stage.

The means of infra-red supprcssior which are wudopted need to be considered in the context of the
engine insteliation as a whole if unnecessary performance and weight penalties are to be avolded.
It is therefore vital that the nced for such devices is considered at an early stege of

alrcraft desigu.

5. TrCHNOLOGY PROGRAMMES

To maintein the rate of technical advance needed to achieve more exacting requircments, a comprehensive
programme of basic research ic vital. It is not always practical, hovever, to apply research

results directly during the design and development of a new engine. The technology demonstration
programme is e stepping stone between basic research and full development. It provides an engine
environment, more representative than rig tests, for establishing new technologicel festures and

thus reduces development programme risks. Further, abroad spectrum programme will enable engine

design options to be kept open until a specific application is fully defined.

5.1 High Temperature Small Turbipe Unit. Helicopler engines manufactured in the UK have until

now had uncooled turbines, and consequently Lave operated at lower turbine entry temperstures

then are usual for other military engines. The High Temperature all Turbine Unit (HISTU) consists
of & Rolls-Royce Gem HP module modified to acecept a special comti..tor and cooled turbine,

together with an sir feed system, for evaluation of various designs of coocled turkine.

The introduction of cooling to small turbines poses several difficulities. The small, low
aspect ratio blades present problems in achiceving sufficiently close seal clearances to maintain
etficiency. The provision of cooling passages creates manufacturing provlems, which must be
resolved whilst still seeking to minimise production and life cycle cosls. The need for thicker
blades, to accept cooling passages, results in fewer blades both for merodynamic reasons and

ir order not to exceed acceptable levels of disc stress. This must be achieved with minimim
loss of acrodynamic efficiency. In such blades thermal fatigue rather than creep 1s likely to
be the failure mode.

By mid-1980, the original objeztives of the programme had been achieved. At the target turbine
entry temperature satisfactory blade metal temperaturcs had been achieved at progressively
increasing turbine efficiencies. Further objectives for the HTSTU were set in April 1979, which
included further increases in efficicncy and 1life of the overall system. and the evalwation cf
representative engine components. Greater efficiency is being scught from fulthier increases

in blade metal temperatures, improved secaling, acquisition of data on blade tip clearances

and a reduction in parasitic losses. Teatures developed in the HTSTU are to be endurance

tested in a core engine for life evaluation. This will be a cyclic test, with representative
accelcration and deceleration rates. Most of this programme is due for completion by mid-1981,
but the endurance testing will continue until 1982.

5.2 Digitasl FElectronic Control Systems

In 1979 & contract was placed by MOD(PE) with Rolls-Royce Ltd, to develop u demoustrator digital
control system for helicopter engines, using the Rolls-Royce Gem as the demonstration vehicle.
The suppliers of the cquipment are Dowty-Smiths Industrial Controls (DSIC), a joint company in
which Dowty and Smiths Industrics arc partners. Thc control system, which is micro-processor
vased, is expected to give significant savings in cost of owncrship when compared with
hydromechanical or analogue electronic systems. There should also be much less routine
maintenauce and calivrution.  Improved torque matching will reduce the pilot's workload and
greater flexibility of control laws will be poscible. It is vitel for the integrity of such
systems that they be hardened against clectromaguctic interference {particularly where powerful
rader may be in use) and egainst nuclear electromagnetic pulse effects,

A "breadtorrd" version of the system, operating on & bench engine, has ulready given excellent
results. Torque management, reversionary control, and operstion of the self-monitoring system
have been demonstrated. A prototype cngine system is due to be bench tested in mid-1981.
Testing in & tethered aircraft should teke place at the end of the seme year.

5.3 Life and Mcthods Programme. The lifc and methods programme at KRolls-Royce Ltd has bern
partly supported by MOD(PE) and the UK Department of Industry (DOI). It is aimed a“ iryroving
the methods of design, stressing, and establishing safe lives of critical engine par.., whilst
reducing the need for the expensive cyclic testing used at present on components of new
engines. "The programme covers gas turbine engines in general, and not just helicopter ergines.
The aims of the programme come under three headings:

a, Decsign of dises for improved low cycle fatigue life. Objectives include:

(1) refinement of finite element analysis methods, including the effect of creep
and plasticity
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(ii) frocture mechunics and cruck propagetion analysis to support "on-condition
1lifing" (sometimes referrcd to as "retirement for cause')
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(iii) improved disc temperature estimation, and evaluation of disc meterial properties
throughout their temperature ranges.

b. Turbine blade stressing. Objectives oun turbine blade design include:

(i) methods of three dimensional temperature estimation combined with merodynamic
and cooling performance, which will be related to blade lifing and stressing progremmes,

(ii) blade materials evaluation,
(iii) obtaining 8 measure of fajlure criteria from analysis of fervice flight plans.

¢. Engine structural dynamice including analysis of bladed disc models for vibration
snalysis of fan anu compressor stages.
S.h Cost Effective New Technology. The cost effective new technology (CENT) programme which has
also been supported by MOD{(PE) and DOI is being carried out by Rolls-Royce. The programme is
aimed at imnroved design &nd the use of new manufacturing techniques in order to reduce cost,
weight and fuel consumption. Many of the individual items in the programme arc intended to
fulfil more than one of these aims. Important items in reducing cost and weight include work on
casl rotating parts such as discs and centrifugal impellers, improved gearing, end cast diffusers.
Weight reduction items include improved oil cooling, gas bearings, gearing in composite materials,
and work on ceramic components, SFC reduction is being sought through work on high temperature
components and gas bearings.

ESTABLISHING TRADE-OFFS

6.1 Performance Trade-Offs. A helicopter designer is mainly interested in four performance
criteria from an engine:

a. Low cruise (part-lomd) SFC
b. Maximum available power

¢. Good handling

d. Low installation weight

A major problem wvith ges turbines has always Leen ihat of achieving a low cruise SFC, whilst

at the same time having a satisfactory Contingency power level. This is illustrated in Figure

3. Figure 4 shows operating times at each pover level for a typical helicopter. This

information was obtained using an Engine Usage and Life Monitoring System {EUMS Mk 2), an MOD
supported programme., It may be clearly seen that helicopter engines spend most of their operating
time in two distinct and separate power bands: cruise and take-off/landing; the Contingency, or
One Engine Inoperative (OEL), power levels are rarely used. This being so, improvements in cruise
SFC cowld be obtained either if the power available from a smeller, lighter engine could be 4
increased even for e short period of time (tolevel C on Fig 3), or if the take-off power

required from the engine could be reduced (tolevel A), still leaving power in hand for OEJ
operation. The former approach, because il uses a smaller engine for a given power level than
would be permitted using conventionsl rating structures, would require an Emergency pover above the
current, Maximum Contingeney level (see para 6.2). For a given twin engined helicopter a reduction
in cruise SFC of 15 ug/J {.1 1b/SHPhr) over a 3 hour mission at an average of 350 kW

(500 SHP) per cngiase is the cquivalent of a reduction in weignt of 130 kg (300 1b) in enginc
installation weight. Such a reduction might ke achieved through tim use vi & fiexidble rating
system. The second epproach would require the use ol umultiple engines.
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Figurc 5 shows typicel powe * levels required for 1, 2 and 3 engiued versions of a helicopter. 1

In the single engine case i{ cngine power i lost the helicopter will have to auto-rotate and land. .
In the 2 and@ 3 enginc cases it is expected that safc flight can continue on the remaining

engines. To achieve the power range required for the helicopter, a two engine solution

requires & much greater power range from cach engine then a single engine solution. More g
importantly, it can be scen that a three engine hellcopter requires a considerally smaller powur ey
range then does a two engine helicopter. !

There are cf course otner aspects of 3 cngine installations to be considered, such as flight
safety, the intake design of a middle engine, and the engine/transmission configuration.

6.2 Power Versus Life. 1In very general terms engine life consumption can be measured in 3 ways.
These are stress cycles, time/temperature history, and hours. The first is & measure of low

cycle fatigue damage, the second is a messure of such damage &5 crecp ard thermel fatigue, and the
third is & measurc of "wewr-out.” damage. High temperature meterial limitstions and design
practice have been such that turbine blade failures have been more predominant than low cycle
ratigu. (LCF) disc failures, whilst wear-out feilure modes arc independent of thesv. This

has wmeant that power versus life {ir terms of {ime/tempersturce damage) has become a classic gas
turbine trede-off.

The power levels that can be used depend on the nature of the Type ApproYal or qualification tests
which the engine must undergo. The endurence tests called for by the mejor sirworthiness
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requirements are severe in terms of creep, to ensure durability and integrity. Supplementary tests
are required to validate components subject to low cycle fatigue. The engine usage spectrum on
qualification tests is quite different from that in operational service, in order to ensure that
the engine has & severe test in a short time.

There is also a wide variation of creep and fatigue usage from engine to engine in an operator's
fleet. The authorized engine or module life, currently declared in hours, is set s0 &8 to ensure
that the most severely used engine does not suffer premature failure., It follows therefore that
the majority of engines 3o not achieve their potential lives. Considerable progress has been
made in recent years towards "on-condition" maintenance, but this concept is at present difficult
to employ on parts subject to creep and more so on parts subject to LCF. The ume of on-board
recorders to monitor life in terms of creep and fatigue on individual engines would enable them
to achieve a much higher proportion of their potential lives, and so save on engine support costs.
Additionally, continuous monitoring of engine usage would permit & much more flexible use of
higher engine ratings, as described in para 3,5, (Refs 6, T, 8) and the use of Emergency pover levels
higher than current Maximum Contingency levels. Such Emergency power levels would be acceptable,
provided that the integrity of the engine had been demonstrated during Type Apprcval testing,

and the life consumption during their use was recorded. The Engine Usage and Life Monitoring
System, currently being developed under MOD{PE) contract, provides a means of achieving these
aims,

MOD(PE) are currently carrying out a review of their engine Type Approval requirements. The
advantages to be gained from new philosophies, and changes necessary in the testing procedures
are being considered (Ref 6,8). Whilst it is difficult at the time of writing to forecast the
outcome of the review of our requirements, a& number of factors can be mentioned.

In order to improve the simulation of the operational low cycle and thermal fatigue usage

it has become the practice to carry out "Accelerated Mission Tests" (AMP) or "Sortie Pattern
Tests" on development engines. These tests are aimed at reproducing &s accurately as possible
the damaging parts of the engine's operational usege. Although these tests are not currently a
mandatory pert of UK Type Test requirements, they have been extensively used. The possible
role of the AMT in the qualification process is now being considered.

Emergency power levels are likely to differ, both in power and time of application, not only from
engine to engine but in different applications of the same engine. The approval of Emergency power is
therefore likely to require a flexible approach by the approving asuthority, rather than a

single fixed test schedule, but nevertheless should be an integral part of the engine endurance
testing.

The operational life of an engine is very much dependent on the enviromment in wnich it operates.

The environmental tests which an engine and its accessorics must underge are therefore also being
reconsidered.

6.3 Engine Power Off-Takes and Accessories. Engine auxiliary power off-takes and engine mounted
accessories provide a simple reliamble installation. These advantages have been eagerly seized

by aircraft manufacturers, It may be, however, that changes in current design practice will
occur.

With a free turbine engine it cean be shown that for s given fuel flow every 1 kW teken from the

gas generator may reduce the power turbine output by about 2-3 kW at the cruise condition. In
practice this is gseen as an increase in fuel flow, It would be preferable to drive as many

engine accessories as possible from either the power turbine shaft or the helicopter gesrbox.
Accessories that could be considered in this light are engine oil coolers, generators and hydraulic
punmps for the rotorhead which together typically consume 10-LO kW.

Eeoe uf siariing has important repercussions on the operational capability of a helicopter. As

an example, both the type of starting system and its installed weight are directly related to the
starting assist/resist cheracteristic of the main engine. An examination of engine specifications
reveals that self-susteining speeds and starting torques have gradually risen so that some modern
engines require starting systems seversl times more powerful than those of similar size engines
of 10 to 15 years ago. Even if cost analysis shows that this is an acceptable consequence of the
trend towards decreasing fuel consumption in modern engines, the point may have been reached
where unconventional starting systems may be worth considering. These would need to have a much
higher power to weight ratio than current systems. Possibilities worth investigating, if the
logistics aspects are acceptable, are hot gas starters or even two stroke piston engines.

In addition to the approaches mentioned above, the general use of standardized higher speed or
direct drives would also lover transmission weight for both accessories and airframe. This
approach has been examined periocdically in the past, but present day requirements may motivate
more determined development programmes end lead to a change in design practice for engine -mounted
accessories.

TOWARDS A RANGE OF ENGINES

In this paper it has been shown that militaery helicopters, and rence their engines, fall into two
general categories, long endurance naval tyvpes and short endurance battlefield and support types. The
principal characteristics of each type depend on the relative importance, alrcady outlined in Table 1,
of factors such as specific fuel consumption, ability to function in the operational environment, and
weight. Given a choice of several engines, all of which meet the technical requirements, the
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procuring agency would ideally select the option with minimum 1ife cycle costa although other aspects
such as availability and industrial considerations would slso influence the decision.

As discussed in para 3.4, minimum life cycle cost for the land-based short endurance helicopter might
be achieved with an engine of low first cost, although with a higher SFC. However, for an engine

to be used in & long-endurance naval helicopter, or in a combined fleet, the more sophisticated engine
with lower SFC may be operationally necessary despite higher procurement cost.

It is in the interests of marufacturer and military procurement agency alike to minimise unit cost

by sprecading first costs over a long production run. In practical terms, this means developing an
eugine which will be competitive in &s many markets as possible, both military and eivil, even if the
initial development is paid for with military funds. To attract commercial customers trade-offs

mey need to be modified to suit their needs, To increase sales volume further, several applications
of the core engine should be possible, eg turboshaft, turboprop, turbofen, jet and industrial.

Only after all potential markets have been assessed, should an engine manufacturer commit himself to
full development of a nev engine,

Military helicopters may broadly be categorized as light, medium/heavy, very large and anti-tank.
With the exception of anti-tank and very large helicopters, each category defines & basic size of
helicoupter, which depends on the number of crew and passengers it hes to carry. In the
increasingly complex military envivonment, it is likely thet the weight of equipment to be carried
will increase, causing a tendency for the weights of most categories of helicopter to increase.
Although power to weight ratios for naval helicopters are unlikely to change, some increase in
installed power may be necessary for land-based types to take account of inteke and exhaust
protection. For anti-tank helicopters, power to weight ratios are likely to increase more markedly
because of the need for agility. On the assumption that nigher Contingency powers will be possible
it is 1likely that engines with Take Off powers only slightly higher than those now in service will
be adequate for most categories of helicopter. In the very large category, engines of powers in
excess of 3000kW (4000 SHP) may be reauired. Due to the relatively small numbers of such
helicopters their needs should be considered in conjunction with those of turbo-prop aircraft, if
economi¢ engine programmes are desired.

Whenever an engine is selected, it is inportant that an sllowance is made for an initial margin

of power to cope with the ususl upward drift of weight during helicopter development, and for

weight growth in service. The engine should also hsve stretch potentiaml sufficient for later variants
of the basic helicopter. This must be borne in mind at the conceptual stages of any new engine
design.

8. 1IN CONCLUSIUN

The two most important goals f.r future militery helicopters are likely to be improved environmental
resistance snd reduced cost of ownership. Research and technology programmes over the next ten
years will continue to be directed towards these ends.

Although still important, less emphasis than hitherto may be given to improving performance. Indeed,
such improvements in helicopter performance as might be guined from the engine and airframe may
be partly offsel by the measures taken to achieve other goals,

The introduction of engine condition monitoring systems should meke gn impact in the areas of
engine rating philosophy, which may allow smaller, lighter engines to be used; and should reduce
gupport costs through improved "on condition" maintenance techniques.

Reappraisal of accessory mounting practice may lead 10 small but useful improvements in
efficiency.

Engine qualification requirements need to be continuously reviewed, both to ensure that new engines
will be operated satisfactorily in & changing military envircnment, and to take adventage of
revised rating structures made possible by improvements in engine condition monitoring.
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TABLE 1
REQUIREMENT ENVIRONMENT
Battlefield Over Weter
Army /Air Force Navy/Air Force
Priority Priority
Resistance to the Battlefield
Environment : FOD, IR, Noise, Battle Damage 1 2 3 1 2 3
Survivability v v
Resistance to Icing and Salt Corrosion v v
Operating Range and Endurance v J
Agility and Engine Handling v v
Maintainability v v
Life Cycle Cnst v v
Flexible Rating Structure v v
Low Weignt v 4
Multi-Fuel Capability Jv v
Improved Starting J J

Priority 1 Requirements essential to the performance of the intended mission of the helicopter.
2 Importent requirements, but less crucial than those in category 1.

3 Desirable features, if they can be achieved without prejudice to items of priority 1
and 2.
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FIG 3 ENGINE SIZE EFFECTS
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FIG 4 TYPICAL TIME/TORQUE ANALYSIS
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FIG 5 TYPICAL POWER REQUIREMENTS FOR MULTI-ENGINED HEL{CCFTERS

HELICOPTER POWER % ENGINE POWERS

RATING/POWER LEVEL % 1 ENGINE 2 ENGINES | 3 ENGINES
Cruise 60 60 €0 60
Max Continuous 80 80 80 8o

| _rekesogf _ _ _ _______.___]|. w0_ _ | . wo | w0 | oo _ _
Inter Contingency 60 - 120 90
Max Contingency 75 - 150 112.5
Emergency 100 - 200 150
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DISCUSSION ;

C.Albrecht, US
Could you claborate as to how you might exploit the potential life of life-limiting parts?

Author’s Reply
There are two possible approaches: first, to reduce the life lost during overhaul when components are removed

because they have less residual life (in hours) than the customer is willing to accept; second, to extend the life of
parts that have not been subjected to severe conditions, Both approaches require the use of an engine usage and
condition monitoring system (EUMS).

TR GPT S SRRV

K.Rosen, US
Did you imply in your discussion that engine cost is not an important parameter?

Author’s Reply
Prime consideration, in our vicw, is that of total helicopter costs, and not just engine costs, i
i
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MECHANICAL ADVANCLES IN THE DESIGN OF SMALL TURBOSHAKT ENGINES
by

J.Dominy, Senjor Technical Engineer  Transmissions
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K.J.Hart, Group Leader - Technical Design
Rolls Royce Ltd
Leavesden
Watford
Herts WD1 7BZ, UK

ABSTRACT

Mechanical components have a significant influence on the efficiency of a small
gas turbine engine. Some of the performance losses associated with the design of the
power transmission and 1lnternal air system are defined and discussed. Improvements
in engine efficiency must be considered in conjunction with cost, reliability and size
or weight, Many of the problems considered are applicable to gas turbines in general
but became acute in small engines due to the adverse effects of scale on many component
design parameters. To meet the increasing demand for more efficient powerplants the
mechanical resear~h engineer must improve the analysis of mechanical component behaviour
to produce optimised engine designs.

INTRODUCTION

As a general rule the inefficiency of an engine due to mechanical considerations
does not scale with engine size. Thus, for a small engine, the losses related to the
mechanical systems will be a much higher proportion of the nutput power than is the

case with its larger relatives (Figure 1). The problem is campounded by the
requirement to produce shaft power rather than jet thrust thereby necessitating a low
speed output transmission system. The mechanical control of the internal ajr system

also becames more difficult as size decreases because features such as the clearances
of seals and blade tips do not scale directly.

The current emphasis on overall engine efficiency (1) has meant that the mechanical
aspects of small engine performance have come under careful scrutiny. However, the
overall reguirement of cost, reliability, mechanical efficiency and compact design are
highly interrelated and often incompatible.

The purpose of this paper is to review the progress in the mechanical systems of
small engines and to assess the current state of the technology. The discussion is
limited to the power transmission and internal air systems. These two between them
limit the overall efficiency of the engine by incurring direct mechanical losses from
the rotating components and cycle losses due to bleeds and leaks fram the main ergine
gas stream.

POWER TRANSMISSION SYSTEMS

In the case of a gas turbine engine the term 'transmission system' encampasses
al] the componente that support rotating shafts or transuit power. ln a multi-shaft
engine such as the R-R Gem (Figure 2) a large proportion of the engine volume is
concerned with the transmission and its associated components such as the oil system,

Bearings

Over the past 20 years the main improvement in the life and load capacity of
rolling bearings has been due to material changes; firstly the move from carbon chrome
to tool steel and secondly the introduction of vacuum melted materials rather than air
melted. Bearing lives for a given specific load have improved by an order of
magnitude. However, there now seems to be little scope for further rapid changes and
future improvements will be achieved by subtle refinements to design, materials and
lubrication. The internal geametry in ball bearings is also approaching its limit.
Very close conformities are reguired to withstand the high applied and centrifugal
loadings yet at the very high speeds proposed for new engines the resultant large
contact ellipses will give rise to considerable heat generation (to the detriment of
the oil films). The requirements of high load capacity and good mechanical efficiency
are incampatible and the added camplication of high speed is pushing conventional
technology to its limit (2).

In the case of roller bearings the difficulties stem fram a cambination of high speed
and low loads. Under such conditions the high viscous drag on the cage and low
frictional force between the rollers and driving race will result in skidding (3).
Skid itself is not necessarily destructive; it is the combination of dynamic loads

and thin oil films which, in the presence of slip, allows asperity contact and surface
damage. Conventional methods of skid control involve same degree of preloading across
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the bearing. In small engines this is unacceptable due to the high stiffness of the
tracks. Research into the cause and nature of slip in high speed roller bearings
(4,5 and 6) has shown that it is possible to control slip by a revised design of the
bearing, lubrication system and housing. Both slip and heat generation are f{functions
of the drag acting on the cage and rollers. Thus, any technigues that can be used

to reduce it such as low oll flows and small rollers, will not only reduce slip but
will also improve the mechanical efficiency. Unfortunately, such techniques require
the bearing to be externally cooled and the overall system will hecome more camplex.

In addition to internal heat generation, small engine bearing chambers receive
a large amount of external heat input due to theldr proximity to the gas stream. 0il
is supplied to a bearing chamber to achieve two major tasks - lubrication and cooling.
Since a large proportion of the heat to be removed from the bearing chamber originates
from outside the chamber it can be argued that only a small proportion of the cooling
0il need enter the chamber and most of the external cooling can be achieved by means
of an 0il jacket, separately fed and scavenged. (Fig.3) Such a system would result
in reduced churning losses and less chance of o0il leakage since the total volume of
0il is now much smaller compared to the volume of the chamber.

At the same time, attention should be given to reducing the radiation, conduction
and convection heat transfer paths between the gas stream and bearing chamber.

In future engines it may be possible to replace the high speed, lightly loaded
turbine roller bearings by self acting gas bearings. Such a system can run at elevated
temperature with no oil flow and with very little power loss giving a simple and elecgant
design (figure 4). However, the load capacity of such bearings is low compared with
the rolling bearings that they replace and they cannot yet replace highly locaded thrust
bearings.

Gears

As is the case with bearings, the greatest improvement in gears has been the
materials. If gears are to be run successfully at very high speeds then they must
approach geametric perfection as it is often the internally generated dynamic loads
rather than the direct applied load that is the cause of failures. Figqure 5
illustrates the lubrication regimes for a pair of gears. At the elevated speeds
encountered in small gas turbines boundary lubrication is not usually a problem. The
gearswill be designed to run under full Jubrication (zone II) but additional loads
generated by errors in tooth form or position can easily cause the opcrating point
toshift 4o zone III, resulting in failure. Final breakdown may be in the form of
scuffing® {a rupturc of the oil filw,) surlace piiting (rolling contact fatique) or
fatigue at the roots of the teeth. All of these can be controlled by careful
manufacture of the tooth flanks, roots and pitch.

The introduction of conformal gears in some low speed aerospace applications has
given an increase in load capacity due to the stronger tooth form but the higher
sliding velocities and consequent difficulty in maintaining the oil film has preveited
their use at higher speeds.

Any attempts to properly optimise the lubricatjon system reveals an incompatibility
in lubricant requirements for bearings and gears. Clearly the entire transmission
system must share one common lubricant but the ideal lubricant for gears has a high
viscosity to maximise the o0il film and a low traction coefficent to minimise the
frictional losses whereas bearings require a low viscosity to reduce cage drag and a
high traction coefficient to drive the cage with as little slip as possible.

Analytical Techniques

Since the introduction of small turbo-shaft engines there has been a tendency to
neglect the analytical techniques as the transmission systems have became increasingly
sophisticated. The result is that conventional prediction techniques are not capable
of dealing with the subtleties of the new, high speed transmissions.

During the early 1960's reliable solutions to the elasto-hydrocdynamic problem
became available. This lead to improved estimates of bearing and gecar life. Gear
analyses are nomally based on traditional technigues and individual experience, a
method that generally works well. The analysis of high speed bearings, is, however,
less reliable, and the techniques are constantly being developed. Many of the existing
methods (7,8) involve simplifications that are no longer acceptable. A complete
analysis of a bearing system is a complex undertaking (9,10) and the art is to simplify
these techniques while retaining the necessary variables. An example of this is slip
in ball and roller bearings where relatively simple techniques (2,11) have produced
reliable results, It has became increasingly clear that the thermodynamics of the
bearing chamber must be considered if a proper analysis of slip is to be achieved
(figure 6). The introduction of oil jackets and other cooling techniques further
complicate the thermodynamic model.
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Internal Aicr Systems

The internsl ail system comprises a number of mechanical devices which control the
al~rflows within the engires to goverrn tne sealing of hot gases and bearing chambers,
the temperature of "hot ™ components and the thrust load acting on the mainshaft ball
hearings. It is essential to rerform each of these important functions with the
minioum expenditure of ali sinceg any alr hled fran the compressor/turbine cycle will
have a significant affect on engine performance.

Turbine BElade and Noz2zle Vane Conling

Ahs TET's have b=en increascd, new high temperature materials and camplex cooling
systems have heen developed to achieve satisiactory component stresses 2nd lite. This
has resulted in prchlems of mechanical design, for the components themselves and the air
delivery systemn where the requirement tor high pressure air feeds to turbine blades
and nozzle vanes enracerbates any lcakage rroblems due to small engine seal clearance
limitations. As the amount of air needed for cooling is dependent upon its delivery
temperature the heat trengierred to the cooling air feed should ke kept to a minimum,
The use of nozzles tn preswirl the air in the blade ceooling feed systen produces a
temperature reducticn when transferring air from a static to rotating environment.

Since mainstream airbleeds Are a debit to thu engine performance all zc¢oling flows
should be minimised. This is especially tiue for nozzle end wall cooling flows due to
the influence of film cooling air Loundary lavers on secondary losses in low aspect
ratio nozzle vanes.

The physical size of umall engine nozzl~a vanes and turbine blades creates difficulties
in manufacturing the complex cnoling wassages neéeded f{or high effectiveness ccoling
especially in the leading cend crailing edge regions.

It is therciore iuportant to consider carefully any perfocmance losses associated
with the introduction of cauponent cooline along with the temperature limitations of
new materials when dz2ciding upon the optimum TET for a new or upratec engine.

Disc Sealing and Cooling

Irn early gas turbines little emphasis was placed on preventing hot gases fram
entering the core of th2 enaine. However, art speeds and temperatures have increased
it has become necessary to prevent hot gas ingestion at the disc rim a.d avoid over-
heating the highly stressed turbine discs. The technigue that has been developed is
te blaed reletively cool compregsor ajr radially outwards across the face of the disc.
Kesearch into the sealing rewmuirements of a rotor/stator cavity has shown that the
minimum airflow neaded is a function of rototional Reynolds Wo., disc radius and rim
gap. (12).

The guantity of air ured for turbine rim sealing should pe the minimum possiple
since it has & double effe<t on emgine performance. Firstly, air bled from the main
gas stream does no useful turbine work and secondly, this air can cause severe disturbence
to the turbine blade flows winen injected into the gas stream at the disc rim. Improving
the geometric design of the rim seal allows satisfactcory hot gas sealing with a smaller
airflow., For larxge gas turbin. engines camplex rim seals have became a standard fzature
kut Are not easily designed inte small engines since it is difficult and expensive to
manufacture reduccd scale teals of this type to suitable tolerances.

Work 1s in progrecs to optimise the rim gfeal design using realistic emz21l ongine

$
a
geametries from which a campacison can be made wvith the correlation for more idealised
gecmetries (Figure 7).

Improved undezstanding of the carplex flow mechanisms associated with rotating
components hap enabled the air system to be optinised for better control of component
tanperatures.

By varying component geometries and air bleeds it is possible to:-

a) Influence temperatures in turbine discs to alleviate thermal stress problems
assocliated with vdverse temperature oradients possible during rapid stari/take-off
operation. FPigure 8 =hows an exaaplie of an inteyral blade and disc where the disc
rim responds very rapidly to changes in gas tempaerature.

L) Reduce the windage generated by the rotating components which, as well as being a
direct mechanical engine power loss, 1s largely dissipated as heat. This latter
effect can cause severe temperature problems in components such as centrifugal
campressors operating at high rotatlonal speeds unless the windage is controlled.
(figure 9).
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Turbine Tip Clearance Control

As faster hotter engines have evolved, blade stresses have forced the trend away
fram shrouded turbine blades (figure 10(b)) to unshrouded biades (figure 10O(a)). With
separate shrouds it is essential to keep the turbine tip to shroud gap as small as
possible at cruise and take-off conditions so as to minimise overtip leakage and thereby
avoild the associated reductions in turbine cfficiency and engine puwer cutput.
Comparison of achievable tip clearance with blade height highlights the problem of small
engine tip clearance control where sheer size causes difficulties in manufacturing and
operating a mechanically active tip c¢learance control system in an enviromment of 11Q0-
1200°C and 45000 xrpm.

The main problem with metal shrouds at high turbine entry temperatures (TET; is
distortion and as TET's are increased, metal shrouds recuire cooling systems of ever
increasing complexity to maintain satisfactory metal temperatures and control growths
to give acceptable tip clearance. With such arrvangements there must always be a
compronise between minimum tip clearance at high operating powers and possible
transient piuch points during acceleration or shutdown. These shroud cooling systems
either use air which is ejected directly into the gas stream or air which is subsequently
used to coo) the nozzle guide vanes. The formmer system incurs a performance penalty
and the latter system degrades the guality of the nuzzle cooling air.

An insulating layer can be usea on these shrouds to reduce the gas stream heat
transfer &nd should ideally possess abradable properties to prevent blade damage during a
transienx rub. 1t is however difficult to develop a satisfactory abradable material
which can withstand gas erosion at eleveted TET's,but recent research has produced new
more suitable materials.

An alternative to the complexity of cooled and insulated shrouds is to use a high
temperature ceramic material such &5 silicon carbide (figure L1). Certain ceramic
materials have low expansion vroperties and excellent high temperature capahilities
enabling a ceramic shroud to opercte unconled at hignh TET's with low distortion, small
clearances at high powers and without trausient blade rubs.

The disadvantage of ceramic shrouds is that ceramics are relatively brittle campared
to current high temnerzture metal alloys and therefore any designs should ensure that
ceramic components are not subjected to severe tensile lcads, either self generated
thermal shock or applied physical load. Care should be taken to mechanically insulate
any ceramic componeni from adiacent metal structure by using a conpliant mounting system
to reducce any thermally induced strecs concentrations.

Turbire shrpoude are an ideal application for ceramics since they are not highly
stressed, yet the potential gain in turbine efficiency is sulkstantial.

Bearing Chambers and Loading

The combination of turbine reaction loads and air pressure loads on disc faces can
result ln net avrodynamic lcads in excess of 5000N, acting axially on an engine shaft.
To achieve adequate bearing life these loads are generally reduced by incorporating
balance piston discs with air pressure differentisls between their faces separated by a
labyrinth seal. The characteristics of a labyrinth seal are such that the leakage flow

iz a function of the pressure difference and the operating clearance. Seal clearances
are governed by tolerance build up, thermal and centrifugal growths and radial clearances
in ti.e bearing and squeeze filn. These factors are similar for small and large engines

which often create smail engine problems where seal ailrtlows are in excess of those
required for rim sealing bearing chamber sealing our cooling purposes.

RE

It may be necessary to incorporate bearing chamber vents to maintain satisfactory
seal pressure drops and prevent oil leakage, As well ag wasting expensive compressor
air, the prescnce of large quantities of relativelv hot air (canpared to oil temperature)
in the bearing chamber produces increased bearing temperatures and places greater
dwvinands on the oil ceoling system, To improve sealing cfficiency new types of seal
are being considered such as brush seals; hydraulic seals which can theoretically
withstand 150 psi at small engine sizes and spceds, and zelf acting lift off seals

which operate cn the samz principle as gas bearirgs. Positive bearing chamber seals L
would reduce z2ir wastage and heat rcjection to the oil and would allow suction scavenge S
to remove the 0il 2s oppoused to pressurised bearing cnambers. §

r
As well as reducing the applied bearing thrust loads progress has been made in %
increasing the load capacivy of che hecarings. However, higher joad capacity results 3
in larger bearings with increased power losses, especially for multi-row bearing (O
arrangements. A design cunpramise wmust therefore be reached between mechanical loss ; "
and air system bleed perforiance peaalties. %@
3
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CONCLUSTONS

This paper has discussed same of the difficulties encountered in providing
satisfactory mechanical systems for modern small, high speed, high temperature,
turboshaft engines. The increasing demand for more efficient engines requires
the mechanical components to be optimised to a much higher degree than has previously
been necessary. New analytical methods are needed if that optimisation is to be
achleved as the engine is designed,

Since the introduction of small gas turbines considerable improvements have been
made in the power transmission and internal air systems in respect to both camponent
efficiencies and lives. However, as development continues the law of diminishing
returns inevitably applies thus further improvements present a challenge tc the research
engineer and require courage on behalf of the designer, who must include ideas that are,
in some cases, totaily new.

REFERENCES

1. P. Denning et al
Trends in Engine Design
Aeronautical Journal, September 1976

2. R. Boness
Minimum load requirements for the prevention of skidding in high speed, thrust
loaded ball bearings
ASME Paper No. 80-C2~Lub-3

3. J, Dominy
The Effect of traction on oil film thickness in high speed roller bearings.
Prcc, VIIYD Leeds-Lyon Symposium on Tribology (1980)

4. C. Smith

Same aspects of the performance of high speed, lightly loaded, cylindrical roller
bearings
Proc. 1 Mech E. vol 176, No.22 (1962)

5. R. Ford and C. Foord
The effect of elastchydredynamic Lraciioun behaviour on cage slip in roller bearings
ASHE Jolt, Vol 96, No.3 (1974)

6. J. Daminy
Some aspects of the design of high sp2ed roller bearings
To be published in Tribology International

7. A. Palmgren
Ball and roller bearing engineering
S.K.F. Industries Inc. 1959

8. T. Harris
Roller Bearing analysis
Wiley 1966

9. P. Gupta
Dynamics of Rolling element bearings. Pts 1-IV
ASME Jolt, Vol 101, Pp293-326

10. J. Rumbarger etal

Gas turbine engine mainshaft roller bearing system analysis
ASME Holt, October 1973 Vol 95, Pp 401-416

11. J. Daminy
The minimum lubrication requirements of high speed roller bearings
PhD thesis, Rolls~Royce Ltd 1981

12, J.M. Owen and U.P. Phadke
An investigation of ingress for a simple shrouded rotating disc with a radial
outflow of coolant
ASME Preprint 80-GT-49




heat rejection
w

e
/
|

A A

O 5 1O

effective power mw,

Fig.1  Relationship between effective engine power and heat rejection te the oil system
in aircraft gas turbine engines

Fig.2  The Rolls-Royce Gem 2 three shaft (700 KW) gas turbine vngine




7007
(o'W
&
L 600>
[\Y}
on
soog
S |
400" :
\\0\'\.'
7
I 1 [ )
O 5 10 I5 20 25 N |

cooling tlow :g,/% f

Fig.3  Heat rcjection to the oil system as a function of cooling and lubricating flows
foru typical externally cooled high speed turbine roller bearing chamber

proe ——“‘

Fig.d  Lxperimental gas bearmg mounted in the Gem low pressure turbine nozz)e

t.;____._



fatigue failure

JAVA

load

E lubrication dynamic load

| applied load
full lubrication II 4

surface speed

Fig.5 Lubrication regimes for a pair of gears. As the speed rises so do the dynamic loads
and the operating point may move to a failure mode

--

o 80 cc/hr|
v 160 cc/hr

experimental data
9

~

N

o

new analysis——__
Y
'
%/conventionai analysis

el

cage speed-krpm

o/’o
5 10 s 20 25 30
shaft speed— krpm

==

Fig.6 Comparison of new and conventional cage slip analyses for
a typical small gas turbine roller bearing




it

LOCATION OF RIM SEALING IMPROVEMENTS

HP TURBINE

LP TURBINE

TEST CONFIGURATIONS

EXISTING (a)

PROPOSED

Fip.7  Experimental turbine disc rim seals

L e —




5-10




heat generation

/' (windage)

+— heat transfer
to/from stator

heat conducted
through impeller

heat removed
by bleed air

Fig.9 Heat transfer mechanisms in a centrifugal compressor

(a) (b)
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DISCUSSION

B.Shotter, UK
Could the authors comment further on their suggestion that conformal gearing is not appropriate for high pitch line
speeds? My experience is contrary to this statement. These gears can operate up to about 100 m/s and perhaps even
further, As far as has been investigated, the lubrication losses with conformal teeth have always becn lower than
with the equivalent involute tceth.

Author’s Reply
We thank you for your comments and are interested in learning more about your recent developments in this field.

D.Hennecke, Ge
In Figure 11 you show turbine shroud cooling concepts. What insulation material do you use in design (b)?

Author’s Reply
The insulation in design (b) is a nickel-aluminium fillc  honeycomb.

D.Hennecke, Ge
Have you already built a ceramic shroud as shown in design (¢) and what is your experience?

Author’s Reply
A ceramic turbine shroud will be tested in the Gem Advanced Mechanical Engineering Demonstrator (AMED) in
September 1981,

D.Hennecke, Ge
How do you handle rub-in that is desircd during running in of the engine?

Author’s Reply
The rubbing characteristics of ceramic materials are being evaluated in a comprehensive research program to support
thc implencniaiion of ceramic components into development engines.

W.Heilmann, Ge
Is not the problem of high rate of heat to oil related to your design (many bearings, seals, heat conduction through E
struts, etc.)?

Author’s Reply :
In a three-shaft engine such as the Rolls-Royce Gem one has to pay somewhat for the higher engine efficiency and i
response rate with an increase in mechanical losses due to the large number of bearings and seals required. To offset !
this mechanical loss penalty, we are incorporating the results of our research into the behavior of mechanical
components leading 1o improved bearing chamber designs,

K.Rosen, US
Have you considered a customer bleed valving system that would allow air to be taken off the high compressor at
low-specd operation and low compressor at high-speed operation?

Author’s Reply
Provision of alternative sources for customer air bleed at different engine powers could produce small but significant
gains in cngine cruise sfc and would be relatively easy to incorporate in our two-shaft gas gencrator arrangement. To
evaluate this sfc improvement in detail for particular applications and assess the cost effectiveness of such a system
will require information on pressure, temperature and mass flow requirement for the cabin bleed at all operating
conditions,

D.Griffiths, UK
You spoke about the benefits to be obtained in turbine efficiency by close control of tip clearance. Is active tip
clearance control applicable to helicopter engines and have you considered such a system?

Author’s Reply
Active tip clearance control could give improvements in tusbine efficiency in helicopter engines, #'though it is more
difficult to install such a system in a small engine, which has a reverse flow combustion chamber, «ue to space and
temperaturce limitations.
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SUMMARY

A next generation medium power helicopter engine will have to show significant ad-
vances, when compared with engines representing todays high standard of technology. To-
wards this end, reduced fuel consumption will be a prime contributor, but new develop-
ment can only be justified, if it results in improved overall engine economics as well
as reliability.

The basis for success is the application of advanced but proven component technolo-
gy. Design activities need to start well in advance of the actual engine program to de-
fine the environment for component development, with the target to have technology and
design methodology available at the beginning of engine development.

Starting off with an optimized thermodynamic cycle, it will be discussed which com-
ponents need intensive research and development to render a mature and reliable first
production engine. Present date results, with regards aerodynamic and structural techno-
logy, are presented from both rig and demonstrator test programs.

SYMBOLS
Mc cooling air mass flow
MF fucl flow
MRED reduced mass flow
Ml compressor mass flow
N rotor speed
P power
TCl cooling air temperature
TG gas-temperature
Tt3 stator outlet temperature of the gasgenerator-turbine
Ty wall temperature, local
Ne compressor efficiency
o cooling effectiveness
+CE e
1]GGT gasgenerator-turbine efficiency
T]IS isentropic efficiency
T pressure ratio
1[C compressor pressure ratio
1. TARGETS FOR DEVELOPMENT

Helicopters today are an established part of aviation. Towards this success the
high standard of technology imbedded in present generation engines has paid its vital
contribution. Against this background, and considering the ever increasing cost of de-
velopment, two questions will be rightfully asked

- with current engines'performance being so far advanced, what further significant im-
provement is there to be realized, and

- what is the impetus, that has the industry working on component development for & next
generation helicopter engine today.

Fig. 1 is an examplatory attempt to give part of this answer. It compares the levels
of gpecific consumption over Take-Off-Pcwer, that is the performance offered today with
the targets for a next generation of engines. This improvement reflects more ambitious
thermodynamic cycles matched to the aerodynamic and mechanical quality of advance tech-
nology components (Ref. 1, 2, 3). From that figure it also becomes apparent, that the
range around 900 kW is not yet adequately represented.
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However, reducing SFC cannot be the sole juatification for new development. In spite
of increasing fuel cost, it remains but one important aspect of engine economics, in
which further reduced weight and volume, higher reliability together with bette: main-
tainability figure equally as high. It is this requirement for better system performance
and overall economics, resulting in reduced operating cost, that the industry is reacting

to, when proposing a next generation of engines,

The basis for success s8till remains the application of advanced components in terms
of aerodynamic and mechanical design. Considering the tightening schedules available for
engine development, component development needs to start well in advance. Testing in both
rig and demonstrator are paramount, in order to have proven technology and design metho-
dology ready at the beginning of the actual engine pregram.

POV

The work discussed here is oriented at the medium power helicopter, specifically the
900 KW engine class. A major portion of it being MTU's contribution towards a program
called "MTM-Technology-Demonstration”. It is jointly pursued with TURBOMECA and in part
supported by the competent authorities in France and Germany* (Ref. 4).

2. COMPONENT DEFINITION AND CYCLE SELECTION ;

Early design activity is called for to define the environment for component develop-
ment. Towards that end a base line engine design, properly reflecting the afore mentioned
requirements, has to be established. This will then put advance technology targets into
proper perspective, and allow for integrated component activity.

Recognizing the small size of future power plants, particular attention has to be
given to the selection of an optimum cycle (Fig. 2). Aside from the components'technology
content, limitations have to be accepted, which result from turbine cooling and size
effects (Fig. 2a). To better point out these aspects, turning the same correlation inside
out, though less common, is more convenient (Fig. 2b5. Plotted are turbine-stator outlet
temperature versus pressure ratio, with specific fuel consumption and specific power used
as parameters. This to demonstrate, that two important effects need be taken into account:

- high stator outlet temperatures tend to increase cooling air requirements, leading to :
deminishing returns in cycle efficiency ' i

- coupled with such temperatures, there is an increase in specific power. The resulting
reduction in turbomachinery size, augmented by higher pressure ratios, wants careful
trading against the now gaining negative influence of secondary losses on component
efficiency.

PRSP

A design diagram (Fig. 3) reflects these inpuis and indicates, that for a given en-
gine size in terms of power, the range of design parameters to achieve optimum specific
consumption is rather narrow. Extending the analysis to partload performance, as well as
mission fuel consumtion arrives at the same results (Ref. 5),

The requirement for optimum partload performance naturally affects component design.
Especially compressor and powerturbine have to render high efficiencies at low aerodyna-
mic speeds.

On the way to component definition additional factors of importance have been con-
sidered

- high gasgenerator aerodynamic overspeed capability and temperatur margin to cover emer-
gency power ratings

- short acceleration time, requirering a low inertia rotor, sufficient suraqemargin for
the compressor and a gasgenerator-turbine with high efficiency at reduced aerodynamic
speeds.

Within that framework the base line engine has been defined (Fig. 4), incorporating
the highest potential for lowest specific consumption and a life of 6000 mission hours.
It consits c¢f a variable geometry axial/radial compressor, a reverse flow combustor, a
two stage gasgenerator-turbine and a two stage powerturbine with front drive. This sets
the environment for component work

- basic development in the rig, and

- substantiation of the technology level achieved under actual engine conditions in the
Gasgenerator Demonstrator (Fig. 5),

out of which but a few selected aspects will be presented.

3. GASGENERATOR-TURBINE

Targets for development are .

- high performance with careful attention to minimizing secondary effects on turbine
aerodynamics, such as tip clearance contrel and introduction of cooling as well as
leakage air into the main gas stream (Ref. 6).

* in Germany the Federal Ministery of Defense (BMVg)
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- Structural design to satisfy life-, reliability~ and cost requirements in an environ-
ment o1 elevated thermal- and mechanical loading.

Fundamental aerodynamic development is being carried out with the aid of a cold rig
(Fig. 0}, designed to permit separate variation of the individual cooling air flows, i.e.
to first stage stator, first stage blade and liner, and second stage stator. Aside from
verifying, that target efficiencies have been comfortably achieved, these tests have
yielded very important answers,which will help to further improve the component (Fig. 7):
Cooling airflow of the first stator effects capacity only, a factor when properly mat-
ching the gasgenerator. However, both first blade and second stator cooling air effect

efficiency. Even though already moderate, this penalty can be further reduced by optimized
cooling air reintroduction.

The amount of cooling air required has a detrimental influence on cycle efficiency,
as has been indicated before, Selection of high thermal strength material for the air-
foils, together with good cooling effectiveness becomes of prime importance for structu-
ral design. Testing in the demonstrator (Fig. 8), using thermal paints, has made evident
that cooling airflow can be reduced. For example on the first stage vane leading edge,
temperatures of the hottest airfcil were within target, the trailing edge was cooler than
design. Similar results were obtained for the other blades and vanes.

The structural design of the first stage rotor is clear cut, separate cooled blades
held in a powder metal disk; this technology by now being well established at MTU. The
second rotor (Fig. 9) becomes more of a challenge, in terms of cost effectiveness. With
no blade cooling required, an integrally cast wheel is feasible, but marginal with re-
gards cyclic life. Here diffusion bonding presents an efficient technique to combine ma-
terials, casting for high thermal strength of blades and rim, powder metal for excellent
low cycle fatigue life of the disk. As of today, structural rig tests have met all ex-
pectancies and this design is on the way to prove its potential in the demonstrator.

4.  COMBUSTOR )

The combustion chamber is a key component for a successful engine. In view of ele-
vated turbine inlet temperatures, its own durability as well as its performance's in-
fluence on the life of downstream components are a, literally, vital aspect to insure

high reliability and low maintenance cost. Adding the requirement for low emigsion com-
pletes the development task (Ref. 7).

A revergse flow combustor has been selected for its superior potential of:
~ low temperature distribution factors

- ef jicient combustion with low emission
- high stability and good relight

- excellent maintainability at reduced engine length.

However, these benefits, resulting from larger volume at hand for combustion and
additional transition duct length available for dilution, have to be paid for by extra
effort to control wall temperatures. It has to be realized, that this is not an easy un-
dertaking, since both wall cooling and combustion require their adequate amount of air.
But today it can be r ported that development progress made does safeguard a proper dis-
tribution, as verified by high pressure rig and demonstrator testing. Fig. 10 for example
shows combustion chamber dome and outer transition duct after having run in the gasgene-
rator demonstrator. Turbine inlet temperature corresponded to Maximum Continuous rating,
some 25 Centrigrade below Take-Off. Wall temperatures are very uniform and nowhere exceed
1100 K. This wae made possible by firsi optimisation of combustion in the primary zone
and second the application of efficient wall cooling technology.

In order to further reduce temperatures, or, with the same temperature level, to
allow for a more costeffective wall cooling scheme, the use of thermal barrier coatinys

is under evalution. Test results (Fig. 11) indicate the potential to lower hot part tem-
peratures significantly.

5. COMPRESSQOR

The compressor, subject to developmert within the current technology demonstration,
has been selected and designed by TURBOMECA to best match the requirements laid down for
the baseline engine. Its performance is considered substantiated today. High design
efficiency with high aerodynamic overspeed capability, low inertia rotor and extended
surgemargin have, together with proper consideration of the target "into service" date,
set the level to which the number of stages ware reduced.

MTU's own activities, outside of the technolsgy program mentioned before and spon-~
sored by BMFT*, will serve to discuss the develcpment task at hand. They are oriented at
providing fundamental knowledge on axial, as well as radial compressors {(Ref. 8, 9).

* German Federal Ministery of Research and Technology

"




Though &till pesearch crienved in nature, an axsals/radial compressor {(Ref, 1l0) is,
after having proven its potential in the rig, eventually s&c «eduled to be demonstratox
tested together with the turbine dicussed before. Pig. 12 suows a preview - the rotor at
check assembly.

The further reduction of stayes, i.e. augmenting stage pressure ratjio without sacri-
fice in performance, requires techniques to be applied, which, though at MTU proven for
larger massflow compressors, have to be considered new technology for this size machine
(Fig. 13)

-~ airfoils for high supersonic flow at the inlet
- supercritical, low loss, profiles to react to high subsonic flow in the middle cascades
- boundary layer control for the extremely loaded last vane

- casing treatment in the blade tip area in addition to variable geometry vanes for im-
proved surgemargin.

To advance technology and establish design methodology, detail analysis of indivi-
dual stage performance is required. Fig. 14 for example presents the results obtajined
frem testing the radial stage. Efficiency has been practically achieved, particularly at
part load operation. Mass flcw is to target.

6. FUTURE PROGRESS

While accumulacing experience within the ongoing development program, the progress
made and the development content have to be continuously monitored against the scenario
of customer needs. Timely reaction is reguired, especially if priorities start drifting
apart.

With the same emphasis on reduced operating cost, for a civil engine's Direct Opera-
ting Cost, lowest possible fuel ccnsumption still outweighs complexity, but for military
application, where Life Cycle Cost is concerned, reduced complexity and part cost may
well become of prime significance.

A bagse line engine des.gn pe., rig. 15, reflects these considerations. Tt features a
two stace axial/radial compressor driven by a single stage, highly transonic, gasgenera-
tor-turbine., Initial anc maintainance cost are greatly reduced, Because of extreme aero-
dynamic leading an efficiency penalty has to be accepted. This is however in part compen-
gated -~ a simplified airsystem rosuylis in 1éss ieahayge air and lower rotor relative tem-
peratures permit reduced cooling airtlow for the gasgenerator-turbine or an increase of
stator outlet temperature. The latter effect having to be compromised for required life
and improved cycle performance.

Component development has been initiated. Justifiably so, since, on the basis of the
technological advances available today, it has been established that long range develop-
ment potential will render superior system performance.

7. CONCLUSIONS

In conclusion then, this brief survey of development activities regarding medium po-
wer helicopter engines, was to show, that the effcrt concentrates on improving operating
cost and reliability. Towards this end, advanced componenis are available today, and irur-
ther progress is on route.

Tii2 coordination of three development aspects:
- improvement of analytical tools, such as design methodology and test analysis,
- optimisation and proof of performance potential in the rig, and

- substantiation of performance under engine ~ondltions in a deponstrator,
are the key to success for the engineer.
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DISCUSSION

K.Hart, UK
Could you comment more on your ¢xperience with thermal barrier coatings?

Author’s Reply

We have applied thenmal barrier coatings (zirconium oxide) to combustion chambers, blades, vanes, and platforms
and have had good success, except for areas and vanes and blades directly exposed to the main gas stream.

P.Brammer, UK
Could you comment more on the subject of casing treatment?

Author’s Reply

We have applied treatment to several compressors. The primary payoff is in the area of improved surge margin.
However, we have yet to apply this concept to an engine that would go into production.

K.Rosen, US
Could you comment on why you selected an axial-centrifugal compressor combination?

Atthor's Reply

This combination gives yields of lower inertia resulting 1n improved zcceleration characteristics.

K.Rosen, US
Could you comment on the anticipated output speed of the power turbine?

Author’s Reply
It would be in the range from 28,000 to 30,000 rpm.
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INFLUENCE DES NOUVELLES TECHNOLOGIES DES TURBINES
SUR LEURS COMPOSANTS
par
M. GIRAUD H. LOUSTALET
TURBOMECA
Bordes 64329 Bizanos
France

RESUME

La communication présentfe met en &vidence 1l'inter-d&pendance de la technologie des
turbo-moteurs avec celle de leurs composants.

Aprés un bref rappel des objectifs de développement des futurs moteurs d'hélicop-
teres de moyenne puissance, on examine les moyens de les réaliser.

Partant d'une conception classique de moteur, on montre qu'une nouvelle architec-
ture est nécessaire et qu'elle a un fort impact sur la technologie et les performances
des composants.

A leur tour, ceux-~ci imposent au constructeur de nouvelles technologies de réalisa-
tion.

INTRODUCTION

La communication que nous ‘résentons a pour objet de montrer l'interd&pendance, au
niveau des composants, des probiémes d'aéro-thermodynamique et des problémes de censtruc-
tion. Cette interdépendance de sujets aussi divers nécessite d'&tre traitée par des €qui-
pes de travail pluridisciplinaires et ceci dés le stade de la conception d'un nouveau
moteur.

Dans le domaine qui nous intéresse -les turbomoteurs d'h&licoptéres- nous verrons
gue l'effet de taille est trés important et vient accroitre encore cette interdépendance
de techniques trés diverses. C'est pourquoi nous limiterons notre ftude 3 celle de turbo-
moteurs de taille moyenne, 400 & 1 500 kW, couvrant l'essentiel des prnductions de la
Société TURBOMECA.

Dans le cadrec gui nous est imparti nous nous summes limités & un seul type de mo-
teur : le turbomoteur & turbine libre afin de pouvoir montrer avec plus de détails les
problémes qui se posent au motoriste. Ceci ne peut restreindre la généralité& de nos con=-
clusions puisqu'il s'agit plutdt de décrire une méthodologie de travail que d'aboutir &
la conception de telle ou telle machine particuliére,

De méme, les résultats de cette &tude ne peuvent 8tre considirés comme définitifs
car les nombreux compromis cntre des exigences contradictoires peuvent conduire & des
choix différents selon l'importance plus ou moins grande que 1'On voudra bien donner a
tel ou tel paramétre, & telle ou telle caractéristique.

OBJECTIFS DE DEVELOPPEMENT

Pendant toute la phase de définition d'un moteur nouveau, les grands objectifs 3
aliger en priorité Jdulvent en permanence 8tre présents dans l'esprit des concepteruls.

Ces objectifs de développement, connus de tous les motoristes, peuvent &tre classés
en deux catégories.

La premiére catfgorie concerne tout c¢e gui a trait & la diminution des colts d'ex-
ploitation de 1'hé€élicoptére qui utilisera le futur moteur., L'industrie des turbines est
en effet maintenant en pleine phase industrielle et 1'2re des pionniers, ol il fallait
a3 tout prix satisfaire le besoin technique, est dfpassfe. La grande majorité des cons-
tructeurs sait satisfaire ce besoin ; le proble&me est aujourd'hui de le satisfaire au
meilleur collt pour un volume donné de production de série. Pour ce faire, les objectifs
suivants sont déterminants :

~ diminution du prix de revient moteur

-~ diminution des consommations de carburant
~ diminution des colts de maintenance

- augmentation de la fiabilité.

La deuxilme catégorie d'objectifs de développement des moteurs concerne ce qui a
trait & 1'amélioration des performances de 1l'hélicoptere, soit

~ la diminution de la masse motrice
- la diminution de l'encombrement du moteur.

Ces deux paramdtres influent directement sur la structure et le dessin de la cellule
et contributent ainsi & l'obtention d'un meilleur produit d'ensemble.
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COMMENT REALISER CLES OBJECTIFS 7
Nous commencerons par les examiner un & un.

Le prix de revient du moteur est de toute €vidence un paramétre trés important. Nous
laisserons de cdté le facteur de décroissance du prix cn fonction du rang de série (loi de
Wright) parce que, de par sa généralité, il n'est pas influencé par la conception du mo-
teur et la qualité de ses composants. Ce pavamdtre peut 8tre facilement €liminé en rai-
sonnant pour un rang dec moteur fix¢ dans la série : 100e, 1 000e, etc... Dés lors, la di-
minution du cofit du moteur passe par celle du nombre de ses pi2ces constitutives. Cc nombre
de pitces est 3 son tour fonction de la conception et du nombre des composants, ces deux
éléments s'influengant mutuellement. Par conception, nous entendons 1'architecture géné-
rale du moteur, terme que nous conserverons dans la suite de notre expos€. C'est 1l'archi-
tecture du moteur qui d&éfinit le nombre et la dispositicon des arbres, des roulements, des
paliers et des composants. Pour les composants - (&tages de compression et de dftente) -
plus leur nombre secra faible, plus sera faible le nombre des aubages fixes ct mobiles et
plus sera faible le prix de revient moteur. En dffinitive,nous retiendrons comme fondamen-
tal pour le colt du moteur son architecture et le nombre des composants.

Autre objectif 2 atteindre : une faible consommation spécifique de carburant. Ici,
c'est le cycle thermodynamique du moteur qui est impliqué, c¢'est 2 dire essentiellement
trois facteurs :

- le¢ taux de compression
- la température entrée turbine
- les rendements des composants.

L'historique des turbomachines a bien montré, & ce point de vue, une évolution plus
ou moins continue de ces trois parametres mais qui a conduit au moins pour les deux pre-
miers 3 une augmentation de la complexité des machines : nombre des composants et archi-
tecture, donc en conflit direct avec l'objectif "prix de revient". Il existe cependant une
voie pour résoudre ce problame, c'est l'utilisation des grandes vitesses périphérigues. Il
sera donc possible d'augmenter, dans les &tages &l€émentaires, taux de compression et de
détente et ainsi d'amfliorer le cycle thermodynamique sans compliguer l'architecture du
moteur. Cette voie est celle suivie par TURBOMECA. Ce n'est pas la plus facile mais il est
certain qu'elle est trés prometteuse. Elle n'est possible que si l'on maitrise bien 1'aé-
rodynamique des &coulements transsoniques et supersoniques sinon les rendements des com-
posants vont se dégrader et annuler le b&n&fice que l'on escompte.

L'objectif d'abaissement des cofits de maintenance est obtenu par la conception modu-
laire des moteurs, conception pratiquée actuellement par la plupart des constructeurs. L3
encore, c'est l'architceture du motaur gui permetira deé réaliser velie exigence,

L'objectif de fiabilité sera atteint par une construction "robuste” des différents
&l8ments du moteur. Les études et les efforts doivent porter sur les durées de vie, les
vies cycliques, la protection contre 1'absorption des corps &trangers, les rétentions des
pidces tournantes, les effets des pollutions diverses {eau, glace, sable, etc...) et l'en-
vironnement moteur (distorsions de flux, reingestions de gaz brQlés, etc...}.

L'objectif de diminution de la masse motrice peut, sur certains points, étre contra-
dictoire avec l'objectif précédent. Pour sa r€alisation, il pourrait nécessiter en effet
une construction légdre et trés €labor&e au niveau des pidces €lémentaires qui va s'oppo-
ser 3 l'aspect "robustesse” indiqué ci-dessus. Il y a donc, 13 encore,un difficile compro-
mis 3 obtenir. Par contre, le meilleur moyen de ré&-lizer une masse spécifigue faible ré-
side bien dans une conception simple du moteur, c'est & dire gue l'on retrouve encore le
param2tre "architeccure".

Le dernier objectif 3 atteiadre, minimiser 1 encombrement, sera lui-aussi grandement
fonction de 1'architecture, mais &galement du xombre des composants, leur diminution €tant
évidemment un factcur & rechercher,

Nous pouvons maintenant faire la synth@se des différents moyens retenus pour réaliser
les objectifs que nous avons précédemment définis. Trois facteurs essentiels subsistent et
de la mani2re dont ils pourront &tre traités dépendra pour beaucoup la réussite du moteur
ainsi congu. Pour nous, le "triplé gagnant" est bien le suivant :

Architecture ~ cycle- nombre de composants. L'approche traditionnelle pour trajter ce
triplet comportait une certaine hiérarchie, ou pour le moins, une certaine chronologie :

1. Détermination du cycle.

2. Nombre deS composants.

3. Architecture moteur.

L'approche actuelle est fondamentalement différente et consiste 3 traiter simul tané~
ment les trois &l&ments du triplet : toute option sur l'un de ces &lfments devra 8tre im-
médiatement examin&e au niveau de ses implications sur les deux autres, ce qui impose au
motoriste une communication et un va-et-vient permanent de 1l'information au sein des dif-
férentes €équipes de travail.
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DESCRIPTION DES TURBOMOTEURS DE CONCEPTION CLASSIQUE

Dans la gamme des puissances moycnnes, les derniers turbomoteurs TURBOMECA de "con-
ception classique" qui ont €t€¢ lancés en série, 1'ARRIEL (figure 1) et le MAKILA (figure
2) sont caract&risés par :

Figure 1 Figure 2

. Un générateur de gaz ¢ posé

- d'un compresseur conprenant un étage centrifuge couplé selon le cas A 1 ou 2 ou méme
3 é&tage: axiaux, l'ensemble réalisant un taux de compression I = 8 & 10.

- d'une turbine, 3 deux &tages dont la tempfrature Qd'entrée (TET) limitée d 1 000°,
1050°C &vite d'utiliser un systéme de refroidissement (toujours couteux et délicat
dans les petites turbomachines). La turbine et le compresseur constituent un simple
corps utilisant deux arbres (figure 3) ou un arbre sur trois paliers (figure 4)
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- d'une chambre de combustion placfe entre compresseur ¢t turbine. Elle -t 3 injeccion
centrifuge de¢ carburant au moyen d'une rouc aliment&e latéralement, (dispoisitit plus
simple s'41 ¢st comparé & l'alimentation par tube central réalisée sur 1lc:: moteurs de
la génératior. précédente : TURMO - ASTAZQU).

Une turbine de puissance 2 un ou deux &tages dont la puissance est fournice 3 la boite de
transmission principale de ] 'h€¢licoptére soit en prise directe (figure 3), sovit par 1'in-
termCdiaire d'un réducteur (figure 4). Les ditférents types de prisc de mouvencent peu-

vent imposer la vrfalisation d'un arbre de puissance parallele au corps du génirateur
(figure 4).

Ces choix conduisent 2 une architecture moteur dans laquelle le nombre de palicrs va-
ric de 5 3 7 ¢t le nombre d'enceintes d2 paliers de 3 2 4, imposant ainsi autant de dis-
positifs de servitud~ (alimentation et ré&cupéra* 1 d'huile, mises 3 l'air, &tanchéité).

CONCEPTS DNTAMLELINRATION DES TURBOMCTEURS

La nouvelle architecture gui s'impose conduit 3 repenser successivement les ensemhles
tournants, la chambre de combustion, le compresseuyr, la turbine.

Encembles tournants : L'objectif de simplification conduit 4 rfaliser un générateur de gaz
comprenant un scul arbre suppori® par deux paliers. La turbine de puissance aura une dis-
position sembiable. Cependant, atin 3¢ concilier encombrement et poids lainimums avec une

prise de puissance 3 l'avant ou & l'arriére, l'arbre de puissance sera uvoncentrique & ce-
lui du ginfrateur. Cette d:osuposition réduit l¢ nombre d'enceintes de paliere et permet
aisément le dfveioppement en turbopropulseur et turbofan ce qui pourra réduire le prix de
revient du générateur de gev,

Chambre de combustion : L'architc :ture définie précédemment implique de raccourcir au ma-
ximum les distancos entre paliers a la fois pour le générateur et l'arbre de puissance
afin de minimiser les problémes de vitesses critiques et de vibrations. Pour cela, la
~hambre de combustion TURBOMFCA classique, & injection centrifuge, est abandonnée au pro-
1it d'une chambre 3 flux inversé (figures 10 et 11). Le vclume de chambre (fonction du
dsbit d'air et du taux de compression) se trouve transfér& au~dessus de la turbine HP et
'a distance entre compresseur et turbine est réduite 3 la simple implantation du coude
d'amenée des gaz d 1l'entréz du distributeur ler €tage, Il n‘y a pratiquement pas d'aug-
nentation de maltre-couple du motcur car ce type de chambre s'intégre parfaitement der-
riére un &tage de compression centrifuge. Ce choix est expliqué ci-aprés.

Ccmpresscur - d¢ composai

centrifuge a vitesse périphérique €levée et bon rendement. Ce dernier peut faire le méme
travail de compression que 4 8 6 &ta~es axiaux transsoniques. Ce type de compresseur a des
aubages moins fragiles gu'unc roue ax.ale et de ce fait présente un avantage du point de
vue fiabilité&. Ce chcix s'jimpose donc, 38 conditicn d'obtenir un étage centrifuge 3

hautes performances : vitesse &levfe et bons rendements. Or, avec les progrés cffectués

en ce domaine depuis g.elques annfes on sait maintenant concevoir et réaliser de tels
centrifuges avec des rencements polytropigues au moins &gaux 3 ceux des &tages axiaux
qu'ils renplacent.

Turbine haute pression : Le but 8 rechercher est le m&me que pour le compresseur. Compte-
tenu du colt de cet organe et de <=» AifficultZ de mise au point, sn cherchera 3 réaliser
la détente ¢n un seul 8tage et on reculera le plus possible l'intrcduction du refroidisse-
ment des pales mobiles.

Par la considération du couple : architecture-compnsante, on akoutit 2insi au g

...... u cinsi au gé&
rateur de gaz le plus simple et le plus compact qui soit (figure 5), comprenant :
. une chaambre de combustion 3 flux inversé
. un compresseur centrifuge d& hautes performances
. une turbine HP monoétage non refroidie
. un arbre supporté rar deux paliers sculement.




et

Cycle thermodynamigue : L'€tage centrifuge est-il suffisant pour la compression ?
T,"éxamen du cyle thermodynamique, troisidme terme du triplet mis en relief pr&cfdemment,
va nous donner la réponse.

En effet, avec un &tage centrifuge dont le taux de compression au régime nominal
serait de 7 2 9, associ€ 3 une turbine HP fonctionnant dans la gamme des températures
950/1 050°C, les calculs de cycle montrent que les consommatiuns de curburant seraient
situées dans la fourchette de 330 3 350 g/kW.h. Avec les augmentations successives des
prix pétroliers, ces valeurs qui auraient &t¢é acceptables il y a encore quelques années
ne le sont plus aujourd‘'hui, pour un moteur nouveau. Nous sommes donc obligfs de compli-
guer le compresseur pour aboutir 3 un moteur de meilleure qualitt,

La vraie yueeslion est donc de savoir jusqu'd quel point il -est nécessairc de compli-
quer ce moteur. La réponse n'est pas simple, mais surtout elle n'est pas unique. La seule
considération des courbes classiques des puissances et consommations spécifiques (figure
6) en fonction des param®tres majeurs : taux de compression et T.E.T. (températures entrée
turbinecs) est tout 3 fait insuffisante. Leur seul intérét est de montrer que la T.E.T. doit
suivre 1'augmentation du taux de compression ; mais il serait dangereux d'utiliser les
valeurs qui semblent optimales.

INFLUENCE DES TAUX DE COMPRESSION ET T.EeTs
4 SUR LES PUISSANCES ET CONSOMMATIONS SPECIFIQUES
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Figure 6

En cifet, notre problime est bien de construire un moteur de puissance nominale don-
n%e., Or, plus le cycle est poussé, plus les débits d'air, donc les dimensions du moteur
sont rtduites : d'ol les pertes accrues par Scoulements secondaives vepant amplifier celles
dues aux faibles valeurs des ncambres de Rieynolds. Ceci entraine des dégradations des ven-
dements des composants venant 3 L'encontre des bénéfices escomptés par les amélioraticns
des cycles thermodynamiques. Cet effet est de premidre importance pour leu machines de
faibles et moyennes puissances dont nous parlons et c'est ce qui les différencie fondamen-
talement des grosses turbomachines de l'aviatjon civile ou militaire. Pour illuster ces
effats, nous prendrons 1'exemple concret d'un moteur de 600 kW au régime nominal et nous
comparerons les résultats de trois proiete complets cffacituds aver des cycles et des ar-
ci:.tectures de complexités croissantes.

TURBU-MOTIURS D 600 KW
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La figure n® 7 donnc la description des cycles et composants de ccs moteurs. Le mo

teur n°®
Glevée,
détente

Par contie,

La figure suivante

3 est nettement plus co

2 différe du premier prircipalement par son compresseur et sa T,.E,T. un peu plus
le moteur n°®
: 4 &tages de turbine dont 2 ont des pales refreoidies.

mpliqué surtout dans la partie

(figure 8) met en relief les effcts des cycles 6tudiés, sur les

dimensions des composants les plus critiques ainsi gue les rendements qui en d&écoulent.

Les performances globales sont

aussi indiguées.

Le résultat le plus important est que la complication du moteur n° 3 n'est pas jus-

tifiable au vu des résultats :
puissances spécifiques pour un
sans parler du refroidissement
jonction de deux €tages axiaux
sur les performances du moteur
choix de la puissance nominale

gains de l'ordre de 1 & s
accroissement sensible du
des pales de turbine du g
au compresscur centrifuge
n° 1, cette configuration

du moteur est fondamental.

choisi 1 400/1 500 kW il est fort probable gue le moteur

optimale.

culement sur consommations et
nombre des composants majeurs
&nérateur. Au contraire, 1l'ad-
permet un gain de l'ordre de 10 %
est donc payante. Bien sfir, le

Si au lieu de 600 kW nous avions
n® 3 serait proche de la solution

TURBO-TMOTEURS  OF 600 KW

—

( MOTIUR  MOTFUR ' MOTI Uk
_ . N1 w2 K3
HAUTEUR Dt PALES . o
SORTU CENTRIFUGE () IR
HAUTELR 0 PALES 1 R
TURBINC GENERATLUR (AN | “--’*_; }‘_-J_____l W03
OEBIT DAIR : | S
PLROU POUR LA DETENTE (1) W 0 - 1 S % T
: 1 | —
READEMENTS POLYTROPIQUES & (%) ! i E
« COMPRESSELR 83.9 83,9 @ 833 |
i « TURBINE GENERATELR 83.9 ‘ 8246 l 8.9 |
- TURBINE DE PUISSANCE | 860 ! B36 | 86T
“comsrnrions seorrass vomean 1 I Ry
CONSOPPIATIONS SPECIF IQUES (C/KWaH) | 321 ' 2495 i 245 !
PUISSANCES SPECIFIQUFS (MW/KE/S) 1] o1 | %2 1 24! X
Figure 8

De cette bréve &tude, nous conclurons que pour un niveau donné de la technologie

des composants :

. 1'optimum du taux de compression est fortement dépendant de la puissance nominale du

moteur

. cet optimum se répercute directement et de fagon importante sur le nombre des composants

et l'architecture du moteur,

Co.pte-tenu des remarques relatives aux ensembles tournants,

l*adjonction d’'une tur-

bine libre sur c€ gé€n€raieui de yaz vunduli & une conception de moteur que i‘on peut com-
parer aux gfnérations actuelles (figure 9).

Figure 9
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TECHNOLOGIE DES COMPOSANTS

Pour chaque composant, il est n€cessaire d'examiner les raisons du choix effectué
pour réaliser le compromis architecture=cycle et surtout d'analyser les r€percussions sur
leur technologie propre et sur les problémes soulevés par leur assemblage et leur inter-
dépendance au sein du moteur.

Chambre de combustion 3 flux inversé¢

Les raisons d'architecture moteur ont détermin® ce choix, et les problémes essentiels
suivants seront a résoudre.

Sous l'aspect performances :

- La recherche de bons rendement,y compris 3 bas régime, se fera par une &tude de 1'aéro-
dynamique de la zone primaire de combustion, la perte de charge demeurant cependant plus
élevée que dans une chambre a4 injection centrifuge.

- La pcllution m&me avec l'utilisation de cannes 3 prévaporisation restera aussi lég@rement
supérieure aux résultats d'une chambre conventionnelle TURBOMECA.

Sur le plan mE&canique :

- Il est nécessaire d'obtenir une homogénéité circonférentielle et un profil radial de
températures acceptables. Notons qgue ce dernier présentera un profil "bombé&" plus ac-
centué& 3 cause de l'augmentation du débit d'air de refroidissement des parois. La chambre
a flux inversé présente en effet, 3 mé&me charge aérodynamique et donc & volume iden-
tigue, plus de surface 3 refroidir que le modéle classigae TURBOMECA.

~ Cependant, cette réalisation si elle nfcessite des systdmes d'injection 3 pression plus
€levée gue ceux requis pour 1'injection centrifuge permet de s'affranchir des problzmes
de tenue mfécanigue qui peuvent &tre rencontrés sur les roues d'injection.

-~

\ ot |
CHAMBRE DE COWBUSTION
A INJECTION CFNTRIFUGE
Figure 10 Figure 11

CHAMBRE DE CGMEUSTION A FLUX INVERSE

Turbine haute pression :

Unc aolution mono€tage & la limite du retroicissement a £té retenue pour satisfaire
le compromis cofit-performance. Ce choix est possib'e 3 condition d'augmenter la charge
aérodynamique ce qui aura pour conséquence de diu.nuer la température totale relative 2
l'entrée de la roue mchile. Une détente au moyen u> 2 &tages ne réalisera pas cette con-
dition et pour une méme T,E.T. le ler &tage sera . Acessairement refrcidi.

Ce choix permct donc «'éviter le refroidissemen. et les problémes qui lui sont asso-
cifs dans le cas de petites turbomachines :

- pertes aérodynramiques (réinjecticn d'air) et thermodynain‘gques (prélévement d'air de re-
froidissement)

- difficulté de réalisation aes circuits de refroidissement dans des pales de faible di-
mension, d'ol une augmentation des colts.

Il est donc judicieux de n'avoir 3 traiter cex problén~- gue sur un seul #ftage lors
d'un développement qui viserait 3 augmenter la puissance s “ique de ce moteur. Cela ne
sera possible que si le niveau de tempfratvre choisi compen.. largement les chutes de
rendement associées & 1'introduction du refroidissement.

Dans le choix de base effectué, "monoé&tage non refroidi", les problémes suivants doi-
vent #tre maitrisés :

Aérodynamique :

- Bssurer des déviations fluides importantes tout en minimisant les Mach d'écoulements
locaux afin d'éviter toul dé&collement prématur®é de la couche limite.
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~ Rdduire les pertes par jeu en sommet de¢ pale ; la faible hautcur de ces derrniéres er
centue 1'importance (& une augmentation de 1 % du jeu relatif correspond une chute de
rendement de 1l'ordrs Jd2 1,5 point). Le refroidissement des envelopres de turbinc est
donc indispensahle et des barrieres thermigues peuvent lui &tre as ocites afin de con-
trdler un jcou minimum dans toutes les conditions de fonctionnement.

ac-

- Une éventuelle giravion résiduelle de 1'&coulement en sortie de turbine et son ampli-
fication poscible dans le canal inter-turbines duit étre acceptée au niveau des bras
supports du palier arriére,

Wotons que 1'adoption d'un systéme d'arbres contrarotatifs permet d'utiliser cette
giration pour diminuer la charye aérodynamigue du distributeur de turbine likre.

MAcanique :

L'augmenfation der vitesses pé&riph¢rigues et la ntcessité€ de conserver un tron central
ont pour consfguence d'augmenter les contraintes,dans le disgue de turbine, en pied de pa-
les, et les pressions sp&cifiques sur les brochages. Des compromis entre hauteur d'aube,
longueur de corée, nombry &'asubes permettent d'abovtir 3 un dimensionnement convenable,

Les véalisations de turbines "monobloc" coulées, sur des moteurs type ARRIEL sont
remplacées par des constructjons disgues forgés, pales coulées en choisissant un matériau
propre & chaque fonction :

x

- disques : tenuec 2 la fatigve oligocycliqgue au moyeu et faiigue thermique & Ja jante
- pales : fluage et corrosion hautes températures.,

Figure 12

Nous avons montré qu'un seul &tage centrifuge &tait en général insuffisani povr as-
surer l'ensemble de la compression. Pour compléter cette derniére, deux configurations
sont possibles, soit adjoindre des ftages axiaux, soit utiliser un autre étage centrifuge.

Cette deuxiéme solution conduit & un dessin compligué et ne peut se justifier que
pour un taux de pression global &levé (15 3 16). Dans ces conditions, il faudra 2 é&tages
de turbine pour dé&étendre les gaz ¢t des T.E.T. &levies nécessitant le¢ refroidissement
de la partie haute tempfrature, des turbines. On voit donc que ce choizx ne peut &tre re-
tenu que pour des moteurs de puissance relativement &levfe, en g&énfral au-deld de 1 500 kw.

L'autre solution, l'adjonction d'étages axiaux, est donc celle gu'il nous faut adop-
ter : mais li encore con cherchant 3 un minimiser le nombre. On est donc conduit & utiliser
des €tages transseoniques fortement charg#s. Enfin, pour des raisens 6videntes de compacité
de l'enserble on s'cfforcera de coupler directement 1l'axial au centrifuge sans col de cygne
intermédiaire.

La configuration dc base, maintenant bien définic, cxaminons pour chaque organe les
probleémes technologiques & maitriser,
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COMPRISSEUR CENTRIFUGE

Sur le plan aérodynamique, 1'adoption des grandes vitesses phériphérigues ct des tauvx
de compression élevés gui en découlement impliguent pour obtenir de bons rendements

. 1'utilisation de concepts d degré de réaction &levé

. la connaissance précisc des caractféristiques de 1'€coulement tluide-vitesses, pressions,
températures- en tout point des rotors ct diffuseurs et ccci pour des régimes mixtes :
subsonigues - supcrsoniques.

Les nouveaux codes de calcul disponibles ainsi que les expfrimentations intensives
sur bancs s€parés ont abouti a4 une véritable mutation des formes en ce domaine. Les fi-
gurcs 13 ct 14 le montrent clairement.
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Figure 13

Figure 14

Sur le plan mécanique, les problémes ne sont pas moindres :

. Vitesses périphériques augmentfes par rapport 3 l'ancienne génération.
. Tenpératures plus flevfes dues d la forte compression globale.

. Trou Central important nécessaire au passagec des aibres.

L3 encore les méthndes moderncs de calcul dus structures et 1l'utilisation des meilleurs
matériaux disponibles permettent d'aboutir & un dimensionnement capable d'assurer en uti-
lisation une long®vité et unc fiabilité satisfaisantes.

COMPRISSLUR AXIAL

Le couplage serré des compresseurs axiaux au centrifuge diminue nécessairement la
vitesse pfriphérique des derniers &étages axiaux ct rend ainsi plus difficile 1'obtention .
des taux de compression unitaires élevés. Par aillcurs, le passage des arbres sous le 2
compresseur axial a l'cffet contraire d'augmenter excessivement les diamétres de la 5
veine d'air et par voie dec consfguence les nombres de Mach relatifs sur les mobiles: d'ol
dos difficultés accrues pour assurer de bons rendements.

Figure 15 '
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Enfin, pour améliorer les performances en régime partiel er obtenir un maniement cor-
rect du moteur, ces compresseurs 3 forts taux de compression globale doivent avoir une
certaine flexibilité. La solution 38 3 arbres concentriques nous parait trop complexe donc
trop chire pour &tre retenue, au moins pour notrc¢ gamme de puissances ; nous lui préférerans
donc l'utilisation de grilles distributrices d calage variable.

Turbine de puissance :

Une construction monoétage peut 2tre génléralcment adoptée pour des moteurs de puis-
sance inférieure & 700 kW, Mais cela n'est pas une régle. En fait, le choix du nombre
d'étages de turbine libre dépend & la fois, du canal inter turbines (forme - pertes), de
la vitesse de rotation, du rendement attendu. Ces paramdtres sont bien sQr interdépendants.
Enfin, la vitesse de rotation est souvent un compromis réalisé® entre les performances ct
les exigences de l'installation sur hélicoptére : prise directe ou sortie au travers d'un
réducteur int&gré& au moteur.

Arbres et rotorsg :

L'arbre de puissance concentrigue au rotor du générateur de gaz a des vitesses cri-
tiques disposées en dehors des régimes de fonctionnement de la turbine libre. Pour cela,
il faut connaitre parfaitement les régimes de survitesses (dErives de régulation, etc...)
rencontrés sur hélicoptére en utilisation.

Deux types de solutions sont envisagecables :

- Une solution "sous-critique” (lre vitesse critique d'arbre > vitesse de fonctionnement)
nécessite un couple diam@tre-longueur d'arkre toujours difficile 3 réaliser pour un mo-
teur de la taille envisagée. Ce choix peut conduire & la réalisation d'un palier inter-
arbres (solution technique plus onéreuse ¢t délicate dans le cas d'arbres contrarotatifs).

- Une solution "surcritique" (lre vitessccritique d'arbre « v.tesse de fonctionnement) qui
impose un ré&gime de rotation situé entre la lre et la 2c vitesse critigque d'arbre avec
des marges de fonctionnement suffisantes.

Dans ce cas, afin de minimiser les d&fcrmations de l'arbre lors du franchissement de la
lre vitesse critique, on la placera sur un ré&gime de fonctionnement relativement bas,
Cela est possible en travaillant sur la souplesse des paliers, 1'éguilibrage ct la géo-
métrie des arbres.

Paliers :

Avec des vitesses &levées et la réalisation de l:'arbre traversant, les roulements sont
soumis a des conditions de fonctionnement plus critigues :

~ NxDm - (vitesse x diamétre moyen)- plus &levss (Figurec 1l6)

- ambiances de températures plus sfvéres sur le palier arriére.
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Figure 1o

Ainsi, sur les paliers du g&nfratcur de gaz, 1'augmentation de force centrifuge sur
les 61¢ments roulants estassocifie & uve poussée axiale ginfralement Clev€e. Il en résulte
un accroissement de charge sur les bagucs extéricures accompagné d'échauffements sur les
bagues intérieures

roar obtenir les durlus de vie demandées

- leos matériaux "acier rapide” deoivent 2tre adoptés pour les pistes ct les ¢liments rou-
lants
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- la lubrification de la bague intérieure est particulidrement &tudiée

~ le comportement de la cage est analysé afin de permettre des fonctionnements lors des
réducticng ou des absences momentanées de lubrificatica,

Les garnitures mécaniques conventionnclles (joints type Sealol) ne supportant pas
des vitesses gupfrieures 3 70 m/s, les &tanchéités de paliers doivent &tre 3 labyrinthes.
L' ncombrement radial est plus faible et ils ne nécessit 1t aucune servitude (absence de
luvrification). Les consommations d'air sont minimisées ,.-ar la diminution des jeux réali-
s&e par la mise en place de nouveaux matériaux abradables. Ces rev&tements développés
pour des tempé-aiures pouvant dfpasser 800 °C sont zussi appliqués sur les &tanchéités
inter &tage: de compresseur et de turbine afin d'améliorer les performances de l'ensenble.

CONCLUSIONS

Au cours de notie EBtude, il est apparu fondamental, lors de la conception de nou-
veaux noteuxs d'h8licoptéres, de traiter simultanément les problZmes de cycles thermody-
namigues,de nombre de composants et d'architecture moteur.

Un résultat ne peut 8tre atteint que par le développement parfois difficile de com-
prsants & hautes performances s'intégrant parfaitement dans l'architecture préalablement
définie. Ce¢s compronis permettront de réaliser des scolutions attrayantes au point de vue
prix, conscmmation, fiabilité.

En outre, l'interdépendance €étroite de l'architecture du moteur et de la technologie
des composants, impligque une coopération active et simultanée des éguipes de travail par-
ticipant & la conception et 3 1l'é&tude de toute machine nouvelle.

Plutdt que les conclusions auxquelles nous sommes parvenus sur *tel projet de moteur
bien particulier, conclusions toujours fragiles car dépendant des progrés techniques et

des donnfes fconomiques du moment, on retiendra surtout la méthodologie de conception
adoptée.

Ce n'est qu'en la respectant fid2lement, tel est du moins notre avis, que l'on pourra
mener d bien la réalisation d'un nouveau produit techniguement réussi.

DISCUSSION

D.Hennecke, Ge
In Figure 10 you show a r1everse flow combustor with an injection system that appears to be an air blast vaporizer.

Could you commeat on your ¢xperience with this kind of system and whether or not it has advantages over the
vaporizaiion systern?

Author’s Reply

This partizular figure is only schematic. From our experience, we have concluded that the vaporization system is the
best and that air assist is not necessary for these small power applications.
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SUMMARY

Future develcpments of advanced helicopter engines are projected from an aero-thermodynamic view-
point. Cycles for engines aiming at lower aspecific fuel consumption, improved power lapse rates, and im-
plementation of contingency ratings are discussed. Thesc cycles include nonregenerative and regenerative
cycles. Design trends are presented for the major engine aserodynamic componeuts.

1. INTRODUCTION

Gas turbine engines entered the helicopter propulsion arena in the 1950's because of their very
attractive power-to-weight ratio. The helicopter's load-limiting characteristics were overcome by a sub-
stantial increase in specific power rcsulting from the low wight of the rurbine engine. In addition, the
technology of the turbine engine hsd becume sufficiently advauced with respect to cycle temperature,
cycle pressure ratio, and component efficiencics to offer an attractive fuel consumption. With the intro-
dyction of the light gus turbinc engine, the industry had two basic options. The first was to maintain
the same basic system performance with a lighter and, therefore, less expensive agircraft. The second
option improved system performance through the increase in vehicle specific power. Industry chose the
latter. The success of thi. decision can be seen in the rapidly expanding civil, as well as military,
helicoptier fleets, By 1973, approximately 70 percent of the over 10,000 helicopters in service were
powered by thc gas turbine engiue. IL by been esiimaied ihat by 1990 the western worid will have over
23,000 military helicopters. During this same period, it has been projected that the civilian fleet will
more than double to 26,000, thus passing the military.

This projected growth in the world helicopter marketplsce has created a demand for new advanced,
suall engines. In this paper, we will review historical engine trenda, discuss engine cycle considera-
tions, and assess the current areas of engine component Research and Development (R&D) activity aimed at
the vew helicopter engines of tae future.

2. HLSTORICAL ENCINE TRENDS

The key features used in the first gas turbine engines (T53 and T55) specifically designed for
helicopters in the 1950's are a combined axial-radisl compressor and a free-powe. turbine with a front
drive. These featuves adopted by most helicopter engine manufacturers are expected to be used in the next
generation of engines ranging between 800 and 4000 horsepower. In the design of the early helicopter en-
gines, an optimum balance was emrhasized between compactness, performance, life, maintainability, and
cost of ownership. Substantial improvements in all these aveas were achieved by a steady evolution pro-
cess illustrated in Figs. 1 and 2 which truce the history of the T53 and T55 helicopter engines over a
period of 20 years iu terms of specific fuel consumption and specific power. The output power of these
engines was increased by a factor of two or wmore while specific fuel consumption was reduced by one
third. Much of this improvement came as a recsult of increased cycle femperature, cycle pressure ratio,
and better component efficiencies. Substantial increases in cycle temperature were accomplished by using
a combination of improved wmaterials and introducing cooling techniques applicable to small engines. The
introduction of tremsoaic axia! compressor stages alloved the cycle pressure ratio and air flow rates to .
increase with minimum engine medifications.

During the 1950's, engine development was focused on weight and performance. The 1970's saw in-
cr2ased cnmphasis on the trade-offs between weight, performance, cost, and reliabiliiy. As a result,
w>qlnes became siwmpler with juproved reliahility and efficiency. Fig. 3 illustrates these gaine in eim-
vlicity and performance by comparing the original 153 ergiue with the newer LTS 10i. Engine simplicity
was achieved with significent performance improvements. The tbteginning of the evolutionary development
phase of the LTS 101 is also shown. Ac can be scen on Figs, 1 and 2, this engive achieved these perform-
ance wain:s through higher (ycie pressure raties and increased turbine inlet temperature.

As we entered the 1980's, the icdustry becamc more sophisticated in the evaluation of engine pro-
gress. The concept of life-cycle cost gained widespread recognition, and all aspects of engine costs such
a5 design, development, furl usage, acquigition, and their impact on the helicopter life-cycle cost are
sow considered. Maiutenance coucepts such as modular construction have been designed into the engines.
VYerforzance projections for these newer, advanced-techuology engines are also shown in Figs. 1 and 2.
Gontinued progreas under thepe grouvd rules, illestiated in Fig. 4, demonstrates the gains achieved by
Lycoming's Advanced Technolegy Demcnstrator Engine, which was spousored by the U.S., Army. This engine,
currently yider development, was designed with life-cycle cost ground rules and, ae such, recognizes the
majc, impact ol rapidly rising fael prices,
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In spite of the dramatic progress made in helicopter engine designs to date, it is anticipated that
significant advances in performance will be achieved by engines of the future. This advancement will show
up primarily in reduced fuel consuwption and eungine weight, The combination of these two effects will
result in major increases in payload capability or range.

3. CYCLE CONSIDERATIONS

Mission utilization strongly affecta the philosophy of engine design, Military and commercial ap-
plications that require longer missions and greater utilization need a more sophisticated engine having
low fuel consumption and requiring less wmaintenance to achieve low life-cycle cost. Low acquisition cost
is a stronger factor in the life cycle rost for aircraft having low utilization as in some general avia-
tion applications.

3.1 Part-Power Fuel Consumption - Noiregenerative Cycle

Mechanical considerations determine the maximum allowable cycle temperature. For each level of
cycle temperature, there exists a cyc'e pressure ratio that produces the minimum specific fuel consump-
tion, as shown in Fig. 5, where specific fuel consumpt o (9P7) &and specific power are shown to vary as a
function of pressure ratio with tcmp:rature as a pa am:! The optimum cycle pressure ratio that pro-
duces minimum fuel consumption increases wita cycle tempc.ature and component efficiency index.

There have buen steady improvements iu turhine cooling technology and high-temperature materials
applicable to smal) engines. As a result, there has been a gradual increase in the gllowable cycle tem-
perature., Since compressors can achieve higher staje pressure ratios, there is an incentive to attain
higher pressure ratio cycles with a reduction in the number of stages.

Two part-load lines shown in Fig. 5, indicate how the performance would vary if a constant component
efficiency index (down to 60 percent part-power) could be achieved, By selecting & cycle with a pressure
ratio of 20 and tewperature of 2800°R compared with a cycle having a pressure ratio of 14 and & tem-
perature of 2600°R, a sevei-percent reduction in SFC at wmaximum power could be obtained. However, at
60-percent part power, the improvewent in SFC is incressed to 1l percent with the more advanced cycle.
This improvement indicates that even though fuel consumption benefits are achieved ar maximum power with
advanced cycles even larger benefits result at part power where the greater portion of operation occurs.

3.2 Power Lapse Rate

A prime sizing condition for twin-engine helicopt=rs is based on the "One Engine Inoperative" flight
condition at 4000 feet altitude on a S55°R day. It then is beneficial to select cycle parameters that
minimize the lapse in power caused by high ambient temperatures. The variation in power output of typical
engine cycles was studied as the ambient temperature varied from 5199 to S550R. The relative influ-
cnce of design parameters, such as cycle pressure ratio, turbine iulel tewperature, and component etfi-
ciency index were included.

At high ambient temperatures, the specific power output from the power turbine is reduced as a re-
sult of the lower pressure ratio available. Fig. 6 shows specific power loss as a function of cycle pres-
sure ratio and turbine inlet temperature for two component polytropic efficiency levels. For polytropic
efficiencies of 0.8 and a turbine inlet temperature of 2250°R, the specific power loss resulting from
hot~day operation increases from 11 to 23 percent as the cycle pressure ratio is increased from 8 to 20.
At higher cycle temperatures, the apecific power loss becomes less dependent upon cycle pressure ratio.
At higher component efficiency indexes, this loss glmost becomes constant.

In Fig. 7, the upper curve shows the reduction in airflow rate as a function of cycle pressure
ratio when the ambient temperature increases from 519° to 555CR. The reduction in airflow is shown to
be lower at low-pressure ratios than at high-pressure ratios, The loss in airflow increases 40 percent as
the cycle pressure ratio varies from 5 to 20. The reduction of specific power (A shp/Wg) is again shown
22 2 fynction of the <ycle presdure railu with the rurbine inlet tempersture as a parameter but for a
polytropic efficiency index of 0.86. Generally, the loes in specific power decreases substantially with
increased turbine inlet temperature. The total power loss is a combination of the airflow loss and the
specific power loss. This combination increasea with pressyre ratio for a constant turbine inlet tempera-
ture. As previously shown, the simultaneous increase of cycle temperature with pressure ratio jmproves
the specific fuel consumption. This simultaneoue increase in cycle temperature with pressure ratio also
minimizes the lapse in power due to hot-day operation as indicated by "Line A" in Fig. 7.

3.3 Contingency Ratings

The rapid gain in popularity of twin-engine helicopters has created a new demand on the engine de-
signer to provide safe operation when one engine is inoperative (OEI). In this paper, we will restrict
ourselves to the impact of this requirement on the selection and design of engine components. The problem
is the airframe manufacturer's nstural desire for a large amount of contingency power (as much as 50%)
with few, if any, "use restrictions" and with no special isintenance actions required. Taken at face
value, this means the engine must be significantly larger juch an engine, however, would penalize the
helicopter by being heavier, larger, more costly, and les ruel-efficient for a given mission.

The commonly accepted method of obtaining contingency power is to merely advance the throttle. This
results in higher turbine inlet tewperature and higher speed. Power increases of 10 to 20 percent can
normally be achieved in this wanner. But, consideration of even higher ratings cventyally runs in%o
fundamental limitationa based on engine component siziag. These limitations are primarily concentrated on
two ccomponents. The first component considered is the compressor. All compressors reach an operating com-
dition called "choked-flow" where the engine airflow no longer increases in proportion to epeed changes.
Eventually, an absolute referred airflow limit is reached; this is caused by the choking of the frout
stages of the compressor., When this condition is reached, no further power increase can be obtsined by
airflow, and the compressor stages become mismatched, thus causing a drop in the surge line. At the same
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time, the compressor efficiency decreases rapidly and causes the engine operating line on the compressor
map to turn upward. Both effects then combine to continually decrease engine transient surge margin until
steady-state surge is encountered.

An additional consideration involves the basic differences in the matching of turboprop and turbo-
shaft helicopter engine components. In the turboprop, the engine sizing criterion is altitude c¢limb and
cru'se where low ambient temperatures are encountered. The turboshaft helicopter engine, however, is nor-
mally much more concerned about hot-day 1lift capability and part~load efficiency under relatively low-
altitude cruise conditions. Because of compressor referred-speed characteristics, an optimum helicopter
turbeshaft engine should be matched at a higher cowpressor referred speed at takeoff conditions than a
turboprop engine; this reduces the maximum increase in airflow obtainable for a turboshaft engine before
the compressor chokes, Consequencly, an engine matched for maximum hot-day power capability will have a
smaller increment of contingency power available than a turboprop engine.

The power turbine also plays a role in that a large power excursion for OEI use forces the turbine
to operate at higher exit Mach numbers, This condition reduces the component's efficiency until it also
reackes a choked condition. In addition, the power turbine must operate at a constant rpm because of the
helicopter's rotor acceleration limitations. Operating at constant rpm results in increased exit swirl
leaving the power turbine with a further reduction in potential power output. There are also mechanical
problems associated with the higher gas producer rotor speeds and temperatures caused by advancing the
throttle. These fundamental limitations can be overcome with proper design, but at the expense of having
larger couwponents,

From the standpoint of fuel consumption, it is also desirable not to just make a larger engine. As
seen in Fig. 8, an engine that is oversized to cover the contingency requirements will suffer a five-to-
ten percent penalty in specific Juel consumption under typical cruise power requirements. This is because
the engine is effectively operating at a lower percentage of a design power. Based upon this effect, it
is desirable to limit the amount and usage of contingency power so that this penalty is minimized.

Considering the above factors, trade-off studies should be conducted to establish the amount of
contingency power required and to determine its impact on the helicopter system prior to final engine
sizing. The desire to have 50-percent additional power available under an OEI condition does not appear
to be practical when considering a 'push the throttle" approach. Controlled usage of 10-to~20 percent
additional power would be more realistic. Unfortunately, this does not entirely solve the problem since
any contingency power margin designed into the engine will tend to be reduced as additional power is
required during the inevitable growth cf the system. A continuing program to develop future contingency
ratings as the engine grows must be maintained after a system enters production,

3.4 Regenerative Cycles

In the past, regenerators have received recogniticn as v ibweir theoretical potential for signifi-
cantly reducing the fuel consumption of a gas turbine engine. But in recent years, they have progressed
to a point where a more realistic appraisal can be made of their potential benefit in helicopter applica-
tions. Experimental regenerative engines have been tested in various vehicles and have even been flown
experimentally in a helicopter. The U.S. Army's Abram tank now in production is using a regenerative en-
gine. Studies were recently sponsored by the U.S. Army at Fort Eustis, Va., to investigate the potential
of using such engines on helicopters in the future. A summary of regenecrator design and performance char-
acteristics will be discussed in the Component Section of this paper. This discussion of regenerators
will focus oun identifying various approaches to their possible use on modern helicopters.

The basic problems involved with the use of regenerators on helicopters are weight and size. Al-
though reductions in specific fuel consumption of twenty percent or more are readily achievable with
today's heat exchanger techuology, the weight impact of such units severely penalizes the performance of
the weight-sensitive helicopter. Performance benefits of the aircraft system depend on a trade-off be-
tween the weight of the fuel saved and the increase in aircraft weight caused by the weigint of the regen-
erator. In general, longer missions make the use of a regenerator more attractive. Several apprsac
that have the poteatial iv reduce this weight penalty are discussed below.

The performance (effectiveness) of a regenerator is largely a function of its heat-transfer surface
area, which in turn establishes its weight. Unfortunately, the physics of the heat-transfer process makes
the relationship between effectiveness and weight nonlinear (sec Fig. 9). One potential method to reduce
the weight penzlty is to size the unit for cruise conditions; this gives the benefit of part-load fuel
savings at significantly reduced weight. A necessary addition, however, would be the use of a gas-side
bypass valve at high power to reduce the pressure loss and back pressure on the power turbine at high
flow rates, Other approaches include the use of one regenerative engine on a twin-engine helicopter.
Cruise power could be taken from the regenerated engine while the other engine is either shut down or
operated at a low idle setting.

Additional fuel savings can be realized in a regenerated engine by using a varisble-area power tur-
bine. This device shifts the ooint of minimum fuel consumption to the desired part-power operating condi-
tion, A typical operating line, shown dotted on a regencrative cycle plot (Fig. 10) indicates how the
fuel consumption varies at part-power oOperation. The specific fuel consumption and specific power are
shown versus cycle pressure ratio with cycle temperature as a parameter for a constant cowponent effi-
ciency index. "A" denotes the cycle pressure ratio and temperature at maximum power, Closing the power
turbine stator while maintaining a constant turbine inlet temperature causes the pressure ratio across
the gas producer turbine to decrease. This action results in a reduction in the work output from the gas
producer turbine, thereby requiring the compressor to decrease in specd, flow, and pressure ratio, The
lower flow results in decreased power even though the turbine inlet temperature is maintained (line A-B).
Point 'B" denotes the optimum cycle at which a further reduction in power is obtained by lowering the
cycle tewperature (line B-C). In this manner, a nearly constant specific fuel consumption is achieved
down to part-power where a greater portion of cruise operation occurs.
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4. AERODYNAMIC COMPONENTS

Component research and development acitivities are continuing to enable the advanced cycles to be
achieved. This section discusses current approaches to obtain improved components for future helicopter
powerplants. The discussion is limited to the prime aerodynamic components including compressors, com-
bustors, turbines, and regenerators.,

4.1 Corpressors

Substantial advances have been made in compressor technology over the past ten-to-fifteen years.
While peak efficiencies have not increased significantly, these efficiency levels have been extended to
increasingly higher cycle pressure ratios. Much progress has been accomplished in the analytical tech-
niqucs applied to compressor design and development. Highly transonic and fully supersonic stages have
been aeveloped to the level of performance necessary for use in advanced engines. Figure 11 shows the
measured performance map of a small single-stage axial compressor, designed for a five-pound per second
airflow, operating at a stage-pressure ratio of 2:1. The single compressor stage shows excellent charac-
teristics with the peak efficiency contours located well away from the surge line. This stage has been
successfully coupled with a fully supersonic second stage to produce an overall pressure ratio of approxi-
mately 3.5:1. Earlier technology would have required five or six stages to accomplish the same preasure
rise,

Major developuwent efforts have been directed toward the centrifugal compressor, Improved theoretical
mode ling of this unit has increased its range of useful pressure ratios. Analytical techniques from tran-
sonic axial «tates have been applied to the design of the impeller's inducer section. Improved structural
analysis has allowed higher tip speeds. In addition, the use of leanback on the impeller vanes has im-
proved diffuser performance by reducing the entering Mach number. Figure 12 shows a typical selection of
modern centrifugal impellers. Pressure raiios have risen from the 3:1 range to the level of 10:1 with ex-
perimental programs directed toward 15:1. As a result, the compressor section of a typical high-pressure
ratio advanced helicopter engine may consist of one or two axial stages, plus a high-pressure ratio cen-
trifugal stage, as opposed to the 10-ro-14 axial stages used in older engines.

Improved operating range (surge margin) has been achieved tlirough the use of long chord blades in
the front stages of axial compressors. Rotor tip treatment has also proven useful in increasing surge
margin in a simple, reliable wanner.

As a result, it can be expected that improvements in engine performance will continue due to the
higher cycle pressure ratios avajilable to small engines, Even though the complexity of the compressor has
beeu reduced dramatically, excellent levels of efficiency have been maintained.

5.2 Coubustors

The modern gas turbine combustor, faced with a rapidly changing environment, has had to adjust to
higher cycle pressure ratios and temperature levels. Higher air temperature leaving the compressor has
made cooling of the liner more difficult. In addition, the combustor designer faces the problem of ex-
haust emisgions that are coupled with the demand to operate with a wider range of new types of fuel., The

necessary solutions are particularly demanding with the small combustors typical of helicopter power-
plants,

New combustor design and development procedures are enab'ing these challenges to be met success-
fully. Great effort is being devoted to the development of accurate analytical models of combustion sys-
tems. Overall design approaches, using one-, two-, and even three-dimensional representations, are being
developed and used. Interactive design methods have been started. More detailed representations developed
for specific purposes are also making steady progress. Fuel-spray modeling has yielded performance bene-
fits and has been successfully coupled with experimental techniques to verify its accuracy. Liner-wall
analysis techniques are particularly useful in the develapment of long-life comhustors beceuse cf the
high-temperature cooling air and the higher combustor exit temperatures of advanced engines. Characteris-
tic time-modeling procedures have yielded benefits in reducing exhaust emissions. Fundamental modeling of
the chemical processes is being accomplished by using zone combustion models that analyze various steps
involving droplet evaporation, mixing, and the chemical reaction. The successful application of these
methods of analysis are yielding good solutions using simpler hardware.

An example of the successful application of these analyses is in the area of exhaust emissions. The
basic problem involves achieving a satisfactory trade-off between the high-power region where smoke and
the oxides of nitrogen (NMO,) predominate and low power where carbon monoxide (CO0) and unburned hydro-
carbons (UNH) manifest themselves. From a combustor design viewpoint, this requirement presents conflict-
ing demands for high- and low-power operation.

The solution in large engines was to develop staged combustion systems where literally a small com-
bustor is used in the low-power regime and an adjacent, larger one used at high-power levels. The size,
cost, and complexity of such approaches were undesirable for small engines. Figure 13 depicts an annular
combusiLor designed for small helicopter engines. This circumferentially stirred combustor admits primary
combustion air through slots in the liner header to produce a flow vortex sbout a circumferential mean
line. Folding air jets entev through the inmer wall to reinforce this primary zome recirculation pattern
which is then forced to turn axially on either side of these folding jets to create a pattern in the
shape of a horseshoe. A single fuel injector supplies both legs of t!e horseshoe pattern, thus reducing
by a factor of two the number of fuel injectors required. This concept introduced a major cost benefit
and also resulted in doubling the size of the small fuel nozzle passages. Testing of this concept veri-
fied a reduced NO, production at high power levels where NO, is most critical. As a result, combustor
modifications could then be made to reduce CO and unburned hydrocarbons (UNH) at idle. The tested results
for & baseline combustor and a low emissions version of the same design are shown in Fig. l4 and compared

with the now sbandoned United States EPA standavrds of 1973 for an equivalent turboprop version of a small
helicopter engine.
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Gontinued development of advanced combustor modeling technique will lead to similar improvements in
combustor life, exit temperature distribution, and the sbility to handle a wide range of fuels.

4.3 Turbines

The design of & modern high~temperature turbine requires the integration of several technologies
that include aerodynamics, heat transfer, and materials.

All of these technologies play an important rtoll in producing a design that is efficient and poe-
sesses good mechanical integrity. The trend in turbine design is towards higher temperature and higher
work extraction per stage; this not only reduces the number of stages but also reduces the gas temperature
entering the next stage. As a result, cooling air requirements are also reduced., This higher work extrac-
tion, however, requires incredsed rotational speeds that result in higher stress levels,

size effects are critical to highly efficient, small turbines. Figure 15 illustrates the small size
of the gas producer turbine for an advanced 800-horsepower engine. Dimensional effects, such as toler-
ances, clearances, surface finish, leading and trailing edge thicknesses, and casting wall thickness,
cannot be scaled down, Therefore, these effects influence small turbine losses to a much greater extent
than large turbines. Since blade chords are not scalable, aspect ratios become smaller, thereby resulting
in larger secondary losses. Cooling airflow requirements are larger because of disproportionately higher
wetred turbine surface area. This addirional cooling flow not only crestcs more losses in the turbine but
is delrimental to the cycle. The challenge then is to minimize these effects with proper design. Some
turbine design features, which are presently being pursued, are discussed below:

The gas generator turbine for the LTS 101 turboshaft engine is an example of a good serodynamic
design for its size class (5 lbm/sec) as reflected by the tested performance map shown in Fig. 16. Care-
ful control of the surface velocities on the blades and vanes has contributed suybstantially to the high
efficiency. In addition, tip leakage losses have been minimized by designing for a e¢ylindrical tip dia-
meter and moderate tip reactions.

Blade tip clearances strongly atfect the end-wall losses and are magnified in small turbines. Spe-
cial attention was given to cooling the cylinder surrounding the high-temperature gas producer turbine so
as to minimize the "out of round" distortion to insure control of the tip clearance and leakage and to
extend its life. Figure 17 shows the design of a typical cooled gas-producer turbine cylinder with clear-~
ance control, Cooling air is channeled to the front of the cylinder where it enters a labyrinth of five
passages. The passages, which are interconnected, allow air to flow circumferentially as it passes from
one passage to another towards the back of the cylinder where it reenters the main gas stream. The purpose
of the clearance control is to safely maintain tight clearances during various operating conditions, i.e.,
takeoff, cruise, acceleration, and deceleration. This c¢learance control results in a reduction of the
end-wall losses with a gain of several percent in turbine efficiency.

The cooling air network for a gas producer Lurbine is shown in Fig. 18, Note that the heat shield
has a dual purpose: first, it insulates the turbine cooling air as it passes along the combustor liner;
and secondly, it allows some cooling air to pass between the shield and liner to provide convective and
film cooling to the liner.

The cooling air preswirl nozzles (shown in Fig. 18) are used to extract energy frow the high-pres-
sure cooling air, thus reducing its pressure and temperature before it enters the gas producer rotor, The
lower temperature benefits cooling of the turbine disk and blades.

An approach to the design of a high-temperature rotor blade is depicted in Fig. 19. Cooling air
enters the center of the blade and is allowed to impinge on the external skin through side holes. This
appruach results in high heat transfer coefficients and effective cooling. The air then passes through
film cooling holes to provide a protective film surrounding the blade.

New blade materials and casting processes are constantly being explored. Blades are being manufac-
tured by dicectivually sulidifying biade material to produce a columnar grain structure that improves its
gtress-rupture strength characteristics. Single crystal blades are also being produced for increased
strength by eliminating the grain boundaries. Directionally solidified blades permit a 35°F highe~ tem~
perature, whereas single crystal blades can tolerate a 1309 increase in temperature for the same
stress level and blade life,

As discussed above, regenerative engines benefit substantially from variable turbine geometry so
that high-cycle tewperatures are maintained at part power, thereby resulting in lower specific fuel con-
sumption. Although variable geometry has been limited in the past o uncooled power turbines, it should
be extended to cooled turbines so that adequate compressor surge margin can be insured at part power in
order to achieve maximum efficiency. It is by these means that the turbine can be continuyously alter.d to
meet power or acceleration requirements.

As discussed above, the turbine component requires considerable attention to a variety of details
that will contribute to improved performance and mechanical integrity. These details require the integra-
tion of the various disciplines to produce a successful design.

4.4 Regenerators

Recent studies have shown that regenerative cngines designed for helicopter applications using pre-
sent state-of-the-art components can achieve a 20-percent fuel savings over nonregenerative Lype engines.
The combined engine and fuel weight of a typical regenerative engine is approximately the same as a non-
regenerative engine configured for missions of two ty three hours. Fuel savings offget the higher acquisi-
tion cost of a regenerative engine for fuel cost above $1.80/gallon (1979 dollars). It is envisioned that
by 1985 a small regenerative helicopter engine can becowe economically feasible. This is especially true
since it is becoming wmore difficult to make advancements in component efficiency, and we may have to
resort to other means, such as regeneration, to achieve future reductions in fuel consumption,
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The regenerative engine now in production for the Ml Abram tank has provided valuable experience in
the degign, development, and manufacture of regenerators that could be applicable to helicopter turbo-
shaft enginea. Figure 20 is a schematic of this “multiwave-plate" regenerator core. Hot gas enters the
core along the inner annuluas, passes radially through the heat transfer surfacey, and then exhausts,
High-pressure air enters the core through the triangular passages and then enters t.e heat-transfer sur-
faces in a cross-flow direction, with respect to the exhaust gas. This air then flows radially inboard
(counterflow to the gas) and flows once again in a cross-flow direction and retums to the :ombustor
through the elliprical passages.

Preliminary designs of tube-type regenerators have alsc been made. An example of such a design is
illustrated in Fig. 21, where a regenerative LTS 101 is depicted with a tube-type regenerator, The regen-
erative engine is identical to the nonregenerative version except for the comlus.or housing. The housing
assembly incorporates the following functions by which it:

1. Provides s diffuser and duct for air leaving the compressor passing to the regenerator
2. Provides & duct for the hot air leaving tae regen:r-tor passing to the combustor

3, Provides a main structural member to attach the regemerator to the engine miiframe at the com-
pressor diffuser exit; this is the main rear support for rhe rear gas producer rotor bearing, the power
turbine agsembly, and the fuel wmanifold.

The regenerator which is a cross-flow, tube-type heat exchanger having two passes on the tube (air)
side and one on the shell (gas) side was designed to achieve 72-percent effectiveness with an air-side
core pressure drop of two percent and a gas-side core pressure drop of five percent. The thermodynamic
details are given in Fig. 22. The tubes ..re brazed to the forward header, rear header, and two intermedi-
ate baffles. The baffles are extensions of the hot-gis exit diffuser that improves the flow distribution
over the tubes, as well as providing a tube support struactura,

A comparison of the part-load performan~= of the regenerative engine with a nonregenerative engine
is preaented in Fig. 23. The regenerator pres..re drop, along with the additional diffuser loss and leak-
age, caused a reduction in maximumw power. The specific fuel consumption is reduced 20 percent at 50 per-
cent power which is approximately & cruise power setting for helicopter applications,

The regenerative engine has progressed to a point of becoming economically attractive for helicop-
ter applications. Further development of manufacturing methods such as welding processes, plate forming,
tube extrusion, and fabrication is required to reduce regenerator manufacturing costs.

5, CONCLUS IONS

Helicopter engines of the next decade will exhibit significantly improved performance if current
Kesearch and Development programs are pursued to their full potential.

Swall nonregenerative turboshaft engines in the 800-to-1200 horsepower class are projected to have
cycle pressure ratios in the range of 18 to 22:1 and turbine inlet temperatures of about 2B00OR. Speci-
fic fuel consumption will approach 0.4 1lbm/hp/hr.

Compressors used in future engines will achieve this cycle pressure ratio by using fewer stages.
Configurations consisting of a combination of axial and centrifugal stages or dual centrifugal srages are
viable approaches. The centrifugal compressors will have leanback impellers to improve efficiency and
range. The turbine will be aserodynamically, highly loaded with active clearance control to minimize tip
clearance and secondary losses. Advanced materials such as single crystal blades will be used to extend
life and reduce cooling requiremente., Environmental controls will beccme more severe requiring that more
emphasis be placed on developing combustors having Jow emistions, And finally, because of the escalation
of fuel prices, the regenerative turboshaft engine will receive more attention for helicopter applica-
tions with long duration mission requirements. '
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DISCUSSION

W.Heilmann, Ge
In rclation to your high pressure turbine performance map, is it from a cold rig test?

Author’s Reply
Yes.

W.Heilmann, US

Then, what would you expect the reduction in efficicncy to be due to cooling?
Author’s Reply

When operating in a hot environment with cooling, the efficiency would decrease between one and two points
depending on the clearance control.

H Kreiner, Ge
Do you have effective fabrication techniques to match the advanced tip clearance control and cooling designs?
Author’s Reply

Fabrication techniques would be developed concurrently with the advanced blade design. Fabrication techniques
already exist for the tip clearance control.




REGENERATIVE HELICOPTER ENGINES =~

ADVANCES IN PERFORMANCE AND EXPECTED DEVELOPMENT PROBLEMS*

H. Grieb, W. Klussmann

MTU MOTOREN- UND TURBINEN~UNION MUNCHEN GMBH
Postfach 50 O¢ 40, 8000 Minchen SO

Summary:

On the basis of modern engine component technology, including and emphasizing recent
progress in high-temperature heat exchangexr technology, a conventional and a regene-
rative helicopter engine in the 900 kW power class are compared in view of design, per-
formance and life-cycle costs.

The comparison shows that the installation properties of the two engines are roughly the
same, For a typical attack helicopter mission, the composite of power system weight (in~
cluding vhe IR suppressor) and fuel/mission weight will be noticeably lower in the case
of the reagenerative engine, This is mainly a consequence of the latter's better fuel
consumption,

The variable power turbine, being an indispensable part ot a regenerative engine, at
the same time leads t0 an extrenmely favourable transient behaviour with a moderate in-
fluence of severe cyclic loading on hot-part lifetime, No significant difference exists
in IR emission at part load, due to the design of the IR suppressor for the same
exhaust temperature at ma:x. power.

The life-cycle costs of a future fleet of attack helicopters equipped with regenerative
engines can be lower than with conventioneél engines. This holds true in spite of higher
development and production costs of regenerative engines, if the present trend of growing
fuel costs continues,

rinally, the problems which will have to be overcome are acequately described.

Symbols
H n altitude
M kg/s;: kg/h mass fiow
p kw power
P bar pressure
R -~ pressure ratio
SFC E%TF specific fuel co.asumption
T K temperature
\% m3 heat exchanger matrix volume
W kg welght
€ - heat-exchanger effectiveness
k VK . M'VE—
2 gggg; reduced mass flow . t
t

Abbreviations or indices

c COMPressor

F fuel

HE heat exchanger

IRS infrared suppressor
Lce life-cycle costs

t total

*The investligation was sponsored by the Ministiy of Defence of the Federal Kepublic
of Germany, ZTL No. MTU 1.20




1. Introduct ion

Advanced attack and transport helicopters will require grcrater installed power

than conventional helicopters with the sam~ take-off weight, because of more string=-

ent requirements as to their maximum {light speed and manoeuvrability. With twin-

cngined helicopters, moreover, in the event of faillure ot one enginc at low altitude, the
helicopter must have a high probability of being landed safely Ly the provision of a high
emeruency power with quick responsce characteristics of the other eragine. The high power,
which has to be installed for these reasuvas, means that for _the major part of the missioun
the engines will operate in the low part=-lgad range. Fig. shows the reguirements of
an attack and a transport helicopter.

With conventional helicopter engines, the low part-lcad range signifies operation with
unfavourable specific fuel consumption for a large part of rhe nmission. In contrast,
this 1s highly conventent for an engine equipped with a heat exchanger, which attains
its minimum specific fuel consumption at roughly medium part load. Taking an attack
helicopter as an example, an investigation is made into what design data are optimal
for an engine fitted with heat exchanger and into how the heat exchanger must be de-
signed and laid cut, in order to achieve an improvement over a conventional cngine
with regard to lowest possible overall welght (weight of engine plus weight of mission
fuel). In addition, the life-cycle costs of the engine with heat exchanger are ¢on-
trasted with those of a conventional erngine, and the two engines are compared concer=
ning their necessary installation cross-section and installation length.

2. Optimization of the_engine design data

Fig. (;) shows the specific fuel consumption at the desiga point and at 46% load (cor-
responding to the mean power; see Fig,.1)in relation to the design pressure ratio.

For thc engine without heat exchanger (reference engine), the turbine entry temperature
at the design point is 1400 K. A somewhat higher turbine entry temperature of 1430 K

was assumed for the engine with heat ~xchanger (regenerative engine) but this has still
to be explained. Accordingly, a maximum compressor pressure ratio of 12.5 is the opti-
mum for the engine without heat exchanger, both at part load and full load. The same
pressure ratio for the regenerative engine with S0 - 70% heat exchanger effectiveness
also leads to the minimum specific fuel consumption at part load. Hence it is reason-~
able for an engine of this power class (P = 900 kW) to select the same compressor press-—
ure ratio as in the reference engine,

The course of different temperatures and of the power turbine capacity at part load, im-
portant for the control of the regenerative engine, is shown in Fig. (:% . Also given are
the corrcsponding values of the reference engine, which are influenced by the pilot's lever
only., Whereas the turbine entry temperature in the reference engine falls at part load the
turbine entry temperature of the regenerative engine is held constant right down to 37%
load with the aid of a two-~stage variable power turbine. The turbine entry temperature is
reduced below 37% loaid bearing in mind the uncooled power turbine. In addition to a favour-
able specific fuel consumption at pari load, this control ensurecs that the mean temperatu-
re of the compressor-turbine blades (the characteristic of the mean blade temperature of
the first stage is represented) decreases by about 50 K between full load and 20% power.
Similarly, the mean temperature of the heat-exchanger matrix in this power range remains
virtually unchanged, which mecans that the heat content of the heat=-exchanger matrix changes
only slightly. This results in the heat-exchanger matrix not giving rise to any thermal
hysteresis during a deceleration or acceleration phase,

The turbine entry temperature was set with regard to the particular reguirements vi the
attack helicopter mission, with consideration being given to the widely djifferent thermal
operating behaviour of the engines witn or without heat exchanger. Fig. (f) shows the de-
sign parameters relevant to.the permissible turbine entry temperature, Theé virtual avoidan-
ce of operational "thermal cycles" as a result of the "isothermal operation" in the case of
the regenerative engine allows an increase in maximum turbine entry temperature in compa-
rison with the reference engine. On the other hand, the longer operating time at approxi-
mately constant, i.e. higher, turbine entry temperature in case of the regenerative engine
results in a reduction in the acceptable creep life. As a consequence, an additional 30 K
in favour of the regenerative engine may be claimed for the same lifetime.

Fig, (:) shows the specific fuel consumption at the design point and part load for the re-
ference engine and the regenerative engine, The compressor pressure ratio of both engines
at the design point 1is 12.5; the turbine entry tempe:ature of the reference engine 1400 K
and that of the regenerative engine 1430 K. The heat exchanger effectiveness was varied -3
between 50 and 70%. The significant improvement in the specific fuel consumption cf the i
regenerative engine relative to the reference engine in the predominant mission power
range is apparent. With the above-mentioned heat exchanger effectiveness the improvement
lies between 20 and 30% at medium power.

3. Heat exchanger selection and optimization

In the selection of the heat exchanger particular attention was paid to the exchanger's
frontal area with regard to the arrangement of the heat exchanger behind the engine and
the requirement not to increase the engine's wmaximum cross section,
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Fiyg, C) shows a sketch of the recuperators under consideration ({tube, profile and plate-
fin hedt exchanger) to explain the arrangement and the flow pattern. The profile heat ex-—
changer, undergoing development at MIU, is derived {from the tube heat exchanger, Both re-
cuperators have a 2-pass cross countevflow arrangement in centrast to the counterf{low type
plate-tin recuperator. The reguired matrix volume, matrix weight, trontal area and length
are compared in tig,. for a heat exchanger eftectiveness of €60% and a total pressure
loss within the matrix (air and gas side) of 7%, Worthy of mention is the low matrix
volume 0l the profile heat exchanger, This applics to both the net and gross volume (the
gross volume includes the space required for ducting air to and away f.on the heat ex-
changer). The matrix weight of the three recuperators under consideration is practically
the same, whilst the profile heat exchanger has the smallest frontal area. (For defining
the frontal area it should be mentioned that the flow area in front of the heat exchanger
corrcsponds te the free flow area available inside the heat exchanger matrix (gas side).)
With regard to installation length, the profile hcat exchanger comnares very well with the
plate-fin heat exchanger, A great advantage with the profile heat exchanger, on the other
hand, is the much simpler conductance of air to and from the heat=exchanger matrix in
comparison with the plate-type model. Finally, because of their desigh (free thermol ex-
pansion of the U-tubes or U-profiles), both the profile and tube heat exchanger are parti-
cularly suited for high operating temperatures and thermal shocks, whereas the pleate=-fin
heat exchanger may be considered sensitive with regard to local temperature differences and
thermal shocks. Therefore for purposes ot the following optimization the profile Leat ex=
changer was selected, as all-in-all this model best meets the requirements for favcurable
installation in a helicopter engine.

The optimization of the profile heat exchanger was carried cut with regaid to minimel over=-
all weight of the power system (engine plus heat exchanger plus fuel per nission). The
welght of the required infrared suppressor and ducting of air and gas to and from the heat
exchanger was not included as variables in the optimization process, From earlier investi-
gations it was known that these weight contributions have only a slight influence on the
optimization of the heat exchanger dimensionsz., Fig. ‘b shows the matrix weight, engine
weight and weight of fuel required for a mission in relation to the heat exchanger effecti-
veness. The weight of the engine was matched for a constant design ocutpnt of 900 kW, with ]
the reference engine being used as the starting point. Computation of the amount of fuel
required for a mission was based on a typical mission characteristic of an attack helicop=-
ter. The range in weight for any given heat exchanger effectiveness derives from various
matrix pressure losses. The minimum 2verall weight is obtained in the range of 55 - 65%
heat exchanger effectiveness,

4. Gas temperature at the engine exhaust

The turbine entry temperature of the reference enjine is compaved with that of the enginc
with heat exchanger at part load in the left-hand half of Fig. (g), based on Fig. 3. 7he
turbine entry temperature is held constant over a wide part-load range with the aic of a
two-stage variable power turbine. In the part-load range this countrol leads to virtually
constant exhaust temperature downstream of tha infrared supnressor. In contrast to the
reference engine, for mean power (46% power) this gives rise to an increase in exhaust
temperature downstream of the IR suppressor of 35 K, Accordingly, with the precondition
chosen here (same full-load exhaust temperature at the outlet from the IR suppressor) no
appreciable difference in the radiated infrared energy is to be expected. However, this
takes for granted that the heat exchanger assembly is very efficiently insulated with
simultaneOas saving in weight as opposed to heat radiation. -

5. Transient behaviour

A further advantage of the design with variable power turbine lies in the reduction in

the acceleration time of the gas generator. A gas-gencrator acceleration time of 1,0 = 1.5

seconds can be attained by openinc the power turbine fully during acceleration. This con- B’*
trasts with the 3,0 - 3,5 seconds for the reference engine. At the same time, the maximum 7
turbine entry temperature of 1430 K at steady-state operation is not exceeded, Even during
acceleration no appreciable change in the temperature of the hot parts occurs. However, it En
must be admitted that this takes for granted optimal matching of the compressor, whose

surge margin must be matched to the position of the operating line corresponding to

TET = const. (The operating line is constant for steady-state and transient conditions).

From the point of view of pilot safety the shortening of the acceleration time of the gas
generator is of particular importance for a twin-engined attack helicopter with regard to
the possible failure of one engine at low altitude,

6. Design

In order to adapt the reference englne to operation with heat exchanger, the following
design modifications in addjtion to the dimensioning carried out for comparison pur-
poses were required (Fig. ) £

= New compressor outlet casing with four connexions for ducting air
from the compressor to the heat exchanger.

- New combustion chamber casing with four tubes for ducting hot air
from the heat exchanger to the combustion chamber,
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- New power turbine casing required by the introduction of variable
vanes for the two-stage power turbine,

- New gas generator turbine bearing housing.
= Slightly modified power-turbine outlet casing,

- 8lightly modified power=turbine rotor involving the incorporation
of a rotating spacer between the two impellers of the power turbine.

The profile heat exchanger used is of V-configuration and is suspended in such a manner
as to permit movements caused by thermal expansion in all directions. The supply ducts

(4 in each case) between the compressor and heat exchanger and between the heat exchanger
and combustion chamber are provided with bellows to compensate for relative movements
between the turbine and heat exchanger casing.

Both englies were fitted with an infrared suppressor to fulfil the following functions:
- To block the view of hot engine parts,
- To cool the visible outer exhaust casing, and

- T0 mix cold air with the exhaust in order to lower the
exhaust gas temperature to an acceptable value,

Accordingly, the infrared suppressor [1] in question consists of an ejector and a mixer,
with the ejector flanged to the exhaust or heat-exchanger casing and the mixer secured
to the airframe. The ejector has four distributor nozzles for blowing the engine exhaust
gas into the four larger-area ducts of the mixer simultaneously mixing it with cold air.
Efficient cooling of the partly visible outer sections of the mixer offers the advantage
to manufacture the mixer in aluminium for low weight.

A comparison of the length of the two engines reveals an approximately 400 mm greater
length of the engine with heat exchanger. However, as far as the maximum cross sections
for the engine cowling are concerned, the comparison shows that when infrared suppressors
of the same deslign are used for both engines, roughly the same cross-sectional dimensions
for the installation space and the cowlings are required,

7. Overall weight of the power system

3 . ~ -y —m A o~ F A, o~
fuel consumpiion as 2 functicon cof power of the regencrative

te ngump
shown in Fig. C? - In comparison with the reference engine the regenerative
engine shows an improvement in fuel consumption of approximately 27% at medium power.

Fig. () gives a tabulated summary of the overall weight of the reference engine and

the regenerative engine. The approximately 28 kg heavier turkomachinery section of the
engine with heat exchanger is attributable to the following differences from the reference
engine:

- Lower specific power despite higher turbine entry temperature, because
of greater pressure losses (heat-exchanger matrix, ducts to and from
the air and gas sides).

- Lower efficiency of the variable power turbine.
- Actuation system weight of the variable guide vanes of the power turbine.
- Somewhat lighter infrared suppressor, because of the lower

exhaust temperature.

Including all the parts making up the heat-exchanger assembly, the overall weight of the ‘
power system comes out to be 552 kg, which means a weight saving of 35 kg in comparison -
with the reference 2ngine, £

8. Life-cycle costs

helicopters are summarized in Fig. . Comparison of the life-cycle costs was made 3
under the assumption of the same flight performance of the helicopters. The lower take- :
off weight in the case of the regenerative engine leads to a recduction of the installed

power and, thus, t0 an even greater reduction in the overall power system weight than

determined in section 7, Conseguently, a total reduction in the overall weight of the i
power system of 122 kg is attained with the twin-engined attack helicopter., Assuming a *
similar saving in the airframe weight (including the rotor), this leads to a reduction

in the take-off weight of 244 kg (5.4%).

The assumptions made when estimating(;fe life-cycle costs of the engines of a fleet of

According to Fig, (left-hand half), for 250 flying hours per year and distribution
of development and product support costs over 1000 engines, this gives an increase in the
life-¢ycle costs o 4.4% against the rcference engine at the present fuel prices. Because
of the considerakly smaller quantity of fuel per mission required by the engine with

heat exchanger an increase in the fuel price of more than roughly 60% leads to lower life-
cycle costs of this engine in comparison with the reference engine. Based on 50U flying
hours per year, life-cycle costs of the regenerative engine are always lower for the fuel
price range under consideration,




The right-hand half of Fig.14 further shows the influence of the development and pro-—
duct support costs on the lifee-cyc¢le cocts with distribution over a greater number of
engines. For 250 flying hours per year and at current fuel prices, an advantage with
regard to the life-cycle costs is attained for the engine with heat exchanger assuming
a production figure of 2000 engines,

9. Development problems

Decisive for the successful development of a regenerative engine of this category is the
effectiveness of the heat cxchanger and its theimal and mechanical behaviour., For the
reasons given in section 3, the heat-exchanger concept sclected is particularly suited
for the operating conditions in this case. Further, the design principle, similar to

that of a tube-type heat exchanger, and the detailed manufacturing and test experience
with tube-type heat exchangers under c¢omparable operating conditions, give good reason to
expect a positive course of development. Special emphasis in this context is to be paid to
a functional design, which at the same time promises minimal production coOsts.

As far as the comkbustion=chamber section is concerned, the hot air coming from the heat
exchanger at temperatures of up to 900 K signifies considerably greater thermal loading
of the flame tube thar would be encountered in conventional engines of this class. This
circumstance calls for an accurate flame-tubc structure with minimal cxpansion of the
flame~tube surface. Because of the very high thermal loading even the injection nozzles
will probably have to be cooled, meaning that the fuel will have to be drained off after
shutdown of the engine,

The variable stators of the two-stage power turbine call for a high degree of variability l
with minimal radial clearances of the vanes. Here it will be appropriate to build on MTU's
k experience witn a single-stage variable turbine, In the case of the two-stage variable tur-
bine it will be necessary to guarantee easy, but simultaneous low-play oOperation with

a very high number of movements in particular,

Finally, the reqenerative engine requires a control unit which permits the performance
potential of the engine under transient and steady-state conditions to he fully utilized.
Because of the allocation of service data, described in section 2, it will in this casc
be necessary to combine a digital contrel unit with gquick-reacting sensors in such a way
as to provide for a favourable-cost and reliable control unit design.

10, Conclusions and evaluation of results

From the above mentioned it becomes apparent that conventionally designed modern turbo-
shaft engines of the power class under discussion here serve very we.l as the starting
point for developing an engine with heat exchanger. Admittedly, this is true only when
the mean power oOf the engine is relatively low, as it is in the case of the mission of
an attack or transport helicopter for example.

It may be concluded from the determination of the engine life-cycle costs that because
of higher development and production costs turboshaft engines with heat exchanger are
the more advantageous, the greater the number of marketable engines of a single model
and the higher the annual utilization for the same service period., From the economic i
point of view, therefore, at least for the time being, engines with heat exchanger with
an assumed service life of 3750 hours are not attractive. However, in keeping with new
reguirements, the attack and transport helicopters presuppose an overall running time

of at least 6000 hours, corresponding to a service period of 24 years. This means that
the reduced fuel consumpticn of the regenerative engine would make itself much more felt,
T'his applies all the more when one considers that we shall have to reckon with an appre-
ciable increase in the fuel costs in the long run. Over and above this, the findings
show that turboshaft engines with heat exchanger promise interesting advantages for
helicopters and aircraft built in greater numbers and operated over longer periods.

[N 1

The very good acceleration capab:'lity of the engine with heat exchanger contributing
significantly to safety in the event of failure of one engine, is of interest as far
as the twin-engine attack helicopter flown at low altitudes is concerned.

.. LIRS

There are no obvious advantages of the regeneratlve engine over the reference engine
as far as infrared radiation is concerned,

with regard to the installation conditions, despite its somewhat greater length, the

engine with heat exchanger is not expected to present any serious disadvantages, espe-
cially as both engines have practically the same transverse dimensions,
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DISCUSSION

H.Saravanamutto, Ca
Have you considered the expected high temperature of the power turbine at part load?

Author’s Reply
This was considered with the turbine temperature being reduced at loads below 37 percent of maximum power.

H.Saravanamutto, Ca
Did you consider the deceleration response in your design study?

Author’s Reply
No deceleration problem is anticipated because of the nearly constant heat exchanger mean matrix temperature at
part load with subscquently constant overall content in heat energy (see Figure 3).

M.Hudson, US
Did you consider the rotary heat exchanger in your design and could you tell us why it was rejected?

Author’s Reply

It was rejected because of the high power level and the high engine pressure ratio as well as potential integration
problems.

W.Schneider, US

In reducing the power to 40 percent at constant cycle temperature, have you considered the compressor surge
problem?

Author’s Reply
Yes, the compressor would have to be designed with an appropriate surge characteristic.

K.Rosen, US

Because of potential drag penaliies, did you parametrically study the effect of increase in drag on increased fuel
consumption?

Author’s Reply
No, the aircraft geometry remained roughly the same for both engines because of their nearly identical maximum
cross sectional dimensions,

Unknown Questioner
Could you comment more on the differences in weight between the two engines?

Author’s Reply

As shown in the paper, when considering the reduced mission fuel weight for the regenerative engine, the total
weight is actually less than that of the reference engine (see Figure 12).
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LUBRICATION BREAXDOWN BETWEEN GEAR TEETH

by
B.A. Shotter - Chief Design kngineer (Gears)
Westland Helicopters Ltd., England

Damage to gear teeth attributable to "lubrication failure”
is an important failure mode., Though much has been wriiten
concerning this problem, several important aspects of the
damage initiation have received little attention, Detailed
observations of the early stages of breakdown sugge:t that
one may not be dealing with a single process: hence great
care is necessary when drawing conclusionus from observing a
damaged pair of gears.

A study of & number of these critical areas and discussion
about others, highlights the complexity of the problem, 1t
is only by fully understanding the pature of the problem,
that satisfactory remedies can be found.

Introduction

Since many thousands of words have already been devoted to this subject one might justifiably
gquestion the need for a further paper with a general title of this nature. The examination of
failed gears from many fields of operation, not only aeronantical, but aslso industrial, automotive
and marine, have shown ciaracteristics which suggest that therc are several initiating mechanisms
involved. The gubsequent damage may develop along similar lines and this can obscure the real
cause of the problew unless the early symptoms are observed and understood. This paper hopes to
describe some of the various initiation processes and to improve the general undorcianding of the
proolem.

Bagic Observations of Failed Componentis

2.1. DPosition of early stages of damage

The sequence of events leading up to major damage is slways important in trying to prevent such
a problem recurring, However, there are inevitably some cases where the damage has progressed
so far, that it is no longer possible to trace back the rfailure to its true origin, The
increasing intecrest being shown in healih monitoring techniques could well lead to an earlier
awarcness of damage and an improved ability to find the damage initiation areas. (Ref. 1)

When looking at various examples of lubrication breakdown a lot of the cases can have their
origins traced back to the tooth edges; ecither the ends or the tips. One example of this is
shown in Figure 1. Here the tip of a gpiral bevel gear is showing markings extending down the
flank. Whilst the photograph showe thesc marKings yuile clearly, they were hardly visible in
the high level of illumination by fluorescent tubes frequently found in workshops. It was
only by using & beam of lighi at a very shallow &ngle to the surface that these markings became
30 obvious,

Other examples arc found where the early damage is clearly not associated with the tooth edges.
Here it is important to cons.der the implications of other factors sich as surface finish or
surface treatmente. Sometimes breakdown can be sion to extend away from some 1elatively small
surface defect such as a small pit or an indentaticn nerhaps caused by a piece of debris
passing between the teeth.

The signif cance of these relatively minor markings in the early stages of damage development
may be modified cons.derably by the nature of the gear maierials, the presence of common
factors between the tooth numbers of meshing gears and the character of the speed and load
spectra.

2,2. 1nfluence of time on initiation

Whilst physical appearance may show the regions where damsge has been initiated, it is also
important to know when it started. Irobably the commonest time of initiation is during the
carly life of a gear sct, when the surface: are still changing during the somewhat ill-

defined process of "running-in", Certainly durin; this time,temperatures will tend to increase
and oil viscosity will fall, rendering the generation of hydrodynamic o0il films less efficient.
However,the process leading to breakdown is not solely relaled to the progressive loss of oil
film thickness until intimate metallic contact iu ecotablished, Frequently there appears to be
a sudden collapse to failure, though the oil film thickness at wnich this happens can be gquite
variable. (Ref, 2, 3)

———
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Apurt trom carly life failures there are many examples of lubrication breakdown after

prolonged periods of running. Somu of these can he assnociated with an interruption in lubricant
supply; usually it is possible to find evidonce of heating it thia has occurred. Fot
infrequently one finds new oil added and tl. gears allowed to run on, thus polishing out the
evidonce of heating on the operating flanks. Put careful examination of the edges of the
contact arca will often still show the tell-imle temper colours that dewonstrate that high
temperatures have been roached.

Another form of long life lubrication breaskdown can bo associated with tatiguc of the petal
surfaces. This has been demonstrated in the laboratory where sudden scuffing has occurred

on surfaces which were well past any rumning-in phase (Ref, 4). Sometimes on geara it is
yossible to see the presence of fine micro-pitting (¥ig, 2) on some arcan of the tceth where
the scuffing damnge has not oblitcrated mll the sarlier fatigue damage. However, it i3 also
possible for a scuffed surface te start tv fail by fatigue, so it is importent to find out
which came first! With carburised and case hardened gear: it scems that pitiing after
scuffing is most comwonly associated with the rclatively lightly dawmaged aress neAr the  edges
of the scuffed zones.

In considering when a purticular failure occurred it is important to distinguish between time
and life. A gear which hag had a "life" of several thousand hours could suffer lubrication
broakdown al'ter a gearbox overhaul, Even minor disturbances to geur alignment, perhaps due
to 8 bearing change, can initiate s failure. This is particularly common when there is
evidence of wear on the teeth, GSlight displacement of the contact area can cause excessive
local loading at an edge which can then trigger off the failure, Other gears have failed
relatively soon after standing idle for a long period. This may he associated with cerrosion
avmBge. Some scuffed gears ihat have been examined have shown typical corrosion marks on
their non-working surfaces although the flanks were itoo damaged to positively identiify any
corrosion as the initiation site.

2.3. Additional Qbzervations

Whilat moot failures are assoclated with the contact between one set of driving tooth surfaces
and a corresponding driven sct only., 1t is iwportant to relate these together correctly., For
instance reasesembly of two gears both having even nunbers cf teeth can result in tooth
surfaces contacting that have never previously un together., Any gear pairs having a compon
fuctor in iheir tooth numbers can surfer in this way,

Wnilst load, or more specifically, high local loading, can be responsible for initiating
damage, this load can be self generated. Gears operating with very low backlash can start to
contact on both rlanks. This can generate more heat and cause the gears to expand thus
iwpvaing even more lozd on the teeth. The combined effect of Jload and tepperature 1n these
circumstancea will frequently cause lubrication breakdown. Thus careful obaervation of the
nomninally unloaded surfaceg may provide useful evideace to explain & failure,

Tt ig still possible for gears to pull themselves together, even when relatively large backlash
exists, This can occur with gears having virtually all-addendum driving teeth, the expianation
of how it can happen ig given in Appendix I. However, several cases of tooth damage have been

observed where the only explanation scems to have been this unusual tendency for the gear teeth
10 pull into mesh with one another; improbable though this sounds at first.

3. Contact Conditions

2.1, General Tooth Contact Geometry

The jnatantaneous contact between conjugate profile gear teeth will be & line. For Spur gear
pairs ihids 1s always a straight linmc porallel to the gear eves, For helical gears this line
may he curved. For Involute helicala the line is again straight but is now inclined through
the plane containing the sheft axes. Gear tooth contact stresses are defined relative to a
plane normal to this contact line. What is often forgotten is that the area of one tooth is
relatively small and that the line of contact has to stop somewhere! (Fig. 3). These
discontinuities can have quite a considerably effect on the local stragses at the end of the
contact line, even when the basic tooth alignment is perfect, In the presence of manufacturing
errors the peak stress near the end of the contact line can be very much higher than the
theorctically calcu’ ited value for the basic tooth geometry.

3.2. Modified Contact Geometry

The fundamental behaviour of & line contact of finite length has been studied in cornection
with roller bearings (Ref. 5). To alleviate these adverse end atreas conditions gpecisl end
profiles are often used together with a 8light barrelling of the cylindrical form. The
Involute tooth system makes some attempt to provide a modification to the edge conditions by
introducing “"tip" or "tip and root" relief, Though the application of these is often rather
crude in concept.
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Since many lubricant breskdowns ars asgocisted with the tip contact conditions of either the
pinion or the wheel, the influence of tip relief on such failures could be quite aignificant
(Ref. 6). W¥hilst it is scmetimes recommended that the ammount of tip relief should just

equal the elastic deflection of the tnoth, experience has shown that rather more relief is
usually necassary to rrevent the contact line "falling off" the edge of the tooth., Whilut
gomc improvement is found with increasing relief, major benefits seem to acrue from the total
containment of the zcontact line within the flank area. Such behaviour secms difficult to
account for on the basis of contact stress slone snd the section on lubrication contributes to
the under:standing of this obacrvation,

Edge Geometry

Whilst tip rolief is usually applied during the normal nanufacturing process producing the
tooth flanks, the voundaries of these surfaces to the tooth ends and tip normally receive a
separate dressing operation, The character of this operation and the nature of the finish
produced can significantly modify the failure characteristics of the gears. Thus,although
such operations are frequently felt to be relatively unimportant,they can become critical to
the satisfactory performance of some gears.

Surface Properties

If the surface finish on the boundary edges is important, what about the tootl flank itself?
This question cannot be answered in isolation. The optimisation of surface finish on geer
teeth is a problem having many facets and the answers seem to vary in diffcrent cases. To try
to define the characteristics of an optimum surface is itself a dif“icult protlem. In
consequence all that is done herc is to note some factors of significance, but not to draw any
hard and fast conclusions from them.

i) A surface finish "lay" running across the sliding direction can be beneficial in
interrupting the mini-welds before they develop into larger scale damage, There are &lso
benefits if the "lay" runs across the rolling motion direction since this appears to
improve the lubrication as well (Ref. 7).

ii) Surface finish amplitude whilst often not appearing to relate directly to lubrication

breakdown, can influence behaviour through its effect on operating temperature. It has
been ahown that high initial surface roughness can result in higher coefficients of
friction on run-in surfaces (Ref. 8.). Thus if increasing temperatures render failures
more likely, as will happen with lubricants operating purely on a viscosity basis, then
smoother initial finishes will be beneficial., However, many oil additives become more
reactive with increasing temperatures and thus the increased operating temperatures
resulting from the usc of rougher surfaces can have beneficial effects in some

circumatancos._

iii) The presence of occasional deeper scratches on a surtace can have a disruptive effect on

the oil film generation. Some cases have been seen where the surfaces adjacent to a
scratch eemed almost on the point of scuffing. Had such an event occurred, it would
almost certainly have obliterated the acratch and the true origin might never have been
found.

iv) "Anti-Scuffing"” treatments can have conflicting effects on the surfaces. For example a

phosphate treatment produces an "anti-scuff" film, but at the same time tends to increase
the surface roughness of the metal, Cases have been seen where the protective film

appears to have worn off with time and then scuffing has occurred, but only within the

more heavily worn area. Other gears of the same design and operating under similar loading
have not failed when the depth of surface etching was less.

Another problem encountercd with a phosphate "anti-scuffing" treatment concerned an edge
breakdownu, In this case 1t was shown that the "protective" treatment actually made the
failure worse, So that, although these treatments may prove satisfactory in some
circumstances, they cannot be considered as a universal panacea whenever lubrication
breakdowns occur.

Lubrication

The lubricant

Although it might secm to be a fairly probable cause of lubrication breakdown, tre lubricant
itself is only one link in the load carrying chain, and major improvements in load carrying
performance can usually be made without resorting to oil changes. As mentioned in 3.4. (ii)
the two main factors of a lubricant are its viscosity characterisiics and its chemical
behaviour. ligher operating temperatures tend to make one more dependent on the chemical
characteristics, although higher speeds need oils of lower viscosity so these two aspects are
not necessarily in conflict. However, Macpherson has shown (Ref. 9) that the szuffing load
of given oils can vary significantly with temperature, the most critical region being in the
60 - 90°C region. This scemed to demonstrate an inadequacy in the development process of the
oils, since operation at tnese temperatures is almost inevitable during sowe periods in a
units life.
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4.3.

Whilst tne fundamental properties of the vila are important, the selecticn of an oil for a
given guarbox duty wiil depend on the operating chlaracteristica of the geara within it,

Where 8 oingle gear pair is concerned,a viscosity can usually be chosen to suit the piteh line
volocity of the teeth. When several reduction stages are contained in the same gearbox the
problem becomes more difticult, since the high terque low spced output stage would normally
prefer & much higher viscosity than a low torque high speed input stege. Thua cumpromises

are noccuvary and they cuan ghow up in any lubrication breakdown effects that are noted, With
Military equipment, the logistics demand of keeping a minimum number of 011 types can also
atfect the gelection of & lubricant.

Bagic Elastohydrodynamic lubrication (e,h.1,)

Since the majority of geary in use are Involute the argument will be developed arownd the
contact conditions for the basic Involute gearing system although the concepts can be adapted
to other tooth systems. The inotantaneous line of contact on spur gears will sweep from root
to tip on a driving gear or tip to root on tne driven member, As the contact moves over th:
0il wetted surtace, an oil filwm becomes trapped between the surfaces due to the high viscosity
that develops at the contact pressures existing between the teeth. Such conditions have been
investigated using disc machines which can maintain continuously the conditions at one point
during the action of two teeth (Ref, 10), The problem with gear Lceth is that the e.h.l,
contact has to start and tinish on every tooth.

Let us first consider the starting processa. The tip of the driven tooth will be the firat
point to be contacted, 80 one can observe the distance bhetween the corner of ihis tooth and
the lower flank of the driving gear, As the distance reduces there is no basic reason why a
significant oil film should develop, It is only when a contact pressure zone starts to sweep
over the surface that the basic requisites for generating the oil film can be found. Thus the
initial contact has to tolerate the high sliding conditions with an inferior lubrication

(Fig. 4a). The benefits of "tip=relief" in reducing load during this phase are, therefore,
likely to interact beneficially with the e.h.l, development proceass.

Looking now to the way in which the contact ceasey at the tip of the driving gear, the
geometric conditions Are reversed but from the e.h,l, point of view the action is significantly
different. The high contact pressure zone exists already and is moving towards the tooth edge.
The film thickness is generated at the ingoing edge of the Hertzian zone and the radi: o1
curvature of these approaching surfaces together with their velocities towards the conjunction
will influence the magnitude of the film, When the preasure zone bccomes very close to the

tip the effective radius of one surface suddenly becomes very small and causes an inferior
lubricant film, this again at & point where high sliding velocities exist (Fig. 4b). It is

not surprising that scuffing can start in such areas.

The behaviour at surface discontinuities can also be seen where a relatively deep scratch
crosses a gurface. 3Since the scratch relieves the pressure in the o0il film development process,
it acts in a similar way to the tooth edges. The amount of surface interaction adjacent to

the scratch edges is much greater than on the rest of the surface, demonatrating the inferior
oil films at the sudden discontinuity,

With teeth having a helical form the instantaneocus contact will exist as s diamgonal lire across
the tooth flank. Thus the two ends of the contact line coexist with the start and finish
conditions already described for spur gears. Although the central portion of the contact zone
can be generating near perfect oil films, the edge discontinuities Aare still the regions where
lubrication breakdowns most frequently occur, Similar behaviour is often observed on spiral
bevel gears,

E.h.l. at the ends of Helic 1 Gear Contact Lines

Whilst the previous section referred to the lubrication conditions at these points, the
situation is rather more complerxr than suggested there. The oil film thickness in &n e.h.1.
contact is largely determined by the conditions at the entry to the contact area, For a line
contact this is fairly simple to define. The entraining velocities of the surfaces normal to
the contact line and the radii of curvature of the surfaces in the ssme directions are
relatively basic properties and easily established (Fig. 5). What about the cnds of the
contact line though?

Firstly the contact at the tip of the driven member with the root end of the flank on the
driving tooth. When the first contact between these tecth occurs it is only a point right at
the end of the teeth. What velocity is to be used under these circumstances? As far as this
end of the contact line is concerned it is sweeping across the facewidth with a velocity far
faster than the sweep velocity of the subsequently developed line up the tooth. The effective
radii of curvature in this direction are also larper. Thus this end of the contact line can
operate under conditions attempting to improve the local oil film thickness.

At the other end of the contact line, however, the conditions are very different, The sweep
velocity of this end across the teooth is virtually the same as the other end of the contact
line, but here this caunot help to generate an oil film, Al this end the film thickness is
predetermined by the entry conditions of the line contact and, as already shown, these tend to
be less effective at this point.
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Diagrematically '.¢ relairve film generation ia shown in Figure 6 , Thus even when reasonable
attention is giv.an to the load discontinuity effects at the onds of the contaect line, there still
e¢xists an imbalance in the scuffing tendencies at these puints. Certainly damage seems to start
at the exit end rather more frequently than the entry end.

4.4. Lubricart Supply

Whilst tooth geometry, lorque loading and speed all affect the onset of fajlure in a relatively
predictable manner, the provision of an cptimised lubricant distribution over the tooth surface
is far more uncertain. The lubricant serves two distinctly separate functions. It produces
the Film separating the metallic surfaces, but it alse serves 4o tiansfer thermsl energy from
the geara, In many cases the majority of the oil is required for the second function. However,
excessive quantities of lubricant can generate heat as "churning losies", These increase
rapidly with apeed and it is uvsuaily found that dip lubrication becomes unsatisfactory above

20 m/s pitch line speed unless special steps are taken. Lubrication breakdowns can be
aggravated either by excessive temperature in the presence of adequate quantity of lubricant or
by an inadequate supply of lubricant which can lead to higher temperatures., Distinguishing
beiween these is not always easy, The temperature distribution on the gear casc can sometimes
be helpful,

One example where the wrong concluzsions were made involved a low ratio bevel gearbox. The
gears were relatively small in large casing and sliding speeds were low, A reasonahly low
pitch line speed was consistent with the dip lubrication used, Because of the large casing,
0il picked up by the dipping gear was thrown to the cesing walls and under cold conditions the
gear mesh could be starved of oil, Assuming that the oil properties werc inadequate for the
duty, &n even higher viscosity o0il was used which made matters worse! Finally the gears were
given & baked-on Molybdenum Disulphide treatment, which cured the immediate failure

symptoms, but damage 8till occurred later in the equipment life, Although excessive space was
fundamentally the cause of the problem in this case, more problems are usually caused by &
lack of space. Uniform clearances around the tip circles mey look nice on a drawing board,
but they can make it difficult for 0il to get away from a gear rim and thus cause increased
churning lcsses.

With higher speed gears the lubrication is usually by means of jets., The position of failure
initiation relative to the jet can be significant; on larger facewidth gears, twin jets
applying the same oil quantity can be cucceusful where a single jet system has failed, However,
the windage around the high speed gerrs can break-up an o0il jet and although it msy be

pointing in a certain direction this is no guarantee that it will strike the gear in that
position. Somec¢imes local wind deflectors can be beneficial in preventing such disruption.

such cases it cen scem improbable that the 0il would ever r1eéach the ro s of the teeth (Ref, 1),
However, contact with one gear can accelerate the cil and thereby enab.e it to enter the tooth
space f the opposing gear rether more easily than might be expected.

Often the oil velocity leaving & jet is lower than the pitchlina veloe vy of the teeth, 1In

Frequently oil drople!s are ricochetting between the casing and the gear many times; each cycle
transferring & little thermal encrgy to the casing. Such a process is the explanation of why
sometimes it is found better to direct o0il jets on the outgoing side of the mesh, When
directed to the inlet aide it is possible for the tooth action to move the 0il to the side of
the gearbox and not to generate as effoctive a spray to promote the thermal interchange.

Lubrication failures can sometimes be initiated during the starting cycle. If the eguipmrnt has

stood for som~ time, very little oil will be left on the teeth. Should the start-up acceleration
be very high, it is quite possible for high torques to be developed before the gears bave made

a complete revolution. Thus some teeth may experience alpost unlubricaced operation., Subsequent
revolutions in the lubricated state may not be able to provent the damage growin, since, in the

onlad atata  dha abaod
CCcld Ctio

te, the chemical activily of the mddilives cuan be very low.

As cen be seen there arc many possibilities for the lubricant supply to influence the operating
properties of the teeth. Vhen problems arise there are ususlly a lot of possible alternatives,
A careful analysis of the evidence can often help to cure the trouble with the minimum amount
of change to the asysten,

Conclusions

Whilst criteris exist for assessing some potential lubricant failure conditions, the.e are many other
asignificant factors. DBecause of tniz it is queationable whether these calculations serve a really
ugeful function. Apparant limits found in one application can be significantly exceeded in others,
It io important to recognise that there are a lot of possible initiation mechanisms and not to
attribute all lubrication breakdowns to the ssme cause.

Improved reliability will only be achieved by recognising the different factors that can cause failures
and ensuring that all these factors ure given due consideration, When siriving to improve che load
capacity of pge&r systems it is inevitable that failures will occur. Only if the true origin of a
failure is recognised will it be possible to successfully modify future designs s> that higher loads
can be achieved.
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ENDIX 1

EFFECT OF FRICTION AT THE TOOTH CONTACT ON THE TOOTH
NORMAL FORCES AND SEPARATING FORCKS

Consider initially an elemental tooth flank surface under static or zero friction conditions as shown
in Figure Al (a), A given tangential force Lp is required from the gear. To produce this, a normal
load Ly will have to act on the surface which is inclined at a pressure angle ©OC , This will also
cause a separating force Lg acting redially.

Thus Ly = Lp or Iy = 1 (1)
cos O Lo cos o=
and LS = Lp tanee or Ly = tan oe (2)

If now one introduces a frictional effect at the contact as in Figure A1 (b) due to the upward
movement of the contact point, then components Lpy a&nd Lgy will result from the Normal load as in the
previous case. But a frictional force Lp will exist in the plane of the surface where

Ip = /U- Iy
This can again be resolved into tangential and radial directions to give:-
LTF = Lp sin 0
and Lsp = Ly cosoc
Hence, the required tangential force Ly will be given by:-

Ly = Loy + Lop

Ly; cos O + /IA LN sineC

Ly (cosoC+ /U. sinot )

or n = ! (3)
—1.? cos OC + /u einoC

The resultant separaling force Lg will be given by:-

Lg = Lgy - Lgp = Llnsin X - S Ly cos o<
Ly (sinec - & cosoC)

1

= sin OC - /M cos O (4)
Ly
But relative to the tangential load Lt one has to combine (_3) ani (4) to obtain:-~
L3
— = s8in o - AA cosoc (5)
LT cos oC + /(/L sinogc

The results of equations (3) and (%) are plotted in Figure A2, The first graph shows how the
increase in friction tends to reduce the normal tooth loading. The constant friction curves show

minima which for typical lubricated friction co-efficients will be below most working pressure angies.

Hence, increased pressure angles will cause increasing normal tooth pressures.

The separating load curves show intercepts with the zero axis at values corresponding to the minima
of the normal load curves,

T T S
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Fir.2  Micro-pitted tooth surface with subsequent scuffing
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DISCUSSION
AlJackson, UK
Could you describe how gearbox life might be improved by giving attention to items discussed in your paper?

Author’s Reply
If there is a lubrication breakdown, then the gearing would quickly fatigue and fail. However, with proper
lubrication without breakdown, its life could be infinite. Other factors would affect the real life of the gearbox.



ADVANCED TRANSMISSION COMPONENT DEVELOPMENT
by

Kenneth M.Rosen and Harold K.Frint
Sikorsky Aircraft
N. Main Street
Stratford, Connecticut 06497
USA

SUMMARY

Recently, the emphasis in helicopter gearbcx development has concentrated on those
design innovations which will permit high temperature operation at increased speeds
without degrading strength or weight goals. Several of these design concepts are
discussed in this paper. One avenue of investigation, which shows promising strength
or weight advantages, is high contact ratio gearing. The means taken to obtain a high
contact ratio tends to produce an inherently weaker tooth and reliance must be placed
on the multiple load-sharing feature of this design to achieve an advantage over low
contact ratio gears. This paper discusses the appropriate consideration which must be
addressed in the design stage to achieve optimum results. To provide high temperature
capability, two (2) UH-60A helicopter main transmission housings, were fabricated from
a stainless steel alloy to replace the conventional magnesium alloy casing. Design
details and fabrication procedures are discussed.

INTRODUCT ION

Gears. in one form or another, have been in use for about five thousand years and are

almost as old as recorded civilization. The discipline of gear design and manufacture
has increased in sophistication at an accelerated nace throughout hictory and hac novw
reacked & level of developmeunt where it is not unusual for a typical high speed turbine
drive pinion to experience over 10 billion contact cycles without breakage or even

serious wear after five years of usage.

In the coming decades we can look forward to further advancements in all aspects of
gearing development, with increased emphasis placed on such areas as: new gear mater-
ials with increased survivability traits, particularly when running at higher tempera-
tures or without o¢il; and new gear designs with improved dynamic characteristics
resulting in reduced noise generation.

High contact ratio gear~ (HCRG) are gaining wider acceptance in aerospace designs
specifically because of beneficial strength and noise attrikutes. One possible draw-
back inherent to this configuration, however, is the fact that multiple tooth contacts
are necessary to gain an advantage over conventional designs consequently excessive
tooth spacing errors must be avoided. Accordingly, special attention should be given
not only to the fabrication and processing of HCRG to attain the highest quality gears
possible so that the etfects of random tooth errors can be minimized, but also to the
determination of load sharing among the contactiny teeth. This paper presents a
systematic approach for obtaining the tooth loads in [CRG.

The analysis presenterd herein is based on the work conducted by the Sikorsky Aircraft
and Hamilton Standard divisions of United Technologies Corporation in support of a
NASA-Lewis HCRG evaluation program, NAS3 17859.

Helicopter gearbox housings have traditionally been fabricated from cast magnesium.
Unfortunately the strength of this material deteriorates rapidly as operating tempera-
tures increase. Additionally magnesium alloy exhibit relatively poor fatigue strength.
This attribute is becoming increasingly important for support structures subject to
ground-air~ground (GAG) fatigue loading. The results of a program to evaluate the use
of a fabricated stainless steel housing as a replacement for the conventional cast
magnesium is presented.

HIGH CONTACT RATIO GEARING

among the goals of current aerospace research and development programs are increased
reliability, and power-to-weight ratio of power transmission systems. Considerable
effort has been directed at improving the performance of spur gears with respect to
these two criteria. This effort, however, has been primarily aimed at the development
of new gear materials; such as VACCO X2, Super Nitralloy, AISI M-50, and CBS 600; and
advanced manufacturing methods; such as high-energy-rate forgings, and roll-formed
gears. Although some research has been done on alternate gear tooth forms such as the
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Wilhaber/Novikov conformal system, Reference (1), the profile geometry of aerospace
gearing has remained basically unchanged over the years,

One possibility for improving the performance of spur gears that is gaining wider
acceptance to the extent that is is beginning to be used with increased confidence, is
high contact ratio gearing (HCRG). Most of the present day spur gearing operate with a
contact ratio between 1.2 and 1.6 which means that these designs have a point in the
mesh cycle, or along the line of action (Figure 1), where one tooth must take the
entire load. HCRG is herein defined as any gear mesh that has at least two tooth pairs
in contact at all times, i.e., contact ratio of 2.0 or more. See Figure 2. Because
the transmitted load is always shared by at least two pairs of teeth, in this configur-
ation, the individual tooth loading is considerably iess for HCRG than for present low
contact ratio designs. HCRG, however, inherently requires gear teeth with lower
pressure angles, finer diametral pitches, or increased working depths all of which tend
to increase the tooth root bending stress per individually applied load. In addition,
it would be expected that HCRG would be more sensitive to tooth spacing errors and

profile modifications because of the multiple tooth contacts and attendent load sharing
requirement.
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Figure I Line of Action for Involute Tooth Pair

Simultaneous Points
Final Ppint Of Contact
Of Contact

Normal Fitch

o,

Lors

Rotation

Initial Point
Of Contact

Figure 2b High Contact Rativ Tooth Design

To properly design and evaluate HCRG, three basic analyses are reqiired. First a
static analysis is necessary to calculate primary geometric relationships, theoreticsl
contact ratio, relative tooth stiffnesses or compliance values, and the amount of
profile modification required to effect a smooth transition of load at the beginning
and end of tooth contact. A system dynamic analysis is done next to determine either
the total dynamic load, or the dynamic incremental load accruing as a result of random
tooth errors and tooth deflections. Finally, a stress sensitivity analysis is per-
formed on the gear teeth to convert the tooth loading into root bending and cocatact
stresses so that these can be compared to acceptable design levels. This last proce-
dure is beyond the scope of this paper but is adequately covered in Reference 5.

Lo il o

e

ot

.

———

k)

A i O e N 3 e a b

L




11-2

Static load analysis

In any design situation there are always certain apriori restrictions imposed on the
designer which limits his choice of design variables. Among these may be gear ratio,
center distance, maximum pinion size, available tooling, etc. There are five basic
design variables which should be considered to achieve a high contact ratio design.
The choice, however, may be conveniently narrowed down to two or three because of these
prior design restrictions.

The contact ratio for standard involute spur gear teeth may be increased by any of the
following means:

1) Lengthening the 1line of contact by decreasing the angle of the line of
action, i.e., lower pressure angles.

2) Lengthening the line of contact hy increasing the addendum circle of one or
both gears, i.e., increased working depths.

3) Decreasing the normal distance between adjacent teeth, i.e., finer pitch and
increased number of teeth.

The contact ratio of a pair of mating spus gears is calculated by:

mp = (AGy[Ro] - Roi+ AMy\[Ro] - Rb; - AG AM C sin¢)/Pb §8)
where mp = thecretical profile
contact ratio
Ro, = outside radius of
driving gear
Rbl = base circle radius of
driving gear
Ro, = outside radius of

driven gear

Rb, = base circle radius of
driven gear

C = center distance

¢ = pressure angle

Pb = base pitch

AG = driving gear factor
{1 for external gears)
(-1 for internal gears)

AM = driven gear factor (1

for external gears)
(-1 for internal gears)

This equation can be rewritten more conveniently in the following form:

m = —————[AG\,(Nsmqb) +4a; (N, + a}) +AM4/(mg N,sin¢)® +4a;(mg N, + a;)

2 7 OS¢
- (AG + AM mg) N,sing) (2)
where Nl = number cf teeth in
driving member
mg = gear ratio (mg > 1)
ai = one-pitch addendum
of driving member
a) = one-pitch addendum

of driven member

It is obvious from equation (2) that, for design purposes, the five bacic factors which
can be varied to change the contact ratio are: diametral pitch, number of teeth, gear
ratio, gear addenda, and drive-side pressure angle.

while a higher contact ratio can be obtained by increasing gear depth, the longer
addendum, if extended too far, can create problems of pointed teeth or undercut tooth
flanks. The authors suggest that a topland thickness of .25/Pd is a practical minimum
for case-hardened HCRG. A tooth with less topland thickness may be susceptible to
edge-chipping and breakage due to through-carburization at the tip. Under ordinary
conditions, undercut teeth are also unacceptable because of reduced beam strength.

Figures 3 thiough 6 show contact ratios of external spur gear teeth as a function of
pressure angle, addenda modification and number of teeth. The possible design region
is limited on the bottom by the undercut limitation and on the right by the minimum
topland restriction. These graphs show that the chief limitation on HCRG of low
pressure angles is from undercutting. For hio“er pressure angles, the contact ratio 1s
limited by minimum topland thickness. As in be seen from Figure 6, the minimum
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topland requirement effectively eliminates gears with a pressure angle of 25° or more

from consideration for high contact ratio gear design.
ratio is also virtually insensitive to gear ratio,

Figure 7 shows that the contact
especially for ratios above 2.0.
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Addenda Modification (aPd)

‘Yooth pair compliance

The teeth of loaded spur gears deflect a measu
than the manufacturing errors in the gear teeth
deflection is the same as that of profile or pitch errors.
of the total transmission error and
the loaded gear teeth.

can be prolonged and the gears made qQuieter by making a pr
gear tooth to account for this tooth deflection.
tions on loaded gear teeth, therefore,
design process.

Figure 6

plays an important part
It is now well known (Reference 2) that the 1ife of spur gears

Addenda Modification (aPd)

rable amount which is usually greater
themselves.

The effect of this tooth
It comprises a major part
in the dynamic action of

ofile modification to the

: L Calculation of gear tooth deforma-
15 an 1lmportant and necessary step in the gear




N The elastic deflection characteristics of an individual gear tooth can best be de-

E scribed in terms of a gear tooth compliance coefficient. This coefficient is defined
as the relative deflection, measured normal to the tooth profile and along the line of
action, per unit force applied per unit gear face width. Thus:

EF3
c = = (3)
where C is the dimensionless tooth
compliance )
E is the modulus of elasticity
é is the normal tooth displace-
ment along the line of action
F is the tooth face width
and W is the normal tooth load

A gear tooth loaded by a concentrated force acting normal to the tooth profile and in
the direction of the line of action is subjected to three distinct types of elastic
deformations. These are:

1) a displacement of the tooth centerline due to bending and compressive deflec-
tion and to transverse shear deflection-(cantileverl beam deflection)

2) a local surface deformation at the point of contact-(Hertzian compression)

3) a rotation and shear deflection at the base of the tooth due to the flexi-
bility of the supporting structure-(foundation effect)

Analytical expressions for determining these displacements are presented below.
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Bending deformation

Figure 8 shows the gear tooth model to be analyzed for bending deflection an elastic
beam on a rigid foundation. A force W is imposed on the tooth, along the line of
action, at a given contact position on the tooth centerline defined by the height ¥y |
above the base. To find the deflection, § , at the point of load application due t&

the bending deformations of the tooth, the external work done by the force W is equated
to the sum of the internal energies. Thus:

yi yl 1
1. 1w 1 [ 1.9} 1w :
zWé = 3 ﬁdY+7[@ ay + | ® (4) |
0 :

where referring to Figure 8:

M= Wcoséy (yl - y) - bending
moment
Q = W cos¢,, - shear load component
N = W sing,, - radial load component
1= 1/12 3 -area moment of inertia
A = Ft - cross sectional area
and G = E - shear modules

2(1+y)




Substituting these relationships into equation (4) and simplifying, ylelds the follow-
ing expression for tooth bending compliance.

CB' 12 m:mifvlgx_]_{!x_)‘(zy-f [.2(1+v) + ba—-i‘—zzeu] [v-lgxi (5)
Q

Note that the tooth thickness t is a complex function of y, and encompasses both the
involute profile to its point of tangency with the fillet and a portion of the fillet
itself. The integral components of equation (5) cannot be readily evaluated in closed
form, however, the equation can be solved quite easily using numerical methods and a
digital computer to the desired accuracy.

Hertzian compression

To calculate the Hertzian deformation, the contacting teeth are considered as loaded
cylindrical rollers. Referrring to Figure 9; P, and P, are the equivalent radii of
curature of the profiles at the point of contact. Weber, in Reference 3, developed an 3
expression specifically for the local deformation of two gear teeth. Both teeth are ;
compressed by the force W. It is assumed in this derivation that the compression is
from the point of contact in th. direction of the applied load up to the centerline of
the tooth as indicated by the dimensions h;, and h,. This assumption implies that the
compression extends to the center of the t&oth and then is transmitted as a transverse
shear force to the rest of the gear body. Based on this assumption, the Hertzian
compression for loaded gear teeth of the same material is given by:

- 2W (l—v’)[ 2h 2 h; v )
b “WF E In =+ In - W] 6
where E
8w PP
= Y — —1T1 (]-p? :
b ‘JrFE P+ Py 1=+ m i
. . i
the half width of the band of contact. : 3

Note that b is also related to the Hertz stress 0. by

b = 7;:' i 5 14 oc (8)

The tooth pair Hertzian compliance is then

- 4 hb
G = 27 [ Ajyh - w7 9

Note that b in equation (9) is a function of the tooth load and that the Hertzian
compliance is thus an implicit function of w. The solution of this function can be
accomplished by iterative methods coupled with evaluation of the individual tooth loads
developed further in this paper. An initial value of Hertzian stress can be assumed
and the corresponding value of b calculated from equation (8).

¥Foundation

flexihilitw
—— e

The deflection of the tooth at the load point due to deflection and rotation at its
base can be evaluated by treating the tooth as a rigid beam built into an elastic
foundation and equating the deforming work done by the load W Lo the internal stress
energies of the support.

Based on the geometry of Figure 8 and the work done by O'Donnell (Reference 4) in the
evaluation of influence coefficients; the foundation compliance can be shown to be:

16.67 yl 2(1-2v) yl 4.82 !
Cr = cos’p, (1-+") ["_'%’ e ik e (“ mtanﬁ"tr)] .

it can be seen from this eqguation that the foundation flexibility is primarily a func-
tion of load position and the tooth thickness at the built-in section. The location
of the base and Lhe thickness t_ is conveniently defined by a fillet angle 7.
O'Donnell recommends a constant value of approximately 75° for v... At this point a $
question arises concerning the magnitude of ¥, and the location of t_. Cornell, Ref-
erence (5), takes a more rational approach and calculates the value Ef v_ which maxi-
mizes the total deforming work (bending + foundation) done on the tooth. Figure 10,
reproduced from Reference 5, shows the variation of fillet angle with load position
and fillet radius to obtain maximum beam flexibility. It can be assumed, then, that
the fillet angle should not be considered a constant, but varying with locad position.
Using the above procedures, and an iterative ioutine to locate the position of maximum
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the sum of the individual compliances.

Cp = Cgp * Ca * G4+ Cpy
Thus the total compliance that exicsts at aiy phase ot tooth engagemeni can be formu-
lated readily for a single pair of meshing teeth. The compliance curve will be concave
upward showing a characteristic stiffening of the tooth pair near the pitch point. For
a gear ratio orf unity, the cempliance curve will be symmetrical about the pitch point.
For other ratios, the complian. e at the tip of the larger gear of the tooth pair will
be smaller than the compliance at the tip of the smaller gear.

+ CFZ (11)

Static lcad sharing in multiple contact teeth

In HCRG, the transmitted load is shared by two or more teeth. To properly design these
gears, the proportiocnate lvad sharing between the loaded too%h pairs must be determined
with some degree of accuracy-

A typical cempliance curve for a HCRG design with a contact ratio of 2.32 would be
shown in Figure 11, The non-dimensional compliance is plotted as a function of the
rormalized position of the contact point along the line of action. Referring to Figure
11, the tocth palr engage at a and disengage at f. Since the actual distance between
these two points is the length of the path of contact, the normalized distance af is
numerically equal to the contact ratio.

11-7
flexibility, the support compliance can be calculated for any position along the line
of action.
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Figure 9 Gear Tooth Hertz Compliance Model Figure 10 Fillet Angle for Maximum Flexibdity
vs Load Point from Fillet
Total tcoth pair compliance
The total tooth pair compliance can now be found as a function of load position from
the initial point of contact to the final point of contact. The total compliance is

Assuming that. at a particular poinut in the mesh cycle, there are three tooth pairs in
contact; and

Wy, by, Wg, = the norral loads on the successive tooth pairs

Cl' CZ' Cq = the mesh compliance of the tooth pairs at the positions of simul-
taneous contact

ey, €y, €3, = unloaded relative position error of the mating teeth at points of
contact. (a positive value indica*es a gap and a negative value
denotes an interference)

€. €. €3, = amount of profile modification at the specific points of contact (a

positive value or zero)

Note that subscripts 1, 2, and 3 refer to the first, second and third teoth pairs in
contact, each separated hy one base pitch.

when multiple tooth pairs are in contact, the total transmission error at each contact
point must ke equal to avoid interference. Egquating this transmission error of each
contacting tooth pair, we have for three peair contact:
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alsc note that

wl + w2 + w3 = wN' the total normal transmitted load.

Solving these equations for the individual tooth loads we get

W = WMGG-EF [((e+e) (C+C) - (+6)C0; — ¢ eg+e))C]

1 G+ C Gy ¥ G, G, 13
W WCGG-EF [(gt+g) (G+C) - (g16)C ~ ( e+6)G) (14)
2 = C,C;* C,CyF C3C,
W = WNOG-EF [{ey+ey) (Ci+G) - (e+¢)C; - ( e3+e))C) (15)
3 GGt GG+ GGy

Similar equations can Le derived for the zones of two-pair contact. The results are:

. 2 WG-FF [(e+e) - ((e+e)]
W = —Nas < +LC21 {eve (16)

WyC,— EF [(e;te) = ((e;+6)]
W2 = MG [C,‘rz(,‘;: \e+e an

These equations allow one to calculate the individual static tooth loads at any mesh
position whan the compliance, error, ani profile relief relationships are known.
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Figure 11 Tooth Pair Compliance

Assuming, for example, that the teeth are unmodified and the tooth profiles are perfect

involutes, the tooth load distribution on an individual tooth can be calculated as it
proceeds thicugh mesh. For the case cited;

el = e2 e3 =0
€ S e = €3 =0

For the 3 pair contact zone;

—
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GC

- QG
WMy = 557 C 6T GG, (18)
Wo /Wy = N 1 S (19)

GGyt GGt GGy

= G Cy Py
Wy /Wy GG+ GG+ G (20

and for the two-pair contact zone;

[

W, My = G+ ¢ (21)
C

B = TR, @)

Using these relationships, the tooth lnad distribution on an individual tooth can be
plotted showing the variation in load as the contact moves along the line of action.
Using the compliance values of Figure 11, such a load diagram is shown in Figure 12.
Note from this diagram that at the beginning and end of contact, and whenever the load
shifts from 3 pair contact to 2 pair contact, and vice vers:; there is a discontinuity
in the load distribution. Associated with these abrupt changes in tooth load, there
will be corresponding changes in transmitted angular velocity which would adversely
affect gear performance.

The purpose of gear tooth profile modification now becomes quite evident. Profile
modification is a means of intentionally altering the involute profile to give a closer
approach to uniform angular velocity transmission by eliminating the sudden abrupt
changes in tooth load. The first step in this process is to reduce the load at the
initial and final points of contact to zero. Consider the tooth when it first comes
into contact at a. At tuis time, simultaneous contacts are also occurring at ¢ and e,
Assuming again that the gears are error free and that no modification is to be applied
below c on either gear, eguation 13 becomes;

WC.Com EF [ € (Cot Cy) ~6Ce]
w. = CIC'+ C.C,"" Cccl (23)

equating this to zero and solving for €,

e = MWEF CCotelC. (24)

. Cc+ C,o

similarly,

_ Wy/EF +6,Cy
€ = Tyt Cq (29)

Let tie torm of the profile modification be represented by:

€= €,(1~ i‘s-)“ (26)
and
€= e(1- BB (27

where S is the normalized distance from the initial point of contact and 1 is the
length of the modification as shown in Figure 13..

then

CR=2,(
%ﬁ‘_— CcCot el - —1'-2-) cg

€ = (28)

Cct Co
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W,
o o E_SCrall- TG (29)
' = Cor Gy

note that the bracketed terms in equations (28) and (29) mus be either positive or
zero.

Solving these two eqguations for 4, and e

CeCa (Cy¥ Ca) + GCCy (1 - B2

€= Wy, (30)
* CR-28 . CR=2

EF (Cc+ Co) (Cpt Cq)=(1 - T) 1~ ‘TFCCC,

W CuCa (Ce* Cu) + CeCaCy (1 - T2
“= T (31)

CR=20
(Cc+ C.) (ch+ cd)_(l - —]:‘) (l - T)Cccd

If the start of the tip relief is limited to the tip of the tooth, outboard of b, the
above equations simplify to:

¥
_ Wy C.C
“wr WSS a2)
and
- W GGy
T F G, (33)
and the profile relief, as a function of § is given by:
y GG(1-GEF (34)
= My s <52
€S BF GG 0S5zl
€ =0 ), £ S <(CR-), ) . (33)
wy GGa(l-3f e oo 1
T F GG (CR-}, ) S S<CR (36) N
t
.0
4
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Figure 14 Load Distribution with Tip Relief g

when these wrofile deviations are substituted into equations 13, 14, 15, 16 and 17; the -
; individual tooth loads for any value of S can be determined. The resulting change in .
! the load diagram will be as shown in Figure 14. Thus the profile modification effec-

' tively removes the load discontinuities and results in a smoother load transition and a

more uniform velocity transmission. The actual shape of the load distribution curve in

the three-pair regions depends upon the value of the exponent and the modification

length 1. Figure 15 shows the effect of varying these two parameters. It is apparent

from this figure that 1 has more influence on the load distribution than does «.

The effect of tooth errors on the tooth 'oad can be handled in much the same fashion
but it is inadvisable to try to correct tor index errors by profile relief since they
are random in nature and unpredictable with respect to sign. When a tooth is out of




position with respect to adjacent teeth, it will take more or less load depending upon
whether the error is positive or negative. The resulting load distribution for an
error of EFe/wn = ~.85 is shown in Figure 16,

It can be seen, from this diagram, that the maximum load increases by about 6% due to a
tooth spacing error which is equivalent to approximately .0002 in.

Dynamic load analysis

The effect of profile modification and random tooth errors on dynamic tooth loads can
be estimated most simply by applying an appropriate dynamic multiplying factor to the
static loads. Since the dynamic load really is an incremental load superimposed on the
transmitted load, this approach is subject to error, particulariy at the low load
portion of the spectrum.

A more systematic approach would be to calculate the total dynamic load using a suit-
able dynamic tooth model which takes into account both tooth profile modification and
tooth errors. Such a model, used in the analysis of Reference 5, is shown in Figure
17. This model assumes that the two mating gears act as the variable springs of a
dynamic system excited by the non-linear meshing action and stiffnesses of the gear
teeth.

Referring to Figure 17, the differential equation of motion between the two gears can
be written as

.. . n
xlxsr+dsr+ZwJ.=WN (37)

i=1
where Wj is the individual tooth load, W, is the total applied load, 5_ = S5, S, the

relative motion between the two gears, d is the damping factor. and n is Lhe nﬁibgr of
tooth pairs in contact. This equation in dimensionless form is:

- - n
y + 2¢y + 2 WMy = 1 (38)
j=1
where
¥ = S koM, ko = stiffness
at pitch point
v = Avidt w =“‘.-O,/M
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Figure 15 Effect of kand fon Tooth Lead

Because of the variable tooth pair stiffnesses acting during the mesh, differential
equation (38) is non-linear so that the closed form solutions will apply for only an
instant in time and are thus piecewise continuous through the mesh. To solve this
equation a time history solution is used, stepping through the mesh cycle in small
dimensionless time increments during which the tooth stiffness is assumed to be con-
stant. In this way solutions can be obtained for the deflections and resulting dynamic
tooth loads. Implicit in this procedure however, is the knowledge of the initial
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values of y and y. These can be obtained by interaction on the basis that after the
passage of one gear mesh (A4S = 1), the gear displacement and velocity must be the same
as that fo; the starting condition, when no gear errors are involved. 9he solution for
the case with tooth errors is done then in two steps; first, the iterative solution is
obtained for the zero-error case as discussed above. Then starting with the known
initial conditions of y and y, the analysis is run on a consecutive mesh basis, intro-
ducing the specific error on any tooth or teeth desired. A more complete discussion of
the details of this procedure is contained in Reference (5).

Tooth with Spacing Error

Percent Load

Position Along Line of Action

Figure 16  Effect of Tooth Error

The results of a dynamic aaalysis accomplished by the procedure described above, using
the same tooth design and spacing errors is shown in Figure 15. These results show
that, for the particular speed used, the dynamic analysis predicts lower loads than the
static analysis in the two-pair region and higher loads in the three-pair region.
Different results might be expected, however, at other speeds, at other values at
profilie reiief, or at lower damping.

Thus the load distribution in a HCRG design can be adequately calculated using either a
static or dynamic analysis for a given profile modification and error condition. A
NASA-Lewis sponsored test program is now in progress at Sikorsky Aircraft to experi-
mentally evaluate the above design procedure. Results will be available early in 1982.

Stress sensitivity

Many methods for calculating the stress sensitivity of spur gear teeth are available.
See References (6), (7), and (8). The applicability of these methods to HCRG was
evaluated in Reference (5). It was concluded that a modified Heywood analysis produced
results which compared most faborably with test results.

w ;
Ellactive Demping

Figure 17 High Contact Ratio Dynamic Load Model




11-13

Buttress tooth form

As has been discussed previously, the HCR tooth configuration is inherently weaker than
a conventional low contact ratio for the same load design, and any strength advantage
obtained is the direct result of multiple load sharing between successively contacting
tooth pairs coupled with adequate profile relief and error consideration. One means,
presently being tested at Sikorsky, for regaining some of this lost strength while
retaining the high contact ratio feature, is the use of a buttress tooth form. Stated
simply, buttressed teeth have a larger pressure angle on the coast side of the teeth
than on the drive side resulting in the asymmetric tooth form shown in Figure 18. This
design has a thicker tooth section at the base of the tooth where the bending stresses
are concentrated, albiet with a smaller fillet radius and reduced topland thickness.
The net result of this buttressing reflect, however, is a stronger tooth for the same
contact ratio. The percent improvement in strength factor is shown in Figure 19 for a
drive-side pressure angle of 20° and various coast-side pressure angles, and for three
load-~application points.

TIP

14 {
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Figure 18 DButtress Tooth Form

Coast Side Pressurc Angle

Figure 19 Strength Increase of Buttress Teeth

Constant relative radius of curvature

One of the disadvantages claimed of the involute gear tooth form is the rapidly dimin-
ishing radius of curvature of the tooth profile in the vicinity of the base circle.
The relative radius of curvature at any contacting point is given by:

L
R = ——1%3.
e” B +p, (39)
where &£, and arc the ragii of curvature of the recpective teeth at the contact

n

point. °It can fe seen, from this relationship, that the relative radius of curvature
is always smaller than that of the smaller gear. Thus as the point of contact ap-
proaches the base circle (as it must for HCRG), the relative radius of curvature
approaches zero. since the contact stress between the contacting gear teeth is in-
versely proportional to the relative radius of curvature, it becomes increasingly large
as the radius of curvature becomes smaller. Not only does the contact stress lncrease
as contact approaches the base circle, the sliding velocity ircreases also, and the
scoring hazard, which is a function of the product of contact stress times sliding
selocity, can be proportionately larger for HCRG than for conventional gears.

To correct these disadvantages, it is possible to design and fabricate. teeth that
deviate from an involute curve to the extent that the individual tooth curvatures will
give essentially a constant relative radius of curvature across the entire work;ng
profile of the tooth. This can be accomplished by using an S-ghaped line of action
which caa be generated by a similarly-shaped hob. This approach will reduce the
contact stress at the extreme points of contact thus reducing the scoring hazard
without affecting the contact ratio.

A further advantage of the constant relative radius of curvature (CRC) concept is shown
in Figure 20, The interferance point is defined by the intersection of a radial line
passing through the gear center and normal to the line of action. In the CRC gears,
this point is closer to the gear center and thus, the practical minimum number of teeth
on the smaller gear can be reduced and the undercuting limitation virtually eliminated.
Thus the CRC tooth form has two advantages -- 1) lower Hertz stress will occur at the
tips of the teeth where scoring hazard is highest and 2) fewer numbers qf teeth are
possible on the driving member resulting in higher possible single-mesh ratios.




11-14

The effect of the CRC tooth form on load sharing and tooth bending can be addressed by
calculating the deviations of the CRC profile from the involute profile and introducing
them as profile deviations in equation (13), (l4), (15), (16), and 17. This potential
modification to the HCRG design will be evaulated at Sikorsky in the near future.

FABRICATED TRANSMISSION HOUSING

Sikorsky Aircraft has beer pursuing the fabricated housing for high temperature opera-
tion since the early 1970's. An ATL funded study showed that an appreciable weight
savings could be achieved through fabrication of a steel or titanium main transmission
housing. An in-house effort then resulted in the fabrication of a tail gearbox housing
for the RH-53 helicopter. This stainless steel housing, Figure 21, resulted in a 10%
weight savings for the same stiffness as the production magnesium housing.

Line of Action - CRC —

/ Piteh Point

/—- Interference Point - Involule

Line of Action - lavolute

T Interference Potnt - CRC B

Fuure 20 Comparatwe Interference Points - CRC vs. [nvolute Profiles Figure 21 RH-53 Fabficated Tail Cearboy Housing

Material selection

Stainless steel was chosen in these studies for its strength, ease of fabrication, and
welding charactevristics. Other materials were evaluated, however none measured up to
the overall attraction of stainless steel for continuous operation in the 450° - 550°F
range.

Aluminum alloys 6061-T6 and 7175-T736 are not viable candidates for advanced transmis-
slons because the operating temperature of the gearbox without an oil cooler is above
the aging temperature of aluminum. Magnesium alloys, although 100° higher in aging
temperature than aluminum, are still too close to the operating temperature for long
term stability. 7wo high-temperature magnesium alloys do exist but corrosion resist-
ance 1s low.

Titanium alloys are viable candidate housing materials, however, the higher cost of the
end-product does not appear worth the small weight savings when compared to stainless
steel.

Composites offer the promisc of good ballistic damage resistance, and resins exist
which will resist temperature and synthetic oils (polyimids), but the low thermal
conductivity across the resin (in the order of 0.3 BTU/ft/hr ft2°F) does not allow
sufficient heat dissipation by radiation to eliminate the oil cooler. Also, this
material does not appear to have the weight savings potential of a stainless steel
gearbox without an oil cooler.

Carpenter Custom 450 was selected from stainless steels such as 15-5, 17-4, and 17-7.
In the final analysis, two parameters determined the selection of the alloy. First,
housing stiffness requirements are more stringent than strength thus allowing the use
of a lower-strength material with increased fracture toughness. Second, Carpenter
Custom 450 appears more amenable to welding processing than any other alloy. Carpenter
Custom 450, a minor modification of 17-4 PH, has the required strength and stiffness
properties and improved welding characteristics needed for high volume production.

The chemical compositon of Carpenter Custom 450, given in Table 1, has been balanced to
achleve a martensitic structure in all conditions of heat treatment. The carbon
content of the alloy is extremely low. This results in a tough, ductile martensite
which resists cracking in the weld metal and the heat-affected zone of the parent metal
and, because of its low carbon content, preheating prior to welding is not necessary.
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Housing design

The design goal for this program was a housing stiffness equal to or better than the
BLACK HAWK magnesium housing, Figure 22, and a 10% weight advantage. Since the
specific stiffness E/P, is basically the same for titanium, steel, aluminum and magne-
sium, the weight saving was to be achieved by more efficient design, i.e., without the
limitations imposed by current casting practices.

Carbon 0.05 max Chromium 14.00/16.00
Manganese 1,00 max Nickel 5.00{7.00
Silicon 1.00 mav Molybdenum ]| 0.50/1.00
Phosphorus .03 max Copprer 1.25/1.75
Sulfur 0.03 max Columbium x C mm

Table 1 Carpenter Custom 450 Compaosition-Percent

Figure 22 BLACKHAWK Cast Magnestum Housing

The fabricated housing, Figure 23, is of semi-monocogue design and is comprised of a
sheetmetal shell to which stiffening ribs are wrlded. The ribs provide the supports
for the inputs and tail take-off and transfer tie main rotor bearing loads into the
airfran::. The shell reacts the shear loads and retains the lubricating oil.

Finite element analysis (NASTRAN) was used to design the housing to withstand a simu-
lated forward crash load of 20 g's without undergoing catastrcphic failure. Con-
straints impcsed by having to retrofit existing hardware prevented optimizing the shell
to carry this 20g locad (equivalent to 67,400 1lbs at the rotor centroid.) The addition
of ribs to the shell provided the primary path for the main rotor loads and for attach-
ment of the housing to the airfrme. For a forward crash condition, the fore and aft
ribs are the primary members. Maintaining structural integrity o¢of these members
prevents catastrophic type failure. Whereas magnesium housings, if tested to destruc-

tion, would fail in a brittle static fracture mode, a steel housing will fail by
buckling and/or instability.

The NASTRAN model used for the stability analysis is shown in Figure 24. This model
contains 8963 degrees of freedom and i1s made up of primarily the CQUAD 4 isoparametric

merbrane bending quadilaterial elements. Plane stress elements were used for the
braces and tail rotor take-off.
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Figure 23 Fabricated Steel Housing Figure 24 NASTRAN Model-Fabricated Housing
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With the load applied at the centroid of the rotor system, the stability analysis
revealed three distinct buckling modes occurring in the skin up to the 20g load. As
NASTRAN is a linear analysis, post buckling analysis is not possible, however the
assumption is made that load redistribution due to buckling is not severe since it is
assumed the ribs are carrying the majority of the load. Based on this assumption, the
stresses in the housing were evaluated as shown in the I1SO-stress contours of Figure
25.

I'wo housings were fabricated at Sikorsky Aircraft. A special welding fixture was
designed to permit logical assembly of detail parts for welding. The bearing journals
and flange details were machined from ring forgings and .060 inch sheet stock was
butt-welded to form the cylinders and cone. Assembly was by manual gas tungsten arc
welding using strips of base material as filler. The heat treatment of the housing was
performed on a holding fixture and consisted of a vacuum solution anneal at 1900°F for
15 minutes followed by an aging cycle of 1025°F for 4 hours.

A complete dimensional inspection was performed after welding and aging to check
material dimensional changes and distortion. It was observed that subseguent to the
aging cycle, a dimensicnal shrinkage occurred, however, an absolute value of a shrink-
age coefficient could not be established. The amount of shrinkage is dependent not
only on the material characteristics but also on the structural configuration (re-
straint offered by the massive rings ou the thin sheet metal).

Final machining was accomplished, after heat-treatment, utilizing production tooling
and machinery. To prevent excessive chatter and possible pick-up and seizure of the
material, Rigidetex, a plastic compound, was molded to the input housings. The dampen-
ing characteristics of this material eased machinability of the input bores to the
close alignment tolerances required for successful operation of the input bevel pinions
and gears. The housing was vapor blasted and passivated to achieve the desired matt
finish for optimum heat-rejection and corrosion resistance.

The fabricated housing eliminated the requirement for hardened liners thereby elimin-
ating secondary machining operations. Through-bolts are wused exclusively, thereby
eliminating the requirement for added material and machining for threaded steel in-
serts. This resulted in attainment of a 8% savings for the fabricated housing which is
estimated to weight approximately 102 1bs in its final configuration compared to the
cast magnesium housing weight of 110 1lbs.

Thus, the fabricated stainless steel housina offers a viahle alterrnative to the a

magncsium alloy casting particularly where high temperature capability and surviv-
ability are design requirements.

Correlation of static test results with the NASTRAN stress analysis is yet to be
accomplished, Future plans also include a system integration test which will determine
heat rejection rates, noise radiation, and structural stability.

Figure 25 1S0-Stress Contours

Conclusions

The load distribution in a high contact ratio gear design can be adeqguately calculated
using either a static or dynamic analysis for a given profile modification and error
condition. The design can be further enhanced by including the buttress tooth feature
and modifying the profiles to give essentially a constant relative radius of curvature
in the tooth contact to reduce the scoring hazard.
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The fabricated stainless steel housing offers a viable alternative to the conventional

magnesium

alloy casting particularly where high temperature capability and crash

survivability are design requirements.
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DISCUSSION

H.Saravanmutto, Ca
Could you comment on the recuperated configuration where the heat exchanger is located between the gas generator

and power turbine? Concern is that temperature level at this point would be much higher than that previously used.

Author’s Reply
To place the recuperator upstream of the power turbine is a rather new consideration. However, no studies have been

made as yet in Germany to evaluate this arrangement. The description of Figure 13 of my paper states that in this

arrangement the recuperator is bypassed during full and emergency power. This is done to protect the recuperator

from temperatures hotter than in the other installation. Your comments on the heat exchanger bypass is contained
in my paper under ‘disadvantages’.




DESIGN CRITERIA OF THE A 129 HELICOPTER DRIVE SYSTEM
by

A Garavaglia and G.Gattinoni
Costruzioni Acronautiche G.Agusta
CASCINA COSTA
Gallarate, Italy

SUMMARY

This paper discusses the design philosophy of the Agusta A 129 drive system which is
actually under development to meet the modern requirements of the Armed Forces for a
light helicopter in the anti-tank role with night and day fighting capability.

Efforts have been made to meet the stringent requirements of system layout and to
achieve low weight, high life, maximum reliability, survivability and ballistic toleran
ce, through integrated system design, modular concepts, use of redundant system and dry
run capability.

INTRODUCT ION

The transmission system digcugsed in thisg paper was designed for the A 129, helicopter
now under development at Agustsa, in conformity to the Italian Army requirements for a
1ight anti-tank helicopter. '

The moet stringent requirements for the heliconter are

- twin turboshaft powar

- inherent provisions inside the mast for the installation of a night and day visionics
system

- trapsportability

- ballistic tolerance

and for the dynamic system ;

- 2500 hours min, T,B,0.
- 30 minute safe flight capability after loss of lubricant
- accessorieg ground run capability with main rotor at rest.

In addition to the above requirements, are also requested:

- ease of maintenance
- high reliability
-~ good weight/power ratio

DESIGN PH ILOSOPHY

An extensive and laborious redesigning of the main trasmission lay-out was required
during the preliminary study phase for a rational integration of the transmission into
the helicopter, because of the limited space provided for the dynamic system and the adop
tion of unusual requirements.

An eagy maintenability is an essential feature in a military helicopter to achieve
maximum system reliability and thus minimize mission abortions.

Experience however teaches that "maintenance generates maintenance" and accordingly
the reliability of a mechanical system is even lower when life limited items are invol-
ved, Starting from the fact that some parts may fail, the introduction of modularization
criteria for the subgystems of a primary system such as the main transmission, can make
maintenance easier, allowing the replacement of high failure risk modules and then elimi-
nate the possibility of adversely affecting reliability, <for the greater the gseparation
between the modules the lower the risk of secondary damage.

Thege criteria have been complied with during design, with the result of achieving not
only a satisfactory accesslbility to the main drive system and engine modules, but also
to the accessories and hydraulic components located in the same area,

From this viewpoint the mailn transmission has been partitioned into four partially in-




dipendent subsystems with possibility of disassembly directly on the helicopter.
The modules are :

1) Input quill first reduction stage and actuated free wheeling,
2) Main gear case housing the II, III, IV. reduction stages,

3) Upper case with main rotor mast and bearings,

4) Accessories gear box.

In addition to modularization the possibility has been retained of indipendent removal
of traditional maintenance components such as free-wheels and lubrication pumps,

The lubrication system was designed featuring two modules: ths first with the cooling
fan straight connected to the accessories gear box; the second integrating the coc r body,
filters, bypass thermostatic valve, pressure relief valve, safety and check valve, with
no need for external oil line and fittings.

Besides the unusual but recurrent external limitations,to the A 129 transmission was
imposed an internal limitation as well, constituted by the large diameter of the mast.

As it 1g possible to gsee from the transmission scheme, the mast diameter has nc’ allo-
wed to achieve a great reduction ratio for the planetary stage, because large dirf :eterg
proved necessary for the sun gear, the shafts and the bearings coaxial with the mast itsgelf,

In order to overcome these limitations,the transmission ratio of 78.2 wag obtained
through four reduction stages tailored in such a way as not to ianterfere with the ring
diameter of the planetary stage, which on the other hand, was required to provide a ra-
tional suspension system for the transmission.

The selection of the four reduction stages was positively evaluated during the preli-
minary design phase, because it proved convenient even with respect to weight optimization.
The use of spiral bevel gears for the first two stages has allowed to free the power
transmission scheme from engine center distance and mounting attitude, and to contain the
collector gear diameter ( third reduction stage) within the planetary ring gear diameter.
Moreover this solution has allowed to position the free-wheels in an area accessible
from the outside without removal of the first stage transmission module and allowing for
the power line of engine n° 1 only,to incorporate disingagement provisions for the free-

wheel, as necessary for ground running the accessories with the main rotor at rest.

With the advent of stringent military requirements for attack helicopter survivability,
several design vulnerability aspects have been explored, and among thew of course ihe tran
smission systewm scheme,which for the A 129 has been designed to feature duplication of
the rotor-engine power line up to the end reduction stage ( planetary ).

The modular transmission lubrication system has been designed to duplicate the most
vulnerable conmponents keeping them as far as possible apart with no need for connec-
ting lines.

Also the main transmission suspension system has been designed with vulnerability
rationale through the adoption of eight large diameter rods, convergent into duplex
junctions, which have already been experimented with success on the A 109,

Vulnerability criteria were given paramount importance in the design of tail rotor
shafting, The choice of a supercritical system was primarly dictated by the requirement
for large diameter shafts which not only had to feature ballistic tolerance but also had
to guarantee torque transmission following a hit,

The weight increase generated by the use of cversizsd diameter shaflis wiih respect
to the normally transmitted torque, is partially recovered by the suppression of the
hangers necessary for a subcritical drive systems, thus minimizing the number of couplings
and bearings, which generally also reduce system reliability.

An intermediate or tail rotor gear box, lubricated by oil, may be adequately designed
to providé required failsafe operation as well ag to meet vulnerability requirements, one
of tbe basic advantages of the oil lubricated gearbox is the possgibility to place an
electric chip detector in the best location to monitor metal chips generated by gears
or bearings failure. An o1l temperature sensor may also be easily installed,

However seal leakages and complete o0il loss problems, have suggested the use of
grease lubrication for these gearboxes.

This kind of lubrication requires gearboxes of particular internal architecture such
that the grease migrates within the cavities around the parts to bs lubricated, thus
providing several compartements which prevent that grease be completely drained in case
of ballistic casing damage.
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POWER TRANSMISSION SCHEME

As mentioned above the main transmission ig a four stage reduction system,

The first and second stages consist of spiral bhevel gears, the third stage of helical
gears which drive the final gear consisting of a spur gears planetary system,

The tall rotor shaft is driven directly by the collector gear and by a spiral bevel
gears set,

The accessory gearbox can be driven both by the collector gear (in flight) and by
the gear shaft of the left engine first gtage ( on ground) and has the possibility to
drive one alternator , a hydraulic pump, an ECS filter compressor and the lubrication
oil cooling fan.

The power transmigsion scheme 1is completed by two engine shafts provided with flexi-
ble couplings and by a supercritical shafts system which drive the intermediate and the
tail-rotor gearboxesg.

CONFIGURATION AND WEIGHT TRADE-OFFS

Because of its functional features the A 129 transmission does not fit into a normal
weight comparison diagram vergus the ratings integrated by transmission ratios.

As a matter of fact its weight is greatly affected by the mast dimension which houses
a part of the stationary and rotating flight controls and by the accessory gearbox which
can be driven both in flight and on ground with rotor at rest without the aid of an APU,

However in the design definition shase all the esperimented technological features
necessary to minimize weight have been applied to each component without altering the
component functional features.

DESIGN CRITERIA

MAIN ROTOR TAIL ROTOR
ENGINE
CONDIT ION OUTPUT OUTPUT
A v
RPM | SINGLE | TWIN RPM HP RPM TRUST Hp

HP HP kg
STATIC LIMIT 27000 | 1341 2196 346 1982 1657 708 466
TRANSIENT - - - - - 596 371
2 1/2 MINUTES - - - - - 460 254
60 M INUTES 27000 894 - - - 374 182
MAXIMUM CONTINUOUS 816 1464 346 1318 345 140
100% POWER RATING 732 1464 346 1318 J 345 140

A based on sea level, ISA standard day -

¥ based on hovering at 2000 m , 35°C, with factor of 1.20
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GEAR DESIGN CRITERIA

The first two reduction stages consgist of spiral bevel gear sets, Being the pitch
line velocity of both gears very high (> 10000 ft/min), the gears have been designed
featuring limited dynamic loads and thus minimize the probability of scoring and bending
overgtressing. To achieve the required dynamic load condition, fine diametral pitches
and high mismatch contact ratios have been adopted in conjunction with low design bending
stresses; surface roughness has been limited to 16 CLA max, to assure a good tribological
behaviour. The smail teeth size has implied verification of the top land thickness
in order to avoid problems of overcarburization.

The third reduction stage consists of two helical pinions driving a collector gear.

In this reduction stage the choice of helical teeth was a trade-off between weight,
face contact ratio and axial thrust; moreover a fine diametral pitch allowed a thin rim
with relevant weight saving.

To provide a smooth run and consequently low noise level a face contact ratio larger
than 2.0 was imposed for both helical and spiral bevel gears.

The final reduciion stage 1is a spur gear epicyclic system for which a high gear ratio
could not be achieved bezause of the stringent dimensions imposed to the sun gear and to
the fixzd ring. However a gear ratio of sbout 3.0 for this application was judged
satigfactoyy.

In order to achieve the above gear ratio and at the sate time save system weight, a
pressure angle of 25° wag chosen for the sunh-planet mesh and of about 17° for the planet-
ring mesh.

To allow a good load sharing and ~oncurrently reduce the effect of the vibrations on
the main case,a flexible flanged ring gear was adopted. This solution was already success-
fully adopted on the A 109 main transmisgion,

As mentioned above the accessory gearbox htas the peculiarity of being driven in two dif
ferent ways, which implies that each gear can be driven or driving.

For the drive train of this gearbox were selected spur gears, expressly designed tn
avoid 'scoring' in both running conditions.

The shape and the stiffness of all main transmission fast gears will be analitically
dimensioned by means of a computer program capable of predicting their natural frequen

Lics which shall La
CITH WiliLkh Shnaix Us

BEAR ING DESIGN CRITERIA

The Ljo 1life for all bearings has been calculated with the aid of :+ computer program
for high speed bearings, which ipn the statistical determination of life takes into acco-
unt the internal loads generated by centrifugal forces and by gyroscopic moments.

The bearing internal geometry has been devoted careful attention to offszt the effccts
resulting from rclling element dynamics; in fact a sudden change ir ball control at such
high speeds can causge catastrophic failures because of the quick wear caused by friction
temperature rise.

Besides, high speed bearings failures have
cannoul be timely detected Ly convontional diagnes

For these reasons high speed hraringr have been designed with a hiigher than average
reliability parameter and their nousings have been provided with temperature bulbs to
detect any sudden rise which is an indication of mulfunction,

All roller bearings have innnar races worked integrally with the shaft to avoid inner
race creeping on the respective shafts.

The reliability of all bearings has been further increased by the use of M50 VIM-VAR
steel for the rolling elemeuts and riugs and by the uge of wrilver plated steel cages.
Thege aaterials are essential to overcome the high temperatures during the oil oOff run
condition.

Both inner races of the mast bearings are also worked integrally witin the shaft made
from ESR 4340 (Hpc 53+55) , thus avoiding large diameter nvts.

such a high progression rate that they
+

idp ecustoamas
20 SYSLONE.

FREEWHEELS

Sprag type ~lutches are ingtalled in the first stage spiral bevel gear deeigned so
that they wngage centrifugally. This feature ensures & continuous contact betweea
gprag and race and ensures smooth reingagemenis al speed, after a period of freewheeling.

A good tradeoff between welght and coast has encouraged the selection of this kind
of clutch,

The shaf: of input N° 1 ig axially disrlaced so as to nrevenlt froewheel engagement

o
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and thus independently di'ive the accessories gearbox on ground.
Further, in order to avo.d the risk of axially loading the sprag, the spiral bevel
set wasg designed to take only radial loads on the gear,

LUBR ICAT ION SYSTEM

The lubrication and cooling system consists of two volumetrical gerotor pumps which
suck from different gumps and feed two separate lines provided with relief valves and
filters.

The two systems are integrated with sump - mounted mechanical safety valves, eccesgsive
differential pressure sensor, and fluid-mechanical valves which cut off the oil flow
if a damage exists on the line,

Cooling is provided by a single fan which supplies the air flow to the two indipendent
rzdiators which too incorporate thermal bypass valve.

Extreme care was exercised to avoid the presence of external lines and fittings and
to make the oil jets of the lubrication line inside the transmission, accessible for
irspection,

In addition,suitable provisions have been developed to ensure safe ¢il off running
condition, such as servicing the gears with impregnable material and collection sumps
having the function to gradually return the oil for a short time, in default of normal
lubrication.

DIAGNOSTIC3

The A 129 is provided with an integrated Multiplex Sysiem capable oOf processing the data
fed by the sensors from the critical points of the drive system and of making them avai-
lable to the pllot ccntinuously or on demand.

As said above, the tail rotor gearboxes are grease lubricated, and they need accelero-
meters as detecting equipment.

The main transmission 18 o0il Jubricated and is provided with the normal instrumentation
to survey pressure and temperature. Iv 1s also provided with a Quantitative Debris
Monitoring (Q.D.M.) system to detect the wmagnetic chips generated by the failure of
bearings; geare, etc,

Thermal probes integrate both the tail rotor gearbox accelerometers and the first
stage QDM system of the main transmission,

VULNERABLITY

One of the most¢ important requirement of the Italian Army is that the helicopter be
able to fly for at least 30 minutes if hit by a 12.7 caliber bullet,

The whole transmission system c¢f the A 129 wrs designed reflecting this requircment
and a great care was glven to the most expose2d areas in such a manpgr that all gears
were straddle mounted, bsarings were protected by ESR 4340 steel liners of adequate
thickness and hardnesgs; the lubrication system were the most redundant as possible; and
the rotating parts could funciiop for at legst 30 minutes without lubrication,

The temperature rise due to 0il off running was taken into account dimensioning the
geary backlash and the bearings radial play, and selecting no preloaded ball bearings.
The tail rotor supercriticsal shafts,the grease-lubricated gearboxes and the main
rotor shaft which have the function to protect the rotating controls, were also designed

reflecting vulnerability criteria,

CONCLUSIONS

Regpondence to the imposed requirements has been achieved through integration of
the transmission system into the helicoptar, principally through the adoption of design
retionale and confining new technologies to those components, which because of their
nature, could not be conveationally developed.

Turing components dealgn development, preliminary tests shall concurrently be conduc-
ted in order to substantiate the choices mspde in the course of the preliminary study
phage and thus limit risk areas in the course of assenbly development tes's.

.
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APPENDIX A

A 129 DESCRIPTION

The Agusta A 129 is a light, twin turboshaft powered, combat helicopter under deve-
lopment for the Italian Army use, primarly in the anti-tank :ole, It has a single,
four~blade, articulated main rotor and a two-blade, semirigid, tail rotor. s

The crew of two is seated in tandem with the aircraft commander/pilot seated aft and :
above the copilot/gunner. Armament is carried on four pylons mounted on stub wings.

The primary armament is the Hughes Aircraft Company TOW missiles system, Rockets,
machine guns pods, and external fuel tanks can also be carmried on the armament pylons,

Propulsion is provided by two Rolls Royce GEM-2 engines capable of developing up to
918 SHP earh.

The take-off gross weight in the Italian Army primary mission configuration is
8080 1bs ( 3665 kg).

The A 129 has performance comparable to that of the U.S. Army's Advanced Attack Heli-
copter (AAH) but is considerably smaller and lighter, The AAH, of course, carries twice
as many missiles as the A 129,

The A 129 is the first helicopter to protect the upper flight controlsg from ballistic
damage, wire strikes and icing by placing the control rods and the swashplate assembly
ingide the main rotor shaft. An inner stationary mast provides inherent provisions for
installing the stationary or telescoping Mast Mounted Sight (MMS).

The Integrated Multiplex System is the single most significant feature in the A 129,

It provides this small helicopter with umprecedented capability and flexibility.

The heart of the IMS is a reduntant MIL-STD-1553B data bus communication and centrali-
zed data processing system which totally integrates navigation, communication, flight
instruments and controls, system management, aircraft monitoring and maintenance recor-
ding, greatly reducirg crew work load,

In addition the A 129 is a "tough little machine™ which is difficult to detect, dif-
ficult to hit and if hit can continue flight for at least 30 minutes, but if it does
crash the airframe is crashworthy,and the crew is protectnd and will survive to the goth
percentive of a survivable accident (as defined by MIL-STv-1290).

AMWOTA A120
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DISCUSSION

Unknown Questioner
Have you conducted tests of the air intake shown in your paper to determine whether or not they will accommodate

foreign objcct ingestion?

Author’s Reply
Although the shape looks peculiar, tests have been conducted to measnre its resistance to foreign object damage.
Ice or dust effects are still to be determined.

Same Questioner
How successful have you been with the post-to-carrier attachiment system described in your paper?

Author’s Reply
No problems have been encountered thus far in the program.

bl DG il
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LE DEVELOPPEMENT DES HELICOPTERES EN FRANCE
par
1'Ingénieur en Chef de 1'Armement
DANIEL BERTHAULT
Chef du bépartement Hélicoptéres
du Service Techhique des Programmes Aéronautiques
4, avenue de la Porte d'Issy
75 996 PARIS ARMEES

Les deux dernidres decennies ont correspondu, pour 1'industrie frangaise des hélicoptéres, a une période
de croissance rapide : d'une part les forces armées nhationales étaient dotées, en quantités significatives,
d'appareils militaires bien adaptés A leur finalité opérationnelles et de bonnes qualités techniques, d'autre
part des succés considérables étajent obtenus, sur le marché de l'exportation, aussi bien avec les hélicopte-
res militaires qu'avec d'autres machines, & vocation civile, développées en prenant en compte les impératifs
du marché, et se clagsant souvent de maniére trés favorable par rapport aux produits de la concurfence.

La présentation qui suit retrace les caractéristiques essentielles du développement des hélicoptéres
en France durant cette période.

Elle analyse par ajlleurs la ligne directrice et les modalités de 1l'action des services publics dans ce
domaine,

Enfin, en définissant les besoins futurs et les axes d’'action, elle esquisse les perspectives pour le
futur.

1. HISTORIQUE DES DEVELOPPEMENTS D ' HELICOPTERES FRANCAIS

La planche 1 rappelle la succession des différents programmes d'hélicoptéres frangais, avec la quantité

totale cumulée d'appareils produits par 1'industrie nationale. (Les dates indiquées sont celles du premier
vol du prototype).

Il est intéressant de situer cette évolution dans le cadre de 1'évolution mondiale du produit hélicoptére
{planche 2).

A R 3RD GENERATION
HELICOPTERS
IN SERVICE MATURTTY
s 332
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SUPLR PUMA  EVOLUED TECHMOLOGIE
A/C SWD 13.9.78
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HELICOPTERS - SPECIALISATIOW /'/'
s000 45 350 40000 4 ~ HELICOPTERS ARE | uTILISATION dt
ECUREUIL GITIG ReLBLE, | - IR DieUsIon
27.6.74 BUT ARE STILL - INCREA cIviLs /
151 CENERATION cosTLY, UTILISATIONS "'/
P ’
FI5T0M ENGIME 4
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En coinparant ces deux planches, l'on constate que l'activité frangaise a suivi cette évolution mondiale,
et 1'a méme, dans certains cas, devancée.

Pour commenter rapidement cet historique, je distinguerai trois catégories

~ les apparells des années 1960
~ les appareils dec la coopération franco-britannique

-~ les apparells de la nouvelle gamme.

1.1.- Les appareils des snnées 1960

I1 s'agit de la famille des ALQUETTE et du SUPER FRELON,
1.1.1.- Les ALOUETTE
1.1.1.,1.-_L'ALOUETTE II

Appareil développé en 1955 pour remplir au profit de 1'Armée de 1'Air, de 1'Armée
de Terre et de la Marine les missions suivantes :

- liaison

- écolage

- observation - PC volant

- sauvetage

- évacuation sanitaire

- transport de passagers et de fret

= souldvement de charges.
De plus, une version civile a également été définie.
Les caractéristiques essentielles de ce programme sont données en planche III.
1.1.1.2.- L' ALOUETTE III

Cet appareil n'a pas été développé au titre d'un programme, mais comme extrapola-
tion et modernisation de 1'ALOUETTE II, en 1960.

L'appareil était destiné a exécuter avec plus d'ajsance les missions dévolues a
1'ALOUETTE 111, avec en plus :

- pour l'Armée de Terre :

. la reconnaissance armée

. le transport de 6 commandos équipés
- pour la Marine :

. la sauvegarde porte-avions de jour

. des missions de liaison sur petits batiments.




Les caractéristiques de 1'ALOUETTE 111 sont données en planche IV.
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PLANCHE II1 PLANCHE IV
ALOUETTE IT ALQUETTE_III

- Caractéristiques principales
SE 3130 moteur : ARTOUSTE I1 B 1
puis
ARTOUSTE Il C

SE 318 moteur : ASTAZOU II A

- 5 Sigges

- Madse maximale : 1600 kg
~ Vitesse de croisiére maximum : 180 km/h
~ ler vol : 1955

- Caractéristiques principales

- SE 316 O
361 B Moteur ARTOUSTE II B

316 C

7 siéges

Magse maximaum : 2100 kg

Vitesse maximum de croisiére 190 km/h

- SE 319 moteyr ASTAZ0U XIV-
Vitesse maximum de croisiére 197 km/h

- Livraisons Etat frangais ;. 444
- le 1
(31.12.80) Autres utilisateurs rve
frangais et exportation : 861 = SE 316 1960
- SE 319 1971
- Livraison
SE 316 SE 319
Etat frangais 141 73
Autres utilisateurs
frangaic et 1094 111
exportation
PLANCHE V
LAMA
- Caractéristiques principales
SA 315 B Moteur : ARTOUSTE II B
Masse maximum au décollage 1 1950 kg

Chacge maximale a 1'élingue: :

Vitesse maximale de crolsiére :

Plafond & 1950 kg :
- Premier vol : 1971

- Livraisons : 290
{31.12.80)

Hélicoptére encore en production

2300 kg carqgo sling
1000 kg cargo siing
193 km/h

5400 m

1.1.1.3.- Le LAMA

T S

Cet appareil a été congu pour le travail aérien : il est destiné A porter des
charges élevées et & travailler a haute altitude.

Il correspond a une cellule 4'ALOUETTE II sur laquelle est monté le groupe moto-
sustentateur de 1'ALOUETTE III.

Ses caractéristiques essentielles sont données en planche V.
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1.1.2.~ Le SUPER FRELON

Cet appareil a été congu pour répondre & une fiche programme de la Marine de 1962, pour les
missions suivantes :

- lutte anti sous-marine

- transport 4'assaut

- transport sanitaire

- transport de frét

= récupération de tétes d'engins.

Il a été développé A partir de 1961.

Ses caractéristiques essentielles figurent sur la planche VI.

PLANCHE VI

SUPER FRELON
SA 321 G

- Caractéristiques principales

SA 321 G Trois moteurs TURMO III C 5

cC6
c7
Masse maximale 13 000 kg
Vitesse maximale
de croisiére 255 km/h
- Frender vol 1562
- Livraisons Marine frangaise : 24
31.12.80 Autres utilisateurs frangais et exportation : 74

1.2.- Les appareils de la coopération franco-britannique

11 s*agit des appareils couverts, pour le développement et la production, par 1l'accord intergou-
vernemental franco-britannique signé en mars 1977, qui prévoyait une -organisation désignant, pour
chague programme, une Agence Exécutive nationale et un maitre d'oceuvre industriel unique.

Ces hélicoptéres sont :

- le SA 330 PUMA

~ le SA 341 GAZELLE

- le WG 13 LYNX
1.2.1.- Le SA 330 PUMA

Cet appareil a été congu pour répondre a la fiche programme de 1'Armée de Terre du
17 Mars 1962, et aux caractéristiques militaires précisées le 15 juillet 1963.

Les missions principales étaient les suivantes :

- héliportage d'éléments d'infanterie
- hélitransport en zone avancée

- hélitransport a grande distance.
Les caractéristiques essentielles de 1'appareil devaient étre :

- aptitude au vol IFR
- mise en oeuvre autonome

facilité de maintenance

facilité a'évolutions & trés basse altitude.

s

MCn L et w,

b s 5

e st N it & ookt ok o, s

b et ol ot s




1y 140

S L R

o e

13-5

L'uappareil a été choisi en février 1967 par le Royaume-Uni, pour équiper les formations de
la RAF, Seules donc son industrialisation et sa production ont été réalisées en coopération,
le développement ayant précédé et ayant été effectué nationalement.

Les caractéristiques essentielles du SA 130 sont données planche VII.

1.2.2.- Le SA 341 GAZELLE

Cet appareil a été congu pour répondre aux exigences communes franco-britanniques d'uvn
hélicoptére léger d'observation. Les missions qul luil sont dévolues sont les suivantes :

~ reconnaissance

~ liaison

- obhservation

- PC volant

- supporLt d'armement léger

~ évacuation sanitaire

- transport de fret léger.
En outre, l'hélicoptére peut étre utilisé en appareil école.

Cet appareil a été développé et produit en coopération SNIAS/WHL, sous agence exécutive
et maitrise d'oeuvre frangaise.

I1 a fait 1'objet, en 1977, d'une revalorisation (SA 342).
Les principales caractéristiques de la GAZELLE sont données planche VIII.

1.2.3.- Le WG 13 LYNX
Cet appareil a été développé gn eoopération franco-britannigue (SNIAS-WHL) sous maitrise
d'oeuvre et agence exécutive btitannique. Utilisé en version "utility" par 1'Army britan-
nique, il a également donné lieu & une version navale pour la Navy britannique et la
Marine frangaise. Cette derniére version comportant un systéme d'armes anti-surface et

anti sous-marine (SONAR) dont le développement était effectué par la France.

Les caractéristiques essentielles du LYNX version Marine frangaise sont données en

planche IX.
PLANCHE VII PLANCHE VIII
SA_330 PUMA GAZELLE )
~ Caractér .stigdes principales - Caractéristiques principales
- SA 330 Moteurs 2 TURMO III C 4 = SA 341 Moteur ASTAZOU III N
- 1B passagers - 5 siéges
ou - Masse maximum 1800 kg
12 commandos - Vitesse de croisiére maximum 240 km/h
- Masse maximale 6,7 T - SA 342 Moteur ASTAZOU X1V
7 m
7,471 - 5 siéges
- Masse maximum 1900 kg
~ Vitesse maximale ~ Vitesse maxumum de croisiére 264 km/h
de croisiere 258 km/h

- Premier vol

- Premier vol : 1965 - SA 341 1968

- Livraison (31/12/80) Etat frangais s 173 - SA 342 1978
Etat britannique 44 - i isons - Etat frangais s 189
Autres utilisateurs (3Iri; gg) - Etat brifannique : 243

frangais et expor— : 440 - Autres utilisateurs
tation francais et export : 414

PLANCHE IX

LYNX MK 2

- Caractéristiques principales
Deux moteurs ROOLS KOYTE BS 360 GEM 2 900 SHP (671 kW)

- Masse maximale : 44z: kg
- Vitesse de croisiére maximale : 140 knots (259 km/h) B8 = O ISA + 15° C
- Missions principales

A - Détection et attague de¢ sous-marins (ASW)
B - Recherche de surface par radar
C - Attaque de bateaux de surface

- ler vol : 1978

et T I NN T
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1.3.- Les apparails de 13 nouvelie gamme

| Ce sont les appareils qul constituent, actuallement, l'essentiel de la production nationale fran-
; gaise, et qui sont représcitatifs de l'état de la technologie nationale. Il s'agit des appareiis
! de la famille DAUPHIN, des ECUREUILS et du SUPER PUMA.

| 1.3.1.~ Les appa;eils de la famille DAUPHIN

Le DAUPHIN a été initia.ement développé comme le successeur de 1'ALOUETTE III, avec le
DAUPHIN &:.. 360, de 2800 kg. Cependant, la demande du marché se précisant, une version plus
lourde et bimotorisée a été développée (SA 365 C) puis une version de performaices amélio-
rées a vu le jour (SA 365 N).

C'est ce dernier appareil, qui incorpore les caractéristiques les plus avancées de la tech-

nologie frangaise (moyeu rotor et pales en matériaux composites, rotor AR fenestron, etc...)
qui constitue le cheval de batazille de la production nationale dans le créneau des bimoteurs
moyens, et qui a remporté plusieurs succés importants a l'exportation.

Les principales caractéristiques des appareils de la famille DAUPHIN sont données planche X.

1.3.2.- Les appareils de la famille ECUREUIL

Ces appareils ont été développés pour créer, dans la gamme des hélicoptéres légers, des
produits susceptibles de prendre la suite des ALOUETTES 1I et III, de caractéristiques
modernes et attractifs vis & vis de la concurrence.

Développé initial~ment en version monomoteur (avec moteur américain pour le marché de
1'Anérique du Nord) 1'ECUREUIL esc le résultat d'un effort particuliérement poussé d'arns-
lyse de la valeur.

Une version himoteur, destinée elle aussi au marché américain, a été réalisée, et a rencon-
tré un succes rapide.

Les caractéristiques des appa-eils ECUREJIL sont données planche XI.
1.3.3.- Le SUPER I'UMA

Cet appareil a été développé pour donner un successeur au PUMA, avec un produit plus moder-
ne, amelioid, et suscepiiuvle d¢ Souienii la Concuiience vis a vis de 1'UTTAS des Eiais~Unis.
Il s'agit d'une revalorisation du PUMA, dont i’. reprend la forme de fuselage, mais en
réalité cet appareil est le résultat d'un effort considérable de dévelonpement, qui a
concerné la structure {amélioration des caractéristiques anticrash) les ensembles mécani-
ques et la motorisacion (revalorisation des performances pac¢ adopticn de turbines MAKILA
nouvelles) qui a évé guidé par le souci d'améliorer la facilité et 1'économie de mise en
oeuvre de la machine.

Les principales caractéristiques du SUPER PUMA sont données planche XII.

PLANCHE X PLANCHE XI
DAUPHIN ECUREUIL
- Caractéristiques e¢ssentjielles - Caractéristiques principales
= SA 360 C Moteur : 1 ASTAZOU XVIII A - AS 350 Moteur (1 ARRIZL 1 B N
- S5A 365 C Moteur : 2 AMRIEL 1 B (1 LYCOMING LTS 101
-~ SA 365 N Moteur :

2 ARP)E !
I1EL L€ AS 355 Moteur 2 ALLISSON C 20 F -
- 13 passagers - 5 passagers o

- Masse maximum g: ;22 g g g - Masse maximum AS 350 1950 kg ’
SA 365 N 3,87 AS 355 2100 kg

- Vitesse maximale AS 350 272 km/h

- Vitesse 4 oisié : GA 360 C 27
es6e de croisiere A 3 C 0 kn/h AS 355 240 knyh

GA 365 C 252 tm/h

5A 365 N 293 km/h - Premier vol AS 350 : 1974 i
- Premier vol - SA 360 1972 AS 355 : 1979
SA 365 C 1975 - Livraisons 405 .
SA 385 N 1979 :
- Livraisons SA 360 SA 365 .
30 65 .
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PLANCHE XI1
SUPER_T'UMA

~- Caractéristiques principales

- AS 332 Moteurs : 2 MAKILA

21 pasgsagers

Masse totale : 7800 km >
- Vitesse maximum de 286 km/h
~ Premier vol 1978

~ Livraisons 2

- Ccmmandes 51

2, CARACTER.STIQUES DES DEVELOI PEMENT D'HELICOPTERES FRANCAIS

Les caractéristiques essentielles gui se dégagent de cette revue du développement des hélicoptéres en
France sont a mon avis les suivantes

Premiérement, l'on constate que l'effort de développement des hélicoptéres en France a permis a 1'indus-
trie nationale de propuser une gamme trés étendue d'appareils. Actuellement encore, alors que la produc-
tion d'ALOUETTE II est terminée, 1'Aérospatiale est sans doute 1'hélicoptériste mondial qui propose la
gamme de produits la plus ¢tendue., Cette vaste gamme, qui exclut cependant les extrémités, c'est & dire
1'hélicoptére trés léger ou l'hélicoptére tres lourd, est le résultat d'une politique délibérée de
1'industrie et des services publics. Outre un intérét commercial évident, elle présente 1'avantage de
confronter 1'industrie nationale & 1'ensenble des problémes tenhniques posés par 1'hélicoptére, et ceci
constitue un élément stimulant pour des équipes techniques et industcielles, qui ainsi peuvent se tenir
prétes a aborder dans de bonnes conditions et avec expérience le développement d'un appareil, dans
n'iiaporte quel créneau pour lesquelles se dessineraient des perspectives commercizles intéressantes.

Cette politigue a été rendue possible par la vitalité du motoriste nationpal, qui avait su acquérir dans
les années 1950 une ararce certaine dans le domaine des petites turbomachines (1'ALOUETTE II a été le
premier hélicoptire & turbine). ot qui a ey Qdvelopper oon activiié vers les turbines de plus grande
puiccance.

Deuxiém:.ment, 1'on observe, sur l'historigue des développements d'hélicoptéres frangais, certaines pé-
riodicités intéressantes :

D'abord une période d'environ 3 ans entre l'apparition de nouveaux modéles : cette périodicité est trés
importante pour le maintien du putentiel technique de la branche : en effet, dans un domaine & 1'évolution
technique rapide, la compétitivité s'incarne dans une équipe de techniciens capables &'innovation. Il est
impossible de maintenir cette équipe "dans la course" sans un exercice permanent, qui est constitué
justement par la Sortie de prototypes régulictrement échelonnés. Cette périodicité de 2 3 3 ans correspond
a la durée de 1'étude d'un prototype, et le fait qu'elle ait pu étre respectée (en particulier dans les
années 1960 grdce a 12 continuité des programmes militaires officiels), a constitué sans aucun doute

un élément décisif des succés passés et actuels,

Ensuite, la période de vie d'un appareil (entre le début de 1'étude prototype et l'ghsclocconce technigue
commerciale ou opérationnelie) pouvant étre chiffrée & une vingtaine d’'années, 1'on s'est efforcé de pro-
céder a4 des revalorijsations de l'appareil & mi-vie, en montant un moteur plus performant, et en appli-
quant de nouvelles techniques .
Exemples : AL II ZRTQUSTE 1951

AL I1 ASTAZOU 1962

AL III ARTOUSTE 1960

AL I1I ASTAZOU 1970

PUMA T III CA 1969

SUPER PUMA (MAKILA) 1980.

Cette politique, qui maintient la courpititivité des produits et rentabilise au maximum les efforts de
développement, a été pratiquée en France avec bonheur, et a été encour2gée par les servicecs publics.
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3. MODALITES DE L'ACTION DES SERVICES PUBLICS

Les résultats obtenus par la France dans le passé pour les hélicoptéree peuvent étre considérés comme
flatteurs. ¥1s sont due bien sur d'abord au dynamisme de 1'industrie nationale cellule et moteurs, mais
aussi, dans une mesure importante, & l'action des services publics. Cette actlon a revétu des formes
variées.

En premier lieu, les armdes nationales ont financé intégralenent les études et le développement d'un cer=-

tain nombre de programmes (AL II, PUMA, SUPER-FRELON, GAZELLE) et assuré le débouché industriel initjal
de ces programmes: on a vu que dans les années 1960, la continuité et la fréquence des besoins militai-
res avait constitué un élément trés important de stimulation, qui a largement concourru a créer dans
1'industrie une équipe de haute compétitivité.

Mais ce qui était possible dans un contexte de croissance rapide du secteur hélicoptére et alors que les

forces armées accédaient 4 1'hélicoptére, est moins facile dans ces derniéres années, alors Que le marché
militaire national se trouve équipé et relativement saturé par des produits dont la longévité a augmenté,

et dés lors que les développements se sont re'ativement renchéris.

D'autre part, dans les dernjéres années, 1'industrie nationale a résolument attaqué le marché civil, avec

des produits qui lui étaient adaptés. .

Dans ces conditions, les Services publics ont cherché a mettre en oeuvre d'autres moyens d'action pour

favoriser et guider 1'effort de développement des hélicoptéres en France. C'ect ainsi que s'est dévelop-

pée une politique d'avances remboursables consenties par le Ministére des Transports et gérées par le
Ministére de la Défense, et d'avances remboursables consenties par le Ministére de 1'Economie. Ces avan-
ces ne correspondant qu'a une partie de 1'effort de développement industriel, se caractérisent par des
conditions de remboursement avantageuses, et aménent 1'Etat a partager pour une part, le risque initial
de développement et d'industrialisation des programmes. Les programmes DAUPHIN, ECUREUIL et celui du
moteur ARRIEL ont bénéficié de telles avances. Il est & noter toutefois que Ce systéme présente évidem—
ment, pcr rapport au systéme de financement des développement par le budget des armées, l'inconvénient
commercial de gréver le prix des matériels produits du montant des remboursements dus,

Enfin, des formules de soutien mixtes ont pu €tre envisagées : c'est en particulier le cas pour le
SUPER PUMA et son moteur MAKILA, appareil 3 vocation polyvalente militaire et civile, dont le dévelop-
pement a été soutenu A hauteur de 65 % par 1'Etat sous la forme d'un financement budgétaire militaire,
d'une avance du Ministére des Transports et d'une avance du Ministere de 1'Economie.

Troisiémement, les pouvoirs publics se sont préoccupés de soutenir et d'orienter l'action industrielle
dans le domaine de la préparation de 1'avenir.

C'est ainsi qu-un programme de recherches et d'études, concernant l'ensemble des disciplines de 1'héli-
coptére cst mené dans l'industrie et dans les centres officiels., Ce programme, d'un volume croissant,
correspond pour la part effectuée par 1'Aérospatiale en 198! 3 plus de 2,5 % du chiffre d'affaire de
cette société, et est soutenu par 1'Etat pour plus de la moitié, 1'autre part étant autofinancée par
1'industrie, C'est dans les actions menées au titre de ce programme qu'il faut rechercher l'origine de
certa.ns élémernts aui ont constitué, aprés développement complémentaire au titre des programmes, des
atouts des héliccpteres frangais de 1a nonvzlle gamme (pales plastigues, éléments de structure en
matériaux compositey moyeux en matériaux composites, rotors AR de type fenestron).

4. PERSPECTIVES POUR L'AVENIR

Le marché mondial de 1l'hélicoptére est en expausion 3 un taux de l'ordre de 6 & 8 %, (alors que la ten-

venir dans le domaine des hélicoptéres avec dynamisme.

Ln ce qui congerne les programmes militaires futurs, les besoins prévisibles sont les suivants

- un hélicoptére antichar de 2éme génération, capable du tir de nuit et doté si possible d'une capacité
d'appui-protection, d'une masse inférieure & quatre tonnes, et devant entrer en service & la fin des
années 1980. La France et la RFA examinent actuellement la faisabilité d'un tel programme en coopéra-
t.ion, dans le cadre des délais et deu montanis budgétaire; impartis

- un hélicoptére de transport tactigue oe ..zi98e Oyenne, assurant la reléve des PUMA et SUPER PUMA, et
présentant par rapport 3 ces appareil~ des avantages opérationnels et de cout d'entretien significa-
tifs, pour une mise en service au début des années 1990, et dont devra dériver une version marine

~ un hélicoptére léger d'observati-n et de liaison, pour remplacer dans le courant des années 1990 les
ALOUETTES obsolescentes.

Pour ie marché clvil, 1) faudra prévoir, dans la logigue de la gamme de produiiz actuels :

- des améliorations de 1'ECUREUIL, pour maintenir sa compétitivité sur le marché mondial

- la poursuite de la carriére du DAUPHIN, dans le créncau trés convoité des bimoteurs moyens, grdce a une

revalorisation passant par une motorisation améliorée utilisant une nouvelle turbine aux caractéristi-
ques comparables 4 celles des moteurs du programme ATDE (revalorisation accompagnée d'une diversifica-
tion de 1'appareil vers les utilisations militaires)

~ un successeur, amélioré sur le plan de la technologie et du coilit d'opération, des PUMA et SUPER PUMA, &

1'horizon 1995
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- enfin un hélicoptére pouvant succéder, avec une technologie moderne et des colits réduits, au LAMA dans

son rble de travail aérien,

Quelles devront étre dans ces conditions les légéres directives de l'action des services officlels :

- D'abord orienter, de fagon générale, les actions d'études et de développement dans le gsens de la poly-
valence des matériels, de morte que les besoins civils et militaires puissent &tre remplis par des ma-
tériels présentant le maximum de communalité {ce qui ne veut pas dire gqu'il ne sera pas nécessaire, pour
tel ou tel besoin militaire ou civil bien identifié, de développer des matériels spécialisés)

- Ensuite, et de fagon corollaire, promcuvoir au niveau officiel une politique concertée d‘'association de
financements militaires et de concours civils (en provenance du Ministre des Transports et de
1'Economie}, dont un exemple peut étre pris dans la fagon dont le programme SUPER PUMA a été soutenu
par 1'Etat

- Troisiémement, accentuer 1l'effort étatique et industriel sur les actions de préparation de 1l'avenir, de
sorte a maintenir le niveau technologique du secteur hélicoptére, et 3 le préparer a vaincre les points
durs des développement a venir

Enfin, promouvoir la coopération européenne. On a vu a quel point la coopération franco-britannique
avait ey up effet stimulant et favorable sur l'activité hélicoptére en France . L'extension au niveau
européen de cette coopération, qui se justifie par la concomitance des besoins européens sur 1'ensemble
des programmes militaires futurs, est une nécessité pour le futur, et constitue une chance que nous
devrone saisir, ce a quoi nous nous préparons.

1
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ENTREES D'AIR D'HELICOPTLRES

A.VUILLET
Ingénieur - Servize Aérodynamique - Bureau d'¢iudes SNIAS
13725 MARIGNANE CEDEX - FRANCE

RESUME - Sur les hélicoptéres de faible et moyen tonnage, pour des raisons d'architecture de l'appareil, les
moteurs sont situés en arriére de la téte rotor, ce qui rend leur climentation trés malaisée : c'est le cas

en particulier de 1'Ecureuil AS 350 et du Dauphin SA 365 qui sont &quipés de moteurs de nouvelle génération ;
ces turbonoteurs sont 3 aspiration axiale ou annulaire suivant que le réducteur est situé du cdté de la tu-

yére ou du compresseur,

Une étude approfondie des entrées d'air dés le stade du projet peut permettre de les concevoir avec un mini-
mum de répercussions néfastes sur la puissance fournie par les moteurs, sur la trainée de 1'appareil et les
risques de pompage.

De ce fait, une telle &tude est susceptible ce réduire sensiblement les délais et donc les coiits de mise au
point en vol. Cet exposé résume les méthodes utilisées & 1'Aérospatiale et les résultats obtenus en vol sur
différents appareils,

XNOTATIONS

Surface

Vitesse

Pressicn statique
Pression totale
Masse volumique
Indice de distorsion

o< >

P
DC6O

n

(Pr, sur un secteur de 60°) minimum - Pr,

1 2
7 P2 Vg
INDICES

Valeur moyenne

O - Infini amont

1 = Entrée d'air

2 = Compresseur
4-5 = Venturi

6 = Sortie

1. INTRODUCTION

Dans une grande partie du domaine altitude-température, les performances des hélicoptéres bi-moteurs sont
limitées par la puissance disponible plutdt que par la capacité des organes de transmission.

En particulier, pour ceux qui sont soumis 3 la FAR 29, catégorie A, la panne moteur au décollage est trés
sévére ; dans le cas du DAUPHIN bi-moteur SA 365, par exemple, 5 % d'écart sur la puissance moteur représen-
tent 180 kg de masse décollable.

Ce chittre de 5 % correspond d une valeur courante des pertes de puissance 3 1'avionnage relevées sur les
hélicoptéres qui n'ont pas fait l'objet d'une étude poussée de l'interface aérodynamique moteur-fuselage et
en particulier des entrées d'air.

Cet exposé décrit les problémes posés par la définition des entrées d'air moteur :

- fonctionnement aérodynamique dans tout le domaine de vol, pertes de puissance, augmentation des consom-
mations, diminution de la marge au pompage des moteurs, décollements sur le fuselage pénalisant 1'appareil
en trainée,

- adaptation 3 l'environnement = protection des moteurs 3 1l'ingestion de corps &trangerz, sable, givre,
- facilité d'installation dans la structure de l'appareil et maintenance en service.

Les méthodes employées A 1'Aérospatiale Marignane sont développies ainsi que les résultats obtenus par
une approche systématique sur différents appareils récenis comme les DAUPHIN SA 365N, SA 366G Coast Guard,
TWINSTAR £S5 355 et SUPER PUMA AS 332,

2. PROBLEMES POSES PAR LES ENTREES D'AIR D'HELICOPTERE

2.1. Tonctionnement aérodynamigue

Pertes de puissance 3 1'avionnage

Elles sont définies par les &carts de puissance constatés entre le banc et le vol, 3 méme régime réduit
du générateur. Ces pertes sont fréquentes et peuvent provenir :

- d'une réingestion d'air chaud provenant du refroidissement d'huile, du recyclage des gaz d'échappe-
ment par le rotor principal ou directement des tuydres moteur dans les configurations de vent arriére. Rap-
pelons que 1°C d'élévation de température moyenne dans 1l'entrée d'air colite environ 0,8 % de puissance.

- de pertes de charge ou de perturbations de 1'écoulement moyen dans 1'entrée d'air : en moyenne, 1 %
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(ou 10 mb) de perte de pression totale correspond & au moins 2 % de perte sur la puissance disponible. L'cf-
fet des distorsions de pression et de la turbulence est mal connu, mais peut &tre responsable de pertes in-
expliquées par détérioration du rendement compresseur.

Pertes sur les consommations

Ces pertes peuvent &tre importantes et proviennent d'une détérioration du cycle thermique du moteur.
Elles peuvent &tre causées par

- une élévation de température moyenne 3 l'entrée compresseur

- une diminution du rendement compresseur due aux distorsions de pression.

Augmentation de la trainée appareil

Une surface d'entrée d'air et une lévre mal adaptée peuvent entrainer des décollements sur les capots
responsables d'une augmentation de l'ordre de 10 % de la trainée de l'appareil complet.

Problémes de pompage, mise au point en val

Ces problémes sont les plus délicats parce qu'ils font intervenir le dialogue motoriste-avionneur, sans
que, en l'absence de critéres et de mesures précises, la responsabilité de 1'un ou de l'autre ne puisse &tre
clairement établie.

Les problémes de pompage par vent arriére ont souvent exigé une mise au point en vol fastidieuse qui
aboutit en général 3 des modifications de tuyéres.

Tous ces points ont des répercussions importantes sur les performances de l'appareil, consommations,
distances franchissables, masse décollable, vitesse maximum, cout de développement.

2.2. Adaptation aux conditions de wvol

Le bon fonctionnement du moteur dans tout le domaine de vol est 3 démontrer par l'avionneur pour obte-
nir la certification de l'appareil. Dans ce but, il faut procéder 3 des essais d'ingestion de corps étran-
gers {oiseaux, grélons, etc...) et des essais de givrage.

Sur les appareils récents, une protection efficace est assurée par une grille (diamétre du fil 0,8 mm -
maille de 5,5 mm) montée devant l'entrée d'air &ventuellement munie de raidisseurs. Ce dispositif est péna-
lisant en performances, surtout en vol d'avancement, car il produit une perte de charge et une trainée im-
portante 3 grande vitesse.

Certaines condi*ions d'utilisation exigent méme 1'emploi d'un filtre anti-sable constitué d'un grand
nombre de tubes Vortex séparant les particules solides _ar centrifugation. La perte de puissance et de masse
décollable die 3 cet accessoire peut &tre élevée.

Le spectre de bruit des entrfes moteurs est noyé dans le spectre géndral et ne fait pas i'objer d'étu-
des systématiques.

2.3. Installation dans la structure appareil

Les ¢ritéres suivants peuvent orienter le choix d'une solution :

- facilité de maintenance sous capots

- légéreté

- esthétique, en particulier pour le marché civil, oll les entrées d'air simples, de type PITOT, sont
difficilement acceptées.

Le dessin des manches d air est particuliérement compliqué dans le cas des moteurs situfs en arriére
de ja téte rotor : il est impossible d'éviter des coudes ou une longucur importante de manche 4 air. Le sou-
ci d'éviter les fuites dans celle-ci, causes de pertes importantes par réingestion de gaz chauds, peut ren-
dre nécessaire 1'installation de joints mobiles, autorisant l'ouverture des capots d'accés aux organes
mhcanigues.

3. MOYENS EXPERIMENTAUX EN VOL B |

N

Les essais d'entrées d'air en vol sont trés difficiles 3 analyser et d interpréter tant qu'il n'est pas
possible de disposer un peigne compertant un nombre suffisant de prises de pression totales dcvant le com-
presseur, et d'effectuer des mesures simultanément sur toutes les sondes au cours du méme vol.

Actuellement, sont utilisés une douzaine de capteurs différentiels classiques reliés aux scades par une
certaine longueur de tuyau,

Une étude visant d développer un équipement de mesurcs instationnaires est en cours.

\

Les ingestions de température sont estimées 3 l'aide de sondes 3 thermocouple.

4, MOYENS EXPERIMENTAUX EN SOUFFLEPRIE

Ce sont essentiellement des outils de vérification des hypothéses émises au niveau de la définition : ils
permettent l'analyse fine des écoulements et la quantification des performances de 1'entrée d'air.

La figure 1 montre le principe de fonctionnement d'une maquette échelle 1/2 construite a 1'origine pour |
1'essal des entrées d'air du Daupiin bi-moteur SA 365C.

En réglant la vitesse du vent dans la veine soufflerie, l'attitude de la maquette et de débit des venti-
lateurs d'aspiration interne, il est possible de simuler le fonctionnement de 1'entrée d'air moteur sur pra-
tiquement tout le domaine de vol défini pa. les paramétres vitesse, incidence, dérapage, altitude-densité,
débit masse du moteur.

Etude de 1'écoulement interne

Pour chaque cas de vol simulé, un sondage est effectué par le peigne tournant équipé de sondesde pres-
sions tolules et par les sondes statiques disposées A la paroi. On obtient :

- la perte de charge moyenne
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~ l'indice de distorsion

Les captleurs de pression sont montés derrifre un scanivalve relié aux sondes de pression par une longueur
de tuyau. Avec la chaine de mesure utilisée, pour 1'instant cette installation ne permet pas de mesures ins-
tationnaires précises mais 1'"épaisseur" du signal relevé donne des indications sur le niveau de turbulence
de 1'écoulement au niveau des entrlcs moteur et permet de classer sur ce critére les différentes configura-
tions de maquettes.

Des mesures de température peuvent étre effectuées 3 l'aide de thermocouples placés sur les sondes 1
peigne de mesure : en simulant une source d'eir chaud sur la maquette, les sondages de température per. t-
tent d'apprécier la quantité d'air chaud ingéré.

Mesure des trainéeg

La magquette échelle 1/2 aspire et éjecte le flux interne de simulatior des débits moteur & 1'intérieur
de la veine de la soufflerie : l'ensemble est pesé pour effcctuer des mesures comparatives de trainée. Le
schéma est conforme 3 la figure 1.

L'Ccart de pression mecuré par le venturi entre les sections 4 et 5 donne le débit,

La pousséeduc au dispositif d'ag )1Pat10n, prgjetec sur l'axe de la maquette est par définition la diffé-
rence entre les ilux dynalpiques é = pA + pV2 A entrant ot sertant,

T=G6—Go
qui peut s'écrire
T = (Gg - G1) + (G} - Gp)
Le terme Gg - G; représente la résultante des actions de la veine d'air comprise entre les sections (1)
et (6) sur l'ensemble manches internes, ventilateurs, tuyéres.
Le terme Cj - Gp représente la poussée externe théorique exercée par l'aspiraticn swr la caréne.

La trainée externe de l'entrée d'air est la différence entre cetie poussée théorique et la poussée effec-

tive Tc que peut réaliser cette cdréne changée de signe :
Tox = - [(6; - Go) - Tc)

Pour pouvoir comparer 2 entrées d'air, en se plagant 3 méme débit moteur, de maniére a respecter le coef-

ficient de débit imposé par le casz du¢ vol zimmlé, il faut réaliser la méme dynalpie de sortie
“h 2 Pg Ag +pgp Ap VE
e 2 . .
La condition pg Vg Ag est m¥1iisée en malr.!znant
o2 2

- ot Vu constant

'L’venturi Tes T
La condition Pg Ag = constante n’
P

P
%)

3t pas TC:\Jl able ‘> fwmultanément de manlere vlgour'euve avec les ventl—
P Lo P ,’._.kw

Tt Araiam sl ~Z~
S TU GThianad uind ;»5\.‘.- Loy

111
lateurs utilis
en fonction du coefficient de débit en maintenant conztaat l'@cart de pression mesuré au veaturi étalonné
et en faisant varier la v tesse du vent. (i «ffectue en cnague point la correction de pression du jet.

_____________

—— ~ 1A
corisn. Urai/gquencrt, on Ztablit leo caractlristiques de tvalinde

Etude de 1'écoulement externe

L*étude des recyclages d'air chaud par le rctor principal n'a2st possible qu'd une échelle beaucoup plus
réduite, 1/7e ou 1/10e suivant les appareils. Ce type d'essair pormet danalyser les trajectoires de gaz
chauds dans les configurations de vol critiques, comme celle 2 Ja figure 2 pour le SUPER PUMA, AS 332.

A cause de la taille des maquettes, il est 11d3s difficile de =imuler directement le champ de température.
Les jets chauds sont simulés 3 froid par injection de gaz carbonig .. La meisure der concentrations locales
est faite par tubes réactifs et l'application d'une loi de similitud: concentrations-températures donne une
estimation de la quantité d'air chaud réingéré par les .aurées d'air unteur par exemple. Des phénoménes ana-
logues & ceux mentionnés par Boeing lors de 1'étude de 1''ITTAS ont pu Eire mis en évidence (référence 1).

S. METHODES D'ETUDE MISES EN OEUVRE

La figure 3 résume les paramdtres clés du fonctionnement des entrées ' air sur iesquels il est possible
d'intervenir au stade du projet.

Quelle que soit la solution choisie, les performances effwm ives du motear en vol udpendent esscntielle-
ment, d tuyére donnée :

- du niveau de pression totale moyen devant le conpresseur
~ cu niveau de tempArature totale moyen devant le compresscur.

Les performances du moteur sonl mesurées par le constructeur au barc dan: ies corditions du point fixe
de 1'hélicoptire, (pression totale 3 l'entrée = pression statique ambiante) wvec ua pavillon dfentréc don-
nant des distributions presque idfales.

Pratiquement, le champ des pressions totales n'est jamais uniforme devant le compre:weur : les écarts
avec la pression totale moyenne sont caractérisés par un indice de distorsion (ecarts dans 1'espace) comme
le DC 60 et par un taux de fluctuations ou de turbulence par rapport < 1l'écoulement meyen (&narts dan. le
temps).

OLLS 2 en vol statjonn

Le moteur aspire dans tout l'espace autour de l'entrée 2'air, mais i'influence de cetle as;iratien dimi-

nue trés rapidement avec la distance. La puissance demandée au moteunr ispose le débit masse e1 la vi-
tesse V;. (<f. figure 4)

Le fonctionnement des lévres peut &tre expliqué de la mariére suivante : ies fileils d'air pruenes de la
lévre d'entrée doivent contourner celle-ci et accélérer do la vitessc U & la vitesse Vi. lLa cow burce des
lignes de courant correspond & ure dipression répartie sur la ldvre et dont 1'intégrale su. le contour est
égal d l'effort d'aspiration.

H

»

o

PP




14-4

Plus la ldvre est mince, plus cette dépression est forte et plus le gradient de pression positif imposé
par le niveau de dépression moyen dans lc manche 3 air est important., Pour une valeur limite de ce gradient
de pression, on atteint le décollement.

Le cas extréme correspond 4 une ldvre infiniment mince od le décollement est immédiat et ol la perte de
charge correspond grossiérement 3 la pression dynamique interne,

Au premier ordre, c'est donc 1l'épaisseur relative des lévres qui fixe le coefficient de perte de charge,

APT 18vres

et a un moindre degré, le profil des lévres.

Fonctionnement en vol d'avancement

L'espace peut &tre séparé en 2 régions (voir figure 5) :

- L'une aspirée par le motcur définissant un tube de courant de surface Ag & 1'infini amont et qui évolue
en fonction de la vitesse locale imposée aux filets fluides.

- L'autre éventuellement défléchie mais non aspirée : les filets d'air doivent contourner la lévre exter-
ne en accélérant 3 partir du point d'arrét jusqu'd un niveau de dépression fixé par l'épaisseur et le profil
de la ldvre (succion) puis en ralentissant pour se raccorder aux conditions imposées par les f.rmes du fuse~
lage. Plus le ralentissement est sévére, plus le décollement risque d'apparaitre tot.

Sur la lévre interne, le fluide ne subit en général qQu'une accélération & partir du point d'arrét et il
n'y a pas de risque de décollement interne.

Le rapport | € =-%% = Ql—%%— est appelé coefficient de débit et caractérise l'adaptation de l'entrée
d'air. p0 Y0

L'incidence o est définie comme 1'angle entre l'axe du tube de courant capté et 1l'axe de l'entrée d'air.

Ce sont lec coefficient de débit et 1'incidence de l'entrée d'air qui déterminent 1'importance des décol-
lements externes et éventuellement internes sur les lévres.

Sur la méme figure, est schématisé le fonctionnement des entrées d'air statiques f{e¢ = 90°) en vol d'avan-
cement : le tube de courant capté n'occupe pas toute la surface de l'entrée d'air, mais seulement une zone
“"efficace"”, la partie restante est une zone tourbillonnaire dont 1'importance augmente 3 mesure que le coef-~
ficient de débit diminue. Ce tourbillon n'est pas trés stable et crée une agitation de la veine fluide
dans l'entrée d'air, ce qui se traduit par une fluctuation importante des signaux de pression totale au ni-
veau du compresseur en plus des dégradations de 1'écoulement moyen dues au décollement lui-méme et au frot-
tement le long des parois.

En vol d'avancement, des pertes de pression totale peuvent provenir des dégradations subies dans le tube
de courant, en amont de l'entrée d'air, par frottement le long d'une paroi ou A 1a traversée d'un ohstacle.
6. EVALUATION DFS DIFFERENTES SQLUTIONS COMPATIBLES AVEC L'ARCHITECTURE DE L'APPAREIL - CHOIX DE LA POSITION

DU _PLAN D'ENTREE D'AIR

La figure 6 indique les avantages présumés des différentes solutions d'entrées d'air développées & ce
jour sur les hélicoptéres oll les moteurs sont situés en arridre de la téte rotor.

Ce tableau peut donner des &léments pour le choix de 1'implantation du plan d'entrée d'air en fonction
de la mission de l'appareil et de l'importance que l'on accorde aux paramétres mentionnés dans la colonne
de gauche.

Dans le cas des hélicoptéres légers bi-moteurs, performants en vitesse (Bell 222, Sikorsky $76), la solu-
tion des entrées d'air latérales semble pridominer actuellement. C'est celle qui a &té retenue en finale sur
les bi-moteurs Dauphin SA 365 N et Ecureuil AS 355, de préférence au type "frontal' légérement plus perfor-

mant, essentiellement en trainée appareil, mais qui présente des difficultés d'installation et une esthéti-
que discutable.

La svluiion des moteurs montés dans une nacelle "en pod", développée sur des hélicoptéres plus lourds,
Uttas ou Boeing Vertol Chinook, est tréds intéressante sur le plan trainfe (malgré 1'augmentation de ia sur-
face mouillée) et performances moteur puisqu'elle permet d'installer une entrée’'d'air et une tuyére orien-
tées dans l'axe de l'appareil. De plus, cette solution simplifie 1'étude des dispositifs destinés 3 réduire
la signature infrarouge des tuyéres (applications militaires, montage d'un déviateur de jet). Elie est ce-
pendant lourdc et peu esthétique,

7. REGLES DE DIMENSIONNEMENT - METHODES DE CALCUL

Section d'entrée d'air Ay et incidence a

L'optimum du point fixe demande une trds grandesection d'entrée d'air et est contradicteoire avec celui
du vl de croisiére qui correspond & 1'adaptation :

Surface du tube de courant capté Ap = Surface de la section d'entrée Aj

Le compromis proposé est :

A0 < o,
Al

Ap étant calculé pour les conditions du vol de croisidre au sol, ou ce rapport est proche du minimum,
compte-tenu des survitesses locales dues aux formes du fuselage.

Dans ces conditions, unc épaisseur de lévres e de l'ordre de 25 % du diamétre de l'entrée d'air si elle
est axisy etrique 3 incidence nulle ¢ = 0 est le plus souvent suffisante pour éviter les décollements exter-
nes et la pénalisation en trafnée.

' Si l'entrée d'air est en biseau ou accolée & une _paroi, 1'épaisseur relative de la lévre diminue puisque
c'est la paroi qui devient plan de syméirie et la régle 25 % du diamétre est insuffisante.
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Couche limite fuselage

Dans le cas oll 1'avant-projet fait apparaltre 1'intérét d'entrées d'air noyées dans le fuselage, un gain
appréciable sur la récupération de pression en vol d'avancement et une diminution trés nette de la distor-
sion peuvent &tre obtenues en ménageant un piége 3 couche limite.

Calcul du profil des lévres et dessin de la manche & air

Pour 1'instant seules des méthodes bidimensionnelles sont utilisfes, en particulier une méthode semi-
empirique utilisant les transformations conformes trés rapide & mettre en oeuvre.

Le calcul direct des pressions locales sur une lévrc donnée est effectu¢ par différences finies, d'aprés
un programne ONERA (référence 2). Ce programme est utilisé également pour calculer 1'écoulement interne dans
la manche 3 air.

Des méthodes tridimensionnelles sont en cours de mise au point pour cette application & 1'ONERA.
La figure 7 montre des lévres obtenues par la méthode de 1l'hodographe et adaptées sur le SA 365N DAUPHIN.
La figure 8 montre une comparaison calculs essais sur l'entrée d'air a$ 350 Ecureuil au point fixe.

L'écoulement dans la manche 3 air est accessible par le calcul dans le cas ol il n'y a pas de décollement
dans la section d'entrée d'air ; des données empiriques comme les tables Data Shcets sont utilisées pour
calculer les pertes de charge dues 3 la mdanche seule.

Dans les autres cas, en particulier décollés, seul 1'essal sur maquette en soufflerie permet une estima-
tion des pertes.

Rappelons que pour une conduite circulaire rectiligne, la perte de charge varie approximativerent comme

) & S S
Vi R

Fid!

V) Vitesse moyenne dans 1'entrée d'air imposée par le débit moteur au cas de vol considéré
L Longueur de manche & air
R Rayon moyen

K Coefficient de l'ordre de 0,015 pour une conduite cylindrique

Le choix de la longueur de manche & air résulte d'un compromis, si elle n'est pas dictée par une conGi-
tion d'architecture générale de 1'appareil :

- Une grande longueur, de l'ordre de 8 fois le diamétre compresseur est trés favorable pour résorber les
distorsions du flux d'air 3 l'entrée : c'est la longueur nécessaire pour que les grosses structures tourbil-
lonnaires susceptibles d'apparaltre dans l'entrée d'air soient détruites.

- Une faible longueur est favorable pour diminuer la perte de charge.

~

recours o des solutions avec volume interne important, formant chambre de tranquillisa-

On évite Ad'avoir
tant trés élevées.

tion, les pertes

i
-
é

8. RESULTATS OBTENUS

Deux appareils récents sunt équipés d'entrées d'air statiques, le DAUPHIN SA 365C bimoteur et 1'ECUREUIL
AS 350 monomoteur. Ce type d'entrées d'air, on 1'a vu présente des avantages sur le plan de la simplicité
et de la facilité d'adaptation des dispositifs de protection.

Par contre, a grande vitesse, la distorsion est sensiblement plus élevée, voir figure 9, et les perfor-
mances moins bonnes que pour les entrées d'air dynamiques, voir figure 10. L'installation d'un filtre en
forme de nid d'abeille & grosses mailles dans le plan d'entrée d'air permet de réduire sensiblement le ni-
veau de distursion et les fluctuations de vitesse devant le compresseur mais sans apporter de gains signi-
ficatifs en perte de clarge, snir figure 5.

Cette modificatics a ¢té essayle en vol sur le AS 350 (ARRIEL).

De plus, en 365C, dez ginipateurc do tourbillow vui €té placés de part et d'autre de la téte rotor pour
limiter les effets du sillage et limiter 1'ingestion d'air chaud évacué par le puits BTP : cet artifice per-
met de rehausser le sillage wu-eusus des capots et de dégager une zone d'écoulement sain.

La figure 10 montre également les 1ésultats obtenus en soufflerie pour différentes entrées d'air d'appa-
rcils récents. Les entrées d'air djaamiques permettent des performances beaucoup plus intéressantes en vol
d'avuncement : elles ont é1& choisies pou.' les hélicoptéres nouveaux DAUPHIN SA 365N, SA 366G COAST GUARD,
TWINSTAR AS 355 et SUPER PUMA AS 332.

In SA 265N. cn particulier, le plan Jes entvA:s d'air a été choisi en avant de la téte rotor de maniére
a4 éviter les recyclages d'air craud.

L'entrée d'air Coast Guard 366G m.lgd la complication due 3 l'aspiration annulaire du moteur, ne présen-
te pas de perfre sengiblement supérieuc 3 celle du SA 365N.

En A3 355 TWINSTAR, comme les gaz ue reiroidissement sont canalisés le long de l'arbre de transmission
et sont évacués e erridre de:s moteurs, les problémes de rccyc]age d'air chaud en vol d'avancement n'ont pas
été rencontrés. Ceci 3 permis de dessiner des mauches & air moins longues, avec des entrées laterales si-
tues au niveau de la téte rotor.

(=tte disposition a donué une trés beane efficacitd sur tout le domaine de vol.

La Jigurc 11 montre le gain cn trainée obienu par comparaison entre les entrées dynamlques et statiques
sur le 5A SN,

Sur le Super-ruma AS 332, un soin particulier apperté au dessin des lévres et de la grille de protection
a perinis de gagner 8 % environ sur la trainée totale scit 6 km/h sur la vitesse maximum de 1'appareil, par
caoport 4 la premiére cefinition.

askinbouiduna
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9. CONCLUSIONS ET RECOMMANDATIQONS

Cet exposé résume les méthodes et les résultats obtenus sur les entrées d'air moteur 3 1'Aérospatiale
Marignane. Ces &tudes permettent de limiter de maniére trés significative les pertes de puissance 3 1'avion-
nage, ainsi que lec pertes sur les consommations que 1'on peut observer sur tous les hélicoptdres par com-~
paraison entre les mesures au banc moteur et en vol. De la méme maniére, il est possible d'éviter des décol-
lements importants sur le fuselage, responsables de pertes de trainée,

Les paramétres essentiels de définition qui conditionnent i'obtention d'un rendement el d'un fonction-
nement acceptable sont dans l'ordre d'importance

- le choix de la position du plan d'entrée d'air sur le fuselage

- la surface de l'entrée d'air

- 1'incidence

- le dessin des dispositifs de protection (ingestion de corps étrangers, dégivrage, neige, sable)
- 1l'épaisseur relative des lévres

- le dessin de la manche & air

- la forme des lévres

Les possibilités d'approche par le calcul deviennent de plus en plus importantes mais ne permettent pas
encore d'éliminer les essais en soufflerie, si l'on cherche de trés bonnes performances.
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DISCUSSION

K.Rosen, US
When you modified the SA365 inlet, were there any significant penalties paid in the area of anti-icing as compared
with the original static design?

Author’s Reply
1t is agreed that the problems were greater in the dynamic system than the static system. However, the problems
related to this system for our application have been solved.

K.Rosen, US
With respect to your vortex tube inlet, have they worked satisfactorily in relation to icing conditions?

Author’s Reply
This question concerns the SA 330 PUMA. The air inlet with vortex tubes has obtained certification after tests
conducted in the icing tunnel at the grid (Ottawa, Canada) and in flight under natural icing conditions.
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INTAKE DESIGN WITH PARTICULAR REFERENCE

TO ICE FROTECTION AND PARTICLE SEPARATORS

By

P A H Brammer
Chief Power Systema Engineer

and

D J Rabone
Deputy Chief Power Systems Engineer

Westland Helicopters Limitod
Yeovil Somerset

SUMMARY

Total environmental protection for helicopter engines is & desirable aim which has not yet been achieved
with a reasonable performance penalty. The paper outlines the problems associated with different environ-
ments and describes intake systems which have been used to give protection asgainst particular environments.

From this information, three intake systems are proposed for further consideration and evaluation in
natural environments.
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INTRODUC LI ON

Over thirty years of operntion has seen tle helicopter used in all the different varieties of climutic zonea
that exist world-wide. The genermsl adoption of gas {urbine engincs as the means of propulsi n hag meant
that every deplnyment of the helicopter to & new climatic zone has hroupht & new problem to le faced con-
cerning engine intake protection. Development of the gus turbine engine hae produced higher compressor
speeds ond smaller compres:. “lades which have proved leas resistant to dumage from exterral partzclen
ingested by the enpine. The Tore, the need for environmental protection has increased over the yeurs.

Role fit intakes have been successfully developed to protect engines trom particular envircnments. dowever,
the role fit philosophy is not attractive to the customer who has a cost, storage, maintenamce and operationsl
penalty as a result. Consequently significant development work hus teken place over the last decade to
produce a basic ivtuke design which hag total environmental protection with a minimum of engine and aircraft
performar.ce degradation,

THE ENVIRONME!

One of the mejor difficulties in protection system design has teen the lack of knowledge concerning the
actuel environment; only when it is sccumtely defined can Getinitive rig development work be undertaken.

In order to gather the necessary data, progress;ve evaluation of both the protection system and the environ-
mental measuring system have been required, cor :urrertly, on numcrous aircraft flight trials. This hsas
resulted in very slow and expensive progress in the design and clearance of intske protection systems.
However, the acceptance test criteria now used for intake protection systems have been shown, by service use,
to be adequate in most cases. These test criteria are discussed, briefly, below.

i) Icines Conditions

The preaence of water in the atmosphere at tenjeratures below the freezing point of water can’cause ice to
form on the air intake and on the forward parts of the emyine and the compressor blades. If these paris are
not anti-iced, the performance of the engine will bhe progressively eroded. Subsequently, the ice which has
formed will shed into the engine with the probability of damge to the compressor and/or engine surge and
flame-out,

Water droplets and ice particles can be experienced in flight both discretely and together {ie in Mixed
Conditions). The piublems experienced to date have resulted in a multitude of test conditions as illustrated
in Table One ( voposed UK military requirement). Unfortunstely, we &a-e unable at present to rig test
conditions such as freezing rain and we are unable to accurately messure snow corditions that eccur on
eavironmental irials. The National Cas Turbine Establishment (EGTE) in England is hoping to he able to simu- ¥
late mixed condtions for WG34/EBH1™ rig icing trials we shall be cornducting later this year.

TABLE ONE
ICINC CONDIT IONS

Water Duration Droplet .'ige Altitude
Condition Ais Temp Contgnt of Median Vil Range
c m Condit ion Dis Micro's x 1000 ft
I + 0.90
Continuous 0 0.80 .
Maximum 10 0.60 Continuous 20 4 to 10
Icing -20 0.30
11 5 §.35
Poriodic 0 1.20 e
10
Maximum -10 0.90 15 mins 20 4 to
leing =20 0.4
o (0.20 LWC
111 50.60 ICE
Mixed 0.15 LwC .
Condit ions -10 (‘0.45 ToE Continuous 0 to 10
(Continuous) 10.10 LWC
=20 {0.20 ICE
o éo.So LWC
0.90 ICE
1V - 2l
Mixed ~10 (2.00 L 15 ming 9 to 10
Conditions ’ - R
(Periodic) -20 (0.15 LW [
10.30 17k §
A
}.?éilng 43 to -Pu 0.8 Continucuy 0 its 10
(Continuoua)
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TAELE ONL (Cont)

Water Duration Droplet Size Altitude
Condition Ais Temp Contegnt of Medfan Vol Range
c &/a Condition Dia Microns x 1000 ft
VI
S;‘i:“‘g +3 to =20 1.9 1% mins 0 to 10
{Pariodic)
V11
Recirculating 0 to =20 1.5 15 mino IGE Hover
Snow
VIII . . 0 to 50
Freozing Fog 0 to =0 0.3 5 ming 10 to0 20 AGL
IX
Freezing 0 to -15 0.3 to O 5 mins 200 0 to 5000
Drizzle
¥
Freezing 0 to -10 0.3 S mins 1500 0 to 000
Rain
ii) Sand and Dust

The cperation of gns turbine engines in high sand and dus? concentrations can cause rapid erosion of the
compressor blades and its casing with resultant engine performance and handling degradatien,

Various teat dusts ar in use in the Aircraft industryv. In ihe United Kingdom, dust to BS1701 is the
genersl standard used for helicopter engines. This duat has a particle size distribution as shown in
Table Two.

TABLE_TWO

Pa‘r‘t‘.icle Dis 3 ve‘:'ghtjmaller
20 i e
40 41
60 5%
80 68
100 79
120 88
140 a7
160 100

4n aedaem v
“T @a Ve GOCEpWE

Intake protection systems which separate more than 85% by waight of this dust from & dust concentration of
I 13
15 ii

16.10°% Kg/m’ of nir have been chown & iu ACLId ¢Ouniries,

iii) S Spra

Once again, various salt spray tests sre used worldwide. A typical sslt spray zolution, for corrgaion teast-
ing, would have a concentration of 2.10-7 by weight of salt in air. 1In service, the rapid engine performance
degradation dva to eomwpressor contamination by salt water must be caused by salt conceutration levels well
in excesa of ihe above figure. However, womentum separation systems for use in icing and sendy conditione
hauve been found to be beneficial in protecling engines from the effects of salt water contamination,

iv) Fo Objegts

Specification foreign object damage teating for engine/intake combinations is generally limiced to single
tests with small birds snd either 25 mm or 12 mm dismeter hailetones. However, there is uow an increasing
amount of ad hoc testing carried out using items which are known to have caused engine compressor damage
in-service eg lockwire, nuts, bolts, electricesu ties, stones, twigs, ice perticles of all shapes and sizes,
etc. It is anticipated that aircraft or engine specifications will eventually include more severe eugine
FOD protecticn requirements to cover the above items.

OPERATIONAL PROBLEMS

The helicopter is espentially & low level airzraft which normally opesates below 3,000 metres. If icing
condit:ons are encountered (ie ice crystals or weier droplets below 0°C), ihe helicopter is often unable to
‘climt over' the weather and has to plough vn through or turn back. Obviously the latter is highly
undesirable in both military and coumercial operation and sowe form of engine intake anti-icing is eseential
to permit flight in forecas: or actusl icing conditions. Figure one shows a s.mple anti-iced pitot intake
which is basic fit f=r the Sca King helicopter.
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After having devised a suitable engine intake anti-icing system to permit prolenged immersion in an icing
condition, the manufacturer is then faced with the problem of protecting the engine from ice particles
which form on and shed from the alrcruft fuselage. Typical areas of ice sccretion are windscreen support
frames and windscreen wipers ~ a3 shuwn in figure two; taken during icing rig trials of a Sea King at the
National Gas Turbine Establishment, (NGTE), Pyestock.

The helicopter's msjor amgsget is its VTOL ability. However, in doing so, it will generate its own snow or
sand and dust storm wheun operating from unprepared strips or in arid areag where it is impossible to keep
landing areas clean. Operating in sandy areas can reduce eugine life to tens of hours without an efficient
engine intake separation system - especially when several helicopters are operating together., Figures
three and four show the Westlurnd Lyuw helicopter during environmental trials generating its own sand and
gnow stormsg.

A common role of the modern day helicopter is to carry out Search and Kescue operations over the sea - often
in pale force winds and breaking waves which cause & high concentration of sall water in the vicinity of

a hovering helicopter. Such an environment, illustrated by figure five, can cause compressor fouling

within mjnutes to eliminate the hover power margin of the aircraft, Also, the increasing usage of helicopterc
from swell ships and offshore o0il rigs is likely to increase engine salt corrosion prcblems in the future.

Finally, it is also desirable to protect the engine from debris which finds its way into the air intake
durirg maintenance operations and from ‘ariocus tvpes ¢of debris, other than sand and dust, which becomes
sirborne when the helicepter is operating near the ground.

EXJFRIENCE

In the early days, the problem of intake protection was aprroached on & role fit aircraf't intake basis -
qand extractors for arid areas and heatec intakes/intuke shields for colder climates. Attempts were later
made to adopt sand extraction systems fo. use in icing/snow conditicns but these modifications bhave usually
been only of limited use., To illustrate this point, tne devclopmert of intaekes for the Westland Sea King:
Commanio, the Lynx ancd the current Sea King Keplacement project is reviewed:-

Sea_ King/Copmando

i)  The Westland Sea King and Commando are licence-built derivatives of the Sikorsky S61 which was desigred
with an electrically anti-iced pitot intake (ref figure one). This intake is simple to manufacture,
has good serodynamic characteristics and has c relatively low electrical power requirement., However,
early flirht trials in icing conditions (back in the 19.0's) showed thut large quantities of ice can
quickly form or the front of the aircrurt, especislly around the herted windscreens (ref fipure two).
When this ice sheds, there is a high protabtility of it being ingested by the engines - as has bLeen the

cage an gaveral occegione with resuliant enpine dawage.

ii) The first attempt made to improve the engine icing clearance for the Royal Navy was by means of an
electrically heated 'Mushroom Intake' (see figure six). This intake was designed to provide 'line of
sight' engine protection from airframe shed ice particles. Following initjal rig icing trials at NGTE,
this intake was flown in natural icing trials by A and ASE, Boscombe Down., These trials showed that
the rnew inteke desigrn induced ice/anow to form on the catin roof which became an ergine hazard: also
the electrical power requirement was found to e.ceed that of the standard aircraft generutors.

iii) After the exjeriments with the 'Mushroom Intaxe', natursl icing trials were conducted with the
Sikorsky 'Foreign Object Ieflector' or 'Harn Door' incale. Although these trials were successful,
corcern was expressed over the proximity to the intake of ice which formed on the front of the bai.,
Duor, orn the pitot tubes and on the engine bay doors. To remove thesc problems, a TKS fluid strip
dispenser systexr was added to the front of the Barmn Door, ws shown in Tiprure severn, and electrical
heater mats added irn the other areuas. System developwent trok place once more at KGTE and further
ratural icing trials have resul ted in ui engine icing release which exceeds thet of the unprotocied
rotor system.

The Barr, Door irtake was desipmed to provide line of sight protectiorn from sivframe sched ice purticles.
It addition, ita shape aluo provides momentum coparstior of water dropletls from the eneine airflow
which has beer shown, ty service use, to be beneficial in reducing the rate of power loss due to engine
compressor salt conteminstion in marine environments.

The fitment of this type of intake to the Sca King rroduces airframe drap, weipht and cngine performance
renaliies: the latter fue to Lotl pressure loss and san increas: in airflow distortion.

iv, luring the sare period, westlunds have developed & role fit annd Cidter pack ltused on the well knowrn
‘Centrisep’ tute for Miadle Eant cuntomers of the 'Commando’ version of the 5t1. This puck has also
teen terted in the NOTE dicirns facilitier and chowed that, slthough forward facing ranels guickl: block
with ice, large side facing purels can jrovide erpine protection from ice particles and ~ater dropleto
fo: limited periods lsr¢ fisure eiphl- womentun separation of & large part of the water droplets
occurring), Fowever, we luve recervations on the use of such devices in ail iyvpes of icine conditions
for lons periods of time. Also, side fuscuiny packs have Lrrge intake precsure drops (relative to & pitot
intuke: which are increased with partial ice blockage giving # lurpe perf -ruwance pensdty jue to weight
and 3FC effects. ‘The inlet distortion characleristics of such packs are normally good &nd performance
yenaltien reduced if the ypuck csn be by-pscsed in normal flipght conditions - st the expense of further
weipght, cost und complexity.

l
v) Wegtlands have ulao desigred a side fucing, electrically anti-iced intake ror the Sea King (ace I
figure nine). The object of the design was to msintain the line of sight ice protection and the waler {
droplet momentum separation of the barn door intake whilst improving the airframe drag and intake prea-
gure luas. Wind tunnel wmodel and NGTE icing testing showed the wesiym obiecis had been achieved,
although some further development may have been required tu improve the distortion characteristics.




Anti-fcing power levels were in excess of those required for the standard pitot intake but less than
those for the Mushroom Intake.

Lynx

Similar intake concepts to those used for the 3ea King were applied to the design of role fit intakes for
the Westland/Aerospatisle Lynx (figure ten) and it's 'big brother' the WG30. The basic aircraft features
electrically heated air intakes (seec figure eleven) which are sited to glve 'line-of-sight’ protection
from the major areas of airframe ice accretion. Wire mesh debris guards are available for use in areas of
high FOD risk and, for hotter climates, we have developed a forward facing sand rilter pack as shown in
figure twelve.

Sea K Repla t

Total intake protection is required for the Sca King Replacement (WG34). This project, now known as the
EH101, is currently being studied by Weutl ands and Agusta.

We believe that the mc:.t difficult intake protection problem is to provide long exposure in icing corditions
with minimum basic aircraft performance penalty. Momentum separation of water droplets in both icing and
s8lt water environments has been shown to be essential to reduce the penalty due to the protection system.

The momentum separation principle (as used in the 'Centrisep' and 'Donaldson' tube) is generally accepted
gs the best means of providing both sand filtration and total FOD protection. This principle has been
studied by most of the engine manufaciurers in the world and General Electric are the firat in the field
with an integrated, high performance, co-axial separator on the front of their T700 family of engines - as
shown in figure thirteen.

A further use of the momentum separation principle has becn used for many years, particularly on Pratt and
Whitney PT6 engines. This esymmetric or bypass duct type of device has been extensively developed by Rolls
Royce, Leavesden, illustrated by figure fourteen aid, by the inclusion of a large byp.ss duct scavenge flov,
they have produced exc<llent aerodynamic and protection nodel test results. However, once again, we have
our reservations on the adoption of this type of intake. We beljeve it has many detail design engineering
proovlems in providing the necessary ice free ducting and associated large scavenge flow with the general
constraints of a typical engine installation. Also, the random 'bounce' of large ice particles ingested by
the intgke could cause unacceptable engine damage rates when continually exposed to iecing conditions.

Alter reviewing the above information, a sideways facing anti-iced intake in coniunction with an engine
mounted separator was selected ar ilie means of protection for the EHt1O! (previously known as the WG34),

This intake system was chosen as being tne lowest risk means of achieving line of sight protection from air-
frame shed ice, up to five hours mission time in icing conditions ard general sand, FOD and salt water spray
protection,

Develnpment work on the checen oysiem is well advanced. Wind tunnal model tests were mRimed at producing an
inteke with low pressure loss in both hover and forward flight, low distortion and low intake entry
velocities (to further minimise the risk of ice ingestion) whilst maintaining a shape which will provide
good water droplet separation in forward flight. The aerodynamic aims have been met (winimal hover power
loss, less than a 100 1b fuel penalty for a five hour mission and acceptable distortion predicted) and an
icing rig is being prepared to evaluate anti-icing requirements at NGTE late 1981,

The performance of the General Electric T70) separator is well documented (see Reference 1). Test work to
ensure that the sideways facing intake does not compromise the performance of the separator has aiso com-
menced with ice ingestior triasls at the Lucas facility, Artington. A T700 scparator was tested with aad
without the WHL intaske by inj cting a large number of different shaped ice particles into and past the
intake. The T700 separatcr hed excellent performance with ice particles lass than 12 mm cubed and its per—
formance was maintained witr ‘he gide intake fitted. Particles larger than 12 ma showsd rardom separation
thus emphasising the need for line of sight protection for long icing exprosure tiwmes. Aji intane velocities
for the side int ke were so l.-w that oniy very small ize particles were atiracted towardw the iuteke at
hover power conditions,

CONCLUSION

For totasl eavironuental protection of *+' ¢ engime air intake as basic aircrart fit, three optiong are
availadble for further investigatioa:

a) side facing anti-iced intakes in conjunction witn an engine mounted co--axisl sepurator.

b) & bypass intake duct with anti-ic.~g ~nd a large scavenge flow.

¢) large side-facing vortex tube type 7.

Each of the above intake protection systems has its own penalties ot weight, drag, engine power and SFC,
coat and manufacturing problems. In order tv minimise the penulties, clase co-operation is reguired between
airframe and engine manufacturers throughout the design and development stages of the he)icopter.

Adoption of any of these three optiors will prooably give an engine protection stendard which will permit

sufficient exposure times in hostile erwirormenrts such that engine power and integrity is no longer the
limiting factor; only further natural environmental trimlg will yicld the answer!

REFERENCES

1 T700 Engine Integral Inlet Separater - All weather Operatiun
By M G Ray and J L Browne, General FEleccric Compary
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Figd  Sea Kmg  Heated side imtake (NGTT test)
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DISCUSSION

et TR

: K.Rosen, US
Why did you elect to go to the side entry with the T790 which already has a built-in incrtial separator?

Author’s Reply

For this particular aircraft requiring long operating periods in icing conditions, it is viewed that this design is most
appropriate.
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H.Dabbudie
Soci¢té TURBOMECA
Bordes
64320 Bizanos, France

RESUME - Rigime de détiresse sur hélicoptire bimoteur.

La tcndance & la bimotorisation des hélicoptéres civils el militaires, pose 18 question du choix du nivesau
de puissance de chajue mateur permeitant d'obtenir des performances acceptables en cas de panne d'un moteur,
particulifrement, aux trés faibles vitesses.

L'utilisation d'un régime de détresse, permettant d'obtenir, une fois dans la vie du moteur, un niveau de
puissance trés élevé pour une courte durée senble &tre une approche intercessante et prometteuse.

Dans une premiere purtie,les rolations entre les niveaux de puissunce de détreasc et les paramétres
concernant l'utilisation de 1l'hélicoptére, masse décollabie, plafond, consommation, cofit en opération, sont
exsminé2s dans le cas d'un projet d'hélicoptere bimotsur de tonnage naoyau.

Dans une deuxidme partie les perspectives d'homologation, voire de certificution civile d'un tel régime

sur des moteurs de technologie actuelle sont examindes.

PMC : Puissance maximale continue

PMD : Puissance maximale au décollage (5 mn)

PIU 3 Puissance intermédiaire d'urgence (fonctionnement monomoteur : 3Omn)
mu : Puissance maximale d'urgence (fonctionnement monomoteur : 2 mn 1/2)
FSD : Puissance de "Supar Détresse"

T3 :  Température d'entrée turbine

T.0.C : Cofit total en opération

D.0.C : Cofit Direct en opération

Cp : ClinTgs payanic

CK ¢ Prix au kg par km transporté

{ :  Coefficient de motorisation : Om 15°C

< = Puissance thermique des moteurs au décollape
Puissance nécessaire au stationnaire H.E.S

D.E.§ : Dans 1'effet de sol

H.E.S : Hors efret de sol

Pm : Prix du moteur

T.B.0 Potentiel du moteur (Time Between Overhaul)
Pc : Prix du carburant

CH H Consommation horaire du moteur.

t : Temps de la mission

1 - INTRODUCTION.

Le choix du niveau de "moturisalion” d'un hélizeptere est toujours ditrficile, Il résulte en effet d'un
compromis entre le désir d'obtenir des performances brillantes (par tewps chaud ou en altitude) pour
pouvoir toucher le maximum de marchés, et les impératifs de rentabilité qui préoccupent tous les
utilisateurs en utilisation normale (D.0.C).

Par silleurs la tendance générale est a la biwotorisation, tant pour les utilisations civiles que
militaires. Ceci ne fait qu'accroftre 1l difficulté du compromis, car il est nécessaire d'offrir des
performances minimales sur un moteur : ce sont les seules réellement utilisables par les utilisateurs
civile catdgorie i, et elles déterminent les possibilités opérationnelles de 1'hélicoptere militaire (vol
tactique & trés basse altitude, attente on stationnaire derridre des obotacles naturels,..).

Par expérience sur des hélicoptéres existant en version mona et bimoteur, nous pouvond considérer que le
"prix" de la bimotorisation avec les concepis utilisés aujourd'hui est d'environ + 20 A 25 % sur la
consommAtion kilométrique,

Pour maintenir des caractéristiques operationnelles comparables (charge utile.runge) cette augmentation
de consommation s'ajoutant & l'augmentation de masse h vide, nécessite une augmentation de la masse
maximale autorisée au décollage ce qui peut entrainer des modirications importantes sur la conception et
sur le prix de 1'hélicoptere considéré.

Ces écarts sont en purtie dus au fait que les moteurs sont dimensionnés pour le régime maximum d'urgence
2,5 mn (car le motoriste doit démontrer 2h 05 mn pendant 1'essai d'homologation de 150 h), ce qui entraine
des moteurs plus lourds, plus puissants au régime de deécollage et ayant une consommation mpeécifique plus
élevée A charge purtielle sur 2 moteurs.

En rait, le but recherché est de se protéger au mieux d'un urrft accidentel d'un moteur pandant cerizines
phages critiques de vol :

~ En utilisation civile le taux d'arrét moteur en vol se situs autour de 1072 par heure de vol, Mais la
probubilité d'arrét pendant lu phese critique de décollage est encore bien plus raible (< 10‘7): il n'y
a aucun cas de ce type répertori< avec les helicoptéres bimoteurs de 1'herospatiale.
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- En utilisetion militaire cette probabilité est bien ofir supérieuru (pourcentage plus grand de
phases critiques de vol, risques d'impact de projecti;eﬁ...). Cepondant, mfme nour ce type
d'utilioation, la probabilité reste telle qu'il eet envisageable d'efrectuer une inspection ou une
révision du moteur ayunt di fouctionner au régime d'urgence i la suite Jd'une panne de l'autre moteur,

Les questions que nous nous posons et auxquelles cet exposeé tente de répondre, sont donc les suivantes :
"Ne paie-t-on pas trop cher cette protection contre la vunne d'une moteur, compte tenu do sa raible
probabilité ? Ne peut—on pnt sméliorer lu situation en allégeant les régles d'homologutivn des régimes
d'urgence, pour pouvoir aller beaucoup plus orés des limites thermiquews et mécanique. du moteur en cas
de panne de 1'autre moteur ?.",

- SITUsTION ACTULLLY.

Pour qualirier le niveau de motorisation d'un hélicoptdre nous utilisons souvent le "coefficient de
motorisation™ Y = Puissance thermique du ou des moteurs - sol ~ standard
Puissance nécessaire stationnaire hors effet de sol

Ma.84 maxi - Sol - Standard.

Ce coerTicient varie habituellerent entre 1,2 ot 1,5 selon le dugré de polyvalence rccherché pour les
hélicoptéres concernés,
La fig. N° 1 donne Quelques caractéristiques des héljcoptéres Aerospatiale de la nouvelle génération,

Le DAUPHIN, avec ¥ =1,2C, 25t bien adapté¢ aux missions en climat temperé et & 1'oir shore, le TWINSTAR
(¥ = 1,44) o1 le SUPSR PUMA (1,52) soni trés bien motorisés et conservent de treg bonnes performances
dups dec conditions climutiques séveres :

Masse maximale dé:cllable HES au stendard + 20°C 4 des altitudes cupdrieures A 1500 n.

Malgré ces nivesux élevés de motorisation, les perrormances catégoric A {panne moteur au décollage)
restent modestes, surtout dour les procédures "héliport ponctuel",

Pour des versions militaires de ces hélicopteres, le besoin de surmoterisation Serait encore accru par :
~ l'augmentation des pertes d'irstaliation (protectlon infra rouge, séparateur de pariicules)

- les exigences de vol trés pres du sol nour lequel il est souhaitable de subnprimer la “zone de mort”
de maniére & sauver 1'équipage voire 1'nélicodtere en cas de panne moteur, queclle que goit 1'altitude
ou la vitesse d'avancemeat, y compris le stationnaire.

L2 situation décrite ci~dessus, qui n'est nas apdcirique aux hélicoptéres de l'aerospatisle, est celle que
1'on peut obtenir avec des moteurs Jont le régime Maxi d'urgence (2,5 mn) est de O et 10 3> supérieur
au régime de décollnge.

L'idée d'un régime de détresse, yui, tout en maintenant au niveau actw i les nuissances maxi continue

et décollage, et la consommation sviécifique & régime partiel, permettrait d'obtenir un niveau de

puissance nettement supérieur au régime 2,5 mn actuel, 1 fois dans la vie du moteur, n'est pas nouvelle.
Elle n'a cependant pas eiacore débouché sur des applications vratiques en particulier pour les utilisations
civiles, pour lesquelles une ¢volution des réglements 8'impose. kEn erfet le probleme de la démornstration
et la vérification d'une telle "capabilité" de surpuissarce reste posé,

Nous pensons que, combte tenu du niveau de fiabilité des moteurs utilisdés & 1"heure a2tuelle sur nos
hélicoptires, et des impdratirs économiques de plus en plus Dressants auxquels sont confrontés les
utilisateurs, cette notion de régime de détresse est plus quo jumais d'actualité et doit &tre prise
sérieusement ¢n considération, aussi bien par les motoristes que par les organismes officiels de
certification.

Pour mettre en évidence les avantgpes d'une telle Anoroche, nyue svens, avee lo Sozidtd TURDUHECA,
realisé une étude sur le théme d'un hélicootére bimoteur de rérérence d'une masse muximale de 4 tonnes,
équipé d'un nouveau moteur"Y"de conception moderne, qui donne a cet héliconters un bon niveau de
motorisation selon les critéres actuels (rig. 2).

hprés avoirr deéterminé les limites en cas de panne d'un moteur, et déterminé les niveaux de puissance
d'urgence souhaitables dans ces conditions, nous uvons mis en évidence et tenté de chiifrer 1'inter8t de
pouvoir obtenir de telles puissances & parlir du moteur de base Y nlut8t que de dérinir un nouveau moteur
plus puissant qui délivrerait ’a m8me puissance au rigime 2,9 mn selon las critéres actuels
d'homologation,

- INTERET DU REGIME DE LEYRECSE,

Nous avons supposé dans un premier temps que le moteur Y, tel que dérini précdédemment avec sa puissance
de décollage, oo Cs et oA masse était cupable de délivrer vendant un temps de | minute Ay moins une
"puissance de détresse” pouvant aller netiement au dela de la PMU actuelle,

Nous avons ainsi étudieé l'impact du niveny de régame de détresse sur les possibilités opérationnelles
de 1'hélicoptare .

3.1 - Effet sur les performunces,

4 1'aide d'un programme de caleul permetiant d'¢tudier le comportement transiteire de 1'hélicoptére
aprées la panne d'un moteur (réf. 1), nous avons pou~ difrérentes conditions extirieures, différentes
nuvses de 1'hélicoptére , déterminé en fonction de la puissance d'urgence disponible les hauteurs H
pour lesqueclles :
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(1)115 correspondent en fait & la suppression de la zone d'insécurité.
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- la poursuite du vol est possible

* .
- le posé vertical amene A une vitesse d'impact de & m/s (Lrain déformé mais appareil non endomnagi)

*
de 2,9 n/s (train non dérormé).

Les planches (N° 3 & 6) prisentent ces résultats pour lesquels 1la puissance est cxprimse en ) de la
puissance nécessaire au stationnaire hors elfet de sol dans les n@mes conditions. Les points
intéressants se situent A l'intersection des courbes de poursuite de vol et des courbes de posé(T)
Les résultats essenticle ont ¢té portés sur la r'ig., N° 7 qui récapitule les verformpances possibles
en Tonction du niveau de puissance d'urgence, variant de + 10 Y & + 60 % par rapvort au régime

de décollage actuel.

Notons que dans cette étude de sigulation Je besoin de puissance a'urgence n'a jamais exceédé 30 s
et que le temps d'accélération du moteur entre le régine de décollage et le régime d'urgence 2 €té
fixe a 1 secorde. 5n dessous de cette valeur les résultats ne sont pus modifiés. Si le temps
d'accélération est supeérieur & 2 secondes, ce qui pourreit arriver vnour de tres roris niveaux

de surpuissuance, les performances obtenues seraieni légeérement affectéas.

Inter8t économique du régime de détresse.

ok oo B

La planche n° 2 montre que le moteur Y, avec scr.  jigime a'urgence 8,8 S supérieur au décollage
n'autorise pratiquement aucune pcrformance sur u.. moteur, a la nasse maxi de 4000 kg nour des
conditions altitude, température plus séveéres que le standard.

Nous avons donc imaginé qu'il €teit possible d'autoriser sur ce poteur un régime de "Super détresse"
utilisable 1 minute une rois pendant la vie du moteur, dont le niveau est neltement plus dieve Que
celui du régime maxi d'urgence actuellement dérini.

A A

Moteur Yt dont la FSD est 24 % supérieure au décollage (A 93 = 120°¢)

Moteur Y2 dont la PSD est 40 % supérieure au décollage ( [\ 15 = 200°C)
Pour pouvoir mettre en évidence 1'inter&t économique d'une telle approche, nous avons comparé ces
motenrs Y1 et Y2 & deux moteurs hypoihétiques Z1 et 22’ de m@me conception que le moteur Y de réfe-

rence dunt les régimes maxi d'urgence 2,5mn ocertifiés sont au m8me niveau que les régimes de détresse
des moteurs YI et Y2 (voir pl, B).
Ces moteurs Z1 et Z2 sont des moteurs "homothétiques" au moteur de référence Y et délivrent leurs
puissances PMD et PMU zux m8mes températures T3 que le moteur Y, leur consommation & régime partiel
est légbrement améliorée & 6O ib de la PMD par l'efrfet d'échelle, muis dégradée & puissance donnée
(400 kW).
Nous avons calculé, pour ces différents moteurs :
- le cofit total en opération, qui tient compte de la consommation et du prix des moteurs

T.0.C=A+BPn+C ¥m_ + Pc,CH

TBO

- la charge payante qui tient compte :

- du piveau de puissance par le biais de la messe décollable, jusqu'a concurrence de la masse

maxipale

- de la consommation
- dz la masse de 1l'installalion motrice (masse muteur plus répercussions sur hélicoptire)

Cp = HT - Hv - m - CH.t
f o~

massebmotcurs’

r LI £y . Ll
Masse maxi Masse b vide sans moteurs

- le cofit du kilogramme transpor%é par kilomdtre qui donne une idée de la rentabilité globale
de l'hélicoptére
c _1.0.C
K ~ Cp.V

Les résultats sont donnés sur les fig., N° 10 & 12,

Avec les procédures catégorie A héliport ponctuel, pour lesquelles le réyime limite actuel est la
PMU, lesc gains obtenus sont sssez spectaculaireo sur le coflt du Kg/Knm.

Pour les moteurs 1 (PSD ou PHU =1,24 PMD) on obtient déji une réduction du cofit (Kg/km) variant de
50 % (4p = 0 to =15°) &4 70 % (Zp = 0 to = 35°C).

Par ailleurs les moteurs Y, avec régime “"Syper Dciresse" off.-ent un avantaze pouvant : iteindre
25 % par rapport aur moteurs Z n'ayant qu'un régime d'urgence.
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Dans le cas des procé@urea héliport dégagé, pour lesquelles le régime limite ost la PIV
(tayx de montde imposé), l'appareil pouvant, dans un premier tempa, prendre de la vitesse
horizontale pour réduire la puisannce nécessaire, les rdsultats sont sensiblement différents.

Les moteurs 2 ont une capabilité de PIU accrue. Nous avons supposé que leur PIU était égale h la PKMD,
Les performances et la rentabilité de 1'hdlicopt3re sont done apélicvdes,

Pour les moteurs Y les performances ct la rertabilité de 1'hélicoptire ne sont amdliordes que si

le régime P1U est relevd, simultanément au régime PSD,

Dans 1'hypothdse ou la PIU est relevée au niveau des moteurs Z oa retrouve des gains conparables
a ceux sur héliport ponciucl cntre moteurs Y et moleurs Z.

En fait, pour les procédures civiles catégorie A, ces reésultats ne doivont 8tre considérés que pour
leur ordre de grandeur, une étude particuliére h cihmque hélicoptire devant &ire faite pour savoir
Jusqu'a quel niveau il est interessunt d'augmenter la PSD sans augmenter la PIU,

Par con}re pour des applications "militaires" ol il n'y a pas de poursuite du vol avec taux de montée
imposé & 1la ?IU, seul le niveau de PSD est déterminant vour 1a survie de 1'hélicoptére ¢t les
résultats présentés {charge utile /Prix Kg/Km) sont directement utilisaoles.

POSSIBILITES REELLES DES MOTEKURS.

Le probleuse principal lié au régime de détresse est la résjistance des pales de turbine au phénoméne
de flusge (Température et vitessc),

Nous pouvons considérer yue les températures T3 actuellement retenues pour le décollage correspondent
4 une durée de vie calculée de 1000 h dans le cas du moteur Y de rérérence non refroidi, ct ayant été
dimensionné pour atteindre des TBO ¢levés.

La courbe n° 13 montre l'dévolution de cette durée de vie calculée aver le niveau de température, et la
surpuissance que l'on peut atiendre.,

A 22 % de surpuissance la durée de vie calculde tombe & 10 h, & 35 % 2 ) h et & 50 % elle n'est plus que
de quelques minutes.

A l'aile de ces résultats de calcul er de 1'expérience acquise par TURBOMECA au cours de nombreuses
homologations antérieures, et de¢ 25 millions d'heures de vol, nous pouvons dire que, A condition de
réduire la eévérité de 1'essai d'hvuologation, ieam mcteurs de conception &ctuelle ont une capabilité de
régine de déiresse (1 rois dans la vie du moteur) supérieure & 120 % du régime décollage :

e durce de vie

i
<3
ti

- entre 20 % et 25 % de surpuissance (ce qQui correspond environ a
possibilité d'utiliser le moteur an régime intermdédiaire d'urpe
(cas de poursuite du val)

[ =]
e
o

calculée) avec 1l
de 1 iréss¢

N e .
YRR A D ~ aL
prae 1'util St aé

£

Paristey

- entre 25 % et 30 % de surpuissance ou plus (environ 1 heure de durée de vie calculse) avec arrét du
moteur aprés l'utilisation du régime do détrosse,

Au deld de 25 % la prévision par calcul cevient dificile. Cependant il n'est pas exclu Que des essais
sur moteur réel puissent démontirer des capebilités da régime de détresse supérieures.

I' est par milleurs intéressunt de souligner que pour la mBme élévAation de température 73, l'augmentation
relative de puiusance est plus importante par temps chaud qu'en standard.

Par exemple pour le moteur Y de rérérence nous obtenons, les chirfres suivants :

to Régime Puigsance t3 Vitesse générateur
PMD 100 % t3 Ref, 100 45
150
FSD 120 % ty Rer, + 104,5 v
gooc
PMD 100 % iy Kér. 100,5 %
350
) 125 65 t, e’ + 103,6 %
- goog

Donc en feit, une surpuissance de 20 % en conditions standard représente 25 & 30 5 de surpuicsance
par temps chaud, dans des conditions ou juutement le besoin est le plus important.

Daus le cas particulier du moteur Y nous pouvons conclure qu'une surtempérature de 110°C par reapport
au décollage est possible (10 h de durée de vie calculée) ce qui permet une surpuissance de 30 %
a4 to = J9°C.




La définition d'un tel régime pourrait &tre :

Fuiseance de_Super détiresse :

Puissance maximale approuvée pour l'utilisation en cas de panne d'un moteur au cours d'un dédcntlage
ou d'un ntterricsage et limité & une weule 2éricde d'utilisation ininterrompue d'une durée maximale
d'une minute,

Cette utilisation est accompsgnée de 1'obligation de diposer le moleur pour inspection compléte ou
révisjon générale.

Compte tenu des niveaux dc¢ température atteints au cours de l'utilisation d'un tel régime, il est nécessaire

de s'entourcr d'un certain nombre de précautions de maniére A éviter les utilisations intempestivea ou
abusives :

~ armement & la demunde du pilove (la limite normale restant la PMU actuclle)
- interdiction de redémarrer le moteur aprés utilisation de ce régime,ou utilisation d'un calculateur

d'endommagement .,

Le test, permettant de vérifier que 1o moteur est bien capable de cette puissance, devrait se limiter
a4

- un contr8le de l'état du moteur & des régimes infeérieurs

- une vérification rapide du régime générateur atteint, L'accéldration du moteur du régime de décollaye
ou régime de super détresse se faisant en moins d'une seconde, ce test devrait pouvoir ae faire
périodiquement sans entamer de maniére significative le potentiel de vie du moteur, Il est certain que,

la encore, la surveillance du moteur par calculateur d'endommagement apporterait une sdcurité
supplémentaire.

Guant & l'homologation d'un tel régime, nous vensons qu'elle pourrait se dérouler comme suit :

Premidre partie :

Exécution de 1'essai d'endurance de 150 heures tel que défini par la réglementation actuelle, avec, en
plus, par phase de 6 heures, deux affichages durant 10 secondes de la vitesse de rotation corrensvondant
ay régime de Supur détresse.

Deuxidme partie :

- Ess.i continu ds 5 fois le ¢ycle ci-apres :
- 5 mn, Ralenti sol
-1 nmn. Décolluge
- 1 mn. Super détresse
- 30 mn, Intermédiaire d'urgence
- 60 mn, Régime intermédiaire (croisiére).

~ Démontage et examen final :

Essais complémentaires de type.

Pour valider complitement un moteur prévu uvec le régime de Suner détresse un certain nombre des essais
particuliers de type doivent 8ire adaptés sux conditions nouvelles. (e sont :

(A) Essais de fonctionnement

(B) Essaic de vibrations :

(C) Conirble préliminaire e¢* final de la nuissance su régime de Super adélresge.

I1 est convenu de ne pas rauire de mesure de puissence, su riégime de Super détresse, lors des
contrBles préliminaires et rinals des caractiéristiques de 1'essail d'endurance de tyne de 150 heures,

NOTA : Ceci implique qu'un essai particulier, appropri€, soit r'msit sur un auire moteur nour démontrer
la puissance déclurcée pour le régime de Super détresse,

(D) Essai_d'intdgritd en survitesse :

Essal de 2 mn & la température devant turbine déclarée pour le régime de Super détresge et & une
vitesse do¢ rotation supérieure de 10 4 a celle du riégime de Super détresse.
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Si l'on considédre la faible probabilité pour que le dispositir de régulation et de commandn tombe
en panne précisdment au moment de 1'afirichage de la vitesse de Super détresse et si 1'on tient compte
du fait qu'aprés 1'emploi de ce régime, le moteur devra obligatoirement &tre déposé et examind, 1l

semble raisonnable d'mdopter la valeur de 10 % de murvitesue par rapport & la vitesse de Super détresse.

A A il ..‘..‘.‘J‘

(E) Essai d'intégritd en surtemnérature :

Essai de 5 mn, & 1la vitesece de rotation du 1dgime Super détresse et A une températurs devent turbine 1
dépassant d'au-moirs 20°C la température muxizale déclarde nour le rdégime.

CONCLUSION.

L'utilisation a'un régime & "Super Détresse", utilisable une fois pendant u.€ minute, .ermet d‘augmenter :
trés significativement les performances sur un moteur d'un héliccptére bimoteur. L'améliarstica de
rentabilité qui en découle est trés attractive.

Les moteurs de conception actuelle ort une capubilité importante de surpuissance atteignant 30 % par
temps chaud, 1'homologation et l'utilisution de tels régimes ne posunt pas de problémes insurmontables.

Il est donc néceasaire d'entamer le processus d'évolution des réglements d'komologation des moteurs pour
permetire l'utilisation de tels régimes.

PITSRPSPPI.
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PERFORMANDES DE L'HELICOPTERE
DE REFERENCE ’
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FIGURE 7

DEFINITIONS

COUT TOTAL EN CPERATION

- Pm
TOC. =A + B.Pm + C. T80 + Pc.Cy
A : COUT DE L'HELICOPTERE, FRAIS FINANCIERS,
MAINTENANCE, EQUIPAGE (HORS MOTEUR)
Pm : COUT DU MOTEUR
TBO: POTENTIEL DU MOTEUR
Pc : PRIX DU CARBURANT
Cpy : CONSOMMATION HORAIRE DUMOTEUR

E FATANTE TRANSPURTABLE
(p= MT - MV - 2m1 - CM.t
CCUT DU KG PAR KM TRANSPORTE

cK - T.0.C.
Cp.V.
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DISCUSSION

K.Rosen, US
Would you plan on having an automatic increase on the temperature limiter in the event of an engine failure?

Author’s Reply
It is agreed that such a limiter increase must be provided and must be automatic.

R.de Gaye, UK

Does the Makila engine have provision to reset the maximum level of power on the remaining engine in the cvent
of a single-engine failure?

Author’s Reply

Not at this time. However, the ¢ngine does have capability of an emergency rating higher than the normal maximum
contingency rating. Such operation has yet to be demonstrated.

R. de Gaye, UK

Could you comment on the need for such an emergency rating device since gearbox torque limits could also be uscd
as a controlling device?

Author’s Reply

In the case where you do not have a torque limiter, control of gearbox torque is certainly suitable and has been used.
However again, when an automatic temperature limiter is utilized, provision for by-passing this limiter during an
engine failurc must be provided.
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ENGINE/DRIVE/AIRFRAME COMPATIBILITY — A WAY OF LIFE

Carl Albrecht
Manager of Power Train Technology
Boeing Vertol Company
P.O. Box 16858
Philadelphia, Pennsylvania 19142

ABSTRACT

Virtually ull of the helicopter manufacturers have encountered some form of engine/drive/airframe compatibility
situation for which there was concern during the early development stages or during production of a pew design. Studiesand
analyses of such compatibility problems have now become commonplace and can be considered a way of life in the
helicopter industry. This paper discasses various compatibility encounters on Boeing Vertol helicopters, theiramalyses, and
their solutions as affected by cucrent technology and engine/airframe manufacturer relationships.

GENERAL

The concept of system compatibility is certainly nota new one. Perhaps one of the earliest problems encountered on
helicopters was that of ground resonance. This necessitated the need for evaluating the compatibility of the rotor system,
rotor damnping, airframe inertia, oleo placement on the aircraft, and oleo dampin; characteristics. Because of these early
experiences ground resonance is now well understood; the analytical rools are available and are properly considered in the
early design stages of the helicopter. Since these systems are usually all under the control of the sirframe manufacturer, there
is little need o interface with other subcontractors.

With the sophisticavion of cuirent turbine-powered helicopters, however, have come many new problems
involving the compatibility of the major multidegree-of-freedom systems: rotor, control, airframe, drive train, and
powerplant. It is unfortunate that problems related to dynamic interface items were often amorg the last to be encountered;
they therefore become the most costly to correct.

Extremely close communication is required today, not only between the several technical disciplines but also
between two or more manufacturers, if a problem is to be solved before the product reaches the hardware stage.

Fortunately papers have been written and reports issued that summarize the system compatibility experiences of the
various helicopter manufacturers. A wealth of information on this subject is available in References 1 through 7.

The iemainder of this paper is devoted to s detailed review of various compatibility encounters at the Boeing Vertol
Company over the years from 1964 to the present. The solutions to the various problems, for the most part, were not highly
sophisticated; in fact, most solutions were attzined from the application of basic engineering principles to state-of-the-art
analytical and test techniques. Specific examples have been selected that relate to each of the various helicopter systems.

ROTOR/ENGINE COMPATIBILITY

Situation

During a twin-engine rotor start, three lag dampers were damaged due to overloading. This occurred on the
CH-46E helicapter in 1975 shortly after higher-powered T58-GE-16 engines were installed.

Investigation

The rotor lag dampers 53¢t a5 stops during rotor low-speed accelerations. The allowable torque which the dampers
can withstand is a function of the rotor speed, since centrifugal force on the blades provides arelieving moment about the lag
hinge and therefore decreases the amount of torque which must be absorbed by the lag damiper. The rotor startup procedure
and fuel control management were therefore key factors affecting the magnitude of damper loads.

The engine fuel control lever, which normally bas a linear relationship to torque from ground idle through
maximum power during steady-state operation, was found to exhibit nonlinear characteristics during transients. These
tr nsients resulted from various limiting functions within the engine control system and tke required switchover from
g->-generator power control to power-turhine speed governing. Increased input on the control shaft increased the engine
output and decreased the time to reach operating specd. Because of the acceleration/time effects the pilot had very little
control of the torjue peak.

Solution

A deteat, or gate, between the GROUND IDLE and FLY positions was provided to enable the pilot to accurately
dwell at a safe engine power setting and thereby reduce the possibility of an overtorque. Figure 1 shows the relationship
between the maximum engine torque developed and the engine control shaft setting, including the effect of ambient
temperature. The detent set at the 40-degree position of the engine control lever provided assurance that the torque would
remain below the continuous twin-engine tracsmicsion torque limit of 100 percent down to 0°Fambient. In addition, it was
required that the rotors reach a speed of 80 rpm (30 percent) prior to advancing the condition levers from the GROUND IDLE
detent. This insures that the blades develop sufficient centrifugal force to eliminate the possibility of overloading the lag
dampers when rotor shaft torque is increased.
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Commentary

The CH-46 helicopter must operate from aircraft carriers. For such operations itis desirable to bring the rotor blades
up to speed as quickly as possible. This is done with articulated rotors to prevent excessive blade flapping that might cause
blade contact with the fuselage, due to the gusty, turbulent air conditions on the carrier.

In ¢his particular case the desire to reduce startup time was inconsistent with the loads generated during startup and
therefore a compromise was necessary. The transient analyses performed served only asa guide in understanding trends. The
final solution for starting procedures was established, however, through testing and service experience.
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AIRFRAME/ROTOR/DRIVE COMPATIBILITY

Situation

A comiderable amount of fatigue cracking had occurred in the secondary and redundant structure of the airframes
on CH-47A. B. and C helicopters during 1969. Although the cracking was not considered to be a safety-of-flight problem, it
did have an effect on maintenance manhours and therefore became the subject of a significant effort to establish the cause and
a solution.

Investigation
The interacting systems were found to be the rotor, drive, and sirframe. Flight-test data indicated the presence of 3-
and 6-per-rev dynamic pressure fluctuations due to rotor blade passage over the fuselage. These fluctuations, as shown in

Figure 2, were dependent on both helicopter forward speed and gross weight. Figure 3 shows the crown frame stresses
resulting from the pressure fluctuations and their relationship to the aliowable stresses.

In addition to sirframe cracking, there was also an excessive failure rate of the synchronizing shaft support spring
mounts. Analysis indicated that the serodynamic pulses were exciting the crown frames and the shaft mounting structure ina
coupled mode at near-resonant conditions.

Solution

The most simple and straightforward solution in this case was to decune the crown frame structure by stiffening the
frames and by providing proper synchronizing shaft support mount stiffening. The effect of the structural modifications on
stresses is shown in Figure 4. With stress levels reduced below the fatigue allowables, the problem was eliminated.
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Commentary

At that time the use of finite-element analysis for the evaluation of airframe structure, both from s dynamicanalysis
and strength analysis viewpoint, was in its infancy. Today, however, such methods are being used by most helicopter
nmuanufacturers and can be used to evaluate airframe frequencies, modes, and stresses due to applied pressure fluctuations.
Such calculations now can and should be performed during the design stage and not after che aircraft is in production.

DRIVE/AIRFRAME COMPATIBILITY

Situation

In 1964 a failure occurred on the connecting quill shaft that transmits torque from the combiner transission to the
aft transmission oa the Boeing Vertol 107 helicopter. No metallusgical deficiencics were found asd the original qualification
testing did not reveal any potential structural problem with the quill.

luvestigntion

The connecting quill shaft serves to transmit torque between the combiner transmission and the aft rotor
trunsmission of the V-102/CH-46 helicopter, Physically there are two complete and separate transmissions, but they are
connected by a piloted and bolted flan.ge into one unit as shown in Figure 5. Because of the arrangement of mounts (four on
the rotor transmission : d two on the combiner transmission) and the airframe stiffuess, rotor torque is reacted at the
combiner mounts as weli .. a¢ the rotor transmission mounts. The resulting deflections of the airframe structure as well as
internal deflections in each transmission impose displacements at each end of the quill shaft. Therefore, in addition to its
primary torque loading, the connecting quill shaft is subjected to secondary (and, in fact, far more significant) alternating
bending loads which can quite easily exceed its endurance limit if not adequately controlled. This is illustrated in Figure 6.
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Solution

The induced bending was controlled by introducing a rapesrcd shim at the bolced flange between the two
transmissions. This shim has the effect of biasing or building ix a fixed misaiignment that is opposed to the displacements
induced by the rotor torque.

"a addition to the use of a tapered biasing shim, an iustallation of this type requires that manufacturing tolerances
be held within tight limits. In this case the concentricity and perpendicularity of the piloted flange sutfaces on boch
transmissions are controlled so that they cannot offset the effect of shimming. Careful control of the complete transiission
installation in the airframe was necessary to prevent unwanted distortions since the mounting surface consists of six points in
the same plane.

Commentary

Once again, the fact thac this helicopte- was designed before the age of sophisticated computers and finite-clemnent
analytical programs did not permit accurate calculations of the structural airframe stiffnesses and deflections during the
design stage. This capabilty does exist today and is being used during the design stage to establish realistic load distributions
and displacements of transmissions mounted in a flexible airframe structure.

ENGINE/DRIVE/ROTOR COMPATIBILITY

Situation .

In 1969 when the model CH47C helicopters with T55-L-7C engines were converted to the full C model by ‘e
incorporating T55-L-11 engines, fluctuations in engine and rotor shaft torque were abserved. The fluctuations were audible
and were disconcertiug to the pilot and crew. The primary differences between the -7C and -11 engines were a 50-percent
increase in power turbine inertia and a new, more responsive, fuel control configuration.
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Investigation

A computer simulation of the CH47C rotor system with the T55-L-11 turbine enginc was made before initial flight
vesting began. The simulation indicated favorable engine control subility. Initial ground and flighe testing with the new
installation resulted in unacceptable oscillations in torque and rpm. The oscillations were observed only in hover and on the
ground, not in forward flight.

A study of pertinent parameters indicated that the slope of the blade lag damper force-velocity curve below the
preload force level had a significant effect on torsional stability. W hen this curve was artificially stiffened beyond its actual
limits, as shown in Figure 7, the analysis reproduced the oscillation. Once the oscillation had been simulated, the analysis
showed that it could be eliminated by reducing the steady-state gain and using a slower fuel control response.

Flight tests were then conducted with a set of lag desmpers having a significantly reduced preload slope together
with the original fuel controls. The tests showed that the oscillstion was suppressed. Since the lag damping capacity had been
reduced, however, the ground resonance margins were degraded and damper modification was rejected as a solution.

Solution

Flight testing was conducted on a fuel contro] with a 30-percent reduction in steady-state gain and an ipcreuse in
time constant. This provided acceptable engine torque stability in the cold and over the entire engine operating envelope.
Pilots noted that the engine response to input power demands was not pecceptibly degraded with these slowed-do-vn
controls. These modifications were then incorporated in the CH-47C flzet and have provided an acceptable production fix.
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Commentary

The rotor/engine control mathematical model required an accurate model of the lag damper which included the
hydezulic spring effevi uf ire damper. Inciusion of this lag damper mathematical model into the torsional stability computer
simulation accurately reproduced the torque oscillation with the original fuel controls, Frequency of oscillation, phasing,
and magnitude of damper force, shaft torque oscillation, and fuel flow fluctuations were simulated accurately. The final
simulation can be seen in Figure 8.

During the program, it became apparent chat the engine apd airframe manufacturers can easily ~oordinate their
efforts to prevent this type of incompatibility. The airframe manufacturer can provide rotor and drive parameters to the
engine manafacturer and the latter can provide a model of the engine and fuel control system.

ACCESSORY/DRIVE COMPATIBILITY

Situation

During the preliminary airworthiness evaluation of the CH-47D helicopter in 1979, a failure of the forward
transmission oil cooler fan impeller occurred. The fan impeller was replaced with a new unic but within a few additional
flight hours this fan also failed. The failure modes were identical to each other and resulted in a high-frequency but
low-magnitude vibration due to the unbalsnce generated. These failures were somewhat puzzling since the impeller had
successfully passed all other standard vibration tests.

Investigation

The failures that occurred were identified as fatigue which initiated at the junction of the fan blade to the rim.
Resonance surveys were conducted ou the impelles which indicated potential resonant modes within the operating rpm range
of the helicopter. A dynamic strain survey was then conducted to evaluate the magnitude of stresses at the failure origin over
its full operating speed range.
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The result of the stress measurement. is shown in Figure 9. It was evident that the stresses were exceeding the
endurance limit due to a resonant amplification of the stresses at about 240 rotor rpm. This speed, however, is considerably
above the normal operating speed of 225 rpm. The helicopter hud been flying at the higher rotor speed primarily foz the
acquisition of performance data and the fan had therefore been operating at significantly higher stress levels.

A finite-elemen’ analysis of the impeller was conducted in order to establish resonant frequencies and mode shapes.
Excellent correlation was obtained between the analysis and the resonance survey testing. The model thereby identified a
means by which design modifications could be made.

It should be noted that the presence of a resonance within the operating range does not necessarily mean that a failure
of that component will occur; a substantial excitation source at that frequency is usually required. In this particular case the
excitation source was the spiral bevel input pinion/gear meshatmesh frequency (3,400 Hz). Since the impeller was mounted
directly on the pinion shaft, the normal attenuation that would occur with a slender, torsionally soft, drive quill shaft was
not present.
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Solution

The fiuiie-element anaiysis indicated that by shortening the impeller blades by only 10 pcreent the critical resonant
frequency was increased until it was considerably above the operating range. The modifications were made and the dynamic
strain survey was repeated. The resuls of the modification resulted in a reduction of stresses well below the endurance limit,
as shown in Figure 10.

Although the shortening of the impeller blades resulted in a slight reduction of cooling capability, it was adequate
for che initial development aircraft. The fan vendor redesigned the impeller to increase the cooling capability o the original
design requirement while insuring 2 resonance-free operation within and beyond the design operating range.

Commentary

This represented a design application where finite-elementanalyses were used to accurately establish ona complex
drive system component the resonances causing failure and then ro provide a solution. Although vibration qualification
criteria such as MIL-STD-810C exist and are used on Army helicapters, the actual anvironment {input cxcitation) is nui
known until after the hardware is built and tested. The compatibility requirements between the airframe manufacturer and 3
the accessory vendor would have to be based on experience obtained on similar installations. It shouldalso be noted that the A
military specification qualification requirements do not cover excitations for gear mesh frequencies greater than 2,000 Hertz. ;

ENGINE/AIRFRAME COMPATIBILITY

Situation

In 1970, shortly after the introduction of the T55-L-11 and -11A engines into the CH-47 helicopter, field service
reports indicated an increase in engine, engine component, and engine mount-related problems,

Investigation

The CH-47/T55 engiae installation is basically hard-mounted. It employs two front mounts ona yoke at the engine
inlet kousing and an aft vertical support link at the engine diffuser flange as shown in Figure 11, The outboard yoke-to-
airframe point is connected by a drag strut to take out high fore-and-aft maneuver loads. Engine vibration had rarely been a
problem on the CH~47A and B models with this type of installation and with the T55-L-7 engine.

An extensive in-flight engine and aircraft strain survey conducted in 1970 provided a wealth of information on
CH-47C engine/airframe interface dynamic characteristics. In particular, the survey identified rotor 3/rev as the
predeminant excitation frequency in the engine mounting system. Inlet housing stresses and drag strut loads were also
shown to increase significantly with changes in rotor speed, thereby indicating a resonance. With these findings a ground
shake test was conducted to determine the resonant mode being excited by rotor 3/rev.




0

The shake test revealed a 14.2-Hertz rigid-body yaw mode. Installation of the -11A engine (40 pounds heavier)
dropped the modal frequency by 0.4 Hertz and, together with & rotor rpm increase from the A to the C models, resulted in
operating in closer proximity to the resonsuce. The net effect was an increase in 3/rev inlet housing stresses. Additional
testing thowed that reducing the dmg strut bolt torque could lower the engine yaw maode frequency into the CH-47C
operatiag range (11.5 t0 12.3 Hertz). Complete elimination ol che drag strut lowered the mode to 7.5 Hertz, well below the
CH-A7C operating range. Removal of the drag strut, however, was not a practical solution since it was needed to assure
scceptable cross-shaft alignmans uader high mancuver g's and jet thrust loads.
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Figure 11. CH-47C T55 Engine Installation Figure 12. Engine Inlet Housing Stress at 140 Knots

Solution

A flight test was conducted with a slotted drag strut- thae is, the strut was free to move without restraint through
normal operating displacements, but it bottomed uuder higher maneuver loads. The result was s substantial reduction in
engine inlet bousing 3/rev siresses, a3 shown in Figure 12. The slotted drag strut did not adversely affect stress due to other
prime rotor harmonics or produce any significaat }/rev response during the engine starting procedure. No rise in stresses
occurred when the strut bottomed. This was therefore felt to be an adequate solution. Experience has showa this to be a

proper salution since no timilar failures have oocurred since the slotted strut was lncoipuniind.

Commen

Analytical efforts conducted st the time to predict installation dynamic characteristics met with only limited
success. Msnnal calculations for fuzelage sciffaesses were nsed initially and finite-element model analyses were used later.

The sccuracy of the analyses, however, was found to depend significantly on model idealization and on end-condition
assumptious, and therefore very detailed modeling was required.

In this cace engina bending was not a conmributing factor. Iu installations where it is a factor, close coordination
batween evgine sud airframe manvlacturers is required. Frequency modal analyses can easily be conducied with current
technology through dewiled finite-lement models generated with close cooperation between the engine and sirframe
manufacturers,

CONCLUSIONS

Itic evident from the few exwmples cited that there are many variations on the engine/drive/sir{rume compatibilicy
thewme. Itis not always possible to esiablish cause-and-effect rel-tionships. However, through a combination of analysis and
testing, proper competibility is usually schisved. Some specific conclusions based on the examples presented are:

1. Anpalysisand/or rotors drive/engine system integration testing is required to establisk optimum starting, operating, and
Fraking proceduses.

2. Airframe punel excitations due to fluctuating serodynamic pressures at rotor n/rev frequencies should be evaluated with

a fipite-element model of the entire airframe structure in order to establish the resonant frequencies and the forced-
reaponse sresses.

3. Helicopter engine/drive system torsional instability can be prevented if care is taken to accurately represent both engine
and rotor systems in the torsional snalysis. Particular attention should be paid to proper lag damper represeatation,
including hydraulic compressibility effrcte.

4. Self-excited vibrarinns of transmission-mounted components ca: be minimized by using finite-element analytical
methods iv the design stage and by test verification of the iaitially received hardwsre. Analysisand testing should not be
limited to rotor . per rev and shaft per rev, but sbould iaclude gear tooth n:esh frequency excitations as well.

$. Accurste finite-element methed analyses and/or shake testing of all engine installations, whether hard-mounted,
deinued, or isolated, are required to determine potential vibration and stress problem areas. 1t is desirable to formulate
engine/airframe manufacturer interface agreements during the early design stages in crder co obtaina tinsely resolution
of the potential interface dynamic problems.
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It should be evident from this review that many of the problems discussed occurred many years ago (as much as 16).
Because of t{ - > encounters the need for compatibility analyses between various systems was established and has
therefore become a way of life with today's helicopters. A combination of advancements in technology and improved
communications between prime and subcontractors has significantly reduced the recurrence of such problems during
the past several years.
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PROBLEMS OF ENGINE RESPONSE DURING TRANSIENT MANEUVERS

by
Dino Dini
Istituto di Macchine, Universita di Pisa
Via Diotisalvi 2
56100 Pisa - Italy

SUMMARY

Helicopter transition flight regime and extreme flight maneuvers determine abrupt variation of the
rotor drag torque during each revolution. The corresponding effects on the engine are particularly treat-
ed in the present paper.

Rotor rotational speed fluctuations are found to bc less than plus or minus ten percent. Repeated
surging end the attendesnt transient torsional loads from the engine can cause damage to the airframe com—
ponencs.

The angular rotor acceleration, cyclically variable, i8 also influeucing the turbine gas producer ro-
tor speed, introducing flow distortions and aeromechanical effects in all the engine. It is found that
periodic and inertial blade loading may have serious comnsequences with resgpect to discs and shaft to which
the blades are attached. Flutter may by expected to exert oscillatosy blade root reactions. The higher har-
monics of the excitation over the discs may provoke relevant flexural modes of forced vibration,

QOperation in transient rating with pitch increase or decreagse has the greatest effect on the heli-
copter flight performance, owing to the power applicaticn capability and the fuel control system adapta-
bility. It is therefore shown that, for having sufficient engine~airframe dynamic compatibility, aircraft
developments have to incorporate some very significant technical advances, including harmonic integrated
controls for propulsion and flight systems.

INTRODUCTION

The rapid trim change determined by the pilot during helicopter transient maneuvers is quite often
interfering on the engine, in such a way to give inadequate fuel feeding. Moreover, the rotor blade aero-
elasticity, as result of cyclically variable airloads, may introduce alternating stresses and fatigue ef-
fects on engine components, Because of the rotor-fuselage integration, aeroelastic instabilities in ro-
torcraft have to be predicted for a more reliable engine control design, Ref. 1.

The fundamental limitation on helicopter maneuverability is the rotor's maximum equilibrium thrust ca-
pability, as instantaneously Jelivered by gas turbine engines running at rpm much higher than the main ro-
tor.

Fatigue limits imposed on helicopter engines are more severe than in other automotive applications, be-
cause of the vibration level induced in the engine core. Periodic aerodynamic and inertial blade loadings
may have serious consequences with respect to the shafts and the discs to which these blades are attached.
Flutter, with either random or uniform phasing between adjacent blades, may exert oscillatory root reac-
tions that integrate for the entire disc and excite a shaft resonance.

Significant transient loadings of engine structure itself are associated with rotor blade torsional
and flap-lag oscillations, figure 1. Moreover g forces from helicopter turns, pullups, hard leordings,
etc., act on the lifting and thrusting rotor and cause displacement of the rotiting parts of the engine,
as consequence of accelerations as high as 10 g in some maneuvers. Large gyroscopic moments are created
when a spinning body such as the turbo-engine rotates about some axig other than its spin axis. The size
of thegse moments is a function of the body spin speed, mass and distribution of mass of the spinning parts
about their spin axes (as transemisgion systems with roller gear reduction unit), and the helicopter pitch/
yaw rate. The resultant forces cause damaging cyclic bending of the rotating disks, blades and shafts.
Gyroscopic moments of military helicopters may be of the order of 270 m- kN, It should be noted that gy-
roscopic forces are generated not only by helicopter maneuvers but can also be induced on engines. With
the per cent occurrence of the standard maneuvers 1oad spectrum, the calculated lifetimes may be more than
5 000 hours for the rotor shaft, 11 000 hours for the rotor hub and 22 000 hours for the blades, and much
less for the gas turbine engine.

MANEUVERABILITY AND ITS SIGNIFICANCE FOR ENGINE OPERATION

Considering maneuverability, the load factor capability is most important. The limits are: engine
[ower in a steady turn, and rotor stall in a deceleration turn. For future helicopters, g levels over 3,
up to high speeds, wili be required.

Maneuverability is probably one of the most important requirements in military helicopter operations. It
is largely dependent on the type of rotor system used. A high degree of maneuverability can only be ob-
tained with a rigid rotor, figure 2. 1In fact, for hingeless rotors without flapping hinges, it is possi-
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ble to transfer high moments from the blades to the hub and the fuselage.
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Fig, 1 - Typical hinge arrangement, Fig. 2 - Rigid rotor head.

While the relationghip between maneuverability and the functionai mechanism is well understood today,
as in terrain avoidance maneuvers and nap-of-the-earth flights in typical antitank missions, quantifica-
tion still poses some problems. Frequent and abrupt changes in speed place severe stresses on the engines,
gears, and all dynamic parts, which are reflected in special engine requirements, as in a terrain avoid-
ance compound maneuver. From positive acceleration, as large as + 2g, during pnull-up, the three dimen-
sional mission is here going on through negative acceleration (sometimes ir between - 1g and - 0.5g) in
the following push-over/rolling maneuver, figure 8. The practical consequences of such maneuvers are shown
in figure 3 with the comparison of the helicopter exposure envelope for a hingeless and a teetering rotor
(figure 4). The reasons for the different behaviour of the teetering and the rigid rotor are found in the
different control moment capubilities of the two systems and the corresponding steering reactions.

The control helicopters with articuylated rotors is mainly done by inclination >f the thrust vector §, fig-
gure 5, thus producing a moment around the center of gravity of the vehicle. For a helicopter with a
hingeless rotor system, an inclination of the thrust vector is combined with a strong hub moment, and the
moment around the center of gravity is a combination of this hub moment and the moment due to the thrust
inclination. The loading of the Totor shaft and the gearbox with its suspension is different in the two
cases, For the articulated rotor the moment is built up linearly toward the center of gravity; whereas
for the hingeless rotor the hub and the shaft are subjected to a relatively high moment loading. Trim
conditions, which need a rotor produced moment to overcome the travelling center of gravity., require an
alternaring first harmonic moment in the rotating system for the liingeless rotor. Because of the equiva-
lence of cyclic control and blade flapping, only an
inclination of the thrust would be necessary. Higher
ETERING ROTOR h?rmon%c blade load? resulting from the flow condi-
(n=-0.5) tions in forward flight produce alter?at1ng forces at
the hub for both rotor systems, and, in addition, for
the hingeless rotor, moments at therotor root and the
hub. The feature of the hingeless rotor of trans-—
ferring high moments from the rotor-blades to the hub
and the fuselage results in a changed situation for
the control characteristics. The control of the hel-
icopter becomes more powerful, faster and more direct,
and nearly independent of rotor thrust.
As in figure 5, the control moment around the center
of gravity of the helicopter is only produced by the
tilt of the thrust vector, in the case cf central
flapping hinges with teetering articulated rotors.
This moment i8 relatively small, but an additional
rotor mowent is produced by the shear-forces at the
flapping hinges. This rotor mcment is much higher
Fig., 3 - Helicopter terrain avoidance maneuver, (about five times that of an articulated rotor) in
the case of the hingeless rotor, which can be consid-
ered equivalent to an articulated rotor with a flapp-
ing hinge offset of about 15 percent.

Y

HINGEL" S5 ROTOR
n--1)

Altitude over cover ~ 50 m for teetering rotor
~ 15 m for hingeless rotox

Exposure time "~ 9 s for teetering rotor
~v 25 s for hingeless rotor

Military helicopters require a maneuver capabil-
ity beyond a hover out-of-ground-effect condition. A
power/mancuver margin equivalent to a vertical rate
of climb of 150 mpm (meters per minute) was estab-
lished as the minimum acceptable reserve. But higher turbu-
lence levels are encountered with vertical component
of 300 mpm, as in advanced attack helicopters. Typ-
ical mission requirements for military attack and tac-
tical transport helicopters are: cperation in confined
areas; vertical or near vertical takeoffs and land-
Fig. 4 — Teetering rotor. ings; downwind takeoffs and landings, which increases
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demand for lift and power; reserve power to arrest high sink speeds and zero out airspeed at the landing
zone; power requirement similar to vertical climb criteria for successful aborted landing.

ARTICULATED
ROTOR

3 ARTICULA
{y/R-0.

160

02)
eedeco L (e £ HINGELESS
M (ogyq R =0,15)

Fig. 5 - Rotor control moment capacity.

These technical requirementg are determining the configurations of future military helico,ters, i.e.: high-
est possible maneuverability, a1so in negative acceleration flight envelope; dual engine concept; perform—
ance reserves at all possible conditions; dual redundancy or fail safe concept of all important ccmponents.
In the, tactical environment,” rapid and extreme maneuvers will be necessary, with: maximum load factors up
to 2.5 g; roll angles up 1.4 rad; ruvlling speeds up to 0.9 rad/s; pitch angles up to 0.7 1ad; pitching

speaeds up to 0.7 rad/s.

The rapid change of these parameters up to their extrcmes will, of course, result in high loads. Drive
sys*ems are designed to use 120X of the current power available at the design condition of 1 200 m/308 K.
In addition, these drive system design criteria allow more efficient use to the higher engine power avail-
able at low altitudes and/or low temperatures, where heavy weight alternite missiong are required.

Nearly half of all accidents can be attributed ro factors related to inadequate performsnce or con-~
trol capability. Nearly 257 of the total are related to inadequate design features which are being cor-
rected or enhanced in the new design, such as: dual engines with single engine inflight capability, to
minimize accidents attributed to engine failure; advanced materials technology and redundant design fea-
tures to help eliminate material failures; instrument flight capability to avoid weather related acci-
dents; enhanced damage toler.nce features to winimize effects of foreign object damage to engine and air-

craft structure.

Oue of the critical mission that seizes the helicopter in the preliminary design stage is tne high-
speed flight requirement at sea level and 3 000 m density altitude with an adequate performance envelope,

figure 6.

Peak engine power is required in maneuverability
to make rapid changes in flight path and altitude un-
der the precise control of the pilot, as, for in-
stance, in hovering maneuvers (turns, jump take-offs
and quick descents), accelerations and decelerations,
and target acquisition. Load factor varies over a
wide range through the maneuvers.

A typical turn maneuvers 1is described on figure 7. 1In
order to accomplish turn maneuvers, an analytic auto-
pliot is required to present the pilot flight-path
control in executing the maneuver with load factor as
high as 2.0, After a load factor build up time, it
follows a maneuvers execution time of 3 seconds dur-
ing which the load factor equals or exceeds the spec-
ified level. For instance, the terrain-avoidance ma-
neuver requires pull-up to achieve 1.75 g's at 150
knots within 1.0 second, sustain 1.75 g's for 3.0 sec-
onds, push-over to achieve 0.0 g for 1.0 secoud,

The MBB-BO 105 hingeless rotor helicopter, for in-
stance, offers the potential, as other modern heli-
copters, for acrobatic loops, figure 9.

The propulsion system is often responsible to fail
because of its original deficiency in satisfying in-
stantly excessive loading factors imposed on the cy-
clically variable rotor torque during the pilot tran-
sitional inputs from a flight segment to another. The
computerized fuel control is effectively inadequate
to establish continuous equilibrium between shaft
drag torque and delivered engine torque, in that re~
sulting excessive rpm inertial dissipation.

Moreover, limitations are imposed up on the opera-
tions of helicopters as a result of the high aero-
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elastic vibration levels encountered in flight, and transmitted to the driving engines. The associated pe-
riodic loads on the engine rotating parts, particularly during the so-called transition flight regime be-
tween hovering and forward flight and during high-gpeed flight, are contributing substantially to material
fatigue and consequential high rate of replacement and maintenance of component parts. Extreme flight con-
ditions are right and left turns, rolling pull=-outs, longitudinal reversal, cyclic and collective pull-ups,
slope landings and starts.

Output shaft rpm cannot generally vary more than 107, and gas turbine engine operation may become crit-
ical at the minimum rpm values, with a consequential loss of rotor thrust,

Surge still exists in engines that have been abused. Repeated surgingand the attendant transieu: torsion—
al loads from the engine can cause damage to the airframe components.

The interstage bleed system automatically relieves the compressor of a small amount of air, during the pe-
riod of the engine acceleration cycle, at slight loss of power. The entire sequence operation should be
controlled by the fuel control which should sense gas producer rotating speed, fuel flow and pilot de-~
mand, therefore ensuring proper opening and closing of the interstage air-bleed.

The fuel control is a hydro-mechanical device, with fuel regulator and power turbine governor. The accel-
eration and deceleration fuel flow control may be in excess of the engine's ability to immediately produce
the desired power. To get a good performance, the amount of fuel added to the air in the combustor must
be exact at all times, in acceleration, deceleration and steady state engine operation.
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Fig. 8 - Typical terrain avoidance Fig. 9 - Potential acrobatic power
compound maneuver.

As a result, the engine should be brought through transitory condition as rapidly as possible, keeping the
rotorcraft out of dangerous mixtures. Boost pumps, check, metering. dump, pressurizing, and shutoff
valves, and pressure regulator, of the automatic fuel flow system, are a very complex matter, susceptible
of possible malfunctioning failure during rapidly changing operation. The emergency fuel system must be
operated with some care to avoid engine damage. Gas producer governor and power turbine governor are
sensing any deviation in steady state of the corresponding compressor-turbine rotor and free turbine ro-
tor. The transient air-bleed control on the compressor rotor of the gas producer turbines is not able to
operate correctly during power turbine rotor acceleration. Unsteady airloads on the helicopter main ro-
tor might be so high to stop at all the combustion process.

INFLUENCE OF TUKBULENCE ON ENGINE RESPONSE DURING MANEUVERS

The rapid development of helicopters with higher disc loadings and higher forward speeds have made the
gust loading problem more significant. A changed loading situation as well as accelerations and motions
of the helicopter are caused by atmospheric turbulence; the effects on structural loads are important {rom
the design point of view. From the other hand, the analysis of atmospheric turbulence shows that it con-
tains energy at all frequencies, from hundreds of hertz down to fractions of a hertz; the engine response
to turbulence during maneuvers might be aerodynamic excitation, with the natural frequency of the funda-
mental component of blade excitation, and critical resonances.

Turbulence is known be a problem close vo the ground, particularly in the final stage of the landing ap-
proach, and in the terrain avoidance compound maneuver. One relevant phenomenon is the cold autflow of
air from a thunderstorm forming a squall front, which can cause a very rapid change in airspeed, and hence
in rotor blade lift-force and i. engine operation.

The main response of . helicopter structure to severe turbulence is a succession of differing magni-
tude jolts of normal acceleration, or a single jolt. The response to a give size of gust will vary from
helicopter to helicopter, depending on rotor disc-loading, speed and lift—curve slope. If the disturbance
is of sufficiently large magnitude, it can result in structural damage to the helicopter.

The engine behaviour is influenccd by the gust sensitivity regarding moments and load factor, even if de-
signed to mitigate their effects.

At high speeds the load factors in maneuvers with sharp edged gust impact are relatively high, and
the effect on the engines become critical. Significant transient loading of compressor structure would
usually be associated with a gross change in the throughflow, that is either truly aperiodic (or of very
low frequency). The problem of sudden changes in throughflow is closely related to the aeroelastic prob-
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lem of a single airfoil passing through a sharp-edge gust front in the atmosphere, such as might be pro-
duced by a remotely originated blast wave. But, the aerodynamic moment resulting from aperiodic forcing,
and the corresponding torsional blade or vane response, are not important when the disturbance is truly
aperiodic, since the vibration would socon damp out due to aerodynamic and other forms of damping.

However, if the compregsor is» operating in a cyclic surging or stalling condition, the required number of
cycles for fatigue and consequent failure could be accumulated in a short period of time. Low cycle fa~
tigue might s8¢ be encountered in compressor rotor blades, nowadays subjected to exceedingly high centrif-
ugal stresses. The response of rotors and shafts, very stiff in the axial direction and at high natural
frequencies in their longitudiaal modes, is neverthelees usually quite safe.

Distorted flow into a helicopter gas turbine, as consequence of turbulence in waneuvers, can trigger
engine instabilities., The axial flow compressor is particularly sensitive to flow non-uniformities. Conr-
pressor stall can lead to engine surge. This condition may be dangerous depending on the particular pro-
pulsion installation and engine, and on the vehicle maneuver, because the source of the flow irregular-
ities is the inlet.

Among the propulsion system margins are buzz or inlet unstart, compressot stall, turbine inlet temperature,
and mixture ratio limits to maintain combustor flame stability.

Vic :nt flight maneuvers can cause high levels of distortion. Propulsion stability depends on Mach num—
ber, Reynolds number, aangle of attack, angle of yaw, and power setting. Figure 1C iliustrates regions of
propulsion instability in the velocity (V) -~ load factor (n) plane. At low velocities, very large angles
of attack are necessary to generate helicopter 1ift, Large angle of attack adversely influences propul-
sion stability, At higher velocities, the angle of attack is less for a particular load factor asa result
of increased dynamic pressure. Unfortunately, the increased dynamic pressure also means increased distor-
tion levels.

The direct effect of inlet distortion on aeromechanical response
is not the only one to be considered. Indirect effects of se-
vere inlet distortion are also producing potentially harmful
aerodynamic environments for blading at operating conditions.
Examples of such indirect effects are the ones arising from the
thick annulus boundary layer and the degradation of flow qual-
ity. The first one may stall the compressor rotor blade tips
and give rise to a rotating stall pattern of limited radial ex-
tent, giving rise to periodically reversing throughflow and
surge (in the case of massflow reversal); the sudden forward
travelling of the compressor discharge pressure, cocxistingwith
the flow reversal, implies a pressure wave, the so-called ham-
mershock, going through the compressor into the inlet. The
second one may induce unusually high turbulence levels and thick
wakes on the stator and rotor airfoils, producing negative in- > SPOTME LA

o 200 400 &0
cidence in some stages of the axial compressor. i, ¥

The periodic forcing on a rotor blade operating in a cir—
cumferential distortion is, however, the most significant aer- Fig. 10- Regions of instability.
omechanical response, because of the multi-term harmonic inflow
conditions. For certain combinations of frequency, cascade ge-
ometry and relative Mach number, very close to aerodynamic resonance, rather large magnitudes of rotor
blade lift and moment may be obtained.

The degradation of flow in an axial turbomachine may lead to the onset of self excited blade vibra-
tion (stall flutter) or self-excited fluid oscillation (stall propagation).

Winen wind blows over the ground, a boundary layer develops. This layer may extend 30 meters or more
above the ground. As with all boundary layers, the flow is rotational. A turbojet pumping air from the
boundary layer concentrates the vorticity. This is analogous tv the vortex in a draining bath tub; the
vorticity present in the bath water is concentrated as the tub drains. The vorticity entering the com—
pressor can affect the stall margin in an adverse maunner.

In the flight maneuver environment, a helicopter turbojet must contend with internal perturbations
cause” by unusual flow at the inlet. For that, the axial flow compressor may be required to operate at
flow rates and pressure ratios other than the flow rate and pressure ratio for which it is designed.

In addition, transient and unsteady effects occur at air intakes, with pressure fluctuations due to un-
steadiness of shock waves, expecially during sharp maneuvers at large variations of the angles of attack
and yaw.

Flow distortions may be even so large to stop or seriously damage the turbojet eungine.

INFLUENCE OF MAIN ROTOR AEKOELASTICITY ON ENGINE REFPONSE DURING MANEUVERS

In maneuvering flight, where sharp turn and abrupt pull-ups may be required, severe blade stall can
be encountered, because of rotor rpm decay or high load factors. Recovery in these cases is much more
difficult, if the rotor is quite high loaded. Reduction of collective pitch and,or increasing rotor (and
engine) speed will help.

A chart, or better a compnter, is utilized for the pradiction of blade stall. The pilot is however ex-
pec :ed to know and avoid the general conditions conducive to the gtall condition. The important thing to




21-6

remember 1s that blade tip stall is not solely associated with high helicopter velocities, It can occur,
under certain conditions, at surprisingly low forward speed.

R it

s

N There are numerous unsteady aerodynamic events that may occur in a single revolution of a helicopter
: rotor system operating at moderate to high forward flight. The severity of the dynamic airloads associ-
ated with the unsteady aerodynamics depends upon the specific operating condition. Some of the more se-
vere operating conditions are: maximum forward speed in level flight, maneuvering flight, rapid descents,
and flared landings in ground effect.

The pratical limitations of rotor operation are analcgous to turbine/inler matching aerodynamics, where
the fundamental problem is one of dealing with extreme, time varying, three-dimensional distortions of the
rotor infiow distribution,

i The transient Mach number effects on the advancing blade include transient lift, drag, and pitching mo-

| ments associated with the rapid movement of the shock wave over the upper surface of the blade. The in-

i teraction of the shock wave and boundary layer can also induce transient shock stall.
|
I

Helicopter maneuvering flight is severely limited by unsteady aerodynamics, because of rapid increase
in magnitude of the rotor oscillatory control loads and overall airframe vibration levels,
! The important factors in the maneuvering flight unsteady airloads are wake geometry, tip-vortex flow,
! blade-vortex interaction, and dynamic stall.

It is quite complex to simulate analytically flight maneuver loads on helicpter propulsion systems,
considered as a whole from the rotor to the enginc. High-performance gas turbine engines are sensitive to
not only self-induced cyclically changing loads but also to extremely induced loads which result from hel-
icopter maneuvers. Theee external loads cannot be adequately simulated for prediction of the complex force
interactions; and experimental data, obtained from flight tests, are not sufficiently definitive.

The engine is expected to operate in a very hostile environment, being exposed to extremes of timper-
atures, pressure, vibration, and mechanical forces within the engine. In addition, the engine is exposed
to a variety of accelerations in all directions, thus imposing large inertial and gyroscopic forces on an
already complex loading environment. The engine is expected to function under all conditions with small
clearances between rapidly moving and stationary parts and to exhibit little degradation in performance
after long period of operation.

As it is known, a typizai flight procedure consists of a check of output torque as a function of gas gen-
erator speed agsainst installed performance.

An engine stall is especially bad in a helicopter bacause of the rapid load reversal

the rotor urive system. A stall is indicated by a sudden drop in compressor discharge pressure accompa-
nied by an increase in exhaust gas temperature,

Forward speed is limited by blade stall on the retreating side of the rotor and by compressibility on
| the advancing side of the rotor. In order to keep roll moments balanced on a conventional single rotor,
the 1ift potential that can be developed on the advancing side of the rotor disc is limited by that which
can be developed on the retreating side. That can be seen on figure 11 for a conventional two-blade sin-
i gle rotor. Figure 11 compares, for a hingeless helicopter rotur system, the lift distribution of a con-

' ventional single rotor and coaxial counterrotating rigid rotor. The stiff blades, largely eliminate classical
retreating blade stall and permit operation at higher
thrust coefficients and advance ratios. Moreover, the

DUAL ROTOR LIFT DISTRIBUTION stiff blades are able to operate more easily without
— CONVENTIONAL SINGLE ROTOR aeroelastic instabilities as roth speed is feduced.

Such operation 1s required for high-speed flight wherc

the advancing blade tip Mach number should not exceed

a value of approximately 0.85.

In the case of modernte helicopter advance ratio (for~

ward speed/blade tip speed) and of local incidences

lower than that of profile stall, the azimuthal evo-
lution of the blade local leads (for a rigid three

blade rotor) are presented on figure 12 for different
blade sections (at radius r in respect to the tip ra-

dius R).

The complex combination of external and internal
operating forces and maneuver forces presents a big
obstacle to determining the distortions occurring in
the engine during helicopter flight. Because of rotor

Fig 11 - Rotor lift distribution for movement, case bending and ovalizatiom, rotor shaft
coaxial counterrotating dual and blade bending, blade extensions, and thermal
rotor. gtresses, it is difticult to predict the relative move- £

ment of engine components under all flight maneuvers.

Abnormal vibrations in an engine installation may be
caused by malfunctioning engine-mounted airframe accessories, engine mounts and other external conunections,
as well as by impulsive flow phenomena caused by blade-vortex interaction on the advancing side of the ro-
tor disk. External airloads may be so highly unsteady to produce engine instabilities, going from the ac- |
companying the distinctive "blade slap" acoustic signature of some helicopter rotors to those determining
P engine fatigue, failures and stop. |
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The need for accuracy in calculation of engine-rotor performance can be cmphasized by noting that alX
change in the lifting capability of a rotor, at a given rotor input, may mean a 10% change in payload for
the helicopter. From the other hand, accuracy in performance calculations is required because the engine
could be not able to support instabilities due to unsteady airloads on the helicopter rotor.

With the development of helicopters capable of higher flight spceds, the problem of blade stall {lut-
ter has become one of major importance. Classical flutter involves coupling between two or more natural
modes of vibration. 1In stall flutter, the {lutter frequency tends to become equal to the natural torsion-
al frequency. This implies that in this case the tursional (or pitching) motion predominates.

Large high-frequency oscillations in torsional moment (TM),1lift and
aerodynamic moment coefficients, on the retreating side were de-
tected in flight—-test data taken from a rotor blade during a maneu-

ver, as shown in the plot of figure 13. This response was the re- * T T

sult of dynamic stall induced by previously formed tip vortices blade suction i"'jz
which, under that particular maneuver flight conditions, pass un- 01pin

der the blade at the azimuth positions indicated in figure 13. ,_h\-—’,”_\\\\‘-_—’/’,
High vibration levels are established by aecrodynamic loading, and of . s "
aeroelasticity ot the rotor b..des, and resonance of the struc— _ . .

ture. Increased periodic forces are occurring when the rotor P ' !

thrust is increased, during transition from hovering to forward o g
flight, and at higher tip-speed ratios. The harmonics above the .m\\\NJ///’-\\\\--’/’
fourth are generally below 20 percent of the principal harmonic

force. 1In turn, the magnitude of the harmonic forces other than ° }

the nth one for n-blade rotcr in generally below 50 percent of the
principal n-th harmonic. i—llﬂ

The analysis of blade torque moments indicates the magnitude of .jNi;\\///’//"\\\Nq'_"a

the harmonic components to be about 4 * 5 percent, respectively,
of the steady components of the moments.
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Fig. 12 - Blade local load for a
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Fig. 13 - Measured time history of section loading and
moment coefficient andblade torsional response.

But, still now, rotorcraft are operated at reduced speeds, as much as 207 below the forward velocity
that they might otherwise achieve, because of vibratory environments. However, the understanding the

sources of vibirailoi is wure and more required for reaching torward spesd as high as 370 km/h.

EFFECTS ON THE ENGINE OF HIGH SPEED FORWARD FLIGHT AND ABRUPT MANEUVERS

In order to keep the helicopter airborne, static or at a given flight speed, the main rotor must pro-
duce thrust, by giving a momentum to a mass nf air. In so doiig, power must be spent to produce accelera-
tion of the air,

In this condition, the engine must supply power to overcome the main rotor induced and profile drag,
and power to turn the tail rotor and surmount friction in the transmission and drive system, and rotor
losses. Profile drag power increases only slightly as normal forward speed is increased; but, at ‘eiry
high forward speeds, and as blade stall or stall flutter is entered, it mounts rapidly. Required parasite
power, varying as the cube of the airspeed, increases very rapidly at higher speeds and accelerations. At
zero airspeed, the induced power requirement is quite high, because downwash velocity is n-ar maximum val-
ue.

As illustrated in figure 14, for a helicopter with adequate power in normal flight, there is ample power
available to permit hovering and climbing and to permit overlanding of the helicopter as ajrspeed is buil:
up.

During high speed forward flight, the multi-blade rotox drag torque Q is variable during each revo-
lution, because of:

- cyclic pitch control (by blade feathering) of the amount of forward thrust for each blade, according the
flapping and lagging motion of articulated or hingeless rotors, with blade stall vibration and unsteady
aerodynamic effects at very high flight speed;
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= coupled flap-lag-torsional multi-blade aercelastic effects, figure 15, stall flutter and air resonance;

- coupled rotor/fuselage aeroclastic feedback effect ou the rotor.
Adimensional amplitude 4Q/Q and angular velocity Q/sgverage cyclic variacions of the rotor torque
may be, near the maximum acceptable flight speed, respectively, of the order of 0.1 and C.05, as compared

with the measured values of ACp/Cp gy » BCT/Cp gy and A CH/Cp oy (respectively related to the lift,
thrust and moment ccefficients), as in figures 11, 12 and 13.

During transition flight regimes and extreme

flight maneuvers, as in the acceleration maneuver time

% history on figure 16, the rotor <rag torque Q 1is var-
ying abruptly during each revolution, because of:
7 - sudden airloads overimposed to the cyclic pitch

control of the rotor thrust;

-

PONER

POWER AVAILADLE ~ vibration and blade flexibility effects, overimposed
EXCESS POWER to stall flutter and flap-lag-torsional blade aero-
POWER REQUIRED clasticity;

- effects on the engine of the strengly aeroelastic
system cortesponding to the rotor-fusclage integra-
tion.

AIRSPEED b

Fig. 14 - Excess power iun respect to normal Such cyclically variable main rotor drag and in-
flight. duced torque Q is reduced in amplitude and disunifor-
mity to the shaft of the free (power) turbine. The
speed reduction ratio between engine and main rotor
is ranging, for the present helicopters, from 70 to
/R =035 80 : 1 and will be increased in the foreseable future.
About in the same ratio, the main rotor torque and
== frequency disuniformities are reduced to the gas tur-
bine engine shaft. Fortunately, the rotor unstead-
, iness during a single revolution is spread in 70+ 80
[~ vr -0.50 engine shaft revolutions!

—

1iceinn lawvant
~ayout,

ine en-
gine, is necessary for a reliable continuous power
270" " availability. From the other hand, the lifed items
in a helicopter transmission system, for example ag .
complex as in figure 17, must be replaced, due to !
possible fatigue damage after expiry of a fixed flying
time, typically a few thousands hours.
300 The reduction of gas turbine powcrplant weight, in
10° 78" 80" comparison to previous reciprocating engines, has made
possible to install enough power for good performance.
Fig. 15 - Computed and measured time history Unfortunately, the same kind of revolution hag not
of blade airloads. taken place in the pover transmissjon, where some com

ponents are operating at very high angular velocity

—n=-Measured
— TR

and accelergtion. Since both gas turbine and heli-
copter rotors operate at a tip speed based on Mach
FLIGT SPEED 1t e number, the rotational speed of the engines will in-
30 crease with advanced technology engines, where the
turbine inlet temperatures will increase appreciably.
The speed reduction ratio will also increase.
ZI}-HIISHAB( PITCH ALJITUDE DEG Speed reduction has been accomplished in the past by
putting & number of low-reduction-vatio units in se-
ries. As an example, the CH-47 Chinook, figure 18,
has an engine turbine speed of 14 500 rpm, which is
reduced to 11 500 at the engine gearbox, theu to 6 780
40 THRUST TORRE in the mixer box.' The final gear-box has an overall
] g— ¥-J 30.72 : 1 reduction ratio through a bevel gear and

ﬂ? 186 1LY vy DER two planetary gear stages to a rotor speed of 222 rpm.

. The gas turbine engines that have been degigned for

-
o

COKTROL ANGLES OE | present helicopter use, such as the General Electric
1wt COLLECTIVE & T-58 on the Agusta Bell 204 AS, the Lycoming T-53 and
0 the Allison T-63, were required to have an integral
YCLIC 6 gear-box to reduce the output speeds to approximately
) 0 . |J. ) 6 500 rpm, because it was believed this was as high a i

speed as could be conveniently handled by helicpters.
Fig. 16 - A deceleration maneuver time

. Transmissions for front and back engines are
history.

shown in figure 19 and 20. A free turbines is direct-
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ly unde - the transmission in the solution of figure 21.

A desi_ . simplicity has been followed on the transmission system of the semi-rigid rotor Lynx (figure 2),
as on figure 22, 1In particular, this solution allowed the use of a high reduction ratio in the finalstage,
permitting a major reduction of transmission components, especially in the high torque paths. Thus, the
component numbers (7 gears and 19 bearings) are reduced from 44 (16 gears and 28 bearings) in the Seca King
to 26 on the Lynx, with anticipated proportional benefits in reliability and rapid growth of fatigue life.

Inertia loadings of gears, shaft and bearings, of the transmission system may be serious consequences
with respect to the rttached gas turbine engine. A rich variety of vibration phenomena gives rise to dis-
torted throughflow in the engine. Mechanical and aeromechanical excitations exert, in such a way, danger-
ous oscillatory root reactions on the blades, Ref. 3.

NGINE 14500 RPM

o el \ /l-” 2228PM
2%0rn 1-3072:1 i )
\‘R 781RPM !
MAIN ROTOR 24 STAGE |
Hlon 1t STAGE P L
N
v i 3685 pm 14.500 RPM
61 ERG s M ‘
AN \ {atdn DAMPERS
~o ROTOR BRAKE
2354 npa
6.1. ENG 1108 rom
Fig. 17 - Helicopter transmission layout. Fig. 18 = CH-47 Chinook transmission system.

When the rotor torque Q is reduced about 70 ¢+ 80
times to the free (power) turbine shaft, its periodic
disuniformity, created by moderate epeed forward flight
at limited vibrational and aeroelastic effects, is
practically absorbed through the engine gear box (be-
tween power shaft and drive shaft) and the planetary
gear unit (between drive shaft and rotor shaft),with
passive heat production.

But, when the forward speed is so high to start blade
stall vibration and large amplitude aercelastic ef-
fects, the engine is quite largely influenced ard
cannot compensate the required power fluctuations

10 THE TAIL ROTOR

through the automatic fuel control action. We may N \\
expect in this case considerable compressor~turbine =
and free (pover) turbine vibration and engine flow ;;E;;;;E:;

Fig. 19 - Front engine transmission.

distorrion. Tn ahsence of a self acring automatic
control, to avoid high flight speeds and too abrupt
weneuvers, or in the case of pilot error, engine fail- Fig. 20 - Back engine transmission.

ures and/or flame-outs could be involved.

With Q, and w, corresponding to instantaneous
values of the power turbine shaft torque and the shaft angular velocity, the power balance at each azi-
muthal rotor position of a given flight condition may be expressed

Q ruw, *n=Q-Q (1)

vhere n and § are respectively, the mechanical efficiency, due to power dissipation through the reduc-
tion gears, and the main rotor angular velocity.
The corresponding engine torque (considering the average torque Q,, for such flight condition)

Qe =Q Q/me en = (Qav iAQ)ﬂ/me -n (2)

is cyclically variable, depending upon the rotor torque and the changing mechanical behavior (exprecsed

by the value of n).
At constant forward flight speed, the control fuel setting is such to deliver, with a fuel flow G, (N/s),

(W), corresponding to the following mechanical balance
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G+« K= (Q 0 4Q cw Y *n_ en (3)
av av c ec t w

where Q. , wee N, and n, » are torque and angular velocity of the comprese-r turbine, and thermal and
mechanical efficiencies.

Now, the periodically variable power turbine rotational acceleration dw,/dt 1is depending upon the inabil-
ity of the fuel control system to vary instantaneously the delivered power, and it may be expressed

. dy = . .
tdu /4L =AQ - Qlu + (I + )+ Ty ¢ T34 0) (%)

where: Jo  is the power turbine rotor system moment of inertja, aud Jy, Jy, Jj, J., arc the moments of in-
ertia reduced (trough the square rotation speed ratios (/w ) ) to the power turbine shaft, respectively, of
engine box gear, drive shaft, planctary unit gear, and helicopter main rotor, (In a complete drive system,
as on figure 17, it has to be taken into account the tail rotor torque disuniformity and the reduced moment
of inertia of the relative drive components).

The rotational acceleration is cyclically variable according the expression of 4Q and 2. Practically,
such acceleration is also influencing the gas producer turbine speed, introducing flow distortions and aer-
omechanical effects on all the engine.

The main rotor incremental torque AQ, in respect to the average torque Qg,, is determining the
torque Q, and the rotational acceleration dw,/dt of power turbine shaft approximately according egs.
(2) and (4), for each azimuthal angle of the main rotor.

Even though only experimental data and directly measured values could help to solve the problem, analytical
approximate procedures may be as it follows.

PORT FREEWHELL 1S OVERRUN BY
FREEWHELL WS G SPUR GEAR &
OY 57 RPM. AT NORMAL CRUISE

C L NAIN ROTOR

CONFOAMAL GEARS

ACTUATED FREEWNHELL
oL CUﬂl[l

PORT ENGINE Accsssunv ORIVE
f'\ *?J
’d
e mmvnm
i uumn/ W
SEARDOX FORWARD
mummm STo'D engine
SEARBOX
Fig. 21 - Transmissior by free turbine. Fig. 22 - Semi~rigid rotor Lynx transmission.

Rotor torque in forward flight =~ With the blade assumed as a rigid beam with a flapping hinge, figure 23,
the total induced air velocity W relative to a blade element distant r from the no-feathering axis (as
resultant of the induced airpeed, the forward velocity V of the helicopter, and the rotational velocity

Q - r) has & chordwise cowpouneni Up (comprehensive ot &+ r)

UT ~=-Vcosa siny ~ 0+ r =~ ¢ r(x + p sing) (5)

(with: advance ratio u = V cosa/2 * R, and x = r/R) and a componen: UP perpendicular to the chord hav-
ing ignored the spanwise component).

In the region of the advancing blade (0 < § < 180°), the relative chordwise wind due to rotational speed
is increased by a component of V; in the region of the retreating blade (180° <y < 360°), the component
of V reduces the relative wind. The wind is blowing from the trailing edge to the leading edge in the
part of the retreating blade, where the forward speed component is greater than that due to the rotational
speed, eq. (5). This happens, Ref. 1 and eq. (5), in a circular "reversed flow" region whose diameter is

u R, figure 23.

The contribution from this region is usually very small; for u = 0.3, the area of the reversed-flow re-
gion is only 2.5 per cent of the total rotor area (with very small velocities). But, when u = 0.6 and
more (well above the top speeds of present-day helicopters), the reversed-flow region begins to assume im
portance.

The advance ratios are, for example, in current or developmental status helicopters:

- Agusta AB 204 AS (two-blade articulated rotor; rotor diameter, 14.63 m; cruise forward speed, 222 km/h;
normal rotor rpm, 295-317; rotational blade tip speed, 226-243 m/s; cruise blade tip maximum forward
speed, 288-305 m/sec, 1 037-1 098 km/h) u = 0.253 - 0.273;
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- UTTAS (U.S. Utility Tactical Traunsport Aircraft System) (four-blade articulated rotor; rotor diameter,
16.36 m; cruise speed, 269-324 km/h; normal rotor rpm, 258; rotational blade tip speed, 221 m/s; cruise
blade tip maximum forward speed, 296-311 m/s, 1066 km/h - 1 120 km/h) u= 0.338 ~ 0.407;

- AAll (U.S. Advanced Attack Helicopter) (four-blade articulated rotor; rotor diameter, 14.63 m; cruise
speed, 269-324 km/h; normal rotor rpm, 289; rotational blade tip spced, 221 m/s; cruise blade tip maxi-
mum forward speed, 296-311 w/s, 1 066-1 120 km/h) w = 0,338 - 0,407;

- ABC (U.S. Advanced Blsde Concept) as the XH-59 A (three blade dual coaxial, counterrotating, hingeless
rotor; rotor diameterg, 1l m; maximum level flight speed, 297 km/h; maximum level flight speed with
auxiliary propulsion, 519 km/h; normal rotors rpm, 333 (238 with auxiliary propulsion); rotational blade
tip speed, 192 w/s (137 m/s with auxiliary propulsion); cruise blade tip maximum forward speed, 275 m/s,
990 km/h (281 m/s with auxiliary propulsion, 1 012 km/h) u = 0.43 (1.05 with auxiliary propulsion).

The torque dQ on a blade element (c - dr) is, figure 23, as function of the lift dL and the drag dD

dQ = r(dD * cosg - dL * sing) (6)
It is, with W2 = U2 + U2 = u2 , cosp=1, sinp=U/U_, C and C_ corresponding todragand 1ift co-
o s T P T p T L D
efficients
dq = -cC U 2
Q 1:(CD L Up/ T) ip UT (7)

where, the first term denotes the blade element torque dQg due to profile drag, and the second term cor-
responds to the blade element torque dQ; due to rotor induced lift.
Eq. (7) becomes, in respect to the azimuthal angle ¥ and the adimensional ratio x = r/R

x3R“ﬂzpc 2

dqQ = de - in = 2 (x + y siny) (CD - CL . Up/UT)dx (8)

The rotor thrust d5 on a blade element (c ¢ dr) is, figure 23

. szafﬂpc X 2
dS = (dL cosg + dD sing) cosf = dL = T (x + u siny) CL Up dx  (9)
T

The values of the 1ifr and drag coetticients in eqs. (8) and (9) may be deduced, with simple ideas of
induced velocity cdlculated on the assumption of the rotor regarded as a lifting surface, in function of
the local angle of attack a = 8 + ¢ . The angles ¢ and ¢ , for each blade azimuth ¢, are depending upon
the blade pictch “collective and cyclic” control (pitch control by feathering, figure 1, contemporarely all
the blades and individually each blade) and the amplitude of the total induced vclocity W (see the induced
velocity distribution according to Mangler's theory, Ref. 4).
For instance, figure 24 shows that the rotor blade
of a particular helicopter in forward {light, f ,
V = 260 km/h, at advance ratio p = 0.33 operate m“'"n'“‘ﬂr
at angles of attack which vary periodically each
revolution. On the advancing side, the angles of
attack are small, while, on the retrcating side
they are large and, for the greater part, corre-

spond tu augles weil above the statie stall angle “v HF -0
of a typical blade section. As a given blade
advances, the tip vortex from the preceding blade

may pass closely underneath it, as indicated in

‘—d0cosp-€laing

{dLeasp + 8D 11 p)slay

- . . REVERSED”
figure 25 for p = 0.2, and the point of intersec- FLOW REGION
tion moves inward along the blade as the azimuthal H
angle ¢ increases. !
. \ 3
It is so possible, at the cruise forward speed s L ersp 0 slnp

of a helicopter requiring a total rotor thrust S
for supporting its weight and air drag, to cvalu-
ate appropriate values of C;, Cp, Up and l‘T as
necessary for applying eq. (8).

For each azimuthal angle y (referred to a blade A o EATHERIRG
of the rotor) and for all the blade elements, and

the b blades of the rotor, we may get the total

torque I dQ required to overcome the induced drag

-~
s

and the profile drag. Adding to such a total Oepea - ANGLE OF ATTACK

torque the torque necessary to turn the tail ro-

tor, the value of (Qav +4Q) in eq. (2) is ob- Fig. 23 - Variation of bLlade torque with azimuth
tained. The periodic distribution of the rotor angle in forward {light.

torque is shown on figure 26.




The average torque Q4 ,, tor b constant chord blades, due to profile drag, is

R 2n

Qdav'(b/h)f f !pU:‘l’_-CD°c'r-dr-dw-
[»] o
1 2n
= (b/4n) nc Q7 R" j, Cyx + v sing)? « x o dx « dy = (10)
(V] o

wpsbece 2 RY e (1 + v?)/8
1 av

assuming an average value Cp ., of the drag coefficient,

The average torque Q; .. for b counstant chord blades, due to rotor induced drag, is

R 2n
Qiav-—(b/Zn)f/ QpUT-CL-Up-c-r-dr-dw-
a o

an

1 27
--(abocRZ/tm)// U_U 8 +Ud) x - dx » dy
T p p
[e] [o]

where it has been considered € = a(0 + @), with a constant slope lift a.
To solve eq. (11), it is necessary to introduce the rotor thrust dS on each blade element as expressed by eq.
(9), the force component dil perpendicular to the no-feathering axis, i.e.

dd = (dD cos@- dL sing) siny ~ (dL cosg + dD sing) - sinB <« cosy (12)

and the air induced velocity profile, Ref. 5.

ORWARD FLIGHT
FORNARD ‘,-w

POIAT A _INTERSERCTION OF TRAIING TIP
YORTEX AND FOLLOWING BLADE

ey

Fig. 24 - Angle of attack distribution with Fig. 25 - Intersecticn of following blade with
non uniform downwash for wu=0,33. tip vortex trailing from a 1leading
blade for u =~ 0,3,
The average torque Qg , as in eq. (2), is obtained
L15¢ adding the required tail rotor torque to the values
R 1.50+ carried out with eqs. (10) and (11).
0" Finally, for each azimuthal angle y , the values
125 of tAQ and *AQ *» 2/w, as in eq. (2) and figure 26,
10 \ '310. L‘{m' 3{0'/.910. and iduw,/dt, as in eq. (4), are obtained, for the L
' engine (and the transmissions) transient response. é
0751 Rotor torque in "over-speed” forward flight and in E
05 transient maneuvers - During “"over-speed" forward j.
50

flight and in transient maneuvers, vortex wakes spring
from t! » individual blades and form a complicated

downwash pattern, as the vortex elements spiral down=-
wards below the rotor plane because of high Mach numr 4
ber and changing incidences. Moreover, effects of

Fig. 26 - Variation of blade loading with
azimuth angle.

s
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flexibility may determine complex blade bendings and coincidence between the frequencies of the blade mo-
tion with the frequencies of forced motion or the n ural frejuencies of other parts of the helicopter.
The periodically varying aerodynamic loads along the rotcr blades transmit vibrations to the hub. Aero-
elastic coupling of rowor blades deterwines flap-lag instability, pitch-lag instability, pitch-flap flut-
ter, blade weaving, and stall flutter.

Large high-frequency oscillations in pressure, torsional moment, lift and aerodynamic moment ou the
retreating side, are detected during a maneuver. This response is the result of dynamic stall induced,
figure 25, by the previousiy fermed tip vortices, which, under the maneuver flight condition, pass under
the blade at the aziwuth positions over there indicated.

Rotor aerodynamics simulation programs are .nder development for a broad range of high speed and
transmission flight conditions. From them. it will be possible to perform detailed analysis of rotor
torque vatriction, more cvitical than that on figure 26. Such aercelastic rotor analysis contains the fol~
lowing items:

~ accurate representation of the rorcr dynamics, including the effects of the centrifugal force field,
blade twict, mass digtribution, stiffness distribution, and the coupling effects between in-plane, out—of
plane, and torsion displacement of the blaces;

- the bLlade element aerodynamic c.afficients C; and Cp for stalled and ynstalled counditicns;
- the helicopter's regponse to pilot control inputs, gust and other externally applied forces.

However, prediction of the rotor torque Q azimithal signature for "over-speed” forward flight and
transient maneuvers is a complex task involving a high degree of idealization and many assumptions. When
the rotor asystem concerned is hingeless, or semi~rigid, the complexity of this task is mmplified by a
strengthening of the inter~relaticnshipz that exict between the three fundarmeatal loading actions of over-
all aircraft trim balance, rotor systew oncillatory loading and vibratory torcing of the airframe.

From the other hand, the racor torgue, Q and Q. , azimutnal signatures, as in eqs. (1), (2) and (4),
may be dircctiy measured in Yijignt. The collected data can be used tc analyze the eagine component behav—
icur and the aerodynamic load distribution in "over-speed" forward flight and transient maneuvers.

Accorcing resv flights, limirations are estsblished for each type of healicopter. For instance, in
any kind of maneuver, the flight speed mus: never cveicowe the marimums yciward speed in the same cendition.

Guite high inevtial loads d-rive, in militsry helicopters, fron maneuvers like the ones shown on fig-
vre 3, 6, 7, 8 and 9. With load Jactors ac ligh as 3.5 g, sometimes istantaucously higher, serious me~
ctianical damages and failuces on enpines may be involved, With nsgarive lazd facetorsz, a2s the ongs wa Li-
gure B, the distarted iulet flow way cause induced engine instabilyty.

ENGINE BRESPONSE TO DISTORTED INFLOW

Flight in turbulence and abrupt mas:uvers might induce distnrted inlet tlows and engine performance
degradations. The combination of these pheaonena to high amplirude (and/or frequency) rotor torque fluc—
tuations may have serious consecueuce on the eugine operation.

The collapse of gxialsimmetry of the {low in the compressvr, at rotational speed lower than the nom—
inal speed, causes rotaviny stall, Although this phenomenunis confined only to a part of the compressor
at 4 giver moment, as in a abrupt mancuver in air turbulence, and dces not severcly affect the perform-
ance map of the compressor, it is mere dangerous than other unsteady phonomena to the survival of the com-
pressor. 1In fact, the rotating stall is comprised of a wide range of exciting frequencies which can in-
clude self fromuepcw of oac of the biade rows. Tne rotating stall usually occurs clese to the compressor
surge line, whete the blade boundary layers are thick. In this rogion, a wall stall or surge configura-
ticn usually appears before the rotating stall can stabilize.

Blade stalls and rotor-inauced surges ave then occuiring when the distortion intensity is suech that scteady
or surge pressure -atio limits aie reached.

Duriug engine surge, dynamics loads stress fixed and moving hlades and compcnents.

Compression aud expaasion wave over and under-pressure relative to pre-surge steady levels occur as a cou-
sequence ot flow breakdown within tie compressor of the gas producer.

Possible indirect etfect ave the beamlike vibrations of the shaft, and the flexural modes of forced vi-
brations of the discs. These disc modes, or blade and dise medes of blade disc assembliet, consist of alter-
nating patterns of axial displacements with increasing numbere of diamet-al modal lines and circular modal
lines for higher natuval frequencies. Failure prediction can then be conducted by comparing with the re-
sults of rotating disc fatigue, testing under cortrclled conditions of energy inpur.

The transmission (from the main rotor to the engine) damping, is an impostant means of reducing blade am-
plitudes. The phenoacnon implies the dissipation of enerxrgy and the reduction of wear of a critical part
in the case of structural dawping or the gereratlion and propagation of cracks wloig the internal grain
bounderivs of merallic alleys. The axia. machines have to be designed to withstand more severe vibraticn
envirooments by using ccmposite materials.

Enginc new technology is developing dynamic components (which have greater efficiency, reliability
and vase of maintenavce), advanced meterials (metals and composites), and advanced lubrication cuncepta.
high dynamic rotor leads in turbulence limit tlLe high spzed and waneuverability capabilities of helicop-
ters. Dynamic loads influencc the reliability and maintainability characteristics of a helicopier and,
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hence, its life-cycle cost. The goal of the technology program is to predict engine dynamic performance

capab; lities during high speed torward flight and transient maneuvers. 3
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SUMMARY

This paper presents two different facets of the propulsion system/structure interaction.

The rirst interaction covered in chapter 1 deals with low-fregquency vibration problems associated with the
operation of the main rotor.

These problems are either mechanical-material fatigue ans stressing-or related to comfort. Chapter 1
describes the means implemented and the research done at Aerospatiale to reduce excitations and filter
their transfer from the source to the cabin.

The second interaction type presented under Chapter 2 deals with cabin noise (frequenr~y between 100 Hz and
10 kHz) associated with the operation of the reduction gear box. The vibratory energy generated 2t the
gears propagates all the way bo the passengers via the air and the structure.

Chapter 2 describes the research, technoliogical means and methods used at Aerospatiale to cut the inten-
sity of tramsmission noise sources, the energy transfer between such sources and the structure and the
energy radiation from the structure to the passengers.

CHAPTER 1 - VIBRATION PREVONTION SYSTEMS ON HELICOPTERS

1. INTRODUCTION

Vibration problems occur in a very special form on helicopters ; the rotor is a powerful vibration
generator, causing problems that are specific to this type of machine, and one of the most acute is the
problem of forced vibration.

This causes:
(a) alternating stresses throughout the aircraft, leading tc problems of fatigue.

(b) cabin vibrations, which are a major factor in an aircraft comfort rating.

The diagram below gummarizes the developmant of forced vibiuwiions o the whole alrcrait.
ALRODYNAMIC variable speed
variable pitci: '
1
alternatirg stresses :
1
BLADL RESPONSE : siresses
reactions on blade rcots
©
alternating stresses and mwoments z
on rotor head é
2
FUSELACE : vibration level ]
stresses

These alternating stresses are periodic, and their fundamental frequency is the rotational frequency of
the rotor,

Depanding on the blade characteristics, these stresses are amplified or reduced causing stresses and
reactions in the rotor head. It is these reactions which cause the stresses end moments that make the
fuuclage vibrate.

The resulting tuseiage response depends on its dynaric characteristics and on the filtering devices
fitted between the rotor and the fuselage.

It i: thercfore important to select the dynamic characteristics uf the blades and fuselage in suczh a
way that their response to aerodynamic stresses will be minimal.
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Aérospatiale invest much effort in the design of blades and a fuselage that are dynamically optimized.
To take the example of the 365N and 366G, three 'generations' of blades were built and tested Juring the
process of optimization.

It should be mentioned that the fuselage reaction on the dynamic condition of the blades, and the
effects of blade movement on the aerodynamic stresses, can make the problem of forced vibrations more
complex.

The considerations of better performance, multiple roles, improved coniort, new echnology (new
materials, etc...) normal variation in production, and uncertainty at the design stage as to the
aerodynamic problems of forced vibrations, have led to the following requirements :

(a) either that the moment giving rise to vibration should be minimized censtantly, no matter what the
flight configuration and dynamic signature of the aircraft. These methods are known as ‘active control'.

(b) or that the dynamic stresses transmitted by the rotor to the fuselage should be filtered. These are
called 'filtering methods'.

This paper will describe the direction taken in the use of these techniques by Aerospatiale in
Marignane,

2. ACTIVE CONTROL

Purpose : to reduce vibration stresses by multicyclic variations achieved by swashplate or blade flap
control. See fig. 1.

Method :
Vector of multicyclic law Vector of vibration
Fourier coefficients signals to be minimized

= S =

6y —

£
§0, 1

[

Role of C - harmonic analysis of signals
~ monitoring vibration level
- identifying and optimizing control

~ Qur experimental evaluation of this type of system leaves us every cause for optimism.

()

. VIBRATION FILTERING

Tur 4 long time, Aerospatiale has been attempting to place filters between the rotor and the fuselage,
to prevent transmission of the stresses causing vibration and reduce the resulting vibration levels.

SUSPENSION SYSTLMS

(2) The best-xnown example is the 'barbecue' which is a flexible element placed between the transmission :
assembly and the fuselage, to provide insulation. &

This ig illustrated in Figs. 2 and 3.
. The one-directional 'barbecue' on the SA 330 Puma.

There have been many technological developments of this idea, leading to highly simplified and low- .
cost systems.

For example : The two-directional MGB suspension on the AS 350 Ecureuil/Astar. Fig. 4.

COUNTER-VIBRATION DEVICES

(b) The second method has been to use energy dissipators or counter-vibration devices.
These may be placed on the rotor :

as rotor head counter-vibrators.

Fig. 5 shows a bifilar pendulum fitted on an Ecureuil prototype. Fig.6 shows the production
Ecureuil/Astar counter-vibration device, with uses weights and springs.

R



Or they may be placed on the fuselage :
Fig. 7 shows the soft-mounted 'battery' resonator on the AS 360 Dauphin.
SUSPENSION SYSTEMS WITH ENLRGY DISSIPATORS

(c) A combination of filtering through elastic components and energy dissipators lead to a very compact
built-in resonator system, as for example LE SARIB shown on {ig. 8.

“4. CONCLUSION

Thanks to all the features we have deseribed, the users of Aerospatiale helicopters are able to fly in
a high degree of comfort.

v o

The methods for overcoming the piroblem of forced vibrations, we have been discussing, are Leing
further investigatedwith a view tpachiaving still better results, with & leSser penalty in terms of
weight and, hopefully, price. Furthcr improvements become all more essential a: the aireraft
speed performance increases.
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CHAPTER 2 - COUPLING RETWLEN THE HELICOPTLR PROPULSION SYSTEM AND ITS STRUCTURE. PROBLEM OF NOISE IN THE
) CABIN

The total noise within a helicopter cabin is the sum of the rotor, engine and power train noises
reaching the passengers via the air or the structure.

Figure 1 gives the result of a study that has led to the determination of the contribution of each
individual source toward the total noise within a helicopter cabin. It can be 1oted that the noise induced ;:
by the reduction gearbox (MGB) is predominant in the range where frequencies are the most annoying :
(200 Hz to 10 KHz) and that the type of noise heard is above all structure-borne.
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Fig. 1 - AS 365 Helicopter
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Such hig,h Hois: levels can be aitilbuied to e facit thai ilhe cy>iems for che transmission of nower
between the engines and the main and anti-torque rotors induce very substaatial high-frequency vibrations.

Contrary to the case of airplanes where jt is usually located far from the passengers, e.g. below the
wings, the power train is attached directly on the cabin walls of helicopters. Thus a large part of this
vibratory energy is introduced into the helicopter cabin structure which converts it in the immediate
proximity to the passengers' heads into sound energy.

It must be noted that the lev2l of noise inside the cabin of old-design helicopters is such that 1
repeated exposure to such noisc without any ear-protection may lead to an irreversible loss of hearing. ‘
Increasing the structure weight is the most obvious remedy to this noise problew. !

i

However, as one knoWws, great efforts were made to improve the payload/empty weight ratio on helicopters, 1
so we felt it necessary to look for technicai solutions with a lesser weight penalty. }

That is why we have been looking for several years at the problem of MGB-induced noise incide a ‘
helicopter. To that end, we have studied the methods that lead to : (see figure 2)

!

- a reduction in the generation of vibration sources, i

- a limited transfer of vibration energy from the vibration scurces to the structure, the main
objactives being :

1. to prevent the excitation frequency from matching the natural frequency
2. to dissipate the energy before it reacnes the structure

3. te limit the vibratory-to-acoustic energy conversion process in the structure.
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1. NOISE SOURCE - MESHING NOISL REDUCTION

Gear meshing is a noise and vibration generator due to its design and realization ; angular meshing
errors generate vibrations which will excite the structure (refer to figure 3).

EFFECT OF

! \\
_!L/gg LOAD
]

\\ GEAR CORRECTION

MACHINING
ERROR

“ FIG.3.GEAR TOOTH DESIGN FACTORS IN THE GENERATION
OF GEAR MESHING NOISE

Until the last few years, the compromise made, at the design stage, between the various gear parameters
had 23 a main objective as ligth @ weight =~ mossible while ensuring a satisfactory service life.

For that purpose, gear toothing wus desigred to work the closest possible to the maximum permissible
stresses and specific pressures, but also to limit axial, radial and tangential loads on bearings.

This choice is the cuntrary of +%2 continuous meshing concept, as the tooth bending increaseswith the
load ; the low driving and overlap ratios achieved with low spiral angles or modules induce sudden load
variations during mashing and do not ensure the compensation of machining errors which would require the
simul taneous mesihing of several teeth.

In a first stage, we have measured the angular meshing error on a pair of pinions, under no load,
using a GOULDER MIKRON checking muchine (refer to figure u).

The resulis, in analog form, recorded on paper, clearly show the existence of toolh profile errors
superimpcsed on an offset error or distortion of the basic circle. The spectral analysis of these analog
signals allows ithe separation of these phencmena and the quantification of the effect of additional
paraneters, such as bachlash.
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- FIG.a _ ANGULAR MESHING ERROR .
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Lxample of toothing geometry modification (see figure 5)

Ca the SA 365 and 5A 360 main gear box, the input spiral bevel gear toothing has been re-designed taking
the acoustic aspect into daccount ; the tooth bearing pattern has been optimized to ensurc a better meshing
continuity.

The gain achieved over the original meshing is approximately 15 dB and 12 dB.

- FIG. 5_ EFFECT OF PINION DEFINITION CHARACTERISTICS ON
GEARBOX MESHING FREQUENCY NOISE

[SA 360 MAIN SPIRAL BEVEL GEARS) [SA 365 INPUT SPIRAL BEVEL GEARS)

FIRST DESIGN  MODIFIED DESIGN FIRST DESIGN  MODIFIED DESIGN
SPIRALANGLE _ | 22°30 35° A 22030 a0°
PRESSURE ANGLE ____ | 22°30 20° A 2230 z0°
“MODULE (Eq.t0oD.P) | 5434 mm___ 5565 mm o st1amm______ 527mm
DRIVINGRATIO | 122 1.254 | 1278 12724
OVERLAP RATIO | 1184 2.165 f o105__ 2193
OVERALL RATIO 1701 ] [2502 |_ - _______ 2517
\_____.W \__————"\/\_,t
FUNDAMENTAL
MESHING FREQUENCY 12 dB 15 dB

NOISE REDUCTION at 1850 Mz at 2700 Hz

[ A PO YU



22-10

Effect of tooth surface treatment on gear box noise

Introducing specific additives into the lubricating oil of the cngine gear box allows a substantial
noise reduction of 6.5 dB in 1/3 octave meshing freqQuencies thanks to the improved contact quality of gear
toothing surfaces (see figure 6).

A dB 1meshing fr 1829h

480 thid octave

A1 | | | I R I

500hz tkhz 2khz 4khz 8khz

_FI16.6_ Effect of tooth surface treatmenton

gear box noise

2, TRANSMISSION BETWELN SQURCE AND CABIN

2,1. Dynamic behavigr of detail parts

if a mesning concept, taking the acoustic aspect into account, is a necessary condition to achieve a
low noise level, it is not sufficient. In fact, in the transfer of vibration energy to the structure, the
dynamic behavior of each of the components constituting the transfer path (pinions - shafts - bearings -
casing - main gear box attachment fittings) has to be considered.

Axisymme tric part modes (pinions, shafts)

In a first stage, an experimental and theoretical mode determination has been made for the parts
constituting the gear train.

Refer to figure 7 for the results of a mode determination made, using a laser holography method and a
finite element mathematical model, on a spiral bevel and planet gear assembly.

The mathematical model established allows the determination of the axisymmetric part modes under load
and in rotation.

The agreement between modes calculated and those measured in laboratory using laser holography is
excellent up to 7-8 KHz.
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- FIG.7. COMPONENTS DYNAMIC CHARACTERISTICS .
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The search for agreement between the main gear box natural and excitation frequencies (refer to
figure 8) shows that it is difficult to design a complete main gear box in which no component natural
frequency would be in concordance with a meshing frequency.
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resonunce frequencies

Excitation frequencies

nyumber of diemgters

0 1 2 3 4 ; node line

FIG.8 . Comparison of component natural frequencies with gear meshing fiequencies.

This difficulty of mastering the full gear train dynamic behaviour has been checked on an actual main gear
box in which the spiral bevel ring gear rigidity had been modified.

Figure 9 shows the changes in noise levels, measured on the acceptance test bench, for one of the
spiral bevel gear meshing frequencies versus rotational speed and in two different configurations :
initial ring gear and reinforced ring gear. According to the rorationil speed, the modification mav he
beneficial or not, and for non ueglipglble gains achieved at nominal r.p.m. at this frequency, thele were
appreciable losses at other meshing frequencies.
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The introduction of some damping throughout the gear train scems to be a usetu' line to prospect
with a view 1o reducing the gear trajin dynamic responses. A mathematical mcdel established allows the
detervinaiion of the furced response for damped axisymmetric parts.

Figure 10 shows the treatment applied on the web of a cylindric gear, and the damped and undamped
responses of this web under harmonic meshing load.

FIG; 10 _Noise and stress damped gear ._____1
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Casing modes

Knowing th: main gear box casing dynamic 2 neviowr is a very important factor ; in fact

- e nc the vibraticn of its wall;, the c¢ising 1 1 souwrge of nuise.

- The vivration enurgy generated at ile fource and tranuaitted o the casing thrygh tne bearings
wily reach the structure through the casing gtrachmen: pounts (niin gear Lox suwpention nars and
tlexibie manting plate).
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- The casing supports the shatts and thu. ensures preper positioning of meshing gears, hence the risk
of coupling bdeiween the excitation and casing response.

Modal determinagtion in laboraiosy
As for axisymmetric parts, wodal doterminstion Las been made, in laboratory, on a main gear box
casing wiing the laser hkolegraphy wetho d.

Figure 11 shows two examples of mude detersingdion v u caving. On the prototype casing, it has bean
noted that a natural frequency of 1792 he was 2lese 1o the spiral bevel gear meshing frequency of 1850 Hz.

A structural change (stiffening of casirg throagh a rib located at mid-height) has relocated the
naturd. frejuency trom 1792 He to 18050 He and generated a new mode at 1729 He. As there is a slippage of
natural frequency accordiag to the load {frem 1792 Hz to 1850 He) the moditied casing should no longer
have netural frequencins in concordeace witl: the spiral bevel ring gear meshing frequency. In fact, a gain
ot sone. dB's has Leen noted duriung the bensh testing of this modified casing.

Previsional determination of casing modes:

The 1lst vibration modes of a casing can be identified accurately 1through a ca'culation by finite
elements. However, since calculations are of great magnitude because of the complex shapes of the casings
it i5 prot possible toduy 1o access high ranking modes thrceugh calculations (lack of accuracy, too long
caiculation times).

Dampitg treatment on the casing:

As in the case of d:otail parts of the iransmission system, damping the MGB casing seems to be an
efficient means for reducing vitration and noise for a slight weight increase.

Two apprvaches ave being investigated presently
~ either a damping cvat is applied on the casing suriace.
- or the casing is made o’ a high noise-absorption materiel.

£ prototype coating has been tested on an MGB in flight and allowed a 3 dB cabin noise reduction for

4

an addition of 1 kg extra weight.

-FIG. 11
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2.3. Dynamic behaviour of complete main gearbox

By controlling the dynamic behaviour of the simple components making up the MGB it is possible to
avoid certain resonance problems. Yet the interaction of all these elements when the MGB is operating

under load on a helicopter is not taken intc account.

Two types of experiments were run on MGB's with a view to illustrating the rotation and load effects.

Response of complete main gear box on test bench (examples SA 360 gearbox)

(a) Lffect of r.p.m.:
Variations with the rotation speed : noise, vibration or stress levels associated with each meshing
stage during operation on a test rig were measured (see example on figure 12). These investigations
made it possible to locate certain dynamic and acoustic problems during operation but it was
difficult to process the result in the case of MGB's with numerous meshing stages.
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(b) Effects of Torque:

To check the modes obtained in laboratory tests on a casing abench accelerometric measurement
(refer to figure 13 for set-up) showed there was really a very large response of the main gearbox
casing at 1770 Hz and this frequency was moving towards 1850 Hz when torque was getting nearer the

nominal load.
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-FI1G. 13_ EFFECT OF TORQUE ON THE DYNAMIC
BEHAVIOR OF MGB HOUSING

Other parameters like mounting clearances can introduce noise generating parasite dynamic behaviors .

We are presently focussing our cfforts on the calculation of the dynamic behavior of a complete
power train by taking into account all meaningful parameters.

This work turns out to be long and utterly complex and it will have to be continued for several
years.

2.4. Main gear bex suspension bar dynamic behaviour

The main purpose of the main gear box suspension bars is to ens -e the transfer of lift loads to the
structure ; the attachments on structure and main gear box upper sect.ion are made through metal hinge
fittings.

Therefore, the main gear box casing vibratory motions are transmitted to the structure without
possibility of cnergy dissipation.

For the SA 360 main gear box bars, the first bending modes, in "free-free" configuration, have been
determined in laboratory (excitation throygh B and K vibrating pot and accelerometric recording).




This mode determination, in laboratory, has allowed the validation of the mathematical model used to
calculate the bending modes and the study of the effect, on the bars, of the hinges and weight (concentrated
or distributed weights).

¥ 22.17 1
1
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Figure 14 shows the results of the calculations made on this main gear box bar.

We can see the correspondence heti-aen the third bending mode frequency (1850 Hz) and the spiral-bevel
gear meshing frequency, together with the large displacement to the resonant frequencies according to the
type of weights added to the bars.

The efficiency of these weights has been verified in flight s, with 2.3 kilegransof lead distributed
on the four bars, the mean noise level dropped by 4.2 dB SIL.
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Other alternmatives making use of the flexibility effect ot attachment points by irnterposing mctal/
rubber laminated elements were alse investigated.Unfortunately this type of altermative is not efficient
unless the stiffness values ca~ ke reduced to levels that, however, are not compatible with the elongation
levels that are permissible cn helicopters in flight.

2.5. Dynamic behavior of the strucsurc, Conversion of vibratory erergy into noisa !

The vibratory energy introdused into the helicopter siructure via the MGB attachment points spreads
to the entire structure and therely vieates a complex field of vibrations. The structure components (metal
sheets, frames, stringers ...) couvert [:art of that vibratory energy into acoustit. euergy.

The characteristics of the vilratory ficld and the incensity and directivity characteristics of the
acoustic field thus radiated depeud on :

- the excitation levels at a given frequency

~ the geometiric characteristics of the clerent. making vp the structure, their ws mbly mede aad the
: nature of the materials used.
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We have studied the radiation of elementary structures on the basis of Aerospatiale experiments
but also on the basis of a large number of publications dealing with this matter.

The structure of first-generation helicopter cabins was made of metal and comprised thin aluminium
alloy panels stiffened by stringers and frames.

More modern helicopter designs make a wide use of composite materials and large size sandwich
structures.

Both the dirsipation of vibratory energy and the limitatior of radiation on thin (metal or composite
materials) panels with special treatments combining visco-elastic and weight characteristics are easy to
devise. (see figure 15)

Usually visco-elastic materials subjected to shearing stresses are used for the sake of better
efficiency.

-FIG.15.
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The main problem we face is the fact that the number of products available on the market today
is very limited as they must be capable of meeting helicopter criteria : resistance to fire, high

damping capability in a very wide temperature and frequency range, resistance to olls and fuels, long life
etc...

Sandwich structures are more difficult to treat as their radiating characteristics are very different
from those of thin structures. The maximum radiating factor for thin structures is achieved at rather high

frequencies (several KHz) while it is achieved at frequencies around only a few hundred Hz with sandwich
structures. (see figure 16)

The figure shows the difference in acoustic radiation between the two types (thin and sandwich) that
have been designed for a same helicopter. It must be noted that the sandwich structure radiates more than

the thin metal structure at the most annoying frequencies (1 and 2 KHz). Conversely at low frequencies,
the use of a sandwich structure is very favorable.
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AN Al't ERNATIVE APPROACH TO ENGINE RATING STRUCTURES
USING MONITORING SYSTEMS

by
D, LEWIS
Project Engineer - GEM

ROLLS-ROYCE LIMITED
l.eavesdan, Watford WD2 7BZ, Hertfordshire,
England

SUMMARY - Optimising the engine size to the multi-engine helicopter's
needs is a difficult process which has traditionally been carried out through
the mechanism of the engine rating structure. However, the rating structure
has many limitations and does not allow the best potential use of the engine
to be realised in service. The introduction of the micro-processor based
Engine Monitoring System permits a re-evaluation of the rating structure
and also the preseniation of limitations to the pilots. By using EMS it
should be poasmible to achieve a better relationship between the demonstrated
capability of the engine as shown in the Qualification Programme and the
authorised releasge for in-service use. This may be egardsd as a first
step to be followed later by a change of the qualification test to a more
representative form with the EMS giving a more tangible link between bench
test and cugtomer operation, This should allow better use of the engine to
be made for the ghort time/high power requirement thereby allowing a more
efficient engine performance at cruise conditions.

One of the mosat vexing problems continually faced by the engineers in the helicopter industry is
how to optimise the match of the engine (and hence the power capability) to the mu i-engine helicopters
needs,

The technically eleyanl way of achieving this is to tit a larger number of smaller engines but there
are good reagons why this way is not being followed such as increases in coat, weight and maintenance
demands. It ig likely that the optimum number of engines for most helicopters will remain at two with
three being used only occasionally.

Whilst it is as well in discuseing a subject such as this to avoid any direct association between
what it is right to do and the methods by which it is achieved, nevertheless it may be that the time is
right to consider an alternative approach to the traditional engine rating structure for helicopter power
plants now that we have the Engine Monitoring System as a viable weapon in our armoury.

It is proposed in this paper to examine this subject in 5 sections;-

1. The rating structure and its purpose

2, The digsadvantages of the traditional rating structure

3. Consideration of the difficulties in changing the rating structure approach
4, The integrity of engine monitoring systems

5, An alternative approach

1. THE RATING STRUCTURE AND ITS FURPOSE

The objective of a rating structure is to define a set of power/time limits which enable the
helicopter to achieve its optimum role performance and, at the same time, ensure an acceptable level
of airworthinese and safety.

It has been long established practice to test engines to specific ratings which are mandatory limits
on the pilot for time of operation at specific power levels. These form a practical but approximate
method of limiting the rate of cumulative damage to the engine in order to achieve acceptable lives, The
format of the testing required goes back to the piston engire era and has been modified but not fundament-
ally revised since the early days of gas turbines.

The rating structure in use by the British Minietry of Defence is shown in fig. 1 and is a typical
example with minor variations of that employed by all the leading Aviation Authorities, both military and
civil, throughout the world.




For any engine, ite ratings are validated by a series of tests carried out to strictly defined rules
laid down by the authoritiea, This ia called the Certification, Qualification or Type Approval Prccess,

Unfortunately the conditions specified do not always equate with the needs of a helicopter and
authorised variations have to be built into the processes with the result that it becomes irrevocably linked
with the particular ingtallation.

A.  TWINENGINE OPERATION

Maximum Continuous - The highest rating of the engine which may
be used continuously in flight

The maximum rating of the engine which
may be used for a duration limited to 5
minutes per flight

Maximum 5 minutes

B.  SINGLE ENGINE OPERATION
Maximum Contingency

The maximum rating of the engine which may
be used for a duration limited to 23 minutes
during take off and landing

The maximum rating of the engine which may
be used for a duration of 1 hour during
an en-route failure of the other engine.

Intermediate Contingency

Less

Fig. 1l - Rating structure terminology. Twin engine rotor craft,

2, THE DISADVANTAGES OF THE TRADITIONAL RATING STRUCTURE

The gas turbine power/life characteristics are basically incompatible with the balance of the various
modes of power requirements of the twin eng:ne helicopter.

Some of the particular aspects are described as follows:~

Power requirements - The power demand of a rotary wing aircraft varies typically with air-speed
as shown in fig, 2,

As well as requiring to be low cost, light weight, economical and reliable, the engine haa to provide
over a range of ambient conditions, levels of:-
Power factor

i) Efficient cruise power 100
i) High power for take off and landing 7o
iii) Higher power for en-route flight after loss of one

engine 200
iv) Higher power for transient to forward speed and climb

after loss of one engine in the hover 300
v) Higher power to maintain height in the hover after 10ss

of one engine 340

The dilemma that faces the designer trying to rover this widespread of power ig all too obvious and
if he decides to provide enough power within the traditional rating structure to meet (v) then the
engine suffers from being too heavy and having a too high fuel consumption to be optimum at (i).

Operational environment - The certification programme has to cover the wide operational
envelope in terms of ambient pressure, temperature, humidity, air cleanliness etc,

The resulting effects on engine speeds, temperatures, pressures, vibrations and life are expected
to be evaluated in a programme which is already disproportionately expensive compared to that of
the helicopter,

The programme has to cover the full corners of the envelope demonstration, i.e. on the hottest day,
at the highest altitude with the most inept pilot handling a low performance engine, made in the worst
material, to the biggest tolerances with the most inaccurate instruments; and of course, itinm
assumed that all these factors can be present at the same time - a probability that would be regarded
as extremely remote in most walks of life.
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Fig.2 - Typical helicopter power reyuirement
The power requirements fcr a specific operation with reapeci to day temperature are shown on fig. 3.
It can be seen that the power requircemene on a helicopter rises slowly with AIT whereas the power
available falls sharply over the same range.
This is another basic incompatibility which has to be catered for in the approval programme.
The dilemma that resulte is, if the engine is tested at high ambient temperaiures, ii <nes not
nroduce the nower to test the tranamission. If the engine is tested to the co'd day power level itis
not exposed to its maximum turbine temperatures. As usual it i a compro.nlse betveen the two
with auxiliary tests being run to make up the short falls where necessary.
Additionally, there are the inatallationa) aspects which override some of the engine limitations and

by impinging on the supplementary app:roval tests as they do, start to make the approval programme
specific to a particular type of aircrait,

Engine power available
’

~./

Power

Helicopter pxver requirement

Day temp, =t

L7

Fig.3 - Typical helicopter vs engine power

Emergencies - The concept of a rating is a "powver’ level usage associated with a time which
enables helicopter performance to be scheduled in a flight manual and checked by flight test.

Thig asaumes that all operation s normal - i, e. that the helicopter does not enter the ""avoid areas”
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3.

where it will be unable to fly on one engine, Hence in the UK the use of the word ''contingency'
rather than ""emergency'. What the contingency rating does is to reduce the avoid areas, but it
does not unfortunately, eliminate them. It now seems that helicopter designers are becoming
interested in eliminating the avold areas altogether by calling for higher power levels to deal with
the true emergency.

If we are going ta provide for the ability to cover emergencies then it has to be ascertained that the
engine is capable of doing 8o. It is vorthwhile quoting here from the Civil Aviation Authorities
"Bible" in these matters - the BCAR,

"Definitions of power/thrust in terms of usage and duration (and the use of these to form the basis
of certain flight manual limitations) are not intended to remove the pilots right to judge whether and
to what extent such limitations may be ignored in emergency conditions. "

It seerns to us, as engine designers, that with the better tools we now have at our disposal we ought
to be able to ease the interpretation of "emergency conditions' by the pilot and allow him to devote
hig energies entirely to making safe manoeuvres withcut the worry of what is happening to the engines
in the process,

Applications - One of the major problems faced by the Technical Departments of Aero Engine
Companies is how to cater for the wide variety of rating structures that current operators and

potential customers are seeking,

This range has been extended recently by the proposal to insist on full category A capability for all
medium twin engined helicopters.

The range covers such diverse items as:-

i) Anti submarine warfare operation, requring leng period hover ratings for sonar dunking and
an emergency power level for fly away following single engine failure.

ii) Armed attack warfare with high speed dash capability and nap of the earth power fluctuations.

iii) Recovery and ferry of aircraft with single engine failurea frem difficult take-off sites such

as oil rig platforms or the surface of the sea.

iv) High altitude surveillance in mountain ranges with ability to elude sniper {ire-arms by
agile manoeuvrability.

These are just some examples of the latest proposed uses of the ever expanding role of the helicopter
and they all, in their turn, produce small variations in the qualification requirements for the engine.
These can generally result in a repeat type approval test unless one is extremely lucky and has
covered the requ’ ements inadvertently during earlier programmes.

Pilot observance of limitations - With the traditional rating structure the ''red lines" on the cockpit
instrumentation for engine temperature and speed can usually numnber four,

Four red lines on a cockpit instrument may sound acceptable but it should be remembered that
engine instruments are not primary flying devices and are therefore restricted to a small size
with a small scale for a large range. ‘Ihe actual observance ot these limitations by the pilot is very
difficult and the suspicion exists that the discipline employed in the observance of engine limit-
ations may leave something to be desired.

Since the clearance of the engine limitations forms a significant base of the engine approval prog-
ramme, the disparity between the effort that is put into selecting and clearing these limitations and
the way this information is displayed and may be observed by the pilot is extremely frustrating to
engine designers.

General - Whilst the five specific subjects dealt with above constitute anomalies and irritants which
emanate from the rating structure, the general problem which swamps all of them is the disprop-
ortionate hot section factor damage which the current rating approval process accumulates in
relation to other factors such as low cycle fatigue counting. The seriousness of this problem
manifests itself not in some unreliability in service effect (such as would be the case if the LCF
programme had been of poor quality) but in the far more fundamental form of the engine being
basically the wrong size for its applications and it ig this subject that is dealt with in more detail in
the next section.

CONSIDERATION OF THE DIFFICULTIES IN CHANGING THE RATING STRUCTURE APPRQACH

The clearance of a rating structure is achieved by what is called the type test in Britain and the model

qualification test in the US, Itis 150 hours long and has been in existence since at least the 1950's, It is
beloved of Airworthiness Authorities and bears absolutely no resemblance to actual customsr use.
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On the other hand, it is regarded as A very sound and dependable yai1d-stick as to the measure
of an engine's suitability to enter service and any suggestion to alter it is usually met by trenchant resist-
ance.

As stated at the end of the previous section, its unrepresentativeness is mainly concerned with its
high use of hot section damage, be it of a conventional creep usage form with solid turbine blades or of a
more thermal fatigue bias for cooled blades and etatic nozzle vanes. For the purpose of this argument the
hot section factor damage will generally be referred to as creep.

What could be changed initially is not the type test itself but the relationship between the demon-
strated creep capability during type test and the authorised release life/power figurees which come from it,
This certainly ought to be a short term target with perhaps a slow change to a more representative type
test to follow. Any change to the type test structure would probably require a doubling up of new and old
styles for a period to demonstrate consistency of standard and while this is happening, programme costs
would probably increase.

The long term returns however, should be very beneficial in relation to reduced cost of ownership
in service and a more efficient use of some of the world's dwindling oil supplies.

The most obvious change that could be made to the type test is to impoae the condition of a torque
limitation for the normal temperate conditions under which the helicopter will operate, As was said earlier
there is no recognition of this in the regulations and if it were employed it would allow a greater proportion
of the creep usage in the teat to be devoted to the tropical operation and thereby allow a higher engine temp-
erature to be cleared for that part of the helicopters use. Fig, 4 illustrates this point simply.

Engine Engine
Power Temp.

A.LT, ——

Creep usage here :

N

Exchanged for
i \

Creep usage here

\]

|
'
)
!
X A LT. —»

Fig. 4 - Type test with superimposed torque limits

The problem here is the accurate recording and re-allocation of the creep capability and hence we
come to the Engine Monitoring System. If the proposed eystem with its programme algorithms for hot end
usage (as well as other functions) is run on all the endurance testing during the development programme,
then a sound basis of demonstrated creep capability is established which allows a degree of flexibility to
be used in the type of release which the qualified engine can be given for potential custorner use. In other
words by compiling a data bank of the hot section damage capability for the engine, a new application with
its power requirements can be evaluated against it to see that the new rate of damage and top power
requirements are not incompatible with what has already been demonstrated.

It is interesting to consider what happens today when a rating is exceeded, say on an en-route
failure either in duration or temperature, The pilot reports it (let's be kind. ) and the operator's
engineers consult the maintenance manual. Invariably there are no clear instructions on what to do, 8o they
ask the manufacturers, The manufacturer's Service Department ask the Stress Engineers who generally
gay it's acceptable. (There are, after all, no definite rules to say how many times an OEI rating may be
used in an aircraft life). The engine stays in service and the aircraft flies on,

If it happens another eight times, say, the answer may be different but this stems from two
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reasons - one, the incidents have bean recorded and two, the Stress Enginecers have knowledge on the
strength of me:teriala.

Recording and atoring knowledge are things that computers can do so why can't this process be
dehumanised and put on to a computer?

The above function should be taken in context with the other necessary tasks undertaken in an EMS,
These are limit exceedence, rotative LCF counting and thermal fatigue monitoring, All are a meanure of
the usage of the engine and become more cost effective if integrated in one unit, Additionally tke pure
health monitoring aspects of performance trending, vibration data analysis and lubrication system status
can be added to provide a comprehensive monitoring system.

LCF counting ig not covered extensively in this paper as it is already a practiced art-form in the
industry, The full EMS does allow however, a higher degree of sophistication to be adopted on this
subject and an illuatrasion of the possible benefitg is shown on fig, 5. The three lines show the progreasion
in authorised, hourly life possible from a demonstrated cyclc fatigue programme:-

i) The lowest line represents the traditional approach with little or no knowledge of the type of
operation the customer is ugsing. ¢.g. Mission spectrum and/or typical ambient conditions.

ii) The middle line represents the modern military approach where a mission profile with severity
factors applied is defined at the onset of a qualification programme to form the basis of the
component lifing philosophy.

iii) The upper line representg the release life possible from actual recording of service type
operation at temperate sea level conditions.

It can be seen there is a three-fold advantage gained in the actual release life possible (the figures
incidentally are real from a current Rolls-Royce programme).

From the fatigue point of view then, the rating structure and the type test are almost irrelevant
and the cyclic qualification programme stands on its own, [t is fundamentally hot section usage, limit
exceedance and pilot observance that this argument is about.

4, THE INTEGRITY OF ENGINE MONITORING SYSTEMS

For engine monitoring systems to become group ! equipment,{in other words, the release life and
hence the airworthiness of the engine is dependent upon the results which the EMS provides,) the integrity
of these systemsa will have become very high and this will take sometime to achieve, Initially it seems
reasonable that they should be fitted to aircraft in group 2 equipment role, the engine released to trad-
itional methods and the EMS monitored to ensure that it is producing valid data bearing at least some
resemblance to the estimated life usage produced by manual methods,

We should certainly quote our own experience to date. Rolls-Royce has a helicopter operation in
its flight test facility and an EMS has been under evaluation on this helicopter for a period of 5 years. This
systern was MOD furnished equipment to Rolls-Royce and was one of a number of projects suppcrted by
MOD during this period., The others were all direct service trials and the benafite accrued ars 2vailable
tor examination, The system.is a fairly simple first generation device comprising multiplexing Data
Acquisition Units and Cassette Recorders. All computation is carried out off-line at ground replay
stations., With this equipment we have shown that good valid dala can be acquired in the harsh environ-
ment of a helicopter, We have algo shown that such equipment needs intensive development if it is to
become totally reliable.

Computer programmes for LCF, creep, performance trending and vibration monitoring have Leen
developed and proven and some details of the configuration and the results are shown in the following
figures; -

Fig. 6 shows the equipment configuration in the helicopter,

Fig. 7 shows the flow chart for LCF usage calculation,

Fig. 8 shows the flow chart for ~reep usage calculation.

Fig, 9 shows the recording of temperature versus time over a 400 hour flight programme.

Fig. 10 shows the recording of torque versus time over this 400 hour flight programme.

Fig. 11 shows the idstribution of creep usage over different types of flying carried out during the
400 hour flight programme.




9 8600
8 1
7 4
6
5150 EMS average _J 5000
Hours N
%10 4 |
'3000  M.0.D. Mission spectrum
31 2600 2500
1700 " FmTTTTTTT
21 ———-— 15w 1500 Worst assumed !
1000 P Operatior
) peratior
1 __5_m____J.lng
79 80 8l 82 83 8
() Year
Fig.5 - Benefits to LCF using EMS
Parameter Engine bay Rear equipment bay Cockpit Front equipment bay
Torquemeter o (O— —()
Fue! temperature | Wy g EvTvtFm_’a_rfr
H. P.Compressor
pressure P3 [:}_l’ ®0;A.T. | ]
H. P.Compressor ]
temperature T l Amlifier| :
PT Infet temperature | Tg (@ | N —) T
Fuel flow We |
HP rotor speed Ny 0-A.U @NH@NF
PT rotor speed N¢ AS.I.
Alrspeed | ==~ —— _ !
. [ 1 Alt,
Altitude @ [ ~——~—--— Vibration AS.| @ m
V) Amplifier e -
Vibration v &= Pitot
L 2 == = === = =) Meter Optional
3 )
Fig, 6 - Early engine monitoring system
Max/min turning points Calcutate
Mg”itt(" major cycle
- ana store d
Speed SPEED max. speed S?]T}taq;:; (]
)
M L’ Cumulative | Output
damage usage
Part cycle damage
Calculate Calculate
QOther TET. component . STRESS |
parameters atturning | metal TeMp
points temperature \ y
FATIGUE CYCLES
L3t .

Fig.7 - Low cycle fatigue.

Calculation of cumulative damage.




— - . e emm ey e —— T Y T st el

speed [
. Creep
Speed /W\/\l/\ ] Caltculate —»= material
siress properties
time ?
i {
Cumulative | Output
damage usage
Calculate
Other | Calculate . biade
parameters T.E.T. metal
temperature
L Fig.8 - Turbine blade creep., Calculation of cumulative damage,
40 -
35 4
307
25 1
% Time S@nt 204
aove T6°C
154
101
5-
0 L J 1 LS T T L] L]
620 640 660 5 680 700 720 740
Lo T6'C
Fiz, 9 - Tvpical time temperature analyeis
" B
20 )
% of
Flying in
16% TG [
Band
10
oL I =
un 0 10 20 30 40 50 60 70 80 0 100 110 120 130 140 i50 % Torque

Fig. 10 - Typical time torque &nalysis




233

Flight No. of Flight % Creep
Description Flights Hours Used

Mission 40 72.4
Development 29 40.6
Crew training 2 3.1
Ground run 18 8.7 0.003
Air test 2 1.2
Tracking 5 4.1
Miscellaneous 48 80.2

Total 144 210.2 1.237

Fig. 11 - Typical blade creep usage (200 hrs)

Some of the surprising aspects were:-

i) The smoothness of the time temperature curve,
ii) The discontinuity in the time torque curve.
iii) The wide variation in creep usage for different types of flying, e.g. if only the prescribed

misgion was flown then 50% creep usage wouid allew 15000 hours flying of this type. However, the
rate ia three times this for "miscellaneous', but ag the programme was flown by test pilots, we
believe we can still afford to be relaxed on the subject,

Based on the experience described above, together with Rolls~-Royce's zxperience on electronic
control sysicius vver 20 years and the tact that the industry is apparently poised tu change over
to digital electroni~ conirol systems en-maese, there is now a general feeling that the integrity
question concerning monitoring systems can be faced with confidence and that only extensive field
experience can progress the state-of-the-art from this point onwards.

5. AN ALTERNATIVE APPROACH

The basis for an alternative approach is a long held belief that much greater utilisation of engine
components could be achieved if a more accurate count of hot end damage occurring in actual engine usage
is made.

Another factor formii.g the basis of this proposal is that when the pilot is in a critical situation, the
laat thing he wants to be bothered with is engine lirmitations. He is there firgt and forsmost to fly the

machine and his eves should be "out' a2 much 25 posaible not "in",
The approach is therefore two-fold; maximising economics and minimising workload.

The proposal is Let as a bold step representing an ultimnate position with the express purpose of
chalienge, stimulation and di..cussion rather than dwelling on a tortuous path of how actually to get there,

Qualification - The programme should be aimed at establishing a temperature/time cumulative
damage bank for the engine components compiled from actual engine running, There must be
dedicated creep and/or thermnal fatigue evaluation testing using components of known strength from
known batch manufacture, This teasting will bu exhaustive and riust result in failures to be
effective. (Some engines actually experience compcnent creep failure during normal running but
Rolis-Royce engines are not normally in this favourable position!) The new temperature measure-
ment techniques such as radiation pyrometry will be employed, Two milestones will be achinved
by this testing. Firstly, the critical part ot the creep curve will be established for the real
environment of the engine and secondly it will be demonstrated consistently that the failures are
"goft''. The by-product will be that the early wa.ning failure detection systems will be testsd and
developed for real, The creep usage meter will be monitoring all the testing and a good
relationship will be established.

This teating will be supported by the currently employed thermal shock and simulated mission tests
to establigh the degree of inter-action of creep and fatigue. We must demonstrate clearly to the
authorities thst we have a sound knowledge of the creep capability of the engine - thie is the only way
to be able to reduce the severity of th» safety factors currently employed and start to achieve the
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objectives,

The qualification test itself will be changed to a mission based schedule and will take into account
a likely aircraft torque limit over the lower ambient temperatures., The test will be of longer
duration than the current une, probably 3 or 400 hours and wiil be aimed at using at least 2 of the
potential life of the hot components. The engine temperatures will be chosen to achieve thisg
figure over a spectrum orair inlet temperatures, This spectrum ashould cover ISA to 1sA+25°C
SL in four equal steps, the engine temperature being at maximum for the top two AIT's and
reduced according to the engine torque limit for the others,

The composition of the mission will be based primarily on twin engine power levels but at inter-
vals to be agreed, simulated single engine power levels will be incorporated varying according to
engine failure, occurring at different points in the mission, The frequency of the single engine
cycles should be commensurate with typical figures for engines in their infancy in service.

The test would continue with normal problems and failures being repaired as in service but with
major failures of Design or Quality rendering the test void,

Allowance for performance deterioration would be built in by raising the temperatures in the
torque limited stages accordingly.

At the end of the qualification test and the supplementary endurance testing, the creep accumulation
will be evaluated and a case presented to the authorities for an agreed initial creep release to
service. If things have gone well, then approximately 2/3 hot section life could be claimed. It
might be argued, however, that if too high a factor is achieved then the estimates were too low in
the first place, but that is just one of the frustrating vagaries of thia business!

For further supporting evidence it is believed that the qualification test engine gshould be run on
to failure, in an accelerated form if necessary to minimise the cost.

The last point about qualification is the establishment of the absolute maximum temperatures and
speeds at which the engzine can safely operate, These should then be protected by the automatic
limiters of the engine control system and the resulting power should be available to the pilot in an
emergency. As long as the damage is being recorded, the appropriate maintenance act.on can be
taken after emergency power levels have been used.

Certification - The engine will be certificated with a carpet of characteristics (obviously on a
card deck) showing the relationship of power versus percentage creep life usage per hour for all
ambient conditions. It is believed that this is really all the aircraft designer needs to know to
select an engine in order to compose hia flight manual around it,

Operation - The pilot will be relieved of any need to observe the engine temperature and speed
instruments. He will need to be warned of the fact that he is employing a high rate of hot end
usage and this warning needs to be progressive. The computer can be programmed to do this but
how it is presented is not for us to say, Pilots tend to have strong views on this matter!

The onus of monitoring the usage should be on maintenance personnel. The amount could be
displayed in the cockpit to be read at appropriate intervals or more likely in Civil operation, to be
{ed uui un tv a ground printer,

If the computer fails in flight, advisory procedures for safe operation need to be spelled out in
the flight manual but it should not be regarded in any sense as a serious problem and there should
be no need to abort the mission unless it is of a highly critical nature.

A full "on condition' mainterance approach is compatible with this aystem and that concept is now
gaining wide acceptance in the industry,

The engine is withdrawn for appropriate action when the authorised hot section factor is achieved,

Hardware - For military machinea some aircraft contractors envisage a full integration of the
EMS with the main aircraft computer systemn as shown in fig. 12, A visual dieplay unit with
interrogation capability is available to the pilot in flight and to Maintenance during servicing
periods.

For Civil machines the system ghould be a stand alone unit primarily to provide option for fitment
to the customer.
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CONCLUSION

This paper is aimed at basically trying to achieve a better use and hence return for money of todays
costly engines.

It is belleved that it is the certificavion test that sets the size of an engine for a helicopter
application under the current rules ind that the disparity between this and the need to have efficient fuel
usage in sgrvice needs 10 be Cuusianily yuesiioned, aiways within the broad envelope of safety that is
termed '"airworthiness'',

There should not be a tacit acceptance that the present rating structure and pholosophy is
sacrosanct for ever-more, It is one of the engineers basic functions to always Question the status quo
to see if it can be improved and this paper is offered against a pursuance of that function.
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DiSCUSSION

Unknown Questicner
Do you believe emcrgency ratings are appropriaic for civil applications and can such: ratings be believed from an
aj.proval ztar.point without demonstration?

Author's Reply

I am basically against the rating nrinciple but 2m proposing that, as an alternate, a monitoring system be used to gavge
remaining life of the engine,

Unknown Questiosier

Could you comment on the relative importance of performance mcaitoring as compared to creep monitoring,
particularly for off-siore applicatior:s?

Author’s Reply

Bot!: are required in o:der tc determine the remaining life of the engine. The real difficulty is to convince the
certifiers that such trend monitoring is 2 valid indicator that the enginc will produce the demanded emergency
power. If such power must be dentonstrated, the who'e concept is self-defeating.
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ABSTRACT

A review of the factors affecting the helicopter market for the past, present, and future is presented.
The trade-offs involving acquisition cost, mission reliability, and life-cycle cost are reviewed,
including civil and military aspects.

The potential for advanced vehicle configurations with substantial improvements in energy efficiency,
operating economics, and characteristics to satisfy the demands of the future market are identified.
Mvanced propulsion systems required to support these vehicle configurations are, in turn, discussed,

as well as the component technology for the engine systems., Considerations for selection of components
in areas of economics and efficiency are presented.

Introduction

There are many factors related to propulsion systems that strongly influence performance of helicopters.
Reviewing each of them and their impact on the past, present, and future helicopter market is not
practical in the context of this paper. Most significant, however, are the trade-offs among acquisition
cost, mission reliability, and life-cycle costs. Beyond these factors, detailed assessments of potential
advances become extremely complicated by end usage (military versus civil) requirements and by the
escalating cost of fuel, Of course, each of these concerns finds root in the component technology

needed for improved operating economics, and some of the critical issues are discussed here.

Outlook/Background

The growth in all sectors of aviation has been dramatic over the last 50 years. However, it is clear

that rotary-wing aircraft have lagged this growth by as much as two decades. One reason is the increased
difficulty in achieving controlled flight compared with fixed-wing aircraft, and another is the dependence
on the development of different technologies, specially needed for helicopter components, Degpite the
lag, benefits derived from these special purpose machines have been growing at a significant rate

since 19AQ. Figure 1 indicates the rate aib which the activirties have enlarged in North America. Also
shown is a somewhat conservative growth projection for the next 10 years, and there is an equally

active future projected for the helicopter industry world-wide. In the United States alone, the produc-
tion rate for civil uses has grown from 300 units in 1965 to 800 in 1975.
to exceed 1000 units. In most cases, the technology has been paced by military interests, particuylarly
the United States Army. Now, the civil needs ere emerging, and this segment will add strength by

sharip;, in common solutions to most of the operational problems. As shown in Figure 2, the primary
applications will be in forestry, public service, agriculture, resources exploration, and construction,
in addition to short-haul, gemeral tramsportation. Thus, there is a base to enlarge the research activity
for both military and civil needs, and the generic aspects cover a wide spectrum of components from

which substantial gains can be made. NASA's rotorcraft program evolved from autogyro iesearch during

the 1930's (at that time it was known as the National Advisory Committee for Aeronautics, NACA). From

The 1981 figure is expected

this pioneering effort, a close association later was developed with military rotorcraft R&D organizations.

One of these strong ties was with the US.Army, resulting in a number of formal and informal cooperative
efforts. The latest such agreement became effective in 1970,

With it, NASA and the Army share resources
to pursue research in areas of common interect, including all helicupier disciplines related to aero-
mechanics, structures, and propulsion. As a result, Army research groups, colocated with NASA, conduct
inhouse and contracted efforts on all components of engines and drive trains, including materials. It is

this association that is bringing into focus the commonality aspects of the civil and military interests
us applied to fundamental problems and basic technology. To complement this joint effort, NASA formed a

government-wide task force in 1978 to assist in formulating a long-range advanced rotorcraft technology
program.

Systems Requirements

Civil operators continually emphasize a true, one-engine-inoperative (OEI) capability., They are uranimous
in their endorsement of twin-engine helicopters, but they are unhappy with single-engine performance in
the OEI mode. 1ldeally, these operators want a nonemergency Situation in the event of an engine failure.
As shown in Figure 3, their goal is to achieve a zero-rejected takecff distance to enable operations in
tightly confined areas, consistent with the attributes of helicopter systems.

Regardless of the user, safety and reliability continue to be the central issues. Although safety of
twin-engine helicopters is regarded as an inherent advantage, unscheduled engine removals continue to
frustrate all users. Dissatisfaction with support requirements and the attendant high costs are common.

The component research programs must include emphasis on significant increases in the time between
overhauls (TBO).

Maintepance costs associated with propulsion and drive-train systems are shown in Figure 4. A major
reduction in maintenance costs is essential to the enhancement of helicopter operations. Beyond this
need, recent advances in diagnostics and associated avionics are already finding their way to the market.
With continuing progress in microprocessor technology, early identification of engine and drive-system
problems, before they become serious, may provide the techniques for maximizing use of on-condition
maintenance procedures. Figure 5 illustrates the need for significant improvements.
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Electronic digital controls can provide large improvemenis over - unventional hydromechanical systems in
terms of simplicity, cost, reliability, end ease of operation. An example is shown in Figure 6. Time
response characteristicr of the total propulsion system (i.e., engines, control, and power transfer
mechanisme) muat be evaluated in a totally integrated mode. These evaluations must be conducted in
8ystems which simulete, as closely as possible, the environment that will be encountered in service.

Powerplants and Comporeat Thrusts

Since the adveat of turbine engines for helicopters, a dramatic increase in load-c&rrying cepability has
evolved. #lmest all of these turboshaft engines were developed for military helicopters, and each is
bajed ou technology derived from military-sponsored development. Even so, it is expected that the next
two decades will find a growth in the civil markets to the extent that the number of enginus produced
will be abour twice the military needs. This growth, combined with the comparatively high usage rate
(2000 fiighr hours per year) for civil vrits, will substantially enhsnce operstional evaluations of
engini~velated technologies. The civil demands for reliubility, maintenance, 3nd overall cost will

b: stronger than at any time in the past. The experience with large firld samples will be iuvaluable.

Per formnnce improvements have become essential, particularly for those future helicopters that will be
designeu for increased range and speed. Toward :hat end, perhaps wore complex ¢ngine arrangemcats,

ucing righly loaded components, recuperators, and variable geometry will be required. if so, we must be
in pusition to compensate for the likelihood of higher inmitial costs with superior, fuel-effirient engiae
systems. Obvicusly the engine cycle must be improved in the partial-power regimes, shown in Figure 7,
and empha:sis must be placed on methodology to provide aerodyramic components that will produce a specific
fuel consumption characteristic more nearly flat than in today's conventional cycles.

In an overall sense, the objectives of the NASA-Army propulsion efforts are to (1) improve engine and
power transfer component reliability and maintainability, (2) reduce engine fuel consumption over the
full range of operation, (3) improve environmental acceptability, and (4) reduce the cost of acquisition
and operation. Tne highest priority program element is component design methodology, as applied to each
of these areas. More specifically, achievement of the objectives will concentrate on the six key tech-
nology task categorics shown in Figure 8. Each of these program elements has been reviewed by a broad
rpectrum of civil and military users and, despite the diversity of missiuns, there remains a remarkable
utanimity on the arecas in need of most immediate attention. Concerns relating to powerplants appeared to
lead tae list of priorities.

Although the current program covers all components of interest, this discussion will «<oncentrate on
those considered to have significant impact on the above thrusts.

Compressor

In a gas Lurblue eugine, the cowpressor design and technology are very important choices because £ the
effect on the overall engine performance and arrangement. COmpressor prescure ratio an1 coupresscr
effiziency have a direct bearing on fuel consumption., At the same time, the compressor can have an
influence on the number of turbine stages as well as the number o! spools.

Because of the important role of the compressor in the overall engine, a joint Army/NASA program was
undertaken with GCeneral Electric, Detroit Diesei Allison, and AiResearch for design studies of sumall,
axial, centrifugal zompressors to provide a basis for f{ocusing future research on smali compressors.
These studies started with a forecast of the projected 1990 state of tecnnology in compressors and
engine systems. The projectioas forecast improvements in techaology derived from existiug work, from
advances in materials processing anl manifacturing methods, as well as improvements from advances in
design techniques and computer aids. Based on these 1990 projections, paremetric studies were conducted
on compressor configurations for 2-, 5-, and 10-1b/sec flow sizes. Four staging arrangenents (single
staged centrifugal, staged centritfugal, staged axials, ai' staged axial-centrifugal) were investigated,
Compressor pressure ratios from 10:1 to 40:! were studjed. The optimum compressor arrangemerts for 2,
S, and 10 1b/sec were identified in terms of efficiency, reliability, durability, maintainability, ond
cost (Fig. 9). In the 2 and 5 lb/sec flow sizes both axial centrifugal and staged centrifugals counfig-
urations have the best potential for adviaced rotorcraft propulsion systems In the 10 lb/sec tlow
size, the axial centrifugal compressor configuration appeared to provide the greatest potentiai effi-
ciency at the high cycle pressure ratio.

Improved theoretical aerodynamic analyses, verified by detailed quantitive data, will help imorove the
understanding of the complex flow field fur the advanced axial and centrifugal stages. Techniques for

the calculation of the internal flow field in centrifugal compressor using three-dimensional viscous
compuizational methods are being developed (Fig. 10). To date, we do not have anaiyses which can represcnt
the actual flow con'itions with reasonable computing times.

Recent advances in the application of laser ancmometers, or laser doppler velocimeters, permit measurement
of flow velovities and mapping of the flow field. In Figure Il the covers have been removed from the
compressar to show the laser beams crossing. Windows in the housing permit the beams to be directed

into the rotating passages or into the diffuser area. Problems with seeding arv delayiug testing at
higher speeds in small centrifugals, but we arc hopeful of having & nonintrusive means of obtaining f{low
informatior in small passages wherec probes previously disturbed the fluw. The laser anemometer will be

an extremely valuable tool for developing an underetanding of the complex flow areas suicn as the discharge
reglon at the tip of the impeller. This area is most critical because it is liere that the ditfuser
counverts the high velocity into pressure.

Other improvements will involve variable flow capacity, where variable geometry is used in the com-
pressor and turbine areas. An essential feature is the capability of a variable diffuser foi the cen-
trifugal compressor. This will permit the flow to be reduced while maintaining or increasing the pressure
ratio and operating al a constant corrected spced. Consideration must be given to the mechanical design
features requircd to implement this system in light of the gains to be achieved.
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Beyond this, there will be improvemeuts in small compressor performance with clearance control, reduced
endwall and profile losses, and low aspect ratio blading, which is less sensitive to wear.

Combustor

As compressor pressure vatios are increased, future combustion systems for small turboshaft engines will
be required to operate at higher pressure levels and increased inlet and cxit temperatures, which will
increase the need for better cooling or liner materials. Programs are ongoing at the Lewis Research
Center on both approaches. One example is a plasma-sprayed ceramic on a porous metal substrate as shown
in Figure 12. This approach will permit a significantly higher liner hot-side temperature and permit
cooling the substrate with much less cooling air.

Both combustor and turbine life are adversely affected by nonuniform combustor exit temperatur.. At the
same time, the need for improved fuel economy makes desirable the reduction in pressure drop acrosg Lhe
combustor. These two goals are in conflict because temperature pattern is easier to control with larger
pressure drop. Improved modeling and analytical techniques promise to reduce the cost of developing
combustors, and there has been significant progress made in this area for small, reverse-flow combustors.
However, such studies have indicated the need for additional research in fuel~injection methods and in
primary zone analysis and experiment. One such investigation is illustrated in Figure 13.

With these two areas of research, it is expected that degigners of future engines will have better
materials, better cooling schemes, and improved techniques for selection of parameters to make trade-
off decisions affecting combustor life and fuel efficiency. 1In additiom, they can expect the relative

development cost of combustor components to be reduced because of improved agnilytical tools that have
been verified by experimeut.

Turbine

Current research for the small turbines used in helicopter engines is directed at improved efficiency
and higher temperature capability. The primary thrusts are for fuel efficiency and longer life for
maintainability and life-cycle cost purposes. Materials research is primarily directed at this latter
requirement with emphasis on coatings—-metallic coatings for oxidation and corrosion protection and
ceramic coatings for thermal protection and reduced cooling requirements.

One means of improving turbine efficiency in the small engines is to utilize a radial flow instead of

an axial flow turbine. It is recognized as heavier and more bulky than its axial counterpart, but, as
shown in Figure 14, it has potential for better performance at high pressure ratios. The radial turbine
also is best suited to § variable capacity engine, which miy offer an advantage in fuel consumption over
a fixed-geometry configuration. To maintain design point pressure and speed, the nozzle area needs to
be varied in some wanner such as iilustrated in Figure 15. Current analytical and experimental research
is directed at understanding and quantifying losses due to the variahle gesometry to permit a realisiic
sssessment of the fuel saving potential of such a coucept. Figure 16 shows experimentally derived
efficiency of a variable-area configuration over a wide range of flow at a pressure ratio of about 2:1.
While these data do not include stator leakage effects and losses that might occur with high exit swirl,
congideration must be given to these factors as analysis and experiment are continued. However, the
reasonably constant efficiency is encouraging and shows that this concept has potential for a practical
variable capacity cycle. At the very least, research along these lines will permit designers of future

helicopter engines to incorporate high-work radial turbines in their engines with higher efficiencies
than aow possible.

As the technology advances for employing nonintrusive flow measurements, such as laser anemometry,
weasurements will be made to further the understanding of the flow in radial turbines, Three~dimensional

analytical techniques, when verified, will provide the basis for further advances in both the efficiency
and cooliug of radial turbines.

Mechanical Components

Qur prcsent concern for fuel conservation and the need for better performance retention necessitate
improved seals. Many engines use labyrinth seals for inner air seals. Generally, these seals employ
one or morc stages of knife edges and, in the higher performance engines, have shown a high leakage
rate. To overcome this problem, face-contact seals sometimes have been used; however, thoy are
pressure and speed limited ard have excessive wear. Recognizing this shortcoming, a high-speed spiral-
groove seal has been developed through joint Army/NASA efforts. It offers a solution and can be
regarded as a step in technology for replacing both the labyrinth and face contact reals. As shown in
Figure 17, this type of seal has shallow recesses in the running surface which cause a buildup of high
pressures and prevent actual contact of the carbon face, except during start up. This seal has potential
for application in both current and future engines.

0t all the seals in an engine, the gas-path seals have the greatest impact on performance.

Tests have
shown that

an increase of 1 percent in blade-tip-clearance-to blade-span-ratio reduces the turhine
efficiency by as much as 3 percent, depending on the type of the turbine design. The effect is shown in
Figure 18, Generally, the gas-path-sealing clearances change with each engine condition such as idle,
takeoff, and cruise. A joint Army/NASA program to develop a solution has been in progress for several
years, exploring various ceramic high-pressure-turbine seal systems. One concept, which is currently
under investigation, shows potential. It employs a low-modulus cushion or strain-isolator pad between
the ceramic layer and metal substrate, depicted in Figure 19. The strain isolator pad allows the
ceramic layer to respond to its own temperature gradient, independent of the thermal strains and displace-
ments of the metal substrate. In conjunction with this system, clearance-control concepts involving
selection of materials as well as rotor and outer structure configuration to maintain a fixed clearance,
are under investigation. Variables alsc include thermal expansion rates, and the potential for using
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engine air t, heat and cool the mating rotor and stator. Also, blade tip treatment concepts are under
investigation to prevent damage to the blade tips at contact with the case. These seals will become
more practical as waterials, design concepts and manufacturing methods are developed further.

In the area of shaft dynamics, there have been several Army, NASA, and industry programs to develop
improved balancing techniques for rotors. In addition, a new computer code, which is capable of pre-
¢.cting nonlinear rotor dynamics, has been developed. This code allows investigation of transient rotor
motion during adverse operating conditions, such as a blade loss with a rub. Previously, shaft behavior
could not be predicted with available rotor dynamics codes. Damper concepls also are being analyzed,
primarily to explore rotor systems that will be more tolerant to a large imbalance, as in cases
equivalent to the loss of a blade or foreign object damage.

Research on bearings will continue to focus on optimizing design through improvements in materials and
lubrication for higher-load capacity and longer life. Computer programs incorporating the latest design
techniques are in various stages of development and verification. Speeds over 50,000 rpm are common,
and a moderate increase is forecast for the future. Along with this emphasis, there will be an
increased attention placed on noncatastrophic failure of bearings operating alL higher speeds.

Conclusion

In pursuing these areas of rescarch, we have highlighted but a few of the many component details that
need special treatment. All of the components technologies, whether in engines or drive trains, are
supported by an aggressive program covering all facets ranging from aerothermodynamics to materials and
structures. It is hoped that the growth forecasted for the helicopter will provide added incentive to
concentrate the needed rTesources in the critical areas identified here. In cooperation with the industry,
NASA and the Amy will continue to explore the components and develop the technology to meet the growing
needs, particularly as related to relifbility and life-cycle cost.
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FUTURE REQUIREMENTS FOR HELICOPTER PROPULSION SYSTEMS

by
H,-G. Bree and G. Backmann
Ministry of Defence, Bonn, Germany

SUMMARY

Requirements for propulsion systems have to be derived from the military missions. In
this context the question of single or twin engine systems will be discussed.

The trend to more sophisticated engines is reviewed in the light of diminishing
resources of materials and fuel.

Expected future economic conditions make it mandatory to counteract the increase of
life cycle cost experienced in most of today's military systems., Means to reduce LCC
are discussed.

INTRODUCTION

This paper intends to indicate which direction the development of futu.'e helicopter
engines should take in the eyes of those responsible for gas turbine engines in the
ministry of defence.

Future helicopters to be in service with the German Forces will have basic requirements
for the propulsion system in common, because all of them, even the transport helicop-
ters will operate for a certain portion of their flying time at the edge of the

combat zone. For the following considerations the Antl-Tank-Helicopter is taken as a
busc line since it is placing the more challenging requirements on the propulsion
system,

MISSION REQUIREMENTS

Envisaged area of operation and hence required flight profiles dictate the mission
requirements for the helicopter engine., Due to their relatively low speeds and enemy
use of advanced reconnaissance and detecting devices on the battlefield, helicopters
will have to exploit any shred of cover the terrain offers. When flying a mission
their height above ground will be det:icwuinea by the type of cover available. A study
of the major types of cover to be cnciuntered in Germany yielded the distribution
shown in figure 1. The various types ci wuver are between 10 and 40 m in height.

Taking into consideration that cover wi3l be temporarily abandoned during a mission
for search, aiming, and firing purposes the helicopter will operate at heights between
1 m and 50 m above ground, Its flight path will follow the terrain contours, remaining
- wherever possible - 10 m below the availe®ble cover, gince cncmy radars can also see
througn thin iree tops.

A study on the antitank helicopter arrived at a total flying time of two hours and
thirty minutes for the required mission; about one-third of this time would be flown
under cruising conditions and two-thirds in a combat environment. Three speed ranges
were determined: Range I covers hovering and flight at speeds of up to 50 km/h;

range II encompasses flight at speeds between 50 and 150 km/h; and range I1II denotes
cruising flizht at 250 km/h including a portion of about 10 per cent at the maximum
speed of 30U km/h, Figure 2 shows that 99 per cent of all flight situations occur

at altitudes between %0 and 30 m, and 60 per cent at speeds of 150 km/h and below,

On account of these flight profiles future helicopters will operate during a large
portion of their flyling time close to the ground. This mode of operation makes it
imperative to review existing data about engine failures caused by foreign object
damage. The one year statistical table of engine failures in German Army helicopters
(table 1) indicates that damage by foreign objects is a rather frequent occurrence.
The Table does not yet reflect the anticipated high ratio of future flights "nap of
“he earth" (NGE) or in the hovering mode, Therefore an increzsing FOD rate has to

be expected in the future. For this reason, provisions will have to be made thet
sand, stones, hail or ice, are scparated from the air before it enters 1he compres-
sor. An integrated Particle Separator as used by General Electric in their 1 700
engine is considered an adequate solution,

The incorporation cof foreign obJject separators may also be necessary for design
reasons. If,for example,cost considerations lead to the installation of integral rotor
stages in the compressor the risk of having to replace an entire rotor stage due to
FOD on one blade is unacceptable. The use of compourd materials such as carbon fibre
in the compressor requires sJso protection against foreign object damage.
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The scenario future helicopters will be operating in makes it mandatory that Infrared
Radiation emitted from the hot parts of the engine has to Ve suppressed in order to
reduce as much as possible the detectability of the helicopter by IR sensors und its
vulnerability by IR homing missiles. Fig%re 3 shows how infrared signature is influ-
enced by the temperature involved: Reduction of the exhaust pipe temperature from
6401{to§70 K reduces the IR signature to one per cent of its original value.

SINGLE OR TWIN ENGINE PROPULSION SYSTEM

BT LARTE NI L e e ]
H

This question - which for helicopters of the upper weight classes has been decided
already in favour of twin or multiple engines - must be evaluated for medium and light
helicopters on the basls of the mission requirements.

The arguments in favour of a single-engined helicopter are listed below:

- the propulsion system is cheaper and lighter, 3
- for that reason, the helicopter is lighter, smaller and cheaper,
- fuel consumption is lower, and

- the maintenance cost of one engine is lower.

: It is conspicuous that this list does not include life-cycle costs. The reason is thsat )
they are dependent, among other things, on the loss rates which can only be estimated {
when the required mission profile and the area of operations are known. H

According to what has been said above the following arguments in favour of the twin-
engined military helicopter can be summarized:

- no “dead nan's zone" (if an emergency rating is available),
- in tne event of one engine failing:
. 8ufe landing,
. 8elf-evacuation capability,
. possibly execution (or completion) of mission,
-~ lower loss rate - lower life-cycle costs (possibly),
- no need to optimize the rotor system for autorotation,

. 8maller roter,

. higher maximum flying speed (emergency rating),
- lower fuel consumption in stand-by mode, since one engine 1s shut down,
l - smeller starting power required,

- 1in the event of FOD or exposure to enemy fire, higher probability of one
engine remaining operational,

-~ easier handling, since engine weight is lower, modules are smaller,
- quicker accumulation of operating experience (engine running hours).

Figure 4 comes from an evaluation carried out with respect to the PAH-2/HAC antitank
Heﬁfcopter. It shows in terms of height above ground va. I.A.S., the "dead men's zone"
for both the single and twin-engined helicopter as a function of the ratio between
the emergency rating of the remeining engine (after engine failurs) and the reguired
hovering power 0.G.E. (outside ground effect).

The parameters are:

- pressure altitude: 1000 m,

-~ ambient temperature: 25 °c,

- time required to accelerate engine to emergency output: 1 second,
- ground impact speed: 6 m/s,

- pilot does not use the collective pitch after engine failure.

It can be seen that the advantages of the twin-engined helicopter can only be exploited
if two requirements are met by the engine:

First, the engine must be designed for a very high emergency power. In this example, =
calculated emergency rating of 140 % (relative to one half of the total needed 0.G.E,
hovering power) would be required for full elimination of the "dead men's zone". The
emergeancy rating required may be lass than this figure, since the kinetic

energy stored in the rotor can be applied to reduce the impact speed. This is also a
matter of optimizing the rotor mass.

™ne second inportant aspect is the acceleration capability of the engine. An extension
27 the rezponse time from 1 gecond to 2 seconds would offset most of the benefits
galned Ly “he high emcrgency rating.
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It is normal procedure for helicopter pilots not to fly within the dead man's zone
longer than absolutely necessary. However, under simulated combat conditions an -
unacceptably - large portion of the mission would have to be flown within the dead man's
zone, From this it is obvious that flight training in peace-time could not be performed
with e single-engined antitank helicopter if flight safety aspects shall be observed.

CHANGED PARAMETERS

It 1s becoming obvious that, in the long term, some of the parameters applicable
to the development and operation of our defence equipment will change for the worse.
Two aspects shall be covered in this context: fuel and material.

In the past, the design englneer could well assume that aviation fuel of high quality i
would be available for the operation of the engine he was to design. But the situation !
is changing. In 1980, the freezing point of civilian jet A-1 fuel was raised by three

degrees to -47 deg. Centigrade. Although this change will so far not have any great
direct influence on military flying operations (its impact on long-distance flights

and in-flight refuelling 1s still being examined) we must adapt in time to the fact, that 3
as a long-term trend, the quality of aviation fuel will deteriorate. |

Furthermore, future engines will have to be able to burn alternative types of fuel., It
is known, however, that synthetic hydrocarbons extracted from coal, oll shale or tar
sand have, by comparison, considerably poorer properties than our present products.
Their higher contents of aromatics produce & higher radiation intensity of the flame
and this, in turn results in a higher load on the ccmbustor walls. In future, combustor
exit temperatures might be further increased, if possible, to improve the thermodynamic
cycle., This should be done with alternative fuels in mind, the properties of which,
however, are not exactly known yet.

[

il

The hope on metallurgicel advances bringing about better and better materials for com-
bustors may not be realistic, since some important alloying elements ars even now
getting scarce (e.g. cobalt in combustor material C 2635. Therefore, future engine
design will have to rely more on technology than on materials,

Since weapon systems are kept in service increasingly longer, engines which start devel-
opment now will have to operate still in the next century when optimum types of fuel 1
or material may not be available. Thils means e.g. for the hot section of an engine that 4
cooling techniques will have to be improved.

Figure? shows a rather old but interesting example of turbine blade cooling: The Heirkel-
Hir 09-011 turbojet engine of 1942, The degigner, Dr. v. Chain, emphasized that no
nickel or other high-temperature materials were used anywhere 1in the engine, as such
materials were no longer available in Germany at the time., Thus about 30 % of the
compressor discharge air was used for cooling.

Future fuels with poorer properties will similarly call for improved cooling techrology. i
Work on methods to reduce the co¢oling air temperature will probably be a step in the i
right direction. Thermo-coating might also enable a cheaper material to be used for i
combustors. !
i
1

Moreover,we must pursue the work on the use of ceramics in the hot section of the engine,
even though a breakthrough in this field may not be possible in the near future. Work

should be directed towards static hot parts,where new concepts could create problema :
for metals e.g. in en engine with recuperator, where combustor wali cooling has to be {
achieved at cooling air temperature levels far above compressor discharge temperature.

Anotlher very important material for aircraft engines is titsuium, a material which
should perhaps also be regarded as being in short supply. Tigure 6 shows the upward
trend of the titanium price, using a component of the LARZAC engine ss an exampie. 1t
is difficult te say whether the price trend, seen by itself, is a sufficiently con-
clusive indicator of the scarcity of the material, but the price alone should te an
adequate incentive to intensify work on high tensile strength steels for compressor
rotor diacs.

In addition, manufacturing techniques for titanium should be reviewed., The final titanium
part in an engine after machining makes up only about 20 % of the raw material used,
while 80 % are non-recyclable scrap. Since powder metallurgy for superalloys is widely
used in aircreft engines, the application of this technique also to titanlum should be
intensified. The price of titanium parts can be expected to be reduced by up te 80 %,
not to mention the large energy savings by use of the powder metallurgy process,

LIFE-CYCLE COSTS

A comparison ~f military technology of the East and the West indicates that the Scviet
Union has so fer invariably stressed numerical superiority and has, therefore, dcveloped
its weapon systems in the shape of simple, rugged items and procured them in large nuwm-
bers, In spite of this philosophy it has achieved very good technological results in
many fields, including that of aero-engine construction.

The West has logically not attempted to compete in the field of large production num-
bers, but has endeavoured to apply the most advanced technology to its weapson systems.

.‘ .m;“.li "
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This approact. has provided high performance to our airborne weapon systems, but also
made them sophListicated end very costly.

This trend coincides unfavourably with the negative development of most econoxies of
the Western nations, This development is largely attributable to the explosion or the
0il prices and makes it impossible for the time being to absorb substantial cost
increases in the defence budget. for example, by high growth rates of our gross nation-
al product.

It follows that we have to make every effort to come to grips with the cost problem of

new weapon systems and to examine, at this point, what share the engine may contribute
to this endeavour.

Figare 7 shows a breaxdown of the life-cycle-costs of helicopter engines. Engine def-
nitisa, though its share of costs is nol made visible separately in this figure, hes
the greatest impact on life-cycle costs because about 80 % of total LCC are committed
at this early stage of a program,

Engine concept and thevrmodynaric cycle have to be selected in view of the helicopter's
missiori and the pouwer requirements. Careful trade-offs have to be made between high
specific performance, sophisticated design, lowest fuel consumption on the one hand
end simplaicity of design, lower production anc sparc rarts' prices, easier maintenance
on the othler,

Taking again an engine in e 759 kw ciess as, Jor examplz, Tur che antitank hixlicopter,
parametric¢ studies showed that optimum turbine entry temperature iz in the 1400 K range
and pressure rgtio about 12. Any increese¢ in specific performance would lead only to a
decrease in airfliow with all problems of iolerances and clearances in a small engine
and related loss of efficiency.

In this context the provocative question may be allowed, to what degree narrow design
tolerances for seals, tip clearauaces etc, are worth tne related production vost increase,
since in most cases a part of the performance gain is lost to degradation after only

a few running hours.

The aforementioned values for pressure ratio (42} :rd +urbin: entry ismpevature
(approx. 1400 ¥) make it a realistic gosl to dosign fu® o = helicopter engines of this
power class having very few rotating parte an” 00ocsitly wioo0led turbine blades.
Figure 8 shows that industry is working already in this diveniion.

Two other aspects should be mentioned: The number ¢i nodulss end lhe design of engine
families.

The modular design yields a number of advautages ard cest reductions z:pecially in the
spare engine and meintenance area. However, the numher oI mdules shou s be limited
because every additional interface causes a weight end cest increase. Flve to six modu-
les should be enough for this type of engine.

In view of the high develcpment and production cost in relaticon to the reiatively small
number of military engines produced the principle of designing an engine family for
military and civil application as well appears advisable to raduce the unit production
price.

The users have become very sensitive to fuel consumption. To clarifx the order of magni
tude the fuel has within LCC for a militery helicopter a comparision with tne «ivil
helicopter is helpful. The main difference is in the usage rate of 3000 hrs/yeair for
tre ¢ivil snd 250 hre/year for the militery helicopter.

Under the assumption that a 10 % reduction in SFC to be deczigned into aun engine wouid
increase the production price by 10 % only, at today's fuel prices the «ivil helicopter
would break even after 2 years. The military helicopter accumulating oniy 1/12 of tne
civil flving hours per yeicr would need 24 years, i.e. it could not break evean in the

20 year service life of the system. 1t is eviusnt, that fuel corfumption of military
helicopter engines does not have the same priority a. for turbojets. This does not
mean, however, that th. goal of low SFC could be neglected. All measures to achieve low
SFC should still be pursued Ybecause with fuel prices heading out of sight (figure 9)
it will be difficult in the future to keep flying nours at a level necessary to main-
tain proficiency. Means to reduce SFC shall, therefore, be discussed.

Figure 10 shows the power requirements of a helicopter vs. I,A.S5. It can be =een, that
on average total mission fuel will be burnzd at a power demand of about 60 % of max.
take-off power. Therefore, fuel consumption should be reduced particularly in the partial
power range. This could be achieved by different approaches.

A 1ot of research work is goirg on to increase efficiencies of the engine's turbo ma--
chinery components because of their great influence on overall performance. However, from
the high level of technology already obtained it wili be difficult to achieve large
improvements in this field. Cooled high-pressure turbines may have scae efficiency poten-
tial provided we succeed in preventing, at least in part, the lozs of turbine efficlency
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caused by the mixing of the cooling air into the gas stream. Other measures such as the
decrease in the quantity of cooling air by precooling or by limiting the amount of cool-
ing air during partial load operation may not be reasonably applied to this size engine.

Variable geometry components

In a conventional gas turbine engine the main reason for the increase of specific fuel
consumption at partial load 1s tha* it operates at a lower pressure ratio compared to
full power. The goal of variable geometry turbo components is, therefore, to keep pressure
ratio and turbine entry temperature at design point levels even at the reduced part-
load airflows. Variable geometry in the compressor and the power turbine are state of
the art todav, however, thesec alone do not yield significant improvements. Flow varia-
tion at the same time by means of a variasble gas generator turbine appears difficult
because of its high temperature level.

In 1978, the Aix-La-Chapelle Technical University conducted a study on behalf of the
Federal Ministry of Defence to determine what reduction in the fuel consumption for
partial load operation could be accomplished by the use of a two-stage gas generator
turbine with a variable second stage. Using an antitank helicopter mission as a basls,
the study arrived at fuel savings of 5.5 %. In view of this small saving the expense
of designing variable geometry into all three turbocomponents might not be Justified.

Gas turbine engine with recuperator

There are two ways, in principle, of integrating a recuperator into a turboshaft engine,
In figure 11 the recuperator is installed in the usual way downstream the power turbine.
Figure 12 shows the specific fuel consumption of this engine versus the pressure ratio,
the Turbine entry temperature being the parameter. The diagram is calculated with con-
stant heat-exchange ratio of the recuperator and constant design power level of 900 kw.
In contrast to the conventional gas turbine engine without recuperator turbine entry
temperature has a significant influence on specific fuel consumption. In addition
minimum SFC's occur at considerably lower pressure ratios.

It can be seen that the turbine entry temperature should bte kept on a high level even
at part power ratings. Pressure ratio may decrease a little bit, assuming that the
exchange rate of the recuperator increases at the same time. Variation of the thermo-
dynamic cycle in the engine ig achieved by variable guide vanes in thc power turbine
and the related variablc geometry in the compressor,

Figure 13 shaows a different arrongcment of the recuperator. This time it is located
tciweern the gas generator Lurbine and the power turbine and is bypassed during full- and
emergency power through a variablz bypass. Since this arrangement has not been studied
in detail yet, it cannot be fully assessed, whether it will be possible to realize the
expected advantages.

Advantages over the first arrangement could be:

- large amount of heat exchangeable even at moderate turbine entry temperatures:
s wanler turbine cooling,

less volume recuperator because of hizher pressure level of compressor discharge air
'« grer optimum pressure ratic) and gas stream as well,

- gas generator operation in the upper half of part power range at constant speed and
near optimum values for pressure ratio and turbine entry temperavure which remain
almost constant: less cycle fatigue, rapid acceleration,

- emergency power without limitation by recuperator,
- no variable geometry necessary in turbo components.

Discz:lvantages could be:

- variable bypass required: expensive and design critical bypass valve in the hot
section between turbines,

- SFC reduction at part load only,
- IR-Suppressor same size and weight as for conventional engine.
Only few findings are available as yet on helicopter engines with recuperators, In 1978/

1979, however, detailed studies on tank gas turbines with recuperators were conducted
by KHD Oberursel and MIU Munich on behalf of the Federal Ministry of Defence.

We will have to discover what findings from the work on the tank gas turbine are also
valid for helicopter engines. For the near future we shall be unable, for budgetary
reasons, to develop a completely novel helicopter engine with a recuperator.

The regenerative engine will probably not be competitive on just lower fuel consumption,
However, it could have a chance 1f it leads to a lower weight of the propulsion system
and thus, considering the weight factor, to a lighter helicopter.
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REDUCTION OF ACQUISITION AND MAINTENANCE COSTS

To reduce production costs, to which spare parts' prices are closely related, the follow-
ing requirements have to be implemented, some of which have been incorporated in the
specifications for the Antitank Helicopter 2:

- minimize number of parts and modules,
- minimize material consumption,

- use wherever possible materials that are low in price while making due allowance
for 1ife-cycle requirements and costs,

- minimize amount of machining,

- aim for recycling (as earlier discussed for titanium),
- minimize amount of hardling, and

- mnminimize number of inspections during production.

Today still too much machining is done which makes for high costs and causes a waste of
raw materials. Machining should be replaced by other and cheaper processes such as cast-
ing, that will also economise on materlals, A case in point is a diffusion-bonded tur-
bine rotor consisting of a hot-isostatic-pressed MV 1460 disc and a cast IN-100 blade

assembly (figure 14).

Finally, efforts should be made to reduce the number of inspections during production
which are very time-consuming. The manufacture of components in one step, for instance,
would call for only one final inspection as compared with one or more intermediate
inspections required during the machining process.

MAINTENANCE

One of the principal requirements to ensure cost-effective operation of weapon systems
ig their ease of maintenance. This requirement caused the modular design technigque and
the "on-condition" maintenance, whereby engine components are replaced according to
the real life time consumed.

Assemblies must be easily accessible and simple to separate. (For example the change of
the flame tube without disassembly of the turbine). Maximum use should be made of quick-
disconnect couplings (clamping bands) instead of bolted joints, a method that also

cculd be nged to fasten accessory as shown in filgure 15. Efforts should be made to sim-
plify <ihe replacement of modules or assemblics. 1Tt would be desirsble if a description
on the equipment itself would suffice to replace it, thus reducing or not requiring at
all the use of manuals or specially trained technicians,

The above mentioned easy replacement of modules and accessories by design should lead
in turn to:

- minimum number of standard tocls reguired for infield service,
- less voluminous handbooks,

- 1less training for maintenance personnel,

- less maintenance manhours per flight hour (MMH/FH).

As a lest point the use of a digital control unit shall be emphasised. Besides a better
control of the engine by more and quicker registration and conversion of the environ-
mentel parameters to corresponding engine setting and hence more eificient use of ihe
engine's potential, the digital control unit could also be used as part of a maintenance
recorder, a necessary device for on-condition maintenence., As the control unit registers
already some engine parameters as RPM, TET, etc. the free computer capacity could be
used to calculate the component life actually expended and give a warning in case of
failure or before design life is fully consumed.

The use of a digital fuel control unit (DCU) makes it advisable to separate it from the
engine, as engine bay temperatures of about 250°C and high vibration levels may cause
a malfunction of the electronics.

The future DCU will not be a part of the engine anymore. Engine- and module changes
should be possible then without changing the control unit. In this case self-adjusting
fuel control units are needed to avoid time - consuming and costly test runs for adjust-
ment. Use of DCU places a new requirement on the engine/fuel control designer. That is
to harden the electronics against the electromagnetic pulse of nuclear weapons (EMP).
Al]) advantages of the electronic fuel control would be reversed to the contrary if the
vulnerability of the system would be increased.
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CONCLUSIONS

It appears logical, that in view of changing economic perameters worldwide, future
helicopter engines should be developed along the lines of

- non sophisticated concepts,

- cautious cycle selection in view of small engine size,
- development risk to be reduced by technology programs,
- simpliclty of design, with fewer parts and modules,

- most econowlic manufacturing processes to achieve low production costs, low spare
parts' prices,

- high reliability i.e. more early testing when discovery of problems is less costly,
- good maintainability.

Advanced technology should be applied on the next generation engines to improve LCC
instead of achieving pure performance. Thus not the performance related technological
limits or properties appear to require improvement in the first place but their cost
driving factors which will decide whether we can afford military systems in the future.
The question will inevitably arise of how the certainly larger front end investment

on better engine design, development and more thoroug testing to get all those prop-
erties into an engine shall be paid for. For the time being, the answer should be:

more international cooperation.
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ENGINE - RELATED INCIDENTS
ENGINE FLIGHT HOURS 130.400
NUMBER OF INCIDENTS 97
UNEXP ENGINE REMOVALS 32
FOREIGN OBJECT DAMAGES 24
ENG. COMPONENT FAILURES 15
ACCESSORY FAILURES 10
OTHER EVENTS 50
(CHIP WARNING, etc )

Table 1 Evaluation of Engine-Related
Incidents
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DISCUSSION

B.Saravanmutto, Ca
Could you comment on the recuperated coufigur.tion where the heat exchanger is located between the gas generator
and powzr turbine? Concern is that temperature level at this point would be much higher than that previously used.

Author's Reply
This configurati»n his been examined from first considerations only. A study is being initiated that will further
define its potential,
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