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Disclaimer

When Government drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way supplied the said
drawings, specifications, or other data is not to be regarded by impli-
cation or otherwise as in any manner licensing the holder or any other
person or corporation, or conveying any rights or permission, to manu-
facture, use, or sell any patented invention that may in any way be

related thereto,
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DEPARTMENT OF THE ARMY
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This report has been prepared by the Western Company under the terms
of Contract DA 44-177-AMC-333(T). It consists of the results of a
feasibility study to determine if a hydraulic transmission system
utilizing the latest technology can be effectively employed as the
main propulsion power transmissior. system for Army helicopters.

This command generally concurs in the conclusions made by the con-
tractor. However, considerably more development of pumps and motors

must be accomplished before the efficiencies quoted by the contractor
can be achieved.
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SUMMARY

This report covers the results of a feasibility study conducted to determine
if a hydraulic transmission system can be successfully employed as the main
propulsion power transmission system for Army helicopters. The program
approach for the feasibility study is described by the following steps:

1. Search industry and aerospace field for potential hydraulic com-
ponents which could be used in a transmission szystem.

2. Of the components reviewed in the search, determine the best
components for the system.

3. Determine efficiency, weight and size of the hydraulic trans-
mission system using best components. Make complete layout
of system.

4. Determine effect on aircraft components, performance and effec-
tiveness as result of change from a gear to a hydraulic trans-
mission.

The study compares the hydraulic transmission system efficiency, weight
and aircraft effectiveness to that of a gear transmission system. The results
show the hydraulic system to be competitive with the gear transmission effi-
ciency. The hydraulic system.is lighter in weight than the gear transmission
and the components replaced by the hydraulic system. An aircraft effective-
ness study was conducted to obtain a numerical indication of the improved
effectiveness which could be made on a helicopter when using the inherent
characteristics of a hydraulic transmission. As an example of what the flex-
ibility of design of a hydraulic transmission can do, on the UH-1F, useful
engine horsepower could be increased approximately 3 percent to 5 percent.
The infrared signature of the aircraft can be reduced. The foreign object
damage (F.O0.D.) protection can be increascd and engine/airframe vibration
reduced. "
The hydraulic transmission system described in this study is competitive
with a gear transmission system efficiency and weight because it uses three
recently developed advances in fluid systems technology. They are:

1. Improved hydraulic fluids. These fluids reduce flow losses by
60 percent to 80 parcent in pipes. They improve pump and motor
mechanical eificiency by reducing fluid losses in flow passages.
The fluids also improve pump and motor volumetric efficiency.

2. F high-efficiency hydraulic pump which operates at jet engine
twbine speed (approximately 20,000 rpm).

3. A high-efficiency, lightweight hydraulic motor which operates at
aircraft rotor speed. Use of an oscillating cylinder eliminates
piston side load losses while multiple rows of cylinders balance
most of the bearing load.
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The experimental results, test apparatus and test procedure establishing
the performance of the improved fluids are shown in the report body and in
an appendix. The performance of the pump as calculated by Battelle
Memorial Institute and the experimental checks on these performance cal-
culations are cited. The performance of the motor and the basis for the per-
formance results as done by the URS Corporation are shown.

The vulnerability, maintenance, logistics, and operational problems of
autorotation provisions, hydraulic line puncture, corrosion, accessory
drives, and part-power operation associated with using a hydraulic rather
than a gear transmission system are examined. The results of this exami-
nation indicate that these problems will not compromise aircraft oparation.

iv




FOREWORD

This investigation was performed under the technical supervision of Mr.
Meyer B. Salomonsky of the Aircraft Systems and Equipment Division of the
U. S. Army Aviation Materiel Laboratories, Fort Eustis, Virginia. The work
was conducted to conform to Contract DA44-177-AMC-333(T) entitled
"Investigation of Hydraulic Power Transmission Systems for V/STOL Aircraft. "
Acknowledgement is made to Mr. J. C. Swain of Battelle Memorial Institute,
Columbus, Ohio, who graciously supplied a sizing and performance study

of a fixed-displacement version of the Battelle "Turbine Speed" pump for this
program. Acknowledgement also goes to Mr. Eli Orshansky of URS
Corporation, Burlingame, California, who graciously supplied a sizing and
performance study for the URS hydraulic motor used in this program.
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DISC USSION

INTRODUCTION

The purpose of this program is to determine the feasibility of using a hydrau-
lic drive system as the main propulsion power transmission system for Army
helicopters. The program study model is the UH-1 helicopter. A review of
various transmission systems shows that the relatively high efficiency and
light weight of gear transmissions have resulted in gear/shaft transmission
systems being used on helicopters in spite of their limitations. These lim-
itations include vibration problems, lack of flexibility in component place-
ment, redundant lubrication systems, problems in shifting power from one
drive to another, and problems in coupling and decoupling power. However,
once the hydraulic transmission system is competitive with the gear/shaft
system in efficiency and weight, its numerous advantages make it a supe-
rior system.

This report covers an investigation of the combination of certain hydraulic
compor »nts into a hydraulic transmission system which is shown to be com-
petitive with gear/shaft transmission systems in efficiency and weight. In
addition, the system has numerous advantages over a gear/shaft system.

Recent advances in fluid technology and in the technology of hydraulic
pumps and motors provided the technical breakthrough which resulted in a
hydraulic transmission system that is competitive with a gear/shaft trans-
mission system in efficiency and weight. The fluid technology advances
have resulted in fluids with turbulent flow losses reduced by 60 percent to
80 percent. A high-efficiency pump which operates at turbine speed is
incorporated in the system. A low-speed, lightweight, high-efficiency
motor is used in the design.

Although the UH-1 helicopter was used as the study model for the design,
indications are that compound, or multiengine and multirotor (or propeller),
V/STOL aircraft will benefit even more from the hydraulic transmission than
the simple UH-1 type helicopter.

POTENTIAL ADVANTAGES OF HYDRAULIC TRANSMISSION SYSTEM

Recent advances in fluids technology and in the technology of hydraulic
pumps and motors provided the means to make a hydraulic transmission
which can be efficiently employed in V/STOL and turboprop aircraft. The
resulting transmission can have significant advantages over the existing
gear transmission/reduction gear system. Some of these potential advan-
tages a.e:

1. Elimination of gear vibration and the ability to vibration-isolate
the engine provide:

Improved airframe and engine life
Reduced pilot fatigue




2. Flexibility of design provides:

Maximum vtilization of space

Weight savings

Improved aircraft performance (See page 8)
Increased F. O.D. protection (See page 8)

3. Redundant lubrication systems are eliminated. Present separate
alrcraft hydraulic pressure supply system {s also eliminated.

4. Commonality of components on several aircraft will provide:

* Reduced field parts inventory

* Reduced mechanic training requirements
Reduced per-unit cost
Reduced development time and costs per airframe

5. The ability to replace relatively small major components will
improve field maintenance and use rate.

6. Simplified power cross-ducting can be provided on multiengine
aircraft.

7. Minimum engine synchronization is needed on multiengine air-
craft.

8. Variable speed ratio can be provided simply to optimize rotor/
engine matching to improve mission range.

9. Simplified autorotation control can be provided on helicopters.
10. If a connecting tube is hit by hostile fire, the fluid circuit is

merely closed off. No vibrating shaft remains as ~n gear/shaft
drive.

11. Simple shift of power from rotor to propeller is possible on com-
pound helicopters.

PHYSICAL DESCRIPTION OF HYDRAULIC TRANSMISSION SYSTEM

Figures 1 and 2 show a schematic of a hydraulic transmission system for the
T-53 and T-58 engine versions of the Bell UH-1 helicopter. The basic sys-
tem operates in the following manner:

1. Battelle fixed-displacement, turbine-speed pump is driven by
H the jet engine to supply high-pressure fluid at the desired flow
rate.

2. The pump high-pressure fluid is delivered to the hydraulic motor
to drive the motor which drives the aircraft rotor.
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3. After work is absorbed from the high-pressure fluid in the motor,

the resulting low-pressure fluid is returned to the pump at a
pressure level sufficient to prevent cavitation (220 psi).

4. The leakage from the pump and motor passes into the cooling
system and through the heat exchanger (if the fluid temperature
is high enough to open the thermal bypass valve). The cooling
system operates at 15 psi to eliminate the need for a high-
press;xre cooler (high-pressure cuolers are often subject to
leaks).

5. The cooling system flow is forced through the cooling system
and into the return line to the pump (220-psi line) by the scav-
enge pump.

COMPARISON OF HYDRAULIC TO GEAR TRANSMISSION SYSTEM

Table | shows a comparison of the overall system losses of the front drive
and rear engine drive versions of the hydraulic transmission and the gear/
shaft transmission. The results show that the hydraulic system is compet-
itive with the gear/shaft system.

TABLE 1
TRANSMISSION SYSTEM POWER LOSSES

Hydraulic Hydraulic

Transmission T-53 Eng. T-58 Eng. Gear
AT ﬁESIﬁﬂi POINT CGNEITIG‘;‘IS.

6600 PSI, 1500 HP, RATED SPEED

Total losses, HP 75.8 79.2 15
Pumy losses, HP 49.5 49.5 -
Motor losses, HP 23.4 23.4 -

Scavenge pump
losses, HP 1.1 1.1 -

Piping system
losses, HP 1.8 5.2 -

AT 50% POWER CONDITIONS,
3300 PSI, 750 HP, RATED SPEED

Total losses, HP 51.2 55.1 Unknown
Pump losses, HP 27.0 27.0 -
Motor losses, HP 22.3 22.3 -

3




¢ TABLE I - Contd.

Hydraulic Hydraulic

Transmission T-53 Eﬁ' T-58 Bngg. Gear

(]
3300 PSI, 750 HP, RATED SPEED

Scavenge pump
losses, HP 1.1 1.1 -

Piping system
losses, HP 1.8 5.2 -

L F§ | B I ]

Table II shows a comparison of the overall system efficiency of the front
drive and rear engine drive versions of the hydraulic transmission and the
gear/shaft transmission. These efficiencies are the result of converting
the system horsepower losses of Table I into efficiency terms; i.e., horse-

power o'1t/ hor sepower in.

TABLE II
SYSTEM MECHANICAL EFFICIENCY COMPARISONS,
POWER OUT/POWER IN

Hydraulic Hydraulic

Transmission T-53 Eng. T-58 Eng. Gear
AT DESIGN POINT §5NDITI?§NS.

6600 PSI, 1500 HP, RATED SPEED

System efficiency 95.0 94.8 95
Pump efficiency 96.70 96.70 -
Motor efficiency 98.43 98.43 -
Scavenge pump effect 99.94 99.94 -
Piping system effect 99.88 99.66 -

AT 50% POWER CONDITIONS,
3300 PSI, 750 HP, RATED SPEED

System efficiency 93.43 93.0 Unknown
Fump efficiency 96.90 96.90 -
Motor efficiency 97.00 97.00 -
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TABLE II - Contd.

Hydraulic Hydraulic

Transmission T-53 Eng. T-58 Eng. Gear
AT 50% POWER CONDITIONg.

3300 PSI, 750 HP, RATED SPEED

Scavenge pumpeffect 99.88 99.88 -

Piping system effect 99.66 99.12 -

m

Tables III and IV show the total weight, a breakdown of the weights of each
component, and the weight per horsepower transmitted of the hydraulic and
gear/shaft transmission systems respectively.

To make a comparison of the weights of the hydraulic transmission to the
gear transmission, it is necessary to scale the gear transmission up to the
horsepower level of the hydraulic transmission design.

For the front drive system (from Table III),
(.63 1b/hp) (1500 hp) = 950 lb.

For the rear drive system
(.58 Ib/hp) (1500 hp) = 855 lb.

The differences between the hydraulic and gear transmission systems at the
same (1500) horsepower level are as follows:

Front Drive System Rear Drive System
Gear System 950 Ib. 855 Ib.
Hydraulic System 675 lb. 767 1b.
Weight 275 1b. 86 lb.

This greater weight of the gear system can be expressed as an equivalent
aircraft efficiency by noting that a percentage point increase in engine effi-
ciency would be equivalent to the aircraft's being able to lift 95 pounds
more weight. Dividing the weight increase of the gear system by 95 pounds

shows that the hydraulic system improves aircraft efficiency by the follow-
ing amounts:

% = 2.9% efficiency improvement for front drive system
% = .93% efficiency improvement for rear drive sys:em

OEEPIE USSPV




Therefore, it can be said that the hydraulic transmission system, on a
weight basis, {8 lighter or more efficient than the corresponding gear trans-
mission system by the amounts shown above. j

]
TABLE III ]
HYDRAULIC TRANSMISSION COMPONENTS AND TOTAL WEIGHT ;
ront Drive T- ear Drive T- ;
omponent " o o eight Dia." xL." Total Weight i
Pump 8.5x 12 70.0 8.5x 12 70.0 i :
1
Motor 20 x 27 300.0 20 x 27 300.0 i ]
Mounting ;
frame 17 x 2 60.0 17 x 2 60.0
Oil cooler 13.2x13.2x2.5 28.0 13.2x13.2x2.5 28.0 1 A
Piping - 15.3 - 72.3 |
0Oil - 25.7 - 69.2 {
Accessory
drive 22.4 x1 27.1 22.4 x 1 27.1
Scavenge
pump drive - 0.4 - 0.4
Idler gear - 0.4 - 0.4
’ Gen. drive - 0.1 - 0.1
Tach. gen.
drive - 0.2 - 0.2
| Valves - 20.0 ; 20.0
{ Scavenge
pump 3Ix4 10.0 3Ix 4 10.0
Tail rotor
piping = 30.8 - 24.4
: Tail rotor
fluid - 12.4 - 10.0 i
Tail rotor
motor 7.375 x7.375 75.0 7.375 x 7.375 75.0
6 |




TABLE III - Contd.

— Front Drive T-53 Rear Drive T-58
| Component Dija." xL." Total Weight Dia." xL." Total Wejght |
TOTAL 675.2 767.0

Weight/HP for
1500 HP .45 .511

———————— e )

TABLE IV
‘ GEAR TRANSMISSION COMPONENTS AND TOTAL WEIGHT
Front Drive iT-53 1100 HP) Rear Drive ZT-SB 1250 HPS
Component Weight - Pounds Weight - Pounds
Transmission 425 425
Transmission lube oil 21 21
Transmission oil pump 2 2
Transmission oil cooler 4 4
Speed decreaser 95 105
1
Shafting, pillow blocks, ! |
and supports for speed
decreaser to transmission 22 22 g
Speed decreaser lube oil 7 7 8 ‘
Freewheeling unit 9 9 ]
Hydraulic pump 10 10 4
"
Rotor brake 22 22 i§
. 1
42 gearbox 21 21 |
90 gearbox 22 22 % |
Shafting _35 35 5 :
TOTAL 695 725 .;: {
Weight/HP .63 .58 w ,
m ‘it )
|
7 # 1
N "‘&‘ .
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In order to evaluate numerically the potential advantages of a hydraulic
transmission (as listed on page 2), a limited study to determine the
expected improvements in the Bell UH-1 helicopter has been made. The
results show an example of how the flexibility of design (component place-
ment) of a hydraulic transmission can be used to increase aircraft effective-
ness. Other areas of potential improvement also show promise. The
results shown are for the Bell UH-1F with the T-58 engine.

1.

2.

Eliminating the large, rear-mounted, engine reduction gearbox
and side-mounted torque tube and replacing them with a small
pump and fluid lines would allow a small, compact, lightweight,
bifurcated duct to be used to exhaust the jet thrust of the engine
straight to the rear along the centerline of the aircraft. The
following improvements would result:

Useful engine horsepower would increase by approxi-
mately 3 to 5 percent to:

Thrust component being along aircraft centerline
rather than at angle with centerline.

Elimination of thrust required to turn present side-
directed jet exhaust.

Elimination of tail rotor horsepower needed to correct
side-thrust component.

Reduction of separation at engine housing boat tail
(i.e., reduction of boat tail drag).

The duct would reduce the infrared signature of the air-
craft because the duct length would be longer, thus
giving more shielding of the hot exhaust gases.

Removing the side running shaft would allow the F.O.D.
screen to enclose the engine inlet completely and to
eliminate probably the largest source of F.O.D.

Removing the side running shaft would allow the engine
to be centered in the inlet plenum to improve inlet
recovery.

Eliminating the rear-mounted engine reduction gear would
eliminate a redundant lubrication system (the aircraft has
a separate lubrication system for the engine, the trans-
mission and the reduction gear).

A hydraulic transmission could result in a significant reduction
in vibration by allowing the engine to be isolated from the air-

frame and eliminating the shafts and gears of the transmission.
This should result in improved engine and airframe life.




3. Maintenance - Use of separate, smaller transmission compo-
nents will improve ease of maintenance. A component could be
replaced easily rather than repaired on the spot as required by
standard gear transmissions.

The major components of the hydraulic transmission have, to some extent,
counterparts on a gear transmission system, either by function or location.
The comparison i{s shown below:

Hydraulic system component Gear system counterpart
Main pump Reduction gearbox

Rotor motor Transmission

Connecting piping Connecting shafts, pillow

blocks, freewheeling and
articulating drive
01l cooling system 01l cooling system
Scavenge pump Oil cooling and lube pump

The above comparison is included to give the reader more intuitive feel for
the operation of the hydraulic transmission system.

VULNERABILITY, MAINTENANCE AND LOGISTICS CONSIDERATIONS

In order to assure that the hydraulic transmission did not cause aircraft
safety, vulnerability or logistics problems, numerous items in these cate-
gories were reviewed and considerations were included in the design. Some
of these are outlined below:

1. Autorotation: To provide rotor autorotation control during an
engine flameout or other failure, hydraulic blocking valves
located on each side of the rotor motor can be closed by the
pilot to cause the motor fluid to recirculate through the motor.
An orifice will be used to control the fluid flow rate and thus
control the autorotation rate. (See Figures ! and 2).

2. Hydraulic line puncture: In the event of a hydraulic line punc-
ture, pressure-sensing transducers in the line will close valves
to block off the line punctured in order to minimize fluid loss.
For critical lines, redundant fluid lines can be used without
excessive weight penalty if desirable. When hydraulic lines
are struck by hostile fire, a vibrating shaft or gear will not be
left in the system, as {t is in the shaft/gear system.

3. The hydraulic transmission system is made primarily of aluminum
and stainless steel, so there are no new corrosion problems
introduced.

4. Provisions have been made to use the existing UH-1 generators
and tachometer generator.
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5. Provisions have been made for hydraulic power for controls oper-
ation during engine failure (autorotation causes the rotor hydrau-
lic n)\otor to act as a hydraulic pump to supply hydraulic pres-
sure).

6. Transmission system losses at partial power conditions (50 per-
cent power at military rated speed) are approximately 0.6 per-
cent less than at 100 percent power. This should compare favor-
ably with the gear system.

DESIGN DATA

The overall efficiency of the system is the result of the combination of the
efficiency of the components:

NT:NpXNMXNSXNpp (1)
where
NT = efficiency of the transmission system
Np = Battelle pump efficiency
NM = URS Corporation motor
NS = effect of scavenge pump horsepower on horsepower loss
Npp = effect of piping losses on pressure drop in system

Thus the component losses dictate the system efficiency. Therefore, it was
necessary to search for high-efficiency components and to perform optimiz-
ing studi2s to reduce system losses.

A determination of whether to use a hydrostatic, a hydrodynamic or a combi-
nation of hydraulic and mechanical drive had to be established early in the
design study. A hydrostatic type transmission was chosen after considering
the items below.

1. The distance between the driving and driven members was signif-
icant in determining that it was more efficient to use a hydro-
static than a hydrodynamic transmission. The piping losses
associated with the high-velocity flow of a hydrodynamic trans-
mission in a widely separated driving and driven member would
be excessive. Attempting to develop a piping system tc diffuse
the high-velocity flow to low speed for low losses and then to
contract it to high speeds to enter a hydrodynamic turbine would
result in high development costs.

2. The relatively large size of a hydrodynamic transmission would
be excessively heavy and would interfere with engine inlet per-
formance.
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Some hydraulic transmission systems use a redundant mechanical
drive to improve efficiency at high-speed operation. The high
efficiency of the hvdraulic transmission system design investi-
gated in this report showed that a redundant mechanical drive
was not desirable. Adding a mechanical drive system redundant
with the hydraulic system would add excessi’e weight, would
result in the same limitations as for the gear/shaft transmission
system, and would not improve efficiency at high-speed opera-
tion. A redundant mechanical transmission system normally has
advantages only when the engine and final drive operate close to
the same speed at high-speed conditions as on a truck or anauto-
mobile.

Early in the system design layout stage, certain criteria were established
to meet the performance and weight requirements of the system. These are
listed below:

1.

For a piston-type pump or motor, the cylinder bank must be held
stationary to keep windage and friction losses small.

Hydraulic fluid characteristics must be improved to keep line,
pump and motor weights and sizes small without creating large
losses.

Fluid passages must be designed as carefully as jet-engine pas-
sages to reduce flow losses.

The pump and motor must be designed to have the pressure forces
in balance to keep main shaft bearing loads and thus bearing
sizes at reasonable levels.

A pump which operates at turbine speed was desirable to elimi-
nate gears and to keep size and weight small while keeping effi-
ciency high.

Hydraulic lines must be optimized to reduce line losses without
causing excessive weight penalties.

A trade-off study must be performed to determine if system losses
are less using a supercharging pump or high pump return line
pressure and thus more scavenge pump horsepower drain (to keep
the pump from cavitating).

With the above criteria in mind, a search was made to find the best compo-
nents that industry and the aerospace field had to offer for the hydraulic
transmission.

As a result of this search the Battelle Fixed-Displacement, Turbine-Speed
Pump v.as selected for the system pump and the URS Corporation hydraulic
motor was selected for the motor of the system.

11
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An explanation of the novel advantages of the pump, motor, and fluids is
given below. The experimental and calculated results substantiating the
performance of these elements are given in subsequent sections.

The improved hydraulic fluids developed at The Western Company reduce the
fluid losses in turbulent fluid flow by 60 percent to 80 percent by laminar-
izing the flow in flow passages. This is done by building chemical molec-
ular stream tubes in the moving fluid and restricting the random motion of
the fluid particles in the direction normal to the fluid flow. Thus the
"individual” fluid particles flow in the main direction of flow and do not
dissipate energy by particle collision and momentum changes caused by
changes of direction of fluid particles in fully turbulent flow.

The Battelle Fixed-Displacement, Turbine-Speed Pump isarotary-vane pump
with novel design features which provide high-efficiency operation at very
high (turbine) speeds. A special sizing and performance study on the fixed-
displacement pump was performed by Battelle based upon their design and
experimental work on a variable-displacement pump (see Appendix I). The
significant and novel design features of the pump are described “ciow:

1. The design feature which allows high-speed operation is the
pivoting slider foot on the tips of the vanes which rides against
the wall of the pump. The foot works on the general principle of
the Kingsbury thrust bearing and pivots slightly as load and
speed change to provide fully developed hydrodynamic lubrica-
tion between the vane tip foot and the wall. Since the foot
pivots to provide hydrodynamic lubrication, very high speeds
will not generate excessive heat or allow the vane to break
through the lubrication film to wear the walls. A laboratory set-
up was constructed and tested by Battelle; it established that a
vane foot using this principle could support the vane loads and
that the coefficient of friction for such a foot would be very low.
Thus, heating of the vane tip would not be a problem. (See
Reference 6.)

2. The pump has a rotor with a relatively long length compared to
its diameter. This allows the pump to pass the large amount of
flow required to produce the horsepower specified without hav-
ing a large diameter which causes higher vane tip speeds. The
flow is introduced and exhausted over most of the total length
of the rotor.

3. The rest of the pump adheres to the best principles of pump
design. The pump flow passages are smeuoch and well laid out to
minimize losses. The pressure drop of the pump was established
from experimental model tests. Two fpressure-producing pockets
or lobes are used so that the pressure: forces on the main shaft
bearings are balanced. The pump is dynamically balanced.

4. Since the pump operates at turbine speed, it can be very small

and still deliver the required horsepower. The hydraulic horse-
power equation is a function of flow and pressure. Since the
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flow of thc pump is a function of rpm and displacement/rpm,
having a very high rpm allows the displacement/rpm and thus
the size and weight of the pump to be small.

The URS Corporation hydraulic motor is a rotary piston motor consisting of
four rows of five pistons each around an eccentric drive shaft. A special
sizing and performance study for a 1500-horsepuwer helicopter motor was
conducted based upon the work URS has done on hydraulic motor designs for
land vehicles. The significant and novel design features of the motor are
described below:

1. The pistons operate in balanced spherical members which elimi-
nate piston side load due to torque reaction. This eliminates
the large losses due to piston friction under heavy side loads.

2. The pistons ride on hydrostatic bearings between the pistons and
eccentric drive shaft. The coefficient of friction of the hydro-
static bearings is of course very small, resulting in very low
losses at these points. The four pads in each hydrostatic bear-
ing also serve to provide the cocking force to rotate the spheri-
cal members in which the pistons ride. The cocking force rotates
the sphere to aline the piston centerline with the center of the
eccentric. This alinement eliminates the side load on the piston.

3. The four rows of five pistons each are placed to balance all but
1.5 percent of the pressure forces on the pistons which would
load the eccentric drive shaft. Thus the motor housing bearings
are sized only as locating members, not to carry the heavy loads
imposed by 1500 horsepower.

4. The motor operates at rotor speed (300 rpm) and is fabricated by
relatively lightweight furnace brazing techniques.

DESCRIPTION OF IMPROVED FLUID EXPERIMENTAL APPARATUS

To establish, by experiment, the performance increase which can be obtained
with hydraulic fluids in pumps and tubes, a closed hydraulic system (see
Figure 5) was set up to measure the improvements. The system consisted of
an electric dynamometer driving a positive-displacement pump which forced
hydraulic fluid through a measuring section of tubing into an open reservoir.
The fluid returned to tihe pump through a line from the reservoir. For one set
of tests, the dynamometer was a constant-output-speed electrical motor.

For the variable velocity test, a variable-speed motor was used. The
instrumentation consisted of the following items:

1. A torque arm on a dynamometer was used to measure force from
which torque and horsepower were calculated. Motor rpm was
measured with a strobe tachometer.

2. A positive-displacement nutating disc flowmeter was used to
measure flow volume for pump and pipe tests. For the pressure
drop test (data in Tables V and VI), the flow rate was determined
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by flowing the fluid into a container placed on a double beam
balance that was electronically connected to automatically
start and stop an electronic timer.

3. The pressure-sensing device used was a Barton differential pres-
sure gauge, which indicated the pressure drop between pressure
taps in one reading, thereby compensating for temperature
changes and requiring only 0.04 cubic inch of fluid displacement
for the total pressurc range. The gauge was calibrated with a
water and mercury manometer prior to the tests. The pressure
taps are 1/16-inch drilled holes which were carefully deburred
on the inside of the tubing.

4. Thermocouples were placed in wells in the fluid reservoir and at
the discharge from the pump.

For the performance tests, the above apparatus (Figure 6) was used with two
different motors. The pressure drop test was performed with a variable-
speed motor so that the speed and thus the output of the positive-
displacement gear pump was varied. This way it was possible to vary the
velocity and the pressure drop in the tube test section. The data on page 48
were obtained from this test setup and are displayed in Figure 7. The other
performance test replaced the variable-speed motor with a fixed-speed elec-
trical motor to drive the pump. The data of Figures 8, 9, 10 and 11 were
obtained from this test setup.

For the endurance test to determine how the improved fluid would perform
for long periods of time in a closed system, the test setup shown in Figure
5 was used. The fluids were pumped with a gear-type positive-displacement
pump to a four-inch manifoldandonto the test section. The tap was a 1/16-
inch hole. One inch downstream of the pressure tap, a hole was drilled to
accommodate a small thermocouple which probed about one inch into the
pipe. The second pressure tap was 31 feet from the first with another ther-
| mocouple placed one inch downstream. Three feet past the second tap the
| test section increased to four inches for the return to the positive-
displacement nutating disc, flowmeter, and inventory vat. This particular
system was used for the flow tests.

| IMPROVED FLUID EXPERIMENTAL PROCEDURE

For the pressure drop test where pressure drop was measured at various pipe
4- flow velocities, the following test procedure was used:

1. Zero readings for all instruments were made before the variable-
displacement electrical motor was started.

2. MIL-H-5606A oil was forced through the test system (Figure 5)
with a gear pump driven by a variable-speed electric motor.

3. With the system at steady-state conditions, the pressure drop
in the .416-inch ID tubing test section, the reservoir fluid tem-
pcrature, the time, and the amount and time for this flow were
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recorded. These data were reduced to pressure drop and velocity
for the curve of Figure 7.

4. The speed of the variable-speed motor was increased to increase
the velocity and the pressure drop, and another set of readings
was taken. This procedure was repeated until the base fluid
curve of Figure 7 was obtained.

5. The system was allowed to cool to the original fluid temperature
of step 1.

6. The additives G-5 and G-15 (now designated G-8) were added to
the hydraulic fluid, and steps | through 4 were repeated.

For the pump and tubing performance test of Figures 8, 9, 10 and 11, a fixed-
speed electric dynamometer motor replaced the variable-displacement motor
so that motor horsepower could be measured by the torque arm on the dyna-
mometer (Figure 5). The test program followed the steps below:

1. A zero reading was taken before the electrical dynamometer was
started with MIL-H-5606A fluid in the system.

2. The electrical motor was started, and when steady-state condi-
tions were reached, a reading was taken.

3. Because the closed system absorbed the energy of the pump, the
temperature of the fluid in the system increased. Readings were
taken at approximately each 5°F increase in fluid reservoir tem-
perature.

4. The electric dynamometer was stopped and the system was
allowed to cool to the original starting temperature. The
improved fluid additives were then added to the fluid and the
test sequence of steps 1 through 3 was repeated.

For the endurance testing, the improved fluid was circulated for over 200
hours in the test apparatus of Figure 6. The pressure drop in the measuring
section was recorded at the beginning of the test and at intervals thereafter.
The testing was normally conducted in periods of six to eight hours during
the woraing day.

IMPROVED FLUID EXPERIMENTAL RESULTS

The raw data from the improved fluid tests described above are listed in
Appendix I. The parameters reduced from the da*a of the pressure drop and
pipe velocity tests were pressure drop per 100 feet of pipe and fluid pipe
velocity in feet per second. These were obtained by dividing the measured
pressure drop by the pipe test length in feet, then multiplying by 100 feet.
The tube fluid velocity was obtained by measuring the time required for a
measured amount of fluid to flow through the system; converting this to
cubic feet per second and dividing by the cross- sectional area of the tube
allowed calculation of the flow velocity in feet per secnnd.
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For the pump and tube performance test, the following relations were u.sed:

y = measured flow

Volumetric efficienc 1deal tiow

where measured flow was obtained by measuring the time for a measured
amount of fluid to flow through the system, then converting to gallons
per minute; ideal flow was obtained by multiplying the displacement
per revolution by measured rpm.

The pressure drop per lengtl. was obtained as in the pressure drop test.

Horsepower was obtained by multiplying the force on the torque arm of the
motor by the torque arm length to get torque and then multiplying by rpm to
get horsepower (all in appropriate units).

BATTELLE FIXED-DISPLACEMENT, TURBINE-SPEED HYDROSTATIC PUMP
PERFORMANCE

In Appendix II, the design point performance for the Battelle Fixed-
Displacement, Turbine-Speed Pui'p is shown for standard fluids and for
improved fluids. The improved fluids reduce the 2.0-percent fluid friction
loss of the pump by approximately 60 percent to 0.8 percent, and the 2.0-
percent volumetric efficiency loss will remain constant. It is assumed that
the 0. 5-percent loss due to viscous shear is not improved. The resulting

overall system efficiency is 97.7 percent.

Performance of the fixed-displacement pump was calculated by Battelle
Memorial Institute based upon the results of their tests and calculations
done for their variable-displacement pump reported in Reference 6. Figure
12 shows the pump performance as system pressure is changed for the vari-
able-displacement pump (data from Reference 6 and replotted versus pres-
sure). The lower line of the bands of performance represents the experi-
mental or calculated results. The upper line represents the maximum rea-
sonable expected losses of the actual pump. For the fixed-displacement
pump at 50 -percent power, the trend of performance would be the same as
that of the variable-displacement pump, except that pump flow would remain
constant as it would for the variable-displacement pump. Thus, flow losses
and drag losses would remain constant, but leakage loss would go down as
pressure goes lower. Thus, as horsepower reduces as rotor horsepower
demands reduce (and thus reduce pump back pressure and thus pump operat-
ing pressure), the 2.0-percent leakage loss of the fixed-displacement pump
would reduce the same percentage as the variable-displacement pump for
the same pressure change. Thus, overall efficiency of the pump would
increase by the amount that the leakage losses are reduced. The curve
shows that the leakage losses reduce from 2.0 percent to 0.5 percent, going
from 6600 psi to 3300 psi, which is a 1.5-percent reduction in losses. This
would mean that on the pump, a

reduction in losses; or overall losses would be down by 1.5 percent at 50-
16




percent power for the hydraulic transmission due only to the increase in
pump performance.

URS CORPORATION HYDRAULIC MOTOR PERFORMANCE

The design point performance, the performance calculation relations, the .
losses of each point where motor losses occur, and the performance at 50-
percent power are shown in Appendix III.

—

The design point overall efficiency is shown as 98.43 percent. This was

obtained by taking the efficiency for the motor, calculated by URS in |
Reference 10, for standard fluids and then correcting the efficiency for '
improved fluid effects. The losses which were reduced by the improved fluid 1
were the passage flow losses (HPF ) which would normally have constituted

the largest single loss element in t%e motor. Being a low-speed motor, the
losses are already small (low piston speed, low fluid velocity, low valve
speed, etc.).

The URS Corporation efficiency results were calculated on the motor perfor-
mance computer program. The loss relationships are standard hydraulic
pump and motor relationships taken from the literature referenced in Appendix
1.

The improvements in performance due to the improved fluid were obtained by L
calculating the Reynolds number in the flow passages and using the fluid
friction loss reduction of Figure 13.

CONNECTING PIPES EFFECT ON EFFICIENCY

The connecting pipes which carry the high-pressure fluid from the main pump
to the rotor motor and the low-pressure fluid back to the pump, plus the cool-
ing system and leakage pipes, have pressure losses caused by the flow of
fluid through the pipes. These pressure losses are greatly reduced tv the |
improved fluids. The total pressure losses in the system divided by the
operating pressure constitute the fraction of the energy loss of the system
attributed to the piping system.

The pressure losses of each pipe in the system are shown on the tables in
Figures 3 and 4 (the drafting layout of the transmission system). The cal-
culation of tubing losses is described below.

Using tube layout of the prototype transmission, a calculation of line and

fluid weights for various sizes and types of pipes was made. The pressure
losses, and therefore, the system efficiency losses for various size tubes,
were also calculated. The optimum between large tube sizes for small effi-
ciency loss and small tube sizes for low weight was established using the d
sensitivity (weight lifted/percentage point of efficiency) of the UH-1 heli- 1
copter.

In order to minimize size and weight of the system, several component loca-
tions and tubing layouts were made.
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After various tradeoffs of weight and efficiency were investigated, the opti-
mum size of the tubing was established at 2.25 inches ID for the main con-
necting tubes. The high-pressure line between the pump and the motor,
operating at 6600 psi, would be AM 350 (AMC Spec. 5584) seamless stain-
less steel tubing with ultimate strength of 165, 000 psi (double-aged condi-
tion) and yield strength of 135,000 psi. With a wall thickness of . 188, the
tubing would be stressed to 37,800 psi with a resulting factor of safety of
approximately 3.5. The line and fluid total weights and the line pressure
drops are shown on Figures 3 and 4.

The return, low-pressure lines and secondary (cooling and scavenge system)
lines are of aluminum tubing with strength exceeding the stresses imposed
by the internal pressure (with a safety factor of about 4).

The line losses were obtained by calculating the pressure losses for the
base fluid in lines and fittings from a standard pressure loss equation from
Reference 1; namely,

AP=.0808{%VIS (2)

where

-:F = frlction factor

L = tube length, feet

D = tube ID, inches

V = fluid velocity, feet/second
s = specific gravity of fluid

For fittings and bends, an equivalent length of tubing as described on page
126 of Reference 1 was used.

To determine the pressure loss in the pipes with the improved fluid, theratio
of base fluid losses to fluid losses with additives at a calculated Reynolds
number was used, as shown in Figure 13. Not all the lines always have
fluid flowing in them. Only lines normally flowing were included in the tab-
ulation.

Loss calculations were done for both the T-53 and T-58 versions ofthe UH-1.

Equation (2) describes the friction reduction with the improved fluid addi -
tives. This equation allows calculation of the friction reductions, which
can be obtained over the entire range of flow rates that will be experienced
in the hydromechanical transmission. The equation is limited to Reynolds
numbers greater than 2000 (minimum turbulent flow Reynolds rumbers), since
no reduction in friction is expected at Reynolds numbers where the flow is
not turbulent. The new equation also fits the mathematical model of the
fluid additives. The equation for friction reduction for smooth pipes is:

18
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F.R. = (0.8) £-0014 + .125 RE"'¥) - 16/K,

- 3
(.0014 + 125 Rg ™" =

where

F.R. = friction reduction

RE = Reynolds number

ENVIRONMENTAL TEMPERATURE EFFECTS AND HEAT EXCHANGER SIZING

In order to determine the horsepower requirements of the scavenge pump, it
is necessary to determine, among other things, the heat exchanger size and
thus the heat exchanger pressure drop. To do this, the effects of environ-
mental temperature and heat dissipation from the transmission were deter-
mined.

Environmental temperature effects on the fluid temperature and hence on per-
formance and heat dissipation will be limited (for steady-state operation)
due to the use of a thermal bypass valve in the oil cooling system. Steady-
state operation will be performed predominantly at a constant transmission
oil temperature. The prime effect of temperature on the system will be in
the sizing of the oil cooler and thus the oil cooler pressure drop and weight.
As calculated in Appendix II, the weight of the oil heat exchanger is 27.4
pounds and the pressure drop is 3.9 psi. The flow is eight gallons/min-
ute.

Other effects of temperature considered were:

1. Hot-day (103° F) operation of the jet engine reduces the power
output of the engine and thus the heat losses due to inefficien-
cies which are a percentage of the horsepower output. This
tends to compensate for the reduced air temperature gradient
available to conduct the heat from the oil cooler. The cooler
was sized fo: 125° F air temperature, as is the present gear sys-
tem.

2. Beneficial oil cooling will be obtained from the pipes and tubing
carrying the fluid. This beneficial effect will not be included in
the heat exchanger sizing and will provide a margin of cooling
capability.

3. The T-53 reduction gear circulates its oil to the engine oil
cooler. Theoretically, the engine oil cooler could be reducedin
size, since it will need to cool only the engine oil if a hydro-
static transmission is used. This reduction will not be included
in this study. This provides additional margin for the system.
In fact, there is the possibility that the existing engine oil
cooler may be usable to cool the hydraulic transmission system
without the addition of a transmission oil cooler.
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4. Oilil cooler data obtained from Bell UH-1 project personnel are
shown in Appendix IV and were used for basic cooling parameter

data.

5. Environmental temperature requirements for the T-53 engine will
be limited by the maximum temperature of the incoming air.
MIL-STD-210A hot-day maximum i{s 103° F. The oil temperature
may become slightly warmer than 103° F when the aircraft is
standing in the direct sunlight; however, when the engine starts,
air will flow over the components and their environment willthen
be at ambient air temperatures. The maximum ambient operating
temperature requirement for components on the T-58 engine as
listed in the Installation Manual {s 200° F. Thus, heat will flow
from the transmission to the surrounding air at all times, since
the hydraulic transmission operates at 230° F.

The oil cooling system for the hydraulic system consists of the following:
1. Oil cooler similar to the oil cooler existing on the UH-1.

2. Thermal bypass valve to stop heat exchanger oil flow circulation
when oil is equal to or less than 230° F.

3. Scavenge pump to gather and force oil through the cooling sys-
tem.

4. Piping of cooling system.

Effect of temperature on performance of transmission fluid lines is described
below.

Figures 14 and 15 show the effect of different transmission oil operating
temperatures on the fluid line losses. At the operating temperature, 230° F,
there is a .073 percent loss for the T-53 transmission system. During
start-up on 0° F days, the line pressure loss will be 0. 16 percent until the
transmission oil begins to warm to operating temperature. As it warms, the
pressure loss reduces as per Figure 14. The losses for the T-58 transmis-
sion system line losses are presented in Figure 15.

The environmental temperature effect on the pump and motor performance
will be similar to the effect on the system piping. That is, during steady-
state operation there will be no change in system temperature due to the
thermal bypass valve's holding the system at a constant temperature. Dur-
ing the warm-up period, the pump and motor will be slightly less efficient
than at steady state. The warm-up transient temperature does not have a
significant effect on the transmission operation.

SCAVENGE PUMP EFFECT ON EFFICIENCY

The scavenge pump must take the leakage flow of the pump and motor, force
it through the pipes and cooler of the cooling system, and then pump itinto
the pump return line (against the pump return line pressure, 220 psi). The
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work of the scavenge pump must be charged against the system efficiency.
The heat exchanger sizing and flow rate, the pump return line pressure
required to eliminate pump cavitation, and the piping in the secondary sys-
tem determine the scavenge pump horsepower requirements.

The sizing study of the heat exchanger has been used to establish the fact
that a supercharger pump is not necessary in the system. A supercharger
pump could be put in the system because it is possible that the cooling
flow required multiplied by the pump return oil pressure (needed to keepthe
pump from cavitating) would result in large scavenge pump horsepower
levels. Since the scavenge pump merely raises the leakage and cooling
flow oil to pump return line pressure from the low pressure of the oil cooler
(low pressure to reduce leaking tendency), the scavenge pump horsepower
is not useful horsepower to the system. The supercharger pump being in
the pump return line system does useful work and only its inefficiency
would be charged to the inefficiency of the system.

However, using the heat exchanger sizing, the cavitating pressures and the
leakage flow of the pump and motor show that the scavenge pump horse-

power requirements will be small:

Cavitetion elimination pressure = 220 psi

- Cooling line pressure level = _15 psi
ResultingAP = 205 psi
Heat exchangeA P = 3.9 psi
Cooling line lossDP = 3.3 psi
Total NP across cooling =212.2 psi

Then the horsepower loss due to the scavenge pump is:

l-”:'z(pR.L. i PC+APC.L.+APH.E.)QCK/1)s_p, (4)

where

HP = horsepower

PR.L. = pressure in pump return line, psi

Pc = pressure i{n cooling system, psi

APC.L. = pressure drop in cooling lines, psi

APH.E. = pressure drop in heat exchanger, psi

QC = cooling flow, gallons/minute

K = conversion factor, .000583

efficiency of scavenge pump = 90%

7)s.p.
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HP = (212.2 psi) (8 gallons/minute) (.000583/.90)
HP =].1

The percent efficiency decrement associated with one HP = +073.

A supercharger pump would cost the system approximately 0.1 percent to
0.2 percent in efficiency.

HYDRAULIC MOTOR MOUNTING FRAME

In order to mount the hydraulic motor which drives the helicopter rotor, a
frame was designed that is an integral part of the hydraulic motor housing
and mounts on the helicopter frame lugs provided for the present gear trans-
mission.

The weight, size, and stresses in the hydraulic motor mounting frame have
been calculated. The hydraulic motor mounting frame is made of C 35-T-61
aluminum stressed to a maximum of 14, 800 psi with an uitimate strength
safety factor of 2.75. The mounting frame is 25 inches by 32 inches by
3-1/2 inches thick. It mates with the existing airframe mounts. It weighs
60 pounds.

FUTURE HYDRAULIC TRANSMISSION TRENDS

The curves of Figure 19 show how the weight of a hydraulic transmission
system becomes increasingly smaller as the system design point pressure
is increased. Figure 20 shows how the size of the pump, for example,
becomes increasingly smaller as the pumpdesign point pressure is increased.
These trends point the way to the future. Increasingly higher operating
pressure with smaller weight and size is the direction of future hydraulic
transmissions. This will allow greater payloads for V/STOL aircraft. It
will mean fewer engine performance penalties on front-drive engines
because the inlet airflow will be less distorted with a small pump than with
a bigger pump or big reduction gearbox. The blockage area in front of the
engine is smaller with resulting performance improvements. The foreign
object damage filter area could probably be increased, since the small pump
will not interfere with the filter area as much as big reduction gearboxes or
larger pumps.

The curve of Figure 21 shows that the system efficiency is not greatly
affected as design point pressure changes. This provides the possibility of
going to higher operating pressures without excessive penalties in effi-
ciency. In this feasibility study, for example, the overall aircraft perfor-
mance with the hydraulic transmission could be increased slightly by oper-
ating the system at 8000 psi rather than 6600 psi. This increase was not
used because of the expected reduction in reliability of associated hydrau-
lic parts (fittings, valves, joints, etc. ) ; but with design improvements in
the associated hydraulic components, increased pressure operation has
numerous advantages.
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The study identifies in a very decided manner the need for the pump of the
hydraulic transmission to operate at gas turbine output speed. The result-
ing light weight, small size, and elimination of a reduction gear with its
housing make this requirement a must.

The higher pressures of the hydraulic transmission systems of the future
indicate an increasing use of the synthetic hydraulic fluids because of their
reduced compressibility and therefore improved hydraulic component perfor-
mance.

The improved fluids used in this study foreshadow other improvements in
hydraulic fluids to improve performance. The improved fluids used in this
study greatly reduced flow losses. The synthetic fluids mentioned above
would reduce compressibility losses. Another significant step forward
would be the reduction of fluid shear losses (without making the fluid so
thin as to greatly increase leakage losses). Until now, the losses in a
hydraulic transmission have been large compared to some of the losses,
like compressibility; but as the magnitude of the system losses becomes
smaller, each small improvement becomes increasingly more significant.

The detailed design improvements that develop as a type of device comes
into greater usage will continually improve the hydraulic transmission by
reducing losses in each of the areas where losses occur by a small amount.

Since operational use of the type of transmission investigated in this study
is approximately three years away if the effort is continued, the hydraulic
transmission of the 1970-1975 period would be an operational version of
this transmission.

In summary, the hydraulic transmission for V/STOL aircraft (using high-
speed jet engines as prime movers) would have the following characteris-
tics:

1. Turbine speed hydraulic pump.
2. Lightweight, rotor or propeller speed hydraulic motor.
3. Improved hydraulic fluids with reduced flow losses.

4. Components designed to operate reliably in the 5000-to-7000-
psi pressure range.

Future improvements beyond the above would include the following:

1. Higher prcssure operation (8000 and higher) to reduce further the
size and weight of components.

2. Fittings, connections and accessories such as pumps and motors
which can be depended upon to operate reliably at high pres-
sures without excessive leakage problems. Heat exchangers
which can operate at return line pressures without leaks (200-
psi region).
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3. Further advances in fluid technology to improve performance.

4. Fluids with reduced compressibility at high pressures.

SYSTEM RELIABILITY

The system design criterion used for reliability was to design all members
to operate a minimum of 1000 hours at the power level and speed described
for gear transmission endurance tests. The endurance times at given power
levels used are described below:

1. 10 percent of time at 25 percent over rated power at overspeed
conditions.

2. 40 percent of time at rated speed at rated horsepower.

3. 50 percent of time at 40 percent to 90 percent of rates horse-
power.

A VE

To drive the tail rotor, a high-pressure line off the main pump delivers high-
pressure flow to a hydraulic motor which drives the tail rotor. A return low-
pressure (220 psi) line returns the fluid from the motor to the low-pressure
side of the pump. The hydraulic motor used is a Dynex MF-3021 type motor.
The layout of the tail rotor system is shown on Figures 17 and 18. The
welights and pressure drops in the system are also shown on these figures.
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MIL-H-5606A With 1.5% By Volume of G-5 + G-15
0.416-Inch ID Tubing (75°F)
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Figure 7. Pipe Friction Pressure Drop Versus Velocity Comparison of
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