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ABSTRACT

The primary objective of this program was to select and design a shaft-

driven lifting rotor system for a heavy lift helicopter. The selection

included a complete parametric analysis of the aircratt, based on three {
defined missions: lifting a 20-ton payload 20 nautical miles, lifting a

12-ton payload 100 nautical miles, and ferrying. Several aircraft con- i
figurations were studied, and a single rotor crane arrangement was

selected. Included in the stvdy were selection of engines and parametric

sizing of all major aircraft component systems.

The aircraft defined in this study has a takeoff gross weight for the 20-
ton mission of approximately 79, 000 pounds, and uses a single lifting
rotor 91. 6 feet in diameter. Ferry range exceeds 2400 nautical miles.

While differing in detail from any existing hardware, the rotor system
design follows directly from present practice. Methods of analysis and
allowable stresses used in this study are the same as those used in exist-
ing models. - Analyses of aircraft stability and control characteristics
and rotor system stability for the selected configuration have been per-
formed, and the methods and results reported.herein. For all of the
properties studied, both the aircraft and the rotor system have been
<hown to meet or exceed the requirements of applicable specifications
and/or accepted practice. ’
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FOREWORD

This report covers the parametric analysis and preliminary design and
structural analysis of a shaft-driven lifting rotor system for a heavy lift
helicopter. Sikorsky Aircraft, a Division of United Aircraft Corporation, i
performed this study under contract for the Department of the Army.
Principal investigators were D. S. Jenney and J. R. Olson in performance;
D. E. Cooper and R. A. Monteleone in handling qualities; W. F. Paul,

R. G. Carlson, and B. R. Traphan in dynamics; W. F. Schlenk and

M. L. Marquis in weights; J. A. Longobardi and N. ]J. Francis in rotor
blade design; and L.. Vacca and G. A. Smith in rotor head design. The
engineering team was headed by W. J. Dutton, Supervisor of the Experi-
mental Blade Group. The study was administered for the U. S. Army
Aviation Materiel Laboratories, Fort Eustis, Virginia, by Mr. ]J. Yeates,
Group Leader, Aeromechanics Group, and Mr. W. E. Nettles, Project
Engineer.
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SUMMARY

DFESIGN REQUIREMENTS

Based on service experience with many models of Army helicopters, in-
cluding the CH-54A, initial design requirements were established to pro-
vide a practical helicopter, utilizing proven design features to facilitate
application to many military logistics operations.

To load and unload large cargoes quickly and easily, leading to rapid turn-
around and high productivity, and to allow the greatest variety of load
geometry, external cargo carrying was deemed necessary. To permit
loading in advance of takeoff and autorotative landings with a load, a
clear load space 12 feet high under the fuselage was required. A wide-
spread landing gear was required to straddle large loads, and to maintain
stability on uneven terrain. The pilof's compartment was required to pro-
vide an aft-facing pilot's station, from which the aircraft can be flown and
the winch system operated for accurate load placement.

TABLE 1
MISSION REQUIREMENTS
Transport Heavy Lift
Paylow.d (outbound only) 12 tons 20 tons
Radius 100 naut mi 20 naut mi
V cruise 12-ton payioad, 110 kn 20-ton payload, 95 kn
V cruise No payload, 130 kn No payload, 130 kn
Hovering time 3-min takeoff S5-min takeoff
2-min mid-point 10 min @ destination
(with payload)
Reserve fuel 10% of initial fuel 109 of initial fuel
Hover capability 6, 000 ft, 95°F(OGE) I, 59° F (OGE)
Cruise altitude SLS atmosphere SLS atmosphere
Fuel allowance for start,
warm-up, and takeoff MIL-C-5011A MIL-C-5011A
Ferry
Ferry range 1500 naut mi (no payload-STOL takeoff)
Reserve fuel 10% of initial fuel
Fuel allowance for start,
warm-up,and takeoff MIL-C-5011A

Minimum design load
factor 2.08




All major components were _equired to be designed for replacement or
repair "on condition”, with design characteristics to permit at least 1200
hours between overhauls and 3600 hours retirement. This necessitates
self-inspe~ting devices, such as chip detection systems for transmission
system components and automatic blade structural inspection devices.
Maintenance requirements were to be minimized, leading to the selection
of automatic oil lubrication of rotor system components. And above all
other requiremeits, stability and handling qualities were to be as good as,
or better than,existing aircraft, allowing absolutely no compromise which
would sacrifice control characteristics for size.

The design missions were rigidly adhered to. Initial investigations showed
that the maximum cost effectiveness could be obtained by designing exact-
ly to the missions, and that an oversize aircraft would be as unsatisfac-
tory a design solution as an undersize aircraft. A description of the
design missions is shown in Table I.

AIRCRAFT CONFIGURATION

The principal parameters of the selected configuration are grouped in the
following tables. Dimensions, basic design performance parameters, and
general arrangement data are tabulated as characteristics in Table II. A
breakdown of the weight empty and the three mission gross weights is
given in Table III. The propulsion and performance characteristics are
summarized in Table IV, The general arrangement of the aircraft is
shown in Figure 39.




TABLE 11

HLH PARAMETERS - CHARACTERISTICS

Rotor diameter, ft

Blade chord, ft

No. of blades per rotor

Blade aspect ratio (R/C)

Rotor solidity (bC/#R)

Blade airfoil section

Blade twist (negative),deg

Flapping hinge offset, percent radius
Rotor tip speed (1R),ft/sec

Max mean blade lift coefficient, approx
Cr/e (6000 fr, 95° F, 12-ton mission)
Disk lc ding, 20-ton mission, lb/ft
Fuselage length, ft

Fuselage width, ft

Fuselage depth (average),ft

Overlap, percent diameter
Configuration

Max load length, ft

Max load width, ft
Max load height, ft (on-ground loading)
Drag, ft2: No external load
Ferry
Outbound, transport mission
Outbound, heavy lift mission
Payload external

Vertical drag (with ext load),percent thrust
Vertical drag (without ext load),percent thrust

Internal fuel tankage, gal
Tail rotor diameter, ft
Max tail rotor CT/e




TABLE III
HLH PARAMETERS - WEIGHT

EMPTY WEIGHT (lb)

Rotor group
Tai! group
Body group

Alighting gear group
Flight controls group

Propulsion group

Horizontal stabilizer

Fuel system
Fixed equipment

Total weight empty

GROSS WEIGHT (lb)

20-ton mission:

12-ton mission:

1500-naut-mi-ferry:

Empty weight

Crew (3)

Fuel

Qil and trapped fluids
Cargo

Winch

Total

Empty weight

Crew (3)

Fuel

Oil and trapped fluids
Cargo

Winch

Total

Empty weight

Crew (3)

Fuel

Oil and trapped fluids
Aux tankage

Total

7,115
1,330
5, 190
3,275
2,360
9,675
213
408
3,955
33,121




TABLE IV
HLIF PARAMETERS - PERFORMANCE, PROPULSICN

PERFORMANCE
Velocity (SLS, with ext load) kn:
Cruise, 20-ton payload 95
Cruise, 12-ton payload 128
Max, 20-ton payload 105
Max, 12-ton payload 138
Average, ferry mission 100
Max, ferry mission 126
Max ferry range, naut mi 2,080
Takeoff weight, load factor 2.0 g, 1b 98, 400
Arbitrary altitude limit, ft 16, 000
PROPULSION
Engine type T64 /S4A
No. of engines 4
Available power (SLS),HP 13, 740
Available mil power (6000 ft, 95°F),HP 10, 600
Transmission 3600 hour rating, HP 11,980
Drive system irechanical efficiency, percent 96 _I%_
PERFORMANCE

The 12-and 20-ton missions have been used to size the helicopter. Hover-
ing capability out of ground effect at 6000-foot-altitude, 95-degree Fahren-
heit day conditions is that required to perform the 12-ton, 100-nautica'-
miie radius mission. Hovering capabiliiiy out of ground effect under sea
level standard day conditions is that required to peiform the 20-ton, 20-
nautical-mile radius mission.

Actual combinations of payload and mission radius that can be flown by
the aircraft depend largely on the conditions under which the aircraft
must be hovered. Various combinations are shown in Figure 1, from
which it will be noted that limiting the mission hovering requirement to
hovering in ground effect at sea level standard day conditions aliows a
payload of nearly 26 tons to be carried. The cnvelopes show the effect of
load geometry, in terms of parasite drag area.

Cruise speeds at sea level standard day conditions are 95 knots for the
20-ton mission and 134 knots for the 12-ton mission. Cruising flight can

n
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be maintained with 2 engines inoperative, without exceeding normal
rated power of the remaining 2 engines. For 4-engine operation at 20-ton
mission gross weight, the best rate of climb is approximately 2350 feet
per minute. Climb rates at lower gross weights are correspondingly
higher.

The ferry requirement does not dictate any of the design features of the
aircraft, since the vehicle configured for the 12-and 20-ton missions is
capable of a ferry range exceeding the stipulated requirement of 1500
nautical miles, while retaining vertical takeoff capability. By using 2-
engine cruise for the latter part of the flight and using a streamlined ferry
tank, a range in excess of 2400 nautical miles is obtained.

BLADE DESIGN

The blade is essentially all metal, consisting chiefly of an aluminum alloy
spar, a titanium alloy root end attachment fitting, and trailing edge fair-
ings made from aluminum alloy sheet. The spar, a "D'" shaped extrusion
machined on its outer contour, forms the blade leading edge, and contains
non-structural counterweights in its "'nose" portion. The root end fitting
is bolted to the spar, to transfer blade loads to the rotor head. The trail-
ing edge fairings form a discontinuous, and therefore non-structural,
trailing edge. To fair the tip to a clear aerodyramic shape, a sheet metal
tip cap, extending over the full chord, is attached at the blade's outboard
end.

To provide constant monitoring of the blade's structural integrity, the
spar is sealed and pressurized. A pressure loss indicator located at the
inboard end provides for an easy, reliable structural inspection befcre
each flight.

The rotor blade has been analyzed for both cruise and maneuver conditions.
All components have positive margins of safety, and calculated fatigue
lives far exceed the required 3600 hours. Because of its excellent struc-
tural characteristics, the continual automatic monitoring of its integrity,
and the extensive service background with blades of similar construction,
the blade can be used indefinitely. Overhaul is not required at any stated
interval., Repair or retirement should be only as required by the blade's
actual condition.

ROTOR HEAD DESIGN

The rotor head retains the rotor blades to the main rotor shaft, wn:ie
permitting the blades to move freely and align themselves with the resul-
tant of the dynamic and aerodynamic forces imposed upon them. Fach
blade is attached ‘o0 a cylindrical sleeve which surrounds the feathering
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hinge bearings. Motion about this hinge is controlled by the rotor control
mechanism, which transmits control inputs from the non-rotating system,
through 2 swashplate, to the rotor head.

The inner member of the feathering hinge is retained through a system of
two perpendicular hinges, roughly analogous to a universal joint, to the
rotor hub. All of the blade hinges are equipped with oil-lubricated, rolling
element bearings. The flapping hinges are offset from the rotor center-
line by a radial distance of 36 inches, providing atiitude control of the air-
craft with a variety of center-of-gravity positions. The hub consists of 6
conical members, bolted to the shaft.

The major components which react blade loads are machined from titanium
alloy forgings, while the swashplate assemoly and other major rotor
control system components are of forged aluminum alloy. Like the blade,
the rotor head has been analyzed structurally for both maneuver and
cruise conditions, with positive margins of safety throughout.

AIRCRAFT STABILITY AND CONTROL

The stability and control characteristics of the HLH were analvtically
investigated. Wind tunnel data for the similarly configured CH-54A were
used extensively in the estimation of HLH fuselage aerodynamics. The
geometric solution for the HLH rotc: system underwent further aero-
dynamic analyses in conjunction with the assumed fuselage. Trim solu-
tions ‘vere obtained and used to determire optimum tail and shait incidence.
Stability derivatives were calculated for the final configuration and used
for the dynamic stability investigation. Root locus techniques were used
to show the dynamic characteristics of the basic airframe in six degrees
of freedom,and representative solutions with Automatic Flight Control
“ystem (AFCS) added were also obtained. The requirements of MIL-H-
8501-A (leference 4) were discussed paragraph by paragraph. For
Visual Flight Rules (VFR), the basic airframe meets all important sta-
bility requirements without AFCS. The addition of AFCS yielded a solu-
tion for all the VFR requirements anc, althouzgh not discussed in detail,
would also satisfy the Instrument Flight Rules (IFR) section of the speci-
fication. Point-by-point comparison of the HLH to the production CH-54A
shows the similarities and differences expected for the HLH. The inves-
tigation of size effects showed that handling quaiities of the HLH are equal
or in some cases better than those of the CH-54A. In particular, such
relative improvements as the 80-square-foot horizontal tail yielded con-
siderably less nose-down attitude at high forward speeds. The 3-foot
rotor offset, coupled with a 2-degree s*uft incidence, allows CG variation
of * 2 feet in any direction. The lateral shaft incidence allows level roll
altitudes with a minimum cf sideslip throughout the speed renge. The aft-
facing pilot of the CH-54A is again considered for the HLH.
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WEIGHT BREAKDOWN

A summary weight breakdown in accordance with MIL-STD-451,Part 1,is
shown on the following pages.




MIL-STD-45§, Part |
NAME

DATE

PAGE

MODEL HLH

REPORT

SUMMARY WEIGHT STATEMENT
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ROTORCRAFT, GOVERNMENT NUMBER
ROTORCRAFT, CONTRACTOR NUMBER

HMANUFACTURED BY

AUXILIARY

MANUFACTURED BY

MODEL
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ENGINE

NUMBER

i

MANUFACTURED BY

MODEL

PROPELLER

NUMBER
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PARAMETRIC ANALYSIS

CONCLUSICNS

The rotor system parametric analysis for the 12-to 20-ton Army crane
helicopter has yielded the following results and conclusions:

1. The foliowing table lists the important characteristics of the single
and tandem rctor configurations derived in this analysis.

TABLE V
CHARACTERISTICS OF SINGLE AND TANDEM ROTORS

Single Rotor Tandera Rotor

GW, 12-ton mission, 1b 65, 800 67, 300
GW, 20-ton mission, lb 78,750 80, 050
Weight empty, lb 32, 800 33, 880
Rotor diameter, ft 91.6 70.6
Number of blades per rotor 6 3
Rotor solidity . 108 . 102
Blade aspect ratio 17.7 9.4
Disk loading, 20-ton mission GW, !b/ft2 12.4 12.0
Cr/o, 6000-ft, 95°F, 12-ton mission GW . 110 . 110
Transmission limit power, HP 11, 980 11, 860

Both configurations are powered by four T64,/54A engines rated at

2, 650 HP for 6000 feet,95 degrees Fahrenheit,with transmissions rated
at that power necessary for sea level standard day OGE hover at the
20-ton mission weight. The weights for the two solutions are similar,
the single rotor configuration being slightly less. Off-design perfor-
mance and stability and control characteristics of the two configura-
tions are similar. The single rotor design has superior vibration
characteristics and has a very low risk of catastrophic component
failure.

2. The 6000-foot, 95-degree Fahrenheit hover requirement for the 12-ton,
100-nauatical-mile radius mission is the critical design condition for
establishment of engine power and rotor diameter. Rotor blade area
is that required to avoid blade stall at the required 95-knot outbound
cruise spe=d with the 20-ton-payload mission.

3. Optimum installed power consists of four T64/S4A engines rated at
2,650 HP each at 6000 feet, 95 degrees Fahrenheit. Higher installed
power would vield slightly lower gross weights at the expense of
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increased disk loading and fuel consumption. Flat rating of installed
power by limiting the transmission to the power required for sea
level standard hover at the 20-ton mission weight reduces gross
weight by about 3400 pounds and the rotor diameter by 8 feet
compared to that required if the transmission were configured to

absorb full SIS power available.

4. The following trends were established for the rotor system variables
investigated in the parametric study:

Rotor diameter should be the minimum required to meet the
critical 6000-foot, 95-degree Fahrenhcit hover requirement.

Greater number of blades improves aerodynamic efficiency
and yields a slight rotor system weight advantage; however,
avoidance of high blade aspect ratios (>20), which increase
the rotor-fuselage clearance required to allow for static blade
droop, limits the practical number of blades for the single
rotor configuration to six.

Blade area resulting in a maximum CT/, of . 115 it allowable;
however, the 95-knot 20-ton mission cruise requirement dictates
a greater total blade area to prevent retreating blade stall. The
result is a maximum allowable Ct/o of . 110 for both the single
and tandem rotor configurations at 6000 feet, 95 degrees Fahren-
heit, 12-ton gross weight. Increased blade area would raise
stall-limited cruise speed, but at a cost of about 340 pounds
gross weight per knot and a diameter increase of . 8 foot per knot.

A tip speed of 700 feet per second provides the best compromise
Letween good rotor hovering performance, characteristics of low
tip speed and low blede stresses in cruise, characteristic of
high tip speed.

A blade twist of -8 degrees yields suitably high rotor aerodynamic
efficiency without excessive blade vibratory stresses in cruise.

A 0012 blade section provides good low-speed performance and
is sufficiently thin to prevent excessive blade stresses due to
compressibility at the cruise speeds required. This selection
is in contrast to current practice for higher-speed helicopters
which must utilize thickness ratios as low as 10 percent to
alleviate compressibility problems.
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For the S-foot CG range used in the parametric study, an 8-per-
cent radius flapping hinge offset for the single rotor configuration
provides necessary pitch trim control. For smaller design CG
ranges, smaller offsets can be used. Lateral CG travel and
control power are accommodated in the tandem with 1. S-percent
radius offset.

In the tandem rotor configuration, the rotors are overlapped 33 per-
cent of diameter, as is currently being done in production tandem
machines. More overlap would result in interference berween the
blades of the front rotor and the rear rotor pylon, while less overlap
wouid lengthen the fuselage and increase empty weight. The number
of blades is then limited to three per rotor to prevent blade inter-
ference due to in-plane hunting motion, in-plane deflections, and
changes of rotor phasing resulting from interconnecting shaft windup.
The limit on number of blades, in turn, requires the use of low
aspect ratios to obtain satisfactory rotor solidity. These blade
aspect ratios are less than those used in current practice and intro-
duce weight and aerodynamic uncertainties which reduce the con-
fidence level in hardware achievability of the parametrically derived
solution. If a minimum ailowable blade aspect ratio were established
(12, for instanrce) for which blade v:eight and cruise performance
could be established to a high degree of confidence, the parametric
optimization would result in a larger diameter, somewhat heavier
tandem configuration.

The parametric solutions for both the single and tandem rotor con-
figurations are highly sensitive to the body group weight, As a result,
care must be exercised to provide satisfactory fuselage dynamic
characteristics and stiffness-length distribution. The 2. Sg flight

load factor requirement has little impact on body group weight.

The 1, 500-nautical-mile ferry range requirement imposes no restric-
tion on the helicopter design for the selected engines. Approximately
2,100- and 1, 900-nautical-mile range, for the single and tandem ver -
sions respectively, is available at a 2g load factor takeoff gross
weight, and 2, 300 nautical miles is attainable with minor modifications
to reduce drag and empty weight and by judicious engine shutdown.

For the large single rotor helicopters required for the Armj heavy
lift missions, further weight savings over those shown herein are
believed to be possible in the areas of the tail rotor and body groups.
Multi-tail rotor configurations ("V" tail, for instance) may be lighter
than a single large tail rotor and may also offer other advantages
such as improved longitudinal stahility and pitch control. Possible
use of a "soft" fuseluge to avoid the structural weight needed to
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provide stiffness to assure higher than 1/rev fuselage natural fre-
quency response also merits further investigation for the large crane-
type fuselages required.

DESIGN CRITERIA

In order to evaluate properly the effects of rotér parametric variation, the
basic heavy lift operational features of the helicopter must be held constant.
Thus the basic mission capability, load handling features, and cargo
geometry envelope are standardized.

Mission requirements are defined by the Army as follows:

TABLE VI
MISSION REQUIREMENTS

12-Ton Payload 20-Ton Payload Ferry

OGE hover at takeoff 6,000 ft, 95° F SIS Not requived
Mission radius 1C0 naut mi 20 naut mi oo
Range o =0 1500 naut mi
Cruise speed outbound 110 kn 95 kn Optimum
Cruise speed inbound 130 kn 130 kn =0

(no payvload)
Cruise altitude SLS SLS Optimurn
Hover time at takeoff 3 min S min None
Hover time at midpoint 2 min 10 min None

All missions require 10-percent fuel reserve, §5-percent SFC increase,
and 2 minutes at normal rated power for warm-up and takeoff (MIL-C-
S011A).

To facilitate rapid cargo loading and unloading, improve operational {lex-
ibility, and maximize payload for a given gross weight, the external load-
ing, crane-type fuselage is used. Ground straddling of the load is tten
possible, and rearward-facing pilot visibility during cargo handling is a
feature. Anticipated use of special-purpose detachable pods provides
internal loading capability without sacriiicing the weight necessary to
carry around ;. permanently large fuselage. Bulky external loads can be
snugged up to e crane airframe, imposing no penalty on STOL capability,
reducing the parasite drag of the load, and permitting full ground-effect
utilization in hover. In addition, safe and rapid landings can be made with
bulky loads attached in the event of any malfunction.

A fuselage clearance of 13 feet provides for on-ground loading and unlead-
ing of the Army inventory of heavy vehicles and weapcens. The fuselage
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and landing gear are designed to allow a load measuring 40 feet long by 15
feet wide (representative of Army floating bridge equipment) to be snugged
up to the fuselage. Landing gear and tail groups are configured to aliow
"drive under" loading. Stiuctural provisions are provided for both single
and four point load suspension. A longitudinal CG travel of 2.5 feet for
up to the full 20-ton design payload is provided, based on a survey of that
needed to handle the Army's inventory of heavy equipment.

For the tandem rotor configuration, three-bladed rotors overlapped 33
percent of diameter are assumed, consistent with current practice. More
overlap results in interference between the blades of the front rotor and
the rear rotor pylon, while less overlap increases fuselage length and
empty weight. The number of blades is limited to three per rotor to
prevent blade mechanical interference due to in-planc hunting motion, in-
plane blade deflection, and changes in rotor phasing due to interconnecting
shaft windup.

Fuselage vibration will be minimized by assuring that the first vertical
bending mode natural frequency of the single rotor fuselage both with and
without an external load zttached exceeds 110 percent of 1/rev. The first
made of the tandem fuselage for both vertical bending and torsion will be
above 1/rev. Hover and cruise rotor rpm's will be held constant to reduce
fuselage vibrational excitation.

In order to improve operational maintainability and aircraft availability,
it is assumed that no removable or adjustable aerodynamic fairings will
be used except for special cases such as extended ferry range where the
drag cleanup potential outweighs the need for mechanical simplicity.

Figure 2 Single and Tandem Roior Configurations
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Engine installation will be arranged to take advantage of engine /transmis-
sion studies already completed. The sketches of Figure 2 illustrate the
general arrangement of the two configurations.

RASIC D:=SIGN INFORMATION

This section deals with the design information necessary to convert iso-
lated roter system performance into overall helicopter capability. Includ-
ed are parasite and vertical drag, drive system efficiency and accessory
power, mutual rotor aerodynamic interference and asymmetrical loading
(tandem), tail rotor /horizontal tail sizing, and flapping hinge offset deter-
mination.

Parasite Drag

The basic heavy lifr missicns, by virtue of their relatively short range
and low speed requirements, do not dernand a high level of aerodynamic
cleanliress. However, ferry range capability is a considezation, and
thus drag has been minimized as much as possible without sacrificing
weighit or operatcn.-1 flexitility. The crane-type fuselage with an external
load offers substaatial drag savings over the cabin-type with an external
load, since the load can be snugged up behind the cockpit, presenting far
less frontal area.

TABLE VII
COMPONENT DRAG
Drag, f,ft2
Item Single Rotor Tandem Rotor

Fuselage (including cockpit) 19.9 23.1
Rotor pylons 3.7 5.4
Engine nacelles 6.0 4,1
Main rotor head (s) 19.5 21.9
Tail rotor head 3.9 S
Main landing gear 14.1 14.1
Nose landing gear 5.3 5.3
Horizontal tail (C; =.5) 1.2 -
Antennae, lights, etc 2.5 2.5
Momentum cooling losses (130 kn) 3.7 3.7
Miscellaneous leakage (5%) 4.0 4,0

Total 83.8 84. 1
Typical external load 50.0 50.0

Total with external load 133. 8 134.1
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Component drag was estimated using puvlished, semiempirical data (Ref-
erence 24) and Sikcrsky Aircraft test data where applicable. P:eliminary
three-view sketches of both the single and tandem rotor configurations
were used to establish component geometry. Table VII summarizes tiie
component drag breakdown for each configuration.

Although the component breakdown differs, the total drags of the singie

and tandem configurations are the same: f = 134 square feet and 84 square
feet with and without load, respectively. The tandem has higher fuselage
drag and pylon drag (support of two rotors rather than one), while the
single rotor configuration has slightly higher engine nacelle drag (grouped
together rather than in separated pairs) and combined rotor hezd drag.

The single rotor helicopter also has a horizontal tail which is lacking in

the tandem.

Rotor head drag represents about 25 percent of the total airframe drag,
and is based on analysis of the detailed design configured for the 12-to 20-
ton crane of the 1962 study (Reference 28). Sikorsky Aircraft has con-
ducted wind tunnel tests of various rotor head configurations, including
full-scale 1nvestigation of the SH-3A head. These tste have -esulted in
the establishment of a rotor head drag coefficient, based on a projected
frontal area.of 1.35 for non-automatic blade folding rotor heads. This
coefficient, applied to the 1962 crane design, produces a rotor head drag
of 23. 1 square feet. It has also been established that rotor head size,
and resulting drag, is a characteristic function of total blade area. Non-
dimensionalizing on this basis (blade area), the 1962 rotor head drag
coefficient is . 0275. This coefficient is applied to determine the drag
values quoted in Ta“ie VII.

Identical drag penalties are assumed for both the single and tandem heli-
copters to account for landing gear, antennae, lights, and miscellaneous
leakage. Momentum drag due to cooling airflow requirements is estimated
at a representative 130 knots by scaling up known cooling requirements of
existing helicopters by installed power. The drag of the external load is
based on wind tunnel tests conducted py Sikorsky Aircraft on the S-60 and
S-64 (CH-54A) crane helicopters with various types of external loads.
These loads included simulated heavy trucks and trailers and produced a
nominal drag increment of f = 50 square feet.

Vertical Drag

Because of the relatively large hovering time inherent in crane-type opera-
tion, where loads often must‘be transferred over rough terrain, hovering
performance is particularly important. As a result, the payload-lifting
decrement due to the drag of the airframe and load in the slipstream of
the rotors must be accounted for. Through correlation of analytical
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methods with modei tasting, Sikorsky Aircraft has developed a technique
for predicting vertical drag. This technique has been used in this study.
See Figure 3. It involves a strip analysis of the rotor slipstream impinge-
ment on the airframe and takes cognizance of slipstream contraction and
the partial ground effect benefit produced by the airframe on the rotor.

Local slipstream velocities and drag coefficients are determined for each
airframe area impinged upon by a given slipstream element, and drag is
calculated and totalled. Since the fuselage exerts a partial ground effect
on the rotor, one-third of the vertical drag is "recovered” in useful

thrust. The net thrust loss is thus two-thirds of the airframe vertical
drag.

A0y = 1p(v; local)® G448

e — .i‘- - =
UL
<

Section A=A

Contracted Slipstream

Figure 3 Slipstream Impingement un Airframe

The net vertical drag calculated for the single and tandem rotor configura-
tions is shown in Table VIII with a 40-foot-x-12-foot load assumead as
typical.

TABLE VIII
NET VERTICAL DRAG, PERCENT ROTOR THRUST
Single Rotor Tandem Rotor
Without external load 3.56 2,57
With 40 ft x 12 ft external load 3. 81 4. 89

The vertical drag in the unloaded configuration is nearly identical for the
single and tandem rotor configurations. However, the external load for
the tandem is positioned beneath the high slipstream velocity, overlapping
rotor portions of the disk area, and thus imposes a greater penalty than
for the single rotor helicopter. These vaiues will not change significantly
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ac rotor disk loading varies. This is because the reduction in slipsiream
dynamic pressure resulting from a decreased disk loading is. compensated
for by the largeir airframe necessary to support the rotor(s).

Drive System Efficiency and Accessory Power

The mechanical efficiency of wne overali drive systems of both the single
and tandem rotor configurations is assumed to be 96. 3 pe~cent, based on
otal engine power. The single rotoi valie is derived in 'lie detailed
analysis of the 12 to 20-ton crane transmissicn system deszribed in
Reference (8). The tandem system is assumed to be the sane, since the
number of rpm reduction stages between engines and lifting zotors is the
same as for the single rotor, and the tandem's cross-shafting between
rotors absorbs a relatively small transmission loss (most losses are
associated with speed changing) which is equivalent *o the tail rotor drive
for the single rotor configuration. This is in disagreement with cther
published studies which show somewhat higher losses for the tandem.

Accessory power is assumed to be 100 HP for both configurations, consis-
tent with that used in Reference (8).

Tandem Rotor Aerodynamic Interference and Asymmetric Loading

Aerodynamic interference between rotors of the overlapped tandem con-
figuration increases the induced power required to produce a given total
thrust over that for two isolated rotors of the same geometry. In the
hovering regime, numerous tests, including those conducted by NASA and
Sikorsky Aircraft, have resulted in an induced power correction factor as
a function of rotor overlap which agrees reasonably well with theoretically
derived trends. This is illustrated in Figure 4. The test data, repre-
senting rctors made up of blades with sections and twists consistent with
standard practice (ie, not "ideal" twist, taper), fall between the theoret1-
cal curves for uniform and parabolic spanwise blade loading derived in
*ASA TN D-43, as would be expected. The correction factor for the 33
percent overlap assumed in this study is 1. 12 (consistent with test points)
or a 12-percent increase in induced power over what woul be required of
two isolated rotors producing the same total thrust.

In forward flight, the interference effect on induced power is considerably
greater than in hover, since the air inflow is nearly horizontal, reducing
the effective aspect ratio of the lifting system by about one-half, compared
to two isolated rotors. The presence of tip losses reduces the diameter

of the stream tube of inflowing air; and thus the effective aspect ratio

is even less, so induced power correction factors of over 2.0 are pos-
sible, as pointed out in Reference (51). Since vertical displacement of
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the front and rear rctors reduces the irterference somewhat, a value of
2.0 is used for this study for forward speeds above 60 knots.

The requirement for + 2. 5-foot longitudinal CG travel (refer to design
criteria section) means that each rotor of the tandem configuration must
be capable of lifting greater than half of the total weight. Thus, both
rotor diameter (established by hover requirement) and blade area (estab-
lished by cruise stall) must be greater than if each rotor had to support
only half of the gross weight. This asymmetric loading results in the
following empirical relationship:
GW (1.667R + 5.0) (1)
3.333R

This equation is used to establish the critical rotor lift loading for both
hover and forward flight. Propulsive force distribution in cruise is
assumed to be evenly split between the twc rotors.

T (heavily loaded rotor) =

Tail Rotor and Horizontal Tail - Single Rotor Configuration

The 1tail rotor for the single rotor configuration is sized to provide both
main rotor torque counteraction and a thrust margin for maneuvering
capability. Diameter is established statistically by assuming that the tail
rotor disk loading is the same as that on current helicopters. Since tail
rotor moment arm is essentially proportional to main rotor radius, this
relationship reduces to

2
(Tail rotor diameter) = _‘?&ﬂﬂ (2)
MR

Figure 5 shows (Tail rotor diameter)2 plotted versus installed shaft power/
main rotor tip speed ratio for various current helicopters and shows resul-
tant boundary established. The expression for minimum tail rotor diam-
eter then becomes

Tail rotor diameter = 5.5 HP (3)
8 RMR .

Of interest is the MIL Mi-6 point on Figure 5; it is the closest of existing

helicopters to the 12 to 20-ton crane size, and appears somewhat inade-
quate on the basis of this criterion,

Tail rotor blade area is also established on the basis of existing helicopter
designe. Current tail rotors have demonstrated adequacy at blade loadings
of CT/o- = .15 for severe maneuvers represented by a . 4 rad /sec2 yaw-
ing acceleration in a 30-knot right sidewind at the critical density altitude
ceiling. For the 12-to 20-ton crane, this CT/s is appliec at 6,000
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feet, 95-degrees Fahrenheit with yawing moment of inertia estimated by the
relationship

1. 85
DGW
Ly = (Tl-g) slug - fr2 (4)

and a fuselage aerodynamic yawing moment, based on CH-54A test data, of

2
7800 (-3%) foot-pounds. The re:sulting variation of tail rotor blade area

with gross weight and main rotor radius is shown in Figure 6 for 4an
assumed tail rotor tip speed of 700 feet per second. Thus Figures 5 and 6
define tail rotcr geometry as a function of installed power, gross weight,
and main rotor radius.

The steady-state hover power required by the tail roter has been found to
represent consistently 8 percent of total engine power. The constancy of
this percentage with aircraft size is assured by the method described
above for determination of diameter.

Horizontal tail area, like tail rotor size, is established by trends gener-
ated by existing helicopters. Figure 7 shows the product of tail area and
main rotor radius, representative of the trim pitching moment capability,
versus design gross weight. Conservative fairing of the data points yie! !s
the expression

Tailarea = (048 DGW - 160yRMR 5)

which is used to size the 12-to 20-ton crane tail for the single rotor con-
figuration. The tandem rotor helicopter offers a shorter tail moment arm,
and thus a tail sized by this same criterion would be large and would im-
pose serious parasite and vertical drag penalties. Artificial stabilization
is therefore assumed to provide adequate longitudinal stability in the tan-
dem configuration.

Flapping Hinge Offset

Flapping hinge offset for the single rotor configuration is established by
the + 2. 5-foot longitudinal CG criterion. The amount of offset required
depends on the mass and geometry of the blades, and, therefore, cannot
be defined precisely until the rotor system geometry is established. While
the use of offsets considerably larger than those required for control re-
sponse offers the advantage of greater CG travel for helicopters weighing
over 200, 000 pounds, studies have indicated that for gross weights of
interest in this study, a 25-percent »ffset would result in a rotor system
weight increase of approximately 12 percent over a conventional system.
Disadvantages associaied with large offsets include greater gust sensiti-
vity (particularly important for crane-type operation) and reduced rotor
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aerodynamic efficiency due to iess lifting biade arec and greater in-

board cuff drag. For these reasons, 8 percent offcet was assurmed for the
parametric study of the singie rotor configuration. Since required offset
depends not only on simple CG trim, but also on related factors such as
hover and flare attitudes and resulting visibility and clearance, the ap-
proach used was tc base the offset on hover attitude and blade flapping ccu:-
siderations. It has been found that a hover nose-up attitude of 6 degrees
represents an average condition for an aft CG and does not produce unrea-
sonable flare attitudes consid~ring both visibility and tail rotor-to-ground
proximity, The forward CG condition produces the same flapping stresses
as the aft CG, Depending on the longitudinal shaft tilt, this can result in
nose-down attitudes varying from 0 to -6 degrees. The shaft attitude
initially selected for the single rotor crane is a 0 -degree tilt longitudinal-
ly and a 3-degree lateral (left) inclination to provide an optimum hovering
work platform,

The 8-percert offset thus produces a head moment constant of 20, 100
foot-pounds per degree, and results in less than +6 degrees cof attitude
chaage for +2.5 feet of CG travel. A smaller CG range would require less
offset.

Flapping hinge offset for the tandem configuration is not required for lon-
gitudinal CG control, since differential rotor thrust provides this.
However, some offset is necessary for adequate lateral CG and roll

control. For this study, a tandem rotor flapping hinge offset of 1.5 percert,
consistent withi current practice, is assumed.

Summary

Table IX summarizes the basic design data derived in this section for both
the single and tandem rotor configurations.
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TABLE

IX

SUMMARY OF BASIC DESIGN DATA

Item

Single Rotor

Tandem Rotor

Vertical drag with external load,
@ thrust

Vertical drag without external load,
% thrust

Parasite drag with external load,
f, ft2

Parasitg drag without external load,
f, ft

Transmission efficiency, % engine
power

Tail rotor power, hover, % engine
power

Tail rotor power, cruise, ¢ engine
power

Accessory power, HP

Isolated rotor induced power
multiplication factor, hover

Isolatecd rotor induced power

multiplication factor, cruise

Tail rotor diameter, ft

Tail rotor blade area, ft2

Horizontal tail area, ft2

Heaviest loaded rotor at CG extremes

Flapping hinge offset

3.81
3. 56
134
84
96.3
8.0 (hover)

4.0 (cruise)

100

5. 5NHP/QRMR

4.89

3.57

134 ‘

84

96.3

100

1. 12 (hover)

2.00 (cruise)

(Figure 5)
(Figure 4) -- !
(- 048 DGW -160) /R -- |
(Figure 7) i
1. 667 R+5
< R e |
. 08R .015R !
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PARAMETRIC WEIGHT RELATIONSHIPS

This section presents the weight trends, in the form of equations, used in
the parametric study. The equations and their correlation with existing
helicopter weights are shown graphically in Figures 8 through 18.

For this study, the evaluation of the constants in the general equation,

W =KP", is achieved for each weight group by first determining

the exponent, n, using all available data. The coefficient, K, is then
found using data from helicopters with characteristics similar ro the type
under consideration. The Sikorsky S-64 (CH~54A)Flying Crane?provides
an excellent hardware base for the crane concept and is theretfore used
extensively in determining realistic coefficients to the equations. The
weight equations are written as functions of helicopter design variables
which have significant, first-order effects on weight. Particular attention
is given to the rotor parameters which constitute the base for this study.
Design improvements such as the large weight savings gained by use of
titanium components in the rotor systems of the S-65 (CH-53A) and S-61R
(CH-3C) have been incorporated in the weight trends. Weight reductions
in the drive system (Reference 8) have also been used, and the result has
been significantly lower weight solutions than those shown in earlier studies.

Rotor Group

wrg = K (RC)1'292 (b)1'27 + A (6)
where Wrg = Total main rotor group weight - 1b

R =  Main rotor radius - ft

C =  Main rotor blade chord - ft

b =  Number of blades per rotor

For the single rotor configuration,

K

A

For the tandem rotors configuration,

1.47 with titanium components

20 1b for fairings

K =  3.29 with titanium components

/\ = 30 Ib for fairings
*® United States Official Statutory Symbol for Identification of Registered
Trade Mark
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The general Sikorsky trend for main rotor blade weight, as shown in
Figure 8, is given by

W, = 1092 (RC)l-36 ()

Since the coefficient of 1.092 corresponds to blades with steel cuffs, it is
modified to reflect titanium cuffs by averaging coefficients obtained from
the data points which have titanium cuffs (S-61R, S$-65, and the Design
Study, in Appendix). The resulting expression, applicable to both single
rotors and tandem rotors,is

W, = 10 (RC)L-36 (8)

The rotor group weight trend is given by

Wrg = K Wp)0-%5 ()27 (Figure 9) ©)
K = 1.69 for a singie rotor
K = 3.78 for tandem rotors

The titanium weight savings is again incorporated into the expression by
modifying the coefficient using the same data points. The expression for
a single rotor configuration becomes

Wrg = L47 Wp0- (n)l-27 (10)
Reducing the tandem coefficient to a comparable basis by the ratio
K _ 1.47,
3.78 1.69

the tandem rotor group weight equation becomes
wrg = 3.29 (wb)o. 95 (b)l' 27 (11)

In order to reduce the number of equations for the iterative process,
Equation(8) is substituted into Equations (10) and (11), resulting in
Equation (6).

Although a rotor group weight equation can be written more elaborately in
terms of more or different variables, experience has shown that the sim-
pler relationship shown in Equation (6) is a more effective weight predic-
tion tool. It suffers little or nothing in accuracy, while its siraplicity
produces a decided advantage in the solution of iterative problems. The
reason for its effectiveness lies in the fact that other variables which
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affect weight have either exhibited a historical dependence on the chosen
parameters or have been held relatively constant. This same reason also
may limit the application of Equation (6), as discussed below.

One variable which has been heid relatively constant in the past is the
aspect ratio of the rotor blades. Equation (6) is derived from data with
an aspect ratio range of 16-20. Since the tandem rotors in this study
have aspect ratios well below 16, a preliminary investigation of centrifu-
gal force is made to achieve a qualitative evaluation of the effects of low
aspect ratio blades on rotor group weight.

A measure of centrifugal force may be written as

V.2
Fe = Kwp L (12)
R
where Fo. = Measure of centrifugal force - 1b
Wy = Unit blade weight - Ib
V., = Tipspeed - ft/sec
R =  Rotor radius - ft
K =  Dimensional constant - sec2 /ft

By assuming constant blade area, blade weight and tip speed, the equation
may be rewritten as

F 1
where AR = Blade aspect ratio

An increase in aspect ratio from 16 to 20, therefore, decreases the centri-
fugal force by 11 percent, while a decrease in aspect ratio from 16 to 9
increases the centrifugal force by 33.3 percent. This effect, which is
oversimplified by the assumption of constan: blade weight, is illustrated
graphically in Figure :0.

To relate this to weighi, we write

Wrg o (Fo)" (14)

or, by substitution,
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Wrg o((AL‘E)O.SH (15

Experience indicates that 1 <n 1.5. Taking the lower valuc results in
a 33. 3-percent weight increase by reducing aspect ratio from 16 to 9.
Note that both the assumption of constant blade weight and the assumed
value of n tend to minimize the effect of aspect ratio.

The tandem rotor solutics in this study has an aspect ratio of 9.4. For a
constant tip speed, this could result in a rotor group weight 30 percent
higher (2, 200 pounds) than that predicted by Equation (6). A penalty of
this magnitude requires verification based on detailed analysis and carnot
be used prematurely in a quantitative manner. Equation (6) has there-
fore been used without modification for low aspect ratio blades.

Tail Rotor

A1. 938
- , trb
T
where Wir = Tail rotor weight - Ib

A;p = Tail rotor blade area (bRC) - ft2

T = A first-order measure of thrust as given by
HP
(R)(rpm) o©f the main rotor - R in ft
/\ = 201bfor central oiling

The correlation of this equation with existing helicopter tail rotor weights
is shown in Figure 11. The coefficient of 0. 236 reflects the use of titanium
components in the hub and titanium blade cuffs.

Although this equation appears to imply an inverse relationship of weight
to measure of thrust, T, such is not the case, since required blade area
increases with thrust.

Stabilizer

Wg = 1.40 si'19 (17)
where Wy = Stabilizer weight - Ib

Sa = Stabilizer area - fr2
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Stabilizer Weight, Wg (1b)
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Figure 12 Stabilizer Weight
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A

This equation is illustrated graphically in Figure 12.
Body Group

Wp = K (DGW)O' 25 (R)l' 84 (18)
where Wp = Total body group weight - 1b

DGW = Design gross weight - 1b

R = Main rotor radius - ft
K = 0.272 for a single rotor crane configuration
K = 0.492 for a tandem rotor crane configuration

Equation (18) is derived by substituting

Ay = K R2-088 from Figure 14 (19)
K = 0.727, single rotor
K = 1,230, tandem rotors

into W = K (DGW)0-25 (Ay)0 88 from Figure 13 (20)
K = 0.360, single rotor
K = 0.410, tandem rotors

where Ay = Fuselage wetted area - ft2

The coefficient of 0. 272 for the single rotor configuration is derived by
using the CH-54A flying crane datum.

K = (0.360)0.727)% 88 = 0.272 (Equation 18)

The tandem crane coefficient in Equation (19) is obtained by applying the
same ratio to the existing tandem coefficient that is obtained by comparing
the single rotor crane coefficient to the coefficient for a single rotor cabin
without a rear loading or front loading feature. The comparison is made

to cabin bodies without rear or front loading capabilities, since this feature
requires a local fuselage enlargement in a single rotor cabin and results in
a larger wetted area for a given radius (evidenced by the CH-37,CH-3C and
CH-53A data points in Figure 14) while for a tandem configuration, this fea=
ture requires little or no enlargement of fuselage. The lower single rotor
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coefficient can, therefore, be used to derive a tandem crane coefficient.
For Equation (19) then,

K = (1.374) gg—:l—gf‘g = 1.230 (Figure 14)

The difference in coefficients shown in Equation (20)Figure 13,is attribut-
able to the relatively constant tandem body depth as compared to the
tapered body possible in a single rotor configuration. The tandem coef-
ficient in Equation (18) then becomes

K = (0.410)(1.23)0-88 = 0,492

Alighting Gear

Walg = 0.274 (Dcw)0- 8 + A\ (21)
where Walg =  Alighting gear group weight - ib

DGW = Design gross weight - 1b

Single rotor  /\ 100 1b for tail skid and kneeling

Tandem rotors A

60 Ib for kneeling
See Figure 15 for the graph of this equation.

The 0. 274 coefficient is used for both the single and tandem rotor configu-
rations. The vertical centroid of the tandem configuration is gene.ally
higher than that of the single rotor configuration due to blade clearance
requirements of the overlapping rotors. This would require a wider

tread for the main landing gear on the tandem configuration to meet the
same overturn requirements. If these requiremenis supersede load
clearance criteria, the single rotor landing gear weight will be =lightly
less than that of the tandem.

Flight Controls

Wie = K(MDGW)0-93 (Figure 16) (22)
where Wgec =  Weight of flight controls group - 1b
DGW =  Design gross weight - 1b

K = 0.066 (Single rotor configuration)
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K = 0,092 (Tandem rotor configuration)
Automatic stabilization equipment is included in Equation (22).
Engines
The weight of the engines is taken from engine manufacturer's specifica-
tions. Five pounds per engine is added for residual fluids in compliance

with MIL-W-25140 (ASG).

Fuel System

Wgg = 0.42 Fcap (23)
where Wi = Weight of fuel system - 1b

Fcap= Fuel capacity - gal

This is consistent with a fuel system similar to that of the CH-54A Flying
Crane.

Drive System

The drive system includes gearboxes, shafts, lubricating system, rotor
brake, and transmission supports.

Wag= K I}{j,-("l?{l .795 (24)
where Wds= Drive system weight - lb

HP = Total horsepower required

R = Main rotor radius - ft

Vi, = Main rotor tip speed - ft/sec

nr = Number of rotors

K = 33. 89 for the single rotor configuration

K = 78.31 for the tandem rotor configuration

This equation is derived by substituting rpm = 30 V[;‘ into
m
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0.795
[rpm)(n:] (Flgure 17) (25)

The coefficient for the single rotor equation is reduced as a result of the
weight saving documented in the HLH Transmission Study (Reference 8).
The statistical coefficient for the tandem rotor is reduced by the same
percentage.

Fixed Equipment

Wee = 3.70(0GW) % + 465 (26)
Fixed Equipment, fo:- the purpose of this study, includes:
Instruments
Hydraulics

Electrical Group

Electronics and Navigational Equipment
Furnishings

Air Conditioning

Anti-Icing

Auxiliary Gear

Although the weight of fixed equipment is primarily a function of mission
requirements, there is a significant weight factor which is dependent on
aircraft size. Figure 18 illustrates the anticipated weight growth from
the CH-54A base point.

For simplicity, the same fixed equipment weight equation was used for
both the single and tandem rotor configurations. A more accurate tandem
prediction would result from the addition of dual transmission instrument
weights and an allowance for the longer hydraulic lines necessitated by the
remoteness of major hydraulic components from each other. These chang-
es to the equation would, however, require a detailed design study f--
accurate results.

Fixed Weights

This group consists of weights which are held constant throughout this
study. It includes the components of Table X,
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TABLE X
FIXED WEIGHT COMPONENTS

Item Weight - 1b
Engine Section 770
Air Induction System 60
Exhaust System 60
Starting System 130 .
Lubricating System (Engines) 140
Engine Controls S0
Auxiliary Power Plant 160
]
Total Fixed Weights 1,370 Ib
Balance

The selected single rotor and tandem rotor solutions were checked for
balance characteristics, and both meet the center- ~f-gravity travel

requirements of + 2.5 feet.
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ROTOR PERFORMANCE METHODS

Isolated rotor performance is determined for each parametrically assumed
rotor geometry by the latest available analytical methods. These are the
Goldstein-Lock Method for hovering and the Generalized Rotor Perfor-
mance Method for forward flight. Both have been developed and refined by
Sikorsky Aircraft and are computerized for rapid urilization. Each in-
volves a strip analysis of the blade using two-dimensional airfoil data
derived by full-scale wind tunnel testing. The elemental blade lift and in-
plane forces are integrated spanwise and azimuthwise to determine total
thrust and power for an assumed blade pitch. Local compressibility and
stall are thus fully accounted for, and different airfoil sections are easily
evaluated.

The Goldstein-Lock Method for determining hovering performance is a
three-dimensional analysis which accounts for the effect of number of
blades on the aerodynamic losses associated with the development of
blade tip vortices. Thus "tip loss" is automatically accounted for and
assumption of an arbitrary "tip loss factor, " necessary in most simpler
methods, is not required. This is particularly important for low aspect
ratio blades and rotors with low numbers of blades, where tip losses are
significant. Correlation with test-stand-measured performance of rotors
with a wide range of geometries has demonstrated the accuracy of this
method and has yielded the necessary correction factors for leading edge
abrasion strips and spanwise flow effects. Figure 19 illustrates the good
correlation obtained for two extremes of rotor geometry--a five-bladed,
62-foot-diameter rotor with aspect ratio 20. 4 blades and a three-bladed,
S51-foot-diameter rotor with aspect ratio 13 blades.

The Generalized Rotor Performance Method for forward flight is described
in Reference 18and is the method used to generate the nondimensional per-
formance charts of Reference 55. This analysis solves the differential
equation of blade flapping to trim the rotor and then integrates the ele-
mental blade forces to determine total rotor lift and power ., Good cor-
relation with high speed (up to 190 knots) rotor data obtained in the Ames
wind tunnel tests of the CH-34 main rotor has been demonstrated.

This method also provides a much more comprehensive retreating blade
stall criterion than is possible with simpler methods. A stall parameter
representing the maximum spanwise-integrated profile drag torque at the
most critical retreating blade azimuth is calculated for each trimmed
condition. More conventional criteria, dealing only with the blade tip at
270 degrees azimuth,for example, are inadequate for high speeds and

blade loadings. By application of the bCQd/o criterion,the blade stall and
compressibility effects at all retreating side locations are fully recognized.
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A cruise blade tip loss factor of .97 is assumed throughout, since this has
proved to be adequate in successful correlations of flight test data and the
Ames wind tunnel results discussed above. This agsumption is necessary
until an accurate method for evaluating blade tip loss in forward flight is
developed.

ENGINE SELECTION

Selection of the type and number of engines for the 12-to 20-ton crane
helicopter is fundamental tc the eventual parametric rotor system optimi-
zation and must therefore be established early in the study. The following
engines were considered:

TABLE X1
ENGINE PERFORMANCE DATA
6000 feet, 95°F SLS, SFC

Engine Max HP Dry Weight at 1500 HP
T64 /S4A 2650 708 .601
T64 /SSA 3050 765 .639
LTC4B-11A 2640 640 .704
JETD12A-5 3385 930 .935
T-78 548-C2 Performance classified

T-78 548-D2 (regenerative) Performance classified

For each engine, various 6000-foot, 95-degree Fahrenheit powers were
assumed (up to maximum available) and a rotor system was derived
iteratively based on the required mission capability. Weight and perfor-
mance were evaluated on the basis of preliminary data, including that of
the 1962 study (Reference 27), since at this stage in the study fully refined
relationships were not established, and rotor system refinement such as
number of blades and solidity could not be defined pending completion of
the rotor parametric study.

The results of the engine study are summarized in Figures20 and 21,
which show design gross weight (20-ton mission) versus installed power.
Also shown is the disk loading variation. The T-78 engine curves are not
shown since their performance is classified, but conclusions regarding
their use are included herein.

It is apy  nt that gross weight continues to decrease as more installed

power is assumed for a given engine; however, associated disk loading
also increases rapidly.
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NOTE: These curves are based on preliminary empty weight equations and

Design Gross Weight (20-Ton Mission) , (1b X 10~3)

rotor performance determination and do not illustrate fully
optimized solutions for either the single or tandem rotor
configuration.

Single Rotor, Altitude = 6,000 ft, Temperaivre = 95°F

‘{,-Disk Loading (1b /ft 2

4) - T64L/SLA' 10
\{\\ /N/ 2% 13 |
P d 7
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\ b /// % P o
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Figure 20 Single Rotor Engine Selection

Tandem Rotor, Altitude = 6,000 ft, Temperature = 95°F
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Figure 21 Tandem Rotor Engine Selection
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On the basis of low gross weight and reasonable disk icadirg (12 pounds
per square foot), four T64/S4A's rated at full maximum available power
were selected for both the single and tandem rotor configurations. The
JEFTDI12A-S is unsatisfactory as a result of high fuel consumption and dry
rveigit. The regenerative T-78 (548-D2) solution at the same disk loading
was also attractive, but resulted in a slightly higher weight empty, which,
combined with. the uncertainty of the engine's future availability, eliminated
it from consideraticn. The nonregenerative version of the T-78 {(548-C2)
is not as good a solution as the 548-D2. The LTC4B-11A, because of its
nigher fuel consumption, is not competitive with the T64/S4A, particularly
since its gross weight disadvantage is magnified for the 12-ton mission.
The T64/S5A, the next generation version of the T64/54A, is 2 less desir-
able solution because of higher fuel consumption and dry weight.

However, if rotor and drive system weight reductons had not been achieved
since the 1962 study (Reference 27), the higher gross weights of that solu-
tion, and corresponding higher power requirement, would have favored the
T64/SSA.

The T64/S4A is a front-drive wrboshaft engine rated at 3695 military
power at sea level standard day. It will be available in its production ver-
sion in mid-1967. Power available as a function of altitude and temperature
is shown in Figure 22,and SFC versus power is shown in Figures 23

through 25.
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ROTOR PARAMETRIC METHODOLOGY

The rotor parametric siudy includes optimization of rotor diameter, solid-
ity, tip speed, number of blades, blade twist, and blade airfoil section for
both single and tandem rotor configurations. Four T64/S4A engines, pro-
ducing a total of 10, 600 HP at 6, 000 feet,95 degrees Fahrenheit, are as-
sumed (see engine selection section), and the parasite drag, vertical drag,
rotor interference and asymmetrical loading, tail rotor and horizontal tail
sizes, transmission losses, and accessory power described in the basic
design data section are used.

To reduce the number of parametric combinations to a workable level, the
twist, tip speed, and airfoil section variables are independently optimized
at the beginning of the study, based on the rotor sized in the 1962 study
(Reference 27). These three parameters are chosen for initial selection
because their effect on aerodynamic performance and empty weight is
small compared to diameter and solidity. Number of blades is a variable
only for the single rotor configuration and is retained as a major variable.
After the rotor systems are parametrically optimized, these variables
are again investigated to confirm the initial selections.

With twist, tip speed, and airfoil section defined, diameter, solidity, and
number of blades are systematically varied to produce 27 finite rotor

sysi 3 for the single rotor configurztion and 9 for the tandem (limited to
three-vladed rotors). For each combination the hover gross weight capa-
bility, empty weight, and mission fuel are calculated to yield payload.
Cross plots then yield the 12 to 20-ton payload solutions which, with
boundary conditions superimposed, result in the optimum, minimum weight
single and tandem rotor solutions. Boundary conditions include maximum
blade loading (CT/o) allowable to prevent blade stall,and static blade
droop considerations. The final configurations arrived at by this procedure
are then checked to determine the validity of the initially selected twist,

tip speed, and airfoil section values.

Figure 26 is a flow chart illustrating the parametric technique. The fol-
lowing pages discuss in greater detail the procedure followed.

Initial Twist, Tip Speed, Airfoil Section Seiection

The rotor design optimized in the 1962 study (Reference 27) was used as a
base for the investigation of twist, tip speed, and airfoil section effects.
Criteria considered included hover, cruise power required, retreating
blade stall, and blade stresses in cruise. Flight conditions required in
three design missions (12-ton,100-nautical-mile radius; 20-ton,20-nautical-
mile radius; and ferry) were first investigated at iiominal values of twist
(-11 degrees),tip speed (675 feet per second), and airfoil section (0012) to
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Figure 26 Rotor System Parametrics, Flow Chart
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determine the critical flight condition for each criterion. These critical
conditions are:

Hover power: 6000 feet, 95°F, OGE hover at GW =
76, 000 pounds (12-ton hover)

Cruise power: SLS, V =9S knots at GW = 85, 000 pounds,
f = 200 square feet (20-ton outbound)

Cruise stall: Same as cruise power

Cruise stresses: SLS, V =130 knots at GW = 48, 000 pounds,
f = 100 square feet (12, 20-ton inbound)

For these critical flight conditions, twist, tip speed, and airfoil secticn
were each varied independently, holding the other two constant, to deter-
mine the effect on power, stall, and blade stress. TheGoldstein-Lock

and Generalized Rotor Performance methods described previously were
used to determine hovering and cruise performance, respectively. The
Coupled Blade Flatwise-Edgewise Torsional Aeroelastic Analysis developed
by Sikorsky Aircraft (Reference 3) was used to calculate blade stresses in
Cruise.

Figures27 through 29 show the results of this investigation. Avoidance of
retreating blade stall in cruise requires a tip speed of over 665 feet per
second for -l1-degree twist and 680 feet per second for -8-degree twist.
Both hover and cruise power are minimized at a tip speed of 680-700 feet
per second. Blade stress decreases with increasing tip speed. High
blade twist is desirable to minimize power and is also beneficial in terms
of alleviating cruise blade stall. However, blade vibratory stresses in
cruise are highly sensitive to twist, and this becomes the dominant factor
in twist selection.

Four airfoil sections, varying i.\ chickness from 10 percent to 12 percent
chord, were investigated in terms of their influence on power required
and retreating blade stall. The airfoil lift and drag characteristics used
are the result of extensive two-dimensional wind tunnel testing by Sikorsky
Aircraft. The 10, 11, and 12 percent thickness ratio airfoils have the
same leading edge radius of 1. 6 percent chord. In addition, a 10.7 per-
cent thickness ratio, 1.0 percent chord leading edge radius airfoil--
representing essentially that used on the CH-54A--was included to show
the effect of a sharper leading edge. As Figures 27 through 29 illustrate,
power required and blade stall are both improved with thicker sections.
The sharper leading edge reduces power required still more, due to
reduced advancing blade drag, but is less desirable in terms of retreating
blade stall. Blade vibratory stresses increase with increasing thickness
ratio. The sclected 0012 section represents, for the 12-to 20-ton mission
requirements, the best compromise between low power (high thickness
ratios) and low blade stresses (low thickness ratios). It is noteworthy that
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Figure 27 Preliminary Airfoil Selection, Twist Effect
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81= 11°, NACA 0012 AIRFOIL
Dia =9 ft , b=6, C =2.95 ft (1962 Study - Reference 27)
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Figure 28 Preliminary Airfoil Selection, Tip Speed Effect
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fIR = 675 ft /sec , 8) = -11°
Dia = 9 ft , b=6,C = 2.95ft (1962 Study - Reference 27)

.006
-t .004 \
: &\L o
@ 8\1: 002 L ONg3
e 2 e
omd
o
o .00 -
8 10 12 14 16
Airfoil t/C (%)
10,000
w 3 ,/’
Q. 8000 ;l;'[
[ VY] 1
& —
[72 I =]
S fusssen=
o ~ 6000 YWY 4,,."‘-“,444 r P
"3 — T™— QR = 700 ft /sec
a > e = -8°
4000 ; .
8 10 12 14 16
Airfoil t/C (%) 1
14,000 N
b No. e/C LERZ C
3 <. 1 2
2 o ~&. 1 .100 1.6
a Q — | .
y ) 13006 l?\ 3 2 110 1.6
g T 3 .120 1.6
2 12000 _ 4 ,107 1.0
8 10 12 14
Airfoil t/C (%)
'S
\
800G —
y ue"”\“
Y \
3 7000 .
R~ I
2 8 A
3 6000 g—=36"""12 14 16
5 Airfoil t/C (%)

Figure 29 Preliminary Airfoil Selection, Airfoil Effect

65




this trade-off is different for helicopiers designed for higher speed opera-
tion, which require a thinner optimum airfoil, such as the CH-53A.

Assuming a muximum al'owable total blade vibratory stress of + 6, 000

pounds per square inch, a retreating biade stall criteria of bCd =, 0035
o

(see Reference 55), and power minimization in both hover and cruise, the
following are selected:

Tip speed: 700 feet per second
Blade twist: -8 degrees
Airfoil section: 0012

Although this analysis is based on the single rotor helicopter optimized in
Reference 27, the same general conclusions are applicable to the tandem
configuration, since the weights and drags are similar and the flight con-
ditions are identicai. Twist, tip speed, and airfoil section effects are
rechecked for both configurations at the conclusion of the parametric study.

Diameter, Solidity, Number of Blades Investigations

With the twist, tip speed, and airfoil established, a systematic variation
of rotor diameter, solidity, and number of blades was investigated for

the single and tandem rotor configurations. Preliminary analysis yielded
the range of diameters necessary to encompass a gross weight (20-ton,

6, 000-foot, 95-degree Fahrenheit hover) range of from 60, 000 to 80, 000
pounds, within which the final configuration was expected to occur. Values

of %T. from . 075 to . 115 were assumed, represeating mrean blade lift
coefficients of approximately .50 to.75. The maximum value, (31= . 115,
o

was picked to correspond to the highest blade loading demonstrated success-
{ully by existing helicopters. Additional, speciati tests conducted by Sikor-
sky Aircraft with a three-bladed S-61 proved that no undesirable flying
characteristics are encountered at this level (Reference 31). Six, eight,
and ten blades were assumed for the single rotor configuratuon. For the
tandem, the assumed 33-percent overlap eliminates consideration of more
than three blades because of in-plane mechanical interference. Parametric
variables that were considered are shown in Table XII.

For each combination, the Goldstein-Lock Method was used to calculate
6,000-foot, 95-degree Fahrenheit thrust capability as a function of power.
This thrust capability was converted to gross weigl:t at the power available
(10, 600 HP - four-T64/S4A's) by using the vertical drag, rotor interference,
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TABLE XII
PARAMETRIC VARIABLES

Single Rotor Tandem Rotor
Diameter 80 100 120 feet 60 75 90 feet
ﬁ (Representative
9 of solidity) .075 . 095 .15 075 .095 .115
Number of blades 6 8 10 3
Total no. of parametric
combinations 27 9

asymmetric loading, tail rotor power, and transmission/accessory losses
described previously. Fuel weight for both the 20- and 100-nauticalmile-
radius missions was estimated for each combination of parameters through
use of the nondimensional forward flight performance charts of Reference
55 by assuming 12- and 20-ton payload capability, respec*ively. Three-
engine cruise, with the remaining engine shut down, is assumed for cruise,
since two-engine flight is possible in case of engine failure, and a substan-
tial fuel saving is obtained. As a result, the difference in weight between
the 12-ton mission and the 20-ton mission was determined. This yielded
design gross weight (20-ton mission) for each parametric combination for
use in the empty weight equations. Also, the 12-ton-mission fuel defines
integral tankage required. Transmission power was established as that
required to hover OGE at sea level standard day at the 20-ton mission
gross weight. Tail rotor and horizontal tail size were determined for the
single rotor configuration by the method described in a previous section.

Thus the following information, necessary to determine empty weight,
was established for each parametric point:

Rotor diameter

Rotor solidity

Rotor tip speed

Number of blades

Design gross weight (20-ton mission)

12-ton missicn fuel (integral fuel tankage required)
Tail rotor blade area and horizontal tail area
(single rotor configuration)

SUEPEN G 5 B2 5

It is obvious that the assumed 12- and 20-ton payload, used to establish
fuel required, will not be met exactly with all, or probably any, of the
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specific parametric combinations assumed. However, since the finally
selected configuration will by definition have this capability, and will be
checked specifically, this procedure is valid.

With gross weight and empty weight established, the payloed for each para-
metric point is determined by assuming 700 pounds for three crewmen and
trapped fluids and 2000 pounds for a four-point, 20-ton capacity winch
system. Tables XIII through XVI tabulate the weights derived for each
assumed rotor system. Figures 30 and 31 show the resuliing variation of
payload for a 100-nautical-mile radius with rotor radius and number of
blades for the single and tandem configurations, respectively. Figures

32 and 33 show the corresponding variation of takeoff gross weight.

Figures 34 and 35 illustrate the cross-plotted solutions at 12-ton payload

as a function of gross weight and rotor radius, which represent the results
of the parametric study.
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PARAMETRIC RESULTS

Figires 34 and 35, as discussed in the previous section, illustrate the
results of the rotor parametric study for the single and tandem rotor con-
figurations, respectively. Ceneral conclusions regarding diameter and
solidity apply to both single and tandem rotor configurations.

Obviously, the lowest gross weight is obtained with the smallest diameter.
However, as diameter decreases, so also does total blade area, since
CT/o is increasing. The critical cruise condition of 95 knots with 2C-ton
payload dictates that on the basis of retreating blade stall a certain minimum
blace area, resulting in a maximuin allowable blade loading, or CT/s =

. 110, is required. This limit is shown on Figures 34 and 35 and estab-
lishes the minimum gross weight solution obtainable. It should be noted
that higher stall-limited cruise speeds are attainable with lower Ct/o
(more blade area). However, this results in a gross weight penalty of
about 340 pounds per knot and an . 8-foot- diameter increase per knot and is
therefore not considered herein.

Concerning number of blades, another factor becomes important for the
single rotor configuration. Although a large number of blades, with re-
sulting long, narrow, high aspect ratio geometry, improves both hovering
efficiency and blade weight, other factors must be considered. The re-
duced flatwise stiffness of extremely high aspect ratio blades increases the
rotor-fuselage clearance required to allow for static and dynamic blade
droop. Large numbers of blades also increase the complexity of the rotor
head and, after a point, probably iucrease both rotor head weight and drag
beyond what is considered in the parametric analysis. The logistics prob-
lems associated with many blades are also a consideration. With these
factors in mind, and because of the relatively small weight reduction indi-
cated by the parametric weight trends (200 pounds going from gix to ten
blades), six blades are selected for the single rotor solution.

The selected singlc and tandem rotor solutions are shown in Table XVIIL,

TABLE XVII
DESIGN PARAMETERS FOR SELECTED ROTORS

Single Rotor Tandem Rotor

Rotor diameter, ft 91.6 70. 6

Rotor design Ct/, (6000 ft, 95°F) . 110 . 110
Rotor solidity, bC /R . 108 . 102
Blade chord, ft 2.58 3.76
Number of blades 6 3 per rotor
Blade aspect ratio 17.7 9.4
Flapping hinge offset, ft 3.64 .53
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With ihe two rotor systems defined parametrically, weight empty and mis-
sion fuel were checked. In this case, fuel was determined by calculating
cruise power required rigorously rather than by use of the nondimensional
charts of Reference 535. Tk= weight breakdown and resulting gross weight
were in close agreement with the parametrically determined values.

Table XVIIi shows the fuel breakdown for the two design missions, includ-
ing average gross weignt and power for each mission leg.

The weight breakdown for both the single and tandem configurations is
shown 1n Table XIX,

For the selected configurations, variation in twist, tip speed, and airfoil
section were again investigated to confirm the initially selected values.
Figures 36 through 38 show the results of this study in similar form ro
Figures 27 througa 29. Although the weights and drags for the critical
flight conditions are different from those in the initial study which was
based on the rotor system of Reference 27, it is apparent that the same
factors which influenced the initial selection of 700-foot-per-second tip
speed, -8-degree twist, and a 0012 airfoil section also apply to the opti-
mized diameter-solidity-number of blades solutions for both the single
and tandem configurations and that the same values are desirable.

With the geometry of the two selected configurations established, three-
view sketches were made to illusirate weignt balance, rotor clearances,
and landing gear geometries. These are shown in Figures 39 and 40 for
the single and tandem rotor configurations, respectively. It should be
noted that establishment of the elaborate details of fuselage design and
component arrangement was not undertaken at this time. The sketches
can therefore be considered rigorously accurate only in those details
studied on the parametric analysis.
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TABLE XX

WEIGHT BREAKDOWN

Rotor group

Tail rotor group
Horizontal stabilizer
Body group

Alighting gear
Flight controls
Engines

Drive system

Fuel system

Fixed equipment

Empty weight

4-point, 20-ton-capacity winch
Crew (3) and trapped fluids

GW less fuel, payload

100-naut-mi-radius missicn

Payload
Fuel
Gross weight

Payload
Fuel

Gross weight

Ferrv mission (1500 naut mi)

Payload

Fuel

Aux Tankage
Gross weight

Weight, Ib
Single Rotor Tandem Rotor

6, 820 7,375

1,330 -

213 -
5,190 5, 810
3,275 3,270
2,360 3,320
2,852 2,852
6, 795 7, 265
408 434
3,555 3,555
32,798 33, 881
2,000 2, 000
700 700
35, 498 36, 581
24,000 24,000
6, 300 6,720
65,798 67. 301
40, COO 40, 000
3,250 3,470
78,748 80, 051
¢ 0
36, 200 41, 220
2,300 2,700
72, 000* 78, S00*

* Without winch
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Perturbations are based on sclected single, tandem rotor
solutions. Except as noted, single and tandem trends are

the same. IR = 700 ft /sec , NACA 0012 Airfoil
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Perturbatiens are based on selected single, tandem roto:
solutions. Except as noted, single and tandem irends are

the samc. 8) = -8%, NACA 0012 Airfoil
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Figure 37 Final Perturbations, Tip Speed Effect
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Pertuvbations are based on selected single,tandem rotor
solutions. Except as noted, single and tandem trends are

the same. 8, = -8%, QR =700 ft /sec
.006 No. tfc LFR % C
~ ok 1 .100 1.6
o 1l 2 2 .110 1.6
» -004——P~=g . 3 .120 1.6
g fb 3 4 107 1.0
E 002
3 e 12 16
Airfoil t/C (%)
o 8000
3N
v I 60004—— /f;/ —
Y o =
ok
i
@ 4000 s =6
Alrfoil t/C (%)
& 12000 k
(VoY
O~
“ uoooL 2
‘
[ s A O .
P e
Py
H gg 10000
g
2y
9000
- 12 16
Airfoil t/C (%)
8500 \; Tandem
7500 2 3
Y
3
,gg 6500 \ z‘r\
2 4w\f\sm le
ol
: I
o 00 ~ : )
e 12 16

Airfoil t/c (%)
Figure 38 Final Perturbations, Airfoil Effect
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EVALUATION OF OPTIMIZED CONFIGURATIONS

This section summarizes the side-by-side characteristics of the optimized
single and tandem rotor configurations. Table XX lists the basic physical
characteristics of both.

Other factors which must be considered in evaluation of the *wo configura-
tionc are off-design performance, stability and control, vibration, and
reliability /maintainability characteristics. These factors are discussed
in the following pages.

Performance

Hover ceilings for standard and 95-degree Fahrenheit temperatures, power
required at various grcss weights versus speed, maximum speed capabil-
ity, and climb performance were determined as functions of gross weigit
for each configuration. These are illustrated in Figures 41 through 49.

Since the mission hovering reqaircments were used ro size the rotor
systems parametrically, OGE hover capability is nearly identica. for the
single and tandem helicopters for the same useful load. Single rotor gross
weight hover capability is somewhat less, since less gross weight is re-
quired for the same payload. The single rotor configuration has a greater
in-ground-effect advantage, since the ratio of rotor height above ground to
rotor diameter is lower for the same wheel clearance. This is illustrated
in Figures 41 and 42.

Cruise power required is somewhat less for the single rotor helicopter

(at equal gross weight) with a corresponding increase in specific range.

In cruise, the tail rotor absorbs 4 percent of engine power in the single
rotor configuration. The tandem configuration has no tail rotor, but its
induced power is greater than for the single rotor because of its shorter
span. Induced power is inversely proportional to span squared, as follows:

- k12
where b = span = 2R
k = 2/550

Table XXI illustrates the relative tail rotor and induced power increments
for the single and tandem configurations at various forward speeds. A
gross weight of 60000 pounds is assumed for both.

The effective span of the tandem helicopter can be increased by sideslip-
ping; however, this increases parasite drag and is impractical except

?1
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TABLE XX

SUMMARY OF PHYSICAL CHARACTERISTICS

Single Tandem
Gross weight, 12-ton mission, Ib 65, 800 67, 300
Gross weight, 20-ton mission, lb 78, 750 80, 050
Weiglit empty, 1b 32, 800 33, 880
Rotor diameter, ft 91.6 70.6
Number of blades per rotor 6 3
Blade chord, ft 2.58 3.76
Rotor solidity, bc /»R . 108 . 102
Blade aspect rato 17.7 9.+
Blade airfoil section 0012 0012
Blade twist, deg -8 -8
Rotor tip speed, ft .ec 700 700
Flapping hinge offset, % radius 8 1.5
Maximvm 10tor Cr/y , 6000ft, 95°F, 12-ton GW . 110 .110
Maximum blade mean Cy, 95°E, 12-ton GW .7(2) .74a)
Disk loading, 20-ton GW- b /ftZ 12. 4 12. 0(b)
Parasite drag, 20 external load, ft2 84 84
Parasite drag with external load, ft2 134 134
Parasite drag, ferry confiFuration, ft 94 (C) 94(¢)
Vertical drag, no external load, § thrust 3.56 3.57
Vertical drag with external load, ¢, thrust 3. 861 4. 89
Power plants T64/S4A's T64/S4A's
No. of engines 4 4
Fuselage length, ft 103. 6 75.8
Ground clearance, ft 13 13
Rotor overlap, % diameter -- 33
Tail rotor diameter, ft 22.7 --
Horizontal stabilizer area, ft2 80 --
Integral fuel tankage, gal 970 1035

NOTES: (a) Approximate
(b) Based on projected disk area
(c) Without fairings
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for short periods at low speed.

Power required versus speed and gross weight is ghown in Figures 43
through 46. The power limitations imposed by four-, three-, and two-
engine utilization are shown in these plcts, illust1ating the feasibility of
the three-engine cruise assumed for the design missions.

In climb capability the singie rotor configuration has an advantage over
the tandem, again because of the induced power penalty for the latter. As
a result, the best rate of climb of the single is about 600 feet per minute
more than the tandem at equivalent useful load. Maximum endurance and
service ceiling are correspondingly greater for the single rotor configu-
ration. Relative climb capability is illusiraced in Figure 47.

TABLE XXI
TAIL ROTOR AND INDUCED POWER INCREMENT
GW = 60,000 Ib, SLS 95 kn 110 kn 130 kn
Single rotor:
tail rotor power 146 165 210
induced power 1. 300 1,120 950
total 1, 446 1, 285 1, 160
Tandem:
induced power 2,190 1, 885 1, 600

For the same payload, the stall-limited cruise speed capabilities of the
two configurations are similar, again because this was a determining fac-
tor in the rotor parametric analysis. This is shown in Figure 49.

Performance is compared for the two configurations, single and tandem
rotor, in Table XXII. For comparative purposes, hover, cruise, and
climb capebilities are shown for each a: .he gross weights necessary to
perform the two design missions.

Ferry range, the third mission requirement, is illustrated for the two
configurations in Figure 49 as a function of takeoff gross weight. Optimum
altitude (up to 10, 000 feet) and cruise speed are assumed, with a 1- per-
cent reduction in best specific range per MIL-C-5011A. Three-engine
cruise after takeoff is used tQ conserve fuel. Fuel for normal rated power
climb at 500 feet per minute in two 5000-foot increments is included. A
10)-square-foot drag penalty is applied to both configurations to account for
externally mounted auxiliary fuel tankage. This value is felt to be conser-
vative and is based or the size tankage required to take advantage of full
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TABLE XXII
DESIGN MISSION PERFORMANCE

Siagle Rotoi:  Tandem Rotor

f=134 f=134
12- ton, 109-naut-mi-radius mission:

Gross weight, 1b 65, 800 67, 300
OGE hover ceiling, 95°F, ft 6, 000* 6, 000*
IGE hover ceiling, 95°F, ft

(10-ft wheel clearance) 8, 400 7,100
OGE hover ceiling, std temp,ft 11, 000 11, 550
IGE hover ceilirg, std temp, ft 13, 850 12, 750
Max cruise speed, stall, SLS, kn 134 134
OEI max speed, SLS, kn 141 13§
OEI max ROC, NRP, SLS, ft/min 2,210 1, 600
OEI max specific range, SLS,

naut mi /ib fuel .£353 . 0315

20- ton, 20-naut-mi-radius mission:

Gross weight, b 78,750 8Q 050
OG 2 hover ceiling, std temp, ft SL* SL*
IGE hover ceiling, std temp, ft 7, 100 3,900
Max cruise speed, stall, SLS, kn 95* 95*
CEI max speed, NRP, SLS, kn 122 119
OEI max ROC, NRP, SLS, ft/min 1,380 700
OEI max specific range, SLS,

naut mi /1b fuel . 0285 . 0244

* Parametric design points
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