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ABSTRACT 

A parametric analysis and a preliminary design study were conducted 
by the Lockheed-California Company to determine the optimum characteris- 
tics of a shaft-driven rotor which would result in the lightest gross 
weight helicopter capable of lifting military loads in the 12- to 20-ton 
range. 

Helicopter configurations considered included single-rotor and 
tandem-rotor arrangements, both with internal cargo and with a cargo 
pod. Types of rotors analyzed were articulated, teetered, rigid, and 
matched-stiffness. Existing turbine engines or growth versions thereof 
were considered. 

In the parametric analysis, group weight equations were developed 
and a computer program was utilized to determine the rotor character- 
istics for each helicopter configuration. For a given set of rotor 
parameters consisting of rotor radius, thrust/solidity coefficient, and 
tip speed, the program computed the power plant rating, fuel required, 
and the empty weight corresponding to the helicopter which would satisfy 
the most critical mission requirements with the minimum gross weight. 
The performance of the resulting configuration was deterrainea. 

Preliminary design studies of the rotor system, rotor controls, 
rotor/propuls ion arrangement, and the general arrangement were made; 
corresponding drawings were included. Rotor loads were developed through 
the use of a performance/trim program and a coupled dynamic response 
analysis. The dynamic and aeroelastic investigation of the rotor system 
was based on whirl tower tests, dynamic model tests, and analytical 
studies, A structural design analysis of the rotor system, including 
fatigue and weight analysis, was prepared. A stability and control 
study of the helicopter was conducted, based on the requirements of 
MIL-H-85OIA "General Requirements for Helicopter Flying and Ground 
Handling Qualities," 

The results of the overall study indicate that there is negligible 
difference in rotor weight between the articulated, teetered, and the 
Lockheed rigid-rotor systems. The Lockheed matched-stiffness rotor 
system results in a k-  to 6-percent reduction in helicopter gross weight. 
This rotor system weight is approximately 10 percent of the transport 
gross weight. The matched-stiffness single-rotor configuration results 
in a gross weight of approximately ^OOO pounds less than that of the 
matched-stiffness tandem-rotor configuration based on the design refine- 
ment discussed in Section 6. 
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This report describes the analytical studies performed by the 
Lockheed-California Company under Contract DA U4-177-AMC-276(T). The 
program was sponsored by the U.S. Army Aviation Materiel Laboratories 
(USAAVLABS), Fort Eustis, Virginia, under the technical monitorship of 
Mr. J. E. Yeates, Mr. W. E. Nettles, and Lt. Nelson Solow. 

Part 1 was initiated in January 1965 under the direction of 
Dr. Richard M. Carlson of Lockheed's Advanced Design Division - Rotary 
Wing. It was completed in April of 1965. Part 2 was initiated in 
May 1965 and was completed in October 1965. The parametric and rotor 
system preliminary design studies were conducted under the guidance of 
Mr. A. R. Yackle with contributions from the following: 

Aerodynamics: 

Structures: 

Weights: 

Loads: 

Dynamics: 

Design: 

Propulsion: 

Project: 

R. Prouty, H. Childers, J. Brye 

C. Kaysing 

R. Huss 

H. Goldstein, J. Gaidelis, R. London, W. Conway 

R. Donham, V. Bilezikjian, I. Sachs 

T. Hanson, M. Salmun 

F. Hiersch, J. Wilson 

C. Varner 

Thanks are due to USAAVLABS for support in providing data resulting 
from previous efforts in this area and for help and advice in planning 
and conducting the program. 
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Distance from the hub to a point on the rotor less than 
the full radius 

Radius of curvature 

Vector sum of Lg and % 

Mean radius 

Required horsepower 

Mission radius 

Rated horsepower 

Maximum rated horsepower at sea level 

Stress 

Blade static imbalance about effective pivot location 

Blade static unbalance In flapping 

Specific fuel consumption 

Shaft horsepower 
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T 

t 

TTR 

ti,t2» etc 

Thrust or rotor lift 

Time of mission, hr 

Tall rotor thrust 

Coefficients as defined in MCA. Report No. 716 

U 

u(x) 

VT 

(?) 
w 
w, ACC 

WAGE 

WACI 

WAUX 

Wb 

WBASIC 

WBE 

WBI 

WBTE 

WBTI 

Blade section local velocity» fps 

Area unit weight at X 

Flight velocity, ft/sec 

Cruise speed 

Design speed 

Flight velocity, knots 

Tip speed, ft/sec 

Induced velocity at front rotor of a tandem rotor 
helicopter, ft/sec 

Downwash velocity 

Computer expression for ratio of downwash velocity to 
induced velocity 

Design gross weight, lb 

Engine accessories group weight, lb. Includes air in- 
duction, exhaust and cooling systems, engine lubrica- 
tion system, engine controls, starting system, and 
engine section or nacelle group 

Weight of air conditioning, external cargo, lb 

Weight of air conditioning, internal cargo, lb 

Weight of auxiliary gear, lb 

Blade weight, lb 

Fuselage weight, incfudlag vertical stabilizer, lb 

Component weight plus oil weight plus crew less fuel 
tanks, lb 

Fuselage weight, single rotor, external cargo, lb 

Fuselage weight, single rotor, internal cargo, lb 

Fuselage weight, tandem rotor, external cargo, lb 

Fuselage weight, tandem rotor, internal cargo, lb 
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WDS 

WDST 

WE 

Wp 

WF 

WFC 

WpCT 

WpE 

WFI 

WPS 

WpKED 

WHET 

WHE 

WHL 
WIE 

WLG 

WLGS 

WLGT 

WLGST 

WOIL 

WRG 

KRGT 

WRO 

wST 
WT 
WTR 

WL 

X 

X 

Weight of crew, lb 

Drive system weight, single-rotor helicopter, includes 
main and tail rotor gearboxes, interconnecting shafts, 
and all mountIT- provisions, lb 

Drive system weight, tandem rotor, lb 

Engine weight, lb 

Fuel weight, lb 

Weight of fuselage, transmission, and shaft system, lb 

Flight controls weight, lb 

Flight controls weight, tandem rotor, lb 

Furnishings weight, external cargo, lb 

Furnishings weight, internal cargo, lb 

Fuel system weight, including tanks and plumbing, lb 

Specific weight dependent on mission requirements, lb 

Weight of hydraulics and electrical, tandem rotor, lb 

Weight of hydraulics and electrical, lb 

Solution gross weight, heavy-lift mission, lb 

Weight of instruments and electronics, lb 

Landing gear weight, single rotor, lb 

Landing gear weight, straddle type, single rotor, lb 

Landing gear weight, tandem rotor, lb 

Landing gear weight, tandem'rotor, straddle type, lb 

Engine oil weight, lb 

Rotor and hub group weight, lb 

Rotor and hub group weight, tandem rotor, lb 

Residual fuel and oil weight, lb 

Horizontal stabilizer weight, lb 

Solution gross weight, transport mission, lb 

Tail rotor weight 

Water line 

Spanwise blade section location, nondimensional 

Fore and aft translation of entire system, positive 
forward 
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Lateral translation of entire system, positive right 

Z 
R 

Ratio of height of rear rotor above front rotor plane 
to rotor radius 

. 
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SUBSCRIPTS 

 J-- 

Allow Allowable 

Avail Available 

Ave Average 

CF 

cf 

F 

G 

H 

HL 

K 

MR 

n 

R 

REQ 

SL 

Blade 

Centrifugal force 

Centrifugal 

Design 

Equivalent 

Fuselage and shaft 

Control gyro 

Hub 

Heavy-lift mission 

Constant, usage explained in text 

Main rotor 

Load factor 

Rate of pitch 

Rotor 

Required 

Sea level 
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T 

TR 

t 

Transport mission 

Tall rotor 

Trim lg 

X,Y,Z Axis of rotation 

Leg 1 Warm-up 

Leg 2 Hover 

Leg 3 Outbound 

Leg 1+ Hover 

Leg 5 Inbound 

Numbers such as 165 or 270, mean blade stations or azimuth angles, as 
applicable 

• 
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SYMBOLS FOR COMPUTER INPUTS AND OUTPUTS 

I 

ALF 270 

ALT. Ft' 

CLROHL 

CLROT 

CT/SIGMA 

DELPHI 

FO 

HP 

IHP 

J 
K,TR 

LEG 1 

LEG 2 

LEG 3 

LEG k 

LEG 5 

MR 

MAXRP 

PCSRPC 

PCXRP 

SIGMA 

T 

Retreating blade angle of attack, degrees 

Altitude, ft. (0.11111099 E-06 indicates warm-up leg. 
A negative sign indicates 95° day) 

Rotor design mean lift coefficient at sea level standard 
day with heavy-lift mission solution gross weight 

Same as CLROHL except for transport mission 

Input used in determining solidity 

Delta payload, payload change during each leg 

Parasite area 

Horsepower calculated for each leg (0 for warm-up) 

Induced horsepower used in calculating d (fuel flow, 
with respect to time) 

Number of the leg of the mission 

Constant added to main rotor radius to determine first 
approximation of tail rotor thrust for sizing the tail 
rotor 

Warm-up^ 

Hover 

Outbound 

Hover 

Inbound 

Main rotor 

Maximum rated power required by missions converted to 
rated power at sea level static standard day conditions 

Percent of maximum rated power calculated for each leg 

Percent maximum rated power (for warm-up calculations) 

Solidity, blade area/disc area 

Flight time, hr (calculated from VR and distance or in- 
put in minutes) 
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TR 

'K 

W 

W B 
WßASIC 

WCREW 

%3 
WEMPTY 

WgS 
WFAVAILT 

WFLEG 

WFREQHL 

WFREQT 

WQBT 

WHL 

WI 

WLEG 

WLG 

WMRD 

wo 
WOIL 
WRG 

«RUN 

WRUNHL 

WRUNT 

WST 

wT 
WTR 

. XRPVH 

, 

Tail rotor 

Flight velocity, knots 

Engine weight 

Fuselage weight 

Empty weight plus crew and oil 

Crew weight 

Tail rotor drive shaft weight 

Empty weight (less fuel tanks) 

Engine section weight 

Fuel weight available for transport mission 

Fuel used each leg 

Heavy-lift mission fuel weight required 

Transport mission fuel weight required 

Tail rotor gearbox weight 

Solution heavy-lift mission weight 

Weight iteration identification 

Weight of aircraft used for power calculations in each 
leg 

Landing gear weight 

Main rotor drive shaft weight 

Initial gross weight 

Oil weight (for engines and transmission) 

Rotor group weight 

Inicial gross weight for specific run 

Initial gross weight for heavy-lift mission 

Initial gross weight for transport mission 

Stabilizer weight 

Solution transport mission weight 

Tail rotor weight 

Maximum rated power per engine that can be used for 
flight condition 
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GREEK SYMBOLS 

m 
4 

(Alpha) Of 

«0 

* 
a270 

^ 
(Beta) ß 

ßo 

/To 

(Delta)  6 

8 or A 

(Epsllom) « 

ex or y 

(ETA) V 
(THETA) 0 

0 
0 

0 

*1 

*ic 
$ls 
Os 

(LAMBDA) X 
X 

(Mu) M 

Angle of attack 

Wake skew angle measured from the normal to the tip 
path plane below the rotor 

Retreating blade angle of attack 

Angle between gyro arm and blade 

Effective fixed cone angle, radians 

Flapping displacement due to perturbational load, 
positive up 

Blade overcone angle outboard of feathering bearing 
angle, positive up 

Vertical blade displacement 

Increment 

In-plane displacement due to perturbational load, 
positive aft 

Angular deflection component of all blade toward 
front or toward the right side of rotor 

Lateral CG offset with respect to rotor shaft 

Pitch attitude 

Blade Incidence ancle, degrees 

Mean blade pitch angle, radians 

Angle formed by attitude of vehicle with ground 
plane when downhill MLG Just clears the ground 

Angle for zero centrifugal restoring moment, radians 

Longitudinal cyclic pitch angle, radians 

Lateral cyclic pitch angle, radians 

Angle of ground lines with horizontal 

Inflow ratio 

Blade sweep forward, positive forward 

Advance ratio or tip speed ratio 
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(Nu) 

(RHO) P 

(SIGMA) <r 

CT/o- 

(PHI) * 

(PSI) 4> 
4,1 

+0 
(OMEGA) ft 

ft 

ftR 

(KAPPA) 

Expression in load factor criteria, defined as 

B3 + 3/2B/* ? V37r^3 

Density 

Solidity ratio, blade area/disc area 

Solidity factor 

Roll attitude 

Rotor blade azimuth position 

Blade sweep angle 

Control gyro cant angle to blade 

Rotor speed, radians per second 

Rotational velocity of the gyro 

Rotor tip speed 

Longitudinal CG offset with respect to rotor shaft 
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SUMMARY 

This report presents the results of studies conducted for the U.S. 
Army Aviation Materiel Laboratories by the Lockheed-California Company 
under Contract DA M+-177-AMC-276(T) to determine the characteristics 
of a shaft-driven helicopter capable of lifting military loads in the 
12-20-ton range. 

The studies were conducted in two parts: (l) a parametric analysis 
and configuration determination of the rotor system and (2) a rotor 
system preliminary design. 

Part 1 of this study covered the parametric analysis during which 
the helicopter component weight equations were derived, the solution 
gross weight computer program routine was developed, the rotor system 
characteristics were determined, and the performance of the rotor system 
was analyzed. Part 2 covered the preliminary design phase of the pro- 
gram which included design of the rotor system components, a rotor/ 
propulsion system arrangement, static and dynamic loads analyses includ- 
ing a dynamic and aeroelastic investigation of the rotor system, 
structural and weight analyses, fatigue analysis, and stability and 
control study. Additional studies were conducted to refine the weight 
equations for high gross weight vehicles and to determine any associated 
changes in rotor system characteristics or gross weight. 

The characteristics of the single matched-stiffness rotor system 
resulting from the additional studies of Part 2 of this program are 
summarized as follows: 

Design gross weight 

Transport mission weight 

Number of blades 

Rotor diameter 

Blade chord 

Blade section 

7^,727 lb 

62,500 lb 

5 

lOU ft 

38.0 in. 

NACA 0012 

I 



i     H 

Rotor tip speed 

Mean blade lift coefficient 

Aspect ratio 

730 fps 

o.m 
16.5 

The rotor system is illustrated in Figure S-l and consists of the 
hub (which is the central fitting integral with the transmission), the 
five matched-stiffness spar/flexures, and the rotor blade segments. 
The control system consists of the gyro-swash plate assembly,  the five 
control torque tubes, and the pitch links which connect the gyro to 
the control torque tube.    The transmission configuration as shown is 
arranged for a three-engine system.    This is a typical arrangement 
only,  as the number and type of engines can be varied as circumstances 
dictate. 

* 
Figure S-l.    Shaft-Driven Matched-Stiffness Rotor and 

Transmission System - Heavy-Lift Helicopter 
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SECTION 1 

PARAMETRIC STUDY 

IMTRODUCTION 

A parametric analysis of a shaft-driven heavy-lift helicopter (HLH) 
rotor system was conducted to determine the optimum rotor character- 
istics of a helicopter which would perform the transport, heavy-lift, 
and ferry missions specified by the Statement of Work. This analysis 
was conducted in conjunction with a preliminary design study of the 
rotor system. 

The overall helicopter configuration was established in sufficient 
detail to provide weight and drag data used in the rotor analysis. The 
major effort was placed on rotor analysis and design, determination of 
propulsion requirements, and an empirical performance analysis. The 
helicopter configurations considered in the parametric analysis were: 

• Single rotor - internal cargo (Figure l) 

• Single rotor - cargo pod (Figure 2) 

• Tandem rotor - internal cargo (Figure 3) 

• Tandem rotor - cargo pod (Figure U) 

The helicopter configuration selected for the preliminary design 
effort is presented in Section 2 (Figure 59). 

For identification purposes the heavy-lift helicopter is referred to 
as Lockheed Model CL 875* 

BASIC DESIGN ANALYSIS 

The following paragraphs present the design considerations used in 
the study: 
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Figure 1.    General Arrangement, Heavy-Lift Helicopter • Single Rotor, 
Internal Cargo. Parametric Study 
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Figure 2. General Arrangement, Heavy-Lift Helicopter - Single Rotor, 
Cargo Pod, Parametric Study 
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Figure 3. General Arrangement, Heavy-Lift Helicopter - Tandem Rotor, 
Internal Pod, Parametric Study 
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Figure If.    General Arrangeoent, Heavy-Life Helicopter - Tandem Rotor, 
Cargo Pod, Par erne trie Study 
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Contractually Fixed Characteristics 

The heavy-lift helicopter parametric analysis conducted by the 
Lockheed-California Company is based on a vehicle having the following 
characteristics: 

• Turbine powered 

• Safe autorotation at design gross weight 

• Design load factor of +2.5g to -0.5g at design gross weight 

• Minimum crew of one pilot, one copilot, and one crew chief 

• All components to be designed for 1200 hours between major 
overhauls and 3600-hour service life 

• Multiengine capability 

Mission Requirements 

The mission requirements for the heavy-lift helicopter are 
itemized in Table I. 

Rotor System Characteristics 

Th-,> rntor systems considered were: 

• Stiff in-plane (conventional rigid rotor) 

• Articulated 

• Teetered 

• Matched-stiffness 

The variables used in selecting the optimum rotor system include: 

• Number of rotors (independent variable) 

• Rotor diameter (independent variable) 

• Blade airfoil section (independent variable) 

• Rotor tip speed (independent variable) 

13 
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Blade aspect ratio  (independent variable) 

Thrust/solidity coefficient (independent variable) 

Gross weight (dependent variable) 

Number of blades (dependent variable) 

Mean blade lift coefficient (dependent variable) 

Blade chord (dependent variable) 

Independent variables are defined as those variables necessary 
for definition of the helicopter.    The dependent variables can eack be 
defined in terms of one or more independent variables,  I.e., blade 
chord is dependent on (defined by) rotor diameter and blade aspect 
ratio. 

Propulsion Systems Summary 

For this study, engines in the 3»000- to 20,000-hp range were 
considered, and -the engine whose power, fuel consumption, and power/ 
weight ratio provided the lowest gross weight within the design limits 
for each configuration was determined.    A comparison of the rated 
power and specific fuel consumption (SFC) for some engines of U.S. 
manufacture in this class size is provided in Table II.    Only free 
turbine-type engines were considered because of the difficulties which 
are entailed in helicopter operation with a fixed-shaft engine. 

The analysis conducted by Lockheed showed that the 6000-foot, 950F 
hover requirement should be the critical point for engine sizing for the 
heavy-lift helicopter.    The rotor power required at 6000 feet, 950F, 
for the recommended design is approximately 8000 horsepower. 

Engines Considered - A discussion of each engine considered in the 
study follows: 

Allison 301-M26;    This engine is based on the T56-A-18, 
currently under development by the Navy for suiti submarine 
warfare (ASW) aircraft.    The T56-A-I8 will utilize an air- 
cooled turbine which will operate at a turbine inlet 
temperature of 2070 F.    A turbine capable of this operating 
temperature has been demonstrated by Allison.    The variable 
geometry compressor necessary for free turbine operation has 
been demonstrated in the 501-M25.    Although the 501-M26 is 
an advanced engine,  it will utilize these demonstrated 
components. 
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T6k  Series: The T6h  turboshaft/turboprop engine was developed 
with Navy funds for the CH53A, CV-7A, XC-lteA and XV-9A ve- 
hicles. The T61+-12 is the first of a series of growth versions 
of the basic T6h  engine and is planned for later versions of the 
listed aircraft. The present development schedule calls for 
military qualification test in December 1967. An increase in 
shaft horsepower is accomplished through a 12-percent increase 
in airflow and the resulting higher combustion and turbine inlet 
temperatures. 

Two growth versions of the T6U-12 have been proposed for the 
Ajivanced Aerial Fire Support System (AAFSS) program. They are 
the T6U-GE-12 (AAJSS) and the T6^/S^B. The shaft horsepower 
increase is achieved by a change :n the turbine inlet tempera- 
ture and first-stage turbine cooling. Both engines incorporate 
titanium compressors. Availability would be determined by the 
development of the AAFSS program. 

Two additional engines, still in the study stage, are the 
T6U/S5A and T61+/S5B. Both engines would use air-cooled blades 
in both stages of the gas generator turbine. These engines 
could be qualified 2 to 3 years after the T64-12. The T6U/S5A 
would have a military power rating of ^,500-5,000 shaft horse- 
power and would incorporate a stronger power turbine shaft to 
take the nigher torque loads. The T64/S5B would have a military 
and maximum shaft horsepower rating of 3J900« 

GEl/Sl; This is a shaft version of the GEl/Jl turbojet engine 
now under development. It could be used as a single-engine 
design for the HLH, but, as such, would not meet the multi- 
engine requirement. Furthermore, it is felt that the GE1 pro- 
ject is far too preliminary to permit use of this engine in 
this study. Since performance figures are classified, this 
engine is not listed in Table II. 

Model 2k0:    This free-turbine, aft-drive version of the 
J79-GE-7 turbojet was developed for marine tpplicutions where 
weight penalties are not as high as in aircraft. As such, this 
engine has a low power-to-weight ratio. Since the fuel consump- 
tion is low, a version of this engine with aircraft technology 
applied to the turbine design could possibly be utilized for a 
single-engine HLH design. 
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• lilCUB-llA; This engine is a growth version of the T-55L-9 and 
utilizes an air-cooled turbine, transonic compressor, and higher 
turbine inlet temperature. It has a slightly higher fuel con- 
sumption than does the l6k-GE-12  (AAFSS) with the same power. 

• JTJTO12A-3; This engine is used in the S-6U Skycrane and is a 
free-turbine, aft-drive version of the J60(JT12) turbojet. Be- 
cause of the low pressure ratio in this engine, fuel consump- 
tion is high; however, the JPTD12A-3 features light weight and 
availability without additional development. 

• Advanced JFTD12; This is an advanced version of the JFTD12A-3 
engine. It will utilize the production JT12A-5 turbojet for a 
gas generator with the JFTD12A-3 power turbine but has a high 
fuel consumption. 

• Pr3C-7: This engine is an aft-drive, free-turbine version of 
the J57 (JT3C) turbojet. It supplies more than enough power for 
a single-engine HLH but is quite heavy because it was developed 
for stationary and marine applications. 

Propulsion Augmentation - 
considered for use in the HLH. 

Various means of power augmentation were 
The most promising means of augmentation 

are: 

• Reheat 

• Water/alcohol injection 

• Short-duration high-power rating 

Reheat between the turbines as a means of increasing power has 
several significant drawbacks. To operate in this mode, the power 
turbine must be equipped with a variable geometry nozzle diaphragm which 
increases complexity and weight. Since an additional diffuser and 
combustor are necessary for vlds device, a pressure drop is induced 
which increases specific fuel consumption at all power settings. 

Water/alcohol injection seems promising as a means of increasing 
ho^j day power available. Power increases up to 30 percent at 6000 feet, 
95 F can be achieved. However, specific liquid consumption is quite 
high during augmentation. To realize a 10-percent power increase, a 
water flow rate of nearly 50 percent of the fuel flow is required. The 
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special tanking, valving, and line complicate the aircraft configuration 
The water used for the injection system, must be "de-ionized" to prevent 
compressor contamination. The logistics of this special liquid and the 
necessity for adding de-ionizing equipment increases the complexity of 
the system. The Lockheed P3-A "Orion" presently uses a water/alcohol 
injection system in its T56-A10W engines for takeoff augmentation, but 
because of the problems discussed, Lockheed is seriously considering the 
installation of the higher power T56-A-IU engine and the elimination of 
the water/alcohol system. 

Short-duration high-power rating is the most promising method of 
power augmentation. This can be done by utilizing short-time overspeed 
and/or high turbine inlet temperature with a penalty of slightly 
shortened turbine life. Because of the relatively constant variation 
of specific fuel consumption with power, a 10-percent increase in power 
can be obtained with only a 10-percent increase in fuel consumption. 
Since this augmentation scheme utilizes the aircraft fuel system, no 
weight-penalty is incurred, except possibly a small increase in turbine 
weight. 

Power increases obtained by these methods are only useful for short 
periods of time. Such power increases are applicable to the HLH for 
improving 6000-foot, 950F hover capability but are not useful in any 
other part of the basic mission. 

Any of the power augmentation schemes would result in reduced 
fuel consumption for the missions by reducing the engine size required. 
However, since basically this is a rotor system parametric study and 
power augmentation is not an accepted concept for helicopters, it was 
not considered in the parametric study except for engines which had 
10-rainute ratings. 

WEIGHT ANALYSIS 

For the parametric study, statistical equations were developed for 
use in predicting the weights of the functional groups of a heavy-lift 
helicopter. Equations were developed for the following functional 
groups: 

• Rotor and hub group 

• Tail group (including tail rotor and horizontal stabilizer) 

• Body group 

• Landing gear group 
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Propulsion group (including engine, engine accessories, 
drive system, and fuel system) 

Flight controls group 

Hydraulics and electrical group 

Electronics 

• Furnishings 

• Instruments and electronics 

• Air conditioning 

• Auxiliary gear group 

The weight equations were based on statistical data for contem- 
porary helicopters available during the parametric study. Since the 
assumptions and methods used in the derivations of the equations are 
varied and are subject to revisions depending on additional statistical 
data or state-of-the-art technology, no attempt is made in this section 
to substantiate the derivation of the equations used in the parametric 
study. 

The primary purpose In developing the weight equations was to 
establish the component weights used in the iteration of gross weight. 
In some cases, they serve as a guide in determining the effect on 
weight of varying certain parameters. 

For this study the component weights were determined as a function 
of gross weight or other parameters and are summarized as follows: 

Rotor and Hub Group 

Matched-stiff ne»s 

WRG = f ^ b' ^ C' ftR) 

Articulated, rigid, and teetered 

WRG = f (W, BL) 
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Tall Rotor (Single Rotor Only) 

Horizontal stabilizer 

wST = f (w, vc) 

Tail rotor 

'TR 
WTO  - f    (TXR» ^ß) 

Fuselage Group 

wB   -    f (W,RS n) 

Landing Gear Group 

(w) W      =   f WLG 

Propulsion Group 

Engine 

VL   =   Actaal engine weight 

Engine accessories 

WACC    =    f (V 
Fuel system 

Drive System 

WDS    =  f    ^  ^S'  ^TR'  GRTR) 

Flight Controls Group 

wFC   = f  (w, vc) 

Equipment Group 

WFE    =    ^^^WpiXED 
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For the above equations 

W,™. o Specific component weight 

= Design gross weight 

= Number of blades 

■ Rotor tip speed 

= Blade chord 

= Rotor radius 

= Blade loading (main rotor) 

=s Cruise speed 

= Tail rotor thrust 

» Blade loading (tail rotor) 

= Engine weight 

= Fuel capacity in pounds 

= Main rotor torque 

= Tail rotor drive shaft torque 

= Tail rotor torque 

= Gear ratio (tail rotor gearbox) 

W^TV,,^  = Specific weight dependent on mission requirements 

XX 

w 

b 

nR 

c 

R 

BL 

VC 

T 1TR 

BITF 

W„ 

W, 

^R 

GRTR 

'FIXED 

Gross Weight 

Summing of the component weights gives the weight empty. To this 
weight are added the crew weight and. the engine oil weight. A three- 
man crew is assumed; at 200 pounds per man, this results in a weight 
of 600 pounds. 
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Engine oil weight is determined by 

W0IL = 0'0kh 

In the determination of the transport gross weight, the fuel 
weight is a variable; hence, the fuel tank weight is also a variable 
until the maximum amount of fuel required has been determined. In the 
program, the basic weight is defined as the weight of all weight-empty 
items (except the fuel tanks) plus the weight of the crew and of the 
engine oil. Using this definition of basic weight, the gross weight is 
then the sum of the basic weight, fuel and fuel tank weight (sized for 
the transport mission), and the payload weight. 

Additional Weight Studies 

Following corapletion of the weight study conducted during Part 1 
of chis program, additional statistical information was acquired on 
component weights of contemporary helicopters. Preliminary design 
weight studies completed on large shaft-driven rotor systems also 
provided inputs. Using this information, the weight equations were 
reviewed and rederived, where necessary, to improve the accuracy of 
the results. The rederived equations and statistical substantiation 
are presented in Section 6. 

PARAMETRIC ANALYSIS PROCEDURE 

A digital computer program was developed which, for a given set 
of rotor parameters consisting of rotor radius, thrust/solidity 
coefficient, and tip speed, would compute the required power plant 
rating, the fael required, and the empty weight corresponding to the 
helicopter which would satisfy the most critical mission requirement 
with the minimum gross weight. The takeoff gross weight of this heli- 
copter for the heavy-lift mission is called the "solution gross 
weight". By utilization of the computer program printout of the solu- 
tion gross weight and required sea level rating of the power plant, 
plots were made of the engine size and solution gross weights at con- 
stant tip speed for various values of rotor radius and thrust/solidity 
coefficient (Figure ll). For a given equivalent power plant rating, 
corresponding to an actual engine or group of engines, the combination 
of rotor parameters giving the minimum solution gross weight was deter- 
mined within the limitations of (l) blade loading or design mean blade 
lift coefficient, (2) disc loading, and (3) tip speed. 

The procedure was carried out for both single- and tandem-rotor 
helicopters having rigid, articulated, teetered, or matched-stiffness 
rotor systems. The distinction between the various rotors was in the 
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weight equations used to represent them. In this study, the rigid, 
articulated, and teetered rotors were all represented by the same 
weight equation based on statistical studies. The matched-stiffness 
rotor was represented by a separate weight equation based on recent 
Lockheed studies on this type of rotor. 

By analysis it was determined that the 6000-foct, 95 p hover 
requirement should be the critical point for engine sizing for the 
heavy-lift helicopter with a corresponding rotor power requirement of 
approximately 8000 horsepower. 

Methodology-Computer Logic 

Figure 5 is a flow chart of the parametric study computer program. 
Blocks 1 through 5 describe the reading of constants required in the 
program and the reading and setup of the main rotor parameters and the 
mission matrix. 

Initially a gross weight for the transport was assumed (Block 6). 
In subsequent iterations, the gross weight was taken from calculations in 
Block 26. The rotor solidity and number of blades were calculated in 
Block 7. If the helicopter was a single rotor system (Block 8), the 
tail rotor was sized (Block 9) and the total horsepower for the 
6000-foot, 950F hover requirement was determined (Block 10). Block 11 
converts this power requirement to a sea level engine rating. 

The mission subroutine depicted in Figure 6 is used to determine 
power, leg weights, and  fuel requirements for the five parts of the 
transport mission (Block 13). If the required power for any part of the 
transport mission exceeded the power established in Block 11, the new 
power requirement was entered into Block 12. The total fuel weight for 
the transport mission, including reserve fuel, and the landing weight at 
the end of the heavy-lift mission (transport empty weight including fuel 
tank weight plus heavy-lift crew, oil, and estimated fuel reserve 
weights), were determined (Block 15). The mission subroutine was then 
used to calculate power, leg weights, fuel requirements and takeoff 
weights for the heavy-lift mission. However, the fuel weight was 
calculated in reverse order starting from the end of the mission 
(Block 17). If the required power plant rating (Block l8) was greater 
than that previously established in Blocks 11 or iky  the calculation 
was abandoned, the output flagged, and a new set of parameters selected 
(Block 6). The takeoff weight for the heavy-lift mission was then 
corrected for differences between estimated and calculated fuel reserve 
(Block 19) and used with the weight equations to determine the weight 
available for fuel in the transport mission (Blocks 20 through 22). An 
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iteration constant K^ was calculated in Block 23 for use in adjusting 
the difference between the fuel available and fuel required for the 
transport mission to a difference in the transport mission weight. The 
difference between the available fuel weight and required fuel weight 
was checked and, if found to be more than 200 pounds (Block 2U). a new 
trial gross weight for the transport mission was used (Block 25) and 
the process was restarted at the point where calculation of solidity 
and number of blades occurred (Block ?)• Otherwise, the weights and 
power were printed (Block 26) and the next set of rotor parameters was 
selected until all combinations had been used (Block 27). 

Determination of Power Required - Single-Rotor Helicopter 

Main Rotor Power in Hover - The Lockheed computer program for 
helicopter hovering performance was modified for use as a subroutine. 
This program makes use of the blade element strip theory. It computes 
the angle of attack and Mach number at 11 radius stations and uses 
airfoil data corresponding to the blade element conditions to determine 
rotor thrust and power. The airfoil characteristics were determined 
from the MSA whirl tower tests reported in References 1 and 2. The 
program uses a momentum balance procedure to determine the induced 
velocity at each blade element. 

Tip losses were accounted for by using an effective radius, BR, 
in the integration for thrust. The factor, B, was detfirrnlned from the 
equation 

B = i. vizr 
Vertical drag on the fuselage was accounted for by correcting the 

weight-to-thrust ratio by multiplying the weight by 1.03 (see "Drag 
Analysis" discussed later in this section). 

Tail Rotor Power in Hover - The tail rotor diameter was deter- 
mined as a function of the mam rotor torque at 6,000 feet, 95°F, by 
assuming a disc loading of 15 psf, h blades, a tip speed of 650 fps 
and a clearance between the rotors of 1 foot. The design solidity of 
the tail rotor was based on a design Cj/o- of 0.08 for the 6,000-foot, 
950F condition. This value of CT/O- corresponds to the tail rotor's 
operating in hover at about 60 percent of its maximum thrust capability, 
thus leaving ho percent for maneuvering. The power absorbed by the 
tail rotor sized in this way was computed with the same hovering pro- 
gram which was used for the main rotor. 

H 
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Total Power Required - The total power required was obtained by 
adding the main rotor and tall rotor powers for the 6000-foot, 95°? 
condition. 

The computer program for this study utilized the 501-M26 engine, 
corrected for losses, which has conservative characteristics for engines 
In this horsepower category. The equivalent sea level power ratings of 
other engines used in the study for comparison were obtained by multiplying 
the ratio of the 501-M26 sea level rating, corrected for losses, to the 
501-M26 6000-foot, 95°F rating of a specific engine. 

Forward Flight - Lockheed's computer program for power required in 
forward flight was used as a subroutine in the parametric analysis. 
This Is a mathematical Integration, force balance method similar to 
that used by NACA in preparation of Report 1266 (Reference 3). The 
program assumes a constant Inflow velocity through the rotor disc, a 
constant tip-loss factor, a constant lift-curve slope, and a drag 
polar with empirical corrections for compressibility and stall. These 
corrections were obtained from the NACA work by Gessow, Grim, and 
Gustaf son reported In References k and 3. Aeroelastic effects are 
neglected and the blades are assumed to be restrained at the hub by 
springs which simulate the rotor stiffness characteristics. 

Determination of Power Required - Tandem-Rotor Helicopter 

Hover Power - The hover power required by the tandem-rotor heli- 
copter was calculated by a procedure based on that used for the single- 
rotor helicopter but corrected for induced interference effects due to 
rotor overlap. The increase in Induced power due to this overlap was 
based on Heyson's work (Reference 6). An overlap of 35 percent was 
assumed for all tandem configurations, and the corresponding increase 
In Induced power was 8.7 percent. It should be noted that Sweet 
(Reference 7) has demonstrated excellent experimental correlation with 
Heyson's theoretical work. The induced velocity ratio was evaluated 
from the results of the work of Gastles and DeLeeuw given in Reference 8 
for an overlap ratio of 0.35 and with the center of the rear rotor in 

the plane of the front rotor (=■ of zero) for all flight conditions. 
Z 

The choice of a const-jit sr implies that the front rotor is trimmed 

for no flapping by the rear rotor position. 

Forward Flight Power - The power requirement for forward flight of 
the tandem-rotor helicopter as determined by the computer program was 
used for the fuel weight calculations of the cruise portions of the 
transport and heavy-lift missions. This procedure made use of the main 
rotor portion of the single-rotor forward flight subroutine to calculate 

28 



the front rotor power by assuming that the rotor carries half of the 
weight and overcomes half of the parasite drag. The rear rotor had the 
additional requirement of climbing through the front rotor downwash Im- 
posed upon It. The value of this downwash at the rear rotor center was 
determined by using an expression for the ratio of this velocity to the 

ft) 
induced velocity (~.| based on the work of Castles and DeLeeuw reported 

in Reference 8.    The computer used an expression of the form 

(?) " C2aD + 3
1«D 

+ C, 

where CQ, CI and C2 are functions of the overlap and the height ratio 
of the rear rotor with respect to t^', to-flapping plane of the front 
rotor. For an overlap of 35 percent id a height ratio of zero, the 
constants are 

c0 = 0 

(^ = 3.271* x 10'3 

C2 = 0.2kkk x 10'3 

The downwash velocity at the rear rotor, Vp, due to the front 
rotor is obtained by 

^ =(?).xvi 
where v,  is the induced velocity of the front rotor.    The forward 
flight subroutine is used to calculate the power required by the rear 
rotor, assuming it represents the main rotor of a helicopter with half 
the weight and drag of the actual tandem helicopter, climbing at the 
angle determined by the forward speed and the downwash velocity, Vp. 

Determination of Fuel Required 

The fuel weight for each of the five parts of the transport mission 
given in Table I, Mission Requirements, was determined by using 

wF = (FF)t + i *m t* 
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Vf la represented by the enclosed area of the trapezold In the 
following sketch: 

i1 B~a i 
Where FF^ is the fuel flow rate at the beginning of the leg and 

FF2 the fuel flow rate at the reduced weight of the end of the leg, 
h is given by 

dt ( - t ) 

and 

FF = Max RP x SFC x 

^ • KC - V VK + (dÄ? ) 

^FF 
100 

^Max RP = 
RHP X 100 
Max RP 

(See Table III for value of constants used in the program) 

RHP is calculated by the appropriate hover or forward flight sub- 
routine. Max RP was either the current computer program value or an 
integer number, N,, times the engine rated thrust for the cruise por- 
tions if engine shutdown for cruise was being considered where 

N. RHP 

(NRP^/ENG) 
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and is rounded up so that normal rated power would not be exceeded 
during cruise with engine shutdown. 

Now 

d(FF)      d(FF)      d(^MaxRP)    dW 
dt      d(%MaxRP)  x    dW      dt 

where 

i = - 
d(FF) Max RP x SFC dCfoFF) 

d(%Max RP; " 100 X    d(%Max RP) 

d(^Max RP) ^      iHP 100 
dW        " 2        W      X    Max RP 

iHP = induced horsepower 

t   = time of mi.rion portion in hours. 

For the heavy-lift mission, which was calculated in reverse order 
starting from the end of the mission, the same fuel weight equations 

d(FF) 
were used except for  g- * , which was written above with a positive 
sign: 

d(FF) 
dt 

d(^FF) 
dC^oMax RP) 

d(^Max RP) (FF)   dW 
dW dt 

The short vertical side, FF^, of the preceding sketch represents 
the calculated fuel flow rate when starting from the end of the mission 
legs as with the heavy-lift mission. 

The weight was adjusted by the fuel weight used and by the payload 
dropped In the previous leg before calculating power required for the 
next leg. 

The total mission fuel weight required was determined by 

5 

Wr 
J = 1 

wT. 

Ü.90 

where the  subscript j  indicates the mission leg,  and the 0.90 is a fac- 
tor for 10-percent reserve. 
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Component Weight Equations 

The basic weight, defined as empty weight plus the weight of 
engine oil and crew but without fuel tanks, was calculated from the 
component weight equations of "Weight Analysis" for the trial hell- 
copter as a function of the rotor parameters, the takeoff weight for 
the heavy-lift mission, the Installed power, the number of main rotors, 
the type of main rotor, the size of the main rotor, or the distance 
between main rotors.    (External cargo fuselage with straddle-type land- 
ing gear was assumed as the configuration in the computer program). 

In the solution gross weight determination program the engine 
weight was based on existing engines, as follows: 

where 

W  = (No. of engines) x (Actual engine weight) 

Number of engines = Max RP 
RP si 

For the 501-M26 engine used, RP      = 5219 HP and the weight per 
hardware engine = 1030 pounds. s 

The component weight breakdown utilizes actual engine weight for 
the apeüiric engine  shown. 

Technique  of Iteration 

The difference between the fuel required for the transport mission 
and the fuel available at the trial gross weight was used as the param- 
eter of iteration.    If the difference was less than 200 pounds, the 
helicopter was considered to be matched to the mission requirements 
and the gross weight corresponding to the heavy-lift mission was printed 
out as the  solution gross weight,   as shown in Figure ?•    If the fuel 
difference  exceeded 200 pounds,  a new trial gross weight was selected 
and the calculations were repeated. 

Computation of Ferry Range 

The  ferry range was calculated for the single-rotor configuration 
by considering the weight available for fuel and tankage to be 
1.25 WHL - WBASIC which corrects for the fact that the ferry mission 
can be performed at a gross weight corresponding to a design load 
factor of 2.0. 
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The maximum nautical miles per pound of fuel was determined for 
several weights between the takeoff weight and basic weight at altitudes 
of up to 20,000 feet by the overlay of semllog plots as described In 
"Performance of the Rotor System." The maximum nautical miles per 
pound for each of these weights, using engine shutdown where possible 
and not exceeding blade loading or retreating blade stall speed limits, 
was then plotted versus its corresponding weight. The area under this 
curve (between the starting weighb minus, warm-up and takeoff fuel, 
and the basic weight, plus fuel tanks and 10-percent reserve), was 
taken as the ferry range (Figure 3h). 

Power Plant Analysis 

Engine Performance - Values of engine fuel flow and horsepower 
were obtained from a manufacturer's chart for the 501-M26 engine. 
These data, corrected for losses and with the fuel flow increased by 
5' percent, were normalized with the fuel flow at the maximum sea level 
static rated power. These results were plotted as ^FF (fuel flow) 
versus ^Max RP (maximum rated power) for different speeds (Figure 8). 
Maximum rated power was military power (30-minute rating) in the case 
of the 501-M26 engine. 

In the region from 30 percent of power to normal rated power, the 
fuel flow, horsepower relationship was represented by a linear relation- 
ship (Figure 8) of this form 

«" ■  ^öÄPT  »M«R« 

The slope of this line, j/rfw     pp\  » was assumed constant with iorward 
speed and a linear relationship for K was determined as a function of 
flight speed.    This resulted in 

These normalized engine data for the 501-M26 were used in the 
computer program.   Table III shows the values of the constants used. 
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TABLE III 

501-M26 ENGINE CONSTANTS 

RP6ooo.ft, 950F (Corrected) 3526 

RPSL 5219 

Weight, lb 
1                           * 

1030 

SFC 0.525 

K 21.2 

^ 

O.OO66U    | 

1      d(*FF) 
d(%Majc m 0.775 

The propulsion system installation losses (per engine) were 
assumed to be 2.1+ percent of the delivered horsepower plus 200 more 
horsepower for the twin engine installation. The fixed portion of 
these losses was proportional to the engine size. These losses are 
derived as follows for one 501-M26 engine: 

Inlet losses -    0.1$ (for assumed 0.997 recovery) 

Transmission loss - 2.0^ + 30 HP (for windage) 

Power extraction - 

TOTAL 2.U%+ 100 HP 

70 HP (for accessories and 
  hydraulic pump) 

These losses were applied over the entire flight regime. No 
attempt was made to include variation of inlet to get maximum static 
recovery. A bellmouth inlet was assumed. 

Drag Analysis 

Frontal Drag - The equivalent drag area, f0, used in the mission 
matrix of the computer program was assumed to be 80 square feet for the 
basic helicopter (inbound legs), based on the drag breakdown shown below. 
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The transport mission outbound leg was assumed to "be done with f0 

equal to 100 square feet    and the heavy-lift mission outbound leg with 
f0 equal to l80 square feet. 

The additional 20 square feet of f0 used for the outbound leg of 
the transport mission was considered to be representative of some type 
of drag-reducing cargo enclosure,  such as a semi-streamlined pod or 
rectangular-type cargo pod equipped with double vanes on the side, and 
bottom corners at the front and rear ends. 

The additional 100 square feet of f    used for the outbound leg of 
the heavy-lift mission was used as being0representative of a large un- 
faired load,    (it could not be expected that any attempts at fairing a 
bulky load would be made for the short distance of the heavy-lift 
mission outbound cruise.) 

A drag breakdown based on the configuration of Figure 2 for an 
external-cargo-type helicopter follows.    Figures are given in square 
feet. 

Fuselage 9.63 

Cabin 1.95 

lyion and nacelles 3.1I+ 

Main rotor hub 13.10 

Hub, nacelle, fuselage interference 2.62 

Tail 1.7k 

Tail rotor hub O.36 

Main landing gear fairing 1.20 

Main landing gear and wheels 36.kk 

Tail landing gear 8.51 

TOTAL 78.69 

Vertical Drag - The dovmwash factor, Kj^,  of I.03 was used to 
allow for the rotor downwash impingement on the fuselage.    This factor 
multiplied by the weight gave the thrust used in the hover power re- 
quired calculations and in determining the design mean lift coefficients, 

and    /CT    \        .    A strip analysis was performed for the 
jjL     helicopter configuration of Figure 2. 

quired calculations ar 
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The effective drag area, 3.1 percent of rotor area, was determined 
from the variation of dynamic pressure/disc loading ratio with radius 
station, the distance below the rotor, and the representative drag co- 
efficients as given in Figure 9«    Since percent download is given by 

w ff R 

where 

Sf- = dynamic pressure/disc loading ratio (from Figure 9) 

= planform area of the segment 

DL 

A 

JjC-A (^=-) = effective drag area, 

the download correction ratios are equal to these area ratios and are 
independent of weight, W. 

Figure 9 represents a fairing of data presented in NACA TN ^239 
(Reference 9) and drag coefficients in a rotor downwash as presented 
in WADD TR 61-12U (Reference 10). 

Main Rotor Characteristics 

The main rotor characteristics were based on the following 
assumptions: 

• Number of blades, b, determined by the solidity, <r, and a 
blaae aspect ratio of l6,ARb> so that b = TrARbO" to nearest integer 

• Data for an MCA 0012 airfoil in tabular form based on whirl 
tower tests were used for the hover program. These airfoil 
data were input into the forward flight program as follows: 

% 
=   0.009 

CD! =    0.000 

%2 
=    0.^00 

Cjja   =   6.00/radian 

Stall angle = ih degrees 

Drag divergence Mach no, = 0.8l 
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• The rotor radius was assumed to be effective for lift only 
to B x R. 

• The blade cutout at the center of the blade was 15 percent 
of the radius for the rigid, articulated, and teetered 
rotors, and 20 percent for the matched-stiffness rotors. 
The larger cutout was used for the matched-stiffness rotor 
because of the torsional flexure length needed at the hub 
for feathering and cyclic pitch changes. 

• Blade loading used in the rotor weight equation and »the com- 
puter output for the single-rotor helicopter was 

* 

W, 
BL    = HL 

(rirR 

and for the tandem-rotor helicopter was 

W. 
BL   = HL 

2a"rrR£ 

Matched-Stiffness Blade Loading (Limitations) 

For the parametric study, a blade loading limit of 77 psf was 
established for the matched-stiffness rotor at the 95-knot outbound 
speed for the heavy-lift mission. This limit was based on wind tunnel 
measurements (Reference 11) which showed that, for the centrifugal loads 
which were used in developing the design synthesis type rotor group 
weight equation, the second harmonic in-plane loads would exceed design 
limits if higher blading loadings were used. During the design study 
of the rotor system, this relationship was investigated and was found 
to be a function of advance ratio, and the results are presented in 
Section 6. 

Figure 10 shows the effect of gross weight on the maximum forward 
speed due to the second harmonic in-plane blade loading limitations 
based on wind tunnel data (Reference ll). These limits were estab- 
listed on the horsepower versus flight speed plots (Figures 20 through 
27). These speed limit lines were not exceeded during the ferry range 
determination. 
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Since the 95-knot speed at Wm was the limiting condition, solu- 
tion limiting lines of BL = 77 psf could be established on the Max RP 
versus solution gross weight plots to indicate the limiting condition 
for the matched-stiffness rotors by cross-plotting BL versus Wl 

(Figures 11 and 12). 
HL 

It is not necessary to consider a 
\ ro / T 

=0.50 line (cee 

following section) when a 77"Psf line for the  limit line is 
considered. 

Design Mean Lift Coefficient Limitation 

A design mean lift coefficient of 0.50 was used for the transport 
mission weight as an upper limit in determining the usable solutions 
for the rigid, articulated, and teetered rotors in order to conform with 
current practice for helicopters designed to hover at 6000 feet, 
95^. 

Retreating Blade Stall Limits 

All solutions plotted on the Max RP versus Wm plot with NJT 
< 0.50 had a maximum retreating blade angle of attack (Max «070^ i'or 

mission requirements of less than lU0 (i.e., the stall angle). 

In the determination of ferry range for the optimum single matched- 
stiffness rotor, forward speeds at a given weight and altitude in 
excess of the stall limit line (ap7n = 1^°) were not used. 

RESULTS OF PARAMETRIC ANALYSIS 

For a given set of rotor parameters ana  a given helicopter con- 
figuration, the computer program printed out the takeoff gross weight 
for the heavy-lift mission and the required sea level rating of the 
power plant. These values were then entered on plots such as are 
shown in Figure 11. From these plots, for a given configuration and 
engine size, the rotor radius, thrust/solidity coefficient, and tip 
speed can be chosen which result in the lowest helicopter gross weight. 
This gross weight and the corresponding rotor parameters represent the 
optimum matching of the helicopter to the power plants considered for 
the mission requirements used in this study. 
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Solution gross weights were determined for each of the following 
configurations* 

• Single rotor (articulated, teetered, and rigid) 

• Single rotor (matched-stiffness) 

• Tandem rotor (articulated, teetered, and rigid) 

• Tandem rotor (matched-stiffness) 

The study indicates that there is negligible difference in the 
rotor weights of the articulated, teetered, and rigid-rotor systems. 
The matched-stiffness rotor system, however, resulted in from 8- to 
12-percent reduction in vehicle gross weight. The matched-stiffness 
rotor system,therefore, is the recommended system. 

The use of the matched-stiffness rotor system results in the mini- 
mum helicopter gross weight which is essentially the same for both 
the single-rotor and tandem-rotor arrangements. Characteristics of 
these two rotor systems are summarized as follows: 

Design gross weight, lb 

Transport mission weight, lb 

Number of blades 

Rotor diameter, ft 

Blade section 

Rotor tip speed, fps 

Mean blade lift coefficient 

Blade chord, ft 

Aspect ratio 

Single 
Rotor 

Tandem 
Rotor 

72,300 72,500 

59,300 59,600 

5 3 

110 97 

0012 0012 

650 700 

0.520 o.kke 

3.h 3.2 

16.2 15.1 

The foregoing comparison indicates that other considerations are 
necessary to select the optimum number of rotors for the heavy-lift 
helicopter. 
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Parameters Used In the Computer Program 

The basic parameters consisting of tip speed, rotor radius, and 
thrust/solidity coefficient were entered into the program. Various 
combinations of the values of the parameters shown below were 
used. 

Tip speed, ftR = 600, 650, 700, 750, and 800 fps 

Thrust/solidity coefficient, CT/<r = O.055, O.065, 0.075, and 
0.085 

•  Rotor radius: 

Single rotor: 

R = ^5, 50, 55, and 60 ft 

Tandem rotor: 

Articulated, rigid, and teetered, R = 33, 35, 37, 
and 39 ft 

Matched-stiffness, R = kl,  U3, 1+5, ^7, and U9 ft 

Parameter values other than the foregoing were submitted when necessary 
to fill in areas needing better definition. 

Use of Computer Results 

The results of the solution gross weight determination program 
described above were plotted as n.aximum rated power (Max RP) versus 
heavy-lift gross weight (WTTT ) at constant tip speeds (OR) as shown in 
Figure 11. Solution limit lines of 77 psf blade loading for the matched- 
stiffness single- and tandem-rotor configurations, or a /CT  \  limit 

I ro;T 
line of 0.50 for the articulated, teetered, and rigid single- and tandem- 
rotor configurations, were established on these plots by crossplots of 

versus W— at lines of constant R (rotor radius). 

The type and number of engines nearest the minimum weight points 
of these plots could then be ■nsed to establish a plot of tip speed 
versus minimum Wj^ at constant Max RP (Figure 13) for the configuration. 
The tip speed at or near the minimum weight was determined in this 
manner. A plot of the value of WTTT at the intersection of the 
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solution limit line and the lines of constant R on the Max RP versus 
WJJL chart for this optimum (minimum weight) tip speed versus the corre- 
sponding R was then established (Figure lU). Fran this plot the optimum 
R was determined at the minimum Wj». 

Once the optimum R was determined, tr could be calculated with the 
WUT which corresponded to the optimum tip speed and the Max RP corre- 
sponding to the number and type of engines using either 

TTR
2
 x EL 

for the matched-stiffness configurations or 

(T = 

for the articulated, teetered,    "igid rotor configurations where 

(O  = WT x Sw 
p flTR ro 

w 
and 

B3 (CL \ X 

CT      \ r0/T      _  0.30 x 0.97-3 

The transport weight was then determined from the computer output summary 
sheet (Figure 7) for the corresponding parametric values and the heavy- 
lift weight. 

To verify the results of the computer program and to obtain com- 
plete weight and mission breakdowns, these and other significant para- 
meters for the matched-stiffness single rocor were submitted to the 
solution gross weight determination program, and output sheets such 
as those shown in Figure 15 were obtained. It will be noted that the 
Max RP is 15^ horsepower less than the 10,^38 horsepower which is repre- 
sentative of the two 501-M26 engines used. This was considered to be an 
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acceptable closure error for the installed power. Because of this 
closure error, however, the transport fuel /Wp  \  was adjusted upward 

by the increase in fuel which would be representative of the actual 
engines used. 

AWV   = AMax RP x 
REQ 

8WF   x  _t_ 
8Max RP     0.90 

where 

and 

t = the mission time in hours = I.78 

8WF 
8 Max RP 

for Allison 501-M26. 

= 0.1113 

Then 

= 1^ x o.iiij x 1.78 = 3Ulb 

To check fuel weight available, 

(wv       )T  =  W
T ' (W

BASIC 
+ PI<r) 

''AVAIL 1 + KpT 

(W. 
F 'T rAVAIL 

)„ - ^si ■ ja?.^ t aussai . 5630» 

Thus, 

(W       ) =    5627 + 3^ = 5661 
rREQ 

(AWF)T =    31 lb 
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This is an acceptable error of closure. A hand calculation using 
the appropriate curves of nautical miles/pound versus weight, hover power 
versus weight, and corrected engine power versus corrected fuel flow 
yielded a (WF  L of 5720 pounds and (WF  )HL of 263k pounds 
(Table VII). ^ i "'" J REQ 

These quantities indicate the validity of the cross-plotting and the 
computer program results as well as the compatibility of the optimum 
parameters selected. 

Results of Computer Analysis 

A description of the rotor/propuls ion system for each configuration 
studied is presented in Table IV. Adjustments to the computer results of 
Table IV are shown in Table V. These adjustments were required because 
the weight equations for the fuselage and tandem-rotor helicopter cross- 
shafting were revised, and engine and fuel adjustements were made to 
correspond to the actual engine selected. These data show that the 
lowest weight (W^) configuration is the matched-stiffness single-rotor 
helicopter. Although the results in Table IV show little weight differ- 
ence between the matched-stiffness single-rotor and the tandem-rotor 
configurations, the adjustments shown in Table V favor the single rotor. 

The matched-stiffness single-rotor helicopter was selected as the 
recommended configuration. A complete weight breakdown and description 
of this recommended helicopter is shown in Table VI. 

The component weights were determined by the computer program 
(Figure 15). The complete transport and heavy-lift mission breakdowns 
were determined from the computer results shown in Figure 15 and from 
the curves and data of the performance section shown in Table VII. 

The effect of single-point variations on the transport mission 
weight for 6000-foot, 950F hover out-of-ground effect (KÖGE) and the 
transport and heavy-lift payload and fuel weight are shown in Table VIII. 
These were obtained by varying parameters and configurations which 
were of second-order effect and were not varied in the solution gross 
weight determination program. 

It appears that the most significant result of the single-point 
variation studies is the improvement obtained by engine shutdown during 
cruise. This procedure results in a yBy-ponnd  reduction in fuel required 
for the transport mission. However, use of the engine shutdown option 
in the solution gross weight determination program shows that this 
results in only a 300-pound reduction in heavy-lift design gross weight. 
This weight reduction is less than the transport mission fuel weight 
reduction because it results only in a reduction of the installed power 
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1. 

TABLE VI 
MATCHED-STIFFNESS SINGLE-ROTOR SYSTEM 

DESCRIPTION AND WEIGHT BREAKDOWN 

Gross Weight: 
Design (Heavy-Lift Mission Load 

Factor - 2.5), lb 72,300 
Transport Mission, lb 59,300 
Ferry Mission (Load Factor ■ 2.0), lb 90,300 

Power Plant: 
Engine Number and Type (or Equivalent) Two  (2) 501-M26 
Total Rated Power 

Sea Level Uncorrected 10,900 (30 min) 
6000 ft, 95^ Uncorrected 7,^30 (30 rain) 

Power Correction -(2.1$ + 200 hp) 
Fuel Flow Increased by 5^ 

Transmission: 
Design Horsepower (3600-hr Life) 8,200 

Main Rotor: 
Radius, ft 55.0 
Solidity .0986 
Number of Blades 5 
Blade Chord,  in. 1+1.0 
Blade Aspect Ratio 16.2 
Tip Speed,  fps 650 
Disc Loading (Heavy-Lift Mission), psf 7.60 
Design Mean Blade Lift Coefficient 

Transport M6 
Heavy-Lift .520 

Hover Horsepower, Transport, 
6000 ft, 95^ (Main Rotor Only) 6,263 

Blade Loading, psf 77 
Tail Rotor: 

Radius, ft 9.61 
Solidity ,2m 

i    Main Rotor to Tail Rotor Hub Distance, ft 65.61 
Hover Horsepower, Transport, 

6000 ft,  95^ (Tail Rotor Only) 686 

Equivalent Drag Areas: 
Inbound (Transport and Heavy-Lift) 

and Ferry,  sq ft 80 
Outbound Transport, sq ft 100 
Outbound Heavy-Lift, sq ft 180                            i 

Ferry Mission Range (with 10^ Reserve ), nm: 2,600 
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TABLE VI (CONTINUED) 

Component Weights, lb: 
Rotor Group 
Tall Group 

Tall Rotor 
Horizontal Stabilizer 

Body Group 
Landing Gear Group 
Flight Controls Group 
Propulsion Group 

Engines 
Engines Accessories 
Fuel System 
Drive System 

Equipment 
Total (Weight Empty) 

Mission Weight, lb: 
Transport Mission 

Crew 
Fuel 
Oil and Residual Fuel 
Payload 
Gross Weight 

Heavy-Lift Mission 
Crew 
Fuel 
Oil and Residual Fuel 
Payload 
Gross Weight 

Ferry Mission 
Crew 
Fuel 
Oil and Residual Fuel 
Auxiliary Tanks 
Gross Weight 

5,578 
710 

(536) M 
1,01k 
3,759 
1,250 
7,860 

(2,060) 
(1,055) 

(1*1 
(M21O 
.2J2 
29,02 

600 
5,620 

81 
2U.000 
59,325 

600 
2,620 

81 
^0,000 

600 
56,800 

81 
3,839 

9ö^nr 
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requirement caused by the reduced weight for the 6000-foot, 950F hover 
requirement and, consequently, the engine weight. The effect of the 
reduced installed power on the heavy-lift mission fuel weight is slight 
because of the short duration of the mission. 

No effect for the NACA 63015 airfoil is shown because this airfoil 
has essentially the same aerodynamic characteristics as the NACA 0012 
airfoil which was used in the solution gross weight determination pro- 
gram. The difference lies in structural considerations. 

Figures 16, 17 and 18 show the effect on hover performance of 
using rotor-blade taper and twist variations. The corresponding fuel 
weights were determined from Figure 33- The effect of twist on fuel 
consumption was determined from the solution gross weight determination 
program. The effect of taper on forward flight fuel consumption was 
determined from Figure 19 which was obtained from horsepower calculations 
of the computer program 1599» and from the corresponding fuel flows from 
Figure 28. 

PERFORMANCE OF THE RECOMMENDED ROTOR SYSTEM 

Performance characteristics of the single-rotor helicopter with a 
matched-stiffness rotor, which was found to be the lightest helicopter 
considered in this study, are summarized in this section. The important 
physical parameters of this helicopter are as follows: 

Design gross weight 

Transport mission weight 

Number of blades 

Rotor diameter 

Blade section 

Rotor tip speed 

Mean blade lift coefficient 

Blade chord 

Blade aspect ratio 

Blade twist 

72,300 lb 

59,300 lb 

5 

110 ft 

NACA 0012 

650 fps 

0.520 

3.^ ft 

16.2 

-5° 
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Equivalent drag areas 

Tr Ein sport outbound 100 sq ft 

Heavy-lift outbound l80 sq ft 

Ferry and inbound 80 sq ft 

Rated military power (2 501-M26 engines)    10,900 hp 

This helicopter will meet the requirements of the heavy-lift, 
transport, and ferry missions specified in the Statement of Work and 
will hover out of ground effect at 6000 feet, 950F at the transport 
mission gross weight. 

Speed/power plots for this configuration fur the transport and 
heavy-lift missions are shown in Figures 20, 21, and 22. 

It can be determined from these figures and the engine limit cor- 
responding to military rated power, the transmission torque limit, and 
the blade loading limit (Figure U3) that the maximum speeds for the 
various missions are as follows: 

Transport, outbound ikO  knots 

Heavy-lift, outbound 95 knots 

Both missions, inbound 175 knots 

Maximum Specific Ran^e 

A plot of maximum specific range as a function of gross weight 
and altitude was constructed to optimize the flight profile for the 
ferry mission (Figure 3M ■ r-Che determination of the maximum specific 
range was done with a graphical method using plots of power required 
as a function of the logarithm of speed (Figures 20 through 2?) and 
plots of engine power as a function of the logarithm of fuel flow 
(Figures 28 through 32). The speed for maximum specific range was 
read off at the speed at which the slope of IIP versus Log V was equal 
to the slope of HP versus Log FF. This procedure is based on the 
concept tha+ at the speed for maximum specific range, the differential 
of specific range with respect to velocity is zero. Fuel/power 
relationship fcr hover is shown in Figure 33- 
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The stall limit, the blade loading limit, or power-limited speed 
condition, whichever occurred at the lowest speed, was used to determine 
the maximum specific range at the particular weight and altitude. This 
was done at altitudes of up to 20,000 feet with an equivalent fuselage 
drag area of 80 square feet for weights of from 30,000 to 100,000 pounds 
in 10,00ü-pound increments. Both one- and two-engine operations were 
considered. The envelope of these curves was then established. By deter- 
mining the area under this curve between the takeoff weight and the 
landing weight with a 10-percent fuel reserve (integrating the specific 
range between weight limits), the ferry range was determined. Figure 3U 
was then used to establish a plot cf range versus takeoff weight (Fig- 
ure 35) by allowing for climb fuel where necessary at intermediate 
takeoff weights. A similar method was used to determine the maximum 
nautical miles per pound at sea level for several values of f0 and the 
results are plotted on Figures 36, 37 and 38. 

Check of Calculations for Fuel Required 

To check the computer results for the optimum configuration and to 
provide a base for other hand calculations, curves were constructed 
for specific range as a function of weight for the speeds and equivalent 
drag areas corresponding to the requirements of the transport and heavy- 
lift missions. These are shown in Figure 39 which was based on the 
curves in Figures kO  and 28 and the relationship 

vK 
Nautical Miles/pound = =rr FF 

which is the specific range. 

The results of these calculations are shown in Table VIII. These 
curves were used to check the output of the computer program. The 
correlation was excellent (Table VII). 

Effect of Speed on Range and Payload 

The effects of speeds other than those specified in the Statement 
of Work on mission radius and on payload were determined. Also, at the 
request of USAAVLABS, the effects of using equivalent drag areas of 
200 square feet for outbound flight and 100 square feet for inbound 
flight were checked. These effects were determined by use of the speed/ 
power relationships of Figures 2^. and 21, respectively, and power/ 
fuel relationships of Figures 28 and 33 at the corresponding mean stand- 
ard mission cruise leg weight. 
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Figure 28. Fuel-Power Relationship, 501-M26 Engine 
Sea Level Standard Day, ikO  Knots 
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Figure 29.    Fuel-Power Relationship, 501-M26 Engine 
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Figure 30.    Fuel-Power Relationship,  501-M26 Engine 
10,000 Feet, Standard Day,  1^0 Knots 
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The fuel flow rates thus obtained were combined with the correspond- 
ing velocities to determine the equation for the mission radius, RM. 
This RM, with a given amount of fuel, can be dsrived from the following 
relationship: 

1 
RM 

IM\ 
I LB/ out 

RM 

\LBI 

= w. 

in 

W, 

? 

Solving for RM gives: 

RM   = 
(i)   t (i).   

{\ + \ 
out in J 

(m\        +  im\ 
\LB / \LB ' out in 

where 

W, =    fuel weight for a standard mission outbound leg 

and 

W   = fuel weight for a standard mission inbound leg 
F5 

The results of using this equation are shown in Figure hi which 
gives mission range for several outbound an^. inbound speeds, and two 
values of flat plate area for the outbound and inbound legs. 

To determine the effect of speed and flat plate area on the payload 
that can be carried on standari transport and ueavy-lift missions, an 
expression relating the change in payload to the change in fuel weight 
and accounting for reserves and tankage was used: 

/AW, AW, 

APL = - 
out L 

0.90 (1.075) 

The change in fuel, AWF   and AW-, , from the standard mission 
out     r in 

fuel weights, was determined from specific range curves for the weights, 
speeds and flat plate areas studied. The results are shown in Figure U2 
which gives payload for several outbound and inbound speeds and for two 
values of flat plate area for the outbound and inbound legs. 
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Maxlirum Speed Limits 

The maximum speed as affected by the equivalent drag area of the 
payload was determined and is shown in Figure 1+3. The maximum speed 
is limited by power available, retreating blade stall, or blade loading 
limit, whichever comes first. The power limits and requirements are 
shown in Figures kk  and U5. 

Hover Performance 

The hovering ceiling as a function of gross weight is shown in 
Figure ^6 for both standard day and 950F day conditions. Both out-of- 
ground-effect and in-ground-effect hovering performance at the military 
rating of the two 501-M26 engines are shown. The in-ground-effect 
performance is based on a wheel height of 10 feet and uses the ground 
effect relationships plotted in Figure 5-13 of Reference 12. The 
power available from the engines as a function of altitude and tempera- 
ture is shown in Figure kj. 
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SECTION 2 

DESIGN LAYOUT 

■ 

INTRODUCTION 

The design study, based on the rotor system characteristics result- 
ing from the parametric study of Section 1, covers the design for: 

• Blade and hub geometry 

• Blade retention configuration 

• Flight control configuration 

• Rotor/propulsion system general arrangement 

• Helicopter general arrangement 

The cunriguratiori selected is a single-rotor vith a matched- 
stiffness, flexure-hub-type rigid rotor. Various types of flexure, hub, 
and blade designs were studied and layouts were made. Detailed descrip- 
tions of these designs are presented in the following sections. 

DESIGN CRITERIA 

The preliminary design of the heavy-lift helicopter rotor system 
was based on the design criteria set forth in the following paragraphs. 

Basic Characteristics 

The vehicle and rotor design characteristics used for the design 
study are: 

Design gross weight, lb 

Disc loading, psf 

Tip speed, fps 

72,300 

7.62 

700 
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: 

Rotor diameter, ft 

Rotor solidity 

Rotor blade loading, psf 

Number of blades 

Blade airfoil 

Blade chord, In. 

Blade tvist 

110 

0.0986 

77 

5 

MCA 0012 or 
MCA 6301$ 

kl 

-5° 

The design study utilized a tip speed of 700 fps although the parametric 
study resulted In a tip speed of 650 fps. Figure 12 Indicates that there 
would not be a gross weight difference between these two tip speeds. 
The tip speed change did not affect the other rotor parameters because 
they were established by the blade-loading limit rather than the aero- 
dynamic optimum. This relationship can be seen In Figure 11. Since 
the rotor weight decreases with Increased tip speed. It was felt that It 
would be more economical to reduce the rotor system weight at the ex- 
pense of adding the equivalent weight into the propulsion system. 

Operational Considerations 

The heavy-lift helicopter, hovering in close quarters to pick up or 
to place an external cargo load, has a need for both the high-damping 
and the high-control power in pitch and roll that are inherent in the 
Lockheed rigid-rotor concept. These qualities must not be compromised 
to ease the design requirements of a very large rigid rotor. One way 
to ensure that the heavy-lift helicopter will have the same handling 
qualities demonstrated by the XH-51 is to set the required rotor 
stiffness on the shaft at least as high as it would be if the XH-51 
were scaled up from a 35-foot-diameter to a 110-foot-diameter rotor. 

The rotor stiffness, KB (foot-pounds/radian), would scale with the 
cube of the scale factor (110/35)^ = 31.0. The XH-51 rotor stiffness 
is approximately 90,000 foot-pounds/radian. Therefore, HLH rotor stiff- 
ness should be not less than 2.79 x 10 foot-pounds/radian. 

The productivity in ton-miles per hour of a short-range vehicle like 
the HLH is highly dependent on loading and unloading speed. Allowable 
center-of-gravity range is not a problem if the load is suspended ex- 
ternally from a single point at the heavy-lift helicopter center of 
gravity. However, if the cargo is attached at multiple points or placed 
inside the fuselage or in a cargo pod, the center-of-gravity range must 
be sufficiently wide to prevent losing loading time because of a 

* 
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requirement for very careful positioning of the cargo center of gravity. 
For the design study, a total vehicle center-of-gravity range of 5 feet 
was selected.   This is approximately three times the loading tolerance 
of a C-130 airplane which has a forward center-of-gravity limit between 
16 and 20 percent of the mean aerodynamic chord (MAC ■ I6U.5 inches) 
and an aft center-of-gravity limit between 26 and 30 percent of MAC, de- 
pending on gross weight conditions.   With the 5-f'oot center-of-gravity 
range, transport payload center of gravity can be located anywhere within 
a 15-foot range. 

Size Considerations 

If the 35-foot-diameter XH-51 rotor were scaled up to a 110-foot- 
diameter rotor, the lift per blade would Increase directly with the blade 
area or as the square of the scale factor.    The centrifugal force per 
binde for a constant tip speed would Increase as the ratio of blade 
weight to rotor radius   ^•   Thus 

g g      K 

If the blade design were an exact scale-up of the XH-51» the blade 
weight would Increase with the cube of the scale factor. Centrifugal 
force would then increase with the ratio of blade weight to rotor radius 
or the square of the scale factor. Thus the ratio of blade lift to 
centrifugal force (a function of coning angle) would remain constant as 
would all blade flapping excursions. The rotor weight fraction or 
weight-to-lift ratio would increase linearly with the scale factor, and 
the rotor weight as a percent of gross weight would be 3.1^ times greater 
in the HLH than in the XH-51. Any attempt to design a large lightweight 
rotor would automatically involve a relative reduction In blade centri- 
fugal force and an increase in coning angle. The coning angle Is ex- 
pressed by the following: 

Coning angle = 
W 

b x CF 

g (£) 
Therefore 

Coning angle 
R W) 

If the blade weight to gross weight fractionlrplls held constant as the 

blade radius (R) is increased (constant tip speed and number of blades), 
the coning angle increases linearly with the radius.  Scaling from the 

» 
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XH-51 to the HLH would show a coning angle of 9.h  degrees (3.1^ x 3°) for 
the HLH. However, in the preliminary design of the HLH rotor system, the 
coning angle was determined to be 7 degrees. This indicates that the 
blade weight fraction increases as radius increases. This is substan- 
tiated by the statistical rotor weight trend equation shown on page 2tk. 
This equation indicates that rotor weight increases with the 1.576 power 
of the radius as opposed to the third power of the radius indicated by 
direct geometric scaling. 

The relatively high rotor stiffness and the large built-in coning 
angle would greatly alleviate the static droop deflection problem that 
is characteristic of very large articulated rotors. 

Based on the parametric analysis, each blade assembly will be 55 
feet long and will weigh approximately 1000 pounds. Blade replacement 
under field conditions will not be a simple operation. It would be ad- 
vantageous if the external portions of the blade were removable segments 
which could be replaced in the field and would cover and protect the 
primary blade structure from environmental damage. 

Additional Design Goals 

Minimum rotor weight for the selected rotor aerodynamic configura- 
tion is the criterion for measuring the relative effectiveness of various 
solutions to the rotor design problems posed in the preliminary design 
study. 

Consideration must also be given to development, tooling and pro- 
duction costs. For a vehicle of the type and size of the heavy-lift 
helicopter, the development and tooling costs could be a substantial part 
of the total cost per vehicle. 

Because structural joints are a major source of trouble in rotor 
development, the number of joints in the primary load path of the blade, 
flexure, and hub should be held to a minimum. For safety, the primary 
structural load path should be redundant, so that a crack through any 
one piece will not be catastrophic. 

« 

Matched-Stiffness Concept 

The matched-stiffness rotor concept was developed by the Lockheed- 
California Company from a continuing program of rigid-rotor research 
and development. The principal feature of this concept is that a 
matched-stiffness flexure hub replaces the hub spindle and feathering 
bearings associated with the original Lockheed rigid-rotor design. The 
matched-stiffness flexure hub is a torsionally soft flexure element. 
The flapping and in-plane stiffness of this flexure are matched. This 
stiffness-matching results in a fundamental improvement in the servo 
feed-back characteristics of the Lockheed gyro control system. 
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In 1962 and 1963» a dynamic model wind tunnel program was funded 
by USATRECOM* to explore rigid rotor dynamics in general, and the 
matched-stiffness concept in particular. This program is reported in 
TRECOM Technical Report 63-75, "Investigation of Elastic Coupling 
Phenomena of High-Speed Rigid Rotor Systems," June 196k  (Reference 13). 

In December 1962, seven rotor configurations were tested in the 
Langley Full Scale Wind Tunnel up to the 127-mph maximum simulated speed 
available in that tunnel. In May 1963, two of these configurations were 
tested in the controlled atmosphere of the Langley Transonic Dynamics 
Tunnel to simulated speeds of 250 mph. Full-scale Reynolds and Mach 
numbers were obtained. Thus, the model was properly scaled aerodynamic- 
ally as well as dynamically for small helicopters; however, the Reynolds 
number was considerably smaller than that for a rotor of the size of the 
HLH. These tests showed the matched-stiffness type of rotor to be stable 
with extremely small values of gyro inertia, just as the theory had in- 
dicated. In addition, the in-plane oscillating loads at the blade root 
were reduced by from 70 to 90 percent from those of the stiff in-plane 
rotor configurations tested. 

The rigid-rotor design eliminates lag and flapping hinges in the 
rotor but requires blade-feathering bearings. It is desirable to remove 
the last of the hub bearings, i.e., the blade-feathering bearing. The 
matched-blade type of rotor with its low in-plane stiffness requirements 
is ideally suited to the design of a torsionally flexible blade root 
member, which eliminates the need for feathering bearings. 

Figure kQ  shows the rotor design system which has evolved from the 
integration of the flexure-hub and stiffness-matching concepts. A 
slender spar is designed to. provide the desired flapping stiffness and 
identical in-plane stiffness.' It has an open cross section of minimum 
torsional stiffness. The inboard end of the spar is attached solidly to 
the rotor shaft. This spar becomes part of the blade "D" spar at from 
20 to 30 percent of the rotor radius. A tube enclosing this spar or 
flexure functions as an aerodynamic fairing in addition to serving as 
the control torque tube for the transmission of feathering moments and 
blade pitch angles. The outboard end of the torque tube attaches to 
the blade "D" spar through a flexible coupling which transmits only 
torsional moments. The root end of the torque tube is supported by a 
bearing attached to the hub and incorporates a pitch horn with an at- 
tachment for the pitch link from the gyro swash plate. 

In I963 and 196U, with the support of USAAVLABS and the cooperation 
of NASA, a second wind tunnel program was undertaken to examine the dy- 
namics of an optimized matched-stiffness rotor. This program is reported 
in USATRECOM Technical Report 6U-56, "Wind Tunnel Tests of an Optimized, 
Matched-Stiffness Rigid Rotor," November I96U (Reference 11). 

»Changed to USAAVLABS in June 1965. 

100 



.. i. 

a 
•H 

! 

I 
I 

101 



Testing was conducted In the controlled atmosphere of the Langley 
Transonic Dynamics Tunnel In both helicopter and unloaded-rotor flight 
regimes to simulated speeds as high as 263 mph. 

In general, the tests were successful In confirming the feasibility 
of the matched-stiffness type of rotor. The rotor and control system 
functioned very much as predicted by theory. 

The cyclic in-plane stresses at the root of any blade that does not 
have lead-lag freedom are a crucial design consideration. The principal 
oscillating load Is the 1/rev differential blade drag load caused by for- 
ward velocity of the rotor. One of the basic advantages of the matched- 
stiffness design is that considerable attenuation of l/rev in-plane loads 
is achieved because the first in-plane natural frequency is substantially 
belov the l/rev forcing frequency. 

If the flexure fairing torque tube is considered to be part of the 
control system, the rotor itself has no bearings, requires no lubrica- 
tion, has no rubbing surfaces (thereby eliminating wear or fretting 
corrosion), and has only one structural joint per blade. This single 
Joint which attaches the blade flexure to the shaft can be designed to 
accomplish blade folding, if required. 

Simplifications possible from use of this type of rotor extend to 
other systems. The elimination of feathering-bearing friction and the 
gross reduction in gyro size indicate that much larger rigid-rotor heli- 
copters can now be built without resorting to boosting for cyclic con- 
trols. Friction in the rotor and control systems results in damping 
which is undesirable in a gyro control system. However, a spring force 
or spring stiffness is desirable to tune the feathering natural fre- 
quency to l/rev for best operation of the gyro control system. As such, 
the elastic torsional stiffness of the flexure is an advantage. Scaling 
of the control forces from the 10-foot model indicates that it may be 
feasible in an emergency to fly manually a 100-foot-diameter rotor of 
this type. Thus, dual-boost system requirements would be eliminated. 

Elimination of hub articulation mechanisms allows a drastic reduc- 
tion in hub size and a corresponding reduction in hub drag. A typical 
hub fairing radius would be h percent of the rotor radius while the rotor 
maintains a stiffness equal to an articulated rotor with a 12-percent 
radius flapping hinge offset. 

Production cost estimates indicate that to manufacture this new 
type of rotor will cost approximately one third less than to manufacture 
previous rigid rotors. 

DESIGN EVOLUTION 

From the functional standpoint, the rotor system can be divided into 
four component areas, as follows: 
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• Blade 

• Flexure 

• Hub 

• Torque tube 

Basically, the blade configuration evolves from aerodynamic requirements; 
the blade attachment, hub, and torque tube design evolve from the re- 
quirements of the flexure and conform to present design configurations. 

where 

Flexure Evolution 

The flexure is by far the most difficult part of this type of rotor 
to design. The real challenge in this design study was to meet the de- 
sign requirements without having either high-flexure stress levels or 
high-flexure weight. 

The stiffness of the rotor on the shaft (K3) is 

K3 = ^ x CF x effective flapping hinge offset 

b = number of blades 

CF = centrifugal force/blade 

The effective flapping hinge offset dimension is the sum of the hub 
radial dimension plus a portion of the radial length of the flexure. 
The portion of the flexure that is effective is a function of the flap 
bending stiffness of the flexure. In the case where the flexure flap 
bending deflection curve is a constant radius arc, the effective flap- 
ping hinge offset is 

Offset = hub radius + 0.707 

where 

El = flexure flap bending stiffness at the point 
where the flexure joins the hub.. 

The centrifugal force is determined by the blade design. Thus, the 
flexure stiffness (El) level and distribution are the only variables 
available with which to obtain the desired rotor stiffness. With the 
selection of a flexure material, the modulus of elasticity (E) is fixed. 
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The radius of curvature (Rc) of the flapping deflection shape of 
the flexure Is 

Rc M 

The bending moment (M) which the flexure must carry Is determined by the 
gross weight, center-of-gravity travel, and the rotor stiffness. The 
l/rev flapwlse bending stress (f) In the flexure is 

MC 
I f »—i 

A constant radius of curvature along the length of the flexure can be 
obtained by matching the stiffness distribution to the moment distribu- 
tion. With a constant radius of curvature, bending stress is solely a 
function of flexure thickness, and a constant thickness flexure will have 
constant l/rev bending stress along its length. This is a very efficient 
arrangement because it works the full length of the flexure material to 
the same stress level to obtain a. given flapping deflection. 

» 

The problem with a constant thickness flexure is that the maximum 
thickness is determined by the blade thickness where the flexure Joins 
the blade.    This thickness usually yields an efficient section at the 
blade junction '..here the bending moment, and therefore the moment of 
inertia (l). required, is small.    However, the same thickness of flexure 
adjacent to the hub can result in an impossible situation if the moment 
of Inertia required is greater than can be .obtained with a flat plate. 
Even if the flap plate is possible,  it is not efficient from the weight 
standpoint. 

The condition for holding constant bending stress along the beam is 
that the flexure thickness (h) to radius of curvature.^ ratio must be 
constant and, therefore, the stress is a function of =-.        This says 

that the flexure thickness can vary along the length of the flexure if 
the deflection radius is varied In the same way.    The radius of curva- 
ture can be varied by adjusting the moment of inertia distribution to 
make the .Inboard portion of the flexure stiffer and the outboard portion 
softer.    Thus, less of the flapping deflection will occur Inboard and 
more outboard.    The weight efficiency is Improved because the flange 
material is still uniformly stressed while the Inboard flexure cross 
section can be more efficient section than a flat plate because of its 
increased depth.    The taper in depth of the flexure also reduces shear 
in the webs. 

Flexure Weight Efficiency 

In a flapping sense, the flexure Is a spring designed to give a de- 
sired rotor stiffness while transmitting blade loads to the shaft at 
reasonable stress levels.    It is usually a rather soft spring carrying 
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large loads and/or large deflections.   Because of this, the hub flapping 
flexure has usually evolved Into a flat plate cross-sectional shape as 
shown. 

t 
The weight of this type of section In pounds per Inch of length will 

be derived In terms of the material properties (E), allowable stress (S), 
and density (p). 

It Is assumed that a flapping stiffness (El) has been determined 
and must be held constant and that the flap bending moment (M) will re- 
main constant since the flapping stiffness is constant and hence, the 
bending stress is constant. Therefore 

El -    K, 

from S =   =- and C   =   TJ 

I _   MC              =   Q4h . h  '  W 
from:  I bh3         K 

'    12      "    E 

b „    12K 

Eh3 

Weight in lb/in.    =   b x h x p 

Wt/in. 12Khp      12KpE2M2 3PEM2 

Since 3, K and M are constants, 

Weight in lb/in. = f (?) 
Thus, the best flexure material is one with a low density (p), low mod- 
ulus of elasticity (E), and high allowable stress (S). The allowable 
stress is particularly important, as it is a squared term in the equation. 

lie flat p: Basic flat plate shapes are inefficient for carrying bending loads. 
Since h - f /fi_\, the use of low modulus of elasticity materials and/or 
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higher aUowublcj vould permit the height to increase and allov the 
of more efficient flexure shapes, such as the following: 

^iJU 

T 
5^   -   ^^ OR Innl 

Since the allowable stress (S) in the above equation is the average 
stress in bending, the form factor weight efficiency of a flat plate is: 

(Smax) 

ISmaxi2 

or only 25 percent. In contrast, an "I" beam with a flange thickness 
to section depth ratio of l/lO has a form factor weight efficiency of 
approximately 80 percent. 

Flexure Weight Tradeoffs 

If the varying radius deflection shape stiffness distribution is 
used,  it is possible to use an efficient crucifomr cross section over 
the whole length of the flexure.    This section is also matched in stiff- 
ness and torsionally soft over its whole length.    Stiffness distribution 
was developed to give the required rotor stiffness, and five flexure 
designs were developed.    Two designs are in titanium alloy and three 
are in stainless steel.    Each design has a different cross-sectional 
height a«d therefore a different bending stress level.    This bending 
stress level was held constant for each design between station kO and 
station 133« 

The weight of each design is represented by a horizontal line in 
Figure U9.    Each design represents a variety of stress levels corre- 
sponding to a variety of center-of-gravity offset values for the vehicle. 
Therefore, lines of constant stress level versus center-of-gravity off- 
set are shown. 

The stress shown is the total alternating flapping stress in the 
flexure.    The flight condition is 95 knots at a heavy-lift mission 
gross weight of 72,300 pounds. 

106 



. 

■ 

I 

8000 

3000 

2000 

1000 

FLEXURE FLAPPING STRESS CYCUC 
AMPLITUDE 

(BLADE STATION 40 TO 133) 

STAINL 

TITANI 

ISS STEEL 

IM ALLOY 

£10 *20 ±30 *40 

ALLOWABLE CO TRAVEL - IN. 

*50 

Figure kS,    Rotor Weight v$ Center-of-Gravlty Travel and Flexure Stress 

! 

.- 

107 



This family of stress curves covers approximately the whole area 
for which the cruciform cross section is applicable to the HLH. Thus, 
it is not possible to extrapolate the data presented to substantially 
higher or lower stress levels. At lower stress levels, the cruciform 
must be abandoned In favor of the flat plate, and flexure weight will 
increase rapidly. At higher stresses, the flexure depth becomes awk- 
wardly large, too much material goes into shear webs, and flange sta- 
bility becomes a problem. 

DESIGN DESCRIPTION 

A detail description of the components of the matched-stiffness 
rotor configuration is presented in the following paragraphs and is 
shown in Figure 50. 

Blade 

The primary rotor blade construction as shown in Figure 51 is a 
segmented type (nose and trailing-edge integral unit) installed around 
a square tabular spar extending from 25 to 100 percent of the rotor 
radius. The segmented construction is slightly heavier than the con- 
tinuous type of blade construction frequently used on smaller blades. 
The weight penalty of approximately 300 pounds per helicopter is justi- 
fied by the ease with which repairs can be made in the field by replac- 
ing individual segments rather than removing and/or scrapping an entire 
blade assembly as in the case of a continuous stressed skin blade. 
Twelve segments are required per blade. Each segment is hl.l  inches 
long. Each segment can be removed from the spar without disturbing the 
adjacent segments. The replacement procedure, as shown in Figure 51, 
is to remove the single line of flush screws which clamp the segment 
around the spar, spring the upper flap up and the trailing edge down, 
and pull the segment forward and down off of the spar. The deflection 
of the 0.060 epoxy fiber glass skins required to remove the segment 
from the spar results in flexure bending stresses in the fiber glass 
of 15,000 psi compared with a flexural strength ultimate of 76,000 psi 
for this type of material. 

The segment trailing-edge outer skins could be either aluminum 
alloy or epoxy fiber glass. The 6-pound/cubic foot density polyure- 
thane foam in the leading edge is the lowest foam density that has 
been found to be practical in rotor blades. The fiber glass cylin- 
ders are simply elongated lightening holes to reduce the weight of the 
leading edge. 
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The inboard segments differ from the outboard segments only in 
the deletion of the chordwise balance weight from the leading edge. 
The only contact between the segment and the spar is through the 
corner blocks at each end of each segment.    The centrifugal force gen- 
erated in each segment is carried into the spar where the inboard set 
of comer block bear on the comer blocks bonded to the spar. 

4 

4 

The blade segments are the source of most of the rotor system cen- 
trifugal and inertia forces since the centroid of the segment weight is 
further outboard than the centroid of the spar weight. Their mass and 
the stiffness of the spar primarily determine the blade frequencies and 
mode shapes except for the first or cantilever mode. 

Although the airfoil section shown is an NACA 0012, the use of any 
12- to 15-percent-thick airfoil would not appreciably affect the con- 
struction, rotor frequencies, or rotor weight shown for the 0012 section. 

Spar/Flexure 

The blade spar and the root flexure are constructed as a complete 
bonded assembly to avoid the weight and structural problems of a mechan- 
ical Joint. Figure 52 shows the spar/flexure assembly. 

The flexure connects the hub to the blade and extends from about 
3 to 25 percent of the radius for this design.  It is torsionally soft 
to allow blade pitch changes through a range of 2h  degrees. The in- 
plane stiffness is matched to the flapping stiffness. These stiffnesses, 
in conjunction with the blade mass and centrifugal force, determine the 
first, or cantilever, mode frequencies, and in-plane blade motions are 
accommodated by elastic bending of the flexure. 

The blade spar is a square tubular section and is sized to stiff- 
ness requirements for blade frequencies and centrifugal force. The spar 
incorporates an antinodal weight to control the second mode flap 
frequency. 

Hub 

The hub as shown in Figure 53 is the central fitting to which the 
inboard ends of the five flexures attach. The hub transmits the blade 
forces through bearings to the nonrotating rotor mount spindle. The 
hub as shown is a titanium alloy forging. The hub could also be built 
of steel in which case the flanges and walls could be thinner and the 
weight would not be appreciably greater than for titanium. The flanges 
to which the flexure root fittings attach are positioned to back up and 
stiffen the radially loaded rotor bearings. 
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This type of rotor design Is not dependent on the use of em inte- 
grated hub and transmission as shown. This saine type of hub could be 
installed on top of a conventional rotating rotor shaft. The hub would 
be internally splined to fit the shaft, and the hub weight would be 
practically the same as that shown for the integrated huh. While this 
rotor is not designed for blade folding, the four-bolt lug-type of 
Joint used to attach the blades to the hub would be easily adaptable 
to folding. 

Control Torque Tube 

Functionally, the torque tube is not a structural peat of the rotor 
as it transmits only control forces and motions. It extends generally 
parallel to the flexure from the hub to the blade and is very stiff 
torslonally. The outer end of the torque tube is attached to the blade 
rigidly in a feathering sense through a flexible coupling which will not 
transmit appreciable in-plane or flapwise bending moments from the blade 
into the tube. The inboard end of the torque tube Is attached to the 
hub through a bearing which is free to rotate in a feathering sense and 
to the swash plate through a pitch horn and pitch link. Thus, cyclic 
and collective pitch changes are fed to the blade by the torque tube, 
and feathering moments generated In the blade are carried by the torque 
tube back to be reacted in the flight control system. 

The torque tube torslonal stiffness .requirement Is such that the 
torque tube diameter must be In the order of 10 to 12 Inches to achieve 
a light torque tube design, as shown in Figure 5^< The torque tube en- 
closes the flexure and serves as a protective covering. With proper 
contouring, the torque tube also serves as an aerodynamic fairing over 
the flexure. 

To allow inspection of the flexure and replacement of the torque 
tube without removal of the entire blade, the torque tube is split 
lengthwise. A Thomas-type flexible coupling is used to attach the 
torque tube to the blade. 

Gyro/8wash Plate 

A gyro/swash plate Installation above the rotor hub is shown in 
Figure 55 to illustrate that the rotor design presented in this report 
is compatible with reasonable control systems. No weight or stress 
analysis data are presented for the gyro/swash plate, as it is not con- 
sidered as part of the rotor. 

A nonrotatlng control pylon Is mounted Inside the nonrotating rotor 
mount spindle. The gyro/swash plate Is mounted on a nonrotatlng gimbal 
on top of the pylon. An arm extends from the nonrotatlng center part of 
the gyro/swash plate down through the control pylon. Cyclic control mo- 
ments are applied to the gyro as horizontal forces on the lower end of 
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this arm. Collective pitch Is applied by moving the entire control 
pylon and gyro/swash plate vertically. With this arrangement there Is 
only one major rotating piece, vhlch Is both the gyro and swash plate. 
Five arms extend from the gyro hub. A pitch link attaches each arm to 
a blade torque tube pitch horn. Weights at the ends of the arms 
create the necessary gyro moment of Inertia. 

Rotor/^ropulelon System Qeneral Arrangement 

The general arrangement of the rotor/propulsion system Is shown In 
Figure 56. The transmission Is mounted directly below the rotor with 
vertically mounted engines. The use of engines mounted vertically 
eliminates the need for bevel gearing In the gear train between the en- 
gines and the main rotor. The power and rotational speed requirements 
of the HLH transmission would stretch the present state of the art In 
bevel gear technology. On the other hand, conventional, parallel shaft 
gearing Is commonly used to run at.far higher speeds and powers than Is 
required for the HLH. 

Three 1!6k/8h engines were used only for configuration purposes to 
show the vertical engine concept. Other arrangements or combinations 
of engines could be Incorporated. 

Figure 56 shows the space available with this transmission design 
to mount a 20-ton-capacity cargo hoist directly below the center of the 
rotor and at the center of gravity of the vehicle. If the hoist had to 
be mounted below the center of gravity because of the transmission 
arrangements. It Is possible that the vehicle/cargo dynamics could 
create a problem. The hoist has clearance for a 30-degree cable angle 
with respect to the rotor axis. 

The size of this vehicle and the height of most of the components 
from the ground suggest that maintenance could be more simply accom- 
plished If access were provided from inside rather them from outside the 
fuselage. Thus, the vehicle arrangement shown In Figure 56 is such that 
all systems are placed inside the body Insofar as possible, and Internal 
passage ways are provided to reach them. This feature allows In-flight 
inspection of systems where trouble is suspected. It also allows repair 
work at night with no light showing externally. The possibility even 
exists of extending this concept to the point where it would be possible 
to effect an in-flight engine change during an overseas ferry flight. 

The engine room directly below the rotor provides access to: 

• All three engines and related systems 

e Most of the transmission 

• The separate accessory drive gearbox and all accessories includ- 
ing the APU 
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• The cargo holst 

• The cyclic and collective nonrotatlng parts of the flight con- 
trol system 

e Transmission lube system 

The fuel system tanks would be located In the general area of the 
transmission/engine coopartment with tanks both forward and aft. It Is 
anticipated that crash-resistant-type fuel cells would be used. 

The fuselage size Is sufficient to accommodate necessary fuel 
tanks Internally for the fuel requirements of the ferry mission. 

Alternate Design 

Alternate studies were conducted for the design of the blade seg- 
ment and the flexure member. The primary purpose of this alternate 
study was to provide backup configurations for weight study puzposes 
and to evaluate differences In design with respect to manufacturing 
techniques. The alternate designs are presented for conceptual compari- 
son only, as no detailed weight or stress analysis Is presented in this 
report. 

Blade Segment 

The rotor blade segment design, as shown in Figure 37,  presents a 
configuration that Is compatible with the spar/flexure configuration 
previously discussed. This blade segment design study was conducted 
as an alternate to the segment configuration of Figure 51* The con- 
figurations differ primarily in the detailed buildup of the leading edge 
and in the fact that the segment is a two-piece section. A tradeoff study 
would be required to establish the optimum detailed configuration. 

Flexure 

. 

t 

An alternate flexure configuration was studied. The configuration, 
as shown in Figure 50, is a matched-stiffness flexure and differs from 
the configuration of Figure 52 in that a tie rod is incorporated to pre- 
load the flexure in compression for increased fatigue life and in the 
method of manufacturing. This flexure is machined from a steel section 
Instead of from a built-up oonded section. This configuration will re- 
quire further design study and refinement. 

The hub configuration of Figure 58 is a tension-type multiple-bolt 
pattern flexure attachment instead of a lug attachment. It is felt that 
either configuration will satisfy the requirements of the design and 
will weigh approximately the same. A tradeoff study would be required 
to establish the optimum configuration. 
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OPERATIORAL FEATURES 

If the requirement for safe autorotatlon is Intended to restrict 
disc loading to values at which autorotatlon Is possible, the 7.6 psf 
disc loading of this rotor should be quite satisfactory. Rate of 
descent, power off, at heavy-lift gross weight will be quite rapid, and 
the flare and touchdown will require a skilled pilot. The energy stor- 
age capacity of this rotor is probably not quite high enough to allow 
a zero forward speed landing with power off. However, completely power- 
off landings in a multlenglne machine such as this should be rare and do 
not appear to Justify a weight penalty in the rotor to increase the 
rotor energy further. The flare capability should be comparable to 
most large operational helicopters in use today. 

During flying-crane-type operation, when em external cargo hook is 
used, it will probably be necessary for ground personnel to be beneath 
the hovering helicopter to hook and unhook the load. The cargo would be 
resting on the ground and the rotor-induced velocities would correspond 
to the operational empty weight disc loading of approximately 3.5 psf. 
Disturbances due to the Induced velocities at such a low disc loading 
should not be dangerous to ground personnel. 

Rotor blade tip lg static droop is 53 inches, 
is 82 Inches at the blade tip. 

The built-in cone 

Because the rotor static droop is not large, it is not necessary 
to resort to a fixed tilt of the rotor shaft forward with respect to 
the static ground line. This is advantageous to a crane-type helicopter 
as there is then no tendency to roll or slide along the ground aa lift 
is Increased at takeoff. 

The flexure structure is redundant in that each flange is composed 
of several pieces. A crack in one piece should not progress into the 
other pieces with catastrophic rapidity. The flexure is fail-safe with 
respect to the largest loads which are the first, or cantilever, mode 
flapping (rotor moment) and the first mode in-plane (drag variation due 
to forward velocity). The ability of the flexure to transmit a flap- 
wise bending moment is a function of its stiffness. If a crack should 
progress through one of the flanges of the cruciform flexure cross sec- 
tion, the flexure stiffness would decrease substantially. The blade 
would move toward the articulated blade situation where no moment can 
be transmitted because no stiffness is present. Sufficient material 
would remain to carry centrifugal force and to prevent blade separation. 
The rotor would probably become quite rough in operation with one soft 
blade out of track with the other four. This should warn the pilot to 
make an emergency landing. 
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Because its first in-plane natural frequency is below l/rev, the 
flexure is similary fail-safe with respect to first-mode in-plane 
loads. As the in-plane stiffness decreases with the damage to the 
flexure, the first in-plane natural frequency is reduced further below 
l/rev and the dynamic magnification factor decreases very rapidly. 
Thus, as the damage progresses, the loads causing the damage decrease. 

Repair and inspection on this rotor are simplified by the ability 
to remove the torque tube and blade segments individually without re- 
moving the entire blade assembly from the vehicle. The blade can be' 
stripped down to the spar/flexure for inspection and replacement of 
damaged segments. 

FABRICATION CONSIDERATIONS 

The hub is a one-piece forging in titanium alloy or steel. It is 
30 inches in diameter and about 16 inches high. Fabrication does not 
appear to offer any particular problems. 

The flexure/spar assembly requires bonding facilities capable of 
handling a 5^-foot length. 

* 

Strip stock in the thicknesses and lengths required for the 
flexure/spar is currently available in stainless steel but not in 
titanium alloy. According to titanium suppliers, the mill facilities 
capable of rolling the material required in this design are being con- 
structed and should be in operation by the end of this year (1965). 

The formed sections In titanium alloy would require hot forming. 
This is feasible but considerably more expensive than cold forming in 
stainless steel. 

The flexure/spar root fitting Is a machined forging in either 
titanium alloy or steel. While Its machining Is complicated because 
it accommodates the blade built-in coning angle aad an average blade 
axgle of attack. It is no more difficult than many current rotor 
articulation fittings. 

Fairly sophisticated tooling can be Justified for the molded 
fiber glass blade segments because of the large number required. 
Sixty segments are required per helicopter. 

. 

HELICOPTER GENERAL ARRANGEMENT 

The helicopter general arrangements presented in this report were 
developed for analysis purposes and are not intended to reflect a rec- 
ommended configuration. 
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The general arrangement configuration shown in Figure 39 was de- 
veloped during the preliminary design phase of this program. The 
primary differences between this configuration and the configuration 
of Figure 2 are: 

• Landing gear arrangement 

• Passenger carrier in crane configuration 

• Engine arrangement 

The landing gear was changed from a main and tail type to a tandem 
straddle type. The tandem straddle-type gear has the following 
advantages. 

• Helicopter can taxi forward off a cargo load, which elim- 
inates hovering release or takeoff after load is released. 

• Cockpit height from ground is greatly reduced during landing 
flares 

• Ground height can be varied through use of landing gear oleo 
struts 

The fuselage was sized to accommodate passengers, which eliminated 
the need of the pod as a passenger carrier. 

The engine arrangement was changed from two horizontally mounted 
to three vertically mounted engines. 

The external cargo pod configuration as shown has an advantage 
over the internal cargo configuration in that the side area is greatly 
reduced for the transport configuration. A more detailed design and 
tradeoff study would be required to determine the optimum configuration. 

The cargo compartment size for the external pod configuration 
shown is 50 feet long, 9 feet high, and 10 feet 5 Inches wide, which 
is equivalent to that of a C-130 airplane. 

The rotor/propulsion system resulting from this study would be 
applicable to either an external or an internal cargo configuration. 
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SECTION 3 

STATIC AND DYNAMIC ANALYSES 

INTRODUCTION 

Analyses were conducted to determine the static and dynamic loads, 
and the dynamic and aeroelastic characteristics of the rotor system.' 
The fatigue loading spectra of the rotor system are included in this 
section. 

Although this study is concerned only with a shaft-driven rotor 
system, suitable assumptions are made to define those vehicle parameters 
necessary for an adequate analysis of the rotor system, such as center- 
of-gravity limits, main landing gear tread, etc. 

The criteria for structural design änd the methods for determining 
the elastic response and the resulting Ipads on the rotor for the vari- 
ous flight conditions are consistent with the Lockheed gyro conti'olled- 
rigid-rotor concept. Helicopters using such a system (e.g., the Model 
XH-51) have been shown, both in wind tunnel tests and in extensive 
flight testing, to achieve the goals initially established for this 
rotor concept. 

STRUCTURAL DESIGN CRITERIA 

The structural design criteria adopted for this heavy-lift rotor 
study .are guided by the requirements of MIL-S-8698(ASG) and are pre- 
sented in the following paragraphs. 

Mission Profiles 

Three missions are considered in defining the required strength 
level of the rotor system. The parameters which are pertinent to the 
structural design of the rotor system and are dependent on the mission 
are given in Table I. 

Design Weights 

The design weights vary with the mission as indicated in Table IX. 
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TABLE IX 

DESIGN WEIGHTS 

TRANSPORT 
(lb) 

HEAVY-LIFT 
(lb) 

FERRY 
(lb) 

Weight Empty 29,105 29,105 32,9M+ 

Crew 600 600 600 

Operating Weight Empty 29,705 29,705 33,5M* 

Fuel 5,620 2,620 56,800 

Gross Weight Less 
Payload 

35,325 32,325 90,3^ 

Payload 2^,000 UO,000 0 

Design Gross Weight 
(Outbound) 

59,325 72,325 90,3^ 

Design Gross Weight 
(Mb Payload) 

35,325 32,325 

Design Center-of-Gravlty Range 

The range of center-of-gravity travel considered for structural 
design Is 

Forward 32 In. 

Aft 28 In. 

Lateral 0 in. 

These distances are measured from the centerllne of the main rotor shaft 
and represent the maximum center-of-gravity travel. For the fatigue 
life determination, rational intermediate centers of gravity are consi- 
dered together with appropriate percentages of total flight time at each 
selected location. 
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D'3ign Speeds 

Design Vehicle Speeds t • 

Transport       Heavy-Lift Ferry 

V Cruise (knots) 

• With payload no 95 
No payload 

VD (knots) 

130 130 130 

• 
« 

With payload 132 Ilk 
No payload 156 156 156 

Design Rotor Speeds (: Power- On); 

rpm 
Angular Velocity 

(radian/sec) 
Tip Speed 
(ft/sec) 

Normal 121 12.65 700 

Design minimum 109 11.1+8 627 

Design maximum 133 13.90 765 

Design Rotor Speeds (] Power- Off); 

rpm 
Angular Velocity 

(radian/sec) 
Tip Speed 
(ft/sec) 

Normal 121 12.65 700 

Design minimum 105 11.00 605 

Design maximum 137 1^.33 790 

Design Load Factors 

Maneuver Load Factors - The design maneuver load factors for the 
three missions considered are specified in the Statement of Work.    These 
are repeated below,  the values shown being at the design gross weight. 

Load Factor 

+  n 

- n 

Transport 

2.5 

-0.5 

Heavy-Lift 

2.5 

-0.5 

Ferry 

2.0 

-0.5 

1^3 



The expression which describes the load factor capability of a rotor 
as a function of the maximum mean rotor lift coefficient, ü^ , is given 
in NACA TN 2990 (Reference Ik)  as: niax 

where 

max 

= maximum mean rotor lift coefficient 
max 6 Cn 

C.  = trim lg lift coefficient =   
Lt B3 + iB ^ - 3^t3 

B = tip loss factor =0.97 

ft = rotor speed, radians/sec 

V COS cc 
fi = advance ratio = —rr-r  

V = forward velocity, fps 

a = rotor angle of attack 

R = rotor radius, 55 ft 

= thrust coefficient 
t 

P 

Tt = 

TTR" P(ftt R)" 

air mass density 

trim lg rotor thrust = W 

bC 
rotor solidity = TTR 

b = number of blades -  5 

C = blade chord - 3.^1 ft 
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Subscripts 

t = trimmed lg flight 

n = value at maximum load factor 

Substituting the expressions for CL and C_ into the equation for 
*    it 

nmax and ietting 

v= B3 + |Bu 2 -■!■- H-3 

2  n   Sir n 

yields 

bC ^JW W(nR)n  A08 

max TT 
cos aonY 

cos a  I 
0t/ 

Introducing the constants above and conservatively assuming 

1 results in the followirig solution for this vehicle at 
/cos aOn\3 

\cos aot/ 
sea level. 

v(ftR) 

"max " ^2) 
max n 

W 

given 
The maximum attainable mean rotor lift coefficient, Cr  , 

, rotor speed and forward speed is obtained by conservative 
for a 

[vely assum- 
ing that all blade sections are operating at CT   as a function of 
local Mach number. When the reverse flow region is considered, the 
following equality describes ür  : 

|A sin +-?w ) 
r u  dx d^> 

= hPC If J  CL   Vd x di,i -K8 n J  C
L  u2 4x d4 

(*fc   *x>       max Jo "^       max J 
where 

U = ftR (X +   fisin^) 

= blade section local velocity, fps 

1^5 
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X   ■ spanwise blade section location, nondlmenslonal 

^ ■ rotor blade azimuth position 

C-        = Two-dimensional section maximum lift coefficient 
max     as a function of local Mach number 

= A   +A.M    +A0M
2 + A-M3 + A,1M

2+ 

oT.x^x 3x k   x 

A »A. ,Ap,A-,Ar ■ coefficients which describe the curve for (y 
03 function of local Mach number ^nax 

M   = local Mach number x 

= Mt (X + jx sin »|0 

M.  ■ rotational tip Mach number 

as a. 

flR / . nN 

uS09 (sea level) 

yields 
Substituting the expressions for U and CT        In 
s the following, when B = O.97: ^nax 

the above equality 

< 

0.9127 + l.U55|i2 - 0.U2UV3 

0.9127 Ao + O.66UO A1Mt + 0.5152 A2M^ + 0.U165 AM3 + O.3U63 A^ 

+ 11.U55 Ao + 2.1170 A1Mt + 2.7380 AgM2 + 3.3198 AM3 + 3.86U3 A^   L2 

+ I 0.2812 A1Mt + 1.0912 A2M2 + 2.6U63 AM3 + 5.1338 A^  L 

+ I 0.1562 AM3 + 0.909U AUMJJ   1 f 

- 0.U2UU Ao |i
3 - 0.2037 A2M^ K5  - 0.12U7 fi7 

Figure 60 shows the maximum two-dimensional lift coefficient versus 
Mach number as given in Figure 33 of ARC R and M No.  2678 (Reference 15). 
The expression for CY        and the resulting curve which fits the reference 
points are also included. 
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Figure 60.    Variation of Two Dimensional Section Cr       with >bch Number 
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Figure 6l shows the maximum mean rotor lift coefficient, Or  , 

versus advance ratio, [A, for various mean rotor tip Mach numbers, M.. 
This figure was constructed by substituting the coefficients which 
describe Figure 60 into the above expression for ür   and by evaluating 
for various combinations of ji and M.. 

An example calculation for the rotor load factor capability is 
shown below. 

rpm = 121 ((IR = 700 fps) 

W = 72,325 lb 

fx = 0.2 

V = lUO fps (82.9 knots) 

Mt = lÄ = 0-627 

CL   = 0.8U8 (Figure 6l) 
max 

v =0.965 (Figure 6l) 

(nR)2v 

n   = 0.372 
max 

max 
W 

n 
max 

(0.372) (O.8U8) (700)2 (0.963) = 2 o6 
72,325 

Figure 62 shows calculated values of n   and the structural design 
max 

envelopes for the design weights at sea level conditions. Load factors 
at higher altitudes are less than those for sea level. 

Gust Load Factor - The rotor system is designed to a 30-fps verti- 
cal gust in combination with l.Og flight. No alleviation factor is con- 
sidered. Only at low gross weights does the incremental load factor 
exceed 1.5g, Although, at these gross weights, the total load factor 
would increase the design loads on fuselage dead weight items, the 
associated rotor loads based on nW will be less than those resulting 
from maneuvering flight. 
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Figure 6l.    Maximum Mean Rotor Lift Coefficient vs Advance Ratio 
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Design Flight Conditions 

To evaluate the feasibility of the heavy-lift rotor system, 
strength level loads and fatigue spectra are determined for a number of 
points on the V-n diagrams. These include forward speeds from hover to 
1.2 cruise speed and load factors from -0.5g to the maximum design value 
for the given mission. At each of the selected combinations of velocity 
and load factors, an appropriate range of center-of-gravity travel is 
assumed. Since this is a feasibility study, rotor rpm excursions are 
not considered. 

• Symmetrical Flight 

Unaccelerated Flight - Rotor loads are obtained in the l.Og 
balanced flight conditions at a range of significant forward 
speeds for the three missions. 

Symmetrical Dive and Pull-Out - These maneuvers are performed 
for the same speeds as those considered for the unaccelerated 
flight conditions. 

Design Ground Loading Conditions 

• Design Landing Conditions 

The design landing conditions do not result in critical rotor 
loads and are not considered in this study. 

• Design Takeoff conditions 

The Lockheed gyro controlled-rigid-rotor system permits take- 
off from sloping terrain without the pendulum action associated 
with the articulated rotor system. The placard operation 
sequence for takeoff from such a terrain consists of first 
applying collective pitch to attain a rotor lift of at least 
l/3 W followed by cyclic control to right the vehicle. Upon 
reaching a horizontal attitude, further collective pitch is 
applied with appropriate reduction of cyclic pitch as the 
vehicle lifts off. The maximum rotor hub moment occurs at 
thfi instant the downhill gear leaves the ground. The heavy- 
lift rotor system is designed for takeoff from a 10-degree 
slope. 
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Main Rotor Structural Requirements 

The main rotor Is designed to the following specific requirements: 

• The main rotor structure Is designed to withstand the critical 
flight and ground loading conditions, the criteria for which are 
presented in paragraphs "Design Flignt Conditions" and "Design 
Ground Loading Conditions." 

• The hub, blades, blade attachments, and blade controls which 
are subject to alternating stresses are designed to the 
requirements presented in this section under "Fatigue Evaluation, 

• The rotor assembly is designed to withstand, at all speeds 
including zero, a design limit torque of 1.25 times the mean 
torque for maximum continuous power. 

• The requirements for rotor acceleration are those of para- 
graph 3.3.1 of MIL-S-8698. The rotor acceleration loads are 
those developed by application of 1.5 times the torque 
developed at the military power rating of the engine in 0.1 
second. These loads are equally distributed to all blades 
of the rotor. 

METHOD OF ANALYSIS - BASIC LOADS PROGRAM 

Whereas the dynamic stability and forced response of the vehicle 
are examined by considering the coupling between the flapwise bending, 
chordwise bending, and the torsional characteristics of the rotor, the 
rotor blade loads analysis considers only the structural coupling be- 
tween flapwise and chordwise bending. The inclusion of torsional 
characteristics in any rotor blade coupled loads analysis is primarily 
to gain an insight to blade torsion and associated control loads and 
does not materially affect the amplitude or character of the. flapwise 
and chordwise bending. The coupled flapwise-chordwise response program 
described here, therefore, is adequate for rotor blade parametric studies. 

Digital Program for Coupled Helicopter Blade Loads 

This program consists of a performance/trim program and a coupled 
dynamic response analysis for the individual blades. An iterative pro- 
cedure is used to obtain the performance and trimmed attitude of the 
vehicle consistent with blade flexibility and loads. In an added 
option, this program is capable of considering the rotor isolated from 
the vehicle body when the rotor angle of attack., thrust and hub moments 
are assigned. The advantage of the isolated rotor capability is that 
the rotor performance conditions can be obtained from any source to de- 
termine the blade loads. 
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The rotor aerodynamic output determines the radial distribution of 
aerodynamic loads at preselected azimuth positions and the azlmuthal 
distributions,  in harmonic form, at preselected radial stations.    The 
blade loading at any radial station and azimuth position is obtained 
by use of local C^ and Cj) data versus angle of attack and Mach num- 
ber.    The inflow velocity includes components which reflect the damping 
in the system resulting from the elastic motion of the blade. 

The coupled dynamic response analysis of the blade considers the 
structural coupling between flapwise and chordwise bending due to the 
collective and blade twist angle.    For the rigid rotor, the coupling 
effect of cyclic pitch, with built-in cone and sweep angles, on tne 
first harmonic response is also considered.    The coupled response of 
the blade is computed for the first six harmonics of the airload dis- 
tribution obtained in the aerodynamic analysis, the total response 
being the summation of these.    The spanwise variation of bending moment 
on the elastic blade is calculated by successively evaluating the 
moment, slopes,  displacements, and inertia shears,  along the blade,  in 
terms of the unknown conditions at the blade root.    The boundary con- 
ditions at the blade tip are that the moments and inertia shears must 
be zero.    The solution of the simultaneous equations representing the 
flapwise and chordwise moments and inertia shears at the tip yields the 
root moments and inertia shears.    The blade loads presented in this 
report are developed by using both optio'ns of this program,  i.e.,  the 
trimmed vehicle and the  isolated rotor. 

Feathering Control Moments 

Blade-feathering control moments are estimated by considering the 
results from the coupled flapwise-chordwise bending response program, 
the torsional stiffness of the blade flexure, and the centrifugal 
restoring moment. 

f 

The flapwise and chordwise bending moments are resolved into 
components parallel to and perpendicular to the blade-feathering axis, 
the blade-feathering moment being the sum of the components along the 
feathering axis. This resolution is accomplished at blade station l65> 
at which point the outboard end of the control torque tube is attached, 
by considering the steady and first two harmonics of blade bending. 
The inboard end of the torque tube is attached at station 29. The 
torque tube is capable of carrying torsion and shear loads only. The 
blade bending moments are resolved into a control moment by multiplying 
the flapwise bending moment by the blade sweep angle and the chordwise 
bending moment by the relative blade flapping outboard of the torque 
tube with respect to the torque tube. 
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This relationship may be expressed as: 

M t. ■ \65 *'+ S> Bf 
165  l65 

where 

M- ■ feathering control moment due to blade bending moments 

M.   ■ flapwise bending at station 165 

Q^   = chordwise bending at station 165 
^165 

ij/ = blade sweep angle 

B-   = relative blade flapping with respect to the torque tube 
l65  as a function of the vertical blade displacement (dis- 

cussed in the following paragraph) and the blade 
azimuth position 

= a + a1 cos V + a? sin ij; + a_ cos 2 i|i + a. sin 2 \\t 

The relative flapping coefficients a are determined by considering 
the vertical blade displacement at the ena points of the torque tube 
and the three-quarter point of the blade radius (blade station U95) as 
follows: 

a = 
n 

6^n - 6l65n 

U95 - 165 

6165 - 629 n   'n 
165 - 29 

= 0.08822U 6   - 0.12U58U 6 6   + O.O3636O f>h 
yn pn ^n 

where 6290»  ^165 » an^ ^U95    are vertical blade displacements measured 
in feet at blade stations 29, 165 and ^95» respectively. 

The feathering control moment required to overcome the torsional 
spring rate at the blade flexure is: 

Mf   = K (Ao " ei65 + eic cos *+ eis sin^ K 
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where 

K = torsional spring rate of the flexure, in.-lb/radian 

A0 = static angular position of the flexure, radians 

®l65 = mean blade pitch angle at station 165, radians 

G,  = longitudinal cyclic pitch angle, radians 

6. = lateral cyclic pitch angle, radians 

The centrifugal restoring moment is determined by the standard 
method of analysis^and when cyclic pitch is considered> the following 
expression results: 

Mf   = -^ sin 2 ^ + e0>75) + 2 ^ eic cos i|i + 2 ^ eis Binty 
of 

where 

A, = maximum centrifugal restoring moment possible, in.-lb 

6 = angle for zero centrifugal restoring moment, radians 

G0 „C = mean blade pitch angle at the three-quarter blade 
radius, radians 

The feathering control moment, Mf, is 

M = M  + M  + M 
1   lh K   cf 

STRUCTURAL DESIGN LOADS 

The rotor blade loads for this program were developed for the 
five different loading conditions shown in Table X. 

♦ .• 
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TABLE X 

STRUCTURAL DESIGN LOAD CONDITIONS 

|                       ITEM 

CONDITIONS                                  | 

POWER-ON FLIGHT 
POWER- 

OFF 
FLIGHT 

TAKE- 
OFF    j 

COND. 
1 

COND. 
2 

COND. 

3 

Mission Weight 
Heavy-Lift,  72,325 lb 
Transport,  59,325 It 
Minimum Flying,  29,705 lb 

X 
X 

X 

X x  I 

Design Cruise Speed 
1      130 knots 
1      110 knots 

95 knots 
k9 knots X 

X 
X 

X 

Rotor Speed 
j        Normal,  121 rpm X X X X x  1 
Center of Gravity 

!        Forward,  32 in. 
|        Aft,  28 in. 

Zero 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 

Load Factor - Maneuver 
2.5g to -0.5g 
lg 

X X x 
X x    1 

Terrain Slope 
10° - - 1 - x    i 

Forward Flight 

The rotor blade loads as developed by the coupled blade response 
method described in "Method of Analysis" are given in Figures 63 through 
78.    Figures 63 and 6^ show the variation of flapwise and chordwise 
bending moment with rotor azimuth position with the steady moment indica- 
ted.    Figures 65 and 66 show the flap and chord bending moment distribu- 
tion for cyclic and steady moments along the span of the blade.    Figures 
67 through 78 show the variation of steady and cyclic blade moments with 
load factors at selected blade stations for power-on flight conditions 
of Table X.    Figure 79 presents the rotor blade centrifugal force dis- 
tribution at the normal rotor rpm.    Table XI shows blade loads for the 
power-off flight conditions. 
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Figure 63. Flapwlse Bending Moment vs Rotor Azimuth - Heavy-Lift 
Mission, 72,325 Pounds, 95 Knouts, Rotor Station 165 
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RPM - 121 
CG   = 28 IN. AFT OF ROTOR SHAFT 
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I    : 

CG   28 IN. AFT  
CO    0 IN. AFT  
CG   32 IN. FWD  

-STA. 18 

1.0 1.5 
LOAD FACTOR 

STA. 75 

STA. 165 

K . 

Figure 67. Cyclic Flap Bending Moment vs Load Factor - Heavy-Lift 
Mission, 72,325 Pounds, 95 Knots 
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STA. 18 

STA. 75 

STA. 165 

0.5 1.0 1.5        2.0 
LOAD FACTOR 

2.5 

Figure 68. Steady Flap Bending Moment vs load Factor 
Mission, 72,325 Founds, 95 Knots 

- Heavy-Lift 
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CG   0 IN. AFT      
CG   32 IN. FWD  

STA. 18 

STA. 75 

STA. 165 

0.5 1.0 1.5 2.0        2.5 
LOAD FACTOR 

Figare 69.    Cyclic Chord Bending Manent vs Load Rictor 
Mission, 72,325 Pounds, 95 Knots 

- Heavy-Uft 
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Figure 70.    Steady Chord Bending Moment vs Load Placotr 
Mission, 72,325 Povinds, 95 Knots 
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STA. 18 

-1.2 

Figure 72.    Steady Flap Bending Moment vs Load Factor - 
Transport Mission,  ?9,325 Pounds,  110 Knots 
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Figure 73«    Cyclic Chord Bending Moment vs Load Factor • 
Transport Mission, 59>325 Pounds, 110 Knots 
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Figure jk.    Steady Chord Bending MDinent vs Load Factor ■ 
Transport Mission, 59,325 Pounds, 110 Knots 
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Figure    75.   Cyclic Flap Bending Moment vs Load Factor- 
29,705 Pounds, 130 Knots 
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Figure 76.    Steady Flap Bending Moment vs Load Factor 
29,705 Pounds, 130 Knots 
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TABLE XI 

PCWER-OFF FLIGHT HEAVY-LIFT MISSION AUTOROTATION AT IG       j 

Conditions: Weight  = 72,325 lb 
Velocity = 95 knots                    j 
rpm    = 121 
CG     = 28 inches aft of rotor 

shaft 

BLADE 
1 STATION 
| (m.) 

FLAP BENDING MOMENTS 
(in.-lb) 

CHORD BENDING MOMENT 
(in.-lb)       j 

STEADY 
CYCLIC 

AMPLITUDE STEADY 
CYCLIC 

AMPLITUDE 

18 

1   75 
165 

-93,973 

-19,308 

13,^39 

»+95,052 

293,527 

7M52 

-363,968 

-190,893 

- 27,603 

^18,9^   i 

25^,708 

66,01+1   | 

The determination of the blade-feathering control moment for lg 
flight at the heavy-lift mission weight of 72,325 pounds and 95-knot 
cruise speed is presented below using the method outlined under 
"Feathering Control Moments." The center of gravity is located 
28 inches aft of the rotor shaft. The output from the computer program 
for this condition yields the following results for the steady and 
first two harmonics of blade bending loads and vertical displacements: 

M.   = 39,333+61,955 Cos ^ -10,1+90 Sin ^ -1+3,266 Cos 2^ 
\65 

- 36,936Sin 2 4> (in.-lb) 

Q.        = 1+0,700-113,11+3Cos ^ -15,6l6Sinili  - 1351 Cos 2ty 
^165 

+ 13,295Sin 2 (p (in.-lb) 

6  = 0.16571 + 0.00151 Cos i|/ + O.OOOOU Sin ^ - O.OOO92 Cos 2^ 

-O.OOO83 Sin 2 ^ (ft) 
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6l65 = :L681
*
68
 

+ O-1^2? Cos i|i + 0.00136 Sin ty - O.O883I Cos 2ty 

- O.O788O Sin 2 v|<  vft) 

6.       = 6.17762 + 1.79120 Cos \\i - 0.68120 Sin y\t - O.68U7O Cos 2i\> 

-O.651U9 Sin 2 4J (ft) 

The relative flapping coefficients an (see page 15^) are determined 
from the expression 0.08822'+ f>29n - O.I2U58U 8^5   + O.03636O ^55n and 

result in the following flapping expression: 

B-       = 0.02935 + O.OV729 Cos ij/ - O.O2U93 Sinvp 
fl65 

- 0.01397 Cos 2 i|<  - 0.0139!+ Sin 2 ^ 

Substituting Bf ,  , M^x-, Qbi65 an<i 'the t)1^6 sweep angle, »j;, 
equal to 0.005 radians into tne expression 

^      \65 ^165   gl65 

yields the feathering control moment due to blade bending moments. 

M-    = -1222 - 385 Cos i|i - 330 Sini|/ 
1b 

- 369^ Cos 2 i|i + 679 Sin 2 i|/ 

The expression which describes control moment required to over- 
come the torsional spring characteristics of the flexure is given as: 

M^ = K (A - G^, + 6^ Cos ^ + k Sin + ) 
lK 

I65 1c 'Is 

The torsional spring rate of the flexure, K, is 25,000 inch-pounds 
per radian, and the static angular position of the flexure, A0, at blade 
station 165 is 0.1396 radians. The required mean blade pitch angle, 
^165> is 0.1706^8 radians, and the required cyclic pitch is -O.0889 
radians for 0ic and O.0765 radians for 6ls. 
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Substituting the values of K, ^c, e,  » and 6.    into the expression 

for M«   yields 
nc 

M- = -776 - 2220 Cos + + 1910 Sin Ui 

The centrifugal restoring moment is given as 

Mf  = -^ Sin Z (ei + e0#75) + 2^ eic Cos ^ + 2^ eis Sin^i 
cf 

For the rotor blade under consideration, A^ is equal to 20,935 inch- 
pounds and öi is equal to 0.01097 radians, which reduces the equation 
for centrifugal restoring moment to 

M^     = -20,935 Sin (0.02ic* + Ön 7J 
fcf U-f5 

+ la, 870 6,    Cos »|i +41,870 0,    Sin ^ 'lc Is 

The cyclic pitch is that given above and eo „,- is 0.1270 radians. 

The centrifugal restoring moment for this condition is 

M.  = -5705 - 3720 Cos kj; + 3200 Sin 4» 
rcf 

The net blade feathering control moment is the sum of M_ , Mf , 
and M- . b   k 

cf 

Mf = -7703 - 6325 Cos 4/ + 1+760 Sin v|i - 369^ Cos 2 tj/ 

+ 679 Sin 2 kjj 

Slope Terrain Takeoff 

Rotor hub moments during takeoff are based on the requirement of 
takeoffs from a 10-degree slope. When the side hill takeoff is considered, 
the maximum rotor hub moment developed occurs at the instant the down- 
hill landing gear just clears the ground. The expression which 
describes the magnitude of this hub moment as a function of rotor thrust, 
landing gear characteristics and center-of-gravity offsets is as 
follows: 

*K- 
= L H '"H 
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R„ = 
12 

KW (in.-lb) 

Ihw sin (es+e) +(«f +n) w cos (es+e) - *& T| 

where 

LH = rolling moment on hub 

M^. = pitching moment on hub 

IL. = vector sum, or resultant, of LH and MH 

T = rotor lift, 2U,100 lb 

K« = rotor stiffness (3,280,000 ft-lb/radian) 

W = gross weight (72,325 lb) 

h = distance between W.L through CG and ground line at the 
uphill main landing gear (lU.9 ft) 

h = distance between CG and rotor hub (9.25 ft) 

/ = landing gear tread (20 ft) 

n = lateral CG offset with respect to the rotor shaft (0.0 ft) 

6 = angle of ground lines with horizontal (10 deg) 
s 

6 = angle formed by the attitude of the vehicle with the 
ground plane when the downhill main landing gear Just 
clears the ground (-2.U3 deg) 

K = longitudinal CG offset with respect to the rotor shaft 
32 in. forward) 

Take-offs from sloping terrain are in accordance with an operation 
sequence in which the pilot first applies collective pitch to attain a 
rotor lift of at least one-third of the vehicle weight, followed by 
cyclic control to right the vehicle. Applying a rotor lift of 2^,100 
pounds to the above expression yields a rotor hub moment of 7,710,000 
inch-pounds. The spanwise distribution of this hub moment into the 
blades is shown in Figure 80. The spanwise distribution is 
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1 

Al, Bi = 

C = 

fT 

h- 

LH = 

MH = 

R = 

T = 

b = 

fl = 

r0.75 = 

k = 

fi = 

ft = 

The input 

Al = 

Bl = 

C = 

Ib = 

Kö = 

LH = 

MH = 

cyclic pitch, radians 

blade chord, ft 

rotor profile torque coefficient 

2 
blade mass inertia, slug-ft 

rotor stiffness, ft-lb/radian 

rotor hub roll moment, in,-lb 

rotor hub pitch moment, in,-lb 

blade radius, ft 

rotor thrust, lb 

number of blades 

first mode amplification factor 

3/^ blade radius, ft 

effective fixed cone angle, radians 

inflow ratio 

tip speed ratio 

rotor speed, radians/sec 

values for the slope terrain takeoff are as follows: 

3.380 deg (0.059 radian) 

1.071 deg (0.187 radian) 

kl  in. (3.^167 ft) 

23.lkk slug-ft2 

3,280,000 ft-lb/radian 

613,200 ft-lb 

192,800 ft-lb 
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I 
R = 55 ft 

T = 2^,100 lb 

b = 5 blades 

fl = 0.815 

j8 = 7.6 deg (0.1326^5 radian) 

M = 0 

^o = Tan'
1 j^ = 72.5 deg, sin ^o = 0.9537, cos ^ = 0.3007 

ft = 12.7273 radians/sec 

By substituting the above values in the appropriate equations, 
the results are: 

a     = -O.196 radians 
re     ' 

ty   =  25.86 deg 

Q = 179,170 ft-lb (2,150,000 in.-lb) 
1 

q = 2,150,000 Cos (vji- 25.86), in.-lb 
c 

The distribution of the root in-plane moment along the span of 
the blade is accomplished by the spanwise distribution factor curve 
shown in Figure 82. 
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FAJIGUE EVALUATION 

The analytical evaluation of the service life of structural com- 
ponents requires a description of the anticipated service use of the 
complete vehicle. This description provides the basis for the 
definition of the loading history anticipated in service. It must 
cover a variety of utilizations of the vehicle in a long service life. 
From thia description, the loading history of the main rotor system 
can be established and the potential life evaluated by fatigue analysis 
and tests. 

The description of service use is most conveniently presented in 
the form of mission outlines together with a selection of the percentage 
of the total service time spent in each type of mission. Each mission 
outline must adequately and conservatively represent the wide range of 
parameters associated with the mission. The selection of the distri- 
bution of missions must represent the worst probable composite use 
of the vehicle under varying operational conditions over its maximum 
useful life. 

The definition of these missions as developed for the heavy-lift 
program is given in Table XII. Four basic missions are included in 
the definition. These are the transport, heavy-lift, and ferry missions 
specified in the Statement of Work, and a training mission which is 
an essential part of the operational use of the vehicle. 

Mission Loading Spectra 

The local loading history is calculated for each of the missions 
for 3600 hours of service life. Subsequently, various percentages of 
these separate loading spectra are combined to provide several com- 
posite loading spectra for 36OO hours. The effects of these composites 
on service life are discussed later under "Fatigue Life Prediction." 

Two stations of the main rotor are selected for fatigue analysis. 
Station 75 represents the flexure section of the main rotor system. 
Station 165 is typical of the blade section structure. The details 
of these sections are discussed in Sections 2 and '+. 

The spectra of bending moments at these stations for 36OO hours of 
utilization of each mission, including the effects of rotor on-off 
cycles, are shown in Figures 83 through 86. These spectra are based 
upon the matched-stiffness rotor response over a range of load factors 
up to 2.5g at normal (121 rpm) rotor speed and center-of-gravity 
offsets from -32 inches forward to 28 inches aft of the centerline 
of rotor for the distribution of the mission velocities in Table XII. 
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TABLE XII 

DEFIlflTION OF MISSIONS 

Item 

Time 
P«r 
Event 
(■•e) 

Mission 

Transport Heavy-Lift 
Ferry fralnlng 

Out Return Out Return 

Mission Time, mln 52 38 11 9 1207 60 

Cruise Altitude O.L. O.L. O.L. O.L. L0,000 ft O.L. 

Takeoff Weight, lb 59,000 32,000 72,00C 31,000 ?0,000 Ulf,000 

Landing Weight, lb 56,000 30,000 71,0a 30,000 32,000 UU,000 

Steady Flight 
Hover, mln 
1*5 knots, rain 
95 knots, rain 
110 knots, rain 
130 knots, mln 
156 knots, mln 

Climb 
Descent 

ko 
15 

1 
3 
3 

12 
33 
0 

1 
2 
2 
5 

20 
9 

1 
3 
3 
2 
2 
0 

0 
0 
0 
0 
9 
0 

0 
1 
2 

600 
600 
0 

k 
6 

2k 
2k 
0 
2 

NUMBER 0 r EVENI I  PER MISS [OR 

1 
1 

1 
1 

1 
1 

1 
1 

2 
2 

6 
5 

Transitions 
Low Speed 
To Autorotation 
From Autorotation 

3 
1 
2 

1 
0.1 
0.1 

1 
0.1 
0.1 

1 
0 
0 

1 
0 
0 

1 
0 
0 

6 
1 
1 

Maneuvers 
Flare 
Pull-up 
Turn 
Reversal 

8 
8 

20 
2 

0.9 
0.2 

6 
2 

0.9 
0.2 

6 
2 

0 
0.2 

2 
1 

0 
0 
2 
0 

0 
0 
2 
0 

5 
1 

10 
1» 

Autorotation Flight 
Descent 
Flare 
Pull-up 
Turn 
Reversal 

15 
8 
6 

15 
2 

0.1 
0.1 
0.1 
0.1 

0 

0.1 
0.1 
0.1 

2 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

1 
1 
1 
1 
1 

Takeoffs & Landings - 1 1 1 1 1 6 
Ground Conditions 
Rotor 0n-0ff 
Power-On Landing 
Autorotation Landing 
Level Takeoff 81 Landing 
5-Degree Takeoff & 
Landing 

10-Degree Takeoff & 
Landing 

10 
8 
8 
8 

8 

8 

1 
0.9 
0.1 
.73 

.25 

.02 

1 
0.9 
0.1 
.73 

.25 

.02 

1 
1 
0 
1 

0 

0 

1 
1 
0 
1 

0 

0 

1 
1 
0 
1 

0 

0 

2 
5.5 
.5 

5.5 

.5 

0 
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DYNAMIC AND AEROELASTIC INVESTIGATIONS 

Introduction 

The basic dynamics of the Lockheed rigid-rotor system for a heli- 
copter are describable in terms of the rotor as a flexible gyroscope, 
connected to a fuselage and slaved to a control gyroscope which 
receives feedback information from the rotor and fuselage as well as 
ccnmand signals from the pilot. The primary design variables for ob- 
taining satisfactory and stable operation of the system are the 
blade sweep forward relative to the feathering axis and the lead angle 
between control gyro tilt and blade feathering. 

• 
« 

The possibility of high-frequency blade flutter has been elim- 
inated by positioning the blade mass centroids on or ahead of the 
blade quarter chord over the outboard two-thirds of the blade. The 
high-frequency control gyro nutation occurring at a frequency of twice 
per revolution is well stabilized by relatively light damping at the 
control gyro swash plate. 

The feedback information to the control gyroscope from the rotor 
and fuselage, as affected by rotor design characteristics, has been exten- 
sively examined both experimentally and analytically. These studies 
show that in the case of a cantilevered rotor blade with sweep, \,, 
and overcone,A ß , angles built into the blade outboard of the 
feathering bearing, the feathering moment from Equation {2h)  of 
Reference 13, witb a term added for overcone, is 

Mö = Kp XP. E*oV O - B 
t'   o 

7 (K  - Ke) + K€ AßC 

where 

M e = feathering moment, positive nose up 

-- blade sweepforward, positive forward 

ßr = flapping; displacement due to perturbational load, 
positive up 

E = in-plane displacement due to static load, positive aft 

K  = flapping stiffness of blade outboard of feathering 
"o  bearing 
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K = in-plane stiffness of blade outboard of feathering 
bearing 

B = flapping displacement due to static load, positive 
0  up 

« = in-plane displacement due to perturbational load, 
positive aft 

Aß = blade overcone angle outboard of feathering bearing 
angle, positive up 

This indicates that feathering moments based on deflections E 
and B due to steady loads are eliminated when stiffnesses are matched, 
Kp = K€. These couplings are undesirable in that the vehicle dynamic 

characteristics are somewhat affected by power loading, gross weight, 
and maneuvering load factor. 

The Lockheed Model CL 875 heavy-lift helicopter is a matched-stiffness/ 
flexure hub rigid-rotor system incorporating the principle of designing 
K/Jb = Kg which eliminates these undesirable couplings in its basic design. 
The bending distortion in the first-flap and first-in-plane modes takes 
place predominately in the flexure, where K£ö = K€, and sufficiently 
decouples the fundamental modes of the rotor system. Although the 
stiffnesses are presently matched only in the flexure, the blade portion 
of the span is designed as soft as possible in the chordwise direction 
to obtain as high a degree of matching as possible for the higher order 
modes. An additional feature of eliminating the control system feathering 
bearings is accomplished by designing the blade-matched flexure to have 
low torsional stiffness. Blade feathering is accomplished by bridging 
the flexure in the control system design to the outboard end of the 
matched flexure, approximately 0,25 of the radius. The reduction of 
rotor weight, reduction of control gyro size, and elimination of 
feathering bearings are the primary advantages. However, the com- 
bination of structural elements which satisfies these combined require- 
ments results in a rotor configuration with a subcritical in-plane bending 
frequency which introduces the possibility of mechanical instability. 

Whirl tower tests of a subcritical three-blade, 32-foot-diaineter 
rigid-rotor system, as well as dynamic model tests of subcritical 
matched-stiffness rigid-rotor systems which incorporated gimbal- 
moanted as well as spring-supported fuselage inertia frames, indicated 
that, when ground resonance was induced, it was slow in buidling up and 
would be eliminated by landing gear spring-damper elements. 
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Existence of a mechanical air resonance (free flight) Is a theoret- 
ical possibility (Reference 13) In that the effective rotor stiffness, 
as seen by the body motions due to rotor structural, centrifugal and 
aerodynamic moments, permits the free-flight body pitch and roll 
frequencies to be sufficiently high to warrant consideration of their 
location relative to the chord bending frequency, ft-o^p, viewed in 
stationary coordinates. A universally mounted rotor, or a rotor with a 
small effective offset hinge, would completely eliminate the possi- 
bility of air resonance, but the attendant reduction in vehicle handling 
qualities Is highly undesirable. 

The analytical study of the free-flight dynamics of a gyro-controlled 
matched-stiffness rigid rotor, wherein the in-plane bending frequency 
is subcritical, is the principal focus of the investigation reported 
herein. 

The analytical methods utilized in the course of these investiga- 
tions have been previously applied in the study of a 35-foot-diameter, 
four-blade, matched-stiffness/flexure root blade rotor system (Refer- 
ence 16). The initial phase of this work included correlation of the 
stability characteristics predicted by analysis with the results ob- 
tained from the matched-stiffness dynamic model tests conducted in the 
NASA-Langley Transonic Dynamics Tunnel (Reference ll). 

Fabrication of this 35-foot-diameter rotor is now being completed, 
and whirl tower tests are planned to begin in early 1966. Flight test 
of this rotor system on the model XH-51A helicopter is scheduled fol- 
lowing completion of this whirl tower program. 

Discussion of Air/Ground Resonance 

Air/ground resonance is basically a form of mechanical instability 
involving any body mode which includes in-plane hub motion and the first 
in-plane blade motion, and it occurs at rotor rpm less first in-plane 
frequency when this difference matches, or is in close proximity to, 
the body mode frequency. Both the body mode and the in-plane mode fre- 
quencies are functions of rpm; they increase somewhat with rotational 
speed owing to centrifugal stiffening of the rotor. This instability 
is almost entirely mechanical; drive is not obtained from rotor aero- 
dynamics but energy is obtained from the power turning the rotor or 
from the stored energy in the rotor in the case of autorotation. How- 
ever, the air may furnish some damping to the motion; and by proper 
selection of rotor parameters, e.g., sweep and droop, the air may be 
caused to furnish considerable damping. 

For an explanation of the physics of this mechanical instability, 
consider the following example: A four-bladed rotor has opposite 
blades 1 and 3 vibrating in the first in-plane mode at the natural 
frequency of the mode and has blades 2 and k  also vibrating in the 
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same motion; but timewlse, blade 2 is moving a quarter of a cycle later 
than blade 1. The forward displacement of each blade appears to indi- 
cate a steady displacement running around the rotor at speed «Dip - 0 in a 
sense opposite to the normal rotation of the rotor. When the rotor is 
started and gradually brought up to speed, the spinning of the blade 
deflection mode is regressive but appears to slow down until fl = ö>ip. 
At this speed, the blade deflection mode appears to stand still, the 
blades standing in a permanently deflected shape; but they oscillate 
structurally at their natural frequencies as it is increased by centri- 
fugal stiffening. 

At higher rotor speeds, the blade deflection mode appears to 
advance with the rotor but the advance is slower than rotor rpm, the 
rate being ft - w^p. in this speed regime, if the hub whirls about an 
eccentric point or oscillates through such a point at a low frequency, 
the rotor eccentricity is able to absorb energy from the rotation. This 
is principally seen as increased ajnplitudes of blade chord bending and 
body motions. This occurs when Coriolis forces are induced because 
the hub has a velocity relative to the instantaneous center of rotation 
of the rotor. 

When the rotor rpm reaches a value such that the apparent rota- 
tion of the blade deflection matches the frequency of the hub oscillation, 
the blade bending mode can then couple with the hub oscillation mode, 
and an energy input circuit is established for taking energy from shaft 
rotation to drive a body oscillation mode. If this frequency coincidence 
can be avoided or if the body mode or the blade in-plane mode can be 
sufficiently damped, the mechanical instability can be avoided. 

This simplified discussion applies to any rotor which has three or 
more blades.  In the case of a subcritical two-bladed rotor, the mechani- 
cal instability phenomenon is still possible. The physical mechanism 
is similar to the polar symmetric system, but the time dependency effects 
of the anisotropic body and rotor system adds additional complications. 

The use of lead-lag dampers and specialized landing gear spring- 
damper systems represents the current state-of-the-art method of con- 
trolling the mechanical instability of articulated rotor systems. 
Experimental and analytical results indicate that the ability of a 
rigid-rotor system with gyro control to sense body moments and to trans- 
mit rotor moments to the shaft to damp hub motions as well as in-plane 
bending motions provides sufficient aerodynamic damping to relieve this 
problem area greatly. 

In the course of the experimental programs conducted by the 
Lockheed-California Company wherein full-scale or dynamic model sub- 
critical rigid rotors with gyro control were investigated, no lead-lag 
dampers nor dampers in the support system were utilized. Only that 
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damping present was that which was associated with friction and material 
hysteresis, neither of which could be completely eliminated. 

The classical analytical studies of ground resonance by Coleman 
(Reference 1?) and Brooks (Reference 18) do not include blade flapping 
or rotor aerodynamic effects, since the associated hub moments for a 
teetering or universally-mountcfl rotor are zero; and for the articulated 
rotor with small offset flapping hinge, they are small, unexplained in- 
stabilities which occurred during ground operation prompted these early 
studies. Since the characteristics of these analyses and the vehicle 
being analyzed precluded air resonance, the origin of the term "ground 
resonance" to describe this form of mechanical instability is clear. 

Later studies by Bielawa (Reference 19) show analysis for a system 
with several body modes and experimental confirmation of the ground 
resonance instabilities including range of rotor rpm over which the 
instability persists. 

This study included an experimental examination of two- and three- 
bladed subcritical rotor systems. The correlation of these experimental 
results with the analytical work due to Brooks (Reference 18) was the 
principal focus of this work. The observation of distinct ranges of 
rpm over which these instabilities occur, as well as the modes involved 
are significant contributions in furthering a physical understanding of 
the phenomena. The models tested provided spring-supported rigid body 
motions, as well as motions of the main rotor shaft relative to the body. 
Motion pictures of these tests show that in all cases where instability 
occurred, the motions were in an advancing phase as suggested by both 
physical and theoretical considerations. 

Analytical Methods 

The analytical studies of the dynamics of the Lockheed heavy-lift 
helicoptei rotor system design were conducted on digital computer equip- 
ment; the Lockheed FAMAS System (Flutter and Mrtrix Algebra System) 
and special FORTRAN programs, previously developed for helicopter blade 
analysis, were utilized. 

An analytical model was developed that utilized lumped parameter tech- 
niques. This system described a complete elastic rotor including the 
control gyro and a flexible shaft and transmission support system. The 
flexible rotor blade contains 11 lumped stations, each having 3 degrees 
of freedom, vertical translation, in-plane translation, and pitching 
angle. Coupling of vertical bending, in-plane bending and torsion due 
to sweep, coning, collective angle, and blade twist are included in the 
structural description. This type of system description also permits a 
complete description of the gyro control system which includes flexibility 
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of components. The total coupled system contains 80 degrees of freedom. 
These degrees of freedom are listed in Table XIII. To reduce the time 
required to solve the eigen-value problem, this eightieth order system 
is reduced in size to twenty-second order; natural cantilever blade 
modes are used. The final 22 degrees of freedom used are shown in 
Table XIV. 

Due to the anisotropic nature of the fuselage, the rotor system is 
transformed from a rotating coordinate system to a stationary coordinate 
system, and hovering cyclic stability solutions are obtained in the 
stationary coordinate system. 

The motion of all 80 coordinates is obtained by utilization of 
the eigenvectors from the twenty-second order solutions and their asso- 
ciated normal mode shapes. 

In the course of the matched-stiffness/flexure hub rotor system 
analytical studies (Reference 16), a simplified analysis utilizing 10 
degrees of freedom was developed to permit more rapid parametric in- 
vestigations. This analysis improved the physical understanding of the 
solutions obtained, and it provided an additional cross-check with the 
larger order system. This system basically described the first flapping, 
first in-plane bending, and feathering modes (includes gyro control sys- 
tem) of each blade in combination with the four rigid-body motions of 
the vehicle. These basic equations are shown in matrix format in Table 
XV with symbols identified in Table XVI. 

Analytical Investigation 

The analytical model used in the dynamic analysis of the Lockheed 
heavy-lift helicopter was previously applied to the study of a full- 
scale 35-foot-diameter, four-bladed, matched-stiffness/flexure root blade 
rotor system (Reference 16). Correlation of the stability characteris- 
tics predicted by analysis with the results obtained from the matched- 
stiffness dynamic model tests conducted in the NASA Langley Transonic 
Dynamics Tunnel was an important part of this earlier work and is in- 
cluded in the above reference. 

Results of dynamic analysis conducted on the matched-stiffness 
rotor system indicate that two modes of operation are possible for the 
free-flight conditions. 

The first mode of operation places the body roll and pitch natural 
frequencies below the nominal operating rpm minus the first in-plane 
bending frequency. The second mode of operation places the body roll 
frequency coincident with the rotating rpm minus the first in-plane 
bending frequency well above the operating rpm. 
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TABLE XIII                        j 

SUMMARY OP 80-DEGREE-OP-PREEDOM SYSTEM 

1   NUMBER OF 
j  COORDINATE DESCRIPTION OP COORDBIATE 

1 X Hub For e and Aft Translation 

2 Hub Lateral Translation                      | 

3 ^o Hub Roll 

k e 
0 

Hub Pitch 

Blade 
No. 1 

Blade 
No. 2 

5 39 Z 18 Vertical Deflection at Rotor Station 18 

• 6 Uo Z 66 Vertical Deflection at Rotor Station 66 

7 Ul Z132 Vertical Deflection at Rotor Station 132 

8 k2 ZI98 Vertical Deflection at Rotor Station 198 

9 1+3 Z26i+ Vertical Deflection at Rotor Station 26^ 

10 kk Z330 Vertical Deflection at Rotor Station 330 

11 k3 Z396 Vertical Deflection at Rotor Station 396 

12 •k6 ZU62 Vertical Deflection at Rotor Station k62      \ 

13 UT Z528 Vertical Deflection at Rotor Station 528 

Ik ka ^59^ Vertical Deflection at Rotor Station 59^ 

15 ks Z660 Vertical Deflection at Rotor Station 660 

16 50 X 18 Chordwise Deflection at Rotor Station 18  j 

17 51 X 66 Chordwise Deflection at Rotor Station 66 

18 52 X132 Chordwise Deflection at Rotor Station 132 

19 53 XI98 Chordwise Deflection at Rotor Station 198 

20 5^ X26U Chordwise Deflection at Rotor Station 26^ 

21 55 '-330 Chordwise Deflection at Rotor Station 330 

22 56 X396 Chordwise Deflection at Rotor Station 396 

23 57 Xi462 Chordwise Deflection at Rotor Station ^62 

2k 58 X528 Chordwise Deflection at Rotor Station 528 

25 59 X591+ Chordwise Deflection at Rotor Station 59^ 

• 26 60 X660 Chordwise Deflection at Rotor Station 660 
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TABLE XIII (COmMÜED) 

Blade Blade 
No. 1 No. 2 

27 61 e i8 Torsional Deflection at Rotor Station 18 

28 
62 e 66 Torsional Deflection at Rotor Station 66 

29 63 6132 Torsional Deflection at Rotor Station 132 

3° 6k 6198 Torsional Deflection at Rotor Station 198 

31 65 d26U Torsional Deflection at Rotor Station 264 

32 66 6330 Torsional Deflection at Rotor Station 330 

33 67 6396 Torsional Deflection at Rotor Station 396 

3U 68 6462 Torsional Deflection at Rotor Station 462 

1 35 69 6528 Torsional Deflection at Rotor Station 528 

36 70 6591* Torsional Deflection at Rotor Station 59^ 

37 71 6660 Torsional Deflection at Rotor Station 660 

38 ♦ 0 Gyro Roll 

72 6G Gyro Pitch 

73 *T Transmission Fore aqd Aft Translation 

7^ YT Transmission Lateral Translation 

75 ♦T Transmission Roll 

| 76 eT Transmission Pitch 

77 
* 

Fuselage fore and Aft Translation 

78 
* 

Fuselage Lateral Translation 

79 ♦J Fuselage Roll                     . . 

i 80 «F Fuselage Pitch 

^^J^^tVM OMIT   ^^fW• 

/C /C^J rf^V-u-. 
♦«} N><>^<, 
<J. **• ^WLäOftVl,            «<f. 
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NUMBER OF 
COORDINATE 

1 xo 
2 r e 

♦o 
•o 
hx 
hi 
•u 
^ 
Xjg 

10 «21 
11 Z21 
12 •a 
13 "22 
11» hi 
15 h 
16 h 
17 ♦T 
18 •T 
19 *r 
20 YF 
21 ♦F 
22 •. 

TABLE XIV 

SUIMARY OF 22-DBOREE-OF-FREEDOM STSTEM 

DESCRIPTION OF COORDINATE 

lotor in« tad Aft AruMlatloD 
Rotor Uttral TrtntUtlon 
Rotor Roll 
Rotor Pitch 
First la-Plan« Bending 

First Flap Banding 

FMthorint 
Soeond Flop Bending 

Second In-Plane Bending 

First In-Plane Bending 

First Flap Bending 

Feathering 

Second Flap Bending 

Secoed In-Plane Bending 

Traaaaieelon Fore and Aft VMaslation 

Tranaaission lateral Translation 

Tranaission Roll 

Tranaalteion Pitch 

Fueelage Fore and Aft Translation 

Fuaelage lateral Translation 

Fueelage Roll 

Füeelage Pitch 

#1 

Blade #2 

•LAN #1 * 

I 
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TABLE XV 

DYNAMIC EQUATIONS OF EQUILIBRIUM FOR MATCHED-S 
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TABLE XV 

UM FOR MATCHED-STIFFNESS/FLEXURE HUB ROTOR 
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TABLE XVI 

SYMBOLS FOR 10 X 10 EQUATIONS 

1. 

Fore and aft translation of entire system, positive 
forward 

Y 

*R 

»G 

Op 

*Y 

MR 

JR'JG 

eb 

eb 

Lateral translation of entire system, positive right 

Pitch attitude of rotor plane relative to horizontal, 
positive nose up) the rotor plane is defined by the 
plane Joining the 0.75R stations 

Roll attitude of rotor plane, positive right side down 

Pitch attitude of control -gyro,  positive nose up 

Roll attitude of control gyro, positive right side down 

Pitch attitude of fuselage and shaft, positive nose up 

Roll attitude of fuselage and shaft, positive right 
side down 

Angular deflection component of all blades toward 
front of rotor 

Angular deflection component of all blades toward 
right side of rotor 

Mass of rotor 

Mass of fuselage, transmission and shaft system 

Polar moment of inertia of rotor or gyro 

Diametral moment of inertia of rotor or gyro 

Distance of effective in-plane pivot location from 
center line of hub 

Moment of inertia of one blade about effective pivot 
location 

Blade static unbalance about effective pivot location 
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F  ^P 

K, ß 

MA 

*¥ 

K 

X 

c 
m 

Blade static unbalance In flapping 

Weight of fuselage, transmission and shaft system 

Pitch or roll moment of Inertia of fuselage, transmission, 
and shaft system about Its center of gravity 

Stiffness of rotor plane relative to shaft 

In-plane structural stiffness about effective pivot 
location 

Aerodyrasnic effectiveness of cyclic feathering in 
producing moment 

Rotor aerodynamic damping in pitch and roll 

Control spring stiffness as seen by control gyro 
swash plate 

Swash plate damper 

Distance of fuselage, transmission, shaft system center 
of gravity from hub 

Blade precone angle 

Control gyro cant angle to blade 

Control gyro mechanical advantage (gyro angle/blade 
angle) 

Blade sweep forward, net angle between blade quarter 
chord and feathering axis as seen in plane view 

Moment coefficient to account for spanwise location of 
sweep angle 

Rotational speed of rotor, counterclockwise as viewed 
from above 

Laplace operator 

« 
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The selection of the mode of operation for any vehicle depends 
upon the basic design requirements; I.e., the type of mission for 
which the vehicle Is being designed and the basic configuration of the 
rotor-fuselage combination. The location of the fundamental body fre- 
quencies In the preliminary design phase will generally dictate the 
mode of operation which will be most desirable. The rotor and gyro 
control system parameters are then adjusted to meet the stability re- 
quirements for the system. 

In the case of the heavy-] 1ft helicopter design, the fuselage has 
a very high fineness ratio. This results In a relatively low roll In- 
ertia and consequently yields a relatively high body roll frequency. 
This suggests that the desired mode of operation will be the second 
one In which the body roll frequency crosses thed-^p line above 
the operating rpm. The structural design requirements on the flexure 
also result In a high rotor stiffness which contributes to a high body 
roll frequency. 

The analytical results obtained for the minimum and maximum gross 
weight configurations of the Lockheed heavy-lift helicopter, which 
utilizes the second mode of operation, are shown on Figures 87 and 88. 
These results are conservative In that the rotor structured damping 
has been assumed to be' zero In these calculations. It Is Important to 
recognize that the body pitch mode, which Is Indicated by this analysis 
to be marginally unstable. Is basically a regressive mode. This Is ex- 
tremely unfavorable In that the principal energy source Is due to the 
advancing component of this mode. The figures also show that there Is 
a considerable frequency separation between theft-^ip line and body 
roll mode. This Is extremely significant In that the roll mode Is 
basically an advancing mode and therefore susceptible to a high degree 
of coupling, which results In a potentially large mechanical Instability. 
The modes for which solutions are shown are those potentially associ- 
ated with mechanical Instability; all other modes (not shown) were 
stable with satisfactory marginis. 

The free-flight parametric study reported in the matched stiffness/ 
flexure root blade analytical study (Reference 16) shows that the body 
frequencies. I.e., both the pitch and roll modes, can be significantly 
altered by use of gyro mechanical advantage. During the prototype design 
phase, the pitch and roll inertias are more accurately determined and/or 
the rotor stiffness Is modified to provide a final selection of the gyro 
mechanical advantage. The possible use of control system couplings and 
blade droop or overcone will also be determined. 

The rotor parameters utilized In this analysis were: blade sweep 
angle X = 1.5° (forward blade sweep), A/? = 0, gyro mechanical advantage 
= l.kO  (gyro angle/blade angle), and gyro control lead angle = U50. 
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The first in-plane bending frequency is 0.66? with a rotor stiffness of 
3 million foot-pounds per radian at nominal operating rpm. 

The torsional stiffness of the flexure is relatively low owing to 
its length and low stiffness design. This characteristic has been 
assumed in the analysis for which solutions are shown. 

Should the final prototype design result in an increased torsional 
stiffness, the use of negative cyclic control spring rates on the swash 
plate will be incorporated in the design. 

The possibility of ground resonance is extremely remote since any 
reasonable gear stiffness and damping will further increase the body 
frequencies and add additional damping to the system. 

The landing gear stiffness and damping characteristics will be 
added to the analytical description in the study of the prototype 
vehicle. The possibility of bottoming the dampers, as well as spring 
rate characteristics for various attitudes of the vehicle relative to 
the ground, will be carefully examined. 

Main Rotor Blade Frequency Analysis 

As has been demonstrated by experimental programs and correlated 
with analysis, it is necessary to design blades within acceptable rotat- 
ing bli;de natural frequencies for reasons of optimal vibration levels 
and fatigue life. 

The determination of the rotating blade natural frequencies was 
performed on a computer program developed and extensively used at 
Lockheed. A lumped parameter system capable of accommodating 30 mass 
elements is used to describe in detail the inertial and stiffness char- 
acteristics of the blade in the flapping, in-plane, and torsional direc- 
tions. The results are comprised of the coupled flapping, in-plane, 
torsional frequencies, and the corresponding mode shapes as well as the 
shear and moment distributions on each of the three axes for nonuniform, 
twisted blade at any specified collective angle setting. 

The coupled frequencies were determined for three collective angles 
(5, 10, and 15 degrees) and for five rpm'a (0, 75, 100, 121, and 150). 
The frequency results are plotted in Figures 89, 90 and 91 and mode 
shapes are shown on Figures 92 and 93. 

In the case of a five-bladed rotor system the vibratory -vsponse 
of the cabin will principally occur at a frequency of 5P owing to main 
rotor aerodynamic excitations at h?,  5P, and 6r in the rotating system. 
The rotating blade frequency spectra versus rpm for various collective 

« 
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angles indicates that a good frequency separation relative to these 
harmonic aerodynamic excitations has been achieved. These results indi- 
cate that low cabin vibration levels can be expected, providing the 
fuselage natural frequencies are properly located. This is a detailed 
design consideration which will be carefully examl .ed in the design of 
the prototype vehicle. 

The response of the rotor to other harmonic aerodynamic excita- 
tions must be considered to ensure long rotor life. This is principally 
associated with the 2P and 3P excitation frequencies. The two modes 
which are of primary interest are the second flapping and second in- 
plane bending frequencies relative to 3P excitation. In both cases the 
computed frequencies of these modes vs rpm and collective angle show 
good separation relative to this harmonic excitation. 

The inertia, stiffness, and geometry of the main rotor used in the 
determination of these natural frequencies are presented in Figures 113 
and Ilk  (Section k). 
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SECTION k 

STRUCTURAL DESIGN AND WEIGHT ANALYSES 

INTRODUCTION 

Structural and weight analyses were prepared to substantiate the 
preliminary design of the main rotor system for the heavy-lift heli- 
copter. The analyses for the selected configuration including a fatigue 
analysis are presented in this section for the blade spar and flexure, 
blade segment, rotor hub, and control torque tube, as defined in 
Figures 5° through 5k. 

The structural design criteria, development of rotor loads, and 
fatigue loading spectra are covered in Section 3. 

STRUCTURAL ANALYSIS 

The structural analysis for the listed components was conducted 
for the critical static and dynamic conditions. The static loading 
conditions were obtained from the basic loads presented in Section 3, 
and material allowables were obtained from MIL-HDBK-5. For the dynamic 
condition, unit stresses were determined for use in the fatigue 
analysis to determine cyclic and steady stresses for a spectrum of 
loading conditions. F?.tigue allowables were determined and are dis- 
cussed in "Fatigue Analysis" of this section. 

Blade Spar and Flexure 

The blade spar and flexure consists of two built-up sections 
joined at the blade root section by bonding (Figure 52). Inherent in 
this design of wide, flat, tapered plates is the large margin of safety 
obtainable on the shear bonding stresses. Calculated cyclic shear 
stresses are less than 5 percent of the minimum shear bonding test 
values listed in Lockheed Bonding Specification No. 355M. This safe- 
life concept eliminates the necessity of introducing the notch factors 
associated with redundant fasteners. 
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crossed "I" 
Flexure - The flexure consists of a bonded AM-350 stainless steel 

section. Spanwise taper is utilized to provide the proper 
stiffness distribution within allowable stress limits. The attachment 
of the flexure is accomplished through a built-up fitting at the end 
of the flexure, picking up a bolted connection to the hub. Since the 
flexure material is steel and the hub is titanium, the lug design is 
critical in the hub; the analysis is presented under "Rotor Hub" in 
this section. 

The analysis of a typical section of the flexure for cyclic flap- 
ping and in-plane bending stresses and centrifugal force tension 
stresses at rotor station 75 for the cross section, as shown, is as 
fallows. 

Section Properties; 

I   =97-9 in. x-x " 
J 

I   =97-9 in. 
y-y 

A = 11.01+ in. 
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Unit Stresses; 

The unit stresses at the flexure corner for in-plane and flapping 
moments of 100,000 inch-pounds based on 

f - M£ 
1 ~ I 

are 

on 

f, (flapping) = klkO psi 

fb (in-plane) = 2810 psi 

The unit stress for a centrifugal force of 100,000 pounds based 

-I 
is 

f. (centrifugal force) = 9050 psi 

Flexure Stability (Ground Flapping); 

The lateral instability flapwise buckling stress (Fbu) of the flex- 
ure, based on an average value of M' from Table XV, Formula 18, Reference 
20, is calculated to be 

Fbu = 120,000 psi 

The l.Og (deadweight) flapwise bending moment (nonrotating) at 
rotor station 75 is integrated from Figure 113 and is 

M = 232,600 in.-lb 

or a stress of 

232.600  . ^ 
rb  100,000 X 41W 

■ 9,600 psi 
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If a ground-handling ultimate load factor of 3 Is used, the margin 
of safety Is as follows: 

120.000       .      _ ., 
M-S- s 3 x 9.^00 - 1 8= M 

Flexure Torslonal Stress; 

The cyclic torslonal shear stress imposed on the bond of the flex- 
ure during non-maneuvering flight conditions Is based on the average tor- 
slonal rigidity of the flexure between rotor stations 75 end 165 with an 
average blade pitch excursion of ±U0. 

KG 

where 

and 

= 9.6 x 105 lb-ln.2 (Table IX, Formula U, Reference 20) 

G = 11.5 x 106 (Modulus of rigidity) 

ave 

KGO  9-6 x 10^ x U 
^ " "T ~  90 x 57.3 

= 7^5 in.-lb 

Station 75: 

h - %iP ■ ^0 ^ 
where K = 0.115 InA and t = 0.U2 in. 

Station 165: 

f    , 7^5 x O.38 _ . ._ _, 

where    K « 0.051 InA and t = O.38 in. 

Because these stresses are peak bond stresses and are averaged 
in an indeterminate manner, fatigue testing will be required to sub- 
stantiate this detail of the design configuration. 

Blade Spar - The blade spar is a square AM-350 stainless steel 
tube of constant cross section and wall thickness. Tapered steel 
plates bonded to the spar at the inboard end provide increased strength 
and moment of inertia. These plates are continuous with, and form part 
of, the blade flexure. 

The analysis of a typical section of the spar for cyclic flapping 
and in-plane bending stresses and centrifugal force tension stresses at 
rotor station 165 for the cross section, as shown, is as follows: 
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Rotor Station 165 

■ 

Section Properties; 

I   - 16.5 in.' 
x-x 

1 
I   = 16.5 in. 
y-y 

A = h.86  in.'' 

Unit Stresses; 

The unit stresses at the spar corners for in-plane and flapping 
moments of 10,000 inch-pounds and for a centrifugal force of 100,000 
pounds are as follows 

fb (flapping) - 1,270 psi 

f (in-plane) = 1,270 psi 

f (centrifugal force) =  20,600 psi 

These unit stresses are used to obtain fatigue stresses based on 
the calculated load spectrum shown in "Fatigue Analysis" of this 
section. 

 i. 

: 
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Blade Segments 

The blade structure utilizes 12 spanwise segments, hi  Inches long, 
attached to the spar in such a manner as to transfer airloads, inertia 
loads, and centrifugal force without imposing large stress concentra- 
tions in the spar. The segments at r/R =0.9 sustain the highest 
centrifugal force in conjunction with steady and cyclic air loads. 
Structural analysis is made of the attachment of the most highly loaded 
segment fastener (U-inch spacing) for the 2.5g condition. 

Blade Segment 

(Reference Figure 51) 

FASTENER (t/4nJÜSH5CRBW) 
C-HHN. 

h»4 5IN. 

Fastener Attachment; 

Airload/ft span (2.5g, 95 knots) 

W = 950 + 1+50 lb (r/R = 0.9) 

Twenty-eight percent of the airload is used in a triangular dis- 
tribution aft of the section (31 percent) of fastener attachment. 

f = 
0-28 ^0 * "^ x (1-0.31) x k9 

=  3000 + 11*20 in.-lb/ft span 
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The moment due to centrifugal force is: 

M         w2R                    12.72 x U9.3 x Q.k x 13.1 
MCF "    g    x W x R 32T2 

= 27,300 in.-lb/segment 

Fatigue load on fastener; 

P -  1/3 ^V*20 * 1/2 27-^ 20 

'ALLOW. 

= 377 ± 105 lb 

= 0.20 x 368O = 736 lb 

"ITSö" 

M.S. = 10I - 1 = 6.02 

Ultimate load on fastener; 

P = 1.5 x (377 •: 105) 

= 722 lb 

= 3,680 (Reference MIL-HDBK-5) b ALLOW. 

M.S. = ^ , 1 , k.10 

Rotor Hub 

The rotor hub is made from a single titanium ring forging. Attach- 
ment flf each blade root fitting to the hub is by means of four 1-3/8- 
inch bolts in double shear. Redistribution of blade root loads by the 
upper and lower ring elements of the hub produces steady and cyclic 
bending stresses in these ring elements. Shears, lift, and bending 
moments are transferred to the nonrotating mast by the upper and lower 
bearings (Figure 53). 
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Analysis Is made of the bolt attachment for the ultimate condition 
of takeoff from a 10-degree slope. (Reference page 177) 

The mating lug of the spar flexure fitting Is 1.50 Indies thick 
and by comparison Is of comparable strength to the two 1-lnch-thlck 
titanium lugs of the rotor hub. 

Hub Bolt Lug 

ROTOR 
HUB 

l;375 S-9 'BOiT 

»P 

Lug Shear; 

Mp « U,350,000 in.-lb (ultimate) (Reference page 177) 

Mc = 3,225,000 In.-lb (ultimate) 

CF = 159,000 lb (ultimate) 

p (lug) = ^350.000 + 3.225,000 + 159.000 

= U21,000 lb (ultimate) 
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Lug Shear-out; 

P = U21'0uU = 210,500 lb/lug  (ultimate) 

PATTrtTI =:AxF    =2xl.8xlx 76,000 
ALLOW s 

= 27^,000 lb  (ultimate) 

27^.000      ,   „ n .n 
M-S-   = 210^00 " 1      =1= 

Bolt Shear; 

The attaching bolts are Type S-9 (Special) 1.375-diameter with 
a double-shear allov;able of 

P = U63,000 lb  (Reference MIL-HDBD-5,  Page 8.1.2(a)) 
Mill iWW 

M o    - ^3.000     , _ 0 ,Q M-s> ' 1+23,000 - 1 - 9M 

Hub Lower Flange; 

34,000 LB (ULT) 

174,000 LB (ULT) 

DIRECTION OF 
MAX FLAP 
BENDING 

34,000 LB (ULT) 

174,000 LB (ULT) 
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The loads shcfwn adjacent to Section A-A are a conservative com- 
bination of ultimate flapping and in-plane bending moments and centri- 
fugal force. The maximum bending moment at Section A-A is determined 
by means of influence coefficients. 

M   = 3^,000 x 12.b  (0.05) + 17^,000 x 12.5 (-O.2387) 
cl"£t 

+ 3^,000 x 12.5 (-0.01+6) + 17^,000 x 12.5 (0.103) 

* -293,300 in.-lb (ultimate) 

N   (axial load) = ^'f0* 17''.000) x * 
a-a 2wK.. M 

"M 

83,000 lb (ultimate) 

■5.6- 

*_ 
h»3.07*. 

w 5 
NEUTRAL 

AXIS 

SEaiON A-A 

I 

Section Properties; 

I       = 17.3 In. x-x 

A = I+.25 in. 

The material is Tl-GAL-i+V forging (annealed) 

P      = 130,000 psi   (Reference MIL-HDBK-5) 
tu. 

f   = 2?3.f 0 x 3.07 = 5    00 psi (ultimate) 
b    17. i 

= 83,000 = 19}500 psi (uitimate) 

M.S. ^i^^- 1 = ^H 
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The remaining three hub flanges ail have greater radial depth 
and their margins of safety are considered high by comparison. 

Control Torque Tube 

Blade feathering, or pitch control, is transmitted to the blade from 
the gyro by means of the  torque tube shown in Figure 5^-    The rigidity 
requirement of the control system is the governing parameter in the 
design of the torque tube.    As such, the stress level is considerably 
below the endurance limit.    The stresses, based on the section proper- 
ties required for control system stiffnnss, were determined for the 
maximum expected operating cyclic feathering moments. 

Torque Tube at Station 165 

ST AL 

Torque Tube Area; 

A =7rx a x b _ 13.2  5-6  c0 =  TTX -*  X *5- = 58. 1 sq in. 

Maximum cyclic feathering moment; 

M = + 20,000 in.-lb 

±20.000 
a " 2XT      2 x 58.1 x 0.080 

= +2,1!?0 psi  (alternating shear stress) 
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se 0.6 x 7,000  (Reference MIL-HDBK-5) 

U,200 psi  (shear endurance stress) 

0. M,s-  " 2A5Ö " 1 

FATIGUE ANALYSIS 

A fatigue analysis of the heavy-lift rotor system at rotor sta- 
tions 75 and 165 was prepared to assure that the preliminary design 
configuration would be capable of meeting the required 3600-hour 
service life. 

The extreme range of operational conditions of the heavy-lift 
helicopter demands careful consideration of detail design, loading 
history, and selection of design stresses vhich are compatible with 
a useful service life for the structure.  The fatigue analysis makes 
use of all available information to provide a design guide to achieve 
this objective. In the final stages of design development, verification 
of loading spectra and realistic full-scale testing are required to sub- 
stantiate service life. 

Method of Analysis 

The method of fatigue analysis used is based upon the anticipated 
spectra of loadings and linear cumulative damage analysis. In this 
analysis, the spectra of loadings for the two sections of the rotor 
system selected are shown in Figures 83 through 86. AM-350 stainless 
steel, F,  = 230 ksi, is the material proposed for the flexure and 
blade structures. The basic S-N diagrams for this material appear 
in Figures 9^ through 97- 

The interpretation of cumulative damage calculations, as used by 
the Lockheed-California Company, is based upon a comparison of cal- 
culated lives with known test data. Figure 98 is an example of this 
comparison, which shows the cumulative percentage of test specimens 
that equal or exceed a given ratio of test life to calculated life 
with and without reduction in S-N data. These curves are based on 
a substantial number of tests in which realistic fatigue loading 
sequences were used on specimens for which S-N data were available. 
The figure gives an indication of the reduction required in the vary- 
ing stress scale of the S-N data to obtain predictions of test life 
potential with test-to-calculated-life ratio of one or more for 
various degrees of assurance. For this fatigue analysis, a Uo-percent 
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reduction of tue S-N data was used which gives reasonable assurance 
that tests conducted under simulated service loading will equal or 
exceed the calculated life. 

A range of design stresses and fatigue quality indices, K, was 
selected to establish a design stress which was compatible with the 
required service life and projected detail design development. This 
procedure resulted in a fatigue index corresponding to K = 2.5 for 
the spectra of loadings shown in Figures 83 through 86. 

The spectra of stresses shown in Figures 99 and 100 are for 3600 
hours for each type of mission. They represent the stresses at the 
corner of the structural sections of the flexure and blade, if it is 
assumed that So percent of the chordwise loading magnitudes are in 
phase with the flapping loads. These stresses appear reasonable in 
relation to stress spectra of existing rigid rotors. 

Fatigue Life Prediction 

The effects of design stress level and design fatigue quality 
indices on calculated life are shown in Figures 101 through 110. These 
are cumulative damage calculations converted to life in hours. In 
each of these figures, the 100 percent of design stress level corre- 
sponds to the spectra of loadings and structural sections used to 
obtain the stress spectra shown in Figures 99 and 100. 

The effect of three different composites of the basic missions 
on calculated life is illustrated in Figures 109 and 110. The most 
critical composite, number 2 as indicated by the K = 2 curves, is 
used to represent the anticipated service usage for 3^00 hours. A 
design fatigue quality index of approximately 2.5, as shown in 
Figures 111 and 112, is required. Local stress concentrations which 
exceed this value must be restricted to areas having a correspondingly 
lower stress field. 

ROTOR SYSTEM CHARACTERISTICS 

The weight, bending stiffness, and torsional stiffness distribu- 
tion of the rotor system is shown in Figure 113. The pitch mass moment 
of inertia is shown in Figure Ilk. 

ROTOR BLADE TIF DEFLECTION 

The static droop, or rotor blade tip deflection for the lg condi« 
tion, computed from the weight and stiffness distribution shown in 
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Figure 113t is 53 Inches. The built-in coning angle results in an 
upward offset of the tip of 82 inches. Therefore, the blade tips are 
29 inches above the rotor plane in the static condition. 

WEIGHT ANALYSIS 

Weight studies were conducted in conjunction with the preliminary 
design of the matched-stiffness rotor system. 

The weight analysis of the rotor system components, as defined 
by the configuration shown in Figures 50 through 5^» is as follows (all 
weights in pounds): 

Main Rotor Assembly 

Blade (5) 

Hub (l) 

Flexure (5) 

Spar (5) 

Control Torque Tube (5) 

69^5 

1U60 

1+80 

3U05 

1175 

U25 

Each main rotor blade consists of 12 segmerited airfoil sections 
as shown in Figure 51. The segments are built-up composite sections. 
All segments are identical except the 6 outboard segments per blade, 
which incorporate leading-edge ballast for chordwise balance. The 
outboard segments weigh 30 pounds each and the inboard segments weigh 
l8.7 pounds each. 

The main rotor hub is a one-piece titanium forging, as shown in 
Figure 53. The hub weight listed includes flexure-attaching bolts. 

The flexure is a built-up bonded stainless steel assembly, as 
shown in Figure 52. The flexure extends from the hub and attaches to 
the blade spar by bonding at rotor station 165. 

The blade spar is a square stainless steel tube with bonded 
external plate to control weight distribution, material area, and 
stiffness, as shown in Figure 52. The spar is a constant section extend- 
ing from rotor station 165 to the blade tip. The spar weight includes 
the tube, plates, antinodal weight, and blade segment centrifugal 
force stops. 
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The control torque tube is a formed aluminum section extending 
from the rotor hub to the blade root, as shovn in Figure 5^.    The weight 
listed includes the inboard support bearing and the flexible coupling 
for attachment to the blade. 

A detailed weight breakdown of the components of the heavy-lift 
helicopter on Form MIL-STD-^l is provided in Figure 132 of Section 6. 
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SECTION 5 

STABILITY AND CONTROL STUDY 

INTRODUCTION 

The Lockheed Model CL 875 heavy-lift helicopter uses the same com- 
bination of a rigid rotor and a control gyro as the Lockheed XH-51A 
and Model 286 helicopters. Since the concept can be applied to any 
size helicopter, the CL 875 will exhibit the same excellent flying 
qualities as the smaller vehicles even though it is an order of 
magnitude larger. 

DESCRIPTION OF THE CONTROL SYSTEM 

A schematic of the cyclic control system is shown in Figure 115. 
To establish an understanding of the operation of the cyclic control 
system, it is appropriate to outline the sequence of events which 
occurs following a pilot input: 

• Assume that the pilot pushes the cyclic stick forward 1 inch. 

• The valve on the boost cylinder is displaced and the boost 
cylinder compresses the longitudinal spring, to apply a 
rolling moment to the swash plate. 

• The rolling moment is transferred to the gyro through the 
parallel linkage and causes the control gyro to develop a 
precession rate in the nose-down direction. The gyro dis- 
placement is nut hindered by the spring in the lateral 
control system because the force in the negative actuator 
balances the effect of the spring. 

• Displacement of the gyro with respect to the rotor shaft 
produces a cyclic feathering of the blades about their 
feathering axes, with the blade pitch decreased on the right 
side and increased on the left side. 
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• The cyclic pitch produced by the gyro displacement causes 
the rotor blades to flap down in the 180-degree azimuth 
position and up in the O-degree azimuth position. 

• A nose-down hub moment is developed by the rotor flapping 
which accelerates the helicopter nose-down until the airframe 
rate of pitch is enual to the rate of precession of the gyro. 

• When the aircraft has pitched nose-down to the attitude the 
pilot desires, he then returns the control stick to neutral, 
thus relieving the servo load on the gyro and stopping its 
rate of precession. 

• As the gyro ceases to precess, the vehicle ceases to pitch 
and remains in a nose-down attitude while it accelerates 
into forward flight. 

• A reversal of the process will bring the aircraft back to 
hover. 

The cyclic systems are provided with feel springs at the stick 
and trim systems between the boost cylinder and the swash plate. The 
trim systems consist of springs attached to linear electromechanical 
actuators which are controlled by switches on the cyclic stick. With 
these systems, the pilot can balance any moments applied to the gyro 
by gyro aerodynamics or by blade bending moments acting through the 
blade forward sweep. 

A schematic of the directional control system is shown in Fig- 
ure ll6. This system consists of adjustable rudder pedals, a dual 
hydraulic actuator at the tail rotor, and linkage for moving the tail 
rotor blades in collective pitch. The linkage between the pedals and 
actuator is duplicated, and the actuator is operated by two separate 
transmission-mounted hydraulic pumps. The trim and feel system on 
the pedals is similar to that on the cyclic stick. 

CONTROL POWER AM) DAMPING REQUIREMENTS 

The requirements for control power and damping of  helicopters 
are given in MIL-H-85ÜiA, "General Requirements for Helicopter Flying 
and Ground Handling Qualities," as a function of gross weight and 
moment of inertia. These requirements were used in this study as 
minimums.  The reasonableness of these requirements for helicopters 
in the size class of the heavy-lift helicopter have not yet been 
established by flight test.  No attempt was made in this study to 
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analyze the validity of this requirement. The characteristics of the 
Lockheed rotor system permit control power and damping to be changed 
with relatively minor changes in thjs geometry of the control system. 

The gross weight aad moments of inertia which were used in this 
study are: 

Gross weight, W=   72,325 lb 

2 
Pitch moment of inertia, 3^=   932,000 slug-ft 

2 
Roll moment of inertia, ^ =   15^,000 slug-ft 

2 
Yaw moment of inertia, !„= 1,100,000 slug-ft 

The requirements of MIL-H-8501A which must be met in hovering, 
based on the above weight and inertias, are tabulated in Table XVII. 

The compliance of the CL 875 with these pitch-and-roll hovering 
requirements has been verified by the analog computer studies which 
are described in the following paragraphs. The hovering yaw compliance 
has been determined by an uncoupled yaw analysis. 

ANALOG COMPUTER RESULTS 

The equations of motion of the CL 875 have been programmed on 
Lockheed's analog computer and responses to step- and pulse-control 
inputs have been determined. The cases which have been investigated 
are listed in Table XVIII. 

The responses to 1-inch control step and pulse inputs for the 
six cases are shown in Figures 117 to 122. 

Figure 121 shows that for both pulse and step control inputs, 
the displacement requirements of Table XVII have been satisfied. In 
forward flight, the time histories show that the helicopter has a 
high degree of dynamic stability consistent with the demonstrated 
stability of previous Lockheed helicopters. 

The equation for damping in pitch in hover of a helicopter using 
the Lockheed control gyro concept can be derived by noting that at 
the condition in which the helicopter is forced to pitch, the rate of 
pitch, q, is equal to the rate of precession of the gyro, q-, and 
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TABLE XVII 

INSTRUMENT REQUIREMENTS FOR CL 875 
BASED ON MIL-H-850IA 

MIL-H-8501A 
TYPE OF REQUIREMENT          PARAGRAPH REQUIREMENT 

Response to 1-in. Longitude Step      3.6.1.1 
Input in 1 sec 

1.7° 

Response to Pull Longitude Step       3.6.1.1 
Input in 1 sec 

6.9° 

Damping in Pitch                 3.6.1.1 222,000 ft-lb/ 
radian/sec 

Response to 1-in. Lateral Step       3.6.1.1 
Input in 1/2 sec 

0.8° 

Response to Full Lateral Step        3.6.1.1 
Input in 1/2 sec 

2.3° 

Damping in Roll                  3.6.1.1 105,000 ft-lb/ 
radian/sec 

Response to 1-in. Pedal Input in      3.6.1.1 2.6° 
1 sec 

Response to Full Pedal Step Input     3.6.1.1 7.8° 
in 1 sec 

Damping in Yaw                    3.6.1.1 1+57,000 ft-lb/ 
radian/sec 
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TABLE XVIII 

CASES INVESTIGATED ON THE ANALOG COMPUTER 

CASE 
GROSS WEIGHT 

(lb) 

fo 
(sq ft) 

V 
(knots) 

LONGITUDINAL 
CENTER OF 
GRAVITY 

(Aft of shaft) 
(in.) FIGURE NO. 

1 33,ooo 80 0 +20.0 117 

2 33,ooo 80 130 0 118 

3 33,000 80    130 
1 

+20.0 119 

1+ 72,325 180 0 +20.0 120 

5 72,325 180 95 0 121 

6 72,325 180 95 20.0 122 

that the gyro precession rate is produced by the rotor moment acting 
through the blade sweep forward. The precession rate, q , in radians/ 
second is as follows: 

^g 
B 

"Lg •\ 
ili1 d sinß 

e 

where 

L = rolling moment ,  applied to 
g foot-pounds. 

Iz     =    polar moment of inertia of the gyro,  slug-feet    . 
g 

ft       =    rotational velocity of the gyro, radians/second. 

M^      =    pitching moment of the rotor measured at the hub, 
foot-pounds. 

*l>'      -    sweep forward of the blade quarter chord with respect 
to the blade feathering axis,  radians. 
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mechanical advantage of the blade feathering to gyro tilt 
motion 

ß    =    angle between the gyro arm and the blade, degree 

The damping, C, in foot-pounds/radian/second is 

8^  9^ 

8q 

-iz n 

* 
- V  sinß 

For the CL 875, 

I_ = 3^0 slug-ft2 

g 

fl =12.8 radian/sec 

f - 0.833 

4*' = 0.0262 radian 

jS = U5 deg 

Using these values, C is 282,000 foot-pounds/radian/second which 
exceeds the instrument requirement of 222,000 listed in Table XVII. The 
damping in roll is identical to the damping in pitch and, as such, also 
exceeds the requirement. 

The damping in yaw is produced both by the fuselage and by the tail 
rotor. The damping of the fuselage has been calculated to be -50,000 
fooT-pound/radian/second, and the damping contribution of the tail rotor 
is -257»000 foot-pound/radian/second. The total is -307,000 foot-pound/ 
radian/second which is somewhat short of the -^57»000 listed in 
Table XVII. This difference is typical of all single rotor-tail rotor 
helicopters but is not prohibitive, since the requirement for yaw damping 
in paragraph 3.3.19 of MIL-H-85OIA is not a firm requirement but only a 
preference: "The yaw angular velocity damping should preferably be at 
least 27 (iz)0*^ foot-pound/radian/second...." If it is required that 
the yaw damping satisfy the value indicated, a simple yaw damper, opera- 
ting on the tail rotor control system, can be used. 
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0) MIL SPEC H-8501A PARA 3.6.1.1 (INSTRUMENT FLIGHT) REQUIRES 
2.25 DEG   AT 1.0 SEC 

(2) MIL SPEC H-8501A PARA 3.6.1.1 (INSTRUMENT FLIGHT) REQUIRES 
0.99 DEG   AT 0-5 SEC 
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Figure 117.    Helicopter Response to Control Inputs - Hovering, 
33,000 Pounds,  20-Inch-Aft-Center-of-Gravity Offset 
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(1) MIL SPEC H-8501A PARA 3.6.1.1 (INSTRUMENT FLIGHT) REQUIRES 
1.73 DEG   AT 1.0 SEC 

(2) MIL SPEC H-8501A PARA 3.6.1.1 (INSTRUMENT FLIGHT) REQUIRES 
0.76 DEG   AT 0.5 SEC 
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Figure 120.    Helicopter Response to Control Inputs - Hovering, 
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SECTION 6 

CONFIGURATION REFINEMENT 

INTRODUCTION 

In conjunction with the Part 2 rotor system preliminary design 
study, '..eight studies v^ere conducted on the preliminary design config- 
urations of the rotor system. Subsequently, weight analyses were also 
conducted in connection with preliminary design studies of transmission 
and drive systems for large helicopters; in these analyses additional 
statistical information was acquired on component weights of contem- 
porary helicopters. The results of these studies indicated that some of 
the weight equations developed during the Part 1 study did not accurately 
reflect the component weights for a high gross weight helicopter. Some 
of the weight equations were rederived or adjusted so that the equations 
could be used confidently at high gross weights. 

During the preliminary design study of the rotor system, an analy- 
sis of the effect of blade loading on the matched-stiffness rotor design 
was conducted. The Part 1 parametric study utilized a blade-loading 
limit of 77 psf, which was established from wind tunnel tests of a 
matched-stiffness rotor system model. The results of this study indi- 
cated that the blade loading of 77 psf was a valid limit for the condi- 
tions of the model tests and that any increase above this blade loading 
limit without consideration of the advance ratio would result in a 
rotor weight penalty due to second-harmonic-flapping root-bending 
stresses. A relationship between blade loading, second-harmonic flap- 
ping, and advance ratio was established which permits the use of blade 
loading in excess of 77 psf without exceeding acceptable design root- 
bending stresses for the same rotor weight. Justification for this 
relationship is presented in "Matched-Stiffness Blade Loading Limita- 
tions" in this section. 

The new weight equations were entered into the solution gross 
v.eight determination computer program and, utilizing the change in 
blade-loading limits, new mission gross weights and rotor system char- 
acteristics were established. 
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For purpose of clarification the configuration resulting from the 
Part 1 parametric study is referred to as the "recommended configura- 
tion," and the configuration resulting from the changes described above 
is referred to as the "refined configuration. " 

Characteristics of these two configurations are summarized as 
follows: 

Design gross weight, lb 
Transport mission weight, lb 
Number of blades 
Rotor diameter, ft 
Blade section 
Rotor tip speed, fps 
Mean blade lift coefficient 
Blade chord, in. 
Aspect ratio 
Disc loading, psf 

Recommended Refined 
Configuration Configuration 

72,300 7^,727 
59,300 62,500 
5 5 
110 10k.k 
NACA 0012 NACA 0012 
650 730 
.520 .k8k 
1+1.0 38.0 
16.2 16.5 
7.60 8.7^ 

The differences in the two configurations are not sufficient to 
affect the results of the Part 2 preliminary design study but are pre- 
sented to document the additional studies.    However,  it is recommended 
that the refined configuration be utilized for detail design of a shaft- 
driven rotor system and the general characteristics of a heavy-lift 
helicopter. 

WEIGHT ANALYSIS 

The rederived or adjusted component weight equations for the 
heavy-lift helicopter reflecting the latest preliminary design studies 
and statistical data are presented in the following paragraphs. 

I 
The curves and tables showing contemporary helicopter weights and 

study weights, which substantiate the equations,  are included. 

A detailed weight analysis of the heavy-lift helicopter on Form 
MIL-STD-U5I,  Part 1,  is also presented. 

a 

Rotor and Hub Group 

The equation for the .eight of the rotor and hub group was deter- 
mined by using a logarithmic least squares curve fit to the data of 
several contemporary helicopters.  The equation giving the best fit 
v.as found to be 
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WRG =  1.708wa3U2 R1' 
576^0.630 

v.here WRri is the complete rotor group weight, W is the design gross 

ueight, R is the rotor radius, and <T is the main rotor solidity ratio. 
For tandem rotors, it v.as assumed that the same equation would hold, 
with the gross weight replaci d by the fraction of the weight which each 
rotor is required to carry. This value was taken to be 0.60 of the 
gross weight.  The resulting equation for the rotor group of a tande.n 
rotor helicopter is 

WR(;T= 2.87 W^^R
1-^ „0.630 

« 

These equations are valid for articulated, rigid, and teetered 
rotor systems. 

The rotor group weights for various helicopters, along \.ith the 
'..eight predicted by the parametric equation, are listed in Table XIX. 
Figure 123 presents graphically the data of Table XIX. 

The rotor group equation provides good correlation with most 
present-day helicopters  However, it does not reflect improvements due 
to anticipated advances in both material and design technology. Refer- 
ence to the data of Figure 123 shows that several of the most recent 
designs lie below the curve. Using these points as a guide, the rotor 
group weight equation v,as reduced uniformly by 10 percent for this study. 

i'he resulting equations are 

W  =1.537 W^R1'576^0 

for single-rotor helicopters,  and 

Wljrirr=2.58W0-3U2R1-576<r0.630 

for tandem rotors. 

Another major design advance  is the development of the matched- 
stiffness rotor.     Using calculated weights of the present Lockheed de- 
signs for a heavy-l'ft helicopter matched-stiffness rotor,  the  above 
rotor group weight equation was modified to reflect the lower weight 
associated with thi'j type rotor system.     The resulting equation is 

W, RG 
1.208 W^R1'576*0-630 
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TABLE XIX 

ROTOR GROUP WEIGHT 

MODEL 
ROTOR GROUP 
WEIGHT 
 ÜJi)  

EQUATION 
WEIGHT 

Skyhook CHIC 351 313 
LOH 0H6A 181 216 

Aerogyro XH51A hlk U37 
Lark RH3B 396 3^9 
Chickasaw U?H9C 8oo 76U 

U.S. Coast Guard HH52A 838 806 

Choctaw CH3UA 13U6 1U01 

Sea King SH3A 2223 2126 

USAF CH3C 2228 22kk 

Mohave H37A 33^2 3hh5 

Skycrane SGk ko^i U561 

Tandem Rotor 

Sea Knight CUhGA 2275 2180 

Chinook CH47A 2988 3310 

Shawnee CH21C 13UI+ 1620 

Transporter YH16 ^777 5U20 
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Figure 123.     Rotor Group Weight 
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Use of this equation results in a predicted weight which is approx- 
imately 20 percent lower than the weight predicted for an articulated, 
rigid, or teetered rotor system. 

The equation for a tandem matched-stiffness rotor is 

WH0T = 2.03 W
0^2 Rl-"V.630 

The matched-stiffness rotor design weight was determined at a 
blade loading of 77 psf and a tip speed of 700 fps. This design point 
was used to establish the constant for the matched-stiffness weight 
equation. Design studies show that any increase above this blade load- 
ing without consideration of the advance ratio would result in a rotor 
weight penalty due to second-harmonic-flapping root-bending stresses. 
Therefore, it must be assumed that, for the validity of this equation, 
a blade loading limit exists at this design point. A relationship 
between blade loading, second harmonic flapping and advance ratio has 
been established and is presented in "Matched-Stiffness Blade Loading 
Limitations" on page 295. 

Tail Group 

The items included in the tail group are the tail rotor and the 
horizontal stabilizer. The vertical stabilizer weight is Included in 
the fuselage weight. 

A statistical study of horizontal stabilizers shows that the 
weight can be estimated by 

WgT = 0.00026U w
0,724 Vc 

where W is the design gross weight and V_ is the cruise speed in knots. 

The stabilizer weights and equation weights for the helicopters for 
which inforiiiation is available are shown in Figure 12k. 

The tall rotor weight is estimated by 

W^ = O.OOOI456 W1,295 

where W— is the tail rotor weight and W is the design gross weight. 
IK 

The tail rotor weights and equation weights for the tall rotors of var- 
ious helicopters are listed in Table XX. Figure 125 presents the data 
graphically. 
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IABLEXX 

TAIL ROTOR WEIGHT 

MODEL 
TAIL ROTOR 
NEIOHT 
(lb) 

EQUATION 
WEICHT 
(lb) 

LOH OHUA              11.0 11.2 

Iroquois UHLB              3^.0 UO.3 

Ranger hjJ-l                                  8.0 11.8 

Raven H23D              lk.0 13.0 

Raven H23B              11.0 11.5 

Experimental Ten-99           I'+.O 17.7 

LOH 0H6A              7.0 9.1 
Aerogyro XH51              28.0 17.7 

Experimental XH51A             28.0 
(Compound) 

2U.5 

Lark RH3B             1^ 0 16. U 

Commerical S51             1+9.0 28.3 

Commercial S55              U9.0 Uh.3 
Commercial S62              62.0 hi.5 
Sea King SH3A            108.0 132.0 

UBAF CH3C            118.0 161.7 

U.S. Marine CH53A            370.0 330.2 

Skycrane S6k                              370.O 388.8 

As in the case of the main rotor, it is felt that advances in the 
state of the art in material and design technology will result in a 
lower tail rotor weight; hence, a lO-percent reduction was applied uni- 
formly to the tail rotor weight, resulting in the equation 

WTR ' 0'0Ool+10 W1,295 

It is assumed that for the tandem configurations no horizontal 
stabilizer is required.    Since the vertical stabilizer weight is 
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included as part of the fuselage group, there will be no weight included 
in the tandem rotor tail group. 

Fuselage Group 

The equations for the fuselage weight were derived by a design 
synthesis technique. The total fuselage weight can be expressed as 

WB = f (W, R, n) 

where W ■ design gross weight 
R = rotor radius 
n ■ load factor 

Expressions were found for the variation of unit weight and cir- 
cumference for the types of helicopters being considered in this study. 
The resulting equations are: 

Single Rotor 

Internal cargo:  WBI = 0.202 (R+32) \/Wn 

External cargo: Wgg = 0.261 R   N/WTT 

Tandem Rotor 

Internal cargo:    W       = 0.218 (1^+38.^)   »Jwn 

External cargo:    W _, = O.308 L-   «v/Wn 

In these equations, W is the design gross weight, n is the design 
limit load factor, R is the rotor radius,  and L_ is the distance be- 

tween rotors.    The fuselage weights and equation weights for various 
helicopters are shown in Table XXI. 

In this analysis,  several assumptions were made regarding the 
configuration and the construction.    Since these assumptions apply 
mainly to heavy (i.e., greater than about 20,000-pound gross weight) 
cargo helicopters,  these equations are not expected to give accurate 
fuselage weight estimates for lightweight helicopters. 
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TABLE XXI 

FUSELAGE WEIGHT 

MODEL CARGO 
FUSELAGE 
WEIGHT 
(lb) 

EQUATION  ! 
WEIGHT 
(lb)    I 

Single Rotor 

Skycrane S6k External 2888 2900    | 

|   USAF CH3C Internal 278U 2810 

U.S. Marine CH53A Internal 5U38 1+630. 

Tandem Rotor 

j   Transporter XR16 External 4201+ 1+200    j 

|   Chinook HC-1B Internal ia8o 4310    1 

Chinook CHU7A Internal »+225 ^310 

Transporter YH16 Internal 5950 51+50    j 

Landing Gear Group 

Two landing gear configurations were considered in this study: the 
straddle type (for external cargo helicopters) and the conventional tri- 
cycle or quadricycle type. Since both single- and tandem-rotor helicop- 
ters were to be considered, there are four separate equations for landing 
gear weight: 

Single Rotor 

Conventional: 

Straddle: 

Tandem Rotor 

Conventional: 

Straddle: 

WTP = 0.0696 w0-922 

Mi 

WLGS = 0-0960 wD,922 

W. LGT 0.0750 ^.922 

WLGST * 0-112 W0,922 
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The landing gear weights and equation weights are listed in Table 
XXII, and Figure 126 presents the data graphically. 

TABLE XXII 

LANDING GEAR WEIGHT 

1             MODEL 
LANDING GEAR 

WEIGHT 
(lb) 

EQUATION   i 
WEIGHT 
(lb)    1 

j  Conventional Gear 

Tandem Rotor 

Experimental HSL-1          521+ 510 
Chinook CHli7A         856 850 

i     Commercial 107          557 51+0 

Experimentell YCH1B         938 875 
Experimental YH21D          U75 525 

|      Sea Knight CHU6A         591 6I+5 

Transporter YH16          U01 1030 

Single Rotor 

j      Choctaw CH3UA          U01 395 
Commercial S55          261+ 228    ' 

USAF CH3C          630 620 
U.S. Marine CH53A         1001+ 1020 

Straddle Gear 

Single Rotor 

j       Skycrane S61+          1675 1600     | 

Propulsion Group 

The propulsion group has been divided into four sections:    engine, 
engine accessories, drive system,  and fuel tanks.    Each of these items 
is treated separately. 

i. 

\ 
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Engine - In this study, the engine used was to be either a present 
engine or a growth version thereof. Therefore, actual engine weight to 
horsepower ratios have been used In the parametric study, and actual en- 
gine weights were used in the helicopter weight breakdown. 

Engine Accessories - The engine accessories group includes the air 
induction, exhaust and cooling systems, engine lubrication system, en- 
gine controls, starting system, and engine section or nacelle group. 
Although there appears to be no reliable method for predicting the 
weight of each of these items separately, their total weight can be 
reasonably estimated by the following equation: 

WA00 ■ 0•',^5 WE 

where W is the engine weight and W.-- is the total engine accessories weight, 

The engine accessories weights and equation weights are listed in 
Table XXIII, and Figure 127 presents the data graphically. 

Fuel System - The fuel system weight is dependent upon the amount 
of fuel and the construction and location of the fuel tanks. For the 
helicopter configuration used in this study, the fuel tanks are located 
in close proximity to the engines and are of a crash-resistant type with 
fiber glass or foam backup supports. The fuel system weight was found 
to be 

Wpg - 0-073 Wp 

where W is the fuel capacity in pounds and W _ is the total fuel sys- 

tem weight, including tanks and plumbing. 

The fuel system weights and equation weights for several helicop- 
ters using this method of containment are listed in Table XXIV. 

Drive System - The drive system weight was found to be strongly 
dependent on main rotor torque. The data of several contemporary heli- 
copters were analyzed; the analysis resulted in the expression 

W  s UP U 
DS 

[HP x Rl 
VT I 

0.763 

. r- 
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TABLE XXIII 

1 ENGINE ACCESSORIES AND NACELLE GROUP 

MODEL 
ENGINE ACCESSORIES 

WEIGHT 
(lb) 

EQUATION 
WEIGHT 
(lb)   j 

i  Single Rotor 

1   Iroquois UHLB 291 205 
LOH OHhA 121 58 
Ranger klJ-Z 181» 190 

{   Experimental Ten-99 118 95 

Raven H23D 150 167 
Commercial UH12E4 Ikk 

183 

LOH 0H6A ,    ..      51 58 

j   Aerogyro XH51A 122 103 
Lark RH3B 78 83 

j   U.S. Coast Guard HH52A 130 130   1 

1   Sea King SH3A 253 2U8 

USAF CH3C 22k 258 

i   U.S. Marine CH53A 568 600 

Tandem Rotor 

Chinook cnhiA 339 U75   i 
j   Sea Knight CH1+6A 293 aus 

Sea Knight HRB-1 2U2 2U8 
I   Experimental YH21D 333 276 
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TABLE XXIV 

FUEL SYSTEM WEIGHT 

MODEL 
FUEL SYSTEM 
WEIGHT 
(lb) 

EQUATION  i 
WEIGHT 
(lb)    | 

LOH OHUA 32 36   1 
Experimental HSL-1 

(Tandem) 
215 201    | 

1    Commercial UH12E1+ 19 21 

LOH 0H6A 30 28 

1    Aerogyro XH51A U2 39   j 

for single-rotor helicopters, and 

"MT - Ö-8 
IHPxRl 0. 

VT    J 
763 

for tandem-rotor helicopters. 

In these expressions, WDS and W^ are the total drive system 

weights. For single-rotor helicopters, the weight includes main rotor 
and tail rotor gearboxes, interconnecting shafts, and all mounting 
provisions; and for tandem-rotor helicopters, it includes both main 
gearboxes, all interconnect shafts and intermediate gearboxes, and all 
mounting provisions. Also in the above equations, R is the main rotor 
radius for single-rotor helicopters or the radius of one rotor of a 
tandem-rotor helicopter, and V_ is the main rotor tip speed. 

In determining the equation, the horsepower was taken to be the 
total maximum rated sea level standard installed horsepower of the en- 
gine(s). Using this criterion gave very good results. However, in 
some cases the engines are not required to deliver maximum horsepower at 
sea level, but are at some higher altitude and temperature. If it is known 
that this is the case, the horsepower used in the equation can be the 
maximum total power delivered by the engines at any one time. 

Drive system weights and equation weights for various helicopters 
are shown in Figure 128 and listed in Table XXV. 

In the initial study, an attempt was made to evaluate separate 
items in the drive system, such as transmission, drive shaft, etc. It 
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TABLE MCV 

DRIVE SYSTEM WEIGHT 

MODEL 

DRIVE SYSTEM 
WEIGHT 
(lb) 

EQUATION 
WEIGHT 
(lb)      1 

Single Rotor 

I  U.S. Coast Guard HÜL-1G 180 187 
1  Iroquois UHLC 590 U79 

Iroquois UHLD 589 602 
LOH OHUA 171 168 

Iroquois UH1B 575 603 
Iroquois UKLA 529 »*55 

i  Trooper kjGZ 157 171 
|  Trooper k7G3-l 160 169 
1  Skyhook CHLC 257 193     ! 

LOH 0H5A 206 178     | 

!  Raven H23B 226 159     1 
1  Raven H23D 200 181 
1  Experimental Ten-99 261+ 230 

LOH OH6A 113 137 
Aerogyro XH51A kk2 339     j 
Russian Ml-6 7700 7100 

Mohave H37A 2i+26 2^25     j 

U.S. Marlni HUS-1 101+1* 1039 

Chlckasaw UH19C Qk6 525 
Commercial S56 2k7d 251*6 

Commercial S58 98k 1039 

U.S. Coast Guard HH52A 599 859 
U.S. Marine CH53A 3621 3350 
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Skycrane 

USAF 

Flying Crane 

Commercial 

Sea King 

Commercial 

USAF 

Tandem Rotor 

Experimental 

Sea Knight 

Commercial 

Chinook 

Sea Knight 

Chinook 

Transporter 

Retriever 

Experimental 

Shavmee 

Studies 

Boelng-Vertol: 

Single 

Tandem 

Sikorsky: 

Single 

Tandem 

S6U 

CH3C 

S60 

S61L 

SH3A 

S55 
H5G 

HSL-1 

HRB-1 

107 

HC-1B 

CYik6k 

CHU7A 

YH16 

HUP-2 

YH21Ü 

CH21C 

DRIVE SYSTEM 
WEIGHT 
(lb) 

EQUATION 
WEIGHT 
(lb) 

3798 3900 

1800 1796 

2U09 25^6 

1622 I6l8 

1715 1796 

5U6 525 

383 hk3 

2001 1600 

l89h 1810 

nhi 1920 

3378 3^00 

1931 1810 

3531 3900 

3595 3100 

608 kQo 

1521 1390 

1180 1200 

6795 

7265 

8700 

7350 

6830 

8U30 

8610 

8790 
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was later found that a more reliable estimate could be made if the entire 
drive system were used. Recent proposed designs for heavy-lift helicop- 
ter transmissions indicate that a drive system built today would be 
somewhat lighter than the preceding equation would indicate; weight 
savings of as much as 50 percent of the tranr ission weight have been 
proposed. At this time, however, a reduction of 10 percent seems a 
realizable goal for the 1966-1968 period; therefore the resulting equa- 
tions are 

«DS - 36-16 
:S^H 0.763 

for single-rotor helicopters, and 

0.763 
WDSTa57-U 

1HP x R 

for tandem-rotor helicopters. 

Flight Controls Group 

A logarithmic least squares fit was made to the data of several 
contemporary helicopters to determine the best equation for predicting 
flight controls weight.    The equations resulting from this study are 

vn = 0.02256 w0'712 v °-653 

FC t» 

for single-rotor helicopters, and 

WFCT . 0.0321 ^•
712 Vc

0-653 

for tandem-rotor helicopters. In these expressions W is the design gross 
weight, Vc is the design cruise speed and Wpp is total flight controls 
weight for single-rotor and Wpc^ is for tandem-rotor helicopters. 

The flight controls weights and equation weights for various heli- 
copters are shown in Figure 129 and are listed in Table XXVI. 

Hydraulics and Electrical Group 

An attempt was made to determine statistical weight trends for 
each of these systems separately.  It was found that the equations thus 
found were unreliable when applied to a helicopter of the size consi- 
dered in this study. However, when the two groups were combined, the 
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TABLE XXVI 

PLIGHT CONTROLS WEIGHT 

MODEL 
FLIGHT CONTROLS 

WEIGHT 
(lb) 

EQUATION 
WEIGHT 
(lb) 

LOH 0H6A 52 106 
Commercial 286 30»+ 215 
Lark RH3B 120 139 

1  Sea King SH3A h57 535 
1  USAF CH3C h90 582     I 

U.S. Marine CH53A 1085 998     j 
Skycrane S61+ 1161 1092    j 

Tandem Rotor 

Sea Knight HRB-1 827 860 
|  Commercial 107 723 729 
i  Commercial 10? (Adv.) 758 815 

Sea Knight CHi+6A 838 Q5k            i 
Chinook CH^7A 1201 1036 

1  Chinook HC-1B 1289 1036     j 

Shawnee CH21C 502 513 
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resulting equation was a better approximation than the sum of the two 
individual equations. The equation thus found was 

Wjjg - 0.153 W0,813 

for single-rotor helicopters, and 

Wmgp- 0.206 W0,813 

for tandem-rotor helicopters, where W is the design gross weight and 
WHE is total hydraulic and electrical group weight for single-rotor and 
Wjjjjp is for tandem-rotor helicopters. 

Hydraulic and electrical system weights and equation weights for 
various helicopters are shown in Figure 130 and are listed in Table 
XXVII. 

Furnishings 

For an external cargo helicopter, the furnishings weight is con- 
centrated in the crew compartment; hence, given a crew size, the weight 
would be approximately constant for either a single- or a tandem-rotor 
external cargo helicopter. The weight used in this study is 

WpE " ^50 lb 

where W—, is the furnishings weight for an external cargo helicopter. 

FOr an internal cargo helicopter, it was assumed that soundproof- 
ing and insulation will be required over the entire fuselage. Applying 
a unit weight to an estimated wetted area results in the expression 

Wpi = 180 + .012W 

where Wpj is the furnishing weight of an internal cargo helicopter and 
W is the design gross weight. This equation is valid only for cargo- 
type helicopters and assumes no fixed seating for personnel. 

Instruments and Electronics 

The weights of the instruments and electronics equipment are not 
explicitly dependent on a size parameter such as gross weight, but are 
more closely associated with the mission requirements. Therefore, a 
nominal value was assumed which is felt to be adequate: 

WjE ■ U50 lb 

This includes 200 pounds for electronics (radio, navigation, etc.) 
and 250 pounds for instrument. 

r- 
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TABLE XXVII 

HYDRAULICS AM  ELECTRICAL SYSTEM WEIGHT 

MODEI 
HTTORAULICS AND ELECTRICAL 

SYSTEM WEIGHT 
(lb) 

EQUATION 
WEIGHT 
fib) 

Single Rotor 

LOH OKhA 79 87 

Ranger klJ-2 103 99 

Iroquois UH1B 390 195 

Commercial UH12E 90 95 

Raven H23r) 112 95 

LOH 0H6A 61 76 
Aerogyro XH51A 13U 116 

Lark RH3B 191 111 

Skyhook CHLC 80 .105 

U.S. Marine CH53A 605 710 

Sea King SH3A U92 1+10 

USAF CH3C 522 1+70 

Skycrane SSk 610 810 

Tanden Rotor 

Experimental HSL-1 610 500 

Sea Knight CHU6A 777 610 

Sea Knight HRB-1 681 610 

Chinook CHU7A 760 770 

Chinook HC-1B 719 770 

Experimental UH21D 377 500 

286 



I 

HC-1B 

4        6     8   10 20 

EQUATION WEIGHT - LB   X 10 

60   80 100 

Figure 130.      Hydraulics and Electrical Group Weight 

287 

r- 

I 

.„.»ji w HMB ■ ••«•». * "^      SI 



I 

• 

■ ! 

Air Conditioning 

For external cargo helicopters» air conditioning will consist of 
engine bleed air ducting and valves necessary for windshield defogglng 
and crew compartment heating and cooling. The necessary weight Is 

ACE 50 lb 

where WA__ Is the air conditioning system weight for an external cargo 

helicopter. 

For an Internal cargo helicopter, where a controlled environment 
may be required In the cargo compartment, the additional ducting will 
Increase the air conditioning system weight by approximately 100 pounds. 
Therefore, for internal cargo helicopters 

* 

W ACI 150 lb 

Auxiliary Gear Group 

The requirement for auxiliary gear was not specified as part of 
this study, but for a helicopter of this type it is required. The aux- 
iliary gear group consists of a cargo sling and hoist and cargo handling 
equipment. In addition to being a function of the cargo weight, the 
weight of these items is a function of the length of the cable required, 
the reeling speed, the type and number of cargo-attaching devices re- 
quired, etc. At the present time, it is felt that a weight of 1000 
pounds will be sufficient to cover a cargo-handling system with a capa- 
city of 40,000 pounds, and this weight has been included in the weight 
empty for this study. Therefore, 

W.ITV. = 1000 lb 
AUX 

Gross Weight 

The sum of the preceding items represents the empty weight of the 
helicopter. The gross weight is found by adding to this weight the 
weight of the crew, oil and residual fuel, fuel, and payload. 

is 
The crew consists of three men; at 200 pounds each, the crew weight 

Wc = 600 lb 
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It is felt that an allotment of 120 pounds Is sufficient to cover 
residual fuel and engine oil 

WR0 - 120 lb 

In the determination of the gross weight, the fuel is a variable 
and the fuel tank weight is also a variable. For this program, the 
basic weight is defined as the weight of all weight - empty items (ex- 
cept the fuel tanks) plus the crew and engine oil. If this definition 
of basic weight is used, the gross weight is then the sum of the basic 
weight, fuel and fuel tank weight, and the payload weight. 

WEIGHT SUMMARY 

The Statement of Work required that statistical trend studies be 
made to estimate a weight breakdown of the systems of an operational 
helicopter, i.e., transmission, tail rotor and drive, landing gear, 
etc. for the Part 1 rotor system parametric and configuration determina- 
tion. This procedure was used as discussed in Section 1 for the para- 
metric study. All of the required work for the Part 2 rotor system 
preliminary design study was conducted using the helicopter weights as 
determined in the Part 1 study. 

Since the weight studies discussed in this section reflect more 
accurately the component weights of a high gross-weight helicopter, the 
detailed weight analysis was made based on the new weight equations and 
the corresponding rotor characteristics of the refined configuration. 
The gross weight difference between the Part 1 study and the refined 
configuration is only 3.^ percent and, as such, would not invalidate 
any of the results of the parametric or preliminary design study. 

The weight breakdown on Form MIL-STD-451, Part 1, is shown in Fig- 
ure 131. The main rotor assembly weight for the refined configuration 
is summarized as follows (all weights in pounds): 

Main Rotor Assembly 65^3 
Blade (5) 1300 
Hub (1) k5k 
Flexure (5) 3200 
Spar (5) 1110 
Control Torque Tube (5)  399 

The development of the main rotor assembly weights was an itera- 
tive procedure resulting in different rotor weights depending on cer- 
tain conditions. A summary of this iteration and resulting weights 
follows. 
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In the Part 1 parametric study, weight equations were derived 
based entirely on statistical data for helicopters up to a weight class 
of 38,000-pound gross weight.    The equation for the matched-stiffness 
rotor system indicated that the main rotor weight would be 5578 pounds. 

The actual weight analysis of the preliminary designs shown in 
Section 2 for the helicopter characteristics resulting from the Part 1 
parametric study resulted in a 69^5-pound weight for the matched- 
stiffness rotor system.    This indicated that the weight equations de- 
rived from statistical data for contemporary helicopters did not 
accurately reflect component weights for helicopters in the heavy-lift 
gross weight category.    As such the weight equation was raderived to 
reflect the preliminary design weight of 69^5 pounds. 

Based on the rotor characteristics resulting from the refined con- 
figuration parametric study of this section and the rederived weight 
equation, the matched-stiffness rotor system weight is 65^3 pounds. 

PARAMETRIC ANALYSIS PROCEDURE 

The procedure followed for the solution gross weight determination 
of the refined configuration followed the computer program described in 
"Parametric Analysis Procedure" of Section 1.    The matched-stiffness 
single and tandem rotors were the only configurations that were analyzed 
under the new conditions.    The rederived weight equations and a change 
in the blade loading limit as discussed below were used. 

Figure 132 is an output summary sheet for the solution gross weight 
determination program for the refined configuration. 

Matched-Stiffness Blade Loading Limitations 

As discussed in Section 1, a blade loading limit of 77 psf was 
used in determining the characteristics of the rotor system.    An analy- 
sis of this condition was made during the preliminary design study.    It 
was determined that fo1* the design condition of a center-of-gravity 
offset for the helicc^    r of ± 30 inches, the resultant combination of 
first- and second-harmonic flapping loads was greater than the in-plane 
loads.    Since the first-harmonic flapping is set by center-of-gravity 
offset, the blade loading limit was made to correspond to a constant 

, 
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second-harmonic-flapping angle, ^  (the ag for 95 knots with the blade 
loading of 77 psf and a tip speed of 700 fps), using the equations 

!| = (ta>1) x + (t2>2) e0 * (t2)3) e. 

and 

2Cn 

T7 - ^ x + ^S,2> *o * ^2,3' ei 

where 

W 6L 

^      puR2   «rOlR)2 PCOR)' 

and using the relationship for (tj^ j) given by Bailey's work in MCA 

Report 716 (Reference 21). 

This relationship between blade loading and tip speed is shown in 
Figure 133* The blade loading limit for each tip speed was established 
on the corresponding solution plot (Figure 13^) using Figure 135* 

RESULTS OF PARAMETRIC ANALYSIS - REFINED CONFIGURATION 

For a given set of rotor parameters and a given helicopter config- 
uration, the computer program printed out the takeoff gross weight for 
the heavy-lift mission and the required sea level rating of the power 
plant. These values were then entered on plots such as shown in Fig- 
ure 13U. The rotor radius, thrust/solidity coefficient, and tip speed 
can be chosen from these plots, for a given configuration and engine 
size, which will result in the lowest helicopter gross weight. This 
gross weight and the corresponding rotor parameters represent the 
optimum matching of the helicopter to the power plants considered for the 
mission requirements used in the study. 

Parameters Used in the Computer Program 

Solution gross weights were determined for the matched-stiffness 
single- and tandem-rotor configurations. The basic parameters consist- 
ing of tip speed, rotor radius, and thrust/solidity coefficient were 
entered into the program utilizing combinations of several values of 
these parameters. The values used were 

•  Tip speed, flR = 600, 650, 700, 750, and 800 f^ps 
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• Thrust/solidity coefficient, C^ - .050, 065,  .080, and .095 

• Rotor radius: 

Single rotor, R ■ U5.5O and 55 ft 
Tandem rotor, R » 37.5, ^O, and U2.5 ft 

Parameter values other than the foregoing were submitted when necessary 
to fill In areas needing better definition. 

Use of Computer Results 

The results of the solution gross weight determination program 
were plotted as maximum rated power (Max RF) versus heavy-lift gross 
weight (W™) at constant tip speeds (ßR) as shown in Figure 13U. 
Solution limit lines of blade loading for the matched-stiffness single 
and tandem-rotor configurations were established on these plots using 
such plots as are shown in Figure 135* The blade loading limit was deter« 
mined from Figure 133* 

Figure 136 shows a combined plot of the- blade loading limited 
weights and engine sizes required. This plot was used in determining 
the optimum characteristics for the matched-stiffness single-r^tor sys- 
tem, which resulted in the lightest gross weight vehicle. A limiting 
advancing tip Mach number of O.85 for the 130-knot outbound cruise speed 
was used to establish the 730 fps tip speed solution limiting line on 
this plot. 

As a check, and to obtain complete weight and mission breakdowns, 
the resulting characteristics were submitted to the solution gross 
weight determination program, and output sheets were obtained. (See 
Figure 15 for a typical output sheet used in the Section 1 parametric 
study). 

The rotor parameters indicated as the optimum point on Figure 136 
were selected on the basis of the best matching with an existing or 
growth version of an existing engine. In this case the maximum equiva- 
lent rated power of three iSh/SkB engines provided optimum matching 
within the limits of the rotor system parameters applied to this study. 
This does not necessarily restrict the use of other engines in the 
heavy-lift helicopters. 

a 
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RESimrS OF COMPUTER ANALYSIS ■ REFIMED COWFIQURATION 

A description of the configurations for the matched-stiffness 
single and tandem rotors as determined by the study conducted in this 
section is shown in Tables XXVIII and XXIX. A comparison of the re- 
sults listed in these tables and in Tables IV and V of Section 1 shows 
that the matched-stiffness single-rotor results in the lightest heli- 

* copter gross weight. The gross weight for the matched-stiffness single- 
t     and tandem-rotor helicopters has increased from the values shown in the 

Section 1 study; this is attributed to the use of the rederived weight 
equations which more accurately reflect component weights for the high 

• gross weight vehicles. 

As noted In Section 1, there was negligible weight difference in 
rotor weights between the articulated, teetered, and rigid rotor sys- 
tems, and the matched-stiffness rotor resulted in an 8-percent to 12- 
percent reduction in vehicle gross weight. The study, as defined by 
this section, results in a U-percent to 6-percent reduction in vehicle 
gross weight for the matched-stiffness rotor. The principal areas con- 
tributing to the gross weight difference are the rotor system, propul- 
sion system including fuel, and the fuselage. 

The complete weight breakdown and description of the matched- 
stiffness single- and tandem-rotor systems resulting from the parametric 
study of this section is presented in Table XXX. 

Single-Point Variation 

The single-point variation study conducted In Section 1 would 
apply» in principle, to the study of this section with respect to fuel 
required, airfoil sections, and airfoil twist and taper. 

A comparison of the significant components was made of the internal 
cargo and external cargo helicopters, based on the weight equations of 
this section, with the following results: 

> 

Body 
Landing Gear 
Furnishings 

Total 

External Cargo 

5,889 
2,990 

U50 

9,329 

Internal Cargo 

7,360 
2,158 
1.076 

10,59^ 

From this comparison,  it is apparent that the weight penalty asso- 
ciated with the internal cargo fuselage is 1,265 pounds.    Some of this 
could be recovered for the transport mission payload by drag reduction. 
However, drag reduction would have little effect on the reduced heavy- 
lift payload capability. 
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TABLE XXX 

DESCRIPTION OF MATCHED-STIFFNESS SINGLE- AND TAND1M-ROTOR SYSTEMS 

AND WEIGHT BREAKDOWN COMPARISON (REFINED CONFIGURATION) 

ITEM 

Gross Weight, lb: 

SIIOLE-R0T0B TAHDBM-ROTOR 

Heavy-Lift Minion (Load 
Factor - 2.5) 7^727 78,678 

Transport Mission 62,500 66,650 
Ferry Mission (load Factor > 2.0) 92,900 98,UOO 

Power Plant: 
Engine Nunber and Type (or Thraa (3) Three (3) 

Equivalent) T6U/Sl»B Ttk/mi 
Total Rated Power 

Sea Level unccrrected 11,700 (10 min) 11,700 (10 mln) 
6000 ft, 95^ uncorrected 8.700 (10 min) 

-{2.1* ♦ 2UO bp) 
8,700 (10 mln) 
-(2.1* ♦ 2UO hp) Power Correction 

Fuel Flow Increased by 

Transmission: 
Design Horsepower (3600-hr Life) 9,529 9,383 

Main Rotor: 
Radius, ft 52.2 U0.2 
Solidity .09637 .0855 
Number of Blades 5 k 
Blade Chord, in. 38.0 32.U 
Blade Aapeet Ratio 16.5 1U.9 
Tip Speed, fpa 730 730 
Disc Loading (Heavy-Lift), psf 8.7U 6.7k 
Design Mean Blade Lift Coefficient 

Transport .U05 .«HO 
Heavy-Lift .keh ,m 

Hover Horsepower, Transport, 
6000 ft, 95^ (Main Rotor Only) 7,525 8,253 

Blade Loading, psf 90.6 90.6 

Overlap (1 - |f) - .35 
Tail Rotor: 

Radius, ft 9.89 . 
Solidity .2U86 - 
Main Rotor to Tall Rotor 

Hub Distance, ft 63.09 - 
Hover Horsepower, Transport. 

6000 ft, 950F (T.R. Only) Jkl 

vront to Rear Rotor Hub Distance, ft 52.3 
Equivalent Drag Areas: 

and Ferry, aq ft 80 80 
Outbound Transport, sq ft 100 100 
Outbound Heavy-Lift, sq ft 180 180 
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TABLE XXX (CONTINUED) 

not 

Ibi Cooponent Welfhti, 
Rotor Group 
Utoll Group 

fall Rotor 
HoriBontal Stabiliser 

Body Group 
Landing Goar Group 
Plight Controls Group 
Propulsion Group 

Enginea 
Engines Accessories 
Fual System 
Drive System 

Equlpaant 
Auxiliary Power Unit 
Inetruments and navigation 
Hydraulics and Electrical 
Electronics 
Pumlsbings 
Air Conditioning 
Auxiliary Gear 

Total (Weight Empty) 

Mission Weights, lb: 
transport Mission 

Crew 
Puel 
Oil and Residual Puel 
Fayload 
Gross Weight 

Heavy-Lift Mission 
Crew 
Puel 
Oil and Residual Puel 
Fayload 
Gross Weight 

Perry Mission 
Crev 
Puel 
Oil and Residual Puel 
Auxiliary Tanks 
Gross Weight 

SIlOl<E.R0r0R TANDGM-ROTOR 

6,5»* 6,877 
955 - 

(116) 
m 
m 

5,889 7'^2 2,990 3,658 
1,598 2,358 
9,126 10,35* 

(2,0901 (2,090 

(Ä 
1 

(1,0261 
(vro) 

(5,5*0) 
1 
1 

3.vrr 
125) 

,250) 
(1,U02I (1,969) 

200} 
1*50 

;2ooi 
>50l 
(501 .. 50 t 

30^76 

600 
6,U60 

120 
2k.7UZ 

600 
2,910 

120 
»»0.519 
75^727 

600 
57,8*2 

120 
3.760 

W7& 

600 
6,750 

120 
g*.750 
QOfWo 

600 
2,996 

120 
»»0.532 
7ö,67ö 

600 
59,»*»»0 

120 
3.8*0 

9w5 
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A design such as Is shown in Figure 39, which has a straddle gear but 
some internal payload capability, might be represented by the external 
landing gear and fuselage weight and the Internal cargo furnishing 
weight.    Such a configuration would have half (626 pounds) the weight 
Increment of the full Internal cargo version. 

CONCLUSIONS 

The parametric study and preliminary design of a shaft-driven rotor 
system for a heavy-lift helicopter, as conducted in Sections 1 through 5 
of this report,  adequately define and substantiate a rotor system that 
will meet the requirements specified in the Statement of Work.    The con- 
figuration resulting in the lightest gross weight helicopter is the 
single matched-stiffness rotor system. 

The additional parametric studies conducted in Section 6 refined 
the weight equations developed previously.    These were based on later 
statistical data and preliminary design studies, which provided more re- 
liable component weight data at the high gross weights associated with 
the heavy-lift helicopter.    These rederived weight equations were used 
when the rotor parameters were restudied; the configuration described 
in Section 6 resulted.    It is recommended that the detail design of a 
shaft-driven rotor system utilize the configuration as determined in 
Section 6. 

. 

', 
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