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ABSTRACT 

This report  examines the feasibility and relative merit of 
five gas- and shaft-coupled cruise fan propulsion  systems in 
various compound and composite aircraft configurations.    A 
1970 time period is assumed.     Propulsion and airframe param- 
eters are defined,  and the results of an optimization process 
for maximum aircraft relative productivity in a fixed short- 
range transport mission are shown.    Ranges of vehicle disc 
loading of from 5 to 11 pounds per square foot and of fan 
bypass ratio of from 3 to 12 are covered.    The problems of 
rotor-fan power transfer systems are reviewed and possible 
solutions evaluated.    Detailed weight data are given for opti- 
mum aircraft and propulsion system combinations.    Convertible 
shaft-driven cruise fans in an  integrated propulsion system 
are found to be particularly attractive; however,   considerable 
work is required in development of power management systems. 
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FOREWORD 

A feasibility study of cruise fan propulsion systems and 
associated power  transfer systems  for compound/composite 
aircraft was conducted by The Boeing Company, Vertol Division, 
for the U.S.  Army Aviation Materiel Laboratories under Con- 
tract DA 44~177-AMC-336(T).    The study was directed by the 
Project Manager,   Mr.  John J.  Schneider,  Manager of Vertol 
Division's Advanced Design Group.     Supervision of all phases 
of the study was the responsibility of Mr.  Philip C.  Prager, 
Project Engineer.     The principal assisting engineer was 
Mr.  F.  H.  Dean.     The study was  initiated on 3 February 1966 
and completed on 28 October 1966. 

This study was performed under the technical cognizance of 
Mr.  James Gomez  and Mr. Henry Morrow of the U.S.  Army Avia- 
tion Materiel Laboratories. 

The assistance of  the following organizations in providing 
guidance and technical data during  the course of this study 
is acknowledged. 

Advanced Engine and Technology Department, General 
Electric Company 

Allison Division,  General Motors Corporation 

Pratt and Whitney Aircraft Division,  United Aircraft 
Corporation 

I 





CONTENTS 

ABSTRACT  Üi 

FOREWORD     v 

LIST OF ILLUSTRATIONS  ix 

LIST OF TABLES     xxv 

LIST OF SYMBOLS  ... * xxviii 

SUMMARY  1 

CONCLUSIONS    3 

RECOMMENDATIONS  5 

INTRODUCTION  7 

REVIEW AND ANALYSIS OF CRUISE FAN PROPULSION SYSTEMS . 10 
Thermodynaroic Analysis  10 
Propulsion System Physical Data  18 
Propulsion System Performance  22 
Component Technology  24 

COMPOUND/COMPOSITE CONFIGURATION STUDIES  83 
Aircraft Design Study Ground Rules   83 
Airframe Parametric Design Data  86 
Drag Trends  94 
Basic Propulsion System Requirements   97 
Propulsion Systems Design Description   106 
Supercritical Shaft Systems    114 
Aircraft Accessory Drives - Design Data   114 
Basis of Weight Estimate  115 

PROPULSION SYSTEM AND AIRFRAME INTEGRATION  172 
Configuration Design Investigation   172 
Design Optimization Techniques   191 
Optimum Aircraft Design Definitions    207 

vii 

I 



r " 

■ V 

I 

POWER TRANSFER SYSTEMS  313 
Requirements for Power Transfer Devices  313 
Power Transfer Methods  314 
Power Transfer System Design, Development, and 

Production Responsibility   320 

COMPARATIVE ANALYSIS  336 
Comparison of Optimum Aircraft Characteristics 

and Speed Sensitivity Study Results   336 
Comparison of Optimum Aircraft Power Requirements . 349 
Comparison of Optimum Aircraft Payload-Distance 
Capability  351 

Comparison of Optimum Aircraft Cruise Time 
Versus Hover Time Capability  352 

Comparison of Optimum Aircraft Ferry Ranges .... 353 
Comparison of Propulsion System    357 
Comparison of Tilting and Nontilting Cruise 

Fans - Independent Propulsion System 3  364 

BIBLIOGRAPHY  399 

DISTRIBUTION  402 

viii 

*■""• "•"«wwwiy^BaBWm.,- 



• 

ILLUSTRATIONS 

Figure Page 

1 Typical Variation in Performance of 
Concentric Fans    32 

2 Typical Variation in Performance of 
Remote Gas-Coupled Fans    33 

3 Fuel Plus Propulsion System Weight for 
Compound Helicopter Mission , .   34 

4 Fuel Plus Propulsion System Weight for 
Compound Helicopter Mission Using Data 
from Reference 7 and 27    35 

5 State-Of-The-Art Turbine-Inlet Temperature 
(Military Rating)    36 

6 Turboshaft Engine Lapse Rate Data    37 

7 Tip-Turbine Fan Propulsion System Conceptual 
Design (System la)      38 

8 Axial-Turbine Fan Propulsion System Conceptual 
Design (System lb)    38 

9 Remote Shaft-Coupled Fan Propulsion System 
Conceptual Design (System 2a)    40 

10 Convertible Concentric Front-Fan Propulsion 
System Conceptual Design (System 2b)  ...   41 

11 Independent Propulsion System Conceptual 
Design (System 3)   .....   42 

12 Gas Generator Dimensions for Remote Gas- 
Coupled Fan Propulsion System (Systems la 
and lb)    43 

13 Diverter Valve and Duct Dimensions   (Systems 
la and lb)         44 

IX 



■ 

/ 

*n»»'J*i*ii»r>V<Tt«CW*W>W>'™« *- 

Figure Page 

14 Remote Power Turbine Dimensions 
(No Gearbox)    (Systems la and .Tb)  45 

15 Remote Gas-Coupled Tip-Turbine Fan Dimensions 
(System la)        46 

16 Remote Gas-Coupled Axial-Turbine Fan 
Dimensions   (System lb)     47 

17 Remote Power Turbine Dimensions and RPM 
(No Gearbox) (Systems la and lb)        48 

18 Convertible Concentric Cruise Fan Dimensions 
(System 2b)        49 

19 Concentric Cruise Fan Dimensions (System 3)  .   50 

20 Weight of Gas Generator, Including Controls 
and Accessories, for Remote Gas-Coupled 
Fan Systems (Systems la and lb)      51 

21 Diverter Valve and Duct Weights    52 

22 Remote Power Turbine Weight for Remote 
Gas-Coupled Fan Systems (Systems la and lb).   53 

23 Weight of Fan and Nacelle for Remote Gas- 
Coupled Tip-Turbine Fan System (System la) .   54 

24 Weight of Fan and Nacelle for Remote Gas- 
Coupled Axial-Turbine Fan System (System lb) .  55 

25 Weight of Remote Shaft-Coupled Fan System 
(System 2a)      56 

26 Weight of Convertible Cruise-Fan System 
(System 2b)        57 

27 Turboshaft Engine Weight for Independent 
Concentric Front-Fan Propulsion System 
(System 3)  58 

28 Weight of Independent Concentric Front- 
Fan System (System 3)    59 

x 

" ■""i*^ „ 



Figure Page 

29 Comparison of the Performance (Uninstalled) 
of Various Propulsion Systems     60 

30 Installed Sea Level Standard Day Performance 
of Remote Gas-Coupled Tip-Turbine Pan 
System la (Sheet 1 of 4)     61 

*        30     Installed Sea Level Standard Day Performance 
of Remote Gas-Coupled Tip-Turbine Pan 
System la (Sheet 2 of 4)  .     62 

30     Installed Sea Level Standard Day Performance 
of Remote Gas-Coupled Tip-Turbine Pan 
System la (Sheet 3 of 4)     63 

30     Installed Sea Level Standard Day Performance 
of Remote Gas-Coupled Tip-Turbine Pan 
System la (Sheet 4 of 4)     64 

1     Pactor to Correct Thrust and Thrust Specific 
Puel Consumption of Tip-Turbine Pan-System 
(la) to Axial-Turbine Pan-System Perform- 
ance (lb)     65 

32     Installed Sea Level Standard Day Performance 
of Remote Shaft-Coupled Pan System 2a 
(Sheet 1 of 4)       66 

32     Installed Sea Level Standard Day Performance 
of Remote Shaft-Coupled Pan System 2a 
(Sheet 2 of 4)       67 

32     Installed Sea Level Standard Day Performance 
of Remote Shaft-Coupled Pan System 2a 
(Sheet 3 of 4)     68 

32     Installed Sea Level Standard Day Performance 
of Remote Shaft-Coupled Pan System 2a 
(Sheet 4 of 4)       69 

XL 



*"*■■*■■ 11». 

Figure Page 

33     Installed Sea Level Standard Day Performance 
of Concentric Front-Fan System 3 (Sheet 1 
of 4)    70 

33    installed Sea Level Standard Day Performance 
of Concentric Front-Fan System 3 (Sheet 2 
of 4) ,     71 

33     Installed Sea Level Standard Day Performance 
of Concentric Front-Fan System 3 (Sheet 3 
of 4     72 

33 Installed Sea Level Standard Day Performance 
of Concentric Front-Fan System 3 (Sheet 4 
of 4     73 

34 Factor  to Correct Thrust and Thrust Specific 
Fuel Consumption of Concentric Front-Fan 
System   (3)   to Convertible Fan Performance 
(2b)       74 

35 Remote Power Turbine Sea Level Static Maximum 
Horsepower and Specific Fuel Consumption 
(Systems la and lb)    75 

36 Convertible Engine Sea Level Static Maximum 
Horsepower and Specific Fuel Consumption  . .   76 

37 Shaft Engine Power, Specific Fuel Consumption, 
and Airflow at Maximum and 90% Maximum 
Power Settings    77 

38 Effect of Fixed and Variable Area Exhaust 
Nozzle on Turboshaft Engine Performance ...   78 

39 Weight of Thrust Vectoring Systems    79 

40 Optimum Cruise Fan Propulsion System in 
Regard to Noise      80 

41 External Noise Characteristics      81 

42 Number of Blades per Lifting Rotor vs. Rotor 
Diameter    125 

xii 



> nero^TVi^-f w*rtf ^ 

j 

Figure Page 

43 Preliminary Design Data - Tail Rotor 
Size    126 

44 Tail Rotor Blade Chord vs. Tail Rotor 
Diameter    127 

45 Tail Surface Data    128 

46 Minimum Fuselage Length Required vs. Rotor 
Size, Single and Tandem Rotor Aircraft . .   129 

47 Percent Rotor Blade Overlap vs. Rotor 
Diameter, Tandem Rotor Aircraft     130 

48 Tandem Rotor Propulsion-Unloaded Compound 
Aircraft Drag Variations     131 

49 Tandem Rotor Lift/Propulsion-Unloaded 
Compound Aircraft Drag Variations  ....   132 

50 Tandem Rotor Composite Aircraft Drag 
Variations   .....   133 

51 Sample Gas Generator Sizing Data Sheet . . .   134 

52 Required Sea Level Standard Gas Generator 
Airflow to Meet the 6000-Foot# 950F Hover 
Requirement - Single Rotor Propulsion- 
Unloaded Compound Aircraft Propulsion 
Systems la and lb (Integrated Gas-Coupled).   135 

53 Determination of Required Rotor Power 
Loading at Sea Level Standard Conditions .   136 

54 Determination of Required Rotor Power 
Loading at 6000-Foot    95 0F Conditions    .   •        137 

55 Effect of Rotor Radius on Percent Download 
for Propulsion-Unloaded Configurations  .   .        138 

56 Power Requirements of Propulsion-Unloaded 
Aircraft         139 

xiii 



r" 

. 

■ 

Figure Pnge 

57 Power Requirements of Llft/Propulslon- 
Unloaded Aircraft 140 

58 Power Requirements for Composite Aircraft . . . 141 

59 Fundamental Systems Concepts 142 

60 Integrated Llft/Propulslon System Gas-Coupled 
Remote Tip-Driven Cruise Fans - Tandem Rotor 
Aircraft (System la). Compound and 
Composite Types   143 

61 Integrated Llft/Propulslon System Gas-Coupled 
Remote Tip-Driven Cruise Fans - Single Rotor 
Aircraft (System laI Compound and Composite 
Types   145 

62 Integrated Llft/Propulslon System Gas-Coupled 
Remote Axlally Driven Cruise Fan - Tandem 
Rotor Aircraft, (System lb) - Compound and 
Composite Types   147 

63 Integrated Llft/Propulslon System Gas-Coupled 
Remote Axlally Driven Cruise Fans - Single 
Rotor Aircraft (System lb), Compound and 
Composite Types   149 

64 integrated Llft/Propulslon System Shaft-Coupled 
Remote Cruise Fans - Tandem Rotor Aircraft 
(System 2a), Compound and Composite Types . . 151 

65 Integrated Llft/Propulslon-Unloaded Shaft- 
Coupled Remote Cruise Fans - Single Rotor 
Aircraft   (System 2a)   - Compound and Composite 
Types 153 

66 Integrated Llft/Propulslon System Shaft-Coupled 
Concentric Axlally Driven Cruise Fans - Tandem 
Rotor Aircraft   (System 2b),   Compound and 
Composite Types 155 

67 Integrated Llft/Propulslon System Shaft-Coupled 
Concentric Axlally Driven Cruise Fan   (System 
2b)   - Single Rotor Aircraft,  Compound and 
Composite Types 157 

xiv 



jmr-n^y *0M#plRft»f#*t ■ 

Figure Page 

68 Independent Lift/Propulsion System 
Concentric Cruise Fans - Tandem Rotor 
Aircraft (System 3), Compound and 
Composite Types     159 

69 Independent Lift/Propulsion System Con- 
centric Cruise Fans Single Rotor Aircraft 
(System 3), Compound and Composite Types,    161 

70 Tandem Rotor Gas-Coupled Drive System 
Schematic and Scaling Data for Integrated 
Lift/Propulsion Systems la, and lbf 
Compound and Composite Aircraft  ....    163 

71 Single Rotor Gas Coupled Drive Systems 
la, lb; Compound and Composite Aircraft .    165 

72 Tandem Rotor Shaft-Coupled Drive System 
Schematic and Scaling Data, for Integrated 
Lift/Propulsion Systems 2a, 2b, and 3« 
Compound and Composite Aircraft      167 

73 Single Rotor Shaft-Coupled Drive System 
Schematic and Scaling Data Integrated 
Lift/Propulsion Systems 2a# 2b, 3; 
Compound and Composite Aircraft      169 

74 Tandem & Single Rotor Engine Box Weight 
for System 3     171 

75 Thrust Available and Thrust Required vs. 
Forward Speed     194 

76 Example of Thrust Available and Thrust 
Required Variation      197 

77 Thirty Selected Optimum Aircraft     199 

78 Matrix of 36 Major Parameters    201 

79 Gross Weight Determination for a Candidate 
Aircraft     202 

80 Determination of an Optimum Aircraft . . .   204 

xv 



! 
I 

Figure Page 

81 Variation of Mission Gross Weight and 
Relative Productivity With Disc Loading 
and Bypass Ratio - Single Rotor Propulsion- 
Unloaded Aircraft Propulsion System la . . .  226 

82 Variation of Mission Gross Weight and Relative 
Productivity With Disc Loading and Bypass 
Ratio - Single Rotor Propulsion-Unloaded 
Aircraft Propulsion System lb     "27 

83 Variation of Mission Gross Weight and Relative 
Productivity With Disc Loading and Bypass 
Ratio - Single Rotor Propulsion-Unloaded 
Aircraft Propulsion System 2a     228 

84 Variation of Mission Gross Weight and Relative 
Productivity With Disc Loading and Bypass 
Ratio - Single Rotor Propulsion-unloaded 
Aircraft Propulsion System 2b    229 

85 Variation of Mission Gross Weight and Relative 
Productivity With Disc Loading and Bypass 
Ratio - Single Rotor Propuls ion-Unloaded 
Aircraft Propulsion System 3     230 

86 Variation of Mission Gross Weight and Relative 
Productivity With Disc Loading and Bypass 
Ratio - Tandem Rotor Propulsion-Unloaded 
Aircraft Propulsion System la    231 

87 Variation of Mission Gross Weight and Relative 
Productivity With Disc Loading and Bypass 
Ratio - Tandem Rotor Propulsion-Unloaded 
Aircraft Propulsion System lb    232 

88 Variation of Mission Gross Weight and Relative 
Productivity With Disc Loading and Bypass 
Ratio - Tandem Rotor Propulsion-Unloaded 
Aircraft Propulsion System 2a    233 

89 Variation of Mission Gross Weight and Relative 
Productivity With Disc Loading and Bypass 
Ratio - Tandem Rotor Propulsion-UnloaCed 
Aircraft Propulsion System 2b   234 

xvi 



Figure Page 

90 Variation of Mission Gross Weight and 
Relative Productivity With Disc Loading 
and Bypass Ratio - Tandem Rotor Propulsion- 

• Unloaded Aircraft Propulsion System 3 . . .  235 

91 Variation of Mission Gross Weight and 
Relative Productivity With Disc Loading 

• and Bypass Ratio - Tandem Rotor Lift/ 
Propulsion-Unloaded Aircraft Propulsion 
System la ,   236 

92 Variation of Mission Gross Weight and 
Relative Productivity With Disc Loading 
and Bypass Ratio - Tandem Rotor Lift/ 
Propuls^n-Unloaded Aircraft Propulsion 
System lb   237 

j 
93 Variation of Design Mission Gross Weight 

and Relative Productivity With Disc 
Loading and Bypass Ratio - Tandem Rotor 
Lift/Propulsion-Unloaded Compound Air- 
craft Propulsion System 2a   238 

i 

94     Variation of Mission Gross Weight and 
Relative Productivity With Disc Loading 
and Bypass Ratio - Tandem Rotor Lift/ 
Propulsion-Unloaded Aircraft Propulsion 
System 2b   239 

95 Variation of Mission Gross Weight and 
Relative Productivity With Disc Loading 
and Bypass Ratio - Tandem Rotor Lift/ 
Propulsion-Unloaded Compourd Aircraft 
Propulsion System 3   240 

96 Variation of Design Mission Gross Weight 
• and Relative Productivity With Disc 

Loading and Bypass Ratio - Single Rotor 
Lift/Propulsion-Unloaded Aircraft 
Propulsion System la   241 

xvi i 



Figure Page 

97 Variation of Design Mission Gross Weight 
and Relative Productivity With Disc 
Loading and Bypass Ratio - Single Rotor 
Lift/Propulsion-Unloaded Compound Air- 
craft Propulsion System lb     242 

98 Variation of Mission Gross Weight and 
Relative Productivity With Disc Loading 
and Bypass Ratio - Single Rotor Lift/ 
Propulsion-Unloaded Compound Aircraft 
Propulsion System 2a      243 

99 Variation of Mission Gross Weight and 
Relative Productivity With Disc Loading 
and Bypass Ratio - Single Rotor Lift/ 
Propulsion-Unloaded Compound Aircraft 
Propulsion System 2b     244 

100 Variation of Mission Gross Weight and 
Relative Troductivity With Disc Loading 
and Bypass Ratio - Single Rotor Lift/ 
Propulsion-Unloaded Compound Aircraft 
Propulsion System 3       245 

101 Variation of Design Mission Gross Weight 
and Relative Productivity With Disc 
Loading and Bypass Ratio - Tandem Rotor 
Composite Aircraft Propulsion System la .    246 

102 Variation of Design Mission Gross Weight 
and Relative Productivity With Disc 
Loading and Bypass Ratio - Tandem Rotor 
Composite Aircraft Propulsion System lb  .    247 

103 Variation of Design Mission Gross Weight 
and Relative Productivity With Disc 
Loading and Bypass Ratio - Tandem Rotor 
Composite Aircraft Propulsion System 2a .    248 

104 Variation of Mission Gross Weight and 
Relative Productivity With Disc Loading 
and Bypass Ratio - Tandem Rotor Composite 
Aircraft Propulsion System 2b       249 

xvlii 



Figure Page 

105 Variation of Design Mission Gross Weight 
and Relative Productivity With Disc 
Loading and Bypass Ratio - Tandem Rotor 
Composite Aircraft Propulsion System 3 . .    250 

« 
106 Variation of Design Mission Gross Weight 

and Relative Productivity With Disc 
Loading and Bypass Ratio - Single Rotor 
Composite Aircraft Propulsion System la  .    251 

IPV     Variation of Design Mission Gross Weight 
and Relative Productivity With Disc 
Loading and Bypass Ratio - Single Rotor 
Composite Aircraft Propulsion Sytem lb . .    252 

108     Variation of Design Mission Gross Weight 
and Relative Productivity With Disc 
Loadinj and Bypass Ratio - Single Rotor 
Composite Aircraft Propulsion System 2a .    253 

109 Variation of Design Mission Gross Weight 
and Relative Productivity With Disc 
Loading and Bypass Ratio - Single Rotor 
Composite Aircraft Propulsion System 2b .    254 

110 Variation of Design Mission Gross Weight 
and Relative Productivity With Disc 
Loading and Bypass Ratio - Single Rotor 
Composite Aircraft Propulsion Syste.n 3 . .    255 

111 Tandem Rotor Lift/Propulsion-Unloaded 
Compound Aircraft Propulsion System la . .    257 

112 Tandem Rotor Composite Aircraft Propulsion 
System la     259 

113 Single Rotor Lift/Propulsion-Unloaded 
Compound Aircraft Propulsion System la . .    261 

114 Single Rotor Composite Aircraft Propulsion 
System la .-     263 

115 Tandem Rotor Propulsion-Unloaded Compound 
Aircraft Propulsion System 2a      265 

xix 



Figure Page 

116 Tandem Rotor Lift/Propulsion-Unloaded 
Compound Aircraft Propulsion System 2a  .   . 267 

117 Tandem Rotor Composite Aircraft Propulsion 
System 2a  269 

118 Single Rotor Lift/Propulsion-Unloaded 
Compound Aircraft Propulsion System 2a  .   . 271 

119 Single Rotor Composite Aircraft Propulsion 
System 2a  273 

120 Tandem Rotor Lift/Propulsion-Unloaded 
Compound Aircraft Propulsion System 2b .   . 275 

121 Tandem Rotor Composite Aircraft Propulsion 
System 2b  277 

122 Single Rotor Lift/Propulsion-Unloaded 
Compound Aircraft Propulsion System 2b . .    279 

123 Single Rotor Composite Aircraft Propulsion 
System 2b     281 

124 Tandem Rotor Lift/Propulaion-Unloaded 
Compound Aircraft Propulsion System 3    .   . 283 

125 Tandem Rotor Composite Aircraft Propulsion 
System 3  285 

126 Single Rotor Lift/Propulsion-Unloaded 
Compound Aircraft Propulsion System 3    .   . 287 

127 Single Rotor Composite Aircraft Propulsion 
System 3  289 

128 Propulsion System la for Tandem Rotor Aircraft 293 

129 Propulsion System lb for Tandem Rotor Aircraft 295 

130 Propulsion System 2a for Tandem Rotor Aircraft 297 

131 Propulsion System 2b for Tandem Rotor Aircraft 299 

xx 



Figure Page 

132 Propulsion System 3 for Tandem Rotor Aircraft  301 

133 Propulsion System la for Single Rotor Air- 
craft    303 

134 Propulsion System lb for Single Rotor Air- 
craft    305 

135 Propulsion System 2a for Single Rotor Air- 
* craft   307 

136 Propulsion System 2b for Single Rotor Air- 
craft    309 

137 Propulsion System 3 for Single Rotor Air- 
craft    311 

138 Power Turbine Horsepower With Partial 
Admission Throttling Valves    321 

139 Partial Admission Turbine Efficiency and 
Power   322 

140 Partial Admission Tip-Turbine Pan Thrust 
and Speed   323 

141 Turbine Velocity Diagrams for Variable 
Tui.'bine Geometry   324 

142 Turbine Performance With Variable Stator 
Vanes   325 

143 Generalized Thrust-Horsepower Relationship 
for Convertible Cruise Fan   326 

.♦ 

« 

144 Incidence Angles and Velocities for Fan With 
Variable Inlet Guide Vanes ........  327 

145 Incidence Angles and Velocities for Fan With 
Variable Stagger Rotor Blades    326 

146 Generalized Thrust-Horsepower Relationship 
for Fan With Variable Inlet Diaphragm 
(Inlet Baffles)    329 

xxl 



. 

Figure Page 

147 Basic Propulsion System Control Schematic 
for Integrated Gas-Coupled Systems la 
and lb 330 

148 Basic Propulsion System Control Schematic 
for Integrated Shaft-Coupled Systems 2a 
and 2b 332 

149 Basic Propulsion System Control Schematic 
for Independent System 3 334 

150 Comparison of Characteristics for Tandem 
Rotor Propulsion-Unloaded Aircraft   368 

151 Comparison of Characteristics for Tandem 
Rotor Lift/Propulsion-Unloaded Aircraft . . 369 

152 Comparison of Characteristics for Tandem 
Rotor Composite Aircraft 370 

153 Comparison of Characteristics for Single 
Rotor Propulsion-Unloaded Aircraft ..... 371 

154 Comparison of Characteristics for Single 
Rotor Lift/Propulsion-Unloaded Aircraft . . 372 

155 Comparison of Characteristics for Single 
Rotor Composite Aircraft 373 

156 Optimum Tandem Rotor Propulsion-Unloaded 
Aircraft - Rotor Shaft Power Required and 
Auxiliary Thrust Required vs. Forward Speed  374 

157 Optimum Single Rotor Propulsion-Unloaded 
Aircraft - Rotor Shaft Power Required and 
Auxiliary Thrust Required vs. Forward Speed  375 

158 Optimum Tandem Rotor Lift/Propulsion- 
Unloaded Aircraft - Rotor Shaft Power 
Required and Fan Thrust Required vs. 
Forward Speed 376 

xxi i 



Figure Page 

159 Optimum Single Rotor Lift/Propulsion- 
Unloaded Aircraft - Rotor Shaft Power 
Required and Fan Thrust Required vs. 
Forward Speed    377 

160 Optimum Tandem Rotor Composite Aircraft 
Rotor Shaft Power Required and Fan Thrust 
Required vs. Forward Speed   378 

161 Optimum Single Rotor Composite Aircraft - 
Rotor Shaft Power Required and Fan Thrust 
Required vs. Forward Speed   379 

162 Payload Variation With Range of Single Rotor 
Propulsion-Unloaded Aircraft   380 

163 Payload Variation With Range of Tandem Rotor 
Propulsion-Unloaded Aircraft   381 

164 Payload Variation With Range of Single Rotor 
Lift/Propulsion-Unloaded Aircraft   382 

165 Payload Variation With Range of Tandem Rotor 
Lift/Propulsion-Unloaded Aircraft   383 

166 Payload Variation With Range of Single Rotor 
Composite Aircraft    384 

167 Payload Variation With Range of Tandem Rotor 
Composite Aircraft    385 

168 Tradeoff of Cruise Time With Hover Time for 
Tandem Rotor Propulsion-Unloaded Aircraft .  386 

169 Tradeoff of Cruise Time With Hover Time for 
Single Rotor Propulsion-Unloaded Aircraft .  387 

170 Tradeoff of Cruise Time With Hover Time for 
Tandem Rotor Lift/Propulsion-Unloaded 
Aircraft    388 

171 Tradeoff of Cruise Time With Hover Time for 
Single Rotor Lift/Propulsion-Unloaded 
Aircraft   389 

xxiii 



Figure Page 

172 Tradeoff of Cruise Time With Hover Time 
for Tandem Rotor Composite Aircraft ....   390 

173 Tradeoff of Cruise Time With Hover Time 
for Single Rotor Composite Aircraft ....   391 

174 Propulsion System Weight Comparisons of 
Tandem Rotor Aircraft    392 

175 Propulsion System Weight Comparisons of 
Single Rotor Aircraft   .....   393 

176 Propulsion Efficiency of Fans    394 

177 Example of Kill Probability vs. Damage 
Vulnerable Area for a Given Probability 
of Hit    395 

178 Tandem Rotor Composite Aircraft Propulsion 
System 3,  Tilting Fans  397 

XXIV 



TABLES 

Table Page 

I Typical Component Efficiencies  and Pressure 
Losses in Cruise Fan Propulsion Systems   .     .       13 

II Front-Fan Weight Data .19 

" III Comparison of Noise Levels in Propulsion 
Systems 29 

IV    Ranked Order of Propulsion Systems According 
to External Noise Levels    30 

V    Comparison of Flat Plate Area - fe(ft
2)   .  ,  96 

VI    Characteristics of Tandem Rotor Propulsion- 
Unloaded Compound Aircraft    214 

VII    Characteristics of Single Rotor Propulsion- 
Unloaded Compound Aircraft    215 

VIII    Characteristics of Tandem Rotor Lift/ 
Propulsion-Unloaded Compound Aircraft  .  .  216 

IX    Characteristics of Single Rotor Lift/ 
Propulsion-Unloaded Compound Aircraft  ,  .  217 

X    Characteristics of Tandem Rotor Composite 
Aircraft . 218 

XI    Characteristics of Single Rotor Composite 
Aircraft 219 

XII    Summary Weight Statement for Tandem Rotor 
Propulsion-Unloaded Aircraft    220 

XIII    Summary Weight Statement for Single Rotor 
Propulsion-Unlraded Aircraft     221 

XIV    Summary Weight Statement for Tandem Rotor 
Lift/Propulsion-Unloaded Aircraft ....  222 

XXV 



Table 

XV 

XVI 

XVII 

XVIII 

XIX 

XX 

XXI 

XXII 

XXIII 

XXIV 

XXV 

XXVI 

XXVII 

XXVIII 

Summary Weight Statement for Single Rotor 
Lift/Propulsion-Unloaded Aircraft . . 

Summary Weight Statement for Tandem Rotor 
Composite Aircraft   

Summary Weight Statement for Single Rotor 
Composite Aircraft   

Propulsion System Weight Breakdown for 
System la - Tandem Rotor Aircraft . 

Propulsion System Weight breakdown for 
System lb - Tandem Rotor Aircraft . 

Propulsion System Weight Breakdown for 
System 2a - Tandem Rotor Aircraft . 

Propulsion System Weight Breakdown for 
System 2b - Tandem Rotor Aircraft . 

Propulsion System Weight Breakdown for 
System 3 - Tandem Rotor Aircraft 

Propulsion System Weight Breakdown for 
System la - Single Rotor Aircraft . 

Propulsion System Weight Breakdown for 
System lb - Single Rotor Aircraft . 

Propulsion System Weight Breakdown for 
System 2a - Single Rotor Aircraft . 

Propulsion System Weight Breakdown for 
System 2b - Single Rotor Aircraft . 

Propulsion System Weight Breakdown for 
System 3 - Single Rotor Aircraft 

Propulsion System and Power Transfer 
Requirements   

XXIX Comparison of Major Characteristics of 
Optimum Aircraft - Tandem Rotor 

Page 

223 

224 

225 

292 

294 

296 

298 

300 

302 

304 

306 

308 

310 

312 

337 

XXVI 



Table Page 

XXX   Comparison of Major Characteristics of 
Optimum Aircraft - Single Rotor  ....  338 

XXXI    Integrated/Independent Propulsion Systems 
Comparison - Tandem Rotor Lift/Propulsion- 
Unloaded Compound Aircraft      340 

XXXII    Integrated/Independent Propulsion Systems 
Comparison - Tandem Rotor Composite 
Aircraft 341 

XXXIII    independent/integrated Propulsion Systems 
Comparison of Tandem Rotor Propulsion- 
Unloaded Aircraft at Approximately the 
Same Maximum Speed 343 

XXXIV   Comparison of Optimum Aircraft Ferry Ranges - 
Tandem Rotor Configurations 355 

XXXV   Comparison of Optimum Aircraft Ferry Ranges - 
Single Rotor Configurations 356 

XXXVI    Damage Vulnerable Area - Lift/Propulsion- 
Unloaded Aircraft 362 

XXXVII    Summary of Relative Merits of the Five 
Configurations     363 

XX3MIII    Characteristics and Weight Comparison of 
Aircraft With Tilting and Non-Tilting 
Independent Fans 367 

■ 

XXVI1 

——-■-   niriVinniri<M| 



■^ 

SYMBOLS 

Symbol 

AHP 

APU 

AR 

Ay 

B, BPR 

bt 

c 

cd 

Cf  cL 

CP 

Crp 

D 

DL 

D/L 

DCB 

DCL 

DEB 

DPTB 

DRGB 

Auxiliary horsepower 

Auxiliary power unit 

Aspect ratio 

Damage vulnerable area 

Bypass ratio 

Total number of rotor blades 
per aircraft 

Rotor blade chord 

Drag coefficient 

Lift coefficient 

Average lift coefficient 

Center of pressure 

Rotor thrust coefficient 

Main rotor diameter 

Download force in percentage of 
thrust 

Disc loading 

Diameter of combining gearbox 

Diameter of decoupling clutch 

Diameter of engine gearbox 

Diameter of power turbine gearbox 

Diameter of rotor gearbox 

xxviii 

Unit 

hp 

ft' 

ft 

ft 

in. 

in. 

in. 

in. 

in. 



- 

Symbol 

DT 

e 

EW 

fe 

Fn 

g 

GW 

HRGB 

HPI 

(HP^f 

k, K 

Kd 

L 

LCL 

L/D 

(^Eimax 

LDV 

L.F. 

LGG 

LpT 

L/PU 

LR 

Unit 

in. 

lb 

ft2 

lb 

32.2  ft/sec2 

lb 

in. 

Tail rotor diameter 

Oswald span effici-n  v   factor 

Aircraft empty weight 

Equivalent flat plate area 

Net thrust 

Acceleration due to gravity 

Aircraft gross weight 

Height of rotor gearbox 

Installed power value hp 

Installed power value at fan hub        hp 

A constant value 

Static droop weight penalty factor 

Distance between rotors in( 

Length of decoupling clutch 

Lift to drag ratio 

Maximum equivalent lift to drag ratio    ft 

Length of diverter valve ft 

Syrametrical flight maneuver limit load 
fector 

Length of gas generator ft 

Length of power turbine assembly ft 

Lift/propulsion-unloaded aircraft type 

Distance between rotor shaft centers ft 

XXIX 



Symbol 

M 

Mr 

n 

n 

An 

Tail arm 

Length of rear ramp well 

Mach number 

Rotor blade tip Mach number 

Number of rounds fired 

Ultimate flight maneuver load factor 

Crash load factor 

Unit 

ft 

ft 

Pressure drop 

Hit probability 

lb/ft absolute 

^k X\XJ.J.   ^i.uwauJLj.j.L.y 

PNdh Perceived noise level decibels 

PU Propulsion-unloaded aircraft type 

Px Total transmission horsepower hp 

r Distance along  rotor blade axis ft 

R Main rotor radius ft 

rpm Revolutions per minute rev/min 

S Total rotor disc area ft2 

S,   STD. Standard ambient atmosphere 
conditions 

Sf Fuselage wetted area ft2 

SPC Specific fuel consumption lb/hp/hr 

SHP Shaft horsepower hp 

XXX 



Symbol 

SHP, CB 

SHP EB 

SHPpT 

SHP 

SL 

S
TH 

STV 

Sw 

RGB 

t/c 

TOGW 

TSFC 

V 

max 

Wa 

Wa' 

Shaft horsepower at combining 
gearbox 

Shaft horsepower at engine 
gearbox 

Shaft horsepower at power 
turbine 

Shaft horsepower at rotor 
gearbox 

Sea level altitude 

Horizontal tail area 

Vertical tail area 

Wing area 

Compressor exit temperature 

Gas generator turbine-inlet 
temperature 

Fan thrust per aircraft 

Thickness ratio; thickness/chord 

Take-off gross weight 

Thrust specific fuel consumption 

Aircraft forward speed 

Limit dive speed 

Aircraft maximum speed 

Rotor tip speed 

Weight airflow 

Uncorrected weight airflow 

Unit 

hp 

hp 

hp 

hp 

ft 

ft2 

ft2 

ft2 

0R 

0R 

lb 

lb 

lb/hr/lb 

knots 

knots 

knots 

ft/sec 

lb/sec 

lb/sec 

xxxi 



Symbol Unit 

Wa* 

wb 

w, BS 

W. CF 

W, 

W HT 

W MR 

Wr 

Wn 

w TG 

W, TR 

W. w 

W. 

lPNF 

A 

n 

CB 

Sea le/el static maximum airflow lb/sec 

2 
Rotor blade loading lb/ft 

Body group basic structure weight lb 

Weight of cruise fans or fan engines lb 

Gross weight lb 

Horizontal tail weight lb 

Main rotor weight lb 

Weight of one rotor lb 

Weight of tandem cascade thrust 
vectoring system lb 

Tail group weight lb 

Tail rotor weight lb 

Wing weight lb 

Weight of fuselage and contents lb 

Rotor disc overlap ft 

Rotor plane of no feathering angle deg 

Change from basic value 

Sweep angle deg 

Efficiency 

Fan efficiency 

Propulsive efficiency 

Transmission efficiency 

Coupling or combining gearbox 
efficiency 

XXX11 



i 

Symbol Unit 

nCR Crash load factor 

nEB Engine gearbox efficiency 

n Power turbine efficiency 

n- Power turbine gearbox efficiency 

n Rotor gearbox efficiency 

nTRS Tail rotor drive system efficiency 

p Air density slugs/ft 

p Sea level standard air density        slugs/ft3 

a Air density ratio = P/P0 

aR Rotor solidity 

u Rotor advance ratio 

XXXI11 



• 
; 

it      • 

BLANK PAGE 

i 

. 
> 

» 

s* i 

J 

m 
i ■ 



- 

SUMMARY 

In February 1966 the United States Army Aviation Materiel 
Laboratories awarded The Boeing Company, Vertol Division, 
Contract DA 44-177-AMC-336 (T) to conduct a research program to 
evaluate cruise fans as potential propulsion systems for future 
compound/composite aircraft.  The study involved a 9-month 
effort. Consideration of both single and tandem rotor config- 
urations of propulsion-unloaded compound aircraft, lift/propul- 
sion-unloaded compound aircraft, and stowed rotor composite 
aircraft was included. Each of these six aircraft combinations 
was matched with the five propulsion systems listed below and 
shown in Figure 7 through 11. 

1. System la, an integrated gas-driven tip-turbine cruise 
fan system. 

2. System lb, an integrated gas-driven hub-turbine cruise 
fan system. 

3. System 2a, an integrated shaft-driven remote cruise fan 
system. 

4. System 2b, an integrated shaft-driven convertible fan 
engine system. 

5. System 3, an independent propulsion system. 

In developing these 30 optimally matched systems, 3 disc load- 
ings in a range of 5 to 11 psf, and 4 bypass ratios in a range 
of 3 to 12 were scanned. Because of the broad scope of the 
stuiy, which involved 360 aircraft/propulsion design points, 
detailed designs of each of the optimum aircraft could not be 
developed; however, major characteristics sufficient for 
con aarat:"-/e evaluation purposes were identified. 

Analysis of 1970 cruise fan engines led to the selection of a 
basic compressor pressure ratio of 13 and a sea level statis- 
tical standard day turbine-inlet temperature of 2460oR. Based 
on angine parametric studies and on these gas generator design 

1 
parameters, propulsion system weight and performance data were 
de^ aloped. 

Air frame scaling factors were also determined for the various 
aircraft types. The five propulsion systems were then inte- 
grated with each airframe configuration. The engines used for 



vertical lift were sized, based on a 6000-foot, 950F hover 
requirement. For each disc loading and bypass ratio, required 
gross and empty weights and aircraft cruise speeds were deter- 
mined for the design 6000-pound payload, 100-nautical-mile 
radius sea level mission. Finally, the optimum characteristics 
of each of the 10 aircraft/propulsion system combinations were 
determined based on a relative productivity criteria. Disc 
loadings of optimum aircraft were generally on the high side 
of the study range.  Optimum fan bypass ratios were generally 
higher in integrated propulsion systems and lower for inde- 
pendent system installations. 

Analyses of power transfer systems indicated that variable 
turbine inlet arches are the most logical choice for power 
management in the gas-driven systems. For shaft-driven systems, 
variable inlet guide vanes were selected to effect fan power 
management; however, variable-pitch fan rotor blades had to be 
eliminated only for lack of engine manufacturer data. 

Good feasibility of integrated propulsion systems for lift/ 
propulsion-unloaded and composite aircraft was indicated, but 
the potential of these systems for propulsion-unloaded aircraft 
was questionable.  Integrated systems appeared more desirable 
than independent systems.  Propulsion systems providing the 
best relative productivity were the tip-driven gas coupled and 
the convertible fan shaft types. The convertible fan system 
was considered superior, however, in ease of installation, 
maintainability, and vulnerability. 

Use of independent cruise fans for thrust assistance during 
hover flight increases mission relative productivity, but only 
if little mission hovering time is involved.  In addition, 
severe forward area operational problems exist for such a 
system. 



CONCLUSIONS 

General 

1. Integrated cruise fan propulsion systems are feasible for 
use with lift/propulsion-unloaded and composite aircraft. 

2. The feasibility of integrated cruise fan propulsion systems 
for propulsion-unloaded aircraft is questionable.  The 
study raises questions as to potential tradeoffs against 
advanced pure helicopters. 

3. Integrated cruise fan propulsion systems, in general, appear 
to be more desirable than independent systems. 

4. integrated convertible cruise fans appear to be far superior 
to other systems in terms of major airframe design inte- 
gration and environmental factors. 

5. Preferred methods of power management for integrated pro- 
pulsion systems involve fan variable inlet guide vanes for 
shaft-driven configurations and variable admission arches 
for gas-driven arrangements. 

Propulsion-Unloaded Aircraft 

1. No specific type of integrated propulsion system makes a 
clearly superior aircraft.  Changes in fan configuration 
and basic parameters have little effect on overall aircraft 
characteristics.  Fan thrust requirements are minor in 
practical cases. 

2. Use of independent propulsion systems results in poorer 
aircraft characteristics than use of integrated systems, 
assuming equal aircraft speed. 

3. Attempts to increase significantly the speeds of independent 
system aircraft above those of the integrated systems are 
not productive. 

Lift/Propulsion-Unloaded Aircraft 

1. At equal speeds, aircraft with integrated propulsion systems 
have characteristics superior to those of independent 
system aircraft. 

< 



2. Aircraft relative productivity appears marginally (2 to 3 
percent) better than the other integrated propulsion 
systems where tip-driven gas-coupled fan systems are 
employed. 

3. Independent system aircraft can be made competitive with 
integrated system aircraft in relative productivity only 
if their cruise speed is much higher; however, this results 
in a significant weight penalty. 

Composite Aircraft 

1. For equal aircraft speeds the convertible fan propulsion 
system is slightly (2 to 5 percent) superior in mission 
relative productivity to both the independent and other 
integrated propulsion systems. 

Thrust-Vectored Fan Installations 

1. Severe forward-area operational problems as well as diffi- 
cult vehicle design integration problems are apparent with 
use of thrust-vectored fans in independent propulsion 
systems. 

2. Thrust-vectored fans greatly improve relative productivity 
over equivalent nonvectored independent systems if a mis- 
sion with little or no hovering time is considered. With 
increases in hover time, this superiority would reduce 
quickly. 



RECOMMENDATIONS 

Based on the results of the present study and the problem areas 
defined, the following recommendations are made concerning 
application of cruise fans to compound/composite aircraft: 

1. Design, development, and testing of prototype integrated 
fan propulsion systems should be pressed forward in both 
convertible-type shaft systems and gas-coupled systems. 

2. Power transfer components of these systems should be 
developed and further tested. Of particular interest is a 
full-range test (0 to maximum thrust) of variable inlet 
guide vanes and development of low-loss power turbine 
variable inlet arches for operation at high temperatures. 

3. A feasibility and design study of a high-bypass-ratio cruise 
fan incorporating variable stagger blades should be con- 
ducted.  Tradeoff analyses should be included comparing 
it to the systems considered in the present study. 

4. A detailed analysis should be conducted making proper trade- 
offs between propulsion-unloaded compound aircraft with 
integrated propulsion systems and advanced design pure 
helicopters. 

5. A detailed design study of two of the aircraft propulsion 
system combinations judged to be optimum in this study 
should be conducted to establish in detail the relative 
characteristics of the combinations.  It is suggested that 
this study be conducted on either single rotor or tandem 
rotor lift/propulsion-unloaded aircraft incorporating a 
shaft-driven convertible cruise fan system and a tip-driven 
gas-coupled fan system. 

6. Results of this atudy should be compared with the results 
of a similar study of the same aircraft with propeller- 
equipped propulsion systems. 
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INTRODUCTION 

It has  long been  recognized that  the helicopter,  with  its 
relatively  low disc  loading,   provides   the maximum efficiency 
in hovering   lift  and  low-speed  transportation.     The  need  for 
increased  speed and range has  caused many diverse programs  to 
be  instigated  for  the  development  of high-speed and increased 
lift/drag  capability of  rotary wing  aircraft.     Improvements  in 
aerodynamic  efficiency,   propulsive  efficiency,   simplicity, 
and reliability will bring a  realization  of  the  full potential 
of   this  type  of  VTOL system. 

The   inherent advantages  of low disc   loadings   (in the  10 psf 
range)   are primarily apparent  from  the  operator's viewpoint. 
The  ability  to autorotate  safely  in case  of power  failure  and 
low downwash velocities,   as well as   low  installed power,   seems 
to generate a natural progression of rotary wing aircraft con- 
figurations  to meet higher  speed requirements.     By advancing 
from the simple helicopter to the thrust-augmented compound 
helicopter   (propulsion unloading only),   increased speeds of at 
least 40 Knots may be realized at  the  same vibration  level.   The 
compound helicopter with both lift and propulsion unloading 
gives even higher  speeds and range.     The composite aircraft 
with its airplane-like qualities  in the cruise mode  is espe- 
cially attractive  for certain missions. 

In  addition  to  obvious  improvements   (aerodynamic efficiency, 
etc.)   in the  rotor  systems,   the  need  for  a propulsion  system 
compatible with  the  compound/composite  configurations  requires 
investigation  of  the basic requirements   for  the propulsion 
system and therefore  development of  the  optimum system to 
enable  fulfillment  of the potentials  for  advanced rotary wing 
aircraft. 

In many previous  investigations  of  compound configurations, 
shaft-driven propeller  systems with  their associated problems 
of  aerodynamic  flow influences,   size   (diameter)   and  location, 
complexity and  large weight penalties   left much  to be desired. 
Initial  studies have  led  to the  conclusion  that high bypass 
ratio cruise  fans would be of interest  for propulsion unloading 
of helicopters  as well as  forward thrust  for composite aircraft, 

Cruise fan powerplants may take a variety of  forms such as con- 
centric front  fans,   aft  fans,   remote shaft-driven shrouded 
fans,  etc.     Early  in the development of aircraft gas  turbines, 
it became apparent  that  a turbofan could provide the bridge  in 



propulsive efficiency between the propeller and the turbojet 
in the speed ranges of from 200 to 500 knots. 

For many reasons, development of the turbofan engine was slow; 
however, in recent years the turbofan engine has received an 
increasing amount of interest in both commercial and military 
applications. Operational results in commercial airline ser-
vice have been extremely favorable. 

Over the past 10 years engine manufacturers have developed tip-
turbine, high-bypass ratio, remote cruise fans and shaft-driven, 
shrouded cruise fans. A more recent development has been 
convertible engine configurations and associated power transfer 
methods to provide convertible engine characteristics required 
for compound/composite aircraft. Much research and testing 
have shown that all the cruise fan systems appear attractive 
for use in compound/composite configurations. However, there 
is need for an evaluation of the potential of these cruise fan 
powerplants both in an integrated propulsion system and 
in an independent thrust producer. 

Recognizing this potential, the USAAVLABS funded two parametric 
design studies of cruise fan systems in 1964 to establish the 
technology base needed for the compound/composite cruise fan 
feasibility studies described in this report. 

It is the purpose of this study to investigate compound/com-
posite aircraft configurations to determine the propulsion 
system requirements and how best to meet these requirements 
with systems using high-bypass-ratio cruise fans. The potential 
of these cruise fan powerplants is evaluated both in an inte-
grated propulsion system and in an independent thrust 
producer. Particular attention is paid to the power transfer 
requirements of each system, since the feasibility of these 
systems is directly related to the ability to manage the power 
split from hover through maximum cruise flight. Single and 
tandem rotor helicopters with varying disc loadings combined 
with both gas-driven and shaft-driven propulsion systems with 
various bypass ratios are analyzed, resulting in a matrix of 
optimum aircraft for comparison. 

Since the primary objects of this study were the analysis and 
the comparison of cruise fan propulsion systems, no major 
attempt was made to arrive at optimum aircraft configuration de-
sign solutions for the various types. In certain cases, 
therefore, aircraft configurations may not include the most 
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cU sirable airframe features.     It  is not considered,   for 
irstance,   that the composite aircraft shown  in the study have 
tl a optimum means of blade  fairing  for high-speed  flight. 
Hcwever,   certain  alternatives  of design choice,   such  as 
retractable rotor  transmissions,   were considered  less  attrac- 
tive.     Since  ic was not practical  to attempt  invention of new 
design concepts during the course of the study,   configurations 
were selected which appeared readily amenable to scaling and 
for use as a proper background to the main purpose of the 
study. 

9 



REVIEW  AND ANAYLSIS  OF 
CRUISE   FAN   PROPULSION   SYSTEMS 

Parametric  investigations  of high-bypass-ratio cruise  fans 
conducted  for   the U.S.  Army Aviation Materiel  Laboratories 
were  documented   in  References  1  and  18.     Included  in  those 
studies were  the variables  of  fan pressure  ratio,   bypass ratio, 
turbine-inlet  temperature,   and cycle  pressure ratio  for both 
mechanical aud gas-coupled drive  systems.     This   section  of  the 
report   is devoted  to  the results of  an analysis  of  this data, 
data   from other  engine manufacturers,   data  generated by the 
contractor,   and the  development of a meaningful  summary of 
this  data.     This  summary  includes  the  selection  of  the basic 
cycle parameters,   turbine-inlet temperature,   and pressure  ratio 
to be used during  the   integration part of  the  study.     Follow- 
ing  this  selection,   the available data was  compiled and pre- 
sented   in a  form applicable  to the present   study.     The data 
presented  is  for  a   sea  level  static   standard day turbine-inlet 
temperature of  24600R and  a  compressor pressure ratio of  13; 
therefore,   universal   application of  these  results and trends 
is not recommended. 

THERMODYNAMIC ANALYSIS 

The gas generator design-point spec.fie horsepower   (gas gener- 
ator  available output horsepower divided by the gas generator 
airflow)   is primarily a function of turbine-inlet temperature 
and   increases with   increasing temperature.     Conversely,   the 
specific  fuel consumption   (SFC)   ic primarily a  function of the 
engine cycle pressure ratio  and decreases with  increasing 
pressure ratio.     Therefore,   therp  id no optimum engine pressure 
ratio which produces  a minimum cpecific  fuel consumption;  but 
for  each turbine-inlet temperature there  is a maximum specific 
horsepower at each pressure ratio,   although  it  is not sharply 
defined.     The data  obtained was  formulated using representative 
assumed values  of component  efficiencies,   pressure  losses,   and 
cooling airflows  typical of  1970 state-of-the-art turbomachin- 
ery  technology. 

In the cruise fan  study reported in Reference 1,   the maximum 
thrust at sea  level  static  conditions  from the gas generator 
nozzle and fan combined was  shown to occur when  the  fan turbine 
power was approximately 85  percent of the  available power, 
after   losses due to  turbine efficiency and pressure drops were 
subtracted from the gas generator  specific horsepower,   leaving 
15 percent of the kinetic  energy in  the  fan  turbine exhaust 
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flow. As a result, for a constant value of specific horse- 
power the fan pressure ratio for maximum thrust was a 
function of the fan bypass ratio.  The cruise fan thrust 
char ac tr >.• is tics verified that this choice of optimum design 
fan pressure ratio as a function of bypass ratio resulted in 
maximum cruise thrust. 

Parametric Data Sources 

In Reference 1, fan performance (thrust and thrust specific fuel 
consumption), weight, and dimensional data were presented for 
several cruise fan systems including direct-coupled concentric 
front fans, remote shaft-coupled fans, and remote gas-coupled 
tip-turbine fans.  This study used a gas generator design 
pressure ratio of 13 for all the fan systems, and data was 
generated for families of parametric engines with design 
turbine-inlet temperatures of trom 2160° to 27600R and bypass 
ratios of from 2.6 to 11.6. At the design point of the front 
fan propulsion system, the fan and gas generators were matched 
to produce maximum gas generator rpm and turbine-inlet tem- 
perature.  Because of the supercharging front fan and the 
higher inlet temperature to the compressor, referred rpm was 
less than that for the unsupercharged compressor, and the gas 
generator pressure ratio was less than 13 at the sea level 
static design point of the front fans. 

In a similar study (Reference 18), performance, weight, and 
dimensional data for cruise fan systems, including direct- 
coupled concentric front fans, remote shaft-coupled fans, and 
remote gas-coupled axial- urbine fans, were developed. A gas 
generator design pressure ratio of 10 was selected, engines 
with gas generator pressure ratios of from 6 and 14 were added 
for comparison purposes, and bypass ratios of from 2 to 12.5 
were used. 

I 
References 7 and 27 documented a library of performance and 
weight data for families of parametric cruise fan engines, 
including concentric front fans and remote gas-coupled tip- 
turbine fans. The design-point cycle parameters for these 
engines were engine pressure ratios of from 8 to 20, turbine- 
inlet temperatures of from 2200° to 28000R, and bypass ratios 
of from 1 to 9. A statistical correlation was made of the 
weights of many production and study fan engines as a function 
of the basic cycle parameters. 
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In addition to these sources of engine data, Reference 20 £ro-
vided performance and weight data for direct-coupled concentric 
front fans with engine design pressure ratios of from 15 to 30, 
turbine-inlet temperatures of from 2660° to 2960°R, and bypass 
ratios of from 2 to 16. Reference 16 provided performance and 
weight data for a gear-coupled concentric front-fan engine, 
which provided for declutching the fan and converting to shaft 
horsepower output or combining thrust and shaft power (convert-
ible fan engine). 

Analysis of Fan Data 

Typical component efficiencies and pressure losses used in 
some of the various studies to generate fan performance data 
are summarized in Table I. 

In analyzing the fan performance data from the various manufac-
turers, thrust specific fuel consumption was plotted as a func-
tion of specific thrust (thrust divided by design-point gas 
generator airflow) for different engine pressure ratios. The 
data from Reference 27 was plotted as a basis for comparison 
because it was the most extensive. Curves were plotted for 
static maximum thrust and maximum thrust at a flight Mach num-
ber of 0.3 at sea level. Against the background of this data, 
the performance of the engines in References 1 and 18 was 
plotted, and the trends of the Reference 27 data with turbine-
inlet temperature, bypass ratio, and engine pressure ratio 
were used for interpolating and extrapolating thrust and thrust 
specific fuel consumption to obtain values of these parameters 
corresponding to even bypass ratios. 

The thrust and thrust specific fuel consumption for concentric 
front fans, remote shaft-coupled fans, and remote gas-coupled 
fans with a gas generator design pressure ratio of 13 and a 
turbine-inlet temperature of 2460°R were cross-plotted as a 
function of bypass ratio. Typical variations in performance for 
concentric front fans and remote gas-coupled fans are summarized 
in Figures 1 and 2. For concentric front fans (Figure 1) slight 
differences in fan performance can be partly attributed to 
differences in fan efficiency assumptions. In Figure 2 the 
differences in thrust -of the remote tip-turbine fans appeared 
to be the result of differences in duct loss assumptions. 
Generally, however, the performance data from References 1, 18 
and 27 appeared to be consistent and in reasonable agreement. 
Furthermore, the component efficiency and pressure-drop assump-
tions for this data were well documented, making this perfor-
mance data acceptable for use in the present study. 
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Selection of Cycle Parameters 

As previously discussed, the gas generator specific horse- 
power is primarily a function of the turbine-inlet tempera- 
ture.  Increased turbine-inlet temperature results in in- 
creased specific horsepower, therefore requiring a smaller 
airflow and a smaller engine for the same power.  However, 
to operate at this increased turbine-inlet temperature may 
require cooled turbines, which means an increase in engine 
weight and complexity; it also results in a poorer thrust 
specific fuel consumption for the cruise fan and therefore 
in a greater fuel weight. An increase in engine pressure 
ratio results in an improved specific fuel consumption and 
in a smaller fuel weight for the same power or thrust, but 
this increase in pressure ratio must be accomplished by in- 
creasing the size of the compressor and possibly the 
turbine. 

The selection of the gas generator pressure ratio and turbine- 
inlet temperature to be used in tho present study required 
tradeoff studies of the fuel plus propulsion system weignts 
involved.  The cruise fan studies in Reference 1 included a 
mission analysis for a compound helicopter mission much like 
the one outlined in the present sJ     with the results pre- 
sented in the form of fuel weight plus propulsion system 
weight (see Figure 3) . 

Figure 4 shows the results of a similar calculation with 
front-fan and remote tip-turbine fan data from References 7 
and 27.  Figure 3 indicated an optimum turbine-inlet tempera- 
ture for each bypass ratio with the various cruise fan sys- 
tems to be generally in the range of from 2400° to 2600oR. 
Figure 4, however, showed fuel plus propulsion system weight 
generally increasing with increasing turbine-inlet tempera- 
ture. 

To assist in the selection of a turbine-inlet temperature for 
the engines of the present study, the state of the art of 
turbine technology with regard to turbine-inlet temperature 
was plotted in Figure 5.  This data, obtained from various 
engine manufacturers, together with the information presented 
in Figures 3 and 4, suggests 2000oF (2460oR) as a reasonable 
estimate for the design turbine-inlet temperature for 1970 gas 
generators.  Furthermore, it appears that such turbines will 
require a minimum of turbine cooling, considering the advances 
in materials technology. 

14 



A gas generator pressure ratio of 13 was selected for the 
Reference 1 cruise fan study, while a more conservative pres- 
sure ratio of 10 was selected for the Reference 18 study. The 
higher the pressure ratio, the better the specific fuel con- 
sumption. Reference 1 demonstrated that the fuel plus pro- 
pulsion system weight for the compound helicopter mission with 
remote tip-turbine fans decreased with an increase in gas gen- 
erator pressure ratio to 20.  However, achieving higher pres- 
sure ratios for engine sizes envisioned in the present study 
might result in extremely small rear stages in the compressor, 
with a resultant performance penalty. Also, higher gas gener- 
ator pressure ratios would require more compressor stages, 
which would create shaft problems with the front fan designs. 
Higher gas generator pressure ratios would diminish the per- 
formance advantages of the supercharging front fans, while 
very low gas generator pressure ratios would penalize the 
remote fan performance.  The above reasoning led to the selec- 
tion of a gas generator pressure ratio of 13 for the present 
study. 

Engine Lapse-Rate Data 

Since the propulsion system must provide enough power to the 
rotors to permit hover at 6000 feet on a 950F day, the rela- 
tionship between that power and sea level static maximum power 
had to be determined.  In Figure 6 data points were plotted 
from various engine manufacturers' production and development 
engine specifications in order to establish that relationship 
for the present study. 

Curves were plotted in Figure 6 for engines which are flat- 
rated as well as for engines which are not.  The flat-rated 
engine would produce substantially more power at high ambient 
temperatures, at sea level and altitude.  The engine manufac- 
turer would design the fuel control for such an engine in 
order to permit operation up to the limiting fuel flow, with a 
turbine temperature limitation somewhat greater than the sea 
level standard design turbine-inlet temperature. 

Many of the more advanced shaft engines have incorporated 
this improved hot-day performance to some degree.  The engine 
manufacturers have configured these engines to produce in- 
creased power at high ambient temperatures in order to make 
their hot-day hover performance much more attractive. Based on 
these correlations of manufacturers' data, some improvement in 
hot-day performance of the engine was assumed, and maximum 
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shaft horsepower  for 6000  feet,   95 0F,   was  taken  to be  0.78  of 
that  for  sea   level standard. 

Conceptual Designs 

Both  integrated and  independent  fan-propulsion systems were 
evaluated.     The  integrated systems were   (la)  remote gas-coupled 
tip-turbine,    (lb)  remote gas-coupled axial-turbine,    (2a)   remote 
shaft-driven,   and   (2b)  convertible concentric shaft-driven. 
The  independent system was a concentric  front fan. 

Remote Gas-Coupled Tip-Turbine Fan  Systems 

The  source of power  for the remote gas-coupled tip-turbine  fan 
propulsion  system   (see Figure  7)   was two gas generators with a 
design pressure ratio of 13 and a  turbine-inlet temperature of 
24600R.     At  the  exhaust  flange  of  each gas generator,   an  adapter 
section of duct was connected to a diverter valve sized  for a 
flow Mach number of 0.3.     Flappers were located  in each dis- 
charge leg of  the diverter valve to shut off the flow to either 
the  fan or  the remote power turbine.     From each diverter valve, 
the hot gas  flow was ducted to a common,  remote power turbine, 
as well as to the respective  fan. 

Variable  admission arches,   in which each segment of the power 
.urbine  inlet annulus was  separately ducted with a gate valve 
for  flow modulation,   controlled the amount of flow into the 
power  turbine.     An exhaust diffuser minimized the turbine 
downstream pressure and residual kinetic energy,   and maximized 
shaft horsepower. 

In cruise operation,   the hot gas was diverted either  in part 
(compound aircraft)   or wholly   (composite aircraft)   to the tip 
turbine,   where variable admission  arches were also used  to 
control the amount of flow.    The tip-turbine rotor blades were 
extensions of the cruise  fan blades with a Mhroud band dividing 
the primary and secondary flows. 

Remote Gas-Coupled Axial-Turbine Fan Systems   (Reference  18) 

The remote gas-coupled axial-turbine  fan system   (see  Figure 8) 
was  the  same  as  the  tip-turbine   fan  system except  for  the   fan 
configuration:     a multistage turbine was  located within the 
center body nacelle of the cruise  fan and coupled directly to 
the  fan.     As with  the tip-turbine   system,   fan-turbine   flow 
control was accomplished with variable admission arches. 
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Remote Shaft-Coupled  Fan Systems 

Tl e  source of power  for the remote shaft-coupled fan system 
(ree Figure  9)  was  standard turboshaft engines with a curved 
exhaust diffuser,   a rear-drive shaft,   and a rear-mounted gear- 
box.    This concept differs somewhat from that discussed in 
Reference 1,  where the power turbine was  followed by an ex- 
haust nozzle,   so that the combined fan and gas generator- 
power turbine thrust would be nearly optimum.    However,   for  the 
installations proposed  for these compound/composite aircraft, 
it was not practical  to consider  the use of the gas generator 
pcwer turbine exhaust gases for thrust.     Therefore,  an open 
exhaust diffuser was  substituted to minimize the exhaust kinet- 
ic  energy and  thrust  to maximize  the  fan  power and thrust. 

Tl 3 gas generator power turbine gearbox was shaft-coupled to 
the rotor system coupling gearbox.     In addition,  the remote 
fan was shaft-coupled to the gas generator power turbine gear- 
box with a decoupling clutch to cut off the power to the 
cr jise fan in the hover mode.     In the cruise mode the clutch 
was engaged,   and the amount of fan power  and thrust was regu- 
lated by variable  fan-inlet guide vanes which controlled the 
anount of fan airflow. 

Cc ivertible Concentric Front Fan Systems 

Th 3 convertible fan concept   (see Figure 10)   consisted of a gas 
generator with a  free power turbine gear-coupled to a front 
fa i,  a power  shaft from the side of the engine driven off the 
sane gear train,   and a decoupling clutch between the power 
takeoff   shaft and the  fan.    With the clutch engaged in the 
cr lise mode,   variable  fan-inlet guide vanes regulated the fan 
ai rflow,   fan power,  and thrust,  and the remaining free turbine 
pover was available  for the output power  shaft.     In the hover 
mc le the   fan clutch was disengaged,  providing maximum power to 
th^ outj.  t shaft. 

In dependent Concentric Front Fan Systems 

Th3 final propulsion system consisted of independent concentric 
cr lise fan   (see Figure  11)  and independent  turboshaft engines 
tc  provide the re(    ire.   rotor power.     The turboshaft engines 
ha i a curved e haust diffuser with a rear drive shaft and a 
re ir-mounted gearbox which was shaft-coupled to the rotor sys- 
te i coupling gearbox.     The cruise fans were direct-coupled 
concentric front fans. 
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PROPULSION SYSTEM PHYSICAL DATA 

Dimensional Data 

Remote Gas-Coupled Tip-Turbine Fan Systems.  The maximum length 
of the gas generator for these propulsion systems was deter- 
mined by a correlation of manufacturers' production and brochure 
engine data, while the maximum diameter was taken from Refer- 
ence 1 data for the fan turbine for remote shaft-coupled fans, 
which reflected the assumption of higher tip speeds and smaller 
diameters.  This data is presented in Figure 12. 

The duct and diverter valve diameters were based on a flow 
Mach number of 0.3.  The dimensional relationships of the 
diverter valves were taken from Reference 11.  These dimensions 
are presented in Figure 13. 

The diameters of the remote power turbine were calculated for 
a turbine exit Mach number of 0.45 and a diffuser exit Mach 
number of 0.2.  These diameters proved to be consistent with 
manufacturers' advanced engines.  Length dimensions were based 
on correlations for the inlet section from Reference 1 and 
typical curved exhaust diffuser dimensions.  These dimensions 
are given in Figure 14.  Tip-turbine fan dimensions are shown 
in Figure 15 (Reference 1) . 

Remote Gas-Coupled Axial-Turbine Fan Systems.  The dimensional 
data for the gas generators, ducts, diverter valves, and remote 
power turbine was the same as that for the tip-turbine fans. 
The axial-turbine fan dimensional data (see Figure 16) was 
compounded from the data for geared concentric front fans in 
Reference 1 and other advanced study data. 

Remote Shaft-Coupled Fan Systems.  The maximum diameter and 
exhaust diameter of the turboshaft engine for the remote shaft- 
coupled fan system (see Figure 17) were calculated based on 
Mach numbers of 0.45 at the turbine exit and 0.2 at the exhaust 
flange and were checked with Reference 1 for consistency. 
Length dimensions resulted from a correlation of manufacturers' 
turboshaft engines modified with a curved exhaust diffuser. 
Fan dimensions were taken from a correlation of the data in 
Reference 1. 

Convertible Concentric Front-Fan Systems. Dimensional data for 
the convertible front fans in Figure 18 was taken from a corre- 
lation of geared concentric front-fan data in Reference 1. 
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Independent  Concentric Front-Fan  Systems.     Dimensional  data  for 
the  turboshaft engines  in  the  independent concentric  front-fan 
system was  the  same as  that in  Figure  17.     The data  for  the 
fans  in Figure  19  resulted  from  a   correlation of direct-coupled 
concentric  front-fan data  obtained   from Reference  1. 

Propulsion  System Weights 

Decreases  in   turbomachinery weight  for  1970  state-of-the-art 
technology will  come  from several   sources.     Improved  component 
design  techniques  will permit higher  aerodynamic  loading,   less 
compressor and  turbine stages,   and  smaller diameters.     Advances 
in materials   technology will  allow higher stresses,   higher 
wheel  speeds   in  compressors and  turbines,   and consequently 
smaller diameters  and  lighter weight.     Use of new materials, 
such  as   titanium  in  the  compressor,   will  further  reduce  weight. 
In addition,   careful  attention  to  design details  and  fabrica- 
tion  techniques  will  effect even greater  improvements. 

Fan weight  correlations demonstrating  these anticipated 
weight  improvements  showed a  40 percent reduction  in weights 
of the  remote gas-coupled axial-turbine  systems,   a 15 percent 
reduction in weight of the remote  shaft-coupled systems  and a 
15 percent  reduction  in weight of  the direct-coupled concentric 
front fans.     Front-fan weight resulting  from this  technology 
and material   change  is  shown  in Table  II. 

Although  the weight data presented   in Reference  1 was  signifi- 
cantly lighter  than  for current technology,   it was consistent 
with advanced design  and development  engine technology already 
exhibited by the manufacturer.     Consequently,  much of the 
weight data  from Reference  1 has been  incorporated  in the 
present  study. 

TABLE  II 

FRONT-FAN WEIGHT  DATA 

Bypass Ratio 

Specific Weight (lb/lb/sec) 

Current Technology    Adv. Technology 

3 
6 
9 

4.60                6.15 
3.70                5.02 
3.25                4.55 

Specific weight of front fans = weight/total airflow 
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Powerplant Weights 

Remote Gas-Coupled Tip-Turbine  Fan  Systems  -  The weight of the 
gas generator and associated controls and accessories  for the 
tip-turbine fan propulsion system,  plotted in Figure  20,  was 
derived  from the data  in Reference 1,  and checked for  consist- 
ency with advanced engine  technology.    Di''erter  valve and duct 
weights   (see Figure 21)  were obtained from Reference 6,  which 
correlated data for existing  installations.    Weights  for the 
remote power  turbine   (see Figure  22)  were produced by com- 
bining the power turbine weights  for  single-stage turbines 
from the geared front  fans and remote shaft-coupled fans of 
Reference  1 with nacelle weights to simulate the power  turbine 
inlet.    Also,  comparison with multistage remote  power  turbine 
weight data from advanced studies and interpolation  for the 
required two-stage remote power  turbine was made.    The weight 
of the tip-turbine  fan was derived from a correlation of Ref- 
erence 1 data and is presented in Figure 23. 

The  fan limits  indicated  in Figure 23 at low gas generator air- 
flow and bypass ratio are a result of mechanical constraints. 
The  fan bearings are sized according to power requirements and 
establish an rpm limit.    At low gas generator airflows,   de- 
creasing bypass ratio should be accompanied by decreased tip 
dicimeters to maintain a reasonable hub-tip radius ratio and 
increased rpm to maintain design tip speeds.     Once the rpm 
limit  is reached,   the fan-tip diameter must remain constant to 
produce design tip speed and the hub diameter must increase as 
bypass ratio decreases.     The result is an increase in the fan 
disc diameter at low bypass ratios.    Figure  23   shows  that for 
bypass ratios less than 6, the slope of the fan weight trend 
changes significantly   (for  example,   the trend at bypass ratio 
of 4.18) r  and at the bypass ratio of 3,   fan weight  increases 
with decreasing airflow.    At a bypass ratio of 3,   tip-turbine 
fans with a gas flow less than 30 pounds per  second were 
eliminated because the thrust/weight ratio was unreasonably low. 

Remote Gas-Coupled Axial-Turbine Fan Systems  - To generate 
remote axial-turbine fan system weight data.   Reference 1 
weights  for power turbine,   fan,  and shaft for the direct- 
coupled front fan,  modified slightly for the turbine  inlet 
configuration,  were used.     This weight data proved to be con- 
sistent with other remote axial-turbine fan weight data for 
advanced study engines   (see Figure 24).    Weight correlations 
for the gas generator,  ducts and di^erter valve,   and remote 
power turbine were the same as those for the remote tip-turbine 
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fan propulsion system. 

Remote Shaft-Coupled Fan Systems - The weight data  for  the 
remote shaft-coupled fan propulsion systems   (see Figure 25)  was 
determined from a correlation of the weights of this  system 
given in Reference 1.     Small differences in gas generator- 
fan turbine gearbox weight can be attributed to differences  in 
the gearbox,  where larger gear reductions are necessary for  the 
high-bypass-ratio fans. 

Convertible Concentric Front-Fan Systems - A correlation of 
the weights of geared front fans from Reference 1 was the 
primary source of weight data for the convertible  fan propul- 
sion system.     To this was added the weight of the clutch, 
which resulted from a correlation of manufacturer's data that 
assumed the clutch weight to be proportional to torque.    An 
additional  correction was added for variable fan-inlet guide 
vane weights.     The total  for the convertible fan  is shown in 
Figure 26. 

Independent Concentric Front-Fan Systems - To determine the 
weight of the turboshaft engines  for  the independent cruise 
fan propulsic    system,  the sum of the weights of the gas gen- 
erator,   fan  turbine,   shafts and bearings,  and controls and 
accessories  for the geared front fans,  remote shaft-coupled 
fans   (single-stage fan turbine),   and the direct-coupled front 
fans   (multistage fan turbine)  was plotted from Reference 1. 
Data for manufacturers'  advanced turboshaft engines was added, 
and a compromise curve was determined for a two-stage turbo- 
shaft engine   (ree Figure 27).    Weights  for the independent 
concentric  front fans, plotted in Figure 28,  were taken 
directly from a correlation of the data  for direct-coupled 
concentrxc  front fans in Reference 1. 

Accessory Weights 

Controls and enc-   e accessories  included in the gas generator 
and fan weights are as follows: 

Gas Generator 

1. Fuel  supply including pump,   filter,  valves,  plumbing, 
and hardware 

2. Main fuel control,  engine governor,  CIT sensor,   and 
stator actuators 
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3. Lube system including supply and scavenge pump, fuel- 
oil cooler, plumbing, tank, and hardware 

4. Ignition   system 

5. Accessory  drive   gear  case 

6. Miscellaneous   air   piping,   anti-icing,   Tr   harness,   etc. 

Fan  Systems 

1. Power-turbine   lube   system 

2. Gear-set   lube  sys.tem  including  air-oil   cooler and 
tank 

Gearbox,   Transmission,   and  Shaft Weights 

These systens are included in a later section of this report 
concerning system weight methodology and weight trends (page 
120). 

PROPULSION   SYSTEM  PERFORMANCE 

Fan  Performance 

The   fan performance  data   from various   sources,   plotted  in 
Figures  1  and  2,   illustrated a reasonable  consistency between 
the   two  data   sources   for   front  fans   and   remote   tip-turbine   fans. 
Figure   29 presents    bare  engine  specific   thrust  and thrust 
specific  fuel  consumption   data      for   the  differ- 
ent   fan  propulsion   systems   for sea  level   standard day  inlet  con- 
ditions,   maximum  powor   setting,   and   static  and  Mach number   0.3. 
The   concentric   front   fan   thrust  specific   fuel   consumption   is 
consistently better   than   that of   the   other  systems because  of 
the   supercharging   effect   of   the   fan,   an   advantage  that gradually 
disappears  at  higher  bypass   ratios   as   the   fan   pressure  ratio 
becomes   smaller.     Another  observation   is   that   the performance 
cr   the   revised   remote  shaft-coupled   fan   is  significantly  poorer 
th?n   the others.     This was  a  result of  a  configuration change 
necessitated by   installation problems   to minimize gas generator 
power  turbine  thrust  and  to maximize   fan  power  and thrust, 
giving  cff-optimum   fan  thrust. 

A fan  drag  analysis  was  performed  to  del ermine   installation 
drag.     The  factors   considered  in  installation  drag were  the 
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fan  external  shroud drag,   the   inlet drag,   and the blowing drag, 
which  is  defined as the drag  force experienced by the  engine 
cowl  when  the  total pressure of  the  fan nozzle  is  increased by 
the  ram effect of  the  air  at  flight velocity. 

Installed   specific  thrust  and  thrust specific   fuel consumption 
have been plotted for  each  of  the cruise  fan propulsion  systems 
for bypass ratios 3,   6,   9,   and  12.     The data was presented in 
the  form  of  thrust  specific  fuel  consumption  versus normalized 
thrust,   defined as  installed  thrust divided by  sea  level  static 
maximum  fan-turbine airflow,  with parameters  of Mach number. 
Figure  30  presents the  installed  specific  thrust and  the 
thrust specific fuel consumption for the remote gas-coupled 
tip-turbine  fans.    The  fan performance was based on a  5-percent 
pressure drop in the tip-turbine manifold and  scrolls  and a 
5-percent  duct loss.     The  loss   in the diverter  valve and duct 
closely approximated this value.    A simple correction  factor 
(see Figure  31)  corrected tip-turbine fan performance  to 
produce remote axial-turbine fan performance,  which accounted 
for an increase of 3 percent  in  fan-turbine efficiency. 

Figure 32 presents the fan performance for the remote  shaft- 
coupled fans,   and the performance of the independent concentric 
front  fans   is  shown in Figure 33.     The difference  in  fan per- 
formance between the convertible  fan and the concentric  front 
fan was simply the losses  in the gears.    A correction  factor 
for  this has been plotted in Figure 34. 

Shaft  Power  Performance 

The sea level static maximum horsepower was calculated  for the 
free power  turbine of each of the cruise fan propulsion  systems 
using the gas generator exit temperature,  pressure,   and power 
turbine efficiency obtained from Reference 1.     For the remote 
po^'er  turbine of the gas-coupled remote fan systems,   additional 
assumptions were made.    Diverter valve pressure drop was 
assumed to be 4 percent diverted and 3 percent  straight through, 
based on data  in Reference 5.    Also,  duct aud bend pressure 
drops were determined for a  flow Mach number  of 0.3  from data 
in Reference 10. 

For  the remote power turbine,  two turbine stages were required. 
The turbine shaft power  is shown  in Figure 35  and the turbine 
rpm is presented in Figure 14. 

For the fan turbine of the remote  shaft-coupled fan system, 
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7-percent exhaust diffuser pressure loss and 98^-percent gear 
mechanical efficiency were assumed.  This resulted In a 
specific horsepower at the rotor cross shaft of 171.1 horse- 
power per pound per second of fan turbine airflow and a 
specific fuel consumptlcn of 0.411 pound per hour per horse- 
power at sea level static maximum power setting. Power turbine rpm 
and airflow were correlated by the relation (Reference 1) 

rpm x >/Airflow (lb/sec) = 124,500 

In calculating specific horsepower of the free turbine of the 
convertible fan engine, pressure losses and gear losses from 
Reference 1 were assumed. The power and specific fuel con- 
sumption are presented in Figure 36. 

Calculations were made for the turboshaft engine of the inde- 
pendent front-fan propulsion system with an assumed 7-percent 
exhaust diffuser pressure loss.  This engine required a two- 
stage power turbine. The turbine output specific horsepower 
for this system was 173.6 horsepower per pound per second of 
airflow, and the specific fuel consumption was 0.411 pound per 
h' r per horsepower at sea level static maximum power setting. 
power turbine rpm and airflow were correlated by the relation 

rpm x >/ Airflow (lb/sec) = 120,000 

For all these shaft power turbines, the trends of power, 
specific fuel consumption, and airflow with Mach number and 
power setting were approximated by data from manufacturers1 

advanced turboshaft engines.  These trends are shown in Figure 
37. 

COMPONENT TECHNOLOGY 

Nozzle Configurations 

In Reference 1, a two-position fan jet nozzle was used for the 
low-fan-pressure ratio, high-bypass-ratlo fans to provide good 
fan efficiency over the operating range of flight Mach numbers. 
From soue additional manufacturer ' s data on advanced shaft 
engines, the data shown in Figure 38 was plotted. This data 
Illustrates that an exhaust nozzle sized for Mach number 0.3 
would provide efficient operation over a wide range of Mach 
numbers. For the mission envisioned In the present study, 
efficient fan performance is required only over a narrow range 
of Mach numbers; therefore, it would not be practical to add 
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the complexity and weight of variable jet nozzles to the cruise 
fan propulsion systems. 

Vertical Thrust Augmentation 

Consideration has been given to tue feasibility of vertical 
thrust augmentation in hover with th? independent concentric 
cruise fan propulsion systems.    Among the design concepts 
analyzed were tilting engines,   thrust vectoring systems such 
as swivel nozzles,   tandem cascades,   and rotatable vanes,  and a 
system of blocker doors with louvered nozzles for vertical 
thrust.    A brief analysis was made of performance,  weight,   and 
complexity of each of these concepts. 

The design and development of the swivel nozzle system was 
discussed in Reference 26.     The velocity coefficient was stated 
to be 0.985  in the horizontal cruise position and 0.95  in the 
vertical vectored lift position.    The tandem cascade-thrust 
vectoring system was documented in Reference 25.     This system 
had a velocity coefficient of 0.926 through 90 degrees of turn- 
ing,   using flexible cambered airfoils   (also considered were 
fixed camber vanes,   flapped airfoils» and articulated airfoils). 
A concept of rotatable vanes proposed in Reference 21 used a 
transition section downstream of the fan and a fan turbine con- 
sisting of a 45-degree turning elbow duct with a rotatable 
cascade of 45-degree deflection nozzle vanes.     In a full 180- 
degree rotation of this cascade,  the  flow direction can be 
altered from vertical to horizontal.    The velocity coefficient 
of this system was said to be 0.985.    No weights were available 
for this concept. 

The system suggested in Reference 22 consisted of blocker doors 
which redirect the flow in the vertical thrust mode through 
variable louvered cascades  in the underside of the engine 
nacelle.    For the cruise mode,  these blocker doors were re- 
tracted and the cascade louvers were closed to direct the flow 
in the normal horizontal direction.    Performance calculations 
for such a configuration Indicated extremely large losses due 
to turning the flow abruptly,  even at reasonably small Nach 
numbers.    When the flow is deflected,   it is anticipated that 
the velocity coefficient for such r. system would be less than 
0.90. 

All the thrust vectoring systems discussed above envisioned a 
long duct-fan configuration,  rather than the short-duct arrange- 
ment of Reference 1 for the independent concentric cruise fans. 
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According to Reference 22,  this constituted a 10-percent 
increase in bare engine weight and a 6- to 10-percent increase 
in installed weight. Although weight data for the thrust vec- 
toring systems was somewhat limited, weight data was available 
for some systems. The weight of the tandem cascade configur- 
ation, including the rotating joint, was correlated by the 
relationship 

WT = 3.16 x v total fan + engine airflow (lb/sec) 

This relationship was shown in Figure 39, with additional data 
from Reference 4 for a swivel nozzle system and the system with 
blocker doors and louvered cascades. Although the systems 
were not identical to those previously discussed, the weights 
were considered to be representative. 

When weight is considered, it is believed that the tandem- 
cascade system was the most promising thrust vectoring system, 
although performance losses were somewhat greater than with a 
swivel nozzle. As mentioned above, weights for the rotatable- 
vane system were unavailable, but they should also be quite 
low.  In addition to vectoring systems, fan tilt can also be 
used for vertical thrust augmentation. Design integration and 
feasibility as well as system applicability must be considered 
in the use of these systems and are discussed later. 

Results 

The review and analysis of cruise fan propulsion systems as 
presented in parametric studies   (References 1,   7,   18,   20,   27) 
provided the  following results to be used in this cruise fan 
feasibility study: 

1. Selection of 24600R for design turbine-inlet temperature, 

2. Selection of a compressor pressure ratio of 13. 

3. Duct and diverter valve weights and sizes based on 
Mach number 0.3 and,   therefore,  related to the design 
turbine-inlet temperature of 24600R. 

4. Selection of 0.78 as the engine power lapse rate from 
sea level standard to 6000-foot altitude at 95 0F. 

5. Weight and dimensions for all propulsion systems based 
on a design turbine-inlet temperature of 24600R and a 
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pressure ratio of 13 which reflect 1970 state of the 
art. 

6.    Fixed area nozzles. 

Noise Evaluation 

The noise levels  of aircraft are  increasingly important in 
applications and design of military and commercial aircraft. 
The major noise source of existing aircraft  (except for rotor 
bang)  and the anticipated majority of future aircraft is the 
propulsion system.     Therefore,   inherent noise characteristics 
of the five propulsion systems were considered as part of the 
development of component technology for the cruise fan propul- 
sion system study. 

Since the turbofan is a hybrid derived from turboprop and 
turbojet designs,   it was decided that the proven concept of 
PNdb and perceived noise level be applied in evaluating the 
noise level of a wide variety of cruise fans and associated 
major noise producers under different operating conditions 
(Reference 13).     This concept accounts for both the magnitude 
and the frequency content of a noise by a  single number and 
thus permits relatively easy evaluation of otherwise voluminous 
and complicated information. 

Specifically,   the noise of gas generators,  power turbines, 
bypass cruise fans and turbosl.aft engines was examined.    Due 
to practical work  limitations,   tho evaluation excluded rotor, 
gear,  and transmission noise,  which,  except for rotor noise, 
should contribute relatively little to external noise character- 
istics.    Another  simplification has been made by first pre- 
dicting the inherent propulsion  system noise level only,  without 
considering installation details of all 30 configurations. 
Installation details have been evaluated,   for example,  only for 
the tandem lift/propulsion-unloaded configuration.     Possible 
future noise reduction due to,   for example, rotor-stator 
spacing,   inlet choking,  or exhaust noise  suppressing treatments 
could be accounted for when such techniques have advanced to 
the state of becoming practical for aircraft production. 

Noise Prediction Methods - The sources of noise considered are 
compressor,  power turbine,  fan inlets and gas generators,  pri- 
iiary and bypass cruise fans,   and power turbine exhausts.    The 
Inlet-noise prediction is based oh an experimentally derived 
relationship between mechanical tip speed and diameter of 
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compressors   (fans)  and the resulting noise level at the 
fundamental blade passage frequency   (Reference 17).    The exhaust 
noise predictions are based on jet parameters as verified by 
in-house jet engine exhaust noise data,  and other data such as 
that of Reference 14.    Although based generally on larger power- 
plants than those with which the present study was concerned, 
the method is considered to be accurate within +5 db and has \ 
been verified on a small engine. i 

Some of the simplifications and assumptions are as  follows: 

1. Noise-level spectra were predicted over a frequency 
range of from 37.5 to 19,400 cycles per second. 

2. Aircraft attitude and powerplant locations result in 
directivity indexes which affect the frequency distribution 
of the noise for a particular observer.    However,  this fact 
does not change the perceived noise levels shown. 

J.    Engine exhaust noise spectra are assumed to be similar 
in shape.     The same was assumed for the inlet-noise 
distr ibutions. 

Results and Discussion - The  inherent external noise character- 
istics of several types of propulsion systems are  summarized 
in Figure 41.     Data for the combined inlet noises of a propul- 
sion system was separated from the exhaust noises of the various 
components.    Also shown is the total noise of all  sources. 
Including inlet and exhaust noise. 

Since different power requirements exist for various components 
of any one propulsion system depending on the flight profile, 
noise levels are shown tor hover and cruise at bypass ratios 
of 3 through 12. 

Figure 40 is an example of how the optimum combination of air- 
craft and propulsion system,   from a total noise viewpoint,  was 
obtained.    The aircraft considered is the tandem lift/pro- 
pulsion -unloaded configuration with each one of the propulsion 
systems at its optimum performance bypass ratio.    After making 
allowances for installation into the airframe,   comparison of 
the cross-hatched areas provided a ranked order of propulsion 
systems in regard to noise   (refer to Table III). 
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TABLE  IIL     CQMPARISQfT QF KÜISfi  LEVPLg r£g PRQPyLSION SYSTEMS 1 
Rank        1 

|        Propulsion System B. P. Ratio (hover mode)| 

ReAote tip-turbine fans  (la) 12 3             | 

Remote axial-turbine fans   (lb) 12 3             | 

Remote shatL-driven  fans  (2a) 12 1 

Convertible concentric front fans   (2b) 9 2 

Independent concentric front fans   (3) 3 2              1 

It should be pointed out that a difference of less than 3  PNdb 
between any two levels is barely noticeable.    This makes pro- 
pulsion system 2a the best of all applied to the tandem lift/ 
propulsion-unloaded configuration?   2b and 3  second;  and la and 
lb   worst.     Since all systems are within 1 PNdb in cruise, 
they are considered to be equal  in that mode. 

A similar analysis of all 30 optimum aircraft propulsion sys- 
tems was conducted;   each was ranked according to the level of 
inherent external noise  (refer to Table iv)  considering annoy- 
ance   (caused by high-frequency inlet noise)  and detection   (con- 
trolled by the amount of low-frequency exhaust noise).     The 
ranking ranges from 1, which indicates the least annoying level 
(or least detectable), to 4,  which indicates the most annoying 
level   (or most easily detectable). 

TABLE  IV 
RANKED ORDER OF  PROPULSION SYSTEMS 
ACCORDING TO EXTERNAL NOISE LEVELS 

Propulsion System 

la 
lb 
2a 
2b 
3 

Annoyance Detection 
Hover          Cruise Hover Cruise 
Tandem Composite 

2                   -* 1 1 
2 1 2 
1 1 1 
1 2 2 
1 1 3 
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TABLE IV - Continued 
[Propulsion System Annoyance Detection             1 

Hover Cruise Hover Cruise 1 
Single Composite 

!        la 3 _* 1 1 
lb 3 - 1 3 
2a 2 - 1 

1    i 
•   2b 1 - 2 2 

1            3 2 

Tandem LPU 

1 4 

la 3 _* 1 1 
lb 3 - 1 2 

1            2a 2 - 1 1 

1            2b 
1 - 2 2           I 

3 2 

Single LPU 

1 3 

la 3 _* 1 1           i 
lb 3 M 1 2 

1            2a 2 M 1 1 
2b 1 - 2 2 

1            3 2 

Tandem PU 

1 3 

la 3 _* 1 1 
lb 3 - 1 4 
2a 2 - 1 2           1 
2b 1 - 2 3 

1           3 2 

Single PU 

1 4 

|           la 3 _4r 1 1 
lb 3 - 1 3 

1            2a 2 - 1 1 
2b 1 - 2 2 
3 3 - 1 4           | 

♦All systems are essentially equal in cruise  for this air-         1 
|  craft type. 
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The most significant trend observed with increasing bypass 
ratio is the reduction of cruise fan exhaust noise.  The impli- 
cation is that if inlet noise could be lowered sufficiently to 
the level where it is comparable to the exhaust noise, the 
choice of an optimum bypass ratio would always be 12.  But 
inlet noise-level reductions in excess of 15 or 20 db are 
unlikely in the foreseeable future; thus, it appears that inlet 
noise would establish the total noise levels.  However, this 
relationship changes with increased distance from the aircraft, 
for high-frequency inlet noise will eventually be absorbed by 
the atmosphere much more rapidly than low-frequency exhaust 
noise; therefore, considering detection, a propulsion system 
with a high bypass ratio is still the best choice. 

In general, inlet-compressor and fan noise predominates at all 
bypass ratios for all propulsion systems with the exception of 
the convertible cruise fan system.  During hover, the latter 
operates at relatively higher engine pressure ratios and, there- 
fore, results in exhaust noise levels comparable to that system's 
inlet noise. With the exception of the convertible cruise fan 
system, the total noise level is always set by the high inlet 
noise of either cruise fans or power turbines (la and lb). Even 
after considering the effects of installation of the systems 
in aircraft, the rank order relationship within the tandem 
lift/propulsion-unloaded group is unchanged. 

To arrive at an estimate of the effect of enclosing the power 
turbine in an aircraft structure, it was assumed that noise 
would be reduced due to sound transmission loss through an 
0.032-inch aluminum structure according to the mass law. 
Stiffness, resonance, and wave-coincidence effects were 
neglected in this simplified assumption. However, much of 
the noise reduction that could be obtained by a complete 
enclosure is negated, since the sound radiates down through 
the open exhaust ducts. 

It should be noted that rotor noise levels, which were not 
accounted for in these cruise fan noise studies, could be 
significantly higher than either propulsion system inlet or 
exhaust noise and, therefore, should be included in a compre- 
hensive operational analysis. 
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Figure 4.  Fuel Plus Propulsion System Weight for Compound 
Helicopter Mission Using Data from Reference 7 and 27 
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1 GAS  GENERATOR 
2 DIVERTER VALVE 
3 REMOTE  POWER TURBINE 
4 VARIABLE ADMISSION  ARCHES 
5 TIP-TURBINE CRUISE  FAN 

Figure 7. Tip-Turbine Fan Propulsion System 
Conceptual Design (System la) 
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1 GAS  GENERATOR 
2 DIVERTER VALVE 
3 REMOTE POWER TURBINE 
4 VARIABLE ADMISSION ARCHES 
5 AXIAL-TURBINE CRUISE  FAN 

Figure 8, Axial-Turbine Fan Propulsion System 
Conceptual Design (System lb) 

39 



1 TURBOSHAFT ENGINE 
2 GEARBOX 
3 ROTOR SYSTEM COUPLING GEARBOX 
4 REMOTE SHAFT-COUPLED FAN 

Figure 9. Remote Shaft-Coupled Fan Propulsion System 
Conceptual Design (System 2a) 
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1 CONVERTIBLE CONCENTRIC FRONT FAN 
2 ROTOR SYSTEM COUPLING GEARBOX 

Figure 10,    Convertible Concentric Front-Fan Propulsion 
System Conceptual Design  (System 2b) 
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1 TURBOSHAFT ENGINE 
2 ROTOR SYSTEM COUPLING GEARBOX 
3 INDEPENDENT CONCENTRIC CRUISE FAN 

Figure  11.   Independent  Propulsion Systom Conceptual 
Design   (System 3) 
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GAS   GENERATOR AIRFLOW -   LB/SEC 

Figure 12. Gas Generator Dimensions for Remote Gas-Coupled 
Fan Propulsion System (Systems la and lb) 
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(Wa  = Fan Tip-Turbine Airflow,   lb/sec) 

|—  C 

|   BYPASS 
RATIO 

A. 
^wa y wa 

G          | 

3 4.75 6.55 8.50 

6 6.12 7.80 17.60     j 

|          9 7.10 9.15 27.00      | 

1          12 
8.05 9.80 36.50 

M - 5-24 

^     = 0.90 
C 
-^ = 0.640 

H  = B  +  1.3F 

Figure  15.     Remote Gas-Coupled Tip-Turbine Fan Dimensions 
(System la) 
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(Wa = Fan-Turbine Airflow, lb/sec) 

Bypass 
Ratio 

A D E 

Wa 

3 6.40 3.75 4.90 

6 6,90 3.75 4.65 

9 7.65 3.75 4.70 

12 8.50 3.75 4.85 

1.074 

1.04, (C-A) 

0.987 

minimum 3.0 IN. 

r = 2.39 

Figure 16. Remote Gas-Coupled Axial-Turbine Fan Dimensions 
(System lb) 
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AUST FLANGE DIAMETER, 

10 20 30 40 
ENGINE AIRFLOW   (LB/SEC) 

BYPASS 
RATIO 

A 

$7 
G 

Wa 

1           3 4.30 4.8 
6 5.60 13.3 
9 6.85 21.9 

|         12 8.10 30.4 | 

7 =  1.32;     7  1.04,  - = 0.90;  - =  2.1 
A AC A 

(C-A) MINIMUM = 3.0  IN. 

Wa's  PART OF  ENGINE AIR-JLOW   (LB/SEC) 
THAT  PRODUCES  FAN  POWER 

Figure  17.     Remote Power Turbine Dimensions and RPM 
(No Gearbox)  (Systems  la and lb) 
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(W = Gas Generator Airflow, lb/sec) 

Bypass 
Ratio 

E G 

Wa 

3 5.32 3.72 4.90 5.5 

6 6.12 3.72 4.65 13.0 

9 7.16 3.72 4.70 23.5 

12 8.35 3.72 4.85 36.0 

S =  1.20 

1.04   (C-A)minimum = 3.0   IN. 

= 0.936 

a = 3.0 

Figure 18.     Convertible Concentric Cruise-Fan Dimensions 
(System 2b) 
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(Wa = Gas Generator   Airflow,   lb/sec) 

G(IN2) 

Bypass 
Ratio 

A D E G       1 
Wa 

3 5.32 4.10 4.90 5.5 

1       6 6.12 4.20 4.65 13.0    ! 

1        9 7.16 4.42 4.70 23.5 

12 8.35 4.95 4.85 36.0 

^ = 1.20 

1.04   (C-A)m^n;^mum 

0.936 

=  3.0  IN. 

T - 3.42 

Figure 19,     Concentric Cruise Fan Dimensions   (System 3) 
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COMPOUND/COMPOSITE  CONFIGURATION  STUDIES 

Performance of this  study required the generation of design 
data sufficient to define,  on a preliminary parametric basis, 
the configuration and size characteristics of a broad spectrum 
of compound and composite aircraft.    These vary in aircraft 
type,   number of lifting  rotors,  and disc  loading,   as well as  in 
the incorporation of five different lift/propulsion systems 
with various cruise fan bypass  ratios.     The variations are as 
follows: 

Aircraft Types   (3 variations) :     propulsion-unloaded compound, 
lift/propulsion-unloaded compound,   and composite. 

Number of Lifting Rotors   (2 variations):    single and tandem 

Disc Loadings   (3 variations):     5,  8,  and 11 pounds per square 
foot. 

Propulsion System Types   (5 variations) :     Integrated gas-couplei 
fan systems  in two variants   (tip-  and hub-driven), 
integrated shaft-coupled fan systems  in two 
variants   (remote and concentric),   and an inde- 
pendent hover-cruise arrangement.     The propulsion 
arrangements  are designated respectively as 
systems  la and  lb,   2a and 2b,   and 3. 

jj'an Bypass Ratios   (4 variations):    3,  6,   9,   and  12, 

Following  is a discussion of the basic design and other study 
ground rules and the methods  and background data used to define 
and scale the resulting  360 parametric aircraft of the study. 
Also included is a description of the various propulsion and 
drive systems.    The data referenced herein,   together with a 
series of point design layout  investigations,   is  sufficient 
to provide a basis  for predicting scaled aerodynamic drag and 
weight estimates for all aircraft in the study. 

AIRCRAFT DESIGN STUDY GROUND  RULES 

The study ground rules of greatest importance for definition of 
the preliminary design configuration were: 

1.    Unpressurized,   rear ramp-loaded internal cargo compartment 
size:    90 inches wide by 78 inches high by 30 feet long 
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with 78-inch head clearance for ramp entry at ground 
static conditions on all aircraft. 

2. Twin engine installation (for the lift system) on all air- 
craft. 

Other study ground rules affecting aerodynamic, structural, or 
weight characteristics include: 

1. Constant design mission of 100-nautical-mile radius 
at sea level, and constant mission payload, out and 
return, of 6000 pounds. 

2. Constant fixed-equipment weight of 2,935 pounds and 
fixed useful load of 750 pounds for all aircraft. 

3. Constant flight-maneuver limit load factor of +3.0, 
-0.5- 

4. Design gross weight and installed lift-system power 
defined by 6000-foot, 950F hover capability carrying 
the useful load for the design mission. 

Aircraft Design Configurations 

Six basic aircraft configurations were employed in the study, 
all of which are advanced derivatives of current single and 
tandem rotor helicopters.  Following is a short description 
of each aircraft type: 

Tandem Rotor Propulsion-Unloaded Compound Aircraft - This type 
is a direct variant of operational tandem rotor helicopters. 
The rotors are thrust-unloaded by auxiliary propulsive fans to 
obtain higher speeds.  Lifting and control forces are supplied 
by the rotors throughout the flight spectrum. The configura- 
tion selected is similar to current models except that cruise 
fans are used, the landing gear is retracted, contouring of 
the aircraft is revised, and advanced design changes are 
incorporated to reduce drag and weight. 

Single Rotor Propulsion-Unloaded Compound Aircraft - This type 
is a derivative of the current single rotor helicopter type 
with tail antitorque rotor. Otherwise, the equivalent con- 
figuration description of the tandem rotor aircraft applies. 
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Tandem Rotor Lift/Propulsion-Unloaded Compound Aircraft - This 
aircraft type is another tandem rotor helicopter variant in 
which the rotors are not only thrust unloaded by propulsive 
fans but are lift unloaded in cruise flight by conventional 
wings to improve further the flight performance parameters. 
Rotors are slowed but not  stopped in high-speed  flight. 

The selected tandem rotor aircraft configuration employs a 
conventional single wing  and horizontal tail.     The  aft rotor 
pylon and vertical tail are one integral unit.     Standard heli- 
copter controls are used in hover and low-speed flight.with 
airplane-type control surfaces are utilized after conversion to 
cruising  flight is made.     Again,   a drag cleanup is  applied, 
and advanced state-of-the-art components  are employed in the 
aircraft. 

Single Rotor Lift/Propulsion-Unloaded Compound Aircraft - This 
vehicle  is a single rotor helicopter version also  incorporating 
a wing  for unloading rotor lift as well as fans for rotor- 
thrust unloading  in cruising  flight.    Tail surfaces  are of the 
airplane type and operate similarly.     Otherwise,   the descrip- 
tion noted above in the equivalent tandem rotor configuration 
applies., 

Tandem Rotor Composite Aircraft - The tandem rotor composite 
aircraft configuration incorporates the greatest change from 
the pure tandem helicopter.     It flies as a helicopter at 
speeds below transition.     During the transition flight phase 
the rotors are stopped,   folded,   and stowed within  fairings 
to  reduce drag and to allow high cruise speeds  in the pure air- 
plane mode. 

The selected tandem composite aircraft configuration incorpor- 
ates conventional wing,   tail,   and surface controls,   in addition 
to a retractable landing gear.    The rear rotor pylon is employed 
as a vertical tail,    A stowage bay for the folded  forward rotor 
is provided along  the top of the fuselage above the payload 
compartment.    A fairing door system is provided to enclose the 
bay.     In addition,   a fairing assembly is provided  for the stowed 
rear rotor which encloses the hub and the inboard portions of 
the folded blades.     Outboard sections of these blades remain 
together in horizontal trail. 

The aft fairing assembly includes a base section fixed to the 
top of the rear pylon which provides clearance for rotor 
operation in all conditions down to maximum blade droop angle. 
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It also  includes an airfoil-shaped  fairing of low aspect  ratio 
sized  to  enclose  the  stowed  rotor   in high-speed  flight.     The 
fairing  can be  retracted to a  lowered position during  the 
regime of  rotor operation.     The  top section of this   fairing 
consists of a segmented panel of the  roll-top-desk  type, 
designed  to  slide  into  the nose  section of the  fairing  prior 
to  retraction  so as  to  avoid  interference with the  rear  rotor 
during  the retraction process. 

Single Rotor Composite Aircraft - The  single rotor composite 
type employed  for this study  is  a  further adaptation of the 
conventional  single rotor helicopter employing cruise  fan 
propulsion,   conventional wings  and tail surfaces,   and a 
retractable  landing gear for high-speed flight.     In this  regime 
the main  rotor  is  stopped,   folded,   and partially  faired over, 
and the  tail rotor is stopped.     A review of the possibility 
of also  folding and stowing the  tail  rotor was conducted;  how- 
ever,   any gains  that might be  achieved appeared uncertain; 
therefore,   a trade-off analysis was considered to be beyond 
the scope of this study. 

The  fairing  system for the main rotor of this type is  identical 
in concept to  that employed on the rear rotor of the tandem 
composite aircraft. 

AIRFRAME  PARAMETRIC DESIGN DATA 

Main   (Lifting)   Rotors - The range of  required rotor diameters 
for this  study was equal to  50  to  100  feet for single rotor 
aircraft  and  35  to 80 feet for tandem rotor aircraft.     The 
disc  loading  used herein  is based on gross weight  rather  than on 
gross  thrust.     The range of design gross weights  estimated  to 
encompass  all  360 aircraft design points was  set  at  20,000  to 
50,000 pounds based on early approximations of potential best 
and worst combinations of aircraft  lift-drag  ratios,   propulsive 
efficiencies,   specific  fuel consumptions,   and useful  load 
efficiencies. 

The  number of blades per  rotor assumed  for single  and tandem 
aircraft of all  types is  shown plotted against rotor diameter 
and disc   loading   in Figure   42.    Based on examination of  the 
required  study diameter range,   together with  review of prac- 
tical blade  chords  and resulting  aspect  ratios  at the  solid- 
ities meeting  the 6000-foot,   950F hover  requirement,   three- 
bladed  rotors were selected  for  all  tandem rotor aircraft. 
Three,   four,  or  five rotor blades,   depending on diameter,  were 
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se.ected on a similar basis for single rotor configurations. 
For the single rotor composite aircraft type the number of 
blades was limited to three to effect the required blade 
folding and stowage for high-speed cruise flight. 

The required blade chord for all main rotors during hover 
flight was based on the f "»OO-foot, 950F hover condition with 
al2   rotors operating at a tip speed of 7 50 feet per second and 
"c^ 0.66, and was derived as follows: 

„  _  2oRS  a ,       _  6(GW/S) (1 + PL) c - v, n   and  Op  - —)   x _ „T;—*- bTD R      (0P0) C£VT^ 

or c = K(GW/bTD) (1 + DL) 

wh( re 

c    = required blade chord   (ft) 

aR = rotor  solidity 

S    = total disc area  (ft2) 

bT = total blades/aircraft 

D    = main rotor diameter   (ft) 

GW = gross weight   (lb) 

12 
k    =   , r-^—7    * constant  = 0.018 

(opj   c£VT^ 

DL = download   (percent thrust) 

o     = density  ratio 

p     = sea  level  standard density   (slugs/ft ) 

Cjj  = average  lift coefficient 

VIJI = rotor  tip speed   (ft/sec) 

These rotor chords were employed  for  scaling of all lift/pro- 
pulsion-unloaded and composite aircraft in the study.     For 
prepulsion-unloaded aircraft,   rotor chords were based on the 
requirements of the design cruise  flight condition. 
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The thickness ratio for all rotor blades is assumed to be 11 
percent.  Blade folding for ground stowage purposes alone was 
not assumed as a requirement for any of the aircraft. 

The lifting and propulsive capability of rotors is limited by 
considerations other than power.  Therefore, to avoid undesir- 
able rotor phenomena associated with blade stall such as stall 
flutter, flapping divergence, or flap lag instability, a 
limiting criterion for rotor operation was established for all 
the study aircraft.  Use of the criterion ensures that rotor 
lift does not exceed values determined as limits from the 
Boeing analysis based on correlation of flight and wind 
tunnel test data.  This criterion is in the form of a limiting 
rotor vertical force coefficient variation with an advance 
ratio incorporating appropriate deviations for changes in pro- 
pulsive force requirements. 

A further constraint upon the rotor propulsive capability cf 
the study aircraft was the imposition of a maximum rotor control 
axis tilt angle (plane of no feathering angle) of -15°.  This 
angle, taken as a limiting case of the sum of aircraft nose- 
down flight attitude angle, permissible effective rotor shaft 
tilt angle, and peak longitudinal cyclic pitch control angle, 
was established on the basis of practical aircraft design con- 
siderations. 

Wings - The wing loading for lift/propulsion-unloaded compound 
aircraft was selected on the basis of achieving a desirable 
operating lift coefficient at the design sea level cruise speed 
with rotor system unloaded, and to provide margin for maneuver 
capability.  The wing loading for composite types was selected 
based on an end-of-conversion speed of 125 knots at sea level 
with a 20-percent margin allowed on stall to provide for poten- 
tial gust conditions.  Single-slotted flap 3 and drooped 
ailerons are estimated to provide an available maximum lift 
coefficient of well over 2.0 in this case.  In all cases, the 
wing area specified includes the fuselage-blanketed area, 
but does not include the area of any inboard stubs, gloves, or 
other provisions for landing gear. 

All wings were designed for an aspect ratio (AR) of 6 and a 
constant thickness ratio (t/c) of 15 percent along the span. 
The wing leading edge sweep angle is 20 degrees, except in 
tandem rotor aircraft where 10 to 15 degrees of sweep angle was 
employed to minimize interference problems with other airframe 
components and with the ground when tilted.  The taper ratio 
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is  0.5  to   1  except where design  layout dictated a  reduction to 
0.35  to   1,   aqain   tor clearance  reasons. 

i'iajor considerations as  to vertical   location of the wing  on the 
fuselage   in  lift/propulsion-unloaded  compound and composite 
aircraft were  the necessity  for minimum download on the wing 
from rotor wash   in hover  flight,   adaptability of  the aircraft 
for water   landing  capability as  a  normal operational procedure, 
and avoidance of potential  integration problems of propulsion 
components. 

A high wing was considered to be necessary for water  landing 
capability to eliminate the danger  of wing structural damage 
from water   impact.     It was  felt that  safe water operation could 
be effected with a high tilting wing  as well as with a high 
nontilting wing,   assuming provisions are made  for adequate 
lateral  stability in the water.    A  low wing position appeared to 
be improper  for water  landings. 

A tilting wing  minimized download  in hover  flight,   particularly 
in tandem  rotor  cases with  large  disc overlap.     However,   to tilt 
the wing  and  to provide adequate  ground and rotor  clearances, 
the wing was  constrained to a high position on the  fuselage. 

Possible  forward  location of propulsion elements mitigated 
against  selection of a high wing   location due to the  possibility 
of hot gas   impingement directly on  the wing  surfaces.     Possible 
aft location of propulsion systems appeared commensurate with a 
high wing   location,   assuming  that  cruise fans  could be   located 
to avoid undesirable wing wake effects on inlet performance. 

In winged  tandem rotor  configyratioms,   therefore,   the   selection 
of a high wing   location was made.     Also,   the wing  tilts  except 
in scaling  cases where little or no download improvement  is 
obtained because of rotor disc separation.    Modification  for 
operational water capability is  therefore possible in these 
vehicles. 

In winged single rotor aircraft,   selection of a fixed  low wing 
was made,   since balance and foreign object damage criteria 
required a  forward and high location of cruise fans.     Therefore, 
tilting was not possible or desirable  from a download stand- 
point.     However,   the capability for normal operational water 
landings  is  lost  in these cases. 

89 



Tail Surfaces and Tail  Rotors  - The  scaling  data   for  sizing   tail 
rotors  of single  rotor  aircraft  is  shown  in Figures   43 and  44. 
Figure   43 gives  an estimate  of minimum tail   rotor  diameter to 
absorb  not more  than  10  percent of the total  power  available  to 
main and  tail  rotors  under  conditions of hover at  6000  feet, 
950F.     This  information was  gained  from  in-house preliminary 
design  reference data  for  the  selected  study  conditions of 750 
feet  per  second  tip  speed of both main and tail  rotor.     Figure 
44 was based on  an  interpolated value of  rotor  solidity  from 
the  same data,   and gives   tail  rotor blade  chord as   a  function 
of  rotor  diameter and  number of blades.     In  the case of the 
single  rotor composite  aircraft configuration,   the  decision was 
made  to  stop and  lock  the  tail  rotor,   and  the  number of blades 
was  restricted  to  three.     The  stopped position  for  the three- 
bladed  tail rotor of  composite  aircraft was  selected so  that 
one blade was oriented directly forward and  the other two aft. 
This  position appears   to be best  since  the dynamic  airloads  and 
aeroelastic deflection will be minimized. 

Scaling  data for  tail  surface  areas  and other basic  tail geom- 
etry selected  for all  aircraft  types  are  given  in  Figure 45. 
The  area of the  single horizontal  stabilizing   surface employed 
on  the  side opposite  to   the   tail  rotor  in  single  rotor propul- 
sion unloaded aircraft   is given as a  function of  tail  rotor 
diameter,   and is based on a   review of typical  single  rotor 
aircraft.     The horizontal  tail area of  the  single  rotor  lift/ 
propulsion-unloaded  and  composite aircraft  types   is  shown as  a 
direct   function of wing   area  and an  inverse  function of tail 
arm,  where  the arm varies  directly with  the main  rotor diameter. 
The  constants of proportionality were gained   from previous 
studies  of similar  aircraft  types and are  expressed  as  follows: 

STH = 8.57(5^/^)   = 8.57(SW/0.565D) =15.2 (Sw/D) 

where 
S-rjr = horizontal tail area (ft^) 

i-t     =  tail arm, wing C.P. to tail C.P. (ft^ 

Sw = wing area (ft2) 

D       = diameter of main  rotor   (ft) 

The horizontal tail area scaling for the tandem rotor lift/ 
propulsion-unloaded and composite types of aircraft is also 
given  in Figure 45,   again  as  a  function of wing  area and tail 
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arm.  Since the longitudinal spacing of rotor centers is fixed 
in the basic case, with cargo compartment length constant, 
the tail arm below rotor diameters of 63 feet is a fixed value 
and the tail area is a function only of wing area.  In cases 
where rotor diameters exceed this value, a constant 34-percent 
value of rotor blade overlap has been assumed, and tail arm 
increases proportionately, with a corresponding decrease in 
horizontal tail area requirement.  Though in some cases of gas- 
coupled propulsion-system installation scaling involving large 
airflows, the fuselage length increases slightly from this 
basic case in proportion to propulsion components length, a 
corresponding increase in tail arm does not occur due to a 
requirement for a slight rearward movement of the wing for 
aircraft balance purposes.  Design checks have indicated that 
the tail arm employed for scaling in the basic case is still 
sufficiently accurate and no change has been made to account 
for the effect of high-airflow propulsion installations.  The 
expression for tail area employed is: 

STH = 8-57  26.7 +W(D - 63) 

where 2 
Sw    = wing  area   (ft ) 

D       » main  rotor diameter   (ft) 

In all  cases,   the tail area specified includes  the portion 
blanketed by the fuselage.    Horizontal tail surfaces are not 
tilted  in any of the aircraft. 

Vertical tail  surface scaling  assumptions  for single rotor air- 
craft types  are also indicated  in Figure 45.     The proportions 
of these surfaces have been taken  from a survey of actual air- 
craft  and from previous design studies.    The size of the  rear 
pylon and vertical tail surface of  tandem rotor aircraft was 
found to be  a  ^unction of many overall airframe and propulsion 
system  integration factors;   therefore,  no simple  scaling 
expression could be set forth.    As  a result, weight and aero- 
dynamics estimates were,   in this case,  made up on the basis 
of design layout investigations. 

Fuselage - Basic fuselage sections of all aircraft were deter- 
mined by the  required payload compartment height and width,  and 
modified as required to  accommodate  landing gear,  wing,   and 
propulsion system components.     Fuselage length  scaling  is  shown 
in Figure 46.     For all single  rotor aircraft,  the minimum 
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fuselage  length  required  is   a  function of  the  sum of main and 
tail rotor diameters.     With constant pay load compartment and 
nose section length,   the expression for single  rotor aircraft 
overall length is: 

Lp  =  26   +  0.5{D + DT) 

where 

Lp  =  fuselage  length   (ft) 

D    = main rotor diameter   (ft) 

DT = tail rotor diameter   (ft) 

The contour of the   fuselage  in side elevation is governed by 
the head clearance  requirement aft of the cargo   ramp and by 
clearance with rotor blades   in the maximum drooped position. 
Contouring of the  fuselage  in plan is controlled by the require- 
ment of  full width  to the aft end of the cargo  ramp.    For 
single rotor aircraft with values of D + Dip equal to or less 
than approximately 84  feet,   the fuselage ends  in a horizontal 
knife-edge at the tail with constant width due  to  insufficient 
length  for tapering  in plan aft of the cargo ramp.    For values 
of D + Dip greater than 84  feet,  a taper  in planform can be 
effected. 

The basic length of  fuselages of tandem rotor aircraft is a 
constant value except where modified by factors  of maximum 
allowable rotor blade overlap and length of propulsion system 
components as determined by design airflows  in  the gas-coupled 
arrangements.     The  scaling   in Figure 46  takes these factors 
into  account.     The minimum  fuselage  length  is  58  feet for all 
aircraft except those with gas-coupled propulsion systems up 
to the  xotor diameter where  a constant  34-percent overlap 
factor  is  assumed.     Fuselage  length then  increases proportion- 
ntely.       Figure 47   indicates  the variation of overlap against 
rotor diameter used  in  the   study.     In  the  case  of gas-coupled 
propulsion  systems   la  and  lb,  use of   ^he most desirable  location 
for propulsion components dictated a moderate  fuselage length 
increase over basic values   for some scaling  cases.    Propulsion 
system length  then varies  as a function of design airflows,   and 
the  fuselage length   (Figure 46)   and the  rotor blade overlap 
data of Figure 47   are both  arranged to  shew the effect of gas 
generator airflow variations.    The fuselage length for this 
case  is expressed as; 
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Lp = 22 + 0.5D + LQQ  +  Lßv + LPT 

where 
Lp  = fuselage length (ft) 

D  = main rotor diameter (ft) 

LQQ = length of gas generator (ft) 

Lpy = length of diverter valve (ft) 

LpT = length of power turbine (ft) 

The percentage overlap of the tandem rotor blades can be 
expressed as: 

Percent overlap X/D = (1 - LR/D) X 100 

where 
X  = overlap 

D  = main rotor diameter 

Lj^ = distance between rotor centers 

Landing Gear - A fully retractable tricycle landing gear was 
employed on all aircraft in the study. Nose wheels were re- 
tracted forward into a bay beneath the cockpit area.  The 
main landing gear of the propulsion-unloaded single rotor type 
was located in a stub or sponson projecting from the lower 
midsection of the fuselage; this assembly also provides space 
for fuel.  In the case of the low-winged single rotor types, 
the sponson forms the inboard section of the wing and again 
provides space for fuel and main landing gear stowage after 
retraction. The sponson provides the structural attach points 
for the wing spars and, together with fuselage main frames, 
provides a wing carry-over structure. 

All tandem rotor aircraft main landing gear assemblies are 
housed in a sponson running along the lower sides of the 
fuselage.  The sponsons also provide space for fuel and, in 
addition, the aft sections contribute to the structural 
stability of the open-section aft fuselage in the cargo ramp 
area. 
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Flight Controls - Vertical and attitude control of all propul- 
sion-unloaded compound aircraft is achieved throughout the 
flight regime by conventional helicopter control actions in 
terms of proper combinations of rotor blade collective or 
cyclic pitch inputs.  Control of lift/propulsion-unloaded 
compoun'4 and composite aircraft is similarly achieved in the 
lower speed regimes of flight, with attitude and altitude 
control accomplished by conventional airplane cruise power- 
plant settings and flight surface actuation after conversion 
to high-speed cruise flight has been effected.  In this flight 
mode, winged aircraft make use of aileron, elevator, and 
rudder control surfaces. 

No specific design definition of aircraft flight control sys- 
tems has been made for the purposes of this study. The 
required estimates of weight have been based on previous 
design and study experience for each type of aircraft, assuming 
employment of conventional hydromechanical systems. 

DRAG TRENDS 

The aircraft drag data employed in this study was based on a 
review of the summary results of wind tunnel tests of transport 
helicopter models conducted by the Vertol Division of Boeing. 
The tests were run on vehicle models representing the aircraft 
size category considered in this study.  The wind tunnel data 
reflected present-day drag levels and also indicated the areas 
where drag improvements were attainable.  Review of the data 
indicated that the major items contributing to the total air- 
craft drag were the rotor hubs, fuselage, and landing gear. 
These items together accounted for approximately 70 percent of 
the total drag. To achieve improvements in aircraft perform- 
ance and to remain compatible with the advancing state of the 
art, it was evident that certain vehicle drag reductions could 
and should be accomplished. 

Use of a retractable landing gear provided a significant 
improvement by effecting an approximate 25-percent reduction 
in the overall drag level. The fuselage afterbody shape in 
the rear ramp area also has a significant effect on the drag 
level. This major effect of contour results from the amount 
of flow separation in the aft fuselage region associated with 
the type of ramp configuration and the afterbody contraction 
ratio. A reduction of 30 percent of the fuselage drag for 
current rear-loading helicopters was attainable with a design 
incorporating a lower contraction ratio, this being defined as 
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the amount of contraction per fuselage length required for con- 
traction. 

The rotor hub category generally accounts for not only the hub 
proper and hinges but also the rotor blade shanks outboard 
to the beginning of the blade airfoil section.  Improvements in 
the overall hub drag level can be achieved by the use of proper 
fairings or by boundary-layer control. Such improvements can 
account for approximately 30- to 50-percent reduction in rotor 
hub drag from that of current aircraft.  Review of this data 
together with a review of the aircraft design layouts made for 
the purposes of this study was conducted to define the equiva- 
lent flat plate drag trends for the three types of aircraft in- 
volved. The typical component drag breakdowns for each type and 
configuration of aircraft are summarized in Table V. The gen- 
eral influence of disc loading and aircraft gross weight on pro- 
file drag is presented in Figures 48, 49, and 50 for the three 
aircraft types. 

• 

Propulsion-Unloaded Aircraft 

This aircraft type is a pure helicopter variant incorporating a 
cruise fan system to provide auxiliary propulsive force.  The 
design configuration incorporates pods along the lower portion 
of the fuselage which provide space for fuel and the retracted 
landing gear.  Fuselage contours have been revised from those 
of current models in an effort to reduce drag substantially. 
A comparison of tandem and single rotor configurations shows a 
difference of less than 2 percent in total area. 

This data in Table V was used as part of the development of the 
trends presented in Figures 48, 49, and 50 as indicated by the 
symbols at a gross weight of 35,000 pounds and a disc loading 
of 8 pounds per square foot. The increase in hub drag due to 
decreases in disc loading and increases of aircraft gross weight 
is caused by the increasing size of the rotor assembly.  Similar 
changes in aircraft drag occur due to increases in airframe 
component size with decreasing disc loading and increasing gross 
weight. 

Li ft/Propu Is ion-Unloaded Aircraft 

This aircraft type has the fuel and landing gear stowage pods 
integrated with the inboard wing structure in the low-wing 
single rotor case. For the high-wing tandem aircraft the pod 
configuration is similar to the propulsion-unloaded cases. 
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Fuselage contouring for minimum drag characteristics commensur- 
ate with the study design requirements has again been effected. 
The wing contribution to aircraft drag is not included. Wing 
drag was calculated in the standard manner by means of the 
equation: 

where 

:*v mg 
= 0.01 + 

^eAR 

AR   (aspect ratio)   =6.0 

e   (Oswald efficiency factor)   =0.8 

Cj     = operating  lift coefficient. 

Composite Aircraft 

This aircraft type has  fuel and landing gear pods   similar to 
the lift/propulsion-unloaded compound types.    Use of fairings 
around  the stowed rotor hubs  and blades  for high-speed airplane- 
type forward flight yields a  significant net decrease in drag 
characteristics with respect  to the other aircraft  types. 
Again,   the component drag breakdowns do not  include the wing 
drag  increment.    Wing drag was accounted for  in the same manner 
indicated previously. 

BASIC   PROPULSION SYSTEM REQUIREMENTS 

Typical Aircraft Power and Thrust Requirements 

Hover Power Requirements - The installed power requirement for 
aircraft employing  all propulsion system types except independ- 
ent system 3 is defined as  the sea level standard value commen- 
surate with power availability for hover out of ground effect 
at a 6000-foot,   950F condition.    An engine power  lapse rate 
between  these conditions of  0.78 was used.     For system 3 the 
hover criterion defines the   installed power of the  lifting 
engines  only.    Study ground rules required that all aircraft 
be capable,  at design gross weight,  of hovering  at  the 6000- 
foot altitude,   950F temperature condition while carrying the 
usefu]   lo'i1 necessary to meet  the design mission requirements. 

I 
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To provide a means of determining installed power requirements 
and propulsion component sizing in cases governed by the above 
hover condition, a computation method was selected and paramet- 
ric data was defined to cover the required matrix of configura- 
tion and sizing cases. The installed power requirements were 
defined in terms of gas generator design airflow at sea level 
standard conditions for each combination of aircraft type and 
propulsion system.  For this purpose, gas generator sizing data 
sheets, similar to the sample shown in Figure 51, were employed 
for the various aircraft/propulsion combinations.  Computations 
were performed for these combinations across the aircraft gross 
weight range of interest using the study disc loadings.  A 
sample of the resulting curves of gas generator airflow require- 
ments against gross weight and disc loading is shown in Figure 
52. In general, this plot shows the expected trends of increas- 
ing airflow/power requirements with higher gross weights and 
disc loadings.  The method of computation involved in all cases 
is 'escribed below. 

The specification of input parameters (aircraft type, propulsion 
configuration, disc loading, and assumed gross weight) permits 
estimation of hover power required at the rotors at a 6000-foot 
altitude, 950F temperature.  This is accomplished by the use of 
lifting rotor performance nomographs employing parameters of 
disc loading, estimated download in percent of thrust, rotor 
blade loading and rotor overlap where applicable, thus yielding 
a required rotor power loading.  The specific means of deter- 
mining rotor power loading is shown in Figures 53 and 54 for 
sea level standard and 6000-foot 950F conditions respective- 
ly. As seen from the example in these figures, an estimate 
of download due to rotor wash is required in the calculations. 
For a specific disc loading and gro-js weight, a rotor radius 
is defined, and a percent download value is obtained from 
curves of download versus rotor radius.  Figure 55 is a 
sample of this type curve. Use of the required power loading 
curves is as follows. 

With disc loading and percent download values, enter Figure 53 
and move parallel to the sloping lines as indicated by the 
dashed line of the example.  Upon reaching the abscissa of the 
plot, follow the constant disc loading value to the blade area 
lending line employed for the aircraft being considered. At 
this intersection the required power loading (gross weight/rotor 
horsepower) is defined for a case of zero rotor disc overlap. 
An overlap condition (also shown in Figure 55) results in a 
lifting capability decrease as indicated in Figures 53 and 54. 
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Proper drive system efficiencies and other drive losses were 
applied in each case, based on system definitions shown in 
another section of this  report,  to  refer this rotor power  re- 
quirement to the engines.     In addition,   consideration was given 
to the characteristic engine power  lapse rate with increasing 
altitude and temperature  to define the sea level standard day 
installed power requirement for the gas generators.    This power 
was  then translated into  terms of gas generator airflow re- 
quirements making use of the powerplant data generated for the 
study.    Scaling of components as to  size and weight was also 
based on the design airflow using the previously generated 
scaling data. 

It should be noted that all components of the rotor drive sys- 
tems were designed to accept the full sea level standard day 
power output of the powerplants.    An airflow correction for 
required aircraft accessory drive shaft horsepower was made 
directly at the gas generators,  regardless of the variations of 
the actual systems  involved,  since it was determined that the 
sensitivity of this assumption in the overall computation was 
extremely low. 

Power Requirements  in Forward Flight - The power requirements 
in forward flight for the aircraft of this study were defined 
by the use of generalized performance charts.     This daca was 
used to provide the capability of covering the large spectrum 
of rotor definitions in terms of such items as  rotor radius, 
solidity,   and lift requirements.    Specific power requirements at 
sea  level standard conditions for the optimum aircraft generated 
during the study,   presented in a later  section of this report 
(see pages  374 through  379), were separated into the three basic 
aircraft types considered:    propulsion-unloaded,   lift/propulsion- 
unloaded,  and composite.     This data  is presented in a general- 
ized format to Illustrate the basic trends in terms of the ratio 
of power required to installed power,   and thrust required to 
thrust at maximum speed   (sue Figures 56,   57,   and 58). 

Typical requirements  for a propulsion-unloaded aircraft are 
presented in Figure  56.     The hover requirement at sea level 
standard conditions  is approximately 75 percent of the installed 
power for the design gross weight.     The aircraft flies basically 
as  a helicopter up to a speed where rotor limitations necessi- 
tate the use of the cruise fans to. generate additional propul- 
sive force.    The speed at which the cruise fans are initially 
used is approximately 7.75 knots.    At this speed the rotor 
power requirement is 65 percent of the  installed value. 
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With a higher forward speed the rotor power requirement slowly 
decreases as cruise fan thrust is increased to 100 percent at 
maximum speed. The minimum power requirement (35 percent) 
occurs at approximately 80 knots.  This minimum is slightly 
higher than that of the other aircraft types since, in the 
case of the propulsion-unloaded type, the rotor blade area 
is determined by the forward flight requirements and is greater 
than that necessary to meet hover requirements.  In the case 
of the lift/propulsion-unloaded and composite aircraft, the 
blade area is defined by the hover requirement. 

The typical requirements for a lift/propulsion-unloaded air- 
craft are presented in Figure 57.  At sea level standard 
conditions, 65 percent of the installed power is required to 
hover.  This value is slightly lower than the propulsion- 
unloaded configuration as a result of a lower download in the 
particular case illustrated.  As in the propulsion-unloaded 
aircraft, the cruise fans are used to provide the auxiliary 
thrust recaired when the rotor limitations are reached. This 
point occurs at approximately 150 knots, a considerably lower 
speed than in the propulsion-unloaded aircraft case.  This is 
caused by the additional drag of a wing, which imposes a large 
Increase in the propulsion requirement. For example, a wing 
similar in geometry to those used in this study and operating 
at a lift coefficient of 1.0 with an area of 300 square feet 
yields an effective flat plate area increment (Afe) of 
approximately 25 square feet, resulting in the increased power 
requirements. This additional wing drag also results in an 
increase in the speed at which the minimum power required point 
occurs. With a wing the rotor lift requirement is greatly 
reduced in forward flight.  Therefore, the rotor rpm is reduced 
to minimize rotor power requirements. At maximum forward 
speed the rotor rpm is reduced to give a value of advance ratio 
(P) of 0.8.  This reduction results in rotor operation near the 
autorotational state at high speed. 

The composite aircraft requirements are presented in Figure 
58. Rotor power required to hover at sea level standard 
is 73 percent of installed power. This value is slightly 
greater than that of the lift/propulsion-unloaded aircraft 
case as a result of a download increase for the particular 
aircraft shown as the sample. The rotor power required 
decreases until the transition speed of 125 knots is reached, 
at which point the lift is entirely on the wing.  The result 
is a large amount of rotor unloading at low speeds, thereby 
requiring the use of cruise fan thrust at 80 knots.  The 
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thrust requirement at the transition speed is approximately 
70 precent of the thrust at maximum speed;   it decreases 
rapidly to a 60 percent value at 160 knots.    At the transition 
speed the rotor power required is about 12 percent of the 
installed value.     Completion of the stopping,   folding,  and 
stowing process  for the rotors eliminates the drag of stowage 
bay fairings and drag of the rotor.     For  speeds greater than 
that of transition,   all lift is provided by the wing and all 
propulsion thrust is provided by the cruise fans in the 
manner of conventional airplane flight. 

Propulsion System Design Requirements 

Basic Systems Concepts - The cruise fan propulsion systems 
studied are of two basic types:  integrated and independent. 
Those designated in this report as la,   lb,   2a,  and 2b are 
Integrated systems.    System 3 is the independent type.    The 
fundamental systems concepts are illustrated in Figure 59. 

The differences between the two systems are the number of power 
sources and their use.    The Integrated system incorporates a 
single power source for both rotor lift and fan thrust.    A 
switching and power management arrangement is incorporated to 
control direction and relative magnitudes of available power, 
depending on the demands of the two loads through the flight 
spectrum of tho aircraft.    Except for  forward speed effects 
on power available at the source,   or arbitrary mechanical 
limits in the system,   total power available is a constant value 
throughout the flight spectrum.    Determination of the installed 
power at the source can be based on a requirement at any design 
flight condition of the vehicle; however,   a choice fixes the 
available power  for all other conditions. 

The independent propulsion system uses two separate power 
sources:  one for the rotor system and one for the fan system. 
No switching device is incorporated,   and flight shutdown of 
either portion,   if required by the aircraft type,   is 
accomplished at the applicable power source.    The aource-powez 
design values are determined individually for each Independent 
subsystem by different governing flight conditions,     in this 
study the power requirement of the vertical  lift subsystem is 
based on a design hover condition.    The design power of the 
cruiae fan subsystem is based on a specified vehicle high- 
speed requirement which varies with the aircraft type. 

101 

—; .J 

^Ui 



1  ■        l'^' ■" I      II ii■iKiii ^m.^   i nmmm 

Comparison of relative worth of the two systems in an aircraft 
is a function of the type of machine and its  relative power 
requirements at,   for example, hover and high-speed conditions. 
If worth is measured only on the basis of total amount of in- 
stalled power required,   the  integrated system is always better, 
since  it requires  less  installed power.     In general,   the in- 
stalled power requirement  for an independent system varies 
between a theoretical  100 percent and a maximum of 200 percent 
of the installed power required for an integrated system.    The 
former figure would apply in a hypothetical low-speed machine 
where the ratio of hover/cruise power required was infinitely 
large or to a hypothetical high-speed machine where the above 
ratio was extremely low.     The 200-percent figure would apply 
where  the hover/cruise power requirement ratio was one;  that  is, 
where required hover and cruise powers were  identical.    In the 
case of a large power requirement mismatch where  the hover power 
requirement predominates,   the integrated system may be penalized 
by inefficient part-power operation in cruising  flight.     If the 
cruise power requirement is dominant,   the integrated system 
hover  inefficiency,   in terms of power matching,  may be practi- 
cally aided by torque-limiting the lift system.     In the case of 
multiengined    installations,   reserve thrust  for emergency 
engine-out conditions can then be made available.    However,   in 
normal instances where a severe power mismatch problem is not 
present, the integrated system has the advantage of minimizing 
installed power required.     In addition,  minimizing the number 
of power sources  is  important from practical design installa- 
tion,  weight,  reliability,   and system cost  aspects.    To obtain 
the  full potential benefits of an integrated system,  however, 
the power switching and management functions  required must be 
implemented in the simplest possible manner. 

Typical variations of  rotor power and cruise  fan thrust re- 
quirements against sea  level flight speeds   for the three types 
of aircraft in this study have been shown previously in Figures 
56,   57,  and 58.     In considering  the basic requirements of pro- 
pulsion systems,   it  is  desirable to review these variations of 
demand on total  installed power to.determine in each case where, 
to what degree,   and in what relative proportions  it must be 
employed. 

Integrated Propulsion Systems - The propulsion-unloaded air- 
craft type requires rotor power throughout  its operating speed 
range.    The peak standard-day requirement,   corresponding in a 
typical case to about 75 percent of installed 6000-foot,  950P 
hover power, occurs at the hover condition.     Power denand from 
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the rotor drops off rapidly with increasing speed in character- 
istic helicopter fashion to about 30 percent of installed hover 
power at about 40 percent of maximum speed. The rotor require- 
ment then increases until at the start of the cruise flight 
regime (about 85 percent of high speed) it absorbs slightly 
less than the standard-day hover requirement.  At this point, 
cruise fan power and thrust to unload the rotor are applied on 
a rapidly increasing basis with speed, with peak fan powers 
occurring at maximum speed.  This fan thrust, applied over the 
upper 15 percent of the aircraft speed range, reduces rotor 
power requirements so that at maximum speed the division of 
installed power is approximately 60 percent to the rotor and 40 
percent to the cruise fans. 

The lift/propulsion-unloaded aircraft type requires rotor power 
in generally decreasing amounts from a peak value at hover as 
flight speed is increased.  At 50 to 65 percent of maximum 
speed, the rotor power requirement at standard conditions has 
reduced to about 25 to 35 percent of installed (6000-foot, 950P) 
hover power, and further reduces to zero at maximum speed. 
Cruise fan thrust is applied at approximately two-thirds 
maximum speed.  The fan thrust and power required increase over 
the upper third of the aircraft speed regime to the point where 
the total installed power is absorbed by the fans at maximum 
speed. 

Composite aircraft require rotor power at speeds below transi- 
tion. The peak rotor requirement occurs at hover; it continu- 
ally decreases with speed to a minimum of about 10 to 15 per- 
cent of the amount installed for a 6000-foot, 950P hover condi- 
tion as the aircraft reaches the 125-knot transition speed. 
Since the rotor stopping and stowing operation is effected in 
this speed range, required rotor power then goes at zero. 
Power is required by the cruise fans at well below this point, 
however, or around 80 knots.  In the case of aircraft with 
integrated propulsion systems, about 60 percent of available 
thrust is needed at transition speed due to a high drag condi- 
tion of the aircraft. At speeds greater than transition, the 
fan power requirements decrease slightly and then increase in 
conventional airplane fashion until all the installed power is 
absorbed by the fans at the aircraft maximum speed. 

' 

Independent Propulsion System - Rotor power requirements for 
the three aircraft types generally exhib.lt the same trends 
previously discussed, and the lift system installed power is 
based on a 6000-foot, 950F hover requirement.  Since the cruise 
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fan systems are independent of the rotor systems, installed 
fan power is separately determined from a vehicle high-speed 
requirement.  In propulsion-unloaded aircraft the rotor power 
requirement tends to decrease from the high-speed value noted 
in the integrated system case above as vehicle speed is further 
increased. Rotor power requirements of lift/propulsion- 
unloaded aircraft exhibit the same trend in going to zero at 
maximum speed; however, fan thrust is employed over the upper 
45 percent of the vehicle speed range since the maximum speed 
of these aircraft has been increased to 270 knots.  The same 
is true of composite aircraft with the high speed increased to 
350 knots. 

Integrated Sve*terns Requirements - The above review of aircraft 
power requirement trends assists in understanding the follow- 
ing basic requirements for integrated cruise fan propulsion 
systems.  For potential application to all aircraft types, 
these systems must allow: 

1*  Application of full installed power to the rotors, 
preferably with no power to the fan, and minimum trans- 
mission losses. 

2. Application of low percentages of installed power (down 
to idle) to the rotors alone, with no fan power applied, 
and capability for smoothly modulated power changes in 
both directions. 

3. Application of smoothly modulated power to the fans from 
idle to the maximum installed power without absorption 
of power by the rotors.  This requirement is for a com- 
posite aircraft. 

4. Use of any division of power between fans and rotors 
from idle to maximum installed power with minimum system 
losses, and a precise means of control of the power 
division by the pilot. 

5. Pilot-selectable constant speed (rpm) control of the rotor 
system, and constant speed control or topping speed con- 
trol of the fan system, depending on the use of shaft- 
or gas-driven systems. 

6. Selected reduction of system speed to approximately 60 
percent of maximum operating rpm without severely 
penalizing fan performance in shaft systems. 
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Integrated systems must  in general have the  following design 
provisions: 

1. A means of totally unloading power absorption of either 
rotors or  fans,   that  is,   a switching system 

2. A means of modulating power in each leg of the system, 
that  is,   a relative power management system 

3. A means of varying  fan power load in shaft-driven systems 

4. A means of limiting  fan speed  in gas-driven systems 

5. A means   (in multiengine aircraft)  of talcing an engine 
off the  line without motoring by the drive system 

6. A method of ground or air starting any engine of a multi- 
engine system 

7. A method of driving  aircraft accessories at all times, 
including partial or complete power-off situations 

8. Depending on the particular aircraft installation,   it 
may be desirable to provide symmetrical fan thrust under 
engine-out conditions of multiengine,  multifan arrange- 
ments 

Independent Systems Requirements - The basic requirements of 
the  lift system portion of an independent cruise fan propulsion 
system ^re: 

1. Application of full installed  lift engine power to the 
rotors with minimum transmission losses must be allowed, 
and provision for reduction of power to  idle with smooth 
variation of part power must be made. 

2. The  lift system must be capable of shutdown and air  start 
when used in composite aircraft. 

3. A portion of the lift system must drive all aircraft 
accessories. 

4. A means of disconnect must be provided to take an engine 
off the  line without motoring by the rotor drive system 
in multiengine aircraft. 

105 



^^*—**i*mf^*mmmmmmrm'**mi 

5.  Pilot-selectable constant speed (rpm) control of the system, 
with the speed range of the engine compatible with rotor 
speed reduction requirements, must be provided. 

The basic requirements of the fan part of the independent 
system are: 

1. Smoothly variable fan thrust availability from idle to 
maximum thrust conditions 

2. Ground and air start provisions 

3, Aircraft accessories must be driven by this subsystem 
in composite aircraft types 

4, Cruise fan power interconnection may be desirable depending 
on engine-out thrust asymmetry conditions in a particular 
aircraft installation 

PROPULSION SYSTEMS DESIGN DESCRIPTION 

As noted in the introduction, five propulsion systems were tobe 
integrated with each type of aircraft studied.  Figures 60 
through 69 show design schematics covering the range of these 
systems. The schematic drawings show basic arrangements of 
engines, engine-mounted accessories, subsystems required for 
engine operation, engine-fan and engine-transmission coupling 
means, switching and clutching devices, aircraft accessory 
devices, and rotor-drive transmissions.  In addition, the loca- 
tion of power management devices is indicated. A general 
description of each system is given below. 

Integrated Gas-Coupled Systems (la and lb) 

These systems are shown in Figures 60 through 63 for single 
and tandem rotor aircraft of all types. The only difference 
between the la and lb systems is in the method of cruise fan 
gas drive, one being tip driven and the other hub driven. 
Twin gas generators are connected by gas ducting to both cruise 
fans and to a common power turbine that drives the rotor trans- 
mission in a manner allowing use of these gas generators in 
all flight conditions. The system is arranged so that either 
or both gas generators can provide power to the rotors, but 
each gas generator can provide power only to the cruise fan 
on its side. Diverter valves are used at each gas generator 
exhaust to act as full shutoffs in either fan or rotor drive 
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directions (use of the rotor-drive shutoff is dependent on 
the type of aircraft considered)  or to allow gas flow in both 
fan and rotor directions at the same time.  A variable gas- 
admission device is indicated on the schematic at both the 
cruise fan entry and the common power turbine entry to 
provide means of controlling power flow between the two paths 
(power management) when both systems operate on a power sharing 
basis.  The "subgroups not shown" block noted on the gas 
generators calls out the standard powerplant subsystems re- 
quired in support of gas generator operation. 

A remote accessory drive gearbox is indicated in the schematic 
which shows inputs going through overrunning clutches from an 
auxiliary powerplant, from both gas generators, and also from 
the rotor transmission.  This remote accessory drive gearbox 
permits aircraft accessories to be driven during all modes of 
aircraft operation, including cases of remote base self- 
sufficiency, single engine operation, or autorotation. 

The rotor-drive transmission is shown for both single and 
tandem rotor aircraft, and main gearboxes, cooling, and 
braking provisions are indicated.  Since the operating speeds 
of the common power turbine are considerably higher than those 
selected for the main rotor gearbox drive shafts, a power 
turbine reduction gearbox is incorporated in the system with 
an overrunning clutch on the turbine side to eliminate turbine 
motoring during autorotation. 

The gear arrangement chosen for this turbine reduction gearbox 
is of the star type; that is, a sun gear is connected to the 
common power turbine shaft, a set of fixed planets is mounted 
to the housing, and the output is taken through the rotating 
ring gear.  This type of system is superior to a pure planetary 
reduction where very high-speed operation (20,000 rpm) is 
required, since the large centrifugal load on the planet bear- 
ings is eliminated.  Another feature of the star arrangement is 
that greater flexibility of ratios is possible since a true 
planetary system cannot achieve a reduction ratio of less than 
approximately 2.24 to 1.  The details of the rotor-drive trans- 
mission for propulsion systems la and lb are shown in Figures 
70 and 71 for single and tandem rotor aircraft, respectively. 
Values are shown for shaft speeds, gear ratios, and efficien- 
cies; gear configurations are also indicated.  These gear 
configurations were reviewed for applicability over the 
expected scaling ranges of rotor diameter and speeds and for 
range of power turbine input speeds. The arrangements shown 
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are suitable over the range considered. 

The engine gearboxes are configured using a single spiral 
bevel gear set.  The coupling or combining gearbox used for 
scaling in all cases consists of two spiral bevel pinions 
driving a third gear. An alternative configuration of this 
gearbox which couL' be used in cases where the engines are very 
close to the synchronizing shaft might consist of spur reduc- 
tion systems where two pinions mesh with a large driven gear. 

Hydromechanical clutch systems to permit stopping and starting 
the rotor are used in composite aircraft.  They employ 
hydraulic couplings similar to those used in automobile 
automatic transmissions.  This coupling is used to start the 
synchronizing shaft and accelerate it to near full rpm. When 
a preset speed is achieved, a friction or jaw type of clutch 
is used to complete the power path so that full system power 
may be transmitted. 

The main rotor transmissions for single and tandem rotor air- 
craft consist of a primary spiral bevel set employed to change 
direction and to take a moderate reduction, and a two-stage 
planetary set.  The arrangement takes a larger reduction in the 
first stage and a smaller reduction in the final planetary 
stage.  This gear selection was made because a large reduction 
in the first stage allows the planet carrier to turn slower; 
this places more moderate centrifugal loads on the first-stage 
planet bearings and allows a more favorable sizing for weight. 
Use of the smaller reduction in the second planetary stage 
permits use of a larger sun gear accommodating a larger number 
of planets, thus providing a very effective way of minimizing 
weight because of the high torque levels at the final output 
rpm. 

In the case of the antitorque gear transmission for single 
rotor aircraft, a simple spiral bevel gear set is used for the 
intermediate transmission and a spiral bevel set with appro- 
priate reduction is used at the tail rotor. 

Further definition of the major gearboxes for scaling purposes 
is given by the following equations: 

Power Turbine Gearbox 

1/3 
Dp.pB = 0.569 (SHPpT) / 
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where 

TTB = diameter of gearbox over the PTB ring gear (in.) 

SHPpT = shaft horsepower at power turbine (at constant 
output shaft rpm) 

Rotor Gearbox 

1/3 
DRGB =0.374 (D x SHPRGB) 

HRGB =1-8 DRGB 

where 

DRGB  = diameter of rotor gearbox (in.) 

D     = rotor diameter (ft) 

SHlKGB = shaft horsepower per rotor gearbox 

^RGB  = height of rotor gearbox (in.) 

This data is based on a review of actual hardware and study 
designs of gearboxes.  In the single rotor case, the sizing 
for design of the tail rotor gearboxes was not considered 
necessary for the purposes of the study; therefore, only data 
sufficient for weight estimation was defined. 

Integrated Shaft-Coupled Systems (2a and 2b) 

These systems are defined in Figures 64 through 67 which cover 
all aircraft types in single and tandem rotor configurations. 
The esser+-ial difference in these systems from the la and lb 
gas-coupled arrangements is the linking of prime movers and 
loads by mechanical power drives throughout.  The two shaft 
drive systems differ in that system 2a employs shaft turbine 
powerplants located remotely and inboard from the cruise fans, 
and system 2b locates the shaft turbines coaxially and together 
with the fan assemblies in an outboard location. As before, 
the systems are integrated so the twin powerplants can be 
employed throughout the aircraft flight regime.  These shaft 
systems have the feature not present in the gas-coupled 
arrangements that permits either or both powerplants to drive 
the rotors, and also allows either or both to drive both cruise 
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fans because of the cross-shafting arrangement. 

In both shaft-coupled systems, the free power turbine of each 
engine drives into a cross-shaft gearbox through an over- 
running clutch, which enables disconnection of an inoperative 
engine from the system. At this point, the shaft arrange- 
ments provide for splitting power between twin cruise fan drive 
systems and the rotor drive-transmission in proportion to 
relative fan and rotor load demand.  Cvuise fan decoupling 
clutches allow disconnectio of any fan load during the heli- 
copter mode of flight.  Depending on the selected vehicle 
type, the system may incorporate the capability of disconnect- 
ing the rotor drive-transmission from the cross-shaft system 
by means of a decoupling clutch at the output of the coupling 
gearbox. This clutch is incorporated in the system when used 
in a composite type of aircraft where no power is required by 
the stowed rotors during cruise flight.  In the case of 
application to the compound types of aircraft no clutch is 
required. Between the end points of rotor or fan load shut- 
off by disconnection, power demand between the fans and rotor 
system may be changed by varying settings of rotor blade 
pitch in combination with a load control device incorporated 
in the fan assemblies. For this study, variable inlet guide 
vanes are used for this control. As in the gas-coupled system 
schematics, the powerplant subsystems required are indicated 
simply as blocks to denote their required presence. The air- 
craft accessory drive gearbox in the shaft-driven systems can 
be kept operative in all flight modes as well as for ground 
operation from two drive inputs using overrunning clutches; 
one from the coupling gearbox (since the cross-shaft is 
running regardless of engine shut-down condition), and the 
other from the auxiliary powerplant. 

In the remote shaft turbine arrangement of system 2a, two 
bevel gearboxes per side are required to route power from 
shaft turbines to fans. The axially driven concentric fan 
arrangement of system 2b also involves the use of either one 
or two gearboxes based on the rpm relationship between the 
power turbine and the fan. 

The rotor-drive transmission details for the shaft-coupled 
systems are shown in Figures 72 and 73 for tandem and single 
rotor aircraft. Again, values of shaft speeds, gear ratios, 
and drive efficiencies assumed for the study have been indi- 
cated either as constants or set up in scaling form after 
review of the range of major input values to be considered 
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and after review of actual rotorcraft transmissions and trans- 
mission design  studies.    Scaling  of sizes of major  transmission 
components  is  shown by the following equations. 

Rotor Gearbox 

DRGB   = 0-374   (D x SHPRGB)1/3 

HRGB   =  1-8 D
RGB 

where 

DRGB = diameter of rotor gearbox   (in.) 

D = rotor diameter   (ft) 

« 
SIIPRGB    = shaft horsepower per rotor gearbox 

HRGB        = height of rotor gearbox   (in.) 

Combining Gearbox 

DCB   =0.50   (SHPCB)
1/3 

(at 7155 rpm output shaft speed) 

where 

DCB        ~ diameter of combining gearbox 

SHPQB    = shaft horsepower at combining gearbox 

Decoupling Clutch 

DCL = 0.85   (SHPCB)1/3 

ICL =  1.5 DCL 

where 

DCL      m diameter of decoupling clutch   (in.) 

SHPCB » shaft horsepower at combining gearbox 

I^L      = length of decoupling clutch   (in.) 
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Indeüendent Lift and Cruise Propulsion System   (3) 

The configurations of the  independent systems  employing con- 
centric  cruise powerplants  and  fans are depicted  in Figures  68 
and  69 and cover all aircraft types  in both single and  tandem 
rotor configurations.     The  fundamental difference  from the 
previously discussed integrated  systems  is  that  separate or 
independent twin sets of powerplants are used  for  rotor and 
fan-powered  flight,  with no power connection between  the two 
subsystems.     Therefore,   a  total of four gas generators  is 
required.     Shutdown    of either twin-powerplant subsystem can 
be effected when not  required  in a particular  flight regime. 
In addition,   although either or both of the rotor drive shaft 
turbines  can supply power  to  the rotor,   the cruise  fan systems 
are depicted as independent of  each other,   since no power 
cross-shaft connection  is made and unsymmetrical thrust  in 
cruising  flight would result  from the fan system should either 
cruise powerplant be shut down.     If found desirable  from an 
aircraft control or performance point of view,   a modification 
could be made to this  system to provide fan thrust symmetry in 
the event of powerplant shut-down by employing a power cross- 
shaft between the cruise  fan assemblies. 

The  rotor drive subsystem consists of two gas-coupled shaft 
turbine engines that provide power to the main rotor gearboxes 
through overrunning clutches, allowing engines  to drop off 
the  line with shut-down;   a bevel gearbox connection to the 
cross-shaft;   a coupling or combining gearbox  linking  the cross- 
shafting  to the rotor gearbox drive shaft;   and conventional 
rotor drive gearboxes.     No decoupling clutches are required, 
since the whole subsystem can be made inoperative where appro- 
priate to the type of aircraft  and flight condition.     Inlet 
closure doors are indicated as desirable for the high-speed 
composite aircraft type^ so windmilling drag  is not  incurred. 

The separate cruise fan assemblies are of the conventional con«- 
centric  front-fan type.     Since the fans are separate  items,   the 
options of fan    shutdown or idling in the low-speed flight 
regime,  or provision of fan thrust to aid rotor  lift by tilting 
or slipstream deflection,   are present.    However,   if lift were 
to be augmented by fan thrust,   an intershaft system between 
fans  to maintain thrust symmetry in the event of engine  failure 
might be necessary.    A discussion of the design installation 
feasibility of fan-augmented hover thrust is  included  in a 
later  section  (see page 184).     The aircraft accessory gearbox 
is driven through overrunning clutches  from both the coupling 
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gearbox in the rotor-drive system and the aircraft auxiliary 
powerplant when used in compound aircraft types.    When  the 
system  is  employed with composite aircraft and the rotors   (and 
rotor-drive  system)   are stopped,   additional  inputs to the 
accessory box through overrunning clutches are required from 
each cruise  fan drive assembly in an arrangement to cater  to 
a case  of  engine  shutdown  in  cruise  flight. 

Since  four gas generators  are  required  in the  independent 
system,   the  schematics indicate that some of the powerplant 
system subgroups are required separately for each gas  genera- 
tor to make a total operative aircraft system. 

Figures 72  and 73 give the details of rotor transmission 
drive and cross-shaft gearbox and shafting for this  system, 
which are the  same as in systems  2a and  2b except that the 
decoupling clutch  is omitted,   and the bevel gearbox at the 
shaft turbine output   (engine gearbox)   in the rotor-drive 
subsystem is  included. 

It should be noted that the reason the engine gearbox is 
included in this  system,  and not  in the  integrated shaft- 
coupled system 2a discussed previously,   is related to whether 
or not these  elements are included  in the powerplant scaling 
data used as  a basis for the  study.     As  in the other  systems, 
shaft speeds,  gear ratios and efficiencies,  an5 gearbox 
configurations are defined for system 3   in these schematic 
drawings.     The equations given previously apply for  size 
scaling of main rotor gearboxes,   and coupling or combining 
gearboxes.     Size  scaling of the engine bevel gearbox is given 
by the equation: 

DEB  = 0.432   (SHPEB)
1
/

3 

where 

DEB  ~  diameter of engine gearbox (in.) 

SHPJJJJ = shaft horsepower at engine gearbox 

Like the other propulsion systems, no size scaling has been 
defined for the tail rotor drive systems of single rotor air- 
craft; however, sufficient design data has been set up to 
allow estimates of weights of these components as well as 
drive train efficiencies for power estimates. 
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SUPERCRITICAL SHAFT  SYSTEMS 

During  the  study of transmission systems,   consideration was 
given to the potential  application of  supercritical shafting. 
It was  recognized  that design studies have shown  substantial 
weight advantages   for this  type of shafting.     Some studies 
have shown weight decreases  of 30 to  50 percent with respect 
to currently used  shaft systems and have  indicated some 
problem areas  in  installation and handling.     Review of 
application in this  study raised serious questions  as to  the 
feasibility, within  constraints of  the work statement,  of 
making proper design  and weight tradeoffs   for  totel  trans- 
mission systems over the complete scaling  range required. 
Review of scaling  in one tandem rotor case indicated that use 
of a higher speed supercritical synchronizing  shaft would 
still not eliminate the requirement for gearing between the 
shaft and power turbine, but would in some scaling cases 
require use of a three-stage planetary system in the rotor 
drive gearbox.     In single rotor aircraft the main  rotor gear- 
box drive shaft is  relatively short;  questions arose here as 
to  supercritical shafting applicability on a total systems 
basis along with the  relative application between single and 
tandem rotor aircraft.     It was concluded that proper resolu- 
tion of all the tradeoffs  involved was beyond the   scope of 
the present study.     Since the  selection of shafting types 
did not have any first-order  effect on  the relative evalua- 
tion of propulsion  systems and since  it  is believed to have 
little effect on the  absolute values of aircraft weights, 
it was decided not  to employ  supercritical  shafting  in the 
transmission systems. 

AIRCRAFT ACCESSORY DRIVES  -  DESIGN DATA 

The assumption was made  for all types and sizes of aircraft 
covered by the study that a nominal 60  auxiliary horsepower 
would be used as a design value for the aircraft accessory 
drive system.     No  attempt was made to assess the types of 
drives  to the accessory drive box,   their sizes,  or the size 
and number of pads on th<3 gearbox; however,   the assumption 
was made that wherever design installation factors  allowed, 
the systems would be mechanical.    The weight of the auxiliary 
powerplant installation was held constant as part of the 
fixed equipment group  in the  study ground rules. 
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BASIS   OF WEIGHT  ESTIMATE 

Following  is a discussion of the methods used to derive the 
weights  for each group shown on the weight summary sheet. 
Adjustment for advanced technology   :s made as a separate 
entry and is discussed in the section titled "1970 State of 
the Art"  on page   206« 

where 

HP 

Rotor Group 

The rotor group weight was derived by using the standard Boeing 
weight trend.     The weights obtained  from this trend represent 
a standard steel spar,  aluminum-covered blade with a steel 
hub.     The trend and the parameters defining the weight are as 
follows« 

WR - 14.2 K0-67   (1.4) 

K-'0-25(fo)0-5(^(^)   ^ 

= distance from axis of rotation to blade attachment 
point using 0, 085R   (ft) 

a transmission limit horsepower   (using 0.6 HP  for tandem 
rotor aircraft) 

= 1.2 x hover tip speed   (fps) 

■ rotor radius   (ft) 

= number of blades per rotor 

= blade chord  (ft) 

m  static droop penalty factor (ignored if less than 1.0) 

_Ri-6 

180c    for single rotor 

144c    for tandem rotor 

(1.4)= factor for blade folding on composite aircraft 

R 

b 

c 

Kd 

1 
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WR ■ weight of one rotor in tandem aircraft 

K    ■ correlating  factor 

Note:    Rotor blade t/c is assumed constant at 15 percent at 
0.25R 

l'T-'       yypup 

The Boeing-Vertol trend is used to determine the wing group 
weights.    A weight penalty for aircraft using tilting wings 
is  Included in the flight controls group.    The following 
constants were used to simplify the wing weights: 

AR ■ aspect ratio «6.0 

t/c» thickness/chord ratio ■ 15% 

n    ■ ultimate load factor '4.5 

The simplified wing weight trend is: 

ML. m 220(ÜS1xl.8xfji ) 
^ \ 104 102/ 

0.658 

where 

WG    ■ design gross weight  (lb) 

Sw    »wing area  (ft ) 

Tail Group 

Horizontal tail weights are estimated on the basis of wing 
area and tail moment arm.    A standard unit weight of 2.5 
pounds per square foot for single rotor aircraft and 3.0 
pounds per square foot for tandem rotor aircraft was used. 

The equations used are: 
e 

Single rotor Wj^, " -^Lx 15.2x2.5 

8.57      Sw Tandeui rotor W™« - -- -   ■—^ e^. x 3.0 ■"*       26.7  +   (D-63) 
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where 

Sw 

W, HT 

W. TG 

= wing area (ft ) 

= rotor diameter (ft) 

= weight of horizontal tail (lb) 

= weight of tail group (lb) 

To obtain tail group weight for single rotor aircraft, it is 
necessary to add horizontal tail weight and tail rotor weight 
as follows: 

WTG ~  WHT + WTR 

where 

W, TR = 16.05 K 
0.67 

K = (0.iR)0-25/fEnY-
5vt übe \ looj        t 10 

R  «tail rotor radius (ft) 

HP = tail rotor transmission horsepower 

Vt = tail rotor hover tip speed x 1.2 (fps) 

b  = number of blades 

c  = blade chord (ft) 

Body Group 

The body group weight comprises two main sections* basic 
structure and secondary structure. All configurations are 
designed around a constant payload compartment 7.5 by 6.5 < y 
30 feet.  For weight estimation the Boeing standard helicopter 
body trend is used to derive the basic structure^ and a con- 
stant weight of 1,850 pounds (same as for CH-47) is used for 
the secondary structure. 

Blade fold fairings for the composite aircraft, main rotors 
only, are based on a standard length of 12.5 feet and specific 
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weight of 3.5 pounds per square foot Which includes fairings 
and actuators.  The weight is given by: 

4.8 x blade chord x 12.5 ft x 3,5 lb/ft2 

The following expression is used to derive the weight of the 
basic structure: 

WBS - 280 K 
0.5 

W, Sf 0.5 
K = IQ* X lÖ5" (LF + ^ '  (l0g VD)  ^1 

where 

w, BS 
W^ 

S*  - 

VD 

n 

weight of basic structure (lb) 

weight of fuselage and contents (lb) 

fuselage wetted area (ft ) 

fuselage length (ft) 

length of ramp well (ft) 

limit dive speed (knot) 

ultimate load factor »4.5 

1.0 for land-based aircraft 

load distribution factor =0.2 

The fuselage wetted area consists of the standard fuselage 
having a length of 56 feet plus increments of wetted area for 
fuel pods, rotor pods, tail boom, and vertical tail.  The 
wetted areas for fuel pods and rotor pods vary wich the con- 
figuration, and the tail boom and vertical tail wetted areas 
vary with rotor diameter. 

Lemdinq Gear 

The landing gear weight is based on a standard 3 percent of 
design gross weight for the tricycle VTOL landing gear plus 
1 percent of design gross weight for the retraction system. 
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Flight Controls 

The  flight control weight is derived by using  the  following 
expressions: 

Single Rotor 

80  + 0.01WG + 26 V\0' 41 +0.15 WMR + 30 © 
0.84 

+ 0.25 W, TR 

The term 0,01 WG is deleted for propulsion-unloaded aircraft. 

Tandem Rotor 

/WG\ 0- 80  + 0.01 WG  + 26^pj 
41 

+ 0.3 WR + 60 \100 x 2I 

0.84 

The term 0.01 WG   becomes  0.015 WG for winged tandems to allow 
for tilting.     Divide rotor weights by 1.4   (blade fold factor) 
for composite aircraft before using in the above expression 
with  the exception of single composites  in which  the  tail rotor 
does not fold. 

Engine Section 

The weight of the engine section includes nacelle and mounts 
for the inboard engines and pods,   and pylons and mounts  for the 
outboard engines and/or cruise fans. 

The expression 

r(iooj 
0.67 

0.41 

was used for  inboard engines  and 

(Wcp X nCR) 

for outboard engines and/or cruise fans 

where 

HP = total engine horsepower 
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WCF " we^9^t 0^ cruise fans or engines (lb) 

nCR ■ crash load factor = 20 

Engines and Cruise Fans 

Engine and cruise fan weights are obtained from the curves 
presented in the propulsion section of this study. 

Air Induction 

Air induction weight is included in the engine section. 

Exhaust System 

A standard allowance of 33 pounds is made for this item for 
all propulsion systems except 2b. 

Cooling and Lubrication 

Cooling and lubrication weights are included with engine 
weights. 

Fuel System 

A fixed allowance of 30 pounds per engine is included for the 
fuel system and controls plus a variable weight based on the 
fuel load to cover tankage. The fuel tanks have 30-percent 
self-sealing capability against .30 caliber fire. 

Fuel system = number of engines x 30 + (0.3 x fuel weiqht) 
6.5 

Engine Controls 

The engine controls weight is estimated at 20 pounds per 
eng ine. 

Starting System 

The starting system weight is estimated at 30 pounds per 
engine. 

Drive System 

The drive system weight  is obtained by analyzing the design 
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layout for each system on a box-by-box basis and by deriving  an 
expression for each gearbox.     The expressions are simplified 
so  that the variables are  at a minimum.     Generally the box 
weights may be determined by using transmission power,   rotor 
radius,   and a constant.     In the case of the gas-coupled sys- 
tems,   the gas generator airflow is required to obtain reduction 
gearbox weights. 

The expressions used are as  follows: 

Px    = total transmission horsepower 

R      = rotor radius   (ft) 

Wa    = total lift engine airflow  (lb/sec) 

L      = distance between rotors   (ft) 

Single Rotor 

Main box 

Intermediate box 

Tail rotor   box 

Reduction box 

Coupling box 

Engine box 

(10.1R + 110) 

0.8 
25.5 

m 0.8 

/px\0'8/ - U) (M - 
61 (JT 

2 

8 

6.6) 

single curve for all bypass ratios 
resulting  from equation for each 
bypass ratio. (See Figure 74.) 

Decoupling clutch 0.02 P, 

121 



mm ^^^mmmmmmt 

Shafting 

Lubrication system 

Rotor brake 

Cross shafts 

Accessory drive pads 

,.83   (-gj)     +      1.16R    (^y) 
0.5 

0.67 
+    1.28 

=    20% of box weights 

Tandem Rotor 

Forward and rear boxes 1^ 8 

^ 107 

Reduction box « as for single rotor 

Coupling box = as for single rotor 

Engine boxes * as for single rotor 

Decoupling clutch = as  for single  rotor 

(11.56R + 125) 

Aft shaft =     1.25 0.24R 
/o.6  Px\0-% -./O^  Px\ 
A   loo / \    loo / 

0.67 , 

( 

7155   \0.65 
R x  lO3/ 

Px     0.5        . n  n. 
Synchronizing  shaft =    0.77    — x  (L  -  2.0) 3 y 100 

Lubrication system,   etc,   = as  for  single rotor 

Fixed Equipment 

The following  items of fixed equipment are constant  for all 
aircraft in the study. 

Weight   (lb) 
Auxiliary powerplant 100 

Instruments  and navigation 170 
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Hydraulics and pneumatics 

Electrics 

Electronics 

Armor 

Furnishings and equipment 

Airconditioning and deicing 

Auxiliary gear 

Advanced Technology 

Total 

Weight (lb) 

225 

550 

285 

300 

860 

180 

265 

2935 

The airframe items from rotor group to engine section are 
totaled, and 5 percent of this figure is subtracted from the 
total as an advanced technology factor.  In addition, 10 per- 
cent of the drive system weight is subtracted for this reason. 

The reductions in weight for advanced technology are discussed 
further in the paragraph headed "1970 State of the Art" on page 
206- 
Fixed Useful Load 

Three crew members = 600 lb 

Trapped liquids = 70 lb 

Engine oil = 80 lb 

Total = 750 lb 

Fuel 

The fuel load determined by the aerodynamics group is consistent 
with the mission specified for the study. 

Payload 

A constant payload of 6000 pounds is specified for the study. 
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For this study the exhaust,  engine controls,  starting system, 
trapped liquids,  and engine oils are assumed to be constant. 
These Items would vary slightly with engine size and aircraft 
configuration, but the small changes do not justify detailed 
calculations. 
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Figure 44. Tail Rotor Blade Chord vs. Tail Rotor Diameter 

127 

MMH 



mm mm ^mmmi '       '       i       mmi 

90 

|    80 
M 

"Z    70 
p» 

t 
^60 

50 

<    40 

30 

g    20 

10 

SINGLE ROTOR 
PROPULSION-UNLOADED A/C 

HORIZONTAL TAIL   (1 SIDE) 

AR* 
^—TAPER W 
j    t/c-0.] 

•2.5 

5 CONST .A 
/ 

/ 

/ 
/ 

■-/ 

"* ST-O^DT2 

/ 
/ 

160 

SINGLE ROTOR 
LIFT/PROPULSION UNLOADED 
AND COMPOSITE (TOTAL) 

5 10 15 

TAIL ROTOR DIA, DT (FT) 

TANDEM ROTOR 
LIFT/PROPULS ION-UNLOADED 

AND COMPOSITE, 

20 50   60   70   80   90   100  110 

MAIN ROTOR DIA, D (FT) 

180 

200 r 
S. HORIZONTAL TAIL 

f 150 

Jd 100 

S so 

r 6oo \ 

500 
TAPE 

!   1    i 
^AR-4.0   ! 
R RATIO-0.5 

ALE-20,  I 
^t/e-0.12J 

400 \ i N 

Ss-J L-300- 

200 

\ 
^ 

40   45   50   55   60   65 

MAIN ROTOR DIAMETER. D (FT) 

70 
TAIL ROTOR DIA, DT (FT) 

Figure 45.  Tall Surface Data 

128 



in 

° E 

OS 

o 

m 
m 

m 

u 
o 

■u 

to 
> 

'S 
u 

•H 
3 

■P 
M-l 
ID 
U 
u 
u 

>-l 
0 

D1 -P 
Q» O 
« en 
A 6 
V 0) 

ro m 
H 
v « 
n H 
a o» £ c 

•rl 

i . 
C N 

•H -rl 
£ (A 

t 
0) 
P 
3 
CT 

•H 

(M) ^i 'HiONTi aovnasnj wnwiNiw 

129 



M 

•P 
0) 

■rl 
Q 

u 
0 
•p 

0) 
> 

rd 
H 
M 
0) 
> 
O -P 

»M 
0)   (0 

■O   J-i 
n ü 

M 
•H 

u 
o 

■p 
o 
« 

•P 
C   g 

u -o 
M    C 
a> m 

CU  EH 

CQ 

P 
0 

■P 

0) 
p 

tP 
■H 
fa 

OOT x z 'dviMaAO aovia aoiOH iNaoHad 

130 



11   I      ■ll1 

CM 

M-l 

Ü 

16 

^   12 

O 

EM 

H 

-Dxsci^!2 
LBAT' 

ROTOR HUB EQUIVALENT FLAT PLATE DRAG 
VARIATION WITH 

GROSS WEIGHT AND DISC LOADING 

E-i 

H 

O 
w 

H 

EH 

0) 

Q 

W 

32 

30 

28 

26 

24 

22 

20 

AIRCRAFT EQUIVALENT FLAT PLATE DRAG 
VARIATION WITH 

_       GROSS WEIGHT AND DISC  LOADING 

GROSS  WEIGHT   (1000   LB) 

Figure 48 .     Tandem Rotor Propulsion - Unloaded Compound 
Aircraft Drag Variations 

131 

mmm 



■"^^WWH^PW 

1 
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DROOP SNOOT BLADES 
VT=750 fps 

NOTE:  ROTOR HORSEPOWER (RHP) IS REQUIRED 
POWER AT SL STD 

Figure 53. Determination of Required   Rotor  Power  Loading at 
Sea Level Standard Conditions 
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Integrated Lift/Propulsion System Gas-Coupled 
Remote Tip-Driven Cruise Fans - Tandem Rotor 
Aircraft  (System la),  Compound and Composite 
Types 
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B)V3 (CONSTANCE AT MAXIMUM SYSTEM SPEED) 

NTS ■ SPEED OF TAIL ROTOR DRIVE SHAFT,RPM, = 3000 (CONSTANT AT MAXIMUM SYSTEM SPEED) 

NRip « SPEED OF TAIL ROTOR, RPM = 1i310 (AT 750 RPS MAIN ROTOR TIP SPEED) 
T 

RRGB " GEAR RATIO OF MAIN ROTOR GEARBOX = 0.5D 
RTGB « GEAR RATIO OF TAIL ROTOR GEARBOX • 0.21 Dp 

RCB ■ GEAR RATIO OF COMBINING GEARBOX = 1.537:1 (CONSTANT) 

T^gg ■ EFFICIENCY OF ENGINE GEARBOX = 99.0^ 

17CB « EFFICIENCY OF COMBINING GEARBOX = 99.0% 

^RGB " EFFICIENCY OF MAIN ROTOR GEARBOX = 96.0% 
^TRS " EFFICIENCY OP TAIL ROTOR SYSTEM »96.5% 

jle  Rotor Shaft-Coupled Drive System Schematic 
Scaling Data for Integrated Lift/Propulsion 

terns 2a, 2b, and 3, Compound and Composite Aircraft 4 
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PROPULSION SYSTEM RgP AIRFRAME  INTEGRATION 

CONFIGURATION DESIGN  INVESTIGATION 

This section discusses the basic airframe-propulsion system 
integration  factors that appeared to be most  important  from the 
design viewpoint during general  layout investigations.    These 
design studies were made prior to  the determination of the 
size and weight of the optimum aircraft of each type.     Layouts 
of all airframe-propulsion combinations were made with an 
assumed 35,000-pound design gross weight to represent the mid- 
range of the weight spectrum employed in scaling.     In general, 
the difficulties of location and  relative arrangement of pro- 
pulsion components of all  systems were no greater than those 
normally encountered in VTOL vehicle design.     Certain factors 
causing design installation difficulty became apparent,  however; 
and,   as would be expected,   configuration problems of increasing 
complexity were associated with  propulsion systems having the 
largest number of separate major components,  as well as with 
those of the gas-coupled type.    Systems employing gas generators 
remote  from cruise fan assemblies,  whether integrated or inde- 
pendent,  presented an increased number of packaging problems 
and increased the amount of aircraft protuberances.     In addi- 
tion,   these types of systems more severely limited the choice 
of available locations and the flexibility of movement for 
purposes of aircraft balance.    The gas-coupled systems  incorpo- 
rate a relatively large,   common power-turbine package that 
became a problem from aerodynamic  fairing,   structural,   and 
accessibility points of view.    Flexibility of gas-coupled 
system component location was limited by considerations of 
desired minimum duct lengths  from a vulnerability standpoint, 
and the proper integration of ducting with structure from both 
space and heat insulation considerations restricted potential 
design approaches.    The least overall difficult  installa- 
tion was encountered with the integrated shaft-coupled concen- 
tric   (convertible)   cruise-fan system,  since a minimum number of 
components was involved;   the  largest of the components was 
necessarily  located well outboard of the basic  skin lines of 
the  aircraft. 

Tandem Rotor Gas-Coupled Systems     la and lb 

Several potential locations of gas-coupled systems on tandem 
rotor aircraft were investigated.     These included  long-coupled 
configurations, with extended lengths of gas ducting between 
major components, and short-coupled arrangements« where all parts 
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were closely grouped.  A major factor restricting location of 
components from the upper midsection of the fuselage or 
limiting the possibility of running gas ducts through this area 
was the clearance requirement due to the forward rotor maximum 
blade droop angle over the fuselage.  In the case of winged 
aircraft, this restriction was increased because of potential 
interference problems between the wing-tilt carry-over struc- 
ture and mechanism and the propulsion components.  Thus, a 
propulsion system arrangement having some gas-coupled compo- 
nents located forward and some aft on the upper fuselage 
appeared to be a poor design approach. 

Investigation of the possibility of locating all propulsion 
components in the upper forward section of the fuselage near 
or around the forward rotor pylon was also conducted; but space 
limitations were severe, with the common power turbine being 
the major problem. The turbine could not be located forward 
and yet have adequate clearance fcr continuous local structural 
framing around the payload compartment beneath and for rotor 
blades at maximum droop angle above. Designing for the 
required clearance would substantially increase the fuselage 
frontal area. Another undesirable condition that would result 
from locating the fans forward of the wing was fan hot gas 
efflux impingement directly on the wing in cruising flight. 
It was "believed that both gas generators and fans should be 
located high on the fuselage to limit foreign object damage 
during operations near the ground. The wing was also located 
in a high position to effect clearance for tilting.  In addi- 
tion, it was felt that a forward location of propulsion items 
would present undesirable sources of noise adjacent to the 
cockpit area. 

In the case of composite tandem aircraft, the requirement of 
providing space for stowage of the folded forward rotor blades 
practically eliminated the possibility of placing propulsion 
items in a forward position, since all items would have to be 
located outside the contours of the fuselage and blade stowage 
bay. 

A major reason for investigating forward or midship locations 
of gas-coupled propulsion components was the concern for longi- 
tudinal balance of the aircraft if aft locations were selected. 
A tendency for too-far-aft location .of the center of gravity 
was of particular concern on tandem composite aircraft, since 
the weight of a rear-rotor fairing was added and since the blade 
fold and stow aft in cruise flight.  In this study, however, 
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the engine manufacturers'  weights  for advanced state-of-the- 
art propulsion  items  are considerably lighter than  those of 
current equipment.     This  is an alleviating  factor when consid- 
ering the aft  location of powerplant  items. 

Selection of a rear  location for gas-coupled propulsion compo- 
nents in a high-mounted closely coupled arrangement was, 
therefore,  made for all types of tandem rotor aircraft;  and 
satisfactory balance  resulted.     The  location and component 
arrangement for system la in a lift/propulsion compound con- 
figuration  is  shown  in Figure 111;   it  is  typical  for the cases 
of propulsion-unloaded compound and composite tandem rotor 
types as well. 

The common power turbine assembly was located low within the 
base of a large rear rotor pylon near the point of maximum 
thickness.    The pylon chord was made  large to achieve an 
acceptable thickness  ratio.    The power turbine assembly was 
mounted sufficiently low to center around the synchronizing 
shaft so that a separate turbine drive system into the rear 
rotor gearbox would not be required.     Extremely careful struc- 
tural design of the pylon would be necessary to ensure adequate 
accessibility for maintenance and removability characteristics 
of the power turbine assembly.    Cooling could also be a problem. 

The power-turbine synchronizing shaft-speed reduction gearbox 
was mounted on the forward face of the turbine assembly with 
the output shaft running concentric.    The exhaust system from 
the turbine unit   is of the bifurcated type to allow passage of 
gas outward around the rear-rotor-drive gearbox assembly.     The 
gas generators and diverter valves were located forward of and 
above the power turbine so that the gas entry points  to  the 
turbine scroll section were near the top.     This arrangement 
permitted gas generators and valves to be mounted externally to 
the main structure  in a manner providing easy accessibility 
under the    nonstructural cowling.     Gas generator nacelles 
were faired  into the  rear pylon lines.    The fan assemblies 
were located directly adjacent to the diverter valves to per- 
mit the shortest possible gas duct  length.     The ducts connect- 
ing valves and power  turbine were essentially single elbows, 
thus achieving  the  shortest possible duct  length in this 
direction of flow.     The vertical position of the fan assem- 
blies can be varied to some extent  in this arrangement, 
depending on the results of tests  to determine optimum loca- 
tion with respect to  inlet flow patterns generated by rotor 
downwash and wing wake in various  flight conditions. 

174 



— 

In the composite aircraft type, the masking of the gas 
generator inlets ly the forward rotor fairing could cause 
serious problems.  Selection of the aft location of gas- 
coupled propulsion components made it necessary in some scaling 
cases to increase the overall fuselage lengths slightly with 
respect to the basic length used with other propulsion systems. 
Scaling of length was done as a function of gas generator 
airflow as noted earlier.  In cases of the larger rotor- 
diameters and higher design airflows,an increase was required 
because the c as-coupled items were sandwiched longitudinally 
between the droop clearance envelope of the forward rotor 
blades and the rear-rotor-drive gearbox. 

■ 

Although not shown in Figure 111, aircraft accessory drive 
system components would be located in a bay between the two gas 
generators forward of and below the power turbine assembly, or, 
if detailed design layout indicated a difficult accessibility 
problem, these components would be moved to a position aft of 
the rear rotor transmission. 

Rotor synchronizing shafts of all the tandem aircraft run 
forward from the power turbine assembly above the fuselage 
frames and bulkheads for easy accessibility.  In the case of 
winged aircraft, the rotor synchronizing shafts run above the 
carry-through structure of the wing and wing tilting mechanism 
to allow a continuous wing support across the fuselage. 

Analysis indicated that proper balance of all aircraft could 
be maintained with propulsion systems located and configured 
in the manner described.  The slight additional length required 
between rotors in some scaling cases using a gas-coupled system 
would increase rotor center distance and move the rotor lift 
center aft so that its relationship with the estimated center 
of gravity for these cases would be within allowable limits. 
In winged aircraft types, the wings would be positioned 
longitudinally so that the cruise flight center-of-gravity 
range would be within acceptable limits in terms of percent of 
mean geometric chord. 

Single Rotor Gas-Coupled Systems  la and lb 

Longitudinal balance and foreign object damage considerations 
dictated that the gas-coupled propulsion components of single 
rotor aircraft be mounted forward and high on the fuselage, with 
the external contours of all items except cruise fans being 
blended into the main rotor pylon.  This location allowed a short- 
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coupled arrangement of gas-connected parts to be employed in a 
manner similar to  that used in tandem rotor aircraft with the 
same attributes of minimum power loss,  weight,  and vulnerabil- 
ity.     Forward location of these propulsion elements also 
matches well with the choice of a low wing arrangement on the 
single  rotor winged aircraft types,   since the wing would then 
be well clear of the efflux from both  fans and power turbine, 
and no hot gas  impingement problem would exist in any flight 
mode. 

The propulsion systems were  located on the lift/propulsion- 
unloaded compound aircraft,   as  shown  in Figure 113.     The arrange- 
ment  is also typical  for cases of propulsion-unloaded and compo- 
site  single rotor  aircraft types. 

The power turbine  assembly,   as the largest single propulsion 
item,  was  located  in the base of the main rotor pylon just 
forward of the rotor-drive gearbox in such a manner that the 
turbine exhaust could pass  to one side of  the gearbox and exit 
approximately at the rotor centerline station.    The input drive 
shaft  from the turbine reduction gearbox located at the for- 
ward end of the power turbine ran concentrically within the 
turbine unit to  the  rotor gearbox.     Further detailed  layout 
design might show the desirability of integrating the two 
gearboxes  in a common housing; however,   an investigation of 
this nature was beyond the scope of the present study.     The 
power turbine assembly was mounted above  the fuselage bulkheads 
and frames  surrounding the payload compartment; however,   inte- 
gration of this unit with the prime pylon structure would have 
to be carried out very carefully in detailed design to ensure 
adequate accessibility for maintenance and removal. 

In all single rotor aircraft types employing the gas-coupled 
propulsion systems,   the gas generators  and diverter valves 
were forward of the power turbine, and the  fan units were 
mounted on short pylons directly beside  the diverter valves. 
Vertical position of the fans  could be varied to  some extent, 
and final location would be based on results of a further study 
program.     In the case of the compound aircraft,  only short 
elbow ducts were  required between valves  and turbine.     In the 
composite  types,  however,  an additional short length of duct 
was required because of a necessity to move gas generators 
downward and forward to effect clearance with the main rotor 
fairing  in  its  retracted low-speed flight position.     Because of 
this requirement,   the ducting entered the turbine unit scroll 
from a lower vertical position on composite aircraft.    Closer 
gas generator centerlines were then allowed. 
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While no major problems of clearance were encountered between 
propulsion and airframe  items on the compound aircraft,  design 
of a single rotor composite machine was made more difficult 
because of potential  interferences between the retracted main 
rotor  fairing  and  the  propulsion units.     The main rotor pylon 
height was greater on  the composite-type aircraft.     This  is 
because of the vertical distance required between the cruise 
and hover position of the  rotor  fairing with  rotor blade droop 
angle considered and because of the  lower  limitation on the re- 
tracted blade  fairing  imposed by the gas generator cowlings and 
adjacent parts.     To minimize this lower limitation on retracted 
fairing location,   the gas generators were moved forward and were 
lowered to the maximum extent possible commensurate with good 
fuselage structural arrangement. 

The  tail rotor-drive  system was conventional  and posed no spe- 
cial installation problems in the compound aircraft.     In the 
composite aircraft type,   the tail rotor would be stopped and 
locked in a  fixed position in the high-speed  flight regime. 

No detailed study was made of the  location of aircraft accessory 
drive components; however,   initial planning   indicated that this 
system should be located between the gas generators and forward 
of the power turbine on compound aircraft.     The closer spacing 
of gas generators on composite-type aircraft might dictate posi- 
tioning some or all of the accessory drive system aft of the 
main rotor gearbox. 

Tandem Rotor Shaft-Coupled Systems 2a and 2b 

In each of these systems,   two steps were employed in the design 
integration studies.     One was to determine the optimum relative 
groupings of major propulsion system items,   and the other to 
select the best location of these configurations on the air- 
craft.    For both remote  2a and concentric convertible 2b types 
of  systems,   it was desired to employ short shaft lengths be- 
tween components and to use the least  number and simplest type 
of gearboxes to minimize weight and complexity.     In each case, 
a  standard relative grouping was selected for gas generators, 
cross-shafting,   fans,   and the gearboxes coupling power to the 
rotor transmission. 

In the remote gas generator system,   the power  turbine output 
shafts were as short as clearance of  the exhausts from other 
propulsion components would permit.     The gas generator exhaust 
pipes exited on the  skin  line at an approximate 45-degree angle 

177 



warn ■" —-"■ «ii 

to avoid  interference with the engine gearbox,   cross-shafting, 
and fans.     With the relationship of cross-shaft and gas 
generators thus determined,   the cruise fans were positioned 
on the cross-sJuifts in a manner so that they cleared the 
exhausts and permitted use of a simple right-angle bevel gear- 
box outboard and just aft of the  fans.    The cross-shafts  formed 
a shallow upright vee in an end view, with the apex at  the 
transmission synchronizing  shaft  and with the gas generators and 
fans positioned on the  legs of the vee.    The coupling gearbox 
on the synchronizing shaft was of the  spiral bevel gear type 
to accommodate this cross-shaft arrangement.    The vertical 
locations of gas generators and fan assemblies were related by 
their respective lateral offsets  from the aircraft centerline. 
The straight legs of the cross-shaft vee permitted use of a 
single bevel gear set in the engine gearboxes,   and layout 
investigations  indicated that this arrangement permits suffi- 
cient design  flexibility for location of both engines and  fans. 

In the convertible system employing gas generators  integral 
with the fan assemblies,   the coupling gearbox on the synchro- 
nizing shaft  is similar to the other shaft system while the 
Included angle of the cross-shaft vee is dependent on the 
relative vertical locations of the synchronizing shaft and the 
convertible fan assemblies. 

In the case of either shaft drive  system,   it was theoretically 
possible to  locate the selected grouping of propulsion com- 
ponents anywhere along  the synchronizing shaft from the forward 
rotor transmission to the rear rotor gearbox.    Consideration 
of a location near the forward rotor pylon created problems 
of interference with forward rotor blades at maximum droop 
angles, with hot gas impingement on the high wing employed in 
winged aircraft types,   and with a possible high noise  level  in 
the cockpit. 

In the case of tandem rotor composite aircraft,   the require- 
ments of a stowage bay for the folded blades of the  forward 
rotor further mitigated against  location of propulsion com- 
ponents in a  forward position.     A midship location of propul- 
sion items was  ruled out because of blade droop clearance 
requirements on the forward rotor  and because of  interference 
with the wing carry-through structure on the winged aircraft. 
Balance checks  of the tandem rotor aircraft indicated that an 
aft  location of propulsion systems was feasible.     Therefore, 
this  location was selected for both shaft drive propulsion 
systems on all tandem aircraft with components placed between 
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the forward rotor blade droop clearance envelope over the 
fuselage and the  rear rotor drive  transmission.    The arrange- 
ment of these  two shaft drive systems  on the  tandem rotor 
lift/propulsion-unloaded compound aircraft  is shown in Figures 
116 and 12Ü. 

•The design integration of shaft-coupled propulsion systems did 
not require extension of the basic fuselage  length in any air- 
craft type over the scaling range of  interest.    Whether the 
coupling gearbox employed in these shaft propulsion systems 
could be integrated with the gearcase of the aft rotor trans- 
mission would depend on detailed design layout and aircraft 
balance investigations beyond the scope of this study.     It has 
been assumed that the  two gearboxes  are separate units. 

In the case of both  shaft-driven systems,   the coupling gearbox 
was located on the rotor-drive synchronizing  shaft just forward 
of the rear rotor transmission and low within the aft pylon. 
The vertical  location of gearbox and synchronizing shaft and 
the resulting cross-shaft dihedral angles are a function of the 
type of aircraft concerned.     In the propulsion-unloaded type, 
the absence of a wing  and associated carry-over structure 
allowed vertical  location of the  synchronizing shaft in a  low 
position just above the structural framing around the payload 
compartment.     Without  a wing,   the cruise fans could be  located 
in an optimum vertical position from a thrust pitching moment 
point of view,   without  concern for wing wake effects on  fan 
inlets.    However,   choice of too low a  fan position would also 
lower the engines  in the remote gas generator system and com- 
plicate gas generator  installation problems,   including inlet 
design.     In the convertible system,   no such problem arises. 

Presence of a high wing on the lift/propulsion-unloaded compound 
aircraft required raising the synchronizing  shaft and coupling 
gearbox above  the wing section,   since  it was not considered to be 
advisable to pass the  shaft directly through the wing carryover 
structure,   particularly in cases where  the wing was tilted, 
and a tilting  system was required  in the same area. 

The installation aspects of both shaft-coupled systems  in tandem 
composite aircraft were generally similar to  those involved 
with lift/propulsion-unloaded compound types.     Since the pro- 
pulsion components were located aft in both cases,   no component 
interference problems were encountered with  stowage require- 
ments of the  forward rotor system.     The synchronizing shaft  in 
the rotor-drive  system was vertically  located below the  forward 
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rotor stowage bay and above fuselage framing and wing carryover 
structure.  Studies indicated a potential problem of interfe- 
rence between cruise fans and the rear-rotor fairing in its 
retracted (hover) position; however, this problem could be 
avoided by a small increase in rear-rotor pylon height.  On the 
composite types the large forward rotor fairing body tends to 
mask the inlets of the gas generator in the remote shaft-driven 
system (2a) which could create a serious inlet flow problem. 

Investigations of the two shaft-coupled systems indicated a 
clear superiority for the convertible system over the remote 
type from all design points of view. These include relative 
simplicity in terms of numbers of major components, ease of 
design integration with air frame, flexibility in terms of 
vertical location of fans, and maintainability aspects of the 
system. 

Single Rotor Shaft-Coupled Systems 2a and 2b 

Design investigations of the two shaft-coupled systems in 
single rotor aircraft involved the same procedure of determining 
optimum relative component grouping and selection of the best 
location for these groupings on the aircraft.  The selected 
relative groupings of gas generators, gearing and shafting, and 
fans is the same in these single rotcr cases as in the tandem 
cases discussed previously, and for the same reasons.  Location 
of the propulsion elements forward and high on the aircraft was 
selected on the same basis as was indicated earlier for single 
rotor gas-coupled systems, the predominating criteria being 
proper aircraft longitudinal balance and minimum foreicrn object 
damage possibilities.  The integration of the systems with the 
single rotor lift/propulsion-unloaded compound aircraft types 
is shown in Figures 118 and 122. 

In the remote shaft-driven system 2a, it was necessary for 
balance purposes to locate the gas generators and fans far 
forward.  This placement required that the cross-shaft and 
coupling gearbox of the system be located well forward of the 
main rotor gearbox, with a longitudinal main drive shaft 
connecting the two.  A review of alternative configurations 
with cross-shafts driving directly into the main rotor gearbox 
and gas generators in a forward position was made.  These 
configurations were rejected since the length of the high- 
speed engine output shaft was unduly extended and the position 
of the cruise fans was such that Ingestion of exhaust gases 
appeared likely. 
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The forward location of the cross-shaft in the selected con- 
figuration placed the fans in a position sufficiently forward 
with respect to engines to minimize the possibility of exhaust 
ingestion.  The fans were also located sufficiently above the 
engines by means of a vee or dihedral cross-shaft arrangement 
and by use of a downward sloping longitudinal drive shaft from 
the rotor to the coupling gearboxes to allow the engine exhaust 
to exit below the fan inlets. 

The forward location of gas generators on this remote fan drive 
system was constrained in terms of vertical clearances by the 
structural requirement for continuous fuselage framing beneath 
the engine bay on one hand and the droop clearance envelope of 
main rotor blades above the engine cowling on the other. 

The design investigations of single rotor composite aircraft 
employing the remote shaft-driven system made apparent an 
additional problem of potential interference between engine 
cowlings, fans, and the retracted (during low-speed flight) main 
rotor fairing.  When the rotor fairing is lowered sufficiently 
to clear the blade droop envelope, an interference may occur, 
depending on aircraft scaling, unless the location of cruise fans 
is as required to give clearance from engine exhaust impingement. 
The only solutions to this problem are to increase rotor pylon 
height to provide clearance, to increase the lateral offset of 
the fans, or both. 

In the case of the single rotor composite aircraft with convert- 
ible fan system 2b, the fact that the engines and fans were 
concentric removed the engine exhaust fan location problem.  In 
addition, the convertible system fan assemblies could be moved 
forward, though at the expense of a longer longitudinal drive 
shaft.  The fans could also be lowered to the point where 
interference possibilities with a retracted main rotor fairing 
would be eliminated. 

Of the two shaft-driven systems, the convertible fan type was 
distinctly preferable from all installation design viewpoints, 
as was true in the case of tandem rotor aircraft. 

Tandem Rotor Independent System 3 

Initial design investigations were -made of the independent pro- 
pulsion system 3 in tandem rotor aircraft on the assumption that 
the fans would be employed only in cruising flight.  The sig- 
nificant difference between this propulsion system and 
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Integrated systems with respect to design installation was in 
the freedom to separate the cruise fans from the lift system 
propulsion components.  No cross-shafting or ducting to the 
fan was involved. 

For reasons outlined previously in other tandem rotor cases, a 
selection was made of an aft location for the lift system shaft 
turbines and the gearboxes coupling power to the synchronizing 
shaft.  A review of potential locations for the separate cruise 
fans was conducted.  Forward locations on the fuselage were 
eliminated because of hot gas impingement problems on the wings 
of the lift/propuision-unloaded compound and composite types in 
cruise flight.  In addition, it was considered that a possible 
high noise problem in the cockpit area should be avoided,  in 
the case of a propulsion-unloaded aircraft, the forward fan 
location was also rejected, primarily because of possible gas 
reingestion in the lifting system engines. 

Considerable attention was devoted to the possibility of locat- 
ing the fans in a typical under-wing nacelle location on the 
winged types,  it was necessary to consider both the cases of a 
tilting and a nontilting wing, since scaling of the aircraft 
and resulting tandem rotor disc spacing determined whether or 
not the wing would be tilted.  If it was tilted, a standard 
swept-forward pylon mounting of fans resulted in interference 
between fans and the blade droop clearance envelope of the 
forward rotor with the wing in the up position.  If the wing 
was not tilted, a standard pylon mount for the fans resulted in 
a fan inlet height above the ground (or water, if a water- 
adaptable version was considered), low enough to give concern 
over fan Ingestion problems during engine idling conditions, 
particularly under combat conditions. 

It was assumed that the cruise engines of the independent 
system would be operated at idle power during vertical opera- 
tion as a standard procedure in the case of no-fan-lift augmen- 
tation.  A further consideration in the under-wing fan was the 
spanwise location of fan assemblies on the wing.  Review of 
positions close to the fuselage indicated a probable high 
interference drag characteristic with fuselage and landing 
gear sponsons. A location substantially farther outboard on 
the wing gave concern for engine-out thrust unsymmetry problems 
in high-speed cruising flight. 

An equivalent position of fans considered for propulsion- 
unloaded tandem rotor aircraft was a pylon mount from the 
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fuselage longitudinal midsection.  If the nontilting fans were 
mounted high, the lift system engine reingestion problem re- 
appeared.  If mounted at a midfuselage waterline or below, the 
foreign object damage situation with idling engines was again 
of concern.  In this latter case, a difficult structural 
mounting problem for the fan assemblies was also present. 

The selected location for the fan assemblies on all tandem air- 
craft types, where fans provide no hover thrust, was high and 
to the rear on the aircraft fuselage adjacent to the shaft 
turbines of the lifting system.  The configuration is thus 
generally similar to the integrated remote shaft-coupled system 
2a except for the absence of cross-shafting to the lift 
system (see Figure 124).  Since no fan cross-shafting was 
involved, the cruise fans could be moved forward to some degree 
with respect to the lift system engines; they could also be 
placed in a position where shaft turbine exhaust would not 
impinge on or be ingested by the fans.  However, the selection 
does create difficult combined problems of lift powerplant 
installation and fan structural mounting since four engines 
in close proximity are involved. 

The fan pylon mounting structure required could interfere with 
the accessibility and removability characteristics desired for 
the lift system shaft turbines.  Layout design in sufficient 
detail to assess all the problems that might be encountered in 
this area was beyond the scope of the study; however, it was 
clear that this independent system posed many more design 
installation problems than the integrated systems studied.  One 
of these was a tendency for the aircraft center of gravity to 
move further aft than desired. 

Single Rotor Independent System 3 

Design study of the independent propulsion system installation 
on single rotor aircraft types, assuming no use of fans as a 
vertical lifting aid, was conducted based on the same general 
considerations employed in assessing other configurations. 
The lift system shaft turbines were located high and forward 
on the aircraft to minimize foreign object damage and maintain 
aircraft balance. The location of cruise fans with respect to 
the shaft turbines was again primarily a function of avoiding 
engine exhaust impingement on the fans and exhaust Ingestion. 
Therefore, the fan assemblies had to be forward of and 
separated vertically from the exhaust sections of the shaft 
turbines.  Since it was impossible to conduct detail balance 
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calculations for all airfrarae-propulsion design integration 
studies, the exact location required for all items was not 
determined, and the major variable item with balance would 
be the length of the longitudinal drive shaft to the main 
rotor gearbox. 

The selected propulsion configuration for this case is shown 
in Figure 125.  The design installation complexity of locating 
four engines together in the same area improved somewhat over 
the tandem rotor case» since the fans could be mounted directly 
off the upper shoulders of the fuselage in a main longeron area, 
and since they should not interfere with mounting of and acces- 
sibility to the bay for the shaft turbines.  Since a low wing 
was employed in the single rotor aircraft, the exhausts of all 
engines could be arranged to clear airframe components.  How- 
ever, local fuselage protection against high exhaust tempera-* 
tures must still be provided. Detailed balance calculations 
might show that a danger to personnel from engine exhaust near 
the forward door of the payload compartment existed, depending 
on the exact relationship of exhaust and door.  Since the 
vertical location of fans was independent of shaft turbine 
location, no fan clearance problem with the retracted rotor 
fairing of the composite-type aircraft was present.  In air- 
craft types where the flight regime requires combined operation 
of all engines, the cockpit noise would undoubtedly be high. 

As in the tandem rotor cases involving independent systems 
with no fan lift assist, there are several potentially serious 
propulsion system design installation problems.  These problems 
are mainly a function of the number of separate major compo- 
nents required in the system. 

Fan-Augmented Vertical Lift 

Discussion thus far of independent propulsion system 3 has not 
covered the case of fan tilting or fan exhaust deflection to 
supplement rotor lift during vertical operation.  It appears 
advisable to consider these possibilities for reducing the 
total rotor thrust and installed power requirements during 
hover flight.  The fans in this propulsive configuration would 
be installed separately, and would be available for lifting 
use if their thrust could be properly directed.  Even if not 
tilted or deflected, they would probably be run at idle power 
as a standard procedure during vertical operation, thus con- 
suming fuel in any case. 
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In addition to aspects of airframe design integration feasi- 
bility of tilting/deflecting fans, certain basic operational 
problems would result from their use: 

1. Fan Downwash Velocity - The downwash velocity of 
highly (relative to rotors) disc loaded fans is on 
the order of 400 to 800 feet per second, depending 
on bypass ratio.  It is doubtful that downwash veloc- 
ities of this order would be tolerable in an ^rmy 
forward-area environment, since problems of recircula- 
tion, foreign object damage, heavy dust signatures, 
poor flight crew visibility, and hazards to ground 
personnel and equipment could result.  If a require- 
ment for normal operation from water areas is also 
to be considered, the effect of these downwash 
velocities as a disturbing factor on the water and on 
the aircraft could be a problem. 

2. Fan Exhaust Gas Temperature - If engine exhaust is 
diverted downward, hot gas plumes of approximately 
1000oF impinge on the ground near the aircraft, posing 
potential hazards to adjacent ground personnel and 
equipment.  Some improvement could be obtained by 
attempting to mix the cooler fan efflux or ambient 
air with the engine exhaust, though a device for this 
purpose should not unduly penalize the system in 
terms of additional weight or cruise flight drag. 

3. Fan Noise Signature - A substantial increase in air- 
craft noise signature during vertical flight could 
result from full power operation of the fans as 
opposed to idle operation. 

It would thus appear that employment of these cruise compo- 
nents to aid the lifting rotor requires operational acceptance 
of problems commonly attributed to much higher disc loaded 
VTOL concepts in an aircraft whose basic concepts are set up 
to avoid these problems. 

From a vehicle safety standpoint, the major problem is the 
consequence of a fan engine failure in hover flight.  A 
sudden loss of all or a major part of the power on one side 
of the aircraft could result in a vehicle's rolling accelera- 
tion greater than that available from rotor control 
counteraction. 

* 
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In such cases a particularly swift and automatic sensing of 
the disturbing acceleration would be required so that the 
thrust of the remaining fan could be lowered or cut completely. 
If the fans are initially providing a substantial percentage 
of the hover lift, vertical equilibrium would be greatly af- 
fected and a sudden increase in rotor lift would be required. 
If fast-acting automatic controls are employed for such an 
emergency, the control sensitivity and authority would have to 
be worked out carefully to avoid a possibility of inadvertent 
action during normal pilot-induced maneuvers. 

Another way to protect against a large amount of asymmetric 
lift with a fan engine failure is to provide an intershafting 
or interducting system between the two fan engines so that 
either or both can power both fans.  This means the addition 
of weight and complication because of the cross-tie arrange- 
ment, power pickoffs from the engines, and a means for 
eliminating rotation of a disabled engine. 

In the case of a tilting fan arrangement, the proximity of the 
plane of the rotor disc can have a significant effect upon 
the magnitude of rotor vibratory forces, depending on the exact 
geometry of the particular design.  With tandem rotor con- 
figurations, the existence of these high-pressure sinks 
directly under the rotor blades can cause a 2/rev/blade vibra- 
tion in both rotors estimated as more than 0.04g. 

Certain additional design installation factors are important 
when considering the feasibility of tilting or deflecting 
cruise fan thrust durii 7 hover flight.  Among these are the 
following: 

1. Fan location to avoid any large longitudinal pitching 
moments from fan thrust throughout the tilting or 
deflection angle range, or large changes in fan static 
weight moment when tilting. 

2. Avoidance of fan exhaust impingement on pa-ts of the 
airframe. 

3. Requirement for design of a high-reliability 
synchronized fan tilting system. 

4. Design of efficient thrust deflecting devices which 
minimize exhaust system losses in cruising flight. 
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The following paragraphs discuss the general results of a 
study of design installation feasibility of cruise fan thrust 
vectoring on the various aircraft types from the airframe 
integration point of view. 

Tandem Rotor Aircraft - Design investigations of propulsion- 
unloaded aircraft showed that the absence of a wing permitted 
the possibility of mounting tilting fan systems on the sides 
of the fuselage in a location approximately coincident with the 
aircraft center of gravity, thus eliminating or minimizing the 
requirement for trimming fan thrust moments through the range 
of tilt angles. However, the required location of the tilting 
axis would make the structural mounting and tilt system design 
very difficult. 

Even if the fan inlet were located just below the maximum droop 
clearance envelope of the forward rotor blades, the tilt axis 
of the fan assembly would lie below the fuselage level 
corresponding to the top of the pay load compartment.  The 
vertical distance would depend on the fan size in a particular 
case. 

With a fuselage frame radial thickness of about 4 to 5 inches, 
a mounting incorporating a synchronized tilting mechanism 
would be structurally inefficient if not totally impractical. 
If it became desirable to install an intershaft system between 
fans to preserve symmetrical engine-out thrust, the cross 
shaft would have to run directly across the payload space, 
an obviously unacceptable situation.  In addition, use of an 
average fan/engine size showed that the gas generator tail- 
pipes would be located approximately 4 to 5 feet above the 
ground.  It was considered that this location would cause 
serious effects on the ground and would not be acceptable 
for water operation since the hot tailpipes would almost 
touch the water at a zero roll angle.  In addition, the tail- 
pipe location was judged to be too close to both sponson 
fuel tanks and main landing gear, although the mounting pylon 
could be lengthened laterally to alleviate this condition. 
This tilting installation was not considered to be feasible 
from a total design installation viewpoint. 

The general installation characteristics of a deflected thrust 
arrangement were also reviewed for applicability to a propul- 
sion-unloaded tandem rotor aircraft.  In this case the cruise 
fans would be fixed on a pylon off the upper fuselage shoulder 
with the structural support beam running across the upper 
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longerons and beneath the transmission synchronizing shaft. 
The fans would be located longitudinally on the fuselage so 
that the net line of action of the gases would run nearly 
through the center of gravity of the aircraft at all deflec- 
tion angles, and the fan contours would clear the maximum 
droop envelope of the rotor blades. 

Two potential problems were considered which, it is believed, 
could be overcome satisfactorily.  The first was the heating 
effect of deflected exhaust on fuel sponsons and landing 
gear.  The span of the mounting pylon could be increased to 
alleviate this problem and the exhaust thrustline canted 
several degrees laterally outward until no impingement 
occured.  If the cant angle were small, very little vertical 
fan thrust would be lost in the system. An alternative would 
be to use a deflection device turning only the fan bypass 
air, and allowing the engine exhaust to pass straight aft at 
all times; however, it is not known whether such a device 
could be configured in an efficient and practical manner. 

The second concern was the possibility of Ingestion of fan 
system exhaust into the inlets of the rotor-drive-shaft tur- 
bines in cruising flight, since fans are mounted well forward 
of the lift system engines.  However, the relative lateral 
and vertical displacements of fans and shaft turbines together 
with the effect of rotor wash on fan efflux would appear to 
lessen the possibility of reingestion.  In general, the design 
configuration was considered to be practical, although a de- 
tailed flow investigation program was believed to be necessary. 

Review of the possibilities of locating tilting cruise fans 
on lift/propulsion-unloaded tandem rotor winged compound 
aircraft indicated that a pylon mounting off the wing under- 
side could be effected whether the wing tilted or not.  In 
the case of wing tilt, the fans would be attached rigidly to 
the wing at inboard locations.  If the wing were fixed to the 
fuselage, the fans could be trunnion-mounted from attachments 
ahead of the forward spar and tilted independently of the 
wing.  In either case, the fan nacelle would have to be 
located sufficiently aft on the wing chordwise so that the fan 
front face would clear the rotor droop clearance envelope. 
This position leaves the engine exhaust very close to the 
ground when the fans are tilted up. 

Location of fans on the wing minimized the longitudinal pitch- 
ing moment arm from thrust centerline to aircraft center of 
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gravity in the hover position. However, this distance would 
still be about 3 to 4 feet and would involve the requirement 
for a significant amount of trim by differential collective 
rotor blade angle.  Rearward movement of the wing to reduce 
fan moment arm to zero would upset the desired wing center- 
of-prossure and aircraft center-of-gravity relationships. 

Spanwise location of fan pylons on the wing should be as close 
inboard as possible (without incurring exhaust impingement 
on the airframe or high interference drag effects with 
fuselage and sponsons)#so as to minimize the effect of lateral 
thrust moments in an engine-out condition.  This arrangement 
was considered to be practical. 

Use of a deflected thrust arrangement for the cruise fans in 
this aircraft type was considered for both tilting and non- 
tilting wing cases.  If the wing was tilted» it seemed a poor 
choice to mount the fans independent of the wing and then to 
deflect fan exhaust, since the wing was a ready mount for 
tilting.  In addition, a fuselage mounting at the midsection 
area is structurally difficult, the fan assemblies must be 
mounted much too low on the aircraft from a foreign object 
damage viewpoint, and the fan exhaust would impinge on the 
lower wing surface in cruise flight.  The arrangement was thus 
considered to be impractical. 

If the wing did not tilt, the fan assembly could be pylon- 
mounted beneath the wing as described above and employ a 
thrust-vectoring nozzle system. Here the line of action of 
the deflected thrust could be made to act through the air- 
craft center of gravity by proper longitudinal positioning of 
the nacelles on the wing.  The main problem associated with 
this configuration is a low fan nacelle inlet even when the 
nacelle is located as close to the wing as possible, thus 
providing a high susceptibility to foreign object damage in 
a rough-field operating environment.  This problem was con- 
sidered to be sufficiently serious to label the combination 
impractical. 

Design integration reviews of tandem rotor composite aircraft 
with independent fan thrust vectoring yielded results similar 
to those noted previously for tandem rotor winged compound air- 
craft. A further consideration in composite cases was the 
possible clearance problem of tilting fan nacelles with forward 
rotor bay fairing doors in the vertical flight configuration. 
Tilting fans might have to be moved further out spanwise on the 
wing to correct such a problem. 
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Single Rotor Aircraft Types - On propulsion-unloaded aircraft, 
the requirement for location of tilting fans at or near the 
aircraft longitudinal center of gravity to minimize longitud- 
inal trim problems through the tilting range indicates a 
placement of the fan tilt axis directly beneath the center 
of the main rotor. This axis can be sufficiently high on the 
aircraft to allow a good structural pylon mounting and to pro- 
vide for a proper interconnected tilting system design confi- 
guration.  However, a possible space interference problem 
with the main rotor transmission is indicated.  This location 
gives an exhaust ground clearance in the hover position of 
about 8 feet, a distinct improvement over the equivalent 
tändem rotor case. 

A similar problem of exhaust impingement on the sponsons 
housing fuel and the main landing gear is present, however, 
unless the fan pylons are lengthened sufficiently to allow 
exhaust clearance from airframe.  Greater lateral offsets 
result in proportionate increases in fan asymmetric thrust 
under engine failure conditions for the hover and cruising 
flight modes.  The major problems expected from this configura- 
tion, however, would be the possibility of lift system shaft 
turbine exhaust Ingestion by the fans in the cruise-flight 
mode, with exhaust impingement on the fans also probable. 
On this basis, the design configuration was rejected. 

A thrust deflection system on this aircraft type suffers from 
the same p oblem of exhaust impingement on sponsons in the 
vertical lift position unless fan lateral offsets are fairly 
large and/or the exhausts are canted outboard.  It appears 
possible in this case, however, to locate the fans sufficiently 
forward, with the exhaust line of action still near the center 
of gravity to eliminate the fan Ingestion problem.  Impinge- 
ment of shaft turbine exhaust on the fans still appears to be 
probable unless long shaft turbine tailpipes are employed. 
This configuration appeared to be marginally acceptable. 

Review of the possibilities of installing a tilting fan system 
on the lift/propulsion-unloaded aircraft type showed that the 
presence of a low wing beneath the aircraft center of gravity 
made this configuration unacceptable. The fan Ingestion 
problem was also present; therefore, the layout was not con- 
sidered to be a practical one. 

The deflected fan exhaust case was also rejected because of 
the presence of the wing below the fan exhaust.  Even if the 
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fans were offset  longitudinally from the center of gravity 
in either direction so as to prevent  impingement in the hover 
position,   the problem usually would be present at intermediate 
fan tilt positions. 

Results  for the composite aircraft type are the same as  for the 
winged compound case previously discussed. 

DESIGN OPTIMIZATION TECHNIQUES 

Following  is  an outline of the optimization methods employed 
to define parameters required for selection of the optimum 
aircraft of this  study.    The first portion describes the  aero- 
dynamic work  in this area. 

I 
In general, a specified disc loading and gross weight, along 
with drive system efficiencies, defined the installed power 
required for a hovering capability of 6000 feet at 950P 
temperature.  Rotor shaft horsepower and auxiliary thrust 
requirements for cruising flight were also defined for each » 
configuration in the matrix of aircraft investigated. After 
specification of performance requirements, the configuration v 
characteristics were defined by the installed power or by an 
aircraft constraint. Constraints and configuration definition 
are discussed in detail in the following paragraphs. 

Ground Rules and Constraints 

The three aircraft types under study, propulsion-unloaded., lift/ 
propulsion-unloaded, and composite, in both single and tandem 
rotor configurations, were defined in accordance with the 
following ground rules and constraints. 

Ground Rules - The basic aerodynamic criteria to which all 
aircraft were made to comply are labeled ground rules.  They 
specify operating conditions and provide a common basis for 
comparison. The following ground rules apply: 

1. Rotors of the propulsion and lift/propulsion-unloaded 
aircraft were operated at the hxghest lift at which 
95 percent of maximum rotor lift/drag ratio (L/DE) 

could be obtained. 

2. A wing aspect ratio (AR) of 6 was selected for all 
lift-unloaded configurations. 
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3. Wings of the lift/propulsion-unloaded aircraft were 
operated at a maximum lift/drag ratio (L/D) of 18.45; 
they were used at an operating lift coefficient (CT) 

of 0.54 at the design cruise flight condition. 

4. The rotor solidity required for lift/propulsion- 
unloaded and composite aircraft was defined at the 
design hover condition of 6000 feet altitude and 
950Ftemperature by a thrust coefficient (CT/O) of 
0.11. 

5. Composite aircraft transition speed was set at 125 
knots, and on this basis a wing loading of 80 pounds 
per square foot was employed for this type. 

6. A sea level maximum speed limit of 350 knots was 
placed on composite aircraft types based on both 
a structural dynamic pressure limit commensurate 
with airframe weight estimates and on a fuselage criti- 
cal Mach number. 

7. Vehicle design cruise speed was defined at a power 
setting of 90 percent of maximum. 

8. All forward flight performance work in the basic 
study was based on sea level standard ambient 
conditions. 

Constraints - Specific limitations on rotor operation were 
based on test data and experience accumulated by the Vertol 
Division of Boeing.  Rotors were not operated beyond the 
following limits: 

1. An advance ratio (forward speed/rotor tip speed 
ratio, u )   of 0.8. 

2. An advancing blade tip Mach number. 

(forward speed + rotor speed _ MT \ of 0.92 
sp3ed of sound ^QJ 

3. A plane of no feathering angle (apNp) not greater 
than 15 degrees 
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4.  Rotor limitations associated with blade stall as 
discussed in the section titled Compound/Composite 
Configuration Studies. 

Matching Methods 

Application of cruise fans to the propulsion-unloaded, lift/ 
propulsion-unloaded, and composite aircraft appeared to have 
potential at high speeds where basic rotor system propulsive 
capability diminished. 

The cruise fans used in this study attain propulsion efficien- 
cies equal to or greater than the conventional rotor systems 
at speeds above 200 knots.  The aerodynamic procedure employed 
in matching cruise fan propulsion systems with each aircraft 
type is outlined in the following paragraphs. 

Propulsion- Unloaded Aircraft - In this case the rotors were 
operated a^ 0.95 (VüE^max unt^1 limited by a 15-degree plane 
of no feathering. Prom this point on, the cruise fan systems 
were required to provide the additional propulsion force while 
the rotor still provided all the required lift. 

In this approach the additional propulsion requirement (cruise 
fan thrust required) and rotor horsepower were defined for the 
anticipated range of operating speeds and gross weights. 

In the case of integrated propulsion systems, the thrust 
available (that thrust capability provided by the excess gas 
generator airflow not used in driving the rotor system) plotted 
against thrust required defined the maximum and cruise-speed 
values as shown in Figure 75. 

The mission fuel requirement was then calculated by using the 
90-percent power setting and pertinent cruise speed in the 
design mission profile. The values of total required cruise 
fan airflow, required rotor blade area, and mission fuel were 
defined across the matrix of study input parameters by 
repeating the calculations for each combination of disc loading, 
gross weight, bypass ratio, and type of propulsion system, with 
the exception of independent propulsion system 3. 

In this case, cruise propulsion force was provided by an inde- 
pendent fan system, and maximum speed could not be defined by 
using excess gas generator airflow. Instead, a desired maxi- 
mum speed of 270 knots was specified, and the resulting cruise 
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Figure  75,     Thrust  Available  and Thrust  Required 
vs.   Forward Speed 
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fan airflow requirement was determined for a 90-percent power 
setting and the associated cruise speed. Mission fuel and 
other required parameters were then computed. 

A matrix of candidate aircraft were thus defined in terms of 
the various disc loadings and bypass ratios of the study for 
each propulsion system. This procedure enabled selection of 
an optimum configuration fulfilling all design requirements. 

Lift/Propulsion-Unloaded Aircraft - In this type of aircraft a 
wing was the primary lifting device in cruising flight, 
carrying approximately 80 percent of the total lift at maximum 
and cruise speeds.  Rotors were operated at a nominal lift 
value and slowed to provide minimum rotor drag in cruise 
flight.  This minimum rotor drag condition was defined at an 
advance ratio (M) of 0.8. 

With such rotor operation the cruise fan provided essentially 
all the propulsive force required to overcome aircraft drag at 
cruise and maximum speed.  As noted earlier, the area of the 
wing was determined by use of an operating lift coefficient 
of 0.54 at the design cruise condition. A margin for aircraft 
maneuver capability was thus allowed. 

Required cruise fan thrust values were determined for a range 
of gross weights for each disc loading.  In the case of 
integrated propulsion systems the thrust available was again 
computed from the gas generator airflow remaining after de- 
ducting the amount required for the rotoi to sustain the 
nominal lift values. 

The thrust required and thrust available data again provided 
the maximum and cruise speeds for the various propulsion 
systems as shown in Figure 7 5.  The associated parameters 
required to complete the aircraft design matrix were then 
computed as indicated previously.  Independent propulsion 
system 3 was again an exception, and a rotor limit speed of 
270 knots was utilized in this case to define the comparative 
requirements of the fan system. 
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Composite Aircraft - The composite vehicle differs from the 
other types in that the rotor is stopped and stowed for high- 
speed flight.  In the performance analyses at high speed this 
aircraft type was treated as a conventional airplane employing 
cruise fan engines.  Transition occurs at 125 knots, and 
above that speed the cruise fans provide all of the propulsion 
force and the wings provide all of the lift.  The maximum and 
cruise speed capabilities were again a function of matching 
the thrust available and thrust required.  For integrated 
propulsion systems the thrust available was provided by 
utilizing the total gas generator airflow installed for 
propulsion, this value being based on the installed value 
determined by the design hov^r condition as modified by for- 
ward flight ram effects.  Figure 76 presents a typical 
example of the available and required thrust variation as a 
function of forward speed. 

Independent propulsion system 3 is an exception to this 
approach since the thrust available is not defined by the 
hover gas generator airflow.  Independent cruise fan thrust 
was provided in this case to fix the aircraft maximum sea 
level speed at the 350-knot limit defined previously. 

For these composite aircraft the mission fuel and other data 
required for the design matrix were computed to complete the 
performance matching for this type of vehicle. 

Mission Definition 

A fixed design mission was employed for all parametric aircraft 
in the matrix.  The mission profile, used to define design 
fuel requirements in all cases, is as follows: 

1. Warm-up and takeoff - 2 minutes at normal rated power. 

2. Cruise outbound - 100 nautical miles at 90 percent of 
maximum power. 

3. Midpoint landing and takeoff - 2 minutes at nc mal 
rated power, 

4. Cruise inbound - 100 nautical miles at 90 percent 
of maximum power. 

5. Land with reserve of 10 percent of initial fuel. 
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Figure 76 . Example of Thrust Available and Thrust Required 
Variation 
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For this mission the payload of 6000 pounds was carried both 
outbound and inbound. 

An additional mission was flown to define the ferry range 
capability of each optimum aircraft.  The definition of this 
mission profile is as follows: 

1. Warm-up and takeoff at sea level standard conditions - 
2 minutes at normal rated power. 

2. Climb on course at the optimum altitude for best 
range. 

3. Land with a reserve of 10 percent of the initial fuel. 

For this mission the ferry takeoff gross weight was defined by 
either a performance limitation or by a reduced flight limit 
load factor of 2.0, depending on aircraft type. 

The performance limitation for the propulsion-unloaded aircraft 
specified that at the maximum ferry gross weight the minimum 
power required for level flight, plus an increment for a 500- 
foot-per-minute rate of climb, be no greater than normal 
rated power.  For the lift/propulsion-unloaded aircraft the 
same criteria applied.  A lift coefficient of 1.5 was used to 
define the wing lift; this provided the maximum increase in 
the required gross-weight-to-power ratio. 

The composite aircraft ferry mission involved a rolling takeoff 
similar to that of a fixed-wing airplane.  A performance 
limitation employed for this aircraft type was that the thrust 
required at the maximum allowable break-ground speed of 
approximately 125 knots (10 percent above the stall speed) 
be no greater thaw the maximum available cruise fan thrust. 
The maximum airplane lift coefficient employed in this case 
was 2.4. 

Method of Selection of Optimum Aircraft 

The study required that 30 optimum aircraft be selected.  The 
combination of aircraft configurations, concepts, and cruise 
fan propulsion systems making up the 30 aircraft is shown 
in Figure 77. 

The major parameters to be varied to provide a basis for 
selection of the optimum aircraft in each of the above cases 
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are  shown  in Figure   78.    The  range  of variation is  also 
indicated. 

The criterion employed for selection of each of the 30 
optimum aircraft was peak relative productivity in  the  design 
100-nautical-mile  radius mission profile.     Relative productiv- 
ity was  defined  as  the 6,000-pound design pay load  times 
design  cruise  speed per pound of empty weight. 

To determine  an  optimum aircraft,   a unique combination of disc 
loading,   bypass  ratio,   and gross weight  yielding peak 
productivity had  to be defined.     Propulsion  systems  and 
airframe  scaling  data  in the  areas  of design sizing,   weights, 
and aerodynamic  drag were established over  the parameter range 
of interest.     Point  design   layout  investigations  sufficient 
to validate scaling  factors were also conducted. 

In the case of each optimization,   the approach was  to analyze 
the 36 aircraft representing all parameter combinations  shown 
in Figure  78  for the  fixed design mission to obtain  the 
required amounts of  fuel,     in addition,   an aircraft group 
weight  analysis was  conducted on  all  combinations  to determine 
available payloads  covering  the  gross weight  scanning points 
shown.     This procedure allowed determination of the actual 
gross weights of  12  candidate aircraft  in each optimization, 
all capable of carrying just the 6000-pound design payload 
for the mission.     Plots of payload required versus payload 
available,   as shown in Figure 79,  were used for this purpose. 

Empty weights of  the  12 candidate aircraft were obtained in 
each optimization procedure by subtracting from the gross 
weights  the known useful loads,   which were composed of the 
6000-pound payload,   the 750-pound  fixed useful  load,   and the 
appropriate mission  fuel. 

The aerodynamic analysis also provided the sea level design 
cruise and maximum  speeds of the candidate aircraft.    Cruise 
speed was defined at  90 percent of maximum power.     In the 
case of aircraft with integrated propulsion systems,   the 
speeds were obtained by matching available and required power 
in the conventional manner,  with available power being de- 
termined by the amount installed for the 6000-foot,   950F 
design hover condition.    In the case of  independent propulsion 
systems,  determination of the speeds was based on airfraune 
limiting  factors,   depending on the aircraft concept being 
considered. 
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X  = SCANNING  POINT 

CONSTANT: 
DISC  LOADING 
BYPASS   RATIO 

PAYLOAD 

6000 LB 

25,000 GW        35,000 

GROSS  WEIGHT   (LB) 

45,000 

Figure 79 . Gross Weight Determination  for  a Candidate 
Aircraft 
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The  relative productivity values   for  the   12   candidate  aircraft 
in each optimization  case were then computed;   the results were 
plotted against  the matrix of disc  loadings  and bypass  ratios, 
as  shown  in Figure   80.     Aircraft      -oss  weight variations were 
also shown  for reference purpose. . 

In  the  optimization procedure  the  candidate  aircraft with peak 
relative productivity within  the parametric  range of study 
was  selected regardless  of whether  this  aircraft had a minimum 
gross weight.     If  at  a point  in  the procedure  it became  clear 
that certain parametric combinations would yield far-from- 
optimum candidate  aircraft on  the basis  of productivity,   these 
combinations were  eliminated  to reduce   final  computation  loads. 
It was  found possible  in the  selection of  the optimum aircraft 
to pick integral  values  of disc  loading  and bypass  ratio 
without  compromising  accuracy of  the  results.    Discretion was 
employed in the  selection with respect  to practical aircraft 
design,   and  thus  in  some  cases  a  slightly  lower productivity 
aircraft with  a moderate  size  rotor diameter was chosen 
instead of a higher productivity candidate with an extremely 
large rotor diameter. 

Figures  81  through  110  show the  results of  the optimization 
procedure  and  indicate  the candidate  aircraft  selected in 
each of  the  30  cases  studied.     Tables  V through X give  a 
tabular summary of the results obtained directly from the 
selection plots.     The  design cruise  speeds  shown in this 
summary were obtained by interpolation  of  the aerodynamic data 
computed for  the  gross weight scanning points used in the 
analysis,   and at the proper values of  the other major param- 
eters. 

Selection of the optimum aircraft in terms of major parameters 
permitted design  layout and group weight breakdown definition 
of these vehicles.     Design data sheets were employed to define 
each aircraft for  layout sizing purposes.     The scaling data 
defined in  the  propulsion and airframe preliminary design 
phases of work was used for this purpose. 

Aircraft  summary weight  statements   (refer  to Tables XII  through 
XVII)  and a further breakdown of propulsion system weights   (re- 
fer to Tables XVIII through XXVII)   for each optimized aircraft 
were also derived by use of the propulsion and airframe weights 
scaling data at  the  specific parameter values of these  air- 
craft.     This weight  data is  discussed  in  the  following para- 
graphs. 
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Weight Estimating  Procedures 

The weights presented  in this  study were derived  from previous 
experience of The Boeing Company in  terms of  statistical  and 
analytical trends,   from parametric data contained  in the 
cruise  fan propulsion system study of Reference 1,   or from 
specific established ground rules. 

Inputs   for determination of weight  scaling  trends  of airframe 
groups were obtained  from the design  layout drawings and  from 
design scaling  rules  set forth elsewhere in this report. 
Additional inputs were obtained from an aerodynamic analysis 
performed over the matrix of parametric aircraft studied and 
from the propulsion analysis of the scaling  factors involved 
in the five propulsion  systems  studied,   in which propulsion 
item weights varied as  functions of a design airflow parameter. 
Ground rules  established the weights of  fixed equipment and 
fixed useful load  items for all parametric aircraft under 
consideration. 

Group weight data sheets were prepared  from these  inputs based 
on the format of MIL-STD-451,   Part 1,   covering all aircraft 
type and propulsion system combinations  in the required disc 
loadings and  fan bypass  ratios selected for  study.     For these 
combinations a gross weight scanning  range of 20,000 to  50,000 
pounds was established,   and weight summaries were prepared  for 
specific gross weight points  of  25,000,   35,000 and 45,000 
pounds  in each case.     This weight data provided the basis   for 
the selection process of candidate-for-optiraum and the final- 
optimum aircraft. 

Selection of the optimum aircraft allowed use of the same 
parametric weight trend data to be employed  in defining  the 
aircraft group weight summaries and propulsion system weight 
breakdowns presented in this  report. 

Fundamental Ground Rules - Weight items held constant on a 
ground-rule basis  for all aircraft were:     fixed equipment  at 
2935 pounds,   fixed useful load at 750 pounds,  and design mission 
payload at 6000 pounds.    Other design constants used in the 
estimation of weights are as  follows: 

Rotor tip speed 750  fps  factored by 1.2  for 
design limit 

Rotor blade  t/c 15 percent at 0.25  radius 
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Rotor blade average t/c    11 percent 

Limit load factor 3.0 

Ultimate load factor       4.5 

Wing aspect ratio 

Wing t/c 

Taper ratio 

15 percent 

0.5 or 0.35, depending on 
configuration 

1970 State of the Art - The engine and cruise fan weights used 
in this study were based on the data contained in Reference 1. 
The weight data given in this report is projected for the 1970 
time period. 

The structural and drive system group weights were derived 
from the current Boeing Company weight trends.  Adjustments 
were made to these weights for the improvements in material 
and manufacturing technologies anticipated by 1970, 

The structural group items were reduced by 5 percent to allow 
for projected greater use of titanium, honeycomb sandwich 
construction, and advanced rotor hub and blade concepts. 

The drive system weights were reduced by 10 percent to allow 
for increased hertz stress index resulting from gear improve- 
ments through shot-peened surfaces, increased carbon content, 
and for new steels and lubricants. 

The percentage weight reductions anticipated are considered to 
be conservative and within the limits of known improvements in 
technology. 

Weights Procedure - Using the input data supplied by the tech- 
nology groups, weights were evaluated for each parametric air- 
craft point in accordance with the trends previously discussed. 
For each aircraft type and disc loading, weights were assefjsed 
at the three scanning design gross weight values and the four 
bypass ratios.  In each case the weight empty, fixed useful 
load, and mission fuel were added and their total subtracted 
from the gross weight to obtain an available payload. These 
payload available figures were then plotted against a gross 
weight scale to determine the gross weight of the aircraft 
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capable of carrying the required 6Ü00-pound payload as pre- 
viously indicated. 

Based on the method described in the preceding section, optimum 
aircraft were selected.  For each case the gross weight, disc 
loading, and bypass ratio of these optimum aircraft were then 
defined.  The group weight statements for these aircraft were 
made up by means of interpolation between appropriate points 
within the parametric range of variables. 

During the early stages of aircraft design layout investigation, 
center-of-gravity location and balance checks were conducted 
on several configurations.  These preliminary checks gave the 
design group information necessary to plan and to lay out the 
final designs for the optimum aircraft. 

Supplemental studies involving high-speed sensitivity of air- 
craft using a typical integrated propulsion system and an 
aircraft employing tilting cruise fans were also performed. 
The weight information required in these cases was gained by 
applying the same weight trend data and by using the same weight 
ground rules employed in the basic study. 

OPTIMUM AIRCRAFT DESIGN DEFINITION 

A previous section of this report discussed the  results of 
airframe-propulsion design integration studies conducted on a 
generalized basis prior to determination of the optimum air- 
craft for each case.  These layout investigations were made with 
an assumed midrange design gross weight of 35,000 pounds in 
all cases. The studies yielded selections of basic locations 
and configurations of propulsion systems with respect to the 
various airframe layouts, and they provided the necessary design 
guides for scaling the aircraft as required for the parametric 
study. 

This section presents the major physical design characteristics 
of the resulting optimum aircraft of the study.  Three-view 
drawings of the optimum aircraft are shown in Figures 111 
through 127. The principal parameter values of each aircraft 
are called out on these drawings.  Propulsion system component 
locations and arrangements on the aircraft are those selected 
in the general investigations noted above, and the comments 
as to design selections and installation factors made previously 
pertain here for all optimum aircraft cases.  Specific design 
points and problem areas arising with the optimum aircraft 
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selections  shown on  the three-view drawings  are  also discussed. 
These are taken up Ly propulsion system category.    With one 
exception three- 'iew drawings of  propulsion-unloaded aircraft 
are  not presented.     Review of the  optimization  study results 
for propulsion-unloaded  types  showed that most of those having 
integrated powerplant  systems  required very small  fans. 

Fan  sizes  for  the  low design airflows   involved were well below 
the  accurate paramet.-ic  scaling  range of  the powerplant  data 
used  in the  study;   therefore,   no   firm basis   for a propulsion 
installation drawing  e. isted.     Comparison of the desired design 
configurations of powerplant systems  for these aircraft types 
with  those of the equivalent lift/propulsion-unloaded machines 
showed that no essential differences were  involved.    The only 
major difference  from an overall aircraft viewpoint was  the 
absence of a wing  in one of the types.     This  factor allowed 
greater flexibility in vertical location of the cruise fans 
on tandem rotor aircraft without concern  for possible effects 
of wing wake on fan  inlets.    All essential  features of inte- 
grated powerplant syste.ns  for propulsion-unloaded aircraft are, 
therefore,   shown in the drawings presented for the winged com- 
pound types.     The shaft-coupled system 2a  is presented in 
Figure 115 to  illustrate the approximate  size of the small  fans 
on a typical tandem rotor propulsion-unloaded aircraft. 

In the case of propulsion-unloaded aircraft with independent 
cruise fans,   the optimum single and tandem rotor types resulting 
from the ground rules were impractical aircraft in terms of 
rotor geometry;   therefore,   three-view drawings of them are not 
presented.     In these cases  it was  attempted to size the  inde- 
pendent cruise fans  for a very high maximum speed of 270 knots 
to  assess the practicality of such an aircraft.     The result 
was  a requirement  for an extreme amount of rotor blade area. 
In the tandem rotor case,   for example,   the resulting area 
requirement was about 1,100 square  feet,  which gave a blade 
chord of 6.5  feet with three-blade rotors  56.7  feet  in diam- 
eter.     This corresponds  to a blade aspect ratio of 4 at the 
optimum disc  loading of  8.    Even if rotor overlap con- 
siderations allowed a greater number of blades per rotor,   the 
chord requirements would be excessive.     The  large blade area 
requirement  resulted  from the combination of the high-spe«. d 
goal established and imposition of a limiting  rotor tip Mach 
number of 0.92. 

At  the high aircraft  speed  the rotor  rpm must therefore be  low; 
however,   the weight of the aircraft must be supported,  which 
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results in the necessity for extremely large blade areas. Very 
large cruise fans are also required, and the combination of 
rotor and fan requirements made both single and tandem rotor 
aircraft extremely heavy and impractical with a low relative 
productivity regardless of the high speed. As presented in 
the summary data of the optimization studies, the lift system 
characteristics of propulsion-unloaded aircraft with independent 
systems will not meet the design hover condition. Approximately 
20 percent more installed shaft turbine power and additional 
lift system weight would be required to meet the 6000-foot, 
950F hover requirement when using the required large rotor 
blade area.  Since the two aircraft concepts were impractical, 
a complete design analysis was not performed. 

Gas Coupled Propulsion Systems la and lb 

Aircraft incorporating gas-coupled systems are shown in 
Figures 111, 112, 113, and 114.  All drawings portray designs 
using the la systems with tip-driven cruise fans. The lb sys- 
tems with hub-driven fans are not shown because the differences 
in the two systems were insignificant for three-view layout 
purposes.  Also, their basic vehicle parameters were quite 
similar. 

The optimum tandem rotor lift/propulsion-unloaded aircraft of 
Figure 111 has no rotor overlap due to a combination of moder- 
ate gross weight and high disc loading.  Minimum internal 
length requirements of the aircraft govern the rotor mast 
separation.  Placement of the common power turbine in the 
thickest portion of the aft pylon and the desire for very short 
gas duct lengths governed the positioning of the gas-coupled pro- 
pulsion components.  The wing was not tilted because almost 
no portion of the wing area beneath the rotor discs lies out- 
side the landing gear sponson plan area or the deflecting wing 
flap section. In general, the arrangement appears to be feasible, 

The optimum tandem rotor composite aircraft shown in Figure 112 
has the same rotor mast separation and the same governing inter- 
nal length requirements.  The rotor diameter selection, based 
on optimum gross weight and disc loading, results in a small 
amount of rotor disc area overlap, and the wing is shown as a 
tilting type. However, the choice of tilting was borderline in 
this case. 

The gas-coupled propulsion system layout was based on the same 
considerations noted above.  In this case, however, the gas 
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generator inlets are completely masked  in cruise flight by the 
bulk of the  forward  rotor   fairing,   and a  serious question arises 
as  to whether the  inlet  system is practical.     Raising  the gas 
generators  and moving  them  forward to  reduce  this masking  could 
be accomplished at  a penalty in gas  duct  length and with body 
fairing problems.     Also,   location of the retracted rear rotor 
fairing places a limit on raising propulsion items.    A more 
detailed study of the entire propulsion arrangement would have 
to be conducted to determine whether a clearly feasible arrange- 
ment could be effected. 

The single rotor lift/propulsion-unloaded aircraft is depicted 
in Figure 113.     Gas ducting and the common power turbine are 
buried in the  forward portion of the rotor pylon,  with gas 
generators being housed  in a forward extension of this body. 
This arrangement appears  to be very  feasible. 

The single rotor composite aircraft shown in Figure 114 has the 
same general propulsion  system arrangement.     Location of the 
fans does not appear to be compromised by the retracted rotor 
fairing position. 

Remote Shaft-Coupled Propulsion System 2a 

Aircraft with this  system appear in Figures  115,   116,   117,   118, 
and 119.    The optimum tandem rotor propulsion-unloaded aircraft 
of Figure  115 displays  the basic propulsion system arrangement 
employed    and approximates the small  fan size required.     The 
drawing was made specifically to illustrate this fan size which 
is generally representative of the  results   for other  integrated 
systems in this type of aircraft.     The drawing also  illustrates 
the solution employed to eliminate possible engine exhaust 
impingement or a  fan  Ingestion problem.     Fans are raised above 
the shaft turbines and turbine exhaust is directed partially 
downward.     In general,   the propulsion arrangement appears to be 
practical. 

The optimum tandem rotor lift/propulsion-unloaded aircraft 
presented in Figure 116 has no rotor overlap,   and as a result 
the wing  is fixed to the fuselage,   since it was estimated that 
tilting would not substantially reduce rotor download on the 
wing.    The shaft turbines are housed in a  forward extension of 
the rear rotor pylon,   and the connecting gearboxes are buried 
within the pylon  lines.     Since the cruise  fans are larger in 
diameter than those of the propulsion-unloaded aircraft,   the 
relative vertical displacement of engines and fan centerlines 
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is greater to keep engine exhaust clear of the fans.  The 
synchronizing shaft runs above the wing carry-over structure 
for easy accessibility.  In general, the propulsion installa- 
tion was rated as being practical. 

The equivalent tandem rotor composite aircraft is shown in 
Figure 117.  In this configuration the wing tilts to alleviate 
the download from rotor wash in vertical flight.  This con- 
figuration is similar to the previous case except for the size 
of the components; however, in cruise flight the shaft turbine 
inlets are again completely masked by the forward rotor fairing 
regardless of an effort to raise the engines by means of a vee 
cross-shaft arrangement.  This arrangement presents a special 
inlet problem due to possible flow detachment or boundary-layer 
buildup; additional detailed study would be required to deter- 
mine its practicability. 

The single rotor lift/propulsion-unloaded aircraft of Figure 
118 incorporates shaft turbines and cross-shafting within a 
forward extension of the main rotor pylon with fans located 
at the ends of the vee cross-shaft. The vee arrangement is 
used to lift the fans above the turbine exhaust pipe level. 
The propulsion layout appears to be acceptable if exhaust im- 
pingement on fans and fan reingestion problems can be com- 
pletely eliminated. 

The single rotor composite aircraft depicted in Figure 119 
shows again the problem of shaft turbine exhaust with respect 
to cruise fan location.  In this case the fans could not be 
raised without interfering with a retracted main rotor fairing. 
Either the whole rotor system could be raised, or the shaft 
turbine exhausts could be extended to clear the fans. The 
latter approach was selected, but the exhaust layout shown is 
not considered to be a good one. 

Convertible Cruise Fan System 2b 

The vehicles employing convertible cruise fans are shown in 
Figures 120, 121, 122, and 123. 

The tandem rotor lift/propulsion-unloaded and composite air- 
craft using this propulsion system are illustrated in Figures 
120 and 121 respectively.  These drawings show that the pro- 
pulsion systems are simple in layout and almost identical 
except for the size of the components.  Rotor and wing geometry 
are such that the wing is tilted for vertical operation in the 
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composite type to minimize hover download,  but it remains fixed 
on the winged compound aircraft.     Since the convertible power- 
plant system is  in one package,   there are no relative position- 
ing problems of  inlets and exhausts.     A vee cross-shaft  is 
employed to locate the fans at the desired vertical location. 
The combining gearbox of the  rotor drive  system is buried  in 
the forward base of the rear rotor pylon.     In the composite 
aircraft the fans can be located so that no  inlet masking  is 
produced by the  forward rotor  fairing.     Considerable freedom 
in the longitudinal location of  fans  is permitted to achieve 
an optimum center of gravity position without substantially 
disturbing  rear pylon lines.    These configurations are con- 
sidered to be feasible and are particularly attractive from an 
installation viewpoint. 

The equivalent  single rotor aircraft employing convertible 
cruise  fans are shown in Figures  122 and 123 for lift/ 
propulsion-unloaded and composite types,   respectively.    These 
similar concepts are simple and appear to be feasible.     In 
addition,   they are attractive concepts  from propulsion system 
installation aspects. 

Independent Cruise Fan System 3 

Vehicles  incorporating cruise  fans completely independent of 
the lift system,   and thus employing  four gas generators,   are 
shown  in Figures  124,   125,   126,   and  127.     The optimum tandem 
lift/propulsion-unloaded aircraft  is  illustrated in Figure 
124.     Since the wing  is almost completely beneath the rotor 
blade overlap area,   it is a tilting design to minimize hover 
download.     The  twin-shaft turbine system employed for lifting 
is conventional.    The rather  large  independent cruise fans, 
resulting  from a selection of 270 knots maximum speed,   are 
located just outboard of the shaft turbines.     It  is believed 
that shaft turbine accessibility problems would result,   and 
the overall powerplant installation  is  rated as rather poor 
for this  reason. 

The equivalent tandem rotor compoaite aircraft is shown in 
Figure  125.     The wing  is again tilted to minimize download 
because of the relative rotor-wing geometry resulting  from the 
parametric study.     In this aircraft the shaft turbine  inlet 
masking problem cited previously  is  still present,  and the 
potential shaft turbine accessibility problem due to cruise 
fan proximity still applies.     In this case considerable diffi- 
culty was  incurred  in attempting  to design shaft turbine 
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exhaust nozzles which would avoid  impingement directly on  the 
cruise  fans.     Vertical  location of cruise   fans was  limited 
by considerations  of wing wake disturbance on  inlets  and 
interference with  a  retracted rear  roto..   fairing.    The overall 
installation  is  considered to be a poor one. 

The single rotor lift/propulsion-unloaded and composite air- 
craft with  independent  systems,   depicted  in Figures  126  and 
127,   respectively,   are very similar propulsion systems. 
Problems  in both  cases were  fan  Ingestion of  shaft turbine 
exhaust and shaft turbine exhaust  impingement on the  fans. 
Again,   a problem of  shaft turbine  accessibility could result 
from the side-by-side  location of  four  engines. 
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TABLE   VI 
CHARACTERISTICS  OF  TANDEM  ROTOR 
PROPULSION-UNLOADED  COMPOUND AIRCRAFT 

Propulsion System; la lb 2a 2b 

Disc  loading 11 11 8 8 8 
Fan bypass   ratio 12 9 9 12 9 
Rotor diameter   (ft) 37.6 37.4         43.4         44.2          56.7 
Wing area   (ft2) 0 0 0 0 0 
Installed  SHP,   SL 5,150 5,110 4,640 4,750 8,300 
Installed   fan  thrust, 

(lb) 2,965 2,645 2,210 7,850 18,300 
Cruise  speed,   SL   (kn) 206 206 199 198 262 
Maximum speed,   SL   (kn) 210 211 203 203 270 
Relative  productivity* 82.2 83.6         81.3         78.5          54.2 

Mrframe weight   (lb) 8,940 8,868 8,558 8,768 17,725 
Propulsion weight   (lb) 3,155 2,987 3,157 3,447 8,370 
Fixed Equip weight   (lb)   2,935 2,935 2,935 2,93S 2,935 
3tnpty weight   (lb) 15,030 14,790 14,650 15,150 29,030 
Fixed  useful  load   (lb) 750 750 750 750 750 
Payload 6,000 6,000 6,000 6,000 6,000 
Mission  fuel   (lb)** 2,470 2,460 2,300 2,700 4,720 
Useful  load   (lb) 9,220 9,210 9,050 9,450 11,470 
Oesign gross weight 

(lb) 24,250 
Useful  load   n 38.0 
Propulsion  &  fuel 

wt.    (lb) 5,625 5,447 5,457 6,147 13,090 
Ferry  TOGW   (lb) 34,200 34,000 35,800 36,900 60,800 
Ferry  range   (n mi) 1,580 1,600 1,850 1,820 1,770 
Ferry   fuel   (lb) 15,900 15,930 18,355 18,927 26,397 

24,000     23,700     24,600     40,500 
38.4 38.1 38.4 28.3 

*     Relative productivity = 
payload   (lb)  x Vcruise   (kn) 

empty weight   (lb) 

**     Design mission -  100-n mi     radius  at SL;   10% reserves 
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1 TABLE VII                                                              i 
CHARACTERISTICS OF  SINGLE   ROTOR 

i                                    PROPULS ION-UNLOADED  COMPOUND AIRCRAFT                            1 

Propulsion  System: la lb              2a             2b              3 

Disc  loading 8 8                8                8                 8 
Fan bypass  ratio 12 12               12              12                 6     } 
Rotor diameter   (ft) 63.0 62.6          62.8         63.6          79.0 
Ming  area   (ft2) 0 0                 0                0                 0 
Installed SHP,   SL  std 5,320 5,300        5,170       5,250       7,900 
Installed  fan  thrust 

(lb) 3,710 3,710       3,280       8,660     16,450     j 
cruise speed,   SL   (kn) 212 212            212            212            266 
Maximum speed,   SL   (kn) 216 216            213           216            270 
Relative productivity* 80.7 82.1          80.9         78.8          58.5 
kirframe weight   (lb) 9,303 9,176       9,178      9,359     16,564 
Propulsion weight   (lb) 3,487 3,389       3,607       3,856       7,771     1 
Fixed equip weight   (lb)2,935 2,935       2,935       2,935       2,935     ! 
Empty weight   (lb) 15,725 15,500     15,720     16,150     27,270 
Fixed useful weight   (lb)   750 750            750           750            750 
Payload  (lb) 6,000 6,000       6,000       6,000       6,000 
Mission fuel   (lb)** 2,525 2,500        2,380       2,650       5,180 
Useful load   (lb) 9,275 9,250       9,130       9,400     11,930 
Design gross weight 

(lb) 25,000 24,750     24,850     25,550     39,200 
useful load n 37.0 37.3          36.7         36.8          30   4 
Propulsion &  fuel 

wt.   (lb) 6,012 5,889        5,987       6,506     12,951     1 
Ferry TOGW   (lb) 37,500 37,100     37,300    38,300     58,800 
Ferry range   (n mi) 1,990 1,980       1,950       1,925       1,840 
Ferry  fuel   (lb) 19,450 19,200     19,710     19,710     28,475 

♦Relative productivity    =  Baylgfld   (lb)   K acruise-IMJ                | J                             empty weight   (lb)                   | 
**      Design mission - 100-n mi radius at SL;  10% reserves 

i 
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TABLE VIII 
CHARACTERISTICS OF TANDEM ROTOR LIFT/ 

|           PR0PULSI0N-1 JNLOADED COMPOUND AIRCRAFT 

Propulsion Svstem: la lb     2a 2b     3  1 

Disc loading 11 11     11 11     8 
Fan bypass ratio 12 12     12 9     3 
Rotor diameter (ft) 39. 4     39.8    40. 6    39.9  49.6 
Wing area (ft2) 253 248    333 261   200 
Installed SHP, SL std 5,730 5,890   6,260 6,000  6,400 
Installed fan thrust 

(lb) 8,44C 8,820   8,840 9,180 10,040  | 
Cruise speed SL (kn) 219 223    201 219   259 
Maximum speed, SL (kn) 225 230    209 226   270 
Relative productivity* 75. 9    74.8   64. 5    73.6  76.0 
Percent unload 

|   at Vcruise 83. 0    83.2   86. 0   83.5  78.0 
Airframe weight (lb) 10,704 10,896  11,535 10,886 11,868 
Propulsion weight (lb) 3,659 4,079  4f230 4,029  5,592 } 
Fixed equip weight (lb 2,935 2,935  2,935 2,935 2,935 
Empty weight (lb) 17,298 17,910  18,700 17,850 20,395 | 
Fixed useful load (lb) 750 750    750 750   750 
Payload (lb) 6,000 6,000  6,000 6,000 6,000 
Mission fuel (lb)** 2,642 2,670  3,050 2,900  4,135 
Useful load (lb) 9,392 9,420  9,800 9,650 10,885 
Design gross weight 

(lb) 26,690 27,330 28,500 27,500 31,280 
Useful load  n 35. 2    34.5   34. 4   35.1  34.8 
Propulsion & fuel 

|  wt (lb) 6,301 6,749  7,280 6,929 9,727 
Ferry TOGW (lb) 40,035 40,955 42,750 41,250 46,920 
Ferry range (n mi) 2,000 1,930  2,080 1,960 1,950 
Ferry fuel (lb) 20,157 20,551  21.460 20,860 23,805 I 

*  Relative productivity = 
payload (lb) x V^^.H QO (kn)    | 

empty weight (lb) 
**  Design mission - ■ 100-n mi radius at SL; 10% reserves 
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TABLE XII.   SUMMARY WEIGHT  STATEMENT  FOR 
TANDEM ROTOR  PROPULSION-UNLOADED  AIRCRAFT 

T GROSS   WEIGHT (    24,250 24,000 !    23,700 24,600 |     40,500    1 
nisc   IXADtNG 11 11 8 !                8 1                 8 
BYPASS   RATIO 12 9 t               9 12 1                 9     i 

1    PROPULSION  SVSTEM la lb 2a 2b j              3   1 
1    ROTOR   GROUP 1      2,313 2,286 !      2,109 2^237 !       7,363 

WING   GROUP - - - - ! 
1     TAIL   GROUP - - [ - i      ~    J 

BODY   GROUP 4,247 4,231 1      4,209 4,256 5,001    j 
1    ALIGHTING  GEAR ,           921 912 893 935 1.539    i 

FLIGHT CONTROLS l       1,330 1.315 l      1.225 1.283 3.610    ! 
1    ENGINE  SECTION 129 124 122 57 212    1 
1    PROPULSION GROUP 

j         ENGINES(S) 595 593 540 1,100 1,025     1 
1         EXHAU5T SYSTEM 33 33 33 mm 33    1 

FUEL SYSTEM 174 173 170 185 338 
ENGINE COMTROLS 40 40 40 40 80    1 
STARTING SYSTEM 60 60 60 60 120    1 
FAN  INST 360 230 300 IMCL WITH 

ENG 2,780    j 
DRIVE SYSTEM 1.893 1.858 2.014 2.062 3.994 

1   AUX  POWER  PLANT 100 100 100 100 100 
INSTR  AND  NAV 170 170 170 170 170 

1    HYDR AND PNEU 225 225 225 225 225     1 
ELECTRICAL GROUP 550 550 550 550 550    1 
ELECTRONICS  GROUP 285 285 285 285 285     1 
ARMOR 300 300 300 300 300     i 
Fl'RN  &  EQUIP  GROUP 860 860 860 860 860    1 
AIR  COND  1.  DE-ICING 180 180 180 180 180 
At'XlLIABY GEAR 265 265 265 265 265    1 

Wl .  '.HT  EM-TY 15,030 14,790 14,650 15,150 29,030 

PIXEU USEFUL  LOAD 750 750 750 750 750    1 
CREW (600) 
TRAPPED  HUUIDS (  70) 
ENGINE  OIL (  80) 

FUEL 2,470 2,460 2,300 2,700 4,720- 
PAY LOAD 6,000      1 6,000 6,000 6,000 6,000 

l   GROSS WEIGHT 24,250 24,000 23,700 24,600 40,500 
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TABLE XIII. SUMMARY WEIGHT STATEMENT FOR 
SINGLE ROTOR PROPULSION-UNLOADED AIRCRAFT 

GROSS WEIGHT 2 5 , 0 0 0 2 4 , 7 5 0 2 4 , 8 5 0 2 5 , 5 5 0 3 9 , 2 0 0 
DISC LOADING 8 8 8 8 8 
BYPASS RATIO 12 12 12 12 6 
PROPULSION SYSTEM l a l b 2a 2b 3 
ROTOR GROUP 2 , 4 2 8 2 . 3 7 5 2 . 3 4 0 2 . 4 7 3 6 . 7 5 5 
WING GROUP - - - - -
TAIL GROUP 273 270 270 280 446 
BODY GROUP 4 , 5 1 2 4 , 4 6 5 4 , 5 0 4 4 , 5 4 5 5 , 3 6 3 
ALIGHTING GEAR 950 940 945 969 1 . 4 9 1 
FLIGHT CONTROLS 1 , 0 1 0 1 , 0 0 0 988 1 , 0 3 0 2 . 3 0 9 
ENGINE SECTION 130 126 131 62 200 
PROPULSION GROUP 

ENGINES(S) 608 603 6 3 5 1 , 2 6 0 1 , 0 0 0 
EXHAUST SYSTEM 33 33 33 - 33 
FUEL SYSTEM 177 175 170 182 359 
ENGINE CONTROLS 40 40 40 40 80 
STARTING SYSTEM 60 60 60 60 120 
FAN INST 340 280 400 INCL WITH 

ENG 2 , 2 6 0 
DRIVE SYSTEM 2 , 2 2 9 2 , 1 9 8 2 , 2 6 9 2 . 3 1 4 3 . 9 1 9 

AUX POWER PLANT 100 100 100 100 100 
INSTR AND NAV 170 170 170 170 170 
KYDR AND PNEU 225 225 225 225 225 
ELECTRICAL GROUP 550 550 550 550 550 
ELECTRONICS GROUP 285 285 285 285 285 
ARMOR 300 300 300 300 300 
FURN & EQUIP GROUP 860 8 6 0 860 860 8 6 0 
AIR COND 5. DE- ICING 180 180 180 180 180 
AUXILIARY GEAR 265 265 265 265 265 

WEIGHT EMPTY 1 5 , 7 2 5 1 5 , 5 0 0 1 5 , 7 2 0 1 6 , 1 5 0 2 7 , 2 7 0 

FIXED USEFUL LOAD 750 750 750 750 750 
CREW (600) 
TRAPPED LIQUIDS ( 70) 
ENGINE O I L ( 80) 

FUEL 2 , 5 2 5 2 , 5 0 0 2 , 3 8 0 2 , 6 5 0 5 , 1 8 0 
PAYLOAD 6 , 0 0 0 6 , 0 0 0 6 , 0 0 0 6 , 0 0 0 6 , 0 0 0 

GROSS WEIGHT 2 5 , 0 0 0 2 4 , 7 5 0 2 4 , 8 5 0 2 5 , 5 5 0 3 9 , 2 0 0 
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TABLE XIV. SUMMARY WEIGHT STATEMENT FOR 
TANDEM ROTOR LIFT/PROPULSION-UNLOADED AIRCRAFT 

1    GROSS WEIGHT \    26,690 27,330 |    28,500 27,500 31,280       1 
[    DISC   LOADING 1             11 11 11 i             11 8     ! 
1    BYPASS  RATIO 12 12 12 9 3       1 
1     PROPULSION SYSTEM la lb 2a 2b 3        1 
1    ROTOR  GROUP 2,222 2.290 2.410 2.309 2.726       1 
1    WING   GROUP i      1,060 1,067 1,345 1,107 1,033       j 
1     TAIL  GROUP 242 237 318 249 200       j 

BODY   GROUP 4,370 4,408 4,455 4,403 4,798       I 
ALIGHTING GEAR 1,014 1,038 1,082 1,045 1,189       ! 
FLIGHT CONTROLS 1,653 1,700 1,775 1,710 1,966       i 
ENGINE SECTION 143 156 150 63 166       | 
PROPULSION  GROUP 

1          ENGINES(S) 659 679 770 1,400 840 
|i          EXHAUST SYSTJt 33 33 33 _ 33        ! 
J,         FUEL SYSTEM 182 183 202 194 311       | 
|!          ENGINE CONTROLS 40 40 40 40 80       | 

STARTINO SYSTEK 60 60 60 60 120       j 
i          FAN   1NST 570 920 690 

1NCL WITH 
ENG 1.230        1 

1         DRIVE SYSTEM 2,115 2,164 2,435 2,335 2.983        | 

AUX   PCMER  PLANT 100 100 100 100 100       j 
1     INSTR AND NAV 170 170 170 170 170     i 
1    HYDR  AND  PNEU 225 225 225 225 225 

ELECTRICAL GROUP 550 550 550 550 550       1 
ELECTRONICS  GROUP 285 285 285 285 285       I 
ARMOR 300 300 300 300 300       | 
TURN  t,  EQUIP GROUP 860 860 860 860 860       1 
AIR  CONO  I.   DE-ICING 180 180 180 180 180       1 
AUXILIARY  GEAR 265 265 265 265 265       | 

WEIGHT   EMPTY 17,298 17,910 18,700 17,850 20,395        | 

FIXED USEFUL LOAD 750 750 750 750 750       ] 
CREW (600) 
TRAPPED   LIOUIDS {   70) 
ENGINE  OIL (   80) 

FUEL 2,642 2,670 3,050 2,900 4,135        ! 
PAYLOAD 6,000 6,000 6,000 6,000 6,000 

GROSS  WEIGHT 26,690 27,330 28,500 27,500 31,280 
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TABLE  XV.   SUMMARY WEIGHT   STATEMENT  FOR 
SINGLE   ROTOR  LIFT/PROPULSION-UNLOADED  AIRCRAFT 

GROSS WEIGI;T 27,400 27,800 29,030 28,420 30,520 
DISC   LOADING 11 11 11 11 8 
BYPASS   RATIO 12 12 12 9 3      ! 
PROPULSION   SYSTEM la lb 2a 2b 3 
ROTOR   GROUP 2,347 2.365 2,527 2.460 2.546 
WING   GROUP 1,000 998 1,214 1,021 960 
TAIL  GROUP 375 370 453 402 353 
BODY   GROUP 4.370 4.388 4.494 4.451 4.636 
ALIGHTING  GEAR 1.041 1.056 1.102 1.081 1.158 
FLIGHT   CONTROLS 1.273 1.283 1.344 1.316 1.359 
ENGINE   SECTION 157 170 165 67 166 
PROPULSION   GROUP 

ENGINES(S) 760 770 860 1,625 865 
EXHAUST   SYSTEM 33 33 33 _ 33 
FUEL SYSTEM 194 186 210 211 305 
ENGINE  CONTROLS 40 40 40 40 80 
STARTING  SYSTEM 60 60 60 60 120 
FAN   INST 650 1.155 770 

1NCL WITH 
ENG 1.210 

DRIVE  SYSTEM 2.520 2.529 2.823 2,741 3r006 

AUX   POWER   PLANT 100 100 100 100 100 
INSTR  AND  NAV 170 170 170 170 170 
HYDR   AND   PNEU 225 225 225 225 225 
ELECTRICAL  GROUP 550 550 550 550 550 
ELECTRONICS   GROUP 285 285 285 285 285 
ARMOR 300 J00 300 300 300 
FURN  S.   EQUIP   GROUP 860 860 860 860 860 
AIR   COND  &   DE-ICING 180 180 180 180 180 
AUXILIARY   GEAR 265 265 265 265 265 

WEIGHT   EMPTY 17,755 18,338 19,030 18,410 19,732 

FIXED USEFUL "LOAD 750 7 50 750 750 750 
CREW (600) 
TRAPPED   LIQUIDS (   70) 
ENJINZ   OIL (   80) 

FUEL 2,895 2,712 3,250 3,260 4,038 
PAYLOAD 6,000 6.000 6.000 6.000 6.000 

GROSS  WEIGHT 27,400 27,800 29,030 28,420 30,520 
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TABLE XVI.   SUM^RY WEIGHT  STATEMENT FOR 
TANDEM ROTOR COMPOSITE  AIRCRAFT 

[   GROSS WEIOHT 1   33,400 i    33,800 35,120 i    34,710 38,120     1 
[    DISC   IflADING 1            11 !       ii 11 1             11 8     i 
1    BYPASS   RATIO 12 1               9 12 6 3      i 
1    PROPULSION SYSTEM la 1               lb 2a i               2b 3 
1    »OTOB OROUP [     4,275 1     4.295 4.560 4,503 4.940     1 
1    WINCi  fiHOIM' 1.748 i      1.757 1.880 i      1.843 2.062 
1    TAIL CROUP 397 401 416 413 446     I 

BODY   OtlOUP 5,767 5,785 5,900 5,862 5,919 
ALlnilTINO GEAR 1,269 1,283 1,334 |      1,318 1,448     i 

1    FLIGHT CONTROLS 2,175 1      2,185 2,290 !      2,261 2,441 
ENGINE SECTION 175 !          186 183 71 192 
PROl JLSION GROUP 

!          ENGINES(i) 898 900 1,050 1,810 1,070 
EXHAUST SYSTEM 33 33 33 - 33 
FUEL SYSTEM 198 194 201 215 304 

[         ENGINE CONTROLS 40 40 40 40 80     ! 
|         STARTING  SYSTEM 60 60 60 60 120 
j          FAN   INST 855 1,250 1,020 INCL WITH 

ENG 1,640      1 
j          DRIVE  SYSTEM 2.830 2.846 3.408 3.292 3,745      i 

1   AUX POWER PLANT 100 100 100 100 100      1 
1    INSTR AND NAV 170 170 170 170 170 

trYDB   AND   PNEU 225 225 225 225 225 
1   ELECTRICAL GROUP 550 S50 550 550 550 
1    ELECTRONICS  GROUP 285 285 285 285 285      | 

ARMOR 300 300 300 300 300      1 
FURN i EQUIP GROUP 860 860 860 860 860      ! 
AIR   COND  S.   DE-ICING 180 180 180 180 180 
AUXILIARY   GEAR 265 265 265 265 265      | 

WEIGHT EMPTY 

..... 

23,655 24,150 25,310 24,623 27,375 

FIXED USEFUL LOAD 750 7 50 7 50 7 50 750 
CREW (600) 
TRAPPED   LIQUIDS (  70) 
ENGINE  OIL ( 80) 

FUEL 2,995 2,900 3,060 3,337 3,995      j 
PAYLOAD 6,000       | 6.000 6,000 6.000      ' 6.000 

GROSS  WEIGHT                             ! 33,400 33,800 35,120 34,710 38,120      1 
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TABLE   XVII.   SUMMARY WEIGHT   STATEMENT   FOR 
SINGLE   ROTOR  COMPOSITE  AIRCRAFT 

GROSS   WEIGHT 32,350 33,700 33,700 33,650 35,jB50      i 
DISC    LOADING 11 11 11 11 8 
BYPASS   RATIO 12 9 12 6 3 
PROPULSION   SYSTEM la lb 2a 2b 3     ! 
ROTOR   GROUP i     4,066 4,247 4,247 4,247 4,251      1 
WING   GROUP 1,677 1,767 1,767 1,767 1,919 
TAIL   GROUP 572 591 591 591 522      ! 
BODY   GROUP 5,448 5,534 5,534 5,534 5,605      | 
ALIGHTING   GEAR 1,230 1,281 1,281 1,277 1,360      | 
FLIGHT   CONTROLS 1,501 1,563 1,563 1,563 1.582      i 
ENGINE   SECTION 177 190 182 71 186 
PROPULSION   GROUP 

ENGINES(S) 943 982 980 1,830 960      | 
i          EXHAUST   SYSTEM 33 33 33 — 33      1 

FUEL  SYSTEM 195 203 208 213 301      | 
ENGINE   CONTROLS 40 40 40 40 80 
STARTING   SYSTEM 60 60 60 60 120      1 
FAN   INST 840 1,350 1,000 

INCL WITH 
ENG 1.640      1 

DRIVE  SYSTEM 2,943 3,086 3,329 3,454 3.674      1 

AUX   POWER   PLANT 100 100 100 100 100      ! 
INSTR   AND   NAV 170 170 170 170 170      1 
HYDR   AND   PNEU 225 225 225 225 225      1 
ELECTRICAL  GROUP 550 550 550 550 "i^O 
ELECTRONICS   GROUP 285 285 285 285 285      1 
ARMOR 300 300 300 300 300      1 
FURN   i.   EQUIP   GROUP 860 860 860 860 860      | 
AIR   COND   &   DE-ICING 180 180 180 180 180 
AUXILIARY   GEAR 265 265 265 265 265      1 
WEIGHT   EMPTY 22,660 23,862 23,750 23,580 25,168      | 

FIXED   USEFUL   LOAD 750 750 750 7 50 750      I 
CREW (600) 
TRAPPED   LIQUIDS (   70) 
ENGINE  OIL (  80) 

FUEL 2,940 3,088 3,200 3,320 3.932      1 
PAYLOAD 6,000 6.000 6.000 6.000 6.000 

GROSS  WEIGHT 32,350 33,700 33,700 33,650 35,850      j 
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BASIC DATA 

1. TWO ENGINES - EACH 2865 SHP dAX AT SL STD 
2. TWO FANS - BPR-12, EACH 4220-LB THRUST MAX SL STD 
3. TWO ROTORS - DISC LOADING=ll LB/SQ FT 
4. WING AREA - 253 SQ FT 
5. DESIGN GROSS WEIGHT - 26,690 LB (LF=3.0) 
6. EMPTY WEIGHT - 17,298 LB 

39.4 DIA 

« 

Figure 111. 
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Tandem Rotor Lift/Propulsion-Unloaded 
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3. TWO ROTORS   -  DISC  LOADING=ll LB/SQ  FT 
4. WING AREA  -  418 SQ FT 
5. DESIGN GROSS WEIGHT  -  33,400 LB   (LF=3.0) 
6. EMPTY WEIGHT  -  23,655  LB 

43.9*   DIA 

0 5' 10' It'        20' 

\ 259 

Fie 



85.8' 

5'    10' li' 20' 5 
Figure 112. Tandem Rotor Composite Aircraft Propulsion 

System la 



BASIC DATA 

1. TWO ENGINES - EACH 3350 SHP MAX AT SL STD 
2. TWO FANS - BPR=12. EACH 4930-LB THRUST MAX SL STD 
3. ONE MAIN ROTOR - DISC LOADING=ll LB/SQ FT 
4. WING AREA - 225 SQ FT 
5. DESIGN GROSS WEIGHT - 27,400 LB (LF=3.0) 
6. EMPTY WEIGHT - 17.755 LB 

56.1 DIA 

■j--<n 

/l 261 

0  a' "' M' r' 



" 

4 
Figure 113, 

Single Rotor Lift/Propulsion-Unloaded 
Compound Aircraft Propulsion System la 



BASIC DATA 

1. TWO ENGINES - EACH 4015 SHP MAX AT SL STD 
2. TWO FANS - BPR=12, EACH 5880-LB THRUST MAX SL STD 
3. ONE MAIN ROTOR - DISC LOADING=ll LB/SQ FT 
4. WING AREA - 405 SQ FT 
5. DESIGN GROSS WEIGHT - 32.350 LB (LF=3.0) 
6. EMPTY WEIGHT - 22.660 LB 

4 9 . 3 ' 

6 1 . 0 " DIA 

Y 
L s s a a i — - J £ S H = H * = — = ° 

Figu 
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Figure 114 Single Rotoi Composite Aircraft Propulsion 
System la 
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Figure 115. 

/* 

Tandem Rotor Propulsion-Unloaded Compound 
Aircraft Propulsion System 2a 

^ 







BASIC DATA 

TWO ENGINES - EACH 4135 SHP MAX AT SL STD 
TWO FANS - BPR=12f EACH 5880-LB THRUST MAX SL STD 

1. 
2. 
3. TWO ROTORS - DISC LOADING=ll LB/SQ FT 
4. WING AREA- 439 SQ FT 
5. DESIGN GROSS WEIGHT - 35,120 LB (LF=3.0) 
6. EMPTY WEIGHT - 25,310 LB 

45.0' DIA 

ÖÖJ° 

86.7'- 

o   s'  o'       a'      to' 

(\ 

Figure 117, Tandem Rotor Composite Aircraft Propulsion 
System 2a 
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45.0'   DIA 
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BASIC DATA 

1. TWO ENGINES - EACH 3525 SHP MAX AT SL STD 
2. TWO FANS - BPR=12, EACH 4980-LB THRUST MAX SL STD 
3. ONE MAIN ROTOR - DISC LOADING=ll LB/SQ FT 
4. WING AREA - 289 SQ FT 
5. DESIGN GROSS WEIGHT - 29.030 LB (LF = 3.0) 
6. EMPTY WEIGHT - 19« 030 LB 

57.9' DIA 

L»£. 
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26.4' 

74.25 

0        9        /0       ' 

Figure  118.    Single Rotor  Lift/Propulsion-Unloaded 
Compound Aircraft Propulsion System 2a ) 



BASIC DATA 

1. TWO ENGINES - EACH 4105 SHP MAX AT SL STD 
2. TWO FANS - BPR=12. EACH 5800-LB THRUST MAX SL STD 
3. ONE MAIN ROTOR - DISC LOADING=ll LB/SO FT 
4. WING AREA - 421 SQ FT 
5. DESIGN GROSS WEIGHT - 33.700 LB (LF=3.0) 
6. EMPTY WEIGHT - 23.750 LB 

2.3 DIA. 

i^ 273 

Fi 



DIA. 

27.3 

Figure 119.     Single Rotor Composite Aircraft Propulsion 
System 2a 



BASIC   DATA 

1. TWO  ENGINES  -   EACH   3000  SHP MAX AT SL STD 
2. TWO  FANS  -  BPR=9.   EACH  4590-LB THRUST MAX  SL STD 
3. TWO ROTORS  -  DISC   LOADING=ll  LB/SQ  FT 
4. WING AREA -   261  SQ   FT 
5. DESIGN GROSS WEIGHT  -   27.500  LB   (LF=3.0) 
6. EMPTY WEIGHT -   17.850  LB 

39.9'   DIA 

31.60' 

^ 

Figure 120. Tandem Rotor Lift/Propulsion-Unloaded 
Compound Aircraft Propulsion System 2b 
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BASIC  DATA 

1. TWO ENGINES   -  EACH  4090  SHP MAX AT  SL STD 
2. TWO  FANS  -   BPR=6.   EACH  5600-LB  THRUST  MAX SL STD 
3. TWO ROTORS   -  DISC   IiOADING=ll   LB/SQ  FT 
4. WING AREA  -   434  SQ  FT 
5. DESIGN GROSS WEIGHT -  34.710  LB   (LF=3.0) 
6. EMPTY WEIGHT  -   24.623   LB 

44.9'   DIA 

t   r   iff'   a; 
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.   ; :     - 

41.7' 

21.25' 

.'       w ?'    ü   K    e   y 

Figure  121.     Tandem Rotor Composite Aircraft Propulsion 
System 2b i 



1 

BASIC DATA 

1. TWO ENGINES - EACH 3430 SHP MAX AT SL STD 
2. TWO FANS - BPR=9. EACH 5265-LB THRUST MAX SL STD 
3. ONE MAIN ROTOR - DISC LOADING=ll LB/SQ FT 
4. WING ^REA - 225 SQ FT 
5. DESIGN GROSS WEIGHT - 28.420 LB (LF=3.0) 
6. EMPTY WEIGHT - 18.410 LB 

57.1'   DIA 

T    if   f  JS  y' 

f 
Figure 122, Single Rotor Lift/Propulsion-Unloaded 

Compound Aircraft Propulsion System 2b 
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BASIC DATA 

1. TWO ENGINES - EACH 4090 SHP MAX AT SL STD 
2. TWO FANS - BPR=6. EACH 5600-LB THRUST MAX SL STD 
3. ONE MAIN ROTOR - DISC LOADING=ll LB/SQ FT 
4. WING AREA - 420 SQ FT 
5. DESIGN GROSS WEIGHT - 33.650 LB (LF=3.0) 
6. EMPTY WEIGHT - 23.580 LB 

62.3'   DIA 

f 
Figure  123,     Single Rotor Composite Aircraft Propulsion 

System 2b 
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BASIC  DATA 

1. TWO ENGINES  -  EACH  3200  SHP  MAX AT SL STD 
2. TWO FANS   -  BPR=3.   EACH  5020-LB  THRUST  MAX  SL STD 
3. TWO ROTORS  - DISC  LOADING=8   LB/SQ FT 
4. WING AREA  -  200  SQ  FT 
5. DESIGN GROSS WEIGHT -  31.280   LB   (LF=3.0) 
6. EMPTY WEIGHT -   20.395  LB 

10 a 

^ 

Figure  124, Tandem Rotor Lift/Propulsion-Unloaded 
Compound Aircraft Propulsion System 3 
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BASIC  DATA 

1. TWO ENGINES  - EACH  3960  SHP MAX AT SL STD 
2. TWO FANS -  BPR=3,   EACH 614Q-LB THRUST MAX SL STD 
3. TWO ROTORS  - DISC   LOADING=8  LB/SQ FT 
4. WING AREA -  476  SQ FT 
5. DESIGN GROSS WEIGHT  -   38.120 LB   (LF=3.0) 
6. EMPTY WEIGHT -   27.375  LB 

f 285 



21.25' 

96.6' 

Figure  125, Tandem Rotor Composite Aircraft Propulsion 
System 3 

^ 



BASIC DATA 

1. TWO ENGINES  -  EACH  3090  SHP  MAX  AT  SL STD 
2. TWO FANS   -   BPR=3,   EACH  4940-LB  THRUST  MAX  SL STD 
3. ONE  MAIN  ROTOR - DISC   LOADING=8   LB/SQ  FT 
4. WING AREA  -  194  SQ FT 
5. DESIGN GROSS WEIGHT -  30.520  LB   (LF=3.0) 
6. EMPTY WEIGHT  -   19.732  LB 

69.5'   DIA 

1^ 287 



85.25' 

^asi. JSL 

Figure  126,     Single Rotor  Lift/Propulsion-Unloaded Compound 
Aircraft Propulsion System 3 i 



BASIC DATA 

1. TWO ENGINES  -  EACH  3685  SHP  MAX AT  SL STD 
2. TWO  FANS   -  BPR=3.   EACH 6100-LB  THRUST MAX  SL STD 
3. ONE MAIN  ROTOR -  DISC   LOADING=8   LB/SQ FT 
4. WING AREA -  449  SQ FT 
5. DESIGN GROSS WEIGHT -   35.850   LB   (LF=3.0) 
6. EMPTY WEIGHT -  25.168  LB 

75.5'   DIA 

^ 
289 



21.0' 

-92.4" 

Figure 127,  Single Rotor Composite Aircraft Propulsion 
System 3 3 



Propulsion System Drawings  -   Figures   128  through   137  are 
drawings  of  the  five propulsion  systems  associated with both 
tandem  cind  single rotor  aircraft.     Included with  the  figures 
are propulsion  system weight breakdowns keyed by number  to  the 
propulsion system components. 

I 
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POWER TRANSFER SYSTEMS 

REQUIREMENTS FOR POWER TRANSFER DEVICES 

In the compound/composite aircraft configuration analysis 
curves were prepared giving rotor power and auxiliary thrust 
required for the speed range of each system.  These curves 
define a set of power management requirements.  The development 
of an efficient power transfer system to meet these requirements 
is then the key to the successful use of cruise fan powerplants 
for compound and composite aircraft.  Obviously, for the inde- 
pendent cruise fan propulsion system there is no need for 
special power transfer devices since this control can be gained 
through the throttle and rpm control of both the cruise fan and 
the sli^ft turbine.  The tradeoff  then is between the added 
weight of the independent system and the weight, complexity, 
and efficiency of the power transfer devices in the integrated 
systems. 

Figures 60 
tion requi 
the single 
to these f 
discussion 
of general 
evolved, 
and compos 

through 69 give some indication of the interconnec- 
rements of the five propulsion systems coupled with 
and tandem rotor airframe configurations.  Referring 

igures and the previous airframe/propulsion system 
on the basic propulsion system requirements, a set 
requirements for a power transfer system can be 

If this system is to be applicable for all compound 
ite aircraft, it must meet the following requirements: 

1. Permit maximum rotor power during hovering with little 
(or zero) loss due to fan or system. 

2. Permit maximum thrust during cruise flight with little 
(or zero) loss due to power takeoff or system. 

3. Permit gas generator power to be used efficiently in any 
rotor/fan combination at all speeds within engine capabil- 
ity, and provide adequate margin of power available through 
transition. 

4. Permit reduction in rotor rpm with minimum degradation of 
fan thrust during cruise of a compound configuration. 

5. Provide simple, constant speed control system (selectable 
rotor drive/fan rpm) with automatic power control of the 
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gas producer to provide the torque-on-demand from rotor 
drive and/or fan drive. 

6. Provide for decoupling rotor drive for composite aircraft 
configuration. 

7, Provide control system for both rotor and fan throughout 
flight regime from hover to maximum speed cruise. 

The results of the matching study indicate more specific 
requirements regarding rotor and fan power.  Table XXVIII 
summarizes these requirements and is derived from th3 resultant 
hover and cruise conditions to which the optimum aircraft have 
been designed.  An analysis of the various methods of satisfying 
these requirements follows. Analysis of the efficiency, com- 
plexity, and feasibility of each system have led to the choice 
of variable inlet guide vanes for fan thrust control in the 
shaft drive systems and variable fan and power turbine arches 
for fan and rotor power control in the gas-drive systems. 

POWER TRANSFER METHODS 

Gas-Drive Svstems 

Power absorption of the rotor is controlled by blade pitch and 
power absorption of the fan is controlled by fan speed.  The 
problem remaining is the management of the power transfer to 
these systems in the form of high-energy hot-gas exhaust from 
the gas generators.  The flapper valve in both branches of the 
diverter valve and the rotor brake permit hot gas flow to the 
remote power turbine to be diverted and the rotor to be 
stopped and stowed in the composite case.  Methods of contin- 
uous flow modulation to the remote power turbine and to the 
gas-driven fans were studied, and the following are the 
results of this analysis. 

The diverter valve was analyzed as a possible flow modulating 
device to regulate.the division of gas flow between the cruise 
fans and ther remote power turbine in the gas-driven systems. 
However, data from Reference 3 plotted in Figure 138 demon- 
strated that the diverter valve would be a very inefficient 
means of regulating fan thrust and turbine power, because of the 
large pressure losses for partial valve opening. As a conse- 
quence, the diverter valve became just an open-and-close con- 
trol device to direct the gas generator exhaust gas to the 
power turbine for the hover mode, to permit flow to both power 
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turbine and fans for the compound aircraft in the cruise mode, 
and to eliminate power turbine flow and permit only fan flow 
for the composite aircraft in the cruise mode. The result was 
that the diverter valve satisfied requirements for zero fan 
losses in hovering and zero power turbine losses during the 
cruise mode of the composite aircraft. 

To accomplish the required flow modulation for the gas-driven 
systems, variable admission arches, variable turbine stator 
vanes, and variable turbine exhaust nozzles were all considered 
for both the remote power turbine and the fan turbine.  Any of 
these flow modulation devices on the remote power turbine, in 
conjunction with rotor collective pitch control, permit con- 
stant rotor speed operation at any power setting.  The remote 
gas-coupled cruise fan was envisioned as a variable speed 
powerplant with fan speed a function of the fan input power 
and thus controlled by the flow modulation control on the fan 
turbines. 

In the variable admission arch configuration, the turbine inlet 
annulus was divided into two separate segments, each one ducted 
separately and the flow controlled by separate gate valves. 
The losses in a partial admission system have been discussed 
in References 2, 12, and 24, including interference losses at 
either end of the arc of admission, and pumping and windage 
losses in the inactive arc of the rotor annulus. 

The effect of partial admission on turbine efficiency and power 
from these references was plotted in Figure 139. The curve 
from the efficiency correlation in Reference 24, which was 
the most optimistic of the three, produced approximately thr 
same power correlation as the ideal curve of Figure 138, which 
indicated those results to be optimistic, also. The effect 
of the number of variable admission arches was apparent from 
Figure 138, which indicated that increasing the number would 
result in a closer approximation of the ideal curve. 

Consequently, it would appear that the power transfer system 
for the compound aircraft, for instance, could be designed with 
the proper number of variable admission arches so that one of 
the intersections of the actual power curve with the ideal 
would correspond exactly to the cruise gas flow. Figure 140 
shows the effect on fan thrust of many variable admission 
arches at the fan turbine inlet, closely approximating the 
ideal fan thrust. Efficient use of various combinations of 
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shaft power and fan thrust would require a large number of 
variable admission arches. 

Also plotted on Figure 140 is an approximation of the variable 
fan rpm as a function of the fan turbine flow, illustrating 
that the gas-coupled fan was a variable speed powerplant. 

The amount of performance data for variable turbine stator 
vane configurations was very limited,  since this device has 
been incorporated by only one manufacturer in an engine under 
development for the U.S. Army Tank Automotive Center.  The 
problems of variable stator vanes would include distortion 
of parts at high temperatures which makes stator vane turning 
and accurate control difficult, and leakage of the flow around 
the stator vanes and its effect on performance.  The source 
of the losses at part power for a turbine with variable 
stator vanes was demonstrated qualitatively with the turbine 
velocity diagrams in Figure 141. 

Closing the stator vanes at part power resulted in significant 
Incidence angles at the inlet to the rotor blade and incidence 
losses, as well as in increased rotor exit tangential velocity 
and exit kinetic energy losses.  From Reference 8, the limited 
data on variable stator vane performance was plotted in Figure 
142, illustrating that the turbine efficiency could be main- 
tained at a reasonable level over a wide range of flow.  How- 
ever, the performance of the turbines with variable stator 
vanes was not as efficient at part power operating points as 
that of the turbines with variable admission arches. 

Again considering the velocity triangles in Figure 141, the 
reduction in flow at part power operation for the turbines 
with variable area exhaust nozzles was accomplished by reducing 
the expansion through the stage and reducing the stage work. 
The result was incidence angles and incidence losses at the 
rotor blade inlet and losses due to rotor exit tangential 
velocity.  Also, increased pressure ratio across the exhaust 
nozzle produced increased exhaust kinetic energy losses.  The 
additional losses involved in this system disqualified it from 
further consideration for the remote power turbine. 

Shaft-Driven Systems 

As in the gas-driven systems, power absorption in the rotor of 
shaft-driven systems is controlled by blade pitch.  Since the 
fan is directly coupled to the rotor shaft and must run at a 
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constant set sj. sed unless declutched, the problem remaining is 
the method of modulating the power absorption of the fan sys- 
tem.  In these systems the rotor decoupling for the composite 
aircraft configurations is accomplished by a decoupling clutch. 

Among the power transfer methods analyzed for the shaft-driven 
fan systems were variable fan inlet guide vanes, variable 
stagger (or variable pitch) fan rotor blades, and variable fan 
inlet diaphragms.  Variable inlet guide vanes were proposed 
for the compound turbofan engine in Reference 16, which is 
referred to as a convertible engine in this study.  In the 
cruise mode of operation, with the clutch engaged between the 
fan-turbine low-pressure compressor shaft and the fan, the 
variable inlet guide vanes were to modulate the flow through 
the fan and to provide an infinitely variable thrust-shaft 
horsepower relationship.  This relationship is shown in 
Figure 143 and was taken from Reference 16. 

Calculations were made for a convertible fan system with 
variable inlet guide vanes, with cascade losses assumed to be 
proportional to the cascade relative kinetic energy and suit- 
able incidence losses.  The resulting thrust-power relationship 
closely approximated the manufacturer's data in Reference 16 
and is presented in Figure 143.  The fan rotor and stator 
incidence angles and velocity ratios for off-design flows were 
plotted in Figure 144.  Because of the poor aerodynamic 
conditions in the stator at the lower fan flows, indications 
were that surge would occur at low fan flows.  Reference 23 
confirmed that incidence angles increase significantly at 
lower flows with variable inlet guide vanes.  This problem of 
fan surge could compromise the performance of the convertible 
fan at low fan thrust.  Tests are being conducted by the 
engine manufacturer to prove this concept. 

Another power transfer method was the variable stagger (or 
variable pitch) fan rotor blade. With the lack of any perform- 
ance data from the engine manufacturers, calculations were 
made with cascade loss and incidence loss assumptions similar 
to those made for the convertible fan calculations.  The 
results of these calculations were not satisfactory, however, 
and resulted in an improbable thrust-power relationship. 
However, the fan rotor and stator incidence angles and 
velocity ratios presented in Figure 145 again indicated 
probable surge problems at low fan flows. 
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A third power transfer system for possible use with the shaft- 
driven fans was the variable fan inlet diaphragm, a device for 
throttling the inlet flow to the fan.  References 9 and 15 
discussed some of the NACA work with inlet annulus blockage in 
multistage compressors, where inlet baffles produced a sub- 
stantial shift in the surge line of the compressor and improved 
the low-speed surge margin.  Considerable development effort 
was. devoted to a snap-ring inlet baffle for the same 
purpose.  Performance calculations were made for the variable 
fan inlet diaphragm, with loss assumptions which included 
losses due to contraction of the flow at the inlet baffle and 
subsequent expansion in the rotor, windage losses in the inac- 
tive part of the rotor annulus flow passage, cascade losses 
proportional to the average kinetic energy, and rotor and 
stator incidence losses.  The resulting thrust-shaft horse- 
power relationship, shown in Figure 146, was definitely poorer 
than that for the variable inlet guide vanes. 

On the basis of these results, use of the variable fan inlet 
diaphragm was disqualified from further consideration among the 
power transfer methods for shaft-driven fans.  Of the remaining 
methods, the variable inlet guide vanes seemed to be the most 
promising, although it appeared that variable fan stator vanes 
must be tied in with such a system to prevent vane stall and to 
eliminate the surge problem.  The complexity of this system 
should be less than that of variable-stagger fan rotor blades. 

Selected Systems 

Performance - As indicated in the previous paragraphs, the 
method selected for power modulation to the remote power tur- 
bine and gas-driven fans was use of variable admission arches. 
Partial admission information is not new, and it is believed 
the flow modulation, although somewhat complex, can be handled 
throughout the power range with minimum losses. 

The method selected for shaft-driven fans has not, however, been 
completely tested. Variable inlet guide vane fans have been 
used for small-range modulation, but as yet they have not been 
tested throughout the thrust range. Further work in the 0- to 
50-percent thrust range is required to obtain answers to 
questions regarding fan stall and thrust output in this area. 

Control Requirements - The basic functions of a propulsion 
control system are to provide the pilot with means of starting 
and stopping propulsive units and controlling their speed and 
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power output.  This must be accomplished in a manner allowing 
the aircraft to perform properly through its intended flight 
envelope without exceeding propulsion component design limits 
or acceptable pilot workloads. 

In order to give an illustration of the basic control require- 
ments both of integrated shaft-driven or gas-coupled systems 
and of independent cruise fan propulsion systems, simple 
functional schematic diagrams are presented in this section. 
In each case the diagrams are intended to cover all three 
aircraft types considered in this report.  For the sake of 
simplicity, single-engine systems are depicted; however, the 
control functions involved are conceptually similar to those 
required for twin-engine aircraft. 

Figure 147 shows a potential control system for an integrated 
gas-coupled propulsion arrangament; also, component control 
functions are described briefly. A conventional means of 
rotor system speed and power control is indicated. Additional 
control elements are added to provide the required cruise 
fan control and relative power management functions. 

Figure 148 shows basic elements of a possible control system 
for an integrated shaft-coupled propulsion configuration; 
a brief description is also presented.  Again, rotor control 
is conventional. Means for fan control and system power 
management also are indicated. 

Figure 149 shows an equivalent system for the independent 
cruise fan application.  Means for control of both lift and 
cruise subsystems are presented. 
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POWER TRANSFER SYSTEM DESIGN, DEVELOPMENT, AND PRODUCTION 
RESPONSIBILITY 

In the development of the cruise fan propulsion systems tor the 
compound and composite aircraft, the interface between the air- 
frame contractor and the engine contractor becomes of primary 
importance because of the power transfer components necessary 
to the integration of the propulsion system.  Analysis of the 
propulsion systems indicates that a division of prime contract 
responsibility can be made as a function of each system, as 
follows: 

Gas-Coupled System (Tip Turbine and Axial Turbine) 

Due to the interrelationship between the gas generator, remote 
cruise fan, power turbine, and control system, the complete 
power package would be supplied and qualified as a unit by the 
engine manufacturer, with space provisions and mounting require- 
ments supplied by the airframe manufacturer. 

Shaft-Coupled (Remote Cruise Fan) 

Other than the basic shaft turbine, all elements would be the 
prime responsibility of the airframe contractor.  Subcontracting 
of many components (such as the control system, fans, and gear- 
boxes) to engine or propeller manufacturers would be likely. 

Shaft-Coupled (Convertible Cruise Fans) 

Since the primary power transfer system is an integral part 
of the convertible cruise fan, the engine manufacturer would 
be prime contractor.  Other systems (such as controls, 
decoupling gearboxes, etc.) would remain the prime responsi- 
bility of the airframe contractors. 

Independent System 

Normal division of prime responsibility would be followed, 
since there is no power transfer system. 
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Figure 139. Partial Admission Turbine Efficiency and Power 
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COMPARATIVE ANALYSIS 

COMPARISONS OF OPTIMUM AIRCRAFT CHARACTERISTICS AND SPEED 
SENSITIVITY STUDY RESULTS 

This section presents comparisons, in terms of the five cruise 
fan propulsion systems studied, of the major characteristics of 
the 30 optimum aircraft.  Summary data from the basic study is 
shown for comparison in both tabular and graphic form.  In 
addition, two speed-sensitivity investigations were performed 
as supplements to the basic study so that better comparisons 
could be made between integrated and independent types of pro- 
pulsion systems.  A discussion of these studies, their results 
and graphic presentation of the results is given so compari- 
sons of all study results, basic and supplemental, can be made. 

Tables XXIX and XXX are summaries of major characteristics 
for single and tandem rotor optimum aircraft, respectively. 
The characteristics of the optimum aircraft obtained during the 
basic study and the results of the speed sensitivity work 
derived in the supplemental study are presented. 

Comparison of the information shown in the tables is presented 
in Figures 150 through 155, with each figure giving data for a 
specific type and configuration of aircraft. In these figures 
the values of cruise speed of the aircraft can also be used as 
indices of respective productivities, PV (payload x speed), 
since the payload is a constant 6000-pound value. 

Supplemental Study - Speea Sensitivity Study of Integrated 
Propulsion Systems in Lift/Propulsion-Unloaded and Composite 
Aircraft 

The optimum aircraft of the basic study employing integrated 
propulsion systems have maximum speeds limited by the use of 
the available power installed to meet a 6000-foot, 950F 
hovering requirement at design gross weight.  As a result 
these aircraft, particularly those of the composite type, are 
power-limited in high-speed flight and do not necessarily reach 
their maximum speed potential as an aircraft concept. 

The optimum aircraft of the basic study using independent pro- 
pulsion system 3 have cruise power installed to achieve the 
maximum speed limits considered appropriate to the concept. 
These maximum sea level speeds were defined as 270 knots for 
the compound aircraft, based on rotor aerodynamic limits, and 
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350 knots for the composite aircraft, based on airframe 
dynamic pressure limits and critical Mach number. 

In the cases of lift/propulsion-unloaded compound and composite 
aircraft, those having independent propulsion systems generally 
proved to have the highest relative productivity values in the 
design mission because their increased cruise speeds with re- 
spect to aircraft with integrated systems counted for more in 
the productivity criteria than their increased empty weights. 

To estimate the effects on productivity and vehicle weight 
between aircraft with integrated and independent propulsion 
systems having the same maximum speed capability, a speed 
sensitivity study was performed for two aircraft types having 
integrated systems.  The optimum tandem rotor lift/propulsion- 
unloaded and composite aircraft of the basic study, both using 
convertible cruise fan propulsion (integrated oystem 2b), were 
selected for this purpose.  The following approach was employed 
for this study: 

1. Fix the maximum speeds of the two new aircraft at independ- 
ent propulsion system aircraft values (270 knots for the 
compound and 350 knots for the composite) . 

2. Employ the disc loadings and bypass ratios of the optimum 
aircraft in the basic study for both new cases. 

3. Hold the hover capability specifically at the 6000-foot, 
950F level. This rule results in a torque-limited rotor 
drive system, but directly matches the capability of the 
comparable independent propulsion system aircraft. 

4. Assess the required changes in empty weight, fuel for the 
100-nautical mile radius design mission with 6000-pound 
payload, the resulting gross weight, and the relative 
productivity. Compare the resulting aircraft with those 
employing independent propulsion systems and with the 
lower speed integrated system vehicles of the basic study. 

Tables XXXI and XXXII show the results of the study. 
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TABLE XXXI 
INTEGRATED/INDEPENDENT PROPULSION SYSTEMS COMPARISON - 
TANDEM ROTOR LIPT/PROPULS ION-UNLOADED COMPOUND AIRCRAFT 

Item 
Basic Study 
Integrated Integrated Independent 

(2b) {2b) (3) 

Maximum speed, SL (knots) 
Disc loading (psf) 
Bypass ratio 
Air frame wt (lb) 
Propulsion wt (lb) 
Fixed equipment wt (lb) 
Empty wt (lb) 
Fixed useful load (lb) 
Payload (lb) 
Design mission fuel (lb) 
Total useful load (lb) 
Design gross wt (lb) 
Useful load ratio (%) 
Rotor diameter (ft) 
Rated hover SHP, SL Std 
static 

Rated cruise fan thrust/ 
aircraft, SL std, 
static (lb) 

Cruise speed, SL (knots) 
Relative Productivity 

226 270 270 
11 11 8 
9 9 3 

10,886 10,845 11,868 
4,029 4,694 5,592 
2,935 2,935 2,935 

17,850 18,474 20,395 
750 750 750 

6,000 6,000 6,000 
2,900 3,456 4,135 
9,650 10,206 10,885 

27,500 28,680 31,280 
35. 0 35.6 34.9 
39. 9 40.7 49.6 

6,000 

9,180 
219 

73.6 

6,300 

12,230 
263 

85.4 

6,400 

10,040 
258.5 

76.0 

Supplemental Study - Speed Sensitivity of an Independent 
Propulsion System in a Propulsion-Unloaded Aircraft 

Results of the basic study defining optimum aircraft showed the 
relative productivity and gross weight characteristics of the 
optimum single and tandem rotor propuls ion-unloaded aircraft 
with independent propulsion systems to be poor compared to those 
of other aircraft configurations. These results are attributed 

to the 270-knot high-speed requirement imposed on the type in 
the basic study work.  The attempt to design these aircraft for 
such a high speed, on the basis of rotor aerodynamic limits 
alone, resulted in extremely high empty and gross weights and 
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TABLE XXXII 
j  INTEGRATED/INDEPENDENT PROPULSION SYSTEMS COMPARISON - 
]              TANDEM ROTOR COMPOSITE AIRCRAFT 

Item 
Basic Study 
Integrated Integrated Indeoendentj 

||                   J- wdll 
(2b) (2b) (3)   1 

Maximum speed, SL (knots) 312 350 350   I 
Disc loading (psf) 11 11 8 

Bypass ratio 6 6 3 

Airframe wt (lb) 16,271 16,908 17,448 
Propulsion wt (lb) 5,417 6,117 6,992 
Fixed equipment wt (lb) 2,935 2,935 2,935 
Empty weight (lb) 24,623 25,960 27,375 
Fixed useful load (lb) 750 750 750 
Payload (lb) 6,000 6,000 6,000 
Design mission fuel (lb) 3,337 3,630 3,995 
Total useful load (lb) 10,087 10,380 10,745 
Design gross weight (lb) 34,710 36,340 38,120 
Useful load ratio (%) 28.9 28.6 28.2 
Rotor diameter (ft) 44.9 45.9 54.9 
Rotor hover SHP, SL std 

static 8,180 8,640 7,920 
Rated cruise fan 

thrust/aircraft, SL 
std static (lb) 11,200 14,000 12,280 

Cruise speed, SL (knots) 304 340 341 
Relative productivity 

!   pxvcr 74.0 78.6 74.8 1 
|   EW 

in low relative productivities.     High weights partly resulted 
from large cruise fan thrust requirements and very high rotor 
area requirements,   the latter being due to the rotor  lift 
requirements while turning at  slow rpm at the high aircraft 
speed. 

To provide a better comparison of  independent and integrated 
propulsion systems in this  aircraft type,   a study was conducted 
of a revised tandem rotor aircraft with an independent fan 
system sized for a lower maximum speed of 210 knots.     This 
value of high speed was selected to be closely comparable with 
those of the optimum propulsion-unloaded aircraft incorporating 
integrated propulsion systems  so  that relative productivities 
could be compared. 
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The following approach was used for the study of the new air- 
craft: 

1. Fix maximum speed at 210 knots at sea level commensurate 
with other propulsion-unloaded aircraft.  Size the 
cruise fans for this speed. 

2. Employ the disc loading (8) and bypass ratio (9) 
selected for the original 270-knot high-speed aircraft. 

3. Hold the hover capability of the lift system at the 
6000-foot, 950P level commensurate with the other air- 
craft. 

4. Evaluate the required gross and empty weights and the 
relative productivity in the design mission against 
those of the other tandem rotor types with integrated 
propulsion systems. 

The results of the study are shown in Table XXXIII. 

Discussion of Results 

Propulsion-Unloaded Aircraft - A comparison of the relative 
productivity values resulting from combination of the inte- 
grated propulsion systems with propulsion-unloaded aircraft 
shows a maximum difference of 6 percent. The significance of 
this difference is somewhat reduced by consideration of the 
cumulative calculation accuracy resulting from the optimization 
process.  The gas-coupled lb system appears to yield marginal 
relative productivity advantages (about 1 to 3 percent) ; how- 
ever, it can be concluded from the above considerations that 
the relative productivity of the systems is essentially the 
same.  The gross weights of these aircraft also are remarkably 
close, the maximum difference being 4 percent in the tandem 
case and 3 percent in the single rotor case.  Empty weights 
vary about the same amount. 

In one case, the convertible propulsion system 2b aircraft, 
there is a small increase in gross and empty weights for both 
the tandem and single rotor cases.  This is due to a combination 
of higher propulsion system weights and mission fuel weights 
compared to those of other integrated systems. With this pro- 
pulsion system, the increased fuel requirement is attributed to 
higher specific fuel consumption when operating principally as a 
shaft turbine engine due to a nozzle design optimized for cruise 
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flight.  Reference to the pover required curves shown later in 
this section indicates that a high percentage of installed 
power is being delivered to the rotor at the cruise condition 
because it still supplies all the lift in cruise flight.  This 
situation is unique to the propulsion-urloaded aircraft type. 

The somewhat greater propulsion system weight of the system 2b 
arrangement reflects a physical design constraint of the con- 
vertible engine type.  The fan size and installed thrust in 
this case are functions of >asic gas generator sizing, with 
the latter based on the design hover power requirement.  In 
the other Integrated propulsion systems it is possible, because 
of configuration, to tailor fan size directly to cruise thrust 
requirements. 

Fan bypass ratio selections for these propulsion-unloaded air- 
craft are all at the high end of the study range (9 or 12). 
The optimum aircraft selection plots for this type, presented 
previously indicate the insensitivity of the relative produc- 
tivity index to bypass ratio selection.  The insensitivity in 
this case is due to the small amount of cruise fan power, 
relative to rotor power, required at the cruise-flight con- 
dition of this aircraft type.  The effect of the bypass ratio 
on weight is therefore small in terms of the total empty weight 
value applied in the relative productivity evaluation. 

Results show that the aircraft with integrated systems have sea 
level cruise speeds in the approximate range of 200 to 210 knots 
where gas generators are sized for the 6000-foot, 95eF design 
hover condition. Very low cruise fan thrust values are required 
to attain these speeds.  In view of these results, the question 
could be raised generally as to the applicability of integrated 
propulsion systems for this aircraft type and the tradeoffs 
Involved against use of an advanced type of pure helicopter 
Rough estimates would indicate that the pure helicopter might 
achieve a comparable 200-knot cruise speed if equipped with 
sufficient rotor blade area. 

The results of the basic study for propulsion-unloaded aircraft 
having Independent cruise fans are not directly comparable with 
those of the aircraft discussed above. For integrated system 
cases maximum speeds are dependent on the power Installed for 
the hover case, but in independent system cases the high speed 
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was set as an input parameter and  sized the cruise fans.     Rela- 
tive productivity  is extremely poor  in  the  independent propul- 
sion system cases of the basic  study. 

An attempt was made to  fly these aircraft at a high speed 
corresponding  to  estimated aerodynamic  rotor  limits in an 
effort to maximize relative productivity.     Instead,   the very 
large increase  in vehicle empty weight,   due mainly to extreme 
rotor area requirements and very high  fan thrust requirements, 
sharply reduced relative productivity values.     In order  to 
place the independent propulsion system on a more comparable 
basis with integrated  systems    and to  set a more realistic 
high speed for the aircraft type,   a supplemental speed sensi- 
tivity study was  performed for a sample tandem rotor  aircraft. 
A discussion of  the study is given earlier  in this section. 
The maximum speed of the revised aircraft was adjusted to 
match the values   for  the integrated system types. 
Results show a  substantial increase in relative productivity 
compared to the poor basic study aircraft,  but the relative pro- 
ductivity of the new aircraft is still less by about 2 to 8 
percent than that of the aircraft with  integrated propulsion 
systems.    The lower relative productivity value is due mainly to 
a higher propulsion system weight,   attributable largely to the 
fact that four gas generators are employed  in the  independent 
propulsion system. 

Lift/Propulsion-Unloaded Aircraft - With one exception,   these 
aircraft yield very similar mission relative productivity 
values when using  integrated propulsion systems (within 3 
percent in the cases of tandem and single rotor aircraft 
individually.)     Highest values are  indicated for the tip-driven 
gas-coupled system la.     The exception  is the remote shaft- 
coupled propulsion system 2a aircraft where  relative productiv- 
ities are poorer  due to slower cruise  speeds and generally 
higher empty weights.     This effect  is  due mainly to the  reduced 
cruise speeds. 

In the  2a system the  fan propulsive efficiency is  less  than  in 
the other systems,   thus  reducing  the cruise  speed available 
with a given amount of gas generator airflow.     The  lower cruise 
efficiency stems   from use of a fixec^ open tailpipe sized  for 
the hover condition in this propulsive system.    No credit could 
be taken in this  system for cruise propulsive thrust  from the 
shaft turbine tailpipes because of design  installation problems 
that prevented directing the exhaust aft. 
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The  relative productivity values ot the  2b convertible propul- 
sion system are  2.5  to  3 percent lower  than those of the  la 
system because empty weights  are slightly higher.     The greater 
prirt of the weight difference  is in the propulsion  system. 
Increased propulsion system weight stems  from a 20-percent 
increase  in installed airflow for the 2b arrangement compared 
to  the la  system. 

The  increased airflow requirement results,  as before, from a hover 
inefficiency of the  2b  system because of  sizing the tailpipes 
for  the design cruise condition.    The lower bypass  ratio 
selection of 9 for the  2b propulsion system produced the lowest 
propulsion system weight for  this cast.     The  interplay of con- 
vertible  fan engine weight variation with  fan specific thrust 
and bypass ratio dictated this selection. 

It should be noted,  however,   that in this  case the variation 
of convertible engine weight with bypass  ratio  for a given 
thrust requirement is very small.    The optimum aircraft charts 
previously presented show that the relative productivity vari- 
ation in the higher bypass  ratio range is  slight,   and that for 
the higher disc  loadings  there was little to choose between a 
bypass  ratio of 9 and 12. 

In  the general case,  however,   selection of cruise  fan bypass 
ratio has a significant effect on relative productivity, because 
of   its influence on the propulsion group part of empty weight. 
During cruise flight of  lift/propulsion-unloaded aircraft,  and 
contrary to the propulsion-unloaded case,   most of  the power 
installed goes to the  fans.     Therefore,  variations  in major  fan 
parameters exert a significant  influence  in propulsion and thus 
on empty weight trends. 

For  integrated propulsion systems other than the  2b system, 
large increases in relative productivity with increasing bypass 
ratios are shown by the trends of the optimum aircraft selection 
charts.     For a particular cruise fan thrust requirement,  the 
total fan system weight varies with bypass ratio selection.    ^ 
low bypass ratio results in a  lighter  fan  section and a heavier 
gas generator,  and a high-bypass-ratio results in the opposite. 
This  is due to the lower specific thrust characteristics of a 
low-bypass-ratio system resulting in higher gas generator air- 
flow requirements.     In the cases cited above, the high-bypass- 
ratio selection yielded the  lowest total propulsion system 
weight. 
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Results of the  study of an independent propulsion system air- 
craft,  where cruise fans were sized by the 270-knot maximum 
speed,   show relative productivity values nearly identical  to 
those of the best integrated system aircraft.    Higher speeds 
have a greater  influence than the empty weight increases,   but 
the  independent system aircraft  requires greater empty and 
gross weights  to attain these productivity values. 

In the high-speed independent system aircraft the optimum bypass- 
ratio selection was the lowest of the study range.    Here the 
relatively lower weight of the  low-bypass-ratio  fan system 
resulted  from the predominating  effect of the lower fan section 
weight.     The trend of relative productivity decrease with  in- 
creasing bypass  ratio for this  independent system case  is  shown 
in Figures  95 and 100, 

To determine whether an integrated system aircraft would pro- 
duce a higher relative productivity value if maximum speed were 
increased to the 270-knot independent system aircraft value, 
a supplementary speed sensitivity study of the 2b system was 
performed. 

Results  show that for the new aircraft a substantial  increase 
of 16 percent is gained in relative productivity with  respect 
to the lower speed aircraft of the basic study.    A moderate 
increase in empty and gross weights also results.     In addition, 
the higher  speed convertible  fan aircraft has superior charac- 
teristics  to the independent propulsion system aircraft in 
terms of relative productivity   (by 12 percent),   and of empty 
and gross weights   (5 and 4 1/2 percent,   respectively) .     It  is 
believed that these trends would be typical for the other air- 
craft employing  integrated propulsion systems. 

Composite Aircraft - Optimum composite aircraft of the basic 
study using  integrated propulsion systems display a greater 
variation of relative productivity with propulsive configuration 
than other aircraft types.    The total  range of difference is 
over 9 percent for tandem rotov and more than 8 percent for 
single rotor aircraft.    The aircraft with the 2b convertible 
cruise  fan systems shows the best relative productivity of the 
integrated  types by a small margin in both cases.     The wider 
variations noted above are due to greater differences  in both 
cruise speeds and empty weights  for the various integrated 
propulsion system aircraft.     The higher cruise speeds of 
composite aircraft relative to the other types emphasize 
differences  in weight and performance characteristics of 
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propulsive systems.    Since no rotor power is employed in 
cruising flight,   the fans use all the available power. 

The  2b convertible cruise  fan aircraft rates higher  in 
productivity because of a cruise speed advantage.    The 
higher  speed of this aircraft results front a higher 
thrust available at the cruise condition based on the 
selection of a lower bypass-ratio fan.    The static thrust 
available from this fan system is approximately the same 
as  In other  Integrated systems;    however,   the lower 
bypass-ratio fan gives a  slower  fall-off of thrust with 
aircraft forward speed. 

The optimum aircraft selection charts  for this case presented 
previously show that relative productivity peaks near the 
lower part of the bypass-ratio range studied,   although the 
variations with bypass ratios are not large.    The selection of 
bypass ratio 6 in this  system reflected the lowest propulsion 
system weight and the lowest convertible engine weight due to 
the  same total effects of  fan specific thrust characteristics 
and bypass ratio on weight noted previously  for  the lift/propul- 
sion unloaded aircraft. 

An additional factor contributing to the higher speed of the 
2b convertible fan aircraft relative to the 2a remote fan 
case was the selection of an engine nozzle configured for the 
cruise  flight condition,   thus providing a higher cruise pro- 
pulsive efficiency in the  2b system. 

The  2a remote shaft-coupled propulsion system shows as the 
poorest of the Integrated system cases because of a relatively 
low propulsive efficiency as noted earlier  in discussion of 
11ft/propulsion-unloaded aircraft. 

Composite aircraft equipped with independent propulsion systems 
exhibit relative productivity values  slightly greater than 
those of the basic study  aircraft with integrated systems. 
The higher cruise  speeds of the independent system aircraft, 
based on propulsion system sizing  for a 350-knot maximum speed. 
Increased the productivity values at the expense of signifi- 
cantly higher empty and gross weights.     This  result is gener- 
ally similar to that of the lift/propulsion-unloaded aircraft 
cases discussed previously. 

The  low-bypass-ratio selection for the Independent fan aircraft 
is again due to the same  fan and gas generator weight trends 
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with bypass  ratio  and specific thrust noted previously  for 
lift/propulsion-unloaded aircraft. 

To determine again the effect on  relative productivity and 
aircraft weights of increasing  the maximum speed of an  inte- 
grated system aircraft to match  that of  the  independent system 
aircraft,   a supplemental study was performed.    A discussion of 
this  study  is given earlier  in this  section.     The  results, 
shown for a tandem rotor aircraft using  a 2b convertible sys- 
tem,   indicate that  the new higher  speed  2b system aircraft has 
a relative productivity 6 percent greater than the comparable 
lower speed aircraft of the basic  study  for a gross weight 
penalty of  just under  5 percent.     In addition,  comparison on 
the same maximum speed basis  shows the  convertible  fan  system 
aircraft surpasses  the  independent system vehicle by 5 percent 
in relative productivity with empty and gross weights about 
5 percent  less. 

These  reaults clearly show,   as  found  in the  lift/propulsion- 
unloaded case discussed earlier,   that the integrated system 
studied is  superior to the independent propulsion system on the 
comparative basis  employed herein.     It  is believed that  similar 
studies  for the other  integrated propulsion systems would yield 
generally similar  results. 

COMPARISON  OF  OPTIMUM AIRCRAFT   POWER REQUIREMENTS 

Figures  156  through  161 present comparisons,   each covering  the 
five propulsion systems considered,  of  installed rotor shaft 
power and cruise  fan thrust requirements  through the operating 
speed range of the  30 optimum aircraft of the basic study. 
The installed rotor powers are referred directly to the  rotor 
hubs    and thus  represent requirements of an installed propul- 
sion system.     The  installed thrust values are net thrusts 
referred directly to the fan hubs;  they also represent require- 
ments of an  installed propulsion system. 

To relate the installed data given in  the curves noted above 
to uninstalled values,  correction  factors taking  into account 
the efficiencies of the various drive system components of each 
propulsion system type,  and thus  referring power requirements 
back to the point of engine power output,  are given herein. 
The point to which uninstalled power is  referred is the same 
for each propulsion system:    the power turbine output shaft. 
In the case of gas-coupled systems a factor has been included 
for duct,  diverter valve,  and variable admission arch systems 
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upstream of the conunon power turbine; however,   the efficiency 
of the power turbine itself has not been included so that a 
fair comparison with shaft-coupled systems>  where shaft turbine 
free power turbine efficiencies are also omitted,  can be 
effected.    The 60 horsepower in the correction  factors is the 
constant value employed  for aircraft accessory drive power in 
the  study.    The following  tabulation shows the  factors with 
which the rotor shaft power requirement values  of the curves 
should be modified to obtain uninstalled power values as 
defined above. 

Power Correction Factors  on Curve Installed Values 

Propulsion System Uninstalled Power Value   (HP) 

Gas-Coupled Integrated   (la,   lb) 1.108 HPj +60 
Shaft-Coupled Integrated   (2a,   2b) 1.064 HPj + 60 
Independent   (3) 1.064 HPj + 60 

where 
HPj = curve value   (installed) (hp) 

The  fan thrust requirement data shown in the curves can be 
modified to installed   (fan hub)   and uninstalled power require- 
ments as follows:     Fan  installed power for any point is gained 
through the formula 

Tf x V 
^f       =    326^- 

where 
f =  fan 

Tf = curve value of fan thrust per aircraft   (lb) 

V    = curve value of aircraft flight speed   (knots) 

Hf  = fan efficiency 

Fan efficiencies can be  taken from the data of Figure 176 for 
the bypass-ratio values pertaining to the optimum aircraft of 
interest.    The correction  factors required to translate an 
installed fan power requirement to uninstalled values are given 
in the  following  tabulation: 
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Fan Power Correction Factors 

Propulsion System        Uninstalled Power Value (HP) 

Gas-Coupled Integrated (la, lb) 1.075 (HPj)f + 60 
Shaft-Coupled Integrated {2a) 1.031 (HPj)f + 60 
Shaft-Coupled Integrated (2b) 1.016 (HPj)f + 60 
Independent (3) 1.0 (HPI)f + 60 

where 
(HPj)^ - calculated fan installed power value from 

^bove  formula 

The variations of required power and thrust as  shown on these 
curves  are generally similar to the trends shown as  samples, and 
as discussed under power requirements  in the configuration 
studies  section of this  report.    Differences in the require- 
ments of aircraft using the four integrated propulsion systems 
are in general quite small for a specific aircraft type.     This 
is due to the small differences  in the major parameters of 
weight and disc  loading that govern power requirements  in the 
aircraft using these systems.     Reference to the summary data 
for the  30 optimum aircraft in the previous section is an aid 
in  interpreting  the power/thrust requirement trends  shown  in 
the curves.     The  independent system  3  aircraft requirements are 
in most cases  substantially greater,   since these aircraft are 
much heavier because of the high-speed requirement  imposed. 
Variations  in the hover power requirements are a function of 
variations  in aircraft weight,   disc  loading selection,  drive 
system losses,   and download force  from rotor wash on the wings 
of wing-equipped  types. 

COMPARISON OF  OPTIMUM AIRCRAFT  PAYLOAD-DISTANCE CAPABILITY 

The payload-range availability of the 30 optimum aircraft 
is  shown  in graphical form in   Figures  162 through  167.     Compari- 
sons of aircraft using the  five propulsion systems  studied are 
shown on each curve for a specific aircraft type and configu- 
ration. 

The design point  for all aircraft  in accordance with study 
ground rules was  a sea level 6000-pound pa/load,   100-nautical ■ 
mile-radius mission.    This  is  shown  in the curves as an 
equivalent  200-nautical-mile-range mission,  and the common 
design point  is  indicated on each plot.     All the aircraft were 
designed with a  fuel capacity tailored to this  requirement,  and 
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thus the sloped load-distance  tradeoff lines terminate at the 
200-nautical mile point.    The plots  are completed by the near- 
vertical maximum fuel cutoff lines. 

The slopes of the load-distance trade lines give relative 
indices of  the overall mission  specific  ranges   (nautical miles 
per pound of  fuel)   for  the various  aircraft/propulsion system 
combinations.     Flatter  slopes  indicate better overall specific 
range and  conversely  lesser payload  increases per unit decre- 
ment in range.     The aircraft all have different gross weights, 
however,   and greater  load capability for a given distance is 
generally gained at  the expense of a higher  aircraft gross 
weight,   as can be  seen by comparison of  the pay load-range data 
with the optimum aircraft gross weights presented in the 
figures. 

In the cases of all types of aircraft employing the  integrated 
propulsion systems,   the pay load-range capability is  similar 
within a type. 

The maximum spread of difference in zero-range payload is 
about 7 percent.     This  results because gross weights and 
specific range values are quite similar  for a given aircraft 
type. 

The aircraft employing  independent propulsion systems  show, 
in general,   significant differences  from those with  integrated 
systems  in payload-range capability at distances below the 
design point value.     This results  from the higher gross weights 
and poorer specific  range characteristics of the optimum inde- 
pendent system 3 aircraft.    Though of secondary importance 
to weight at very short ranges,   the bypass  ratio selections 
for system 3  aircraft  tend to be  lower than  in other propulsion 
system cases,   thus  tending to  increase specific fuel consump- 
tion, decrease propulsive efficiency,  and additionally reduce 
specific  range characteristics. 

COMPARISONS  OF OPTIMUM AIRCRAFT CRUISE TIME VERSUS  HOVER TIME 
CAPABILITY 

Figures 168 through 173 present the results of an analysis of 
comparative availability of time in hover  flight versus time 
in cruising  flight for the optimum aircraft.    The various gross 
weights are as defined in the basic study.     The results are 
presented  in separate plots for the particular aircraft types 
and configurations» with the five propulsion systems compared 
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in each case.    A general relative comparison of mission 
tradeoffs available for the aircraft/propul  ion system con- 
binations  studied is provided. 

All aircraft were  sized by the 6000-pound,   100-nautical-mile- 
radius design mission employing  a profile which allowed only 
the standard fuel provisions  for vertical takeoff and landing 
appropriate  to the  start,  midpoint,  and end of the mission. 
Otherwise,   no specific amount of time in hover flight was 
included  in the designing profile.    Since in all cases  the 
design point of these aircraft  is essentially at the point 
of zero hover time on the curves,   available hover time is a 
fall-out characteristic  in each case. 

Cruise time capability in any specific aircraft case of zero 
hover time  is basically the fixed 200-nautical-mile  total 
design point distance divided by the cruise speed of  that 
aircraft.     It is thus the aircraft reaction time to  accomplish 
a  200-nautical-mile-range mission.     In proceeding along a 
typical  trade line of constant gross weight in the direction 
of shorter  range capability,   that is,  less cruise time capa- 
bility,   the point of zero distance is reached when all fuel 
is expended during hover flight.     Differences in hover capa- 
bility between various  aircraft at any point are a function of 
relative differences in total  fuel available for hovering and 
efficiency of fuel use during hover.    Hovering efficiency is 
primarily a  function of the disc  loading  selected during the 
optimization procedure in the basic study. 

In general« the data shows the cruise times are similar where 
cruise speeds are  similar.     The  consistently lower cruise 
times of aircraft using  independent propulsion systems  result 
from the higher cruise  speeds  employed.     The differences in 
hover time vary with fuel available and disc  loading.     Aircraft 
using independent propulsion system 3 have the greatest hover 
time capability,   in spite of generally incorporating  lower 
disc loading values than the other aircraft,  because  they have 
so much more  fuel available. 

COMPARISONS   OF OPTIMUM AIRCRAFT  FERRY RANGES 

The ferry ranges of the aircraft defined as optimum from the 
basic study results are fall-out data,  since vehicle design 
points were  in all cases  fixed by the 6000-pound pay load, 
100-nautical-mile-radius  sea level mission.    Ground rules as 
to takeoff weight limitations and mission profiles  for  the 
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ferry case were  stipulated in a previous  section of this 
report. 

A tabular  comparison of the calculated   ferry ranges   of  the 
30 optimum aircraft is presented in Tables XXXIV    and XXXV 
for tandem and  single rotor design configurations, respectively. 
This data  is presented in each case  for  the three aircraft 
types covered against the  five propulsion systems considered 
in the study. 

The   ferry  range   figures  in general  show  trends  consistent with 
the variation of major influencing aircraft parameters and the 
differences of  aircraft type.     Ranges  increase  in the progres- 
sion of propulsion-unloaded,   lift/propulsion-unloaded,   and 
composite types.     This is mainly because  fuel available  for 
the mission increases in the same progression due to  succes- 
sively increasing   ferry takeoff    gross weights,   and for a 
given propulsion  system the mission specific range varies only 
a small amount between aircraft types. 

Generally, where better aircraft lift/drag ratio characteristics 
are available in a  type,   the increased average gross weight 
tends to nullify  the potential gains  in  specific range.     Range 
differences do occur, however,   in some cases where takeoff 
gross weight is   limited by something other than a  flight  limit 
load factor of  2.0,   such as available power,  thus placing  a 
restriction on  the amount of fuel available. 

Since  for aircraft of a given type using   integrated propulsion 
systems there are no major differences  in takeoff gross weights, 
ferry fuels or  specific ranges,   the  ferry ranges of vehicles 
in both  single and tandem configurations vary little among 
themselves.     The  influence of bypass  ratio alone  in changing 
specific  range values through changes   in propulsive efficiency 
and specific  fuel  consumption appears  to show to a minor degree 
in the data presented.    Since bypass  ratios are  consistently on 
the high side of the study range   (usually 9 or 12)   on all 
integrated system aircraft,  differences  in specific range 
should be small. 

Aircraft with independent propulsion systems show poorer  ferry 
ranges  in spite  of greater  fuel availability.     This poor  specif- 
ic range performance is due to relatively greater average air- 
craft weights and,   in most cases,   to a  lower fan-bypass-ratio 
selection  from the basic  study.     The  lower bypass-ratio  selec- 
tion by itself tends to decrease propulsive efficiency and 
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to increase specific  fuel consumption characteristics,   thereby 
decreasing  the  specific  range characteristic. 

The relatively  lighter weight of the  lower bypass-ratio cruise 
fans in aircraft with  independent propulsion systems has very 
little effect on a  long-range mission  such as  the  ferry case. 
Another  factor  tending  to  increase  independent system fuel   spe- 
cifics    and to decrease aircraft specific range is the somewhat 
lower part-power operation of these units  in the ferry mission 
compared to the operation of integrated systems.    This results 
from the relatively higher values of  installed thrust  for the 
independent system to meet the high speeds  specified for this , 
type in the basic  study. 

COMPARISONS  OF   PROPULSION SYSTEMS 

Weights 

The five selected propulsion systems  installed in the various 
types of aircraft were compared to determine what major differ- 
ences existed which would influence the  selection of one over 
another.     It should be noted,  however,   that the systems com- 
pared included  features which were a  result of the study ground 
rules, and the  resulting differences  should be viewed with these 
rules in mind. 

The propulsion  system weights were divided  into two major 
categories:    power generation and power transmission.    Figures 
174 and  175 show these weights   for each of the propulsion sys- 
tems for the tandem and single rotor aircraft respectively. 
These figures  show,   for the integrated  systems sized only for 
hover,   small differences  in the propulsion system power gener- 
ation weights.     Slightly larger differences occur in power 
transmission weights  resulting  in a similar  larger difference 
in total weights. 

If only total propulsion system weight and hover requirements 
design conditions are considered,  the tip-turbine gas-driven 
system was lighter  than the other integrated systems.    This 
was partially due to  the design decisions  locating  the com- 
ponents of this system so that only very short hot ducts were 
required.     It should be noted,  however,   that other design 
criteria,   such as maintainability and vulnerability,   could be 
more important  in the selection of a propulsion system than 
the small difference  in weight. 
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Since the independent propulsion systems were  sized for cruise 
rather  than hover  requirements,   the data shown  for  these  sys- 
tems  cannot be directly  compared  to  that of  the  integrated 
systems.     A separate  sensitivity study was  made  to determine 
the  effects of  sizing   the  convertible cruise   fan  integrated 
system 2b  for cruise  and was presented in a previous section 
of  the comparative analysis.     The propulsion  system weights 
resulting   from this  sensitivity  study are  shown  in Figure  174. 

Sizing  the  2b propulsion  system for   270  and  350 knots cruise 
speeds  increased the weights  14 percent for  the  lift/propulsion- 
unloaded aircraft and  17-1/2 percent  for the  composite aircraft. 
However,   these weights were  24 and 3 5 percent  less  than the 
corresponding  independent system 3 weights.     These differences 
were significant and,   as with the earlier productivity compari- 
sons  resulting  from this  sensitivity study of these systems, 
represent a sizable gain. 

The effect of a maximum cruise speed of 270 knots as a ground 
rule  in designing the propulsion-unloaded aircraft using the in- 
dependent propulsion system resulted in a large power required 
(brute force)  and in an unusually large rotor area,    Thui? the 
power generation weight and the total propulsion weight of this 
design were much higher  than those ot the other  systems   (Figures 
174 and 175).    A sensitivity study was performed at a maximum 
speed comparable to those of the  Integrated  systems to present 
a more effective comparison of propulsion systems;   it was 
presented in a previous  section of the comparative analysis. 
The total propulsion  syst'am weight of this design with a maxi- 
mum speed of 210 knots  is  showr  In Figure 174,     This reduction 
of  forward speed requirement of 22 percent resulted in a reduc- 
tion of propulsion system weight of 52 percent. 

Propulsion Efficiency 

Figure 176 gives the variation of propulsive efficiency for 
the cruise fans used  in the optimum aircraft versus forward 
speed.     For the purposes of this study the  following definition 
of  fan propulsive efficiency was used: 

=  1116 x M x Fn 
n p 550 x SHP 
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where 

pp = fan propulsive efficiency 

M = flight Mach number 

Fn = installed net fan + fan turbine thrust   (lb) 

SHP = input horsepower at the  fan hub   (hp) 

It should be pointed out that the  thrust value used  in the 
above expression is net thrust and includes both  fan thrust 
and power turbine residual exhaust  thrust as well as  fan 
nacelle drag. 

Propulsive efficiencies as defined above for all but the  remote 
shaft-coupled  fan system ?a vary from about 50 percent at  150 
knots  to almost 70 percent dt 400 knots.    The variation between 
systems,   again with the exception of the 2a system,   is quite 
small   (about 8 percent at 150 knots and only 3 percent at 400 
knots).     The deviation of system 2a  from this pattern is due 
to the design of the turbine exhaust.     Because of the physical 
location of  this exhaust,   no use could be made of residual 
thrust;  therefore,   the nozzle  is a complete expansion nozzle 
giving  maximum efficiency  in hover  flight,  but producing   a 
non-optimum r^atch   (lower propulsion efficiency)   in cruise 
flight. 

Installation and Maintenance 

In the design  integration section,   problems of hot gas duct 
installation were discussed and propulsion system locations 
were chosen to minimize these problems.     The large size  and 
high  temperature of the hot gas ducting  remain as a disadvan- 
tage  in that  slip  joints,  ball joints,   and bellows are a 
potential source of leakage requiring constant inspection.     In 
addition,   large structural installation access panels would 
have to be provided,   thereby increasing weight and reducing 
structural efficiency.    Adequate  shrouding must be provided 
to protect the adjacent structure and to maintain the normal 
area temperature below 250oF through  forced circulution. 

Shaft-driven  systems will require precision dynamic balancing 
to eliminate transmission of vibration to vital components so 
as not to adversely affect  the system reliability and increase 
maintenance requirements.     However,  when properly balanced, 
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shaft systems should add no new installation or mciintenance 
problems.  On a comparative basis the convertible shaft system 
with its inherent compactness and external location would 
reduce installation problems and access requirements, thus 
providing improved maintainability.  The entire propulsion sys- 
tem can be contained in two interchangeable pods requiring only 
an interconnecting shaft to the rotor-drive system, and would 
be qualified in this configuration as such. 

The independent system has the advantage of not requiring a 
new type of power management system (variable inlet guide 
vanes, clutches, variable turbine arches, etc.) ; but because 
the number of systems is doubled, additional maintenance will 
be required and a reduced level of reliability may result. 

Foreign Object Damage 

It is difficult to compare the basic propulsion systems on 
the basis of foreign object damage (FOD), since this factor is 
dependent on aircraft installation as well as on engine design. 
Some differences may be predicted, however, on the basis of 
number, location, and the type of engine inlet. 

For gas coupled systems la and lb, normal inlets are associated 
with the integrally mounted gas generators, and no unusual 
problems are created by the remote fans.  However, shaft- 
coupled systems 2a and 2b may be more susceptible to foreign 
object damage.  Large objects, such as paper or birds, may 
impact on the nonrotating variable inlet guide vanes and 
block the fan or engine inlet.  These same objects hitting a 
rotating fan blade might be shredded and pass through the 
engine without loss of power or damage to the engine. 

It would appear that the independent system 3 would also have 
an increased susceptibility to foreign object damage, due 
mainly to the doubling of the number of propulsion systems. 
Thi  tendency would be magnified in the case of augmented 
vertical lift through use of a vectored thrust system due to 
increased downwash velocities and maximum power conditions on 
all four systems during takeoff and landing. 

Vulnerability 

The evaluation of aircraft vulnerability is a complicated 
process and requires such inputs as damage vulnerable area, 
aircraft speed and altitude, aircraft armor and structural 
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shielding,   aspect angle,  vulnerable component separation, 
weapon type,   etc.     Obviously,   it  is beyond the scope of this 
study to carry out such an analysis on each of the optimum 
aircraft.     A preliminary assessment of vulnerability was made, 
however,  on the basis of the damage vulnerable area of the 
propulsion and drive systems only. 

The kill probability given in terms of damage vulnerable area 
is given by: 

Pk = Le-^nPh 

vhere 

P^ = kill probability 

Ay = damage vulnerable area 

n  = number of rounds 

P^ = hit probability 

A plot of this equation is shown in Figure 177. Table XXXVI 
gives the damage vulnerable area of each of the propulsion 
systems in this study as installed in the tandem and single 
rotor- i > r ./propulsion-unloaded aircraft. Figure 177 gives an 
esti"-:- of the vulnerability of these systems. 

In comparing these systems, the vulnerability of a shaft 
versus that of a duct has been treated on a one-to-one basis? 
however, this may not necessarily be the case. A hit on a 
shaft or gearbox may not provide a kill; it involves the 
analysis of what actually constitutes a vulnerable spot.  On 
the other hand, any hit in the duct area releasing the 1500oF 
hot gas is a potential hazard to the aircraft.  This would 
indicate the use of some sort of weighting system to better 
assess the vulnerability of the system. 

The use of a value of 0.02 for the probability of hit, P^, is 
an estimate of an average for this factor. Obviously, the 
probability of hit varies with altitude, aspect angle, weapon 
type, speed, etc., and requires computer integration for more 
accurate analysis. Based on these simplifying assumptions, 
however, the convertible system seems to be the least vulner- 
able due to its compactness.  Care should be taken in general- 
izing these results, however, since they are a function of the 
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1     DAMAGE VULNERABLE AREA 
TABLE   XXXVI 
-  LIFT/PROPULSION- -UNLOADED AIRCRAFT     | 

Rotor Type Propulsion Svstem Av(Sq  Ft        ! 

Tandem Rotor la 

lb 

2a 

2b 

3 

8.36 j 

9.31         I 

8.28         | 

5.95 

7.37 | 

Single Rotor la 

lb 

2a 

2b 

8.45         j 

9.40 

8.90 

6.40 

3 7.56 

optimum aircraft characteristics.  For example, the similarity 
of the remote fan (2a) and independent (3) systems should make 
them equally vulnerable.  In this case the 2a seems more vul- 
nerable than the 3 system.  This is primarily due to the 
bypass ratio difference (12 for the remote fan and 3 for the 
independent system) which results in a different exposed area. 
However, it is generally concluded that the shaft-driven sys- 
tems are less vulnerable than the gas-driven systems, with the 
convertible cruise fan being the least vulnerable. 

Summary 

A sununary of relative merits of the five configurations is 
shown in Table XXXVII; maintenance, reliability, foreign object 
damage and combat vulnerability are considered; each rating 
factor has an ideal or maximum value of 25 points, A maximum 
rating value total of 100 points is thus available. Based on 
the above cursory analysis, it appears that the convertible 
fan engine would show the highest rating. 
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TABLE  XXXVII 
SUMMARY  OF  RELATIVE MERITS  OF THE   FIVE CONFIGURATIONS            j 

>i 
-P 

Qi >i •H 
U ■P <-i 
C •H ■H 
ft) <H fit c ■H ro 
(U A •P   M 
-p (0 ro   (U r-i 
c ■H ^5 rO 

•H H Q •P 
Propulsion System 2 

0) O 5^ 0 
EH 

Configuration 

la,   lb 10 10 20 5 45 

2a 15 15 15 10 55 

2b 20 20 15 20 75 

3 10 10 10 15 45 

Availability 

Since the propulsion data presented in this report is 1970 
state of the art, some discussion as to the probability that 
these systems can actually be available in that time is in 
order.  It is believed that the performance data for the pro- 
pulsion systems used in this study is attainable and that the 
turbine inlet temperature, pressure ratio, and component 
efficiencies assumed were a conservative estimate of evolu- 
tionary change.  On the other hand, propulsion system weights 
were somewhat lower than those predicted by some engine manu- 
facturers, but they seem to be attainable through new materials 
and designs.  Some weight advances have already been shown to 
be possible through current weight improvement demonstrations. 
Of particular interest are the power management systems.  A 
number of engine manufacturer preliminary design efforts are 
currently under way, and in some cases test hardware is being 
developed. 

The use of variable admission arches for turbine power control 
should present no insurmountable' problems.  Even though more 
complex, it is an advance over current partial admission turbine 
state-of-the-art knowledge.  Variable inlet guide vanes for 
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varying fan thrust will require further test and development 
to determine the feasibility of their use throughout a range 
of thrust  from zero  to maximum. 

Since  the  convertible cruise  fan  system presented  in  this 
report is, in general, an attractive system,   it is felt that new 
problems  associated with this design  should be researched  to 
make this engine available within the  1970 time frame.     Such 
problems as variable  inlet ^uide vanes  and fan declutching  are 
in this category.     In general,   all  systems  can be made  avail- 
able with normal  evolutionary engine  advances. 

COMTARISONS  OF  TILTING AND NONTILTING CRUISE FANS   - 
INDEPENDENT  PROPULSION SYSTEM  3 

Based on the previous review of the potential design appli- 
cation of vectored  thrust fans to  the various aircraft types, 
an example of such application was  selected,  and an analysis was 
made to compare  the  resulting aircraft with one employing  non- 
tilting  fans.     A tandem rotor composite aircraft was  selected 
for this purpose,   and the optimum aircraft of this  type  in  the 
study was employed as a base line for comparison.     In this case 
the fans are mounted on pylons beneath the wing of the air- 

craft,   and they tilt with the wing   (see Figure 178).    The  fans 
are located so  they clear the forward  rotor droop envelope  in 
the tilted   (hover)   position.     This places  the engine tailpipes 
very close to the nround; however,   there  is sufficient clear- 
ance for all normal attitudes of aircraft landing.     The  fans 
are mounted as close inboard as clearance of the exhaust core 
from airframe components will permit.     It  is assumed that no 
intershafting  is  employed and that a  fast-acting control  sys- 
tem caters  to a case of sudden fan engine  failure in hover 
flight.     Since  in hover flight the  fan thrust line of action 
is offset forward  from the aircraft center of gravity,   it  is 
assumed that the aircraft can be  trimmed longitudinally by  the 
rotor control  system.    The following approach was taken in the 
comparison: 

1. Hold the tilt-fan-aircraft design gross weight,  disc 
loading,   cruise fan bypass ratio,   and fan size at the 
values of the optimum nontilt aircraft. 

2. Assess  the changes in weights of airframe,  propulsion, 
and fuel  items resulting  from a change to tilting  fans. 
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3.     Compute the change   in design mission payload  and 
mission relative productivity from the base-line air- 
craft. 

With  fans  rated  for  the desired high-speed condition of  350 
knots  at  sea  level,   about  25  percent of the aircraft weight  is 
supported  at  the hover condition by fan thrust.     Holding  a 
rotor disc   loading of 8  psf  allows  a  reduction  in  rotor  diameter 
of  13.7  percent and a chord  reduction of about  12.5  percent. 
The  required airflow and power  rating of  the  shaft  turbines  is 
reduced by  21 percent  in  this  case.     Table XXXVIII   shows the 
comparison  in terms of weight differences.     There are no first- 
order  changes  in aircraft drag  characteristics.     Since  the 
rating of the  fans is held constant,   the cruise and high-speed 
performance of the aircraft  remains essentially the same. 

The rotor weight of the tilt-fan aircraft was reduced due to 
a  smaller  size  and design power  requirement.     The weight of the 
tilting wing does not perceptibly change since major character- 
istics  remain constant,   and  the essential difference  is  the 
mounting of the fans  inboard beneath the wing panels  in a 
position where  inertial  or  aerodynamic  loading  on  the wings 
should not have a large effect. 

Although the change  in rotor diameter would have some  influence 
on fuselage stowage bay and rotcr  fairing design,   the basic 
size and wetted area of the  fuselage does not change,   and any 
weight differences of a detailed nature are beyond the  scope 
of the current analysis.     Since  the gross weight of  the aircraft 
is held constant,  no landing  gear weight differences are en- 
visioned.     Flight control weight changes occur due  to differ- 
ences  in rotor controls with the  rotor size change,   and the 
engine  section weight varies because of differences  in the 
mounting location of  fans in the two cases considered. 

The weight of the shaft turbine  installation and the trans- 
mission drive system to the  rotors  is reduced since the design 
powers are  lower in the  tilt-fan-aircraft case,  whereas  the 
weight of the  fan installations differ only because of a change 
in location on the aircraft.     Fixed-equipment weight  is held 
at the same ground-rule value employed on all aircraft  in the 
study. 

The empty weight of the tilt-fan aircraft is  2745 pounds  less 
than that of the basic aircraft without fan tilt.     However, 
the fuel required for the design mission is approximately 
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200 pounds more in the tilt fan case.  It was estimated that 
a total of 4 minutes of normal power use of fans during vertical 
operation in the design mission consumed approximately 310 
pounds of fuel, whereas operation at idle power in the non- 
tilting fan case required about 60 pounds. The reduction of 
installed lifting power required of the shaft turbines in the 
tilt-fan case was approximated as equivalent to 50 pounds of 
fuel for the 4 minutes of operation.  The net fuel increment 
in the tilt-fan case would thus be 310-60-50 or 200 pounds. 
It should be noted, however, that if the mission profile were 
changed to require significant time in the vertical flight 
mode, rather than the 4 minutes of the design mission employed 
herein, the increase in fuel requirement for the tilt-fan 
aircraft could drastically alter the results. 

Since in the tilt-fan case the empty weight decrease plus net 
fuel increase amounts to 2545 pounds, the pay load that may be 
carried by the tilt-fan aircraft in the design mission profile 
is 2545 pounas greater than the basic 6000-pound payload c?.se, 
or 8545 pounds at the same design gross weight.  In terms of 
the basic criteria previously employed for measurement, rela- 
tive productivity, or the product of payload and cruising 
speed per pound of empty weight in the design mission profile, 
the aircraft employing tilting fans shows a 58-percent improve- 
ment over the basic nontilting fan case. 

It is expected that generally similar results would be obtained, 
assuming very low hover times, for other aircraft types where 
installation of a fan thrust vectoring system appears feasible 
from a design installation standpoint.  It must be decided, 
therefore, whether the improvements in payload capability or 
productivity are worth the cost in terms of potential forward 
area operational problems noted previously. 
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TABLE XXXVIII 

CHARACTERISTICS   AND WEIGHT COMPARISON OF 
AIRCRAFT WITH  TILTING  AND  NONTILTING   INDEPENDENT  FANS 

Item Tiltinq Fans Nontilting Pans 

Aircraft type Tandem  rotor Tandem rotor 
composite composite 

Propulsion  system Independent Independent 
Rotor disc  loading   (psf) 8 8 
Cruise fan bypass  ratio 3 3 
Design gross weight   (lb) 38,120 38,120 
Weight supported by rotors, 

hover,   6000  ft.   950F   (lb) 28,550 38,120 
Installed shaft turbine power. 

SHP,   SL std 6,250 7,920 
Rotor diameter  (ft) 47.4 54.9 
Wing area  (ft2) 476 476 
Installed  fan  thrust,   SL  std(lb) 12,280 12,280 
Group weights   (lb): 

Rotor 3,529 4,940 
Wing 2,062 2,062 
Tail 446 446 
Body 5,918 5,919 
Alighting gear 1,448 1,448 
Flight controls 1,983 2,441 
Engine section 408 192 
Propulsion  install. 1,407 1,607 

(rotor drive) 
Drive system (rotor) 2,854 3,745 
Fan installation 1,640 1,640 

Total  fixed equipment 2,935 2,935 
Weight empty 24,630 27,375 
Fixed useful  load 750 750 
Fuel  (design mission) 4,195 3,995 
Available mission payload 8,545 6,000 
Design gross weight 38,120 38,120 

Relative productivity 
Pavload x VCruise 

Empty weight 118.0 74.8 
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BASIC DATA 

1. TWO ENGINES - EACH 3125 SHP MAX AT STD 
2. TWO FANS - BPR=3. EACH 6140-LB THRUST MAX SL STD 
3. TWO ROTORS - DISC L0ADING=8 LB/SQ FT 
4. WING AREA - 476 SQ FT 
5. DESIGN GROSS WEIGHT-38,120 LB (LF=3.0) 
6. EMPTY WEIGHT-24,630 LB 

WING IN HOVER 
ATTITUDE 
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