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SUMMARY 

This report summarizes a study of possible alternatives to the tail rotor 
on single-rotor shaft-driven helicopters.  The objective was to select 
concepts that show improvements over the tail rotor in high-speed dynamics, 
vulnerability, reliability and maintainability, safety, and at a lower 
priority level, acoustic detectability, and erosion and foreign object 
damage. These characteristics were to be obtained without incurring 
unacceptable penalties in aircraft weight, performance, or cost.  The 
stability and control criteria of MIL-H-8501A were imposed throughout. 

Of the 32 antitorquJ concepts initially evaluated, only 2 were found to 
offer significant improvements over the tail rotor in all characteristics 
specified for this study.  The most promising is the fan-in-fin, which 
uses a high-disc-loading shrouded prop-fan mounted in the tail fin, 
similar to the installation on the Sud SA.3^1 light helicopter. The 
fan-in-tailcone concept employs a similar thruster mounted within the 
fuselage end of the tail cone, with the fan airflow ducted through the tail 
cone to exhaust nozzles beneath the tail fin.  "he fan-in-fin concept 
has the lower risk and the smaller aircraft performance penalty, approxi- 
mately 9 percent higher gross weight than the tail rotor.  The fan-in- 
tailcone concept offers somewhat more improvement in the areas of safety, 
vulnerability, and foreign object damage, at roughly twice the performance 
penalty. 

Although significant improvements are achieved by both alternative concepts 
for the antitorque system alone, they represent only small improvements 
for the total aircraft in the areas of interest. 

Despite the improvements obtainable with the two alternative systems, the 
conventional tail rotor renains an attractive compromise because of the 
increased aircraft weight and cost of the prop-fan configurations.  However, 
these penalties in weight and cost would be reduced significantly for 
certain applications, such as compound helicopters, when the power installed 
is defined by a cruise or dash requirement. 

Uncertainties remain in estimates of aircraft handling qualities and per- 
formance.  For the fan-in-fin, these lie in fan thrust/power and overall 
drag characteristics in forward flight, and particularly in the effects of 
possible fan shroud lip separation. These uncertainties must be eliminated 
before this concept can be realistically applied to future Array aircraft. 
A flight test program to obtain comprehensive performance and aircraft 
handling qualities data for the fan-in-fin concept is required.  It is 
recommended that the Army fund such a program on an aircraft in the 10,000- 
to 15,000-pound gross weight range, to represent the weight range of 
utility transport helicopters and potential high-speed light compounds. 

in 
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LIST OF SYMBOIiB 

a slope of lift curve 

a speed of sound, feel/second 
s 

tWC'ü automatic flight control system 

A,/A0 ratio of shroud area at exit to thruster disc area 

AGW alternate gross weight, pounds 

AGWf alternate gross weight factor 

API armor-piercing incendiary 

b number of thruster blades 

B tip loss factor 

c chord, feet (rotor: blade chord; prop-fan: aft shroud chord) 

CD drag coefficient 

C flyaway cost, dollars 
FA 

C lift coefficient 
L 

C lO-year operating cost, dollars 

C-., 10-year overhaul and maintenance costs, dollars 
OM 

C power coefficient 

C0 _. rotor torque coefficient arising from profile drag 

C thrust coefficient 
T 

C/D aft shroud chord/thruster diameter 

d thruster diameter, feet 

DGW design gross weight, pounds 

DL thruster disc loading, pounds/foot squared 

E aircraft efficiency = PL V/LCC, pound-knots/dollars 

FM effective figure of merit (= 1.0 for ideal unshrouded rotor) 

FM generalized figure of merit (= 1.0 for ideal thruster) 
gen 

xiv 
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FM 
max 

FOD 

GW 

HPHE 

IFR 

IGE 

K 

LCC 

M 

m 

MMH/FH 

MRP 

MTBF 

n 

Nf 

N 
r 

NR 

N 
req 

NRP 

OAT 

OGE 

P 

P 

PCTPR 

maximum effective figure of merit 

foreign object damage 

gross weight, pounds 

power applied to main rotor, horsepower 

instrument flight rules 

in ground effect 

ratio of downstream area of flow through thruster, to 
thruster disc area 

10-year life cycle cost, dollars 

perpendicular distance between center of tail rotor and axis 
of main rotor shaft, feet 

Mach number 

mass  flow rate,  slugs/second 

maintenance man-hours per flight hour 

military rated po.'er level,  horsepower 

mean time between failures,  hours 

rotor speed,  revolutions per second 

antitorque yaw moment of tail thruster,  foot-pounds 

antitorque yaw moment of vertical tail,  foot-pounds 

rotor speed, percent of design value 

yaw moment due to yaw rate,   foot-pounds 

normal rated power level,  horsepower 

outside air temperature,   OQ 

out of ground effect 

total pressure in duct,   pounds/foot squared 

installed engine power,  horsepower 

portion of available engine power applied to  antitorque 
device, percent 
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aesi^-i; pay load, pounds 

perceived noise iev^l, FNdB 

ratio of total pressure across thruster (>1.0) 

dynamic pressure in duct, pounds/foot squared 

draft torque applied to main rotor, foot-pounds 

torque applied to fuselage by antitorque device , foot-pounds 

main rotor radius, feet 

main rotor ;peed, revolutions per minute 

engine specific fuel consumption, pounds per hour/horsepower 

shaft horsepower 

temperature, 0F 

net thrust of antitorque device, pounds 

total activity factor 

takeoff gross weight, pounds 

mean induced velocity through thruster, feet/second 

aircraft velocity for "best range 

cruise velocity, Knots 

vi s u al f2 i rh t rul e s 

vertical  rate  of climb 

aircraft   empty  weight ,  pounds 

1 lade  incidence  angl•:-,   radians 
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• 75 

p 

a 

ü 

duct efficiency 

ratio of temperature at altitude to temperature at sea level 

blade pitch angle at 75 percent radius station, radians 

rotor advance ratio 

density, slugs/cubic foot 

solidity = bc/irR 

yaw acceleration, radians/second squared 

rotor speed, radians/second 
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INTRODUCTION 

ANTITORQUE SYSTEM REQUIREMENTS 

The antitorque system of a conventional single-rotor shaft-driven helicop- 
ter performs four "basic functions:  antitorque, side-vlnd torque compensa- 
tion, yaw control, and yaw damping and directional stability. 

Antitorque 

The torque supplied by the helicopter powerplant to rotate the lifting 
rotor leads to an equal and opposite reaction torque on the helicopter 
fuselage.    The reaction torque tends to rotate the fuselage opposite sense 
to the direction of the rotor.    To prevent this rotation,  a compensating 
torque equal and opposite to the reaction torque must be supplied to the 
fuselage.    Tail rotor thrust, acting at some moment arm distance from the 
aircraft main rotor hub, supplies this compensating torque.    For the con- 
ventional single-rotor shaft-driven helicopter, this torque may be written 

HP^ 33000 

Q = 2TT 
^ 

where Q = torque required - foot-pounds 

HP._    = horsepower applied to main rotor at hub 

RP: 'K~, =  main rotor speed - revolutions per minute 

The compensating torque Q' is supplied on a conventional helicopter by 
side thrust from the tail rotor, as 

Q' = T  L H TR TR 

where       T_,  = tail rotor thrust - pounds 
in 

L_  = perpendicular distance from aircraft main rotor 
hub to center of tail rotor - feet 

Alternative types of helicopters, such as coaxial, tandem, or multirotor 
shaft-driven configurations, cancel the net torque applied to the fuselage 
by counterrotation of the main rotors, use of differential blade pitch con- 
trol, or tilting rotor-shaft axes. Configurations employing reaction- 
driven rotors eliminate the antitorque requirement by isolating the fuselage 
from the rotor/drive system. 

Side-Wind Torque Compensation 

Yaw control must be sufficient to allow steady sideward flight at 35 knots 
in either direction, and to allow steady hover in a 35-knot side wind from 
either direction, as specified in MIL-H-8501A . 

-'■ ■  '-»Ifirdfiii tr  a >"■■■ ■'■-■--■:■•-■:- ■" I > ' -> ■ ■■■ 
Utf*£ri^;^<L>it>i'tVc 



■"TT'*' rrr^ IT—-v -^ 
Vr.^.v1..^.L!S.K.^W.^i}.AWW.ty>^.W|?.WWB,,|^,„UA|lffj^?i,,_l,)H,^ 

Yav Directional Control 

Yaw control must be sufficient to provide adequate directional control in 
either direction,   in both hover and forward flight in still air.    MIL-H- 
850IA, the applicable military stability and control requirement,  specifies 
a yawinp rotation of 12.U degrees after 1 second of maximum control pedal 
deflection as  "adequate"  for the 15,000-pound base-line aircraft defined 
for this study.     In the presence of a 35-knot side wind, this requirement 
is  reduced to ^.13 degrees. 

Tn autorotation, with all engines and control augmentation systems assumed 
to be inoperative,  sufficient control must be available for coordinated 
turns in either direction at all forward speeds between zero and the maxi- 
mum speed of the helicopter.    Transition from power to autorotative flight 
must be smooth and  controllable. 

In both powered and autorotative flight,  angular acceleration in the desired 
direction must begin within 0.2 second of pedal deflection. 

Yaw Damping and Directional Stability 

The antitorque/yaw control system, in concert with fuselage aerodynamic  sur- 
faces and stability augmentation, must produce a yaw angular velocity damp- 
ing as specified by MIL-H-8501A. 

Further, it is required that aircraft of the type evaluated in this  study 
possess positive,  directional stability with the controls fixed in both 
powered and autorotative flight at all forward speeds above 50 knots.     The 
capability to maintain steady sideslip angles  in forward flight is also 
required. 

THE TAIL ROTOR AS  M MTITORQUE DEVICE 

The conventional tail rotor, or its logical developments,  appears to be the 
best overall compromise system, for meeting these requirements on convention- 
al shaft-driven single-rotor helicopters.     It  is  attractive in terms  of 
weight and power, which become increasingly important as prescribed mission 
endurance times   increase. 

In certain areas, however, the conventional tail rotor is less than satis- 
factory.    The tail rotor system is relatively complex.    It requires one or 
two right-angle gearboxes and relatively long high-speed shafting.    Unsatis- 
factory reliability and maintainability characteristics are a possibility 
in a combat  zone. 

In small helicopters particularly, the relatively large, fully exposed tail 
rotor blades have been susceptible to ground impact and foreign object 
damage,  especially in Jungle-like combat  zones.    The rotor can also repre- 
sent a hazard to  disembarking troops,  due to the relative invisibility of 
the whirling blades .     This is less of a factor on medium and large helicop- 
ters, because of the higher placement of the tail rotor. 

Ij 
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The tail rotor, as commonly employed, represents one of the primary sources 
of noise on a conventional military helicopter.  Because the tail rotor ra- 
diates a significant portion of its acoustic energy in a fore and aft direc- 
tion, it is more readily detectable along its flight path than a device 
that radiates sideward primarily. 

Highly desirable, therefore, is definition of systems that can overcome such 
shortcomings without unacceptable weight, power, or handling quality penal- 
ties. 

STUDY OBJECTIVES 

The advarced antitorque concepts study was undertaken to select, and con- 
duct a preliminary design study of, a replacement for the tail rotor on a 
conventional single-main-rotor shaft-driven helicopter. This replacement 
must show improvement over a Conventional tail rotor in the following areas: 

1. Dynamic stability at high aircraft speed 

2. Vulnerability to small-arms fire 

3. Vulnerability to terrain contact damage 

h. System reliability 

5. System maintainability 

6. Safety of ground personnel 

and improvement is desired in the following areas: 

T.  Acoustic detectability 

8.  Sensitivity to erosion and foreign object damage (FOD) 

The study consisted of five tasks. 

Task 1 - Survey of a wide variety of possible tail rotor replacement system 
concepts, including definition, evaluation, and rating of the 
suitability of each for use on a squad carrier-size conventional 
single-raain-rotor shaft-driven helicopter. 

Task 2 - In-depth evaluation of the concepts that best fulfilled the objec- 
tives of the study. 

^ask 3 - Preliminary design study incorporating the best alternati^/e con- 
cepts in an H-SH helicopter. 

Task h -    Development of preliminary planning information on design, fabri- 
cation, installation, and ground and flight test of the aircraft 
defined during Task 3. The results of this task have been submit- 
ted Tinder separate cover and are not included in this report. 

Task 5 - Comparison of the alternative concepts carried through Task 3 as 
they would be applied best to a totally new aircraft. 
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TASK 1.     SUEVEY OF ANTITORQ.UE CONCEPTS 

The concepts  examined represent the complete spectrum of possihle tail rotor 
replacement solutions.    The examination vas  directed not only toward dis- 
covery of potentially attractive concepts but also toward delineation of 
the shortcomings  or failures in less  attractive concepts and toward provid- 
ing a framework for evaluating additional  concepts that may he suggested in 
the  future. 

CONCEPTS EVALUATED 

Nine categories  of concepts were evaluated: 

1. Tail rotors:    conventional  (base line)  and advanced 

2. Passive thrusters   (systems requiring an external power source): 
ducted propellers, prop-fans or fans of various types mounted 
either at the base-line tail rotor station or in the  fuselage with 
the efflux ducted through the tail cone and exited through con- 
trollable nozzles 

?.       Deflection of rotor downwash flow:     tail cones and rudders  incor- 
porating squirrel-cage  fans, .let-flap airfoils,  circulation-con- 
trolled airfoils with tangential blowing, Elettner rotors, 
Thwaites-flap airfoils,  and conventionally flapped cambered air- 
foils 

h.       Inertia! solutions:    accelerated flywheels, precessed gyroscopes 

5. Active thrusters   (auxiliary engines):  rockets   (both chemical and 
exotic),  acoustic radiators, turbojets, turbofans, or pulsejets, 
mounted either at the base-line tail rotor station or in the 
fuselage with the efflux ducted through the tail cone and exited 
through controllable nozzles 

6. Deflection of main engine flow:   exhaust deflection,  compressor 
bleed, use of convertible turboshaft/fan engines,  etc. 

7-       Pseudo-compound solutions:   deflected thrust from thrusting propel- 
ler, turbojet or turbofan,  cyclic pitch on thrusting propeller, 
differential thrust on stub-wing mounted propellers, turbojets, 
or turbofans 

8.       Pseudo-coaxial main rotor solutions:  coaxial speed brakes 

9-       Combined concepts 

BASE-LINE AIRCRAFT DESCRIPTION 

A base-line aircraft was defined for preliminary analysis of the control re- 
quirements of the various antitorque systems.    Figure 1 is the general ar- 
rangement drawing for this aircraft,  a typical next-generation single-rotor 
shaft-driven light-utility transport helicopter.    This base line serves as 
a starting point  for all the comparisons  and optimizations presented in this 
Task.    Table  I lists the design parameters  and mission criteria that define 
the aircraft  in sufficient depth for this purpose. 
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TABLE BASE-LINE AIRCRAFT PARAMETERS 

Ivr, U'n  Grosii  Weight  -  lb 15,000 

;,i::.it   Vertical   Load  Factor  at   DGW 3.0 

/Uternate   i'.ro.^  Weight   -  lb 18,000 

Limit   Vertical   Load Factor  at   AGW 2.5 

Liüc   Loading  (UGW/nR?)   -  psf 6 

Main   Rotor  Tip I'peeu -   fps TOO 

Man.   Ho tor   Radius   -   ft 28.2 

Yawing Moment  of  Inertia -  slug-ft^ 

at   DGW 38,000 

at  AGW 39,000 

Critical  Hover  Condition -  HOGE at  95$ MRP,  500  fpm VROC 

Temperature - 0F 95 

Altitude  -  ft i+,000 

Main  Rotor  Power Required at  the  Critical Hover  Condition    1,660 

Power Losses  in Hover - % IT 

Tail   Rotor 8 

Drive System 3 

Accessories 2 

EARS 2 

IRS 2 

Shaft  Horsepower Required  at  the  Critical Hover Condition    2,000 

Drive  System  Design  Horsepower 

(125$ of critical hover power required) 2,500 

Maximum  Main  Rotor Power 2,0T5 

Installed Mil  Power 2,2T5 

1(000  ft,  950F 2 275 

Sea  Level  Standard Day „  q^,- 
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CONTROL REQUIREMENTS 

Tail rotor thrust requirements for the base-line aircraft were determined 
bused on MIL-H-8501A.  Table II lists the critical thrust requirements for 
forward and aft aircraft center-of-gravity conditions. 

TABLE  I] . BASE -LINE   AIRCRAFT THRUST REQUIREMENTS 

1 

MIL-H-8501A 
CONDITION 

CO. 
LOCATION 

Thrust  Required  - Lb 

Anti- 
torque 

Yaw 
Accel. 

35 kt 
Side Wind Total 

Para. 3.3.5 Pwd (sta 391) 1370 852 - 2222 

Aft (sta I4O9) 1370 870 - 22i40 

Para. 3.3.6 Fwd (sta 391) 1370 20h 3U2 1996 

Aft (sta U09) 1370 290 29h 195^ 

I                                                                                                                                                                  1 

Maximum thrust requirement is 22i40 pounds based on criteria outlined in 
paragraph 3.3.5 of MIL-H-85QIA.  This provides the capability of attaining 
a yaw displacement of 330/ V AGW + 1000 degrees after 1 second while 
hovering in still air at the maximum overload gross weight.  This is based 
on maximum main rotor horsepower, a gearbox limit for the base-line air- 
craft. 

Maximum steady-state thrust requirement is 1712 pounds based on criteria in 
paragraph 3.3.6 of MIL-H-8501A.  This provides the capability of attaining 
a yaw displacement of 110/VAGW + 1000 degrees after one second while 
hovering in a 35-knot side wind at the maximum overload gross weight and 
maximum main rotor horsepower. 

The required angular accelerations are 0.732 radian per second squared while 
hovering in still air and 0,2hh  radian per second squared while hovering in 
a 35-knot side wind. 

The damping requirement of 1.137 foot-pounds per radian per second is as- 
sumed to be met with the use of AFCS augmentation.  Aircraft inherent damp- 
ing with tail surface sizing criteria similar to Sikorsky's past practice 
is one-fourth Lo one-third of the requirement of paragraph 3.6.1.1 of MIL- 
H-8501A. 

These thrurt requirements defined for the base-line aircraft were used for 
sizing the antitorque concepts.  Although basic aircraft parameters (iner- 
tia, damping, and side-wind moment) differ, use of constant thrust does not 
significantly affect determination of whether a concept has enough merit to 
be carried into more detailed analysis. 
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SUMMARY OF ANTITORQUE  CONCEPTS SURVEY 

Only   four proupa of concepts  are  considered to be  acceptable  as  substitutes 
for a conventional  tail  rotor without  incurring highly undesirable weight, 
performance,  cost,  or risk penalties.     Of these   four,  only two offer signi- 
ficant   imnrovements   in  the  goal  areas  specified  in  this  study.     They  are 
the  "fan-in-fin" and the  "fan-in-tailcone"  concepts,  which were selected  for 
evaluation  in greater depth.     The  four  feasible  groups  of concepts  are  dis- 
cussed briefly  in this   section.     The  details  and a  description of the  rating 
criteria used are given  in Appendix I. 

Advanced Tail  Rotors 

Advanced tail rotor concepts  represent  refinements  of the  conventional  tail 
rotor,  such as  increased number of blades,   cambered blades,  or Jet-flapped 
or boundary-layer controlled blades.     Individual  concepts may offer substan- 
tial  improvements  in performance, weight,  size,   detectability,  reliability, 
or vulnerability, but  no  single concept offers  significant  improvement  in 
all  these  areas.     Improvement  in ground personnel  safety  is  slight, because 
of the retention of exposed moving blades.    Advanced tail rotor concepts 
offer considerable promise  in several types of advanced helicopters, but no 
single concept offers  an outstanding advance tovard the particular goals of 
this  study. 

Fan-in-Fin  (Fans Mounted in Tail Fin) 

Fan-in-fin concepts replace the conventional tail rotor with either a ducted 
fan or a prop-fan,  a device conceptually midway between a propeller and a 
ducted fan.     (See Appendix IV).    A shaft  drive is generally employed,  al- 
though a gas-driven version was examined.    No engine exhaust or auxiliary 
engine solutions are included in this  category.     Power consumption of these 
concepts  is generally higher than for the tail rotor, but weight is similar. 
Improvements in detectability,  reliability, maintainability,  safety,  and 
foreign object damage are anticipated, with no significant penalties  in 
stability and control. 

By  far the most promising of these systems is the prop-fan configuration. 
The prop-fan is  superior to the ducted fan in terms of power required and 
technical risk levels.     A French version of the prop-fan fan-in-fin is  in 
service on the Sud SA.3^1.     The fan-in-fin configuration has been selected 
for a more detailed evaluation. 

Fan-in-Tailcone  (Fans Mounted in Tail Cone,  Exhausting At Tail Fin) 

Fem-in-tailcone  concepts  use thrusters  similar to those of the previous  ca- 
tegory,  but  mounted in  the  forward portion  of the tail  cone, with the  fan 
axis  fore and aft  instead of side-to-side.     The exhaust flow is ducted 
through the tail cone  and exits through deflecting nozzles beneath the tail 
fin.     These approaches  tend to be heavier and require more power than either 
the  conventional tail  rotor or the fan-in-fin  concept, but they offer fur- 
ther improvements  in detectability,  safety, high-speed dynamics, vulnerabi- 
lity,  and  foreign  object  damage  categories. 
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The prop-fan approach appears to be superior to the ducted -^n, particular- 
ly in regard to pover, noise, and technical risk.  The relatively hiph disc 
loading required of the prop-fan in this arrangement increasen the technical 
risk of the system over that of the previous category, but the resulting 
risk is acceptable.  This approach has also been selected for more detailed 
evaluation. 

Pseudo-Compound Solutions 

Pseudo-compound solutions provide antitorque and directional control thrust 
by using devices commonly errmloyed to produce forward thrust,  Of the wide 
variety of concepts examined, two appear to be practicable.  The Sikorsky 
ROTOPROPIJ^J is a propeller that swivels from a conventional tail rotor con- 
figuration at low forward speeds to a pusher-prop configuration at high 
speeds.  The Piasecki Ringtail is a ducted pusher-prop with controllable 
deflector vanes to provide antitorque and directional control.  The ROTO- 
PROP requires less power than the Ringtail but represents a greater techni- 
cal risk and a significantly greater safety hazard.  A ducted ROTORPROP 
arrangement reduces this hazard, but at a further penalty in weight and 
risk.  By the mid 1970's, a promising solution will be available that uses 
a compound turboshaft/turbofan engine in the fuselage and exhausts through 
deflector vanes in the tail fin. Currently, the risk is excessive. 

No pseudo-compounds represent viable alternatives to the conventional tail 
rotor as specified for this study, because of the large difference in con- 
trol, structure, and mission requirements between compound helicopters and 
pure helicopters. These effects result in a significant weight and cost 
penalty in converting a conventional helicopter into a compound. The fac- 
tors that must be considered in evaluating alternative conversions of this 
type are beyond the scope of this preliminary comparison. 
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TASK  :-\     Pl'TAlU.'!) ANALYSIS  OP' oELECTED CONCEPTS 

i'nri^'Er':' DEFINITION 

't.n of the concepts solec tod for further analysis (l'an-in-fin and fan-in- 
tailconej use a I.'-bladed highly twisted prop-fan with a total activity 
factor of :\:00.     Figure ? shows the prop-fan geometry used in the analysis 
of the fan-in-fin concept. 

The fan-in-taiIcone concept uses thf same type of prop-fan, but axially 
driven, with flow straighteners positioned on the downstream side.  Access 
to the prop-fan is a primary concern in design of the fan-in-taiIcone. 
The two approaches considered were (l) to fold the tail pylon, as in the 
H-3^, exposing the prop-fan, and (2) tc gain access through a structural 
hatch in the tail cone.  A more detailed study would be required to evalu- 
ate fully this structural and maintainability trade-off. 
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Figure 2.  Prop-Fan for Fan-in-Fin Antitorque Concept, 

'.".eneral arrang^mont drawings of aircraft using these concepts a,re shown in 
and it.  The intent has been to make the aircraft as similar as 

to the base-line aircraft, with tail rotor (Figure l).  Advanced 
technology en.vir.os, scaled to the exact aircraft requirements, are used 

." u-ures 
possible 

r or these designs.  The engine size and performance characteristics 
approximate those of the Pratt and Whitney ST-9 and the General Electric 
r,E-12. 
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AIRCRAFT SIZING AND EVALUATION CRITERIA 

A Sikorsky Aircraft design model (Appendix V) was modified to optimize 
the basic aircraft parameters for the antitorque devices selected for 
detailed study. The basic parameters are main rotor disc loading, main 
rotor C^/o,  and percentage of available power allowed the antitorque 
device.  These parameters must be optimized if a fair comparison of the 
alternative systems is desired. 

The optimization parameter used in this study is an aircraft efficiency 
defined as 

PL Vcr 
E =   

LCC 
where      E = aircraft efficiency - pounds-knots/dollar 

PL = design pay load - pounds 

Vcr = cruise speed at normal rated power - knots 

LCC = aircraft 10-year life cycle cost - dollars 

The aircraft efficiency parameter is considered to be a valid measure of 
aircraft performance potential. All the trade-off studies performed were 
based on aircraft with the required pay load of 26k0  pounds.  The use of 
cruise speed at normal rated power is significant. It takes advantage of 
the speed potential not used in the study mission, which is an endurance 
mission rather than a range mission.  This benefits concepts that have 
high hover antitorque power requirements that are reduced in forward flight. 

Aircraft 10-year life cycle cost used in this study is based on the fol- 
lowing parametric equations, derived from Army^ data: 

LCC = CFA + Co 

CFA = 19.71 (W P)0'6 + 30,000 

C0 = 15,820  (W P)0'3 

where     C  = total flyaway cost, including 30,000 for avionics - dollars 
FA 

C0 = 10-year operating cost - dollars 

W = aircraft empty weight - pounds 

P = installed engine power - horsepower 

The 10-year operating cost assumes an average use of 1+80 hours per year. 
These relationships represent a simplified cost model that can be used for 
rapid evaluation of alternative design features. They should not be used 
to estimate absolute life cycle cost for a particular aircraft. 
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The mission  is  defined as 

1+000 

95 

MISSION   DESCRIPTION 

The  aircraft mission profile and requirements used in this  study  are rela- 
tively  demanding but  reasonable  for the  next generation  of squad carrier 
utility  transport.     The  effects  of the mission profile on the  antitorque 
selection process  are  discussed in Task  5. 
follows; 

Altitude  -   feet 

Temperature  - 0F 

Hover OGE  at  DGW,  95 percent Mil Power 
with  500  feet  per minute VR0C 

Mission Profile   (3-hour mission) 

Warm-up 

Takeoff 

Cruise  outbound 

Dash 

Hover 

Cruise inbound 

Approach and land 

Reserves 

Payload 

Crew 

PERFORMANCE METHODS 

3 min %  NRP 

1 min %  MRP 

70 min %  150 knots 

15 min %  MRP 

20 min OGE 

TO min %  150 knots 

I min @ NRP 

20 min %  150 knots 

II troops @ 2^0 pounds each 

3 @ 200 pounds each 

Hover 

Main-rotor and tail-rotor hover-power-required information for the Task 2 
aircraft was calculated using the figure-of-merit ratio method ^. 

This method uses a correction term to account for the differences between 
hover test data and the maximum figure of merit, including profile drag 
on an ideal rotor. 

The maximum figure of merit is calculated from 

3/2 

FMMAX = ^ 
3/2 

/  cT  + J^b \ 
\*V? 8 / 

vr 

lh 
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where B = tip loss (=0.97) 

6 = .0087 - .0215a + .ha? 
b 
a = 6 (CT/a) (l/a) 

a = slope of the lift curve (=5-73) 

The factor,v/S'j represents the contraction of the flow downstream from an 
unshrouded rotor. 

The figure of merit for isolated rotors has been measured and compared 
with the maximum figure of merit.  After the effects of twist and cutout 
are removed (these are the only isolated effects now used to correct base 
data), the ratio of actual figure of merit to maximum figure of merit is 
computed.  The method, depending heavily on test data, should be used 
for conventional rotors only. 

Forward Flight 

Forward flight performance was calculated using a semiempirical nondi- 
mensional performance method.  An energy method is the base, and correc- 
tions are made to this "ideal rotor" for tip losses, profile drag, verti- 
cal drag, parasite drag, compressibility, blade stall, and blade inter- 
ference effects.  The effects of Reynolds number and skewed flow are also 
taken into consideration. 

A continuous set of equations is used for hover, level forward flight, and 
climb.  The empirical relations used were developed from S-55 (UH-19), 
S-56 (CH-37), and S-58 (CH-34) flight;  whirlstand testing  ; and NASA 
Ames wind tunnel data. As other data became available (,8-61, S-62, S-6k 
(CH^A & CH-5UB), and S-65), they were checked against the method and 
found to be in excellent agreement.  Although not a rigorous analytic 
procedure, the approach offers the best present method for overall perform- 
ance prediction. 

Shrouded Prop-Fan Performance 

The performance of prop-fan systems was calculated using a digital computer 
program based primarily on Hamilton Standard wind tunnel data.  Some of the 
Hamilton Standard data were acquired from three- and four-bladed shrouded 
propeller tests in the 18-foot low-speed test section (Mach numbers less 
than 0.2) and the 8-foot high speed test section (Mach numbers between 0.2 
and 0.5) of the United Aircraft Research Laboratories subsonic wind tunnel 
facility.  Shroud and propeller configuration were varied in these tests, 
including propeller position in the shroud, propeller planform, tip clear- 
ance, number of blades, shroud length, shape and exit area ratio, and 
lip shape.  Also studied were the effects of inlet and exit guide vanes. 

Recently, a shrouded prop-fan similar in design to the configurations cho- 
sen for antitorque was tested in the 8-foot section in the UARL subsonic 
wind tunnel. Onl;y one basic model configuration was tested in this test, 
and the test did not include any static cases. Static thrust and power 
were derived from nonstatic test data from the relationships of Appendix 
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Ill of HSIR 2836 .  Figure 5 shows these results in terms of CT  /C ver- 
sus  CT 
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Figure 5.  NondimensionaJL Prop-Faxi Performance - Static, TAF = 2200. 

The effect of swirl recovery vanes was determined, using a linear exten- 
sion of the thrust increase for vanes at Mach numbers from 0.2 to 0.5. 
This extrapolation, which is slightly conservative, is shown in Figure 6. 

The effect of duct length on net thrust for short ducts was applied to the 
prop-fan data, using a correction on exit area ratio 5» D . This correc- 
tion is shown in Figure ?•  Prop shroud length eliminates contraction and 
aids diffusion, so shroud length effect can he included in the area ratio 
correction described below. 

-, 1.2 

r 0. H 

10 

■/  

O.-f 

0 

1     1     1     1     1     1 
EFFECTIVE A4/A2   = K x A.),^ 

1          1          1          1          1          1      '   1 

j 
1       v 

A2 
A4 

/ 
-* D1A 

1' 
1 
1 / 

j      •" k^ 
0 04 0. N 1.2 

IXJWER COEFFICIENT - Cp 

l.d 

Figure 6. Effect of Prop-Fan 
Swirl Recovery Vanes 
on Performance - 
TAF = 2200. 
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Figure 7-     Effect of Prop-Fan 
Shroud Length on 
Performance. 

16 



Since thrust is proportional to the cube root of the area contraction ratio 
of the stream tube downstream of the propeller, the area of the shroud exit 
is proportional to the thrust.  The thrust values from the prop-fan test 
were for a near optimum shroud exit area ratio of 1.3, and the thrust cor- 
rection for the area was made from this base. 

Hamilton Standard data and NACA TN kl26    show that a lip radius of approxi- 
mately 8 percent of the propeller diameter is required to retard separa- 
tion.  This value was used exclusively in this study, and the shroud length 
in front of the fan was assumed as not contributing to the shroud length 
for the area ratio correction. 

1 

The effect  of change in total  activity factor   (TAF)   from a base total ac- 
tivity factor of 2200 is small,  as shown in Figure 8.     The operating re- 
gime of the Task 2 prop-fan for the fan-in-tailcone configuration is  such 
that  a TAF of 2i+00 shows a 0.5-percent gain in thrust  above a TAF of 2200 
for the maximum control requirements, while a TAF of l800 shows a 0.T-Percent 
gain over a TAF of 2200.    A TAF of 2200 provides the best overall performance 
for antitorque application.     For the fan-in-fin configuration, a TAF of 
2200 is optimum for maximum control.    A TAF of 1700  shows  a 1.5-percent 
gain over a TAF of 2200  for the steady condition.     A total activity factor 
for this  configuration of about iy00 would reduce the zero thrust profile 
power, but for normal hover,  the potential gain is  small. 

2.2 

2.0 

I). 8 

(1.2 

0. d      0. S       1.(1 

IDWUK COI.I i icir.xr - cp 

Figure 8.  Effect of Prop-Fan Activity Factor 
on Performance - Relative Mach No. = 0.8, 

In order to maintain blade clearance so that reverse thrust is possible, 
the fan blades must be tapered near the root to allow negative blade angles. 
Final design is for a blade with a blade chord/fan diameter equal to 0,121, 
tapering to 0.08^ at the root. This will allow a spacing of 0.3 inch be- 
tween each blade near the root for a U-foot-diameter system. The blade 
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is rectaiit-ular in planform for the outboard r;;?.5 percent of the radius. 
Hub liauieter was selected to be one-third of the fan diameter to allow 
adequate space for gearboxes and the blade pitch control mechanism. 

nominal blockage, interference, and other losses associated with installa- 
tion of a tail rotor or a prop-fan in a helicopter were calculated.  The 
tail rotor is subject to a 5-percent loss based on thrust due to inflow 
interference of the tail rotor pylon.  The fan-in-fin installation delimi- 
nates this loss, since it is buried in the tail fin, but it has other com- 
pensatinr; losses of 5.5 percent.  These include drive shaft and control 
line blockage and suction drag, equivalent to rear body form drag, of the 
airflow on the aft corners of the center body and the fan exit rim.  The 
fan-in-tailcone has losses of approximately 17 percent due to duct fric- 
tion, flow turning, and shaft drap. 

Fan-In-Tailcone Duct Losses 

Fan-in-tailcone  duct flow inefficiencies arising from skin friction and 
turning losses were estimated for a typical Task 2 aircraft configuration. 
The resulting overall duct efficiency was converted to an effective prop- 
fan blockage percentage that was assumed to be constant over the size range 
ofsimilarly configured vehicles investigated.  A separate analysis was made 
for the ?-S8T flight vehicle proposed in Task 3. 

The losses associated with individual duct components (inlet, turns, 
straight sections, deflector valve and exhaust nozzle) were estimated as 
fractions of the local dynamic pressure (q) from previously published re- 
sults '' " for general geometric forms and from Sikorsky Propulsion Group 
experience. 

Effective blockage is determined by estimating a representative dynamic 
pressure at each of the duct components corresponding to the required net 
thrust with zero duct losses. The pressure drop ( A p) arising from each 
individual component is then determined.  The previously computed prop-fan 
pressure ratio corresponding to zero duct losses is then altered by these 
incremental pressures.  Effective duct blockage is defined as the ratio of 
thrust obtained if duct losses are neglected, to the thrust actually pro- 
duced, and is obtained as a simple function of the prop-fan pressure ratios 
with and without duct losses; 

Blockage Factor 
I PR      -lj  with losses 

pR(Y-l)/Y_1  without losses 

For the typical case chosen to evaluate this blockage, a duct area of 7-07 
square feet and a required thrust of 2238 pounds were taken at an altitude 
temperature condition of GL 950F.  The loss breakdown for this condition 
is given in Table III. 
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TABLE III.  FAN- ■IN -TAILCONE DUCTING LOSSES 
i 

Component Ap/q. 
1 

(psf) 
AP 
(psf) 

Inlet (including drive shaft) 
120 Turn 

Straight Duct (ik  feet) 
Deflector Valve 
90° Turn (9 turning vanes) 

0.05 
0.031 

0.0036/foot 
0.0 
0.0^4 

138 
225 

170.14 
110.h 
110. h 

6.9 
7.0 

8.52 
0.0 
6.81 

The no-loss pressure ratio was computed to be 1.083.  With losses, the 
value was approximately 1.097, leading to an effective blockage value of 
1.168. 

CONCEPT COMPARISONS 

Mission Performance 

Table IV gives the design parameters for aircraft using the three anti- 
torque concepts under comparison.  These aircraft represent near-optimum 
solutions in terms of main rotor disc loading, main rotor blade loading, 
and antitorque device sizing. These optimizations, along with other design 
criteria sensitivity studies, are discussed in more detail under Task 5- 

Stability and Control  fHover and Low-Speed Flight) 

This section discusses the stability and control requirements of tail- 
rotor helicopters.  It also presents possible problem areas for the fan-in- 
fin and fan-in-tailcone antitorque devices, and how they compare with the 
tail rotor. 

Even though tail rotors have been used for many years as antitorque de- 
vices for shaft-driven single-rotor helicopters, improvement is still 
needed in certain aspects of handling quality.  In many cases,trade-offs 
have to be considered that would lessen the undesirable characteristics of 
the tail rotor without creating new problems. 

For example, there is the question of handling characteristics when the 
tail rotor drive becomes inoperative.  In this emergency, the pilot must 
react rapidly.  In most helicopters, he must take immediate action to enter 
autorotation, where no antitorque requirement exists. 

Although loss of antitorque capability is very serious in hover or at 
low speeds, it need not be at moderate to high forward speeds. With proper 
sizing of the vertical tail, the helicopter can continue in forward flight. 
Tests of flight boundaries without a tail rotor have been conducted on the 
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TABLE IV. AIRCRAFT DESIGN PARAMETERS AND CRITERIA 

Antitorque Concept Tail Rotor Fan-in-Fin Fan-in-Tailcone 

Design Gross Weight - lb 
Aircraft Efficiency - lb kn/$ 
Alternate Gross Weight - lb 
Disc Loading - psf 
Main Rotor Diameter - ft 
Number of Main Rotor Blades 
Main Rotor Blade Chord - ft 
Main Rotor Solidity Ratio 
Main Rotor Tip Speed - fps 
Main Rotor Blade Loading (Op/a) 
Tail Device Tip Speed - fps 
Tail Device Diameter - ft 
Tail Rotor Max. Blade Loading 
(CT/ö) 

Tail        Lie Chord - ft 
Tail Rotor Solidity Ratio 
Prop-Fan Total Activity Factor 
Number of Tail'. Device Blades 
Max. Tail Device Thrust Required - 
lb 

Max. Tail Device Power Required - 
HP 
Power Available at AGW 
Condition - HP 
Installed Shaft Horsepower 
Drive System Design Horsepower 
Empty Weight - lb 
Mission Fuel - lb 
Design Payload - lb 
System Efficiency in Hover 
at DGW 
at AGW 

System Efficiency in Cruise 
at  DGW 

Parasite Drag - ft2 

Vertical  Drag - ^ GW 

15,103 
0.1388 
18,12U 
6.0 
56.6 
k 
1.825 
0.0821 
TOO 
0.080 
700 
10.6 

0.12 

0.852 
0.837 

0.921 
13.U 
3.0 

l6,H7U 
0.1293 
19,769 
6.0 
59.1 
5 
1.6^9 
0.0888 
700 
0.0725 
800 
»t.60 

0.806 
0.728 

0.869 
1I4.2 
3.0 

17,^83 
0.1213 
20,980 
6.0 
60.9 
5 
1.73H 
0.0906 
700 
O.O-jh 
950 
3.^3 

0.660 - - 
0.198 - - 
- 2200 2200 
5 12 12 

2180 2^T5 2T6T 

53^ 92l+ 13^3 

2359 2953 3^83 
2835 35^9 1*186 
2359 2953 31+83 
9582 10,^55 ll,lUl 
2232 2T1T 3028 
261+0 26^0 261+0 

0.T91 
0.655 

0.8TT 
16.9 
3.0 
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Sikorsky S-58.  Results indicated that the aircraft couxa ^^..„ain adequate 
static stability even in climb at speeds between ^0 and 80 knots.  Addi- 
tion of a rudder could give the aircraft adequate maneuver cor.trol with the 
primary antitorque device inoperative. 

The tail rotor also is highly sensitive to gusts, since its thrust to angle- 
of-attack derivative is relatively high.  Keeping the tail rotor size down 
helps this situation.  Sensitivity can also be reduced by appropriate sen- 
sing of gusts end application of corrective control through feedback. 

In the interest of ground clearance and personnel safety, tail rotors are 
usually placed above the aircraft center of gravity, but this creates both 
rolling and yawing moments after pedal displacements.  If too pronounced, 
this type of coupling can degrade aircraft handling qualities.  Control 
coupling of lateral cyclic to pedal input can minimize this problem, but 
pilot opinion must be considered, since automatic control coupling limits 
the lateral control available to the pilot. 

Roll attitude during hover is another characteristic of single-rotor 
helicopters that is directly related to the height of thi. tail rotor above 
the center of gravity. Most single-rotor helicopters hover with the left 
wheel low.  The nonlevel attitude is caused by the fact that the lateral 
cyclic applied in hover to counteract tail rotor thrust also creates a 
head moment.  To balance both lateral force and rolling moment, a force 
contribution from the aircraft weight results in a small roll angle.  For 
any given helicopter, the roll angle required depends on the vertical 
placement of the tail rotor. As the tail rotor moves higher, less roll 
angle is necessary. Alternatively, application of lateral shaft tilt to 
the main rotor relieves this problem.  However, the high placement aggra- 
vates the coupling characteristic, and the lateral shaft tilt creates 
other attitude considerations in low-speed approaches. A compromise must 
be reached that considers all these factors. 

The fan-in-fin characteristically has a nonlinear thrust to pedal displace- 
ment derivative with an almost flat slope at the zero thrust level.  The 
fan-in-fin should be designed to carry some load on the fan at high speed 
to avoid this null area, but the null must be traversed in going into 
autorotation. 

Information from Sud Aviation indicates that a hydraulic servo-control is 
necessary in the Fenestron gearbox since control loads in hover are high. 
These loads result from designing the fan blades to give low control loads 
in high-speed flight. The fan-in-fin prop-fan, therefore, will require 
hydraulic boost for control. 

Because the fan-in-fin and fan-in-tailcone will be at about the same height 
as the aircraft center of gravity,the coupling of roll to yaw previously 
mentioned for the tail rotor will be less severe. This, however, will 
aggravate the hover trim attitude of the aircraft, due to the additional 
lateral cyclic required. Again, a compromise must be considered. 

Helicopters fitted with either of the fan configurations will be more 
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stable in the event of loss of antitorque power than will the tail rotor 
con firural.ion, since the vertical tails will be designed larger.  This 
siting will provide the adequate static directional stability that the 
tail rotor provides in a conventional helicopter, yet the larger vertical 
fins will reduce the lateral maneuverabiiity of these aircraft compared 
with the tail rotor version.  To maintain a comparable value with the tail 
rotor, rudders are incorporated in these designs. 

The l'an-in-tailcone has problems that will be unique to this concept.  The 
first will be a delay in response time due to losses in the ducting, cre- 
ating serious problems in meeting HIL-H-8501A response criteria.  Another 
problem will be the nonlinear control response in autorotation due to the 
thrust deflector valve used in this design. 

In summary, neither fan configuration offers an improvement over the tail 
rotor in regard to stability and control.  The device with the highest un- 
known factor appears to be the fan-in-tailcone device. 

High Speed E>ynamics 

Characteristics of the tail rotor at high forward speed are well known. 
The fan-in-fin and fan-in-tailcone are expected to perform better than the 
tail rotor in this flight regime. As tail rotor helicopters are presently 
designed, the tail rotor must provide high levels of thrust for antitorque 
control at high speeds, and the rotor approaches stall as speed is in- 
creased.  During maneuvers, particularly nose left, high blade stress levels 
can be encountered due to stall.  One solution is to increase the ver- 
tical fin area or improve the vertical fin airfoil section so the tail 
rotor unloads in forward flight. A larger tail would reduce directional 
maneuverability somewhat unless a rudder were added, but this would com- 
plicate the control system.  A compromise must be arrived at, therefore, 
depending on helicopter mission requirements. 

Tail shake is sometimes encountered when the main rotor downwash impinges 
on the tail rotor during high-speed flight. Helicopter trim attitude can 
usually be controlled so that the tail rotor is not in the main rotor wake, 
but the tail rotor can traverse this flow during certain maneuvers. This 
often results in high transient vibrations. 

Because the prop-fan is operating in a shroud for the fan-in-fin configu- 
ration, this device should be less affected by main rotor wake than the 
tail rotor.  This same shroud, however, is subject to forward lip stall in 
forward flieht, causing high blade stresses and increased vibration.  Lip 
stall detracts from fan-in-fin performance if the fan is operating at high 
loadings.  Therefore, the fan is unloaded in high-speed flight by the rel- 
atively large vertical tail surface required for stability. 

The fan-in-tailcone appears to be the best of the three designs in regard 
to high-speed dynamics, since the generation of thrust is relatively 
independent of ambient flow conditions. 
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Reliability and Maintainability 

Based on a helicopter of approximately 12,000 pounds empty weight, base- 
line reliability/maintainability values for the conventional tail rotor 
system were derived from a 68,i+57-flight-hour sample of H-53 data.  The 
data were reported by the U.S. Navy Maintenance and Materiel Management 
(3M) data collection system.  Using these values as a point of departure, 
similar values were calculated for the fan-in-fin and fan-in-tailcone anti- 
torque systems.  Adjustments were made in the data to account for basic 
system differences, such as reduction in number of major components, size 
and weight of components, improved accessibility, and reduction of failures 
caused by stress, fatigue, foreign object damage, or maintenance errors. 
The calculated value for each of the two advanced antitorque systems was 
then extrapolated to establish:  (l) best-case value, (2) median value, and 
(3) worst-case value. Table V presents the ranges of reliability and 
corrective maintenance values established. 

TABLE V.  COMPAEISON OF ANTITORQUE SYSTEM R/M VALUES 

Antitorque 
Subsystem 

Conventional 
Tail Rotor 

Fan-in-Fin 

Worst Median Best 

Fan-in-Tailcone 

Worst Median Best 

Mean Time 
Between Failures - 
hr 35 

Mean Time Be- 
tween Maint. 
Actions  - hr 23 

Maint.  Man-Hours 
Per Flt-Hr 0.l6l 

Maint,  Down-Hours 
Per Flt-Hr 0.069 

36        1+7 5k        39        hQ 57 

35        38 in        38        1+2 1+6 

0.173 0.li+5    0.118 0.129 0.117    0.105 

0.070 0.055   0.0U1 0.065 0.057   0.01+9 

Analysis of the values indicates that each of the advanced antitorque sys- 
tems has the potential for significant reliability and maintainability 
improvement relative to the conventional tail rotor system.  Both alterna- 
tive systems require fewer major components and afford easy access for 
maintenance.  The blades are less vulnerable to foreign object damage and 
are not subject to wear encountered on conventional flap-hinged tail rotors. 
The potential hazard to ground personnel from exposed blades is minimized. 
Stresses applied to the blades and transmission system are not as severe as 
in a conventional system, since these components are subjected to high loads 

23 

HIM mm MMM ^^»^MMiMt ---■- 



^wunwi'mwmi-w !i,'vw™,Miiwiii.,..i«ji-H'AimMmm^mmmmmmimmmmmm m^nmmmmmmmm mmt^^^m mmmtm 

only during hover. 

The   fan-in-tailcone configuration poses problems with respect to fan assem- 
bly access that will require careful attention during detail design if the 
full potential of this  concept  for maintainability  improvement is to be 
realized.     A hinged tailcone  arrangement has been suggested for rapid access 
to the  fan assembly,  and the values presented in Tables V and VI assume that 
this  is the case. 

The values presented in Table VI are those predicted for a vehicle of ap- 
proximately 12,000 pounds empty weight  and represent the   nonbiased , or 
median, value calculated for eacn advanced antitorque    concept at the 
organizational and direct  support levels of maintenance. 

TABLE VI.     ESTIMATED ANTITORQUE SYSTEM    RELIABILITY AND MAINTAINABILITY 

Conventional 
Tail Rotor 

Fan-in-Fin  Fan-in-Tailcone 

Reliability 

Mean Time Between Failures 
Total - hr 
Downing - hr 
Aborting - hr 

Maintainability 

Corrective Maintenance 
Mean Time Between Main- 

tenance Actions - hr 
Maintenance Man -Hours 

Per Flight-Hour 

Down-Hours Per Flight-Hour 

Preventive Maintenance 

Man-Hours Per Flight-Hour   0.099 

Down-Hours Per Flight-Hour  0.008 

Total 
Maintenance Man-Hours 

Per Flight-Hour        0.260 

Down-Hours Per Flight-Hour 0.0TT 

35 UT kQ 
389 521 529 
1TT0 23T0 21+05 

23 38 1+2 

0.l6l O.1U5 0.11T 

O.O69 0.055 0.05T 

0.061 

0.001+ 

0.206 

0.059 

0.069 

0.005 

0.186 

0.062 
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Safety 

Army accident records,  representing ^,788,670 flight-hours,  froiri September 
1968 to September 1969, were analyzed.     Representative figures were obtained 
for the frequency of accidents due to strikes by tail rotor blades, with 
each occurrence classified with respect   to damage  in  four  categories 
(strike, major, minor,   or incident).     A summary of these accidents  is given 
in Table VII. 

TABLE VII. ARMY  HELICOPTER ACCIDENTS DUE  TO TAIL ROTORS 
1 

Aircraft Type 
Accident Cat egory 

Strike Major Minor Incident Total 

UH-1 8 31+ 5 100(5) 1W(5) 

OH-23 - 7(1) 1 20(1) 28(2) 

OH-6 - 2 - 27(M 29(1+) 

0H-13 - 1+ 1 15 20 

TH-55 - 1 - 25 26 

TOTAL 8 U8(l) 7 187(10) 250(11) 

The numbers 
tail rotors 

in p arentheses are accidents that involve pers onnel hit by 

1                                                                                                                                                                 1 

Care was taken in extracting the initial data to eliminate instances of 
collisions with the tail boom as opposed to the tail rotor blades,  since 
this type of accident  is  applicable to all three  configurations.     In 
general, tail boom strikes outnumber blade strikes by approximately two to 
one.     In addition, the data of Table VII do not include accidents  involving 
objects blown or sucked into the tail rotors.     This type of accident  is 
possible for both the fan-in-fin and fan-in-tailcone configurations,  al- 
though with the fan-in-tai]cone inlet under the main rotor, the probability 
should be reduced considerably. 

Accidents involving personnel should be reduced greatly with either device. 
One would not expect ground personnel to run into the fan-in-fin, which is 
shielded by a shroud that  is visible even during operation.     However,  the 
suction field present near the inlet would be a hazard.     Covering the inlet 
with a screen or grill may reduce this hazard, but potential clogging and 
icing problems would have to be considered.     The fan-in-tailcone configur- 
ation will eliminate the possibility of personnel being sucked into the 
prop-fan.    While high-velocity exhaust flow would still be a hazard,  the 
danger would not be as  great because personnel would be blown away from 
the aircraft. 
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Accidents  involving   terrain/thruster contact would be eliminated almost 
completely with  either  configuration,   as  both  shield the  thruster with 
structure.     The danger  of  pushing the  structure  into the  thruster  exists 
for what would  be  called  a tail boom strike  for  a helicopter with a tail 
rotor.     With good design  practice,  this danger  should not be  significantly 
greater  than  the danger  of damaging the tail  rotor drive  and control   system 
during  a tail boom accident. 

Vulnerability 

The  relative  vulnerability of aircraft  using tail rotor,  fan-in-fin,  or 
fan-in-tailcone   antitorque  concepts  to af.62mm  and  12.Tmra API threat  was 
estimated,  assuming Sikorsky S-6l helicoüt.er vulnerable areas 9  to be 
representative  of the base-line  tail  rotor  value. 

Each of the three  alternative  designs  includes  a vertical tail  fin  adequate 
to  provide    antitorque   control   at  forward speeds  greater than  approximately 
50 knots.     Thus,  the tail thruster   (in  either  of  the three concepts)   and 
its  associated drive  system    contribute to  "K"  Kill vulnerable  areas only 
in  hover  ana  forward speeds below  50 knots.     The reduction  in total  aircraft 
" K"  kill vulnerability  due  to the   use of  fan-in-fin on   fan-in-tailcone  con- 
cepts  is  less  than  1  percent,   for both Y.62mm and 12.Tmm API  threat  levels. 

Antitorque    system  "A"  kill  vulnerable  areas  include  shafting,  gearboxes, 
and rotor  (or  prop-fan)  blades.     Both new concepts  reduce the required  shaft- 
ing  and the number  of gearboxes .     Loss  of a single blade  from the 12-bladed 
prop-fan used  in both new concepts  is  judged to be  sign!ficantly less  likely 
to result  in  loss  of the  entire  system than would be the loss  of  a blade 
from a typical  ^-bladed tail rotor. 

For  aircraft  in  the  15,OOOpound gross weight  range,  tail rotors  and tail 
drive  systems  are  relatively invulnerable to  T.62mm.     The reduction  in  "A" 
kill vulnerable  areas  to this  threat  is  estimated to be approximately  3 
percent  for  both  the   fan-in-fin and the  fan-in-tailcone configurations. 
For the  IL'.Tmm API   threat,  however,  the  additional  simplification and com- 
pactness of the new     antitorque systems  is  much more effective.     The reduc- 
tion of  aircraft   "A"   kill vulnerable  areas  to  this  threat  is predicted to 
be  19  percent   for  the  fan-in-fin and 26 percent   for the  fan-in-tailcone. 

Vulnerability  to  terrain  contact  damage has  been  discussed in the  previous 
subsectioi;. 

Aural   I'/ete'jt'/ciility   and Annoyance 

Separate noise  analyses  were made of near-optimum  solution  aircraft  employ- 
ing  tail  rotor,   fan-in-fin  and  fan-in-tailcone  concepts.     In  each  analysis, 
the  aircraft  were  assumed  to be hovering  at  an   altitude of  30  feet  over 
sparse jungJe  terrain.     Standard values l^   for  terrain  attenuation  and 
atmospheric  absorption  coefficients  were used.     Techniques  appropriate  to 
each  concept  were  employed to  predict  both noise  intensity and frequency 
content. 
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Tail rotor noise estimates, including separate broadband and discrete fre- 
quency (rotational noise) components, are based on measured data scaled to 
account for effects of radius, tip speed, number of blades, blade area, 
and thrust.11» 12 

Estimates of fan-in-fin noise levels were based on a preliminary prop-fan 
noise estimating procedure developed by the Hamilton Standard Division of 
United Aircraft Corporation and known to correlate well with measured noise 
octave band spectrum shape data from model tests.  Sikorsky and Hamilton 
Standard engineers predict such prop-fan model tests to show a 3 PNdB 
optimism compared to a similar prop-fan installed in an aircraft, arising 
from neglecting thruster wake interaction with the supporting structure 
associated with the installed fan.  Therefore, perceived noise levels pre- 
dicted by the preliminary method were increased by 3 PNdB to predict the 
noise level of the installed fan-in-fin configuration.  No references have 
been published to officially document the prop-fan noise estimating proce- 
dure as of January 1, 1971- 

Estimates of fan-in-tailcone noise include contributions from downstream 
supports, flow straightening vanes, inlet flow turbulence, and the fail. 
The similarity of the fan-in-tailcone configuration to that of an axial 
compressor permits direct application of the compressor noise analysis 
techniques. ^ 

This method considers the system geometry, fan tip speed, number of blades 
and vanes, air mass flow, and applied power to calculate system noise. 
Correlation of predicted noise levels with a limited number of noise 
measurements of operating compressors has verified the usefulness of this 
approach. 

The basic conclusions arising from these analyses are:  (l) both of 
the proposed concepts offer a significant reduction in detection range 
compared to the tail rotor, but  (2) for aircraft optimized for maxi- 
mum productivity per life cycle dollar (as defined under "Aircraft Sizing 
and Evaluation Criteria"), both concepts represent a greater acoustic 
annoyance, in terms of perceived noise level, than does the tail rotor. 
These results are summarized in Table VIII.  It is seen that the detection 
range of the tail rotor is roughly twice that of the alternative concepts, 
while tail rotor perceived noise level is between 6 and 9 dB less than that 
of the alternatives.  The calculated detection ranges are estimates suitable 
for ranking the relative detectability of the concepts and not for assigning 
absolute distances.  Detectability in comparison with the tail rotor is 
improved because of the shift of acoustic energy from the relatively low- 
frequency pure tones associated with the tail rotor to higher frequency 
components between 1 kHz and kUiz    for which terrain attenuation and atmos- 
pheric absorption have more effect. 

This frequency shift, while reducing detectability, concentrates the acous- 
tic signature of the fan-in-fin into a more annoying region, significantly 
increasing the predicted perceived noise level. 

In the fan-in-tailcone configuration, noise from the downstream supports 
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controls the acoustic signature in the mid-frequencies and above, while jet 
noise from the exit nozzle dominates the low frequencies.  Noise from the 
fan is negligible compared to that from the interaction between the fan 
wake and its supporting structure and associated flow straighteners. This 
interaction produces high discrete frequency noise levels, which dominate 
any broadband noise produced and lead to the high annoyance levels shown in 
Table VIII. 

TABLE VIII .  QUAFTITATIVE ACOUSTIC COMPARISON             i 
i 

Tail Rotor Fan-in-Fin*    Fan-in-Tailcone** 

PNL @ 500 Feet - PNdB 87 96             93 

Detection Range - ft 6700 3000            3700 

Antitorque Power - hp 185 500             565 

Diameter - ft 13 h                                     3 

No. Blades 5 12               12 

Tip Speed - fps 700 950              950        1 
* Includes allowance for acoustic penalt .ies of downstream stator close   1 

to rotor, and short shroud. 

**PNL and detectability 1 'or  bare duct. 

I 

Because noise reduction was not specified as one of the prime objectives 
of this study, solution aircraft parameters were selected on the basis of 
overall system efficiency rather than acoustic characteristics. 

A brief study of the effects on noise signature of alternative fan and tail 
parameters indicated that more emphasis on noise reduction could lead to 
significant improvement in this area without excessive degradation in air- 
craft efficiency.  In particular, efficiency optimization resulted in prop- 
fan solution disc loading and tip speed significantly higher than would be 
desirable from an acoustic standpoint.  In addition, the proximity of fan 
support members to the fan blades, optimized from weight and fan efficiency 
considerations, is costly in terms of interference noise. 

Of the two new concepts, the fan-in-tailcone possesses the greater poten- 
tial for acoustic improvement over the tail rotor. This reflects the 
relative ease with which the structure downstream from the prop-fan can be 
acoustically treated.  It is estimated that the PNL from this source could 
be reduced between 5 and 10 PNdB through alteration of the support strut 
axial displacement and geometry to separate the fan and struts by at least 
two fan blade chord lengths, and by lining the exit turning vanes with 
acoustically absorbent material. Treating the turning vanes was determined 
to be preferable to treating the duct wall itself, both from weight and 
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acoustic considerations, but no detailed formulation of an overall system 
efficiency trade-off was attempted. 

An examination of the effects of prop-fan tin speed on both aircraft noise 
and efficiency is described under "Antitorque Tip Speed Sensitivity" in 
Task 5-  This examination suggests that a reduction in tip speed is effec- 
tive in reducing perceived noise level in both concepts.  Only a marginal 
reduction in detectability range was noted.  Tip speed reduction has a 
slightly more limited application in the fan-in-tailcone configuration 
because of the rapid increase in DGW with decreasing tip speed below roughly 
750 feet per second. 

Geometric constraints on the fan-in-fin configuration, especially limits on 
overall duct length, severely restrict the acoustic improvement available 
through  rearrangement of the fan supports.  Acoustic lining of the duct 
and placement of the supports at least two blade chord lengths downstream 
from the fan are predicted to reduce the PNL by up to 5 PNdB.  Again, the 
resulting penalties in aircraft weight, performance,and cost were not 
evaluated.  It is likely, however, that rearrangement of supports would 
impose greater penalties on the fan-in-fin than on the fan-in-tailcone. 

Foreign Ob.ject Damage 

The fan-in-fin configuration may be more susceptible than a tail rotor to 
foreign object damage, because the device is located no higher above the 
ground than the tail rotor and would suck in larger objects due to its 
higher disc loading.  The fan-in-tailcone configuration represents an 
improvement over the tail rotor because the air to the prop-fan passes 
through the center of the main rotor disc, eliminating the hazard from heavy 
objects that would not be recirculated.  Both concepts could operate in 
similar erosion environments.  The fan-in-fin configuration is considered 
to be better in this area because lower prop-fan tip speeds are feasible. 

SELECTION OF BEST CONCEPT 

Cost Study 

Both the fan-in-fin and fan-in-tailcone meet the objectives of this  study 
by offering improvements in all the areas  specified by the contract  state- 
ment  of work.     An  attempt has been made  to  cost these  improvements.     The 
analysis,  of course,  is highly dependent on the ground rules  assumed. 

Table IX shows the estimated correction to the basic life cycle cost esti- 
mate due to the aircraft characteristics that vary from the  conventional 
tail rotor.     The total  saving due to these differences  is  about     1  per- 
cent of the life-cycle cost estimate,  which is based on  aircraft  installed 
power  and   empty weight.    This  saving may  fall within the  accuracy of the 
aircraft  life cycle cost trend,   so the only conclusion drawn from these 
data is that,  for the ground rules  of this study,  a tail rotor  is  still the 
least  expensive antitorque    system  for the  aircraft  design requirements  and 
mission specified for this study. 
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TAiM.K   IX.     EFFECTS  OF  OPERATIONAL  CHARACTERISTICS  OK   LIFE-CYCLE  COST 

Operational   Characteristics 
Antitorq.ue   Concept 

Tail   Rotor      Fan-in-Fin       Fan-in-Tailcone 

Basic  Life-Cycle  Cost   (LCC), 
Weight   & RP Only -  $ 

Basic   LCC   Ratio 

Reliability  Saving -  $ 

Maintainability Saving -  $ 

Vulnerability Saving -  $ 

Safety  Saving -  $ 

Adjusted  Life-Cycle  Cost  -  $ 

Adjusted  LCC Ratio 

3,286,82{ 3,667,556 3,978,018 

1.000 1.11.6 1.210 

- 265 359 

- 12,673 17,695 

- ^,320 3,687 

- 8,006 8,8)42 

3,286. 828 3,61+2,292 3,91)7,i*35 

1.000 1.108 1.201 

The  approach  used to estimate  the  cost  adjustments  shown  in Table  IX are 
briefly  outlined below. 

Reliability 

The  mean times between  failures   (MTBF)  in hours  resulting in a mission 
abort   for the three  configurations  are  estimated as: 

Conventional  Tail  Rotor 
Fan-in-Fin 
Fan-in-Tailcone 

1770 
2370 
2h05 

Applying these  figures  to  an  assumed average  mission  length of 3 hours, 
mission  abort   rates  are  computed,  leading to  the   following relative 
probabilities  of successful mission  completion: 

Conventional  Tail   Rotor 
Fan-in-Fin 
ran-in-Tailcone 

0.99831 
0.99868 
0.99875 

For  100$ mission  completion,   the  respective   fleet   sizes  would be  in- 
creased  by  the  reciprocal   of these probabilities.     The  resulting fleet 
size  ratio:;   for the  two   fan  configurations  are  subtracted  from the  ratio 
for  the   taii   rotor  to  obtain  relative  savings  ratios.     The latter are 
applied to  the basic   flyaway  costs  for the two  configurations to obtain 
relative  savirif-s  in  dollars. 
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Maintainability 

The  relative maintenance man-hours per  flight-hour  for the three  anti- 
torque  systems  are  estimated as: 

Conventional Tail  Rotor 0.260 
Fan-in-Fin 0.206 
Fan-in-Tailcone 0.186 

A representative MMH/FH  figure   for the  complete base-line  (tail  rotor) 
aircraft based on UTTAS  design  studies  is  9.0.     The  relative  saving in 
man-hours is computed as the difference in the tail system maintenance 
man-hours quoted above as  a proportion of the total  aircraft man-hours, 
giving the  following savings: 

Fan-in-Fin 0.667% 
Fan-in-Tailcone 0.823% 

These percentages  are  applied to the total  lifetime  cost   for overhaul 
and maintenance, which  is  estimated by means of the  following equation: 

COM = ( w P)0-1+158 

where  CQM = life overhaul and maintenance cost - dollars 
W   = aircraft weight empty - pounds 
P   = installed engine power - horsepower 

Vulnerability 

The relative "A" kill vulnerable areas in square feet are estimated as 
follows for the three configurations: 

7.62 mm API 12.7 mm API 
Conventional Tail Rotor 2.11 7.75 
Fan-in-Fin 2.0k 6.27 
Fan-in-Tailcone 2.Oh 5.73 

Two cases were examined, representing "A" kill probabilities when mak- 
ing a 150-knot pass at 200 feet altitude over 7-62 mm and 12.7 mm API 
threats.  The relative probability of survival is estimated using a 
standard survivability computer model containing a representative 
distribution of weapons. 

The reciprocal of the relative survival probabilities is used as a 
scaling factor applied to flyaway cost.  It is then normalized to the 
base-line case (tail rotor) by subtraction, as described previously in 
the reliability discussion.  The relative savings in dollars are 
shown in Table IX. 

Detectability 

The effects of detectability differences were analyzed using the 
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survivability model above. Differences in aural detection ranges were 
taken into account by scaling the area over which firing took place, 
hence the number of weapons engaged at any time. This scaling method 
is considered valid since, in the majority of areas where natural cover 
is provided for  ground troops, aural detection significantly precedes 
visual detection.  This analysis showed detectability reduction to be 
potentially the most significant improvement offered by the advanced 
antitorque concepts.  The magnitude of this improvement, however, is 
strongly dependent on the threat assumed. 

Because of this dependence and the lack of a specifically defined 
threat, cost savings due to reduced detectability are not included in 
Table IX.  Typical savings, computed for the particular threat assumed 
in the survivability analysis, are summarized below. 

Detectable Range Delta Cost 
Concept  ft      $  

Conventional Tail Rotor      6700 
Fan-in-Fin 3000 -53,276 
Fan-in-Tailcone 3T00 -^6,705 

The detection ranges above assume aircraft parameters optimized for 
overall system efficiency, and are therefore conservative, as discussed 
under "Aural Detectability and Annoyance", earlier in this task. 

Comparison of these results with Table IX indicates that reduced detect- 
ability can lead to roughly twice the cost savings arising from relia- 
bility, maintainability, vulnerability, and safety improvements combined. 
This suggests that an in-depth analysis of detectability savings is 
desirable. No foreseeable threat, however, seems likely to significantly 
alter the basic conclusion that both new concepts are more expensive 
than the tail rotor in terms of life cycle cost, due to the large cost 
penalties of aircraft power and weight increases associated with these 
concepts. 

Safety 

Safety  includes  relative  costs  resulting from: 

1. Collisions  between the  tail rotor blades  and the terrain or  fixed 
objects . 

2. Damage  caused by personnel  colliding with  the tail rotor. 

Using the  accident  data previously supplied,  mean  times between  occur- 
rences  of a given  category  of damage were  estimated.     The times  are 
derived from published total  flight-hour  statistics  for the aircraft 
types considered. 
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Estimated Average 
Damage Category- Repair Cost - $ 

Strike Total aircraft cost 
Major 37,500 
Minor 7,500 
Incident 1,500 

Mean Time Between 
Occurrences - hr 

597,333 
99,556 

682,667 
25,5514 

Relative probability of occurrence was obtained by relating the above 
times between occurrences to a 3-hour mission duration, with the 
reciprocal of the probability again used as a scaling factor on flyaway 
cost.  In addition, the average repair cost per aircraft life was 
computed as a dollar increment in operating cost.  In this instance, 
the total costs computed were considered as savings for both fan con- 
figurations when compared with the conventional tail rotor. 

The cost of injuries to personnel is not included in this assessment. 

Final Selection for Task 3 

The fan-in-fin is considered to be the best, most cost effective, lowest 
risk alternative to a conventional tail rotor system for a helicopter sized 
to the mission requirement defined for this study.  This concept provides 
improvements in all characteristics required by the contract statement of 
work at a reasonable increase in aircraft size and cost. Although this 
concept has been developed to the point where technical risk is low, 
comprehensive flight testing will be required to accurately assess the 
performance and stability and control characteristics of a helicopter sized 
for future squad carrier utility transport use. 

The fan-in-tailcone offers additional improvements in safety, vulnerability, 
and foreign object damage, but an additional penalty in aircraft size and 
cost. Although this concept was flown with moderate success in the 19^+0's, 
the technical risk is higher than for the fan-in-fin, specifically in the 
areas of ducting losses, stability and control, and possible inlet drag 
problems. 

Preliminary sizing of prop-fans for the fan-in-fin and fan-in-tailcone 
concepts installed in the G-58T for Task 3 indicates that a single prop-fan 
can demonstrate both concepts.  At this time, the cost of the prop-fan unit 
appears to be a significant portion of any future flight test hardware cost. 
With minimal compromise to a fan-in-fin design, therefore the fan-in-tail- 
cone design could also be demonstrated at a significant cost saving over 
that of two independent demonstrator aircraft. 
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TASK 3.  PRELIMINARY DESIGN STUDY 

The candidate aircraft for conversion to the fan-in-fin and the fan-in- 
tailcone antitorque systems is a U. S. Army H-3^ helicopter. 

S-^8T DESCRIPTION 

The Sikorsky S-58T is a turbinized H-3^ helicopter powered by the 
United Aircraft of Canada Ti*00-CP-i+00 Twin Pac engine system. Use of a 
turbinized H-3^ for flight tests of advanced antitorque concepts is 
desirable for two reasons :  first, additional installed power is required 
to use the maximum gross weight capability of the H-3^ airframe and 
dynamic systems due to the high power requirements of the two prop-fan 
antitorque concepts;   second, for operational usage, the rudder pedals 
may have to be coupled to the engine controls to presense an antitorque 
system power requirement.  On current helicopters,the transient power 
requirement of a tail rotor in a maneuver is initially satisfied by extract- 
ing power from the main rotor.  This results in a slight decrease in rotor 
rpm, and the aircraft tends to settle until the engine responds to provide 
the additional power.  Because power requirements of the prop-fan config- 
urations are larger than those of a tail rotor, the aircraft may tend to 
settle excessively unless the engine can presense the power requirements. 
Although this coupling is not being proposed ip the preliminary planning 
for a flight test program, determination of a coupling requirement would be 
desirable.  As future designs will use turbine engines, the test vehicle 
should also use turbine engines to account for the difference in engine 
control and response characteristics of reciprocating and turbine engines. 

FAN-IN-FIN MODIFICATION 

A preliminary design layout drawing of the li-3^  tail section modified to 
accept the 3.5-foot-diameter prop-fan selected is given in Figure 9- The 
existing H-3^ tailcone and tail pylon structure forms the basic structural 
members to which the prop-fan and the enlarged vertical fin are mounted. 
Local beef-up and modifications to existing structures are required to 
support the prop-fan and to provide access for the power train and controls. 
The tail drive system modifications include a new increased face width 
tail takeoff section, and a new tail drive shaft.  An existing SH-3 drive 
shaft will carry the significantly higher power levels of the prop-fan. 

FAN-IN-TAILCONE MODIFICATION 

Figure 10 shows the preliminary design layout of the fan-in-tailcone mod- 
ification, which imolves complete redesign of the H-3^ airframe aft of 
Station 2kC.     The H-3^ tail landing gear is retained, and the prop-fan and 
beefed-up main gearbox tail takeoff section from the fan-in-fin configur- 
ation is used. A new angle gearbox and further modifications to the fan- 
in-fin tail drive shaft are needed to adapt the prop-fan to the previously 
modified H-3^ tail takeoff section.  Flow straightener vanes are located 
directly aft of the prop-fan, which is refaired to reduce the hub drag. 
Turning vanes at the tail exhaust nozzles reduce turning losses.  In 
addition, a deflector valve diverts the flow to obtain the reverse thrust 

3^ 



. j^.,    .  ..„.iLmji    . ,    J.IJIU^MUIUIIIUNHII IMIIWIIMIWff^ Jill -II     IM J H WWW^^^W^W Jl ■ "MJ    > ^^U lll"M-ll   L ■ m^HHW.pf. .11 ■ , ■-        —      ■ ■ r. ■—WT 

c 
/                f7±7Z- _..._ 

£     ;     : 
 i— 

.0/ 
1 

OAi-Asicz  wr 

r/A fsTCs*i/ur/ 

r-/> g<r Suswer- 

A J-' sr*s 

/y/'.y   TVy pstsr ssfSf 

Uftw±A<   ' " '^ '-'. 

^»/V orrsr? rv 

//vw ^/-/^ir s."^.' 

\ 

. .M     '*.■.   J    J-'r 

P'igure 9.     Design  Layout -  S-58T Fan-in-Fin  Modificati on , 

3? 



" ^ " ' »'"■'»■' " '    ' ■■■Muin.ii  ■■■- '■      ■IIMP»»W^WPWBPWBW^WIJ.L   i^B^WPWWlWWWPP^pWPiWiniWIWIIII^Wff 

fee 

Vfvv       5 . V/ VV '/ICAL 

5_J<JCrL/fr   TO atSt-C  kV/^vv-jy 

ft*~.*,;*.£   t\r 

ifCT'&C tX A-A 
V 

"WMei-Z id/fwa. 

c 

r-^ -M  •'*'. 

i 

i 
,1   ll 

,J'^- 

/|~/IA/ orrscr ID - 

/H/yr of/i/f s/sArr 

a Layout,   -   .'-voT   l''an-i n-Fit;  "edification 



'•v-, 

/.-.^OJ    ^.f 

! A#yf '<V  Aj/   > 

srcr/OM-rzhtfu £ A C. -~r-«^,  \ 
A ü 

Figxire  10.     Design Layout  - S-58T Fan-in-Tail cone Modification, 

37 



/ 



required during autorotation and rapid maneuvers. 

ANTITORQUE SYSTEM CONTROL 

Fan- in-Fin Control 

The criteria used in determining the coupling of the rudder and the fan-in- 
fin pitch-to-pedal displacement are "based on the requirements that (l) the 
prop-fan provides full antitorque and lateral control in hovering flight, 
and (2) the rudder assumes this function in high speed flight, when the 
prop-fan is unloaded. 

Data for the effectiveness of a prop-fan in forward flight were unavail- 
able.  Therefore, a relation between prop-fan effectiveness, defined as 
dCT/d 9tY5> and aircraft forward speed was assumed from two known relations: 
(l; prop-fan effectiveness in hover, estimated by Hamilton Standard, 
Division of United Aircraft Corporation,to be O.OUU; and (2)  a theoretical 
trend, checked against flight test, of tail rotor effectiveness over a 
range of forward speeds. The trend of prop-fan effectiveness versus for- 
ward speed was assumed to be identical in shape to that of the tail rotor, 
but to lie below the tail rotor trend by a constant delta defined by the 
respective hover effectiveness values. 

Linkage of the fan pitch to pedal displacement was based on the maximum 
and minimum levels of fan thrust required in hover, as specified in MIL- 
H-85OIA.  The maximum thrust requirement was hovering at overload gross 
weight with 35 knots side wind from the right and obtaining the accelera- 
tion levels specified for a full control displacement. The maximum 
negative level was determined at the same condition but with the wind and 
tail acceleration directions from and to the left, respectively.  The 
maximum negative level is usually determined by the amount of control 
required in autorotation. Since this aircraft has a rudder, the autorota- 
tive condition was not critical in the design of the prop-fan linkage. 
The maximum positive and negative thrust requirements in hover were con- 
verted to blade pitch angle,6.75, and corrected for the effect of side wind 
on the blade pitch. The results are shown in Figure 11. A pedal displace- 
ment limit of ±3.25 inches was chosen since this is the current level 
of displacement for the S-58T and has proved to be acceptable to pilots. 

After the coupling of fan pitch to pedal displacement was obtained, the 
required amount of rudder deflection was determined for the aircraft at 
overload gross weight at 120 knots. Prop-fan thrust levels should be kept 
as low as possible in forward flight to keep blade stresses down in trim 
and during maneuvers.  A nominal thrust level of 200 pounds was selected, 
since 200 pounds is available for approximately 15 horsepower in addition 
to profile power. This level of thrust requires a given amount of pedal 
displacement and fixes the rudder deflection for trim to this displacement. 
Knowing the pedal displacement, the prop-fan and rudder effectiveness, 
and the main rotor torque that must be overcome, the slope of rudder 
deflection to pedal displacement is given by 
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D6 
ped .v-(y(^"27-r>l/fc) (6ped " 27-5) 

where 

ped 

req 

rudder  deflection,  degrees 

pedal  deflection,   percent 

yawing moment  due to yaw rate,   foot-pounds 

antitorque   yawing moment of prop-fan,   foot-pounds 

antitorque    yawing moment of vertical  tail,   foot-pounds 
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Figure 11. Fan Blade Pitch to Pedal Displacement Coupling. 

From this information. Figure 12 was constructed to show the coupling of 
the rudder to the pedal position. 

After the control coupling was determined, the variation of pedal displace- 
ment with speed was checked to determine whether the linear linkages result- 
ed in a smooth curve within the control range limits.  For this analysis, 
coupling of directional control to collective was not constant.  The above 
eanation was used where 6  , was the unknown parameter. 
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Figure 12.  Rudder Deflection to Pedal Displacement Coupling. 

Figure 13 shows the resulting pedal travel, which is satisfactory.  The 
actual coupling for the fan-in-fin will be defined as a function of tail 
rotor pitch and velocity during the basic data phase of the design.  This 
coupling is expected to be representative of the final value. 
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Figure  13.    Pedal  Requirements  for Level Trim Forward  Flight. 



Fan-in-Tailcone Control 

Various approaches were considered for controlling the fan-in-tailcone 
thrust output.Before the best control system can be selected, more detailed 
information is needed concerning prop-fan performance, internal flow 
{.robiems, and thrust output lags for prop-fan blade pitch and thrust 
deflection valve changes.  This information would be generated during the 
basic data phase of a hardware development program. 

Figure Ik  shows possible control system approaches based on using the prop- 
fan and the internal thrust deflector valve for control over various ranges 
of thrust,:  The figure assumes that thrust output varies linearly with fan 
blade pitch and that thrust is zero when blade 9 yc is zero.  Sketches on 
each diagram indicate the associated deflector valve door position and a 
qualitative representation of the resulting exhaust nozzle flow. 

Maximum positive and negative thrust requirements were established for hover 
in a 35-knot side wind at the acceleration level specified in MIL-H-8501A. 
As in the fan-in-fin study, the maximum thrust was required when the wind 
was from the right side with a nose-left acceleration.  The maximum nega- 
tive thrust was defined when the wind was from the left with a nose-right 
acceleration.  Maximum positive and negative values are represented in 
Figure Ik  as levels A and B, respectively. 

Figure lUa depicts the manner in which the antitorque force is controlled 
in the blade pitch and deflector system.  Thrust levels are controlled by 
fan blade pitch, 9 75 between the thrust levels A and C, and by the action 
of the thrust deflector valve between levels C and the estimated maximum 
negative thrust level, B.  The prop-fan thrust is constant for net thrust 
requirements less than those required at C.  A potential disadvantage is 
that this minimum prop-fan thrust defines the dynamic pressure environment 
in which the thrust deflector door must operate as well as the minimum net 
thrust used in high-speed trim. The net thrust level at point C is approxi- 
mately 500 pounds, which corresponds to a 50-horsepower requirement.  This 
will be offset partially by reduced vertical fin induced drag. However, 
the velocity in the duct, about 150 feet per second, may be high for the 
type of deflector valve.proposed, for the design. 

Figure li+b shows a system that would eliminate the above noted objections. 
This system has the fan pitch controlling thrust continuously. The deflec- 
tor valve is actuated only at zero 0 75• The door then swings rapidly over 
to exhaust the air out the right side of the exhaust nozzle.  As more 
right pedal is applied, prop-fan pitch begins to increase, increasing nega- 
tive thrust.  An obvious problem is around the zero thrust point, where 
nonlinearities in thrust response to pedal displacement may be difficult 
to eliminate. 

Another approach that uses the prop-fan pitch for antitorque control 
throughout the normal flight regime is shown in Figure ike.    Antitorque 
thrust is controlled by prop-fan blade pitch for all moderate and high- 
speed normal flight conditions for thrust levels from A to D. At low 
speeds or in autorotation, the path is A-C-B.  The selection of whether the 
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Figure ik.    Alternative Control Concepts  for Fan-in-Tailcone, 
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pedal controls the thrust, along path A-C-D or A-C-B would be determined by 
•i switch that is activated above approximately 35 knots, or is activated 
by the bottoming of collective during autorotative entry.  During auto- 
rotation, the thrust levels of C and B will be large enough that adequate 
yaw control is provided without going past level C.  This criterion avoids 
possible nonlinear effects when transitioning from curve A-C to C-B.  Con- 
trol of tlie switch during autorotation will be irreversible, so that rais- 
ing the collective off the bottom position after entry will not deactivate 
the switch.  This particular control can be deactivated by the speed con- 
trol switch or a special pilot, switch.  It is desirable that the 120-knot 
trim condition lie between points C and A in this approach.  This may 
necessitate reducing the camber of the vertical fin to increase the required 
net antitorque thrust for trim above the nominal 200 pounds assumed for 
the other approaches. 

The last proposed system is shown in Figure ihd.     This system combines the 
systems shown in Figures lUa and ikh.     Blade pitch controls antitorque 
thrust for levels A to C ;  the deflector controls it from C to D; and blade 
pitch takes over again from D to B, but with a prop-fan pitch-to pedal dis- 
placement derivative of the opposite sign.  This system will reduce the 
problems associated with the uncombined systems, but control system complex- 
ity may be excessive. 

Before a control system can be selected, more detailed information is needed 
about duct losses and internal flow problems with the deflector valve par- 
tially deflected.  From current information, the system shown in Figure ike. 
is favored.  After the control system is chosen, the rudder coupling can be 
selected through a process similar to that used for the fan-in-fin concept. 

STABILITY ANALYSIS 

One primary stability and control objective was to size the vertical tail 
for the fan-in-fin and fan-in-tailcone configurations so that each con- 
figuration would have adequate handling qualities.  The design philosophy 
was to maintain the lateral static stability characteristics of the tail 
roter S-58T, which exceed MIL-H-8501A requirements.  This similarity pro- 
vides a clear basis for comparison between the characteristics of the tail 
rotor and the other antitorque devices. 

Static and dynamic analyses were performed to size the vertical tail.  The 
static stability analysis provided various combinations of tail size and 
AFCS authority that would satisfy static criteria.  The dynamic analysis 
was used for final sizing the tail, but the selection was influenced by 
static stability requirements. 

Static Stability 

In determining the tail size for the fan-in-fin and fan-in tailcone con- 
figurations of the S-58T, sufficient area was added to the vertical tail 
for given levels of AFCS authority to provide the same total static sta- 
bility as the 0-58T tail rotor.  Assumptions had to be made concerning 
contributions to static stability provided by the fan-in-fin and fan-in- 
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tailcone.  Investigation of ducted fans shows that their contribution to 
static stability is a function of aircraft speed similar to the conven- 
tional tail rotor.  At approximately 120 knots, the effective tail surface 
area of the prop fan is approximately one-third the disc area.-^ At lower 
speeds, prop-fan effectiveness increases similar to that of a tail rotor. 
For this analysis, effective tail surface is considered to be that which 
falls above an extension of the tail-cone line. Since approximately one- 
third of the prop-fan area extends into this effective tail surface, it was 
considered to be effective as surface area, with no further contribution to 
static stability considered for the prop-fan.  For the fan-in-tailcone, 
the area of the exhaust lies outside of the defined effective area, and the 
exhaust area is assumed to have no effect on the static stability. 

Figure 3 5 shows a limiting combination of AFCS authority and additional tail 
area above that currently on the S-58T, which provides the same static 
stability as that of the tail rotor. 

In this design, rudder deflection and fan blade pitch are coupled.  In de- 
termining the AFCS authority limits, it was assumed that rudder effective- 
ness remained constant.  The AFCS authority was selected to provide the 
same levels of yawing moment as that of a tail rotor when the aircraft has 
been yawed to the angle at which the vertical tail stalls.  Beyond this 
point, linearity no longer holds. The 65-knot airspeed used in this cal- 
culation is a reasonable minimum steady forward flight speed.  Speeds 
greater than this would require less tail area, and lower speeds are assumed 
to be transitionary. The effect of varying the tail surface aspect ratio 
is also shown in Figure 15. This information was used with the dynamic res- 
ponse analysis of the aircraft in selecting vertical tail aspect ratio and 
size.      Y2 

0        10      20      30      40      50      60      70      80 

ADDITIONAL  VERTICAL TAIL AREA  - FT2 

Figure 15.     Additional Vertical Tail Areas Versus 
AFCS Authority for S-58T Without Tail Rotor. 
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Dynamic Stability 

A dynamic stability analysis sized the vertical fin to meet  the MIL-K-8501A 
VFR requirements without use of AFCS.     A speed of 90 knots was  selected, 
which is  somewhat below normal cruise speed.    The dynamic  equations of 
motion considered only the lateral direction degrees of freedom,  considered 
independent of the longitudinal,  following common practice in helicopter 
design. 

Figure 16 shows  the periodic roots used to size the vertical fin area.    The 
aperiodic roots  for all cases were negative and therefore stable.    As they 
made no direct contribution to the analysis,  they are not shown in Figure 
l6.    An aspect ratio of 2.0 for the vertical tail was assumed nominal.    An 
area increase of IT square feet would give the aircraft neutral stability, 
which is  the VFR limit defined in MIL-H-85OIA.    The IFR requirements can 
be obtained by proper selection of gains  for the AFCS, but that is beyond 
the scope of this  study.     It is  seen from Figure 15 that IT  square feet 
of additional tail area is a reasonable solution from the static stability 
analysis with an AFCS authority requirement of ±T percent. 
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AIRCRAFT PERFORMMCE DATA 

S-58T hover and forward flight performance characteristics are consistent 
with flight test information on the H-3^A aircraft, adjusted to reflect 
the improved mechanical efficiency and increased power available provided 
from the TU00-CP-h0ü turbine installation.  The H-3^A Flight Manual Perfor- 
mance Substantiation Report-^, approved by the U.S. Air Force, is used as 
the basis for the S-58T power required throughout the flight envelope pre- 
sented. 

UACL T^00-CP-H00 Engine Performance 

Installed engine performance of the UACL Tl+OO-CP-UOO engine in the S-58T is 
presented in Figures 17 and 18.  The engine is installed in the original 
Wright R-1820 engine compartment, lengthened to accommodate the new engine. 
Engine losses for the inlet and exhaust ducts and engine accessory power 
are included in these curves.  The engine data presented are for zero 
bleed air consumption.  Hover data are for zero wind.  Experience in out- 
of-ground-effect hover at the presented airspeeds indicates no reingestion 
effects. 
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Aircraft Power Required 

Power  for the S-58T is  provided by  a UACL TUOO-CP-UOO Twin PacTM turboshaft 
engine  installation.     This powerplant  consists of two UACL PT6  engines 
driving  a single  combining gearbox   forward of the  engines.     This  gearbox 
drives   the  helicopter main transmission  through an angle  gearbox aft of the 
engines. 

Engine  power  available  is  defined as   the power available  at  the output of 
the  combining  gearbox.     Power required as  used in all performance discus- 
sion  is  defined as:     main  rotor  power +    antitorque   power +  transmission 
losses  and  accessory power  requirements   that occur beyond  the output  from 
this gearbox.     The  difference  in  accessory power plus  transmission losses 
between   the  H-S^A  and the S-58T  due  to  design  changes  amounts   to  a 51.55- 
GHP  reduction  at  a main  rotor   Lip  speed of 6^7  feet per  second.     The hover 
and  forward   flight power required   is   thus  determined by  deducting  51-55 SHP 
fron:  the  relevant  flight  test  substantiated power required by  the H-3^Al5. 
At  a main  rotor hover  tip speed  of 727   feet per second,  this   reduction  is 
approximateli'   ol  f)i!P. 

Table  X  liscs   the power-required breakdown  for the H-3^A and S-58T when 
hovering  at  sea level and 95° F, at  a main rotor tip speed of 6^+7 feet per 
second. 
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TABLE X.     H-3'4A/S- -58T POWER REQUIRED COMPARISON 
l 

ITEM n-3hA S-58T 

Main Rotor Power 1020.0 1020.0 
Tail Rotor Power 97.0 97.0 
Angle Gearbox  Loss - 17.85 

I    Main Gearbox Loss 19.79 19.79 
Tail &  Inter.   Gearbox  Loss 2.hi 2.1a 
Accessories 19.00 39.60 
Cooling Fan 77.00 
Starting  Generators 13.00 Included  in  Engine 

Losses 

TOTAL 12148.20 1196.65 

1                                                                                                                                                                    1 

Antitorque Thrust Requirements 

Table XI shows the thrust levels required by MIL-H-8501A for the fan-in-fin 
and fan-in-tailcone antitorque concepts installed on an Ö-58T. 

TABLE XI.     ANTITORQUE THRUST REQUIREMENTS FOR MODIFIED S-58T 

1 

MIL-H- -85OIA CG.   Location Antitorque Control 35 -Kn Side Total 
Condition Thrust Thrust Wir id Thrust Thrust 

(lb) (lb) (lb) (lb) 

Fan-in-Fin 
Forward 1^5 h^ - 1200          | 

Para. 3.3.5 Aft 7^5 1+95 - 12140 

Forward 568 152 739 11+59 
Para. 3.3.6 

Aft 568 165 620 1253 

Fan-in- 
i Tailcone 

Forward 75I4 1+62 - 1216 
Para. 3.3.5 

Aft 75l4 501+ - 1258 

Forward 57^ 15^ 813 ^l 
Para. 3.3.6 

Aft 57U 168 750 11+83 

1 
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In both cases, maximum thrust is required in a 35-knot side wind with a 
forward center of gravity.  These values are based on the S-58T alternate 
gross weight of 13,300 pounds and sea level standard conditions.  The air- 
craft mass moment of inertia values about the vertical axis at this gross 
weight are 21,it26 and 22,515 lb-ft-sec2 for the forward and aft center of 
gravity conditions, respectively. 

Antitorque System Efficiency 

Efficiency of the fan-in-tailcone configuration was determined by the 
method described in Task 2.  Estimated losses from each basic component are 
given in Table XII. 

TABLE XII.     S-58T FAN -IN-TAILCONE  DUCTING  LOSSES 
n 

Component Ap/q q(psf) Ap(psf) 

Inlet 0.035 25.2 0.882 

Shaft 0.015 25.2 0.378 

1+5° Turn (No Turning Vanes) 0.062 90 5.58 

Straight  Duct 0.032 66.5 2.13 

Thrust Deflection Valve 0.005 66.5 0.33 

90° Turn  (9 Turning Vanes) 0.060 66.5 U.00 

1 

The thrust deflector valve was assumed to contribute only 0.0051 loss in 
its normal positive thrust position, although significant loss is pre- 
dicted in the negative thrust position.  Total pressure loss upstream from 
the fan is predicted to be 6.15 pounds; downstream, the prediction is h.Q 
pounds.  In zero-loss duct flow, the required prop-fan pressure ratio to 
provide the required 15^1 pounds side force at SLS is 1.0317.  Including 
the duct losses, the required pressure ratio is approximately 1.038, 
leading to a system efficiency of 0.83 or an effective blockage factor of 
1.20.  These values are based on a duct area of 12 square feet and a jet 
exhaust angle of 10 degrees from the lateral axis. 

The fan-in-fin efficiency of .9^7 estimated during Task 2 was also used 
for the S-58T configuration. 

S-58T Prop-Fan Performance 

Figure 19 shows two representative thrust levels for the S-58T fan-in-fin. 
For this aircraft, the MIL-H-85OIA control plus side wind requirement becomes 
the more critical.  This is due to the large fuselage area aft of the rotor 
that creates large aerodynamic moments. New aircraft designed for turbine 
engines would have more area in front of the rotor to partially balance 
this moment. Figure 15 shows the trade-offs between size and tip speed for 
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high-and low-thrust requirements.     Aiter consideration of aircraft  configu- 
ration, noise,  and performance,  a 12-bladed 3.5-foot-diameter prop-fan with 
a hover tip speed of 800 feet per second and a total  activity factor of 
2200 was  selected for both the fan-in-fin and fan-in-tailcone.    Aircraft 
configuration and thrust requirements make it possible to use the same 
prop-fan for both configurations. 
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Figure 19.    Prop-Fan Diameter Versus Shaft Horsepower - Fan-in-Fin. 

Figure 20 shows the power-required curves for 3.5-foot-diameter prop-fan 
systems on a sea level standard day.    Because of the matched sizes  and 
recovery vanes and a relatively efficient duct on the fan-in-tailcone,  the 
latter system consumes  approximately the same power as  the fan-in-fin. 
Figure 21 illustrates  the effects of altitude and temperature on prop-fan 
performance. 
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Hover Performance 

The minor fuselage nose modification required to accept the turbine power- 
plant does not affect the aircraft vertical drag characteristics.  There- 
fore, the power required to hover was derived directly from H-3^A flight 
manual test information and revised to update the accessory and power 
train losses associated with the new powerplant system. 

Figure 22 provides the nondimensional hover characteristics for out-of- 
ground effect (OGE) operations.  Substantiated flight manual performance^ 
at 221 rotor rpm establishes the basic Cp - Crp range shown by the curve 
equivalent to %/VIT = 8M.  Since sufficient test data at operating con- 
ditions where Mach number effects begin to become evident are not avail- 
able to establish the trend, the figure-of-raerit ratio method, previously 
discussed is used to determine the compressibility losses for the higher 
Np conditions.  This method is an empirical hover procedure based on isola- 
ted rotor whirl stand data.  It consists of establishing the degree to 
which the theoretical maximum figure of merit is achieved for a specified 
Cp/o , solidity, and tip Mach number. 
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Figure 22. Nondimensional S-58T Hover Performance, OGE, 
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Gross weight  versus  shaft horsepower curves  for sea level standard and 
hOOO  feet,  95° F hover conditions are shown in Figures 23 and 2U.     Fan-in- 
fin and fan-in-tailcone curves are included in these figures.     Hover ceil- 
ings  for the same aircraft at standard day conditions are given in Figure 25 
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Figure 23.     Gross Weight Versus Shaft Horsepower, Sea Level Standard, 
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Forward Flight Performance 

The H-3i+A  forward flight test datal5 establish the power-required charac- 
teristics.     These characteristics  are presented nondiciensionally  in Figure 
26 for a    95° F temperature condition. 

The performance presented includes  the efficiency changes  that result from 
the turbine powerplant installation, but excludes the parasite  drag saving 
that results  from the fuselage nose modification.    S-58T parasite drag is 
estimated to be     2    square feet less  than that of the H-3^A.     The breakdown 
of the parasite drag change derived from the configuration alteration, 
relative to the H-3^A,  is given in Table XIII. 

TABLE XIII. S-58T PARASITE DRAG DERIVATION, RELATIVE TO H-BitA 
1                                                                                                                                                                       i 

Component 
With 

S-58T 
Tail Rotor 

S-58I 
Fan-in- Fin 

S-58T 
Fan-in-Tailcone 

Fuselage +0.5 +0-5 +0.7 

Engine  Inlet +0.25 +0.25 +0 .25 

Momentum Drag -2.75 -2.75 -2.75 

Vertical  Tail 0.0 +1.0 +0.5 

Tail Rotor/Fan 0.0 -0.2 -0.7 

TOTAL -2.0 -1.2 -2.0 
i                                                                                                                                                                       i 
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." igure 26, -58T Forward Flight Performance, 950F. 

The forward flight characteristics are presented in Figure 27, shoving air- 
craft flight restrictions.  Engine power ratings and recommended maximum 
cruise speeds are indicated. 

Figure 28 shows the current S-58T maximum recommended cruise speeds. The 
criterion for these speeds was established during H-3^A testing and was 
defined as the forward eg roughness speed, less 10 knots. While the 
current limits are hip1 enough to provide the necessary data to CTraluate 
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performance of the prop-fan systems, expansion of this flight envelope will 
permit the aircraft to enter a flight regime where the prop-fan-equipped 
aircraft can demonstrate less power demand than the current-tail-rotor- 
equipped aircraft, as shown in Figure 27. 
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Figure 27.     S-58T Shaft Horsepower 
Versus  Velocity,  Sea 
Level Standard. 

Figure 28, S-58T Maximum 
Recommended Cruise 
Speeds. 

Cambering the S-58T vertical tail fin to unload the tail rotor will shift 
the point of equal power required to a higher airspeed.  Reducing the gross 
weight also decreases the tail rotor disc loading so that the tail rotor 
power loading is increased. Therefore, the prop-fan configurations re- 
quire slightly more power than the tail rotor up to approximately 125 knots. 
At speeds greater than 125 knots, the prop-fan will be superior to the tail 
rotor.  Further study is necessary to evaluate prop-fans in this environ- 
ment and adequately determine the thrust-power relationship. 

Specific range characteristics are presented in Figures 29 and 30 for a 
sea level standard day cruise condition based on UACL Ti+OO-CP-i+OO Twin Pac 
powerplant specification SFC increased by 5 percent. A payload-range 
curve for a sea level standard day is shown in Figure 31. 

Antitorque System Comparison 

To obtain the hover and forward flight curves of Figures 23, 2U, and 27, 
the main rotor power was found by subtracting the S-58T accessory and tail 
rotor power from the total power required. The antitorque requirements 
can be determined from this main rotor power. The antitorque and access- 
ory power added to the main rotor power gives the prop-fan aircraft total 
power requirements. 

In forward flight, the rudder and tail surfaces unload the prop-fan to a 
minimum value of approximately 200 pounds of thrust. 
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Figure 29- Specific Range Versus Speed - Tail Rotor, Sea Level Standard. 

VELOCITY - KN 

Figure 30.    Specific Range Versus  Speed - Fan-in-Fin or Fan-in-Tailcone, 
Sea Level Standard. 
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The effective figure of merit of this prop-fan is much higher than that of 
the tail rotor, but due to the decrease in radius of a practical prop-fan, 
the power loading is less, as shown in Figure 32. At low powers, the tail 
rotor has twice the power loading of the prop-fan systems. This is due to 
the relatively high profile power required by the prop-fan. 

Power loading and effective figure of merit for each configuration for zero 
wind hover and for a 35-knot side wind with yaw control at 13,300 pounds 
gross weight at sea level are given in Table XIV. 

TABLE XIV.  S-58T MTI TORQUE DEVICE POWER LOADING AND FIGURE OF MERIT 

l 

Flight Condition 

Tail Rotor      Fan-in- -Fin     Fan-in-Tailcone 

Figure 
of Merit 

Power  Figure 
Loading of Merit 

Power  Figure  Power  | 
Loading of Merit Loading 

Steady Zero Wind 
Hover 

35-Kn Right Side 
Wind, y  = 0.232 

.57 6.8     .82 

h.2             .91 

3.6     .81     3 5 

2.k             .91     3.0 

1 

Figure 32 shows the tail rotor power loading decieasing at a much more 
rapid rate than for prop-fans. This is due to thiB more linear thrust- 
power curve of the prop-fan, as compared to the S-58T tail rotor shown in 
Figure 20. The tail rotor thrust-power curve has been included in Figure 
32 to show this effect. 

WEIGHT AND BALANCE 

The H-S^A base-line empty weight of T8U8 poundsl6 has been updated to in- 
clude transmission oil in order to conform with MIL-STD-U51 format, and an 
arbitrary 100-pound allowance for in-service weight growth since 1959. 
The revised H-3i+A empty weight is 7998 pounds. 

Conversion of the H-3^A to an S-58T reduces empty weight by 362 pounds, 
resulting in an S-58T empty weight of 7636 pounds. The weight deltas for 
the turbine conversion, detailed in Table XV, are based on actual weights. 

Conversion of the S-58 to the fan-in-fin antitorque concept is establish- 
ed in Table XVI. The estimated empty weight increase over the S-58T with 
the conventional tail rotor is 117 pounds, resulting in an empty weight of 
7753 pounds. The prop-fan weight estimates are based upon Hamilton Stan- 
dard statistical trends for prop-fans. The gearbox weight is based upon 
Sikorsky statistical trends for angle gearboxes. The remaining weight 
changes are estimated from preliminary design drawings. 

Conversion of the S-58T to the fan-in-tailcone antitorque concept is shown 
in Table XVII.  The prop-fan gearbox is retained from the fan-in-fin test 
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program.  Weight deltas are estimated from preliminai-y design drawings. 
The estimated empty weight increase over the S-58T with the conventional 
tail rotor is 395 pounds, resulting in an empty weight of 8031 pounds. 

Table XVIII compares the group weight statements of the unmodified S-58T 
and the two modified aircraft. 

The weight estimates for the antitorque studies were determined on the 
assumptions that this would be a one-of-a-kind test program and that, if 
either concept were chosen for a production program, weight reductions 
could be anticipated in the prop-fan and gearbox. 

An aircraft empty weight balance check shows no significant problems. 

TABLE XV.  WEIGHT DERIVATION - }i-3hA  to S-58T 

Group Weight Removed 
(lb) 

Top Structure, Engine Compartment 
Nose Doors 
Engine Section 

Engine Mounts 
Firewalls 

Electrical Compartment Structure 
Engine 
Engine Accessories 
Engine Air Induction System 
Engine Exhaust System 
Engine Lube System 
Engine Controls 
Engine Cooling System 
Engine Starting System 
Engine Clutch System and Controls 
Fuel System Modifications 
Angle Gearbox 
Support, Angle Gearbox 
Drive Shaft 
Instruments 
Hydraulic Utility Pump 
Electrical Generators 
Electrical Inverters 
Electrical Motor 
Electrical Battery and Container 
Electrical Wiring Changes 
Fire Detection and Extinguishing System 

13 
1+6 

lk03 
88 

95 
26 
93 
32 
83 

11 

58 
50 

90 

9 

Weight Added 
(lb) 

61 
83 

71 
96 
16 

673 

65 
21 
81 
21 

10 

15 
31*1 
Ik 
37 
31+ 

5 
70 
37 
11 
62 
20 
38 

TOTAL 221+1+ 1882 

NET WEIGHT EMPTY  CHANGE -362 
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TABLE XVI.  WEIGHT DERIVATION - FAN-IN-FIN INSTALLATION ON S-58T 

Group 

Weight 
Removed 

(lb) 

Weight 
Added 
(lb) 

Net Weight 
Change 
(lb) 

Vertical Pylon 
Beams and Stiffeners 
Covers 
Fairings 
Additional Area 
Rudder Fitting Beef-Up 

Tail Rotor 
Tail Rotor Blades 
Tail Rotor Hub 
Integral Controls 
Sleeve and Spindle 
Misc. Hardware 

Prop-Fan 

(111) 
59 
39 
13 

(100) 
23 
11* 
26 
33 

I* 

(113) 
51 
32 
5 

22 
3 

(UM 

+2 

-100 

+lli+ 
Prop-Fan and Integral Gearbox 111* 

Rudder 
Beams and Stiffeners 
Covers 
Hinge and Torque Tube 
Fittings 
Balance Weights 

(51) 
20 
12 
5 
1» 

10 

+51 

Body Group 
Prop-Fan Covers and Stiffeners 
Strap and Ring 
Prop-Fan Structural Shroud 

(100) 
1»1 
10 
1*9 

+100 

Flight Controls 
Bellcranks and Idlers 
Control Rods 
Supports 

(9) 
5 
3 
1 

(10) 
1* 
1* 
2 

+1 

Drive System 
Intermediate Gearbox 
Tail Gearbox 
Drive Shafting 
Misc. Hardware 
Tail Takeoff Beef-Up 

(11*9) 
29 
1+6 

73 
1 

(97) 

87 

10 

-52 

Electrical System 
Anticollision Light 

Misc. Clips and Wiring 

(M 
3 
1 

(5) 
3 
2 

+1 

TOTAL 373 1*90 +117 

1 
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TABLE XVII.  WEIGHT DERIVATION - FM-IN-TAILCONE INSTALLATION ON S-58T 
| 

Weight Weight Net Weight 
Removed Added Change 

Group (lb) (lb) (lb) 

Vertical Pylon (111) (86) -25 
Beams and Stiffeners 59 U8 
Covers 39 30 
Fairings 13 5 
Rudder Fitting Beef-Up - 3 

Tail Rotor (100) - -100 
Tail Rotor Blade 23 
Tail Rotor Hub ll4 
Integral Controls 26 
Sleeve and Spindle 33 

j   Misc. Hardware k 

Antitorque System - (292) +292 
Prop-Fan and Integral Gearbox llh 
Duct Installation 98 
Cascade A.ssy 52 
Diverter Valve Instl 18 
Inlet Assy 10 

Rudder — (51) +51 
Beams and Stiffeners 20 
Covers 12 
Hinge and Torque Tube 5 
Fittings 14 
Balance Weights 10 

Body Group (209) (1+11) +202 

Covers 69 155 
Stringers and Stiffeners U8 75 
Frames 1*3 67 
Fittings and Fold Mechanism 29 17 
Protective Coating 8 10 
Misc Hardware and Attachments 12 20 
Fairings - 8 
Prop-Fan Removable Structure - 5 
Flow Straighteners - 2 
Prop-Fan Structural Shroud - U9 
Prop-Fan Support Hardware - 3 

Flight Controls (H3) (53) +10 
Cables, Rod and Bellcranks 19 13 
Supports 5 U 
Servo 10 1U 
Servo Supports - 3 
Hydraulic System 5 12 
Misc Hardware 3 7 

■. 

\ 
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TABI XVII Continued 

uroup 

Weight 
Removed 

(lb) 

Weight 
Added 
(lb) 

Net Weight 
Change 
(lb) 

Drive System 
Intermediate Gearbox 
Tail Gearbox 
Drive Shafting 
Misc  Hardware 
Tail Takeoff Beef-Up 

Electrical System 

Anticollision Light 
Misc  "lies and Wiring 

TOTAL 

{lk9) 
29 
hb 
73 
1 

(M 

i 

616 

(112: 
kk 

58 

10 

(5' 

1010 

01 

+1 

+ wk 

Ins tr'oments 

i  Hylraulics 

TABLE XVIII. GROUF WEIGHT STATEMENT COM? AR ISON 

Group S-$8T With 
Tail Rotor 

S-58T Wi 
Fan-in-F 

th 
in    F 

S 
'an- 

-58T With 
in-Tailcone 

Rotor  Group 131^ 131U 131^ 

Tail  Group 118 1U7 325 

Body  Group 1383 1U85 156Ö 

Alight: .ng  Gear U75 li75 ^75 

Flight Controls 352 353 363 

Engine Section 170 170 170 

Frcpuls ;ion  Grcuf 2588 2572 2587 

13Q 

117 

139 

117 

Electrical  System i 10 320 

Electronics   Ircup 261 

Furnis.-i Lngs -t- 1 17h 

Air   ."or.d     and Anti-Ice "2 •  — 

Aux     lear   jroup 3^ 3" 

In-Service Weight  Growth 100 100 

WEIGHT  EMPTY "036 7753 

139 

117 

320 

72 

3^ 

100 

8031 

61* 



nELlABILITY MD My\i:;TAINA3IL:TY 

A preliminary reliability and maintainability design study was conducted to 
compare the present S-58T helicopter with an S58T using a fan-in-fin 
or fan-in-tailcone antitorque  system. The data source for  this study con- 
sisted of a 33,000-flight-hour sample of SH-3^J pilot-reported mission 
aborts recorded by Sikorsky ser/ice representatives and a 27,650-flight- 
hour sample of six months cf fleet-wide UH-3^D operation in 1968, as docu- 
mented by the 'J.S. Navy Maintenance and Materiel Management (3M) data 
collection system.  The values cited in Table XIX reflect predicted total 
air-vehicle reliability and maintainability values after deletion of non- 
applicable rates, maintenance man-hours, and down-hours from the base-line 
data.  Predictions were calculated for the overall air vehicle and for each 
antitorque system at the organizational and direct support (intermediate) 
levels of maintenance. 

The subsystem analysis performed during Task 2 indicated that significant 
reliability and maintainability improvements are possible within the anti- 
torque system of a 12,000-pound empty weight vehicle using either of the 
two advanced concepts.  The same relative improvement is displayed in the 
S-58T study within the antitorque subsystem of an 8000-pound empty weight 
vehicle.  An improvement is also seen for the overall aircraft. 

The degree of improvement becomes less significant when measured in terms 
of impact on total air vehicle reliability and maintainability, since the 
conventional antitorque system is responsible for only 6.3 percent of the 
total air vehicle failure rate, 5.2 percent of the maintenance man-hours 
and k.k  percent of total air vehicle down-time. Consequently, the degree 
of overall air vehicle reliability and maintainability improvement possible 
through implementation of advanced antitorque concepts is somewhat limited. 
Table XIX predictions are mature aircraft values and are not applicable to 
prototype systems or air vehicles. 

BALLISTIC VULNERABILITY 

The modified S-58T design was developed in terms of a flight test vehicle 
for a noncombat environment.  Thus, ballistic vulnerability was not a 
prime design consideration, and no provision was included for protective 
armor. All trade-offs involving cost or ease of conversion versus con- 
siderations of ballistic vulnerability favored the former. 

In particular, the S-58T fan-in-tailcone design employs an intermediate 
gearbox between main transmission and prop-fan.  Addition of this gearbox, 
not required for the new design cf Tasks 2 and 5, significantly increases 
the ballistic vulnerability of the modification relative to the new design, 
while allowing use of the unmodified S-58T gearbox. 

Once this additional gearbox and the absence of protective armor are 
accounted for, the general points of the ballistic vulnerability discussion 
of Task 2 designs are applicable to the modified S-58T designs. 
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TABLE XIX.  R/M COMPARISON OF CONVENTIONAL S-58T to S-58T 
WITH FAN-IN-FIN AND FAN-IN-TAILCONE 

Antitorque Subsystem 
S-58T with S-58T with S-58T with 
Tail Rotor Fan-in-Fin Fan-in-Tail- 

cone 

Subsystem Reliability, Mean Time 
Between Failures 

Total- hours 
Downing- hours 
Aborting- hours 

Subsystem Maintainability, Organi- 
zational and Direct Support Levels 

Corrective Maintenance 

3h 5k 52 
i+09 ak 622 
1705 2685 2590 

Maintenance Man-Hours Per Flight 
Hour 

Down-Hours Per Flight Hour 

0.139 

0.060 

0.105 

O.Oi+8 

0.103 

0.052 

Preventive Maintenance 

Maintenance Man-Hours Per Flight 
Hour 
Down-Hours Per Flight Hour 

0.100 

0.008 

0.0h9 

0.003 

0.059 

0.010 

Total Preventive and Corrections 

Maintenance Man-Hours Per Flight 
Hour 

Down-Hours Per Flight Hour 

0.239 

0.068 

O.15I* 

0.051 

0.162 

0.062 

Total Air Vehicle Reliability, MTBF 

Total- hours 
Downing- hours 
Aborting- hours 

2.19 

25 
136 

2.25 
27 
1U0 

2.25 
27 
1*10 

Total Air Vehicle Maintainability, 
Organizational and Direct Support 
Levels 

Maintenance Man-Hours Per Flight HourU.58 
Down-Hours Per Flight Hour         1.55 

k.kg 
1.53 

U.50 

1.5^ 

1                                                             1 
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SAFETY 

Basic sources of tail thruster-associated hazard to either flight or ground 
personnel include: 

1. Contact between thruster blades and the ground while aircraft 
is airborne. 

2. Contact between thruster blades and personnel adjacent to the 
thruster. 

3. Contact between thruster blades and personnel sucked toward the 
thruster, 

k.    Effects of the high-intensity thruster exhaust flow on nearby 
personnel 

5. Hazard to ground maintenance personnel. 

Recent U.S. Army data indicate that the sources listed above are roughly 
in the order of relative probability of an accident. 

As discussed in Task 2, both the fan-in-fin and the fan-in-tailcone con- 
figurations can be expected to show a significantly reduced probability of 
accidents arising from source 1 above, due to the increased shielding of 
the dynamic components from actual ground contact.  For the S-58T, however, 
the conventional tail rotor configuration is already protected from this 
source of hazard by the tail wheel landing ^ear configuration. 

This landing gear layout is even more effective in reducing the probability 
of source 2 accidents in the existing tail rotor configuration. Through- 
out the range of the probable vehicle orientations, the tail rotor blades 
remain at least 7 feet from the ground. In contrast, all of the vehicles 
included in the accident breakdown in Table VII (in Task 2) can lieadily be 
maneuvered in IGE hover so that the tail rotor blades are within 3 feet of 
the ground, greatly increasing the probability of tail rotor - ground 
personnel strikes.  On this basis, the fan-in-fin configuration of the 
S-58T is potentially more hazardous than the existing configuration, as 
the prop fan blades can extend to within 33 inches of the ground, access- 
ible to ground personnel even though protected with a shroud.  The fan-in- 
tailcone S-58T will offer effectively zero probability of hazard from this 
source, as the dynamic components are completely shielded from ground per- 
sonnel so long as all access panels are in place. 

Accidents from sources 3 and h were not included in the data of Table VII. 
During this study, several semiempirical attempts were made to evaluate 
the extent of personnel hazard associated with thruster inflow and exhaust 
flow. None were judged to adequately predict the hazard, primarily due to 
inadequate induced flow data over the wide range of thruster disc loadings 
and environmental configurations required. 

Several pertinent points about sources 3 and h  can be noted.  The greatest 
potential personnel hazard can be expected to arise from source 3.  The 
effect of the exhaust flow on personnel will be to force them away from 
the thruster and perhaps to cause them to fall.  The effect of the inlet 
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will be to draw them nearer the thruster blades, the strength of the 
attracting force increasing rapidly as distance to the fan decreases.  In 
the particular case of the fan-in-tailcone configuration, placement of the 
relatively large airflow inlet on the upper surface of the tailcone, out 
of reach of ground personnel, effectively eliminates this hazard, making 
the exhaust flow the greater potential hazard. 

For a given axial distance from the thruster, assuming either a tail rotor 
or a fan-in-fin configuration, the induced inflow velocity is roughly pro- 
portional to the velocity induced through the thruster, which is in turn 
proportional to 

K  V thruster disc loading  ~ K V DL 

where K is an empirical constant (defined in Appendix III).  The value of 
K varies from 0.5 for a conventional rotor to near 1.0 for a ducted or 
shrouded thruster.  The induced flow produces an aerodynamic force on 
personnel passing across the extended thruster axis proportional to (K2) 
times DL. Prop-fan dimensions selected for the fan-in-fin S-58T yield an 
induced velocity at the thruster roughly 3.5 times that of the existing 
tail rotor, and an induced aerodynamic pressure on an object in the 
induced inlet flow roughly 10 times as high as for the tail rotor. 

The potential hazard of an induced flow depends on the induced pressure 
and on the height at which it acts.  Thus, partly due to the high tail 
rotor placement on the S-58T the fan-in-fin configuration can be expected 
to represent a greater hazard than the current S-58T tail rotor.  The 
pressure at a given axial distance is of the order of 10 times greater, 
and the inlet flow will be centered about chest-high on nearby personnel 
rather that at roughly 11 feet above the ground. 

If a specific value of induced inflov velocity is assumed to represent the 
critical value above which significant hazard results, the higher disc 
loadings of the fan-in-fin imply a larger hazardous region around the prop- 
fan than is currently found around tail rotor machines. A brief search 
during this study uncovered no published data either on the value or exis- 
tence of such a critical value, or on the three-dimensional distribution 
of induced velocity in the neighborhood of a thrusting prop-fan.  Such 
information could be generated through relatively simple experiments on 
isolated rotors and prop-fans, or could be obtained as part of the ground 
test program of the fan-in-fin test aircraft. 

The fan-in-fin S-58T configuration is predicted to have a marginally more 
hazardous exhaust flow than either the prop-fan in tailcone or the tail 
rotor because of the greater dynamic pressure of the exhaust.  Examination 
of the three-view drawings of the fan-in-fin and fan-in-tailcone concepts, 
Figures 9 and 10 respectively,shows that although both employ the same 
prop-fan, the larger exhaust area of the latter leads to a reduced exhaust 
velocity for a given thrust level.  As noted above, none of the concepts 
presents a serious exhaust flow hazard. 

Hazards to maintenance personnel, source 5, are related in basically mech- 
anical systems to accessibility and weight of individual components.  On 
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this basis, the S-58T fan-in-fin configuration is predicted to represent a 
reduced hazard compared to the tail rotor, because of its lower and more 
accessible mounting.  The fan-in-tailcone configuration represents an 
increased potential maintenance hazard, because the relatively heavy tail 
cone must be removed to perform major operations on the prop-fan.  In view 
of the projected operational environment of this test vehicle and of the 
cost penalties in providing simpler field maintenance capability for the 
aircraft, the relatively poor maintainability characteristics of the S-58T 
fan-in-tailcone configuration were felt to be justified. 

In conclusion, the fan-in-tailcone appears to be the least hazardous of 
the proposed S-58T configurations, followed very closely by the existing 
tail rotor arid then by the prop fan-in-fin.  It is emphasized that a major 
contribution to the high personnel-safety rating of the S-58T tail rotor 
arises not from an inherent superiority of this concept over the fan-in- 
fin but from the particular alighting gear configuration of the S-58T. 
If one of the newer Army aircraft in Table VII had been selected for modi- 
fication in place of the S-58T, the tail rotor concept would have represen- 
ted a far greater hazard to personnel than either of the alternative 
concepts. 

Acoustic Detectability and Annoyance 

The procedures used to evaluate acoustic characteristics of promising con- 
cepts in Task 2 also were used during the preliminary design study. 
Figure 33 shows a predicted octave band spectrum for each concept during 
steady hover. All acoustic comparisons are based on the hover condition 
for maximum confidence in the predicted noise levels. As the aircraft 
gains forward speed, the inflow for both fan-in-fin and the tail rotor 
becomes more turbulent, producing more noise.  In addition, radiation 
patterns of the noise change with forward speed. Fan-in-tailcone noise may 
be less sensitive to forward speed effects since the fan is fairly well 
protected from nonuniformities of inflow. 

The spectra of Figure 33 result in detection ranges of 1*200 feet for the 
tail rotor, 2800 feet for the fan-in-fin, and 2900 feet for the fan-in- 
tailcone. These ranges assume a helicopter hovering at an altitude of 50 
feet over sparse jungle terrain. Noise from the antitorque devices only 
is considered in these detection estimates; noise from other rotors and 
engines is neglected.  The tail rotor is detected at large distances be- 
cause most of its acoustic output is low-frequency pure tones which are 
not affected significantly by terrain attenuation and atmospheric (molecu- 
lar) absorption.  Detection ranges for the other concepts are smaller 
because the noise is characterized by higher frequency components that 
diminish rapidly with distance because of terrain attenuation and atmos- 
pheric absorption. 

In terms of acoustic annoyance, the perceived noise level at 500 feet from 
the tail rotor is 83 PMB. For the fan-in-fin,the corresponding value is 
86 PNdB; for the fan-in-tailcone, 90 PNdB. 
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Figure 33. Octave Band Levels at 500 Ft - Steady Hover. 

The use of the same prop-fan assembly in both the fan-in-fin and the 
fan-in-tailcone configurations eliminates the possibility of reduced 
fan-in-tailcone PNdB levels through altered prop-fan support geometry. 
It is anticipated that acoustic lining of the duct wall or of the exit 
turning vanes could significantly reduce fan-in-tailcone annoyance, but 
only at a cost penalty unjustifiable for the basic flight test program 
proposed. 
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TASK ^. NEW AIRCRAFT DESIGN STUDIES 

SUMMARY 

The objective of Task 5 was to evaluate and compare the  fan-in-fin and 
fan-in-tailcone antitorque concepts  as  they would he applied to an 
entirely new light utility transport helicopter using the mission defined 
in Task 2.     Because the design model was used during Task 2,  the  concepts 
were evaluated on the basis of new aircraft  design.    Emphasis was placed 
on the specific design optimizations  and design and mission  sensitivities 
that will influence design of a light utility helicopter using one of the 
three concepts being compared.     None of the studies  justifies  a reversal 
in the selection of the fan-in-fin concept over that of the  fan-in-tailcone 
on a performance basis. 

AIRCRAFT DESIGN TRENDS 

Alternate Gross Weight Design Requirement 

The overload capability of existing transport helicopters has been consis- 
tently used and increased to satisfy new operational requirements and is 
considered to be a primary design requirement in new aircraft  design.    The 
proposed design criterion for sizing the installed power for the  convention- 
al tail rotor was out-of-groundr-effect   (OGE) hover with 500 feet per minute 
vertical rate of climb with 95 percent of military power at  UOOO feet, 95 F. 
This results  in an overload gross weight OGE hover capability,  at  sea level, 
95 F» of approximately 1.2 times the  design gross weight. 

From Figure  3^, we see that as the alternate gross weight  factor  (AGWf)  is 
increased from 1.0, the design gross weight  increases slowly until a point 
is reached where the overload requirement begins to dictate the  installed 
power level.     The curve slope now increases because of the greater impact 
on design gross weight of installed power increases   (see Figure 35).    The 
small increases in design gross weight with AGWf near 1.0 are due to in- 
creases  in tail rotor/fan size alone.     The point at which the slope breaks 
occurs  at a lower value of AGWf as we move from tail rotor, to fan-in-fin, 
to fan-in-tailcone due to the increasing fraction of installed power re- 
quired by the  antitorque device as  disc loading increases.     As  aircraft 
weight increases, the antitorque thrust requirement increases ,  and so the 
engine power required increases, but at  a faster rate for a high-disc-load- 
ing device.     Thus the available power,  as  defined by design  gross weight 
hover considerations, will be reached at a lower AFWf as thruster disc 
loading increases. 

The engine sizing throughout the  study has been based on the most  demanding 
of the following conditions so that the aircraft comparisons  are based on 
equal overload capability. 

1.     Hover OGE at design gross weight,  kOOO ft, 950F,   500  fpm VR0C, 95/5 
of military power. 
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Hover OGE at overload gross weight (1.2 times design gross 
weight), sea level, 950F, no VROC, 100%  of military power with 
adequate power to meet MIL-H-8501A requirements. 
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Figure  35.     Installed Power 
Versus Alternate 
Gross  Weight Factor. 

Main  Rotor Blade Loading  (CT/n)  Optimization 

The helicopter main rotor blade loading (C'p/o)  is  a primary design  param- 
eter   in the optimization on design gross weight or aircraft mission 
efficiency.     Figure 36 compares the two alternate concepts  and the tail 
rotor. 

All three configurations  are near their minimum weight points  at  a CT/Q of 
0.09.    However,  aircraft efficiency is  dropping rapidly from the optimum 
CT/O value  of 0.07 to 0.08.     This  difference  in optimization  is  due 
primarily to  the  cruise  speed term in the  aircraft  efficiency parameter. 
For example,  cruise speed for the tail rotor configuration is  almost  con- 
stant  for  CT/O  values  less than  0.08,  due to installed power limitations. 
For CT/O  values  greater than 0.08,   cruise  speed drops  rapidly  due to rotor 
blade stall.     Optimum aircraft efficiency then maximizes near the CT/O 

value where  cruise speed is  at the  intersection of the normal rated power 
limit  and the blade  stall  limit. 

A change  in  engine  sizing criteria  such that the engines   are  always  sized 
to provide  power to  achieve rotor blade  stall speed was  initially believed 
to result  in higher aircraft efficiencies.    When this was evaluated, the 
weight  and cost  penalty was.so  great  that  the additional  speed  capability- 
did not  increase aircraft efficiency.     In  fact,  a reduction  in  aircraft 
efficiency occurs  for CT/O values less than the optimums  shown in Figure 36, 
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Figtire 36. Main Rotor Blade Loading (CT/O) Optimization Trends. 

If optimizations are performed using minimum gross weight as the criterion, 
the mission required cruise speed of 150 knots would ■become a limit at a 
CT/a of approximately 0.09.  This criterion would not take full advantage 
of the forward propulsive capability of the main rotor and is considered to 
be unrealistic for a new helicopter design. Use of the gross weight does 
not give credit for speed potential for aircraft that have high installed 
power due to the use of a high disc-loading antitorque device. The use of 
an aircraft efficiency parameter that accounts for productivity is con- 
sidered to be the best method for quantitative comparison.  Near-optimum 
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Cr/o values of 0.08,  O.OT^,  and 0.0725 were selected for the tail rotor, 
fan-in-fin,  and fan-in-tailcone configurations,  respectively. 

Main Rotor Disc Loading and   Antitorque   Power Optimization 

Main rotor disc loading and power fraction allocated to the  antitorque 
device also affect gross weight  and aircraft efficiency.    Figures  37,   38, 
and 39 show these curves  for the three configurations.     A disc loading of 
6.0 is  seen to he near optimum for all three devices  and was used through- 
out the study. 
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Figure 37. 

ANTITORQUE SYSTEM DESIGN HORSEPOWER 
- PERCENT DRIVE SYSTEM HORSEPOWER 

Main Rotor Disc Loading and Antitorque   Power 
Optimization - Tail Rotor. 

Antitorque    system design horsepower is defined as the power required hy 
the   antitorque    device to provide the critical thrust  required by MIL-H- 
85OIA less the power that  can be extracted from the main rotor for the 
transient portion of the required thrust.     Power available from the main 
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rotor is defined as the power that can be diverted from the engines plus 
that which can he extracted from main rotor momentum such that main rotor 
RPM does not decay more than  2 percent over a  1-second period. The 
antitorque system design power is expressed as a percentage of the total 
power available at the alternate gross weight design condition. The near- 
optimum percentages selected for the tail rotor, fan-in-fin, and fan-in- 
tailcone are 8, 20, and 28, respectively, at the selected disc loading of 
6.0. 

ANTITORQUE SYSTEM DESIGN IlüRSEPüWEK 
- PERCENT DRIVE SYSTEM HORSEPOWER 

Figure 38. Main Rotor Disc Loading and Antitorque Power 
Optimization - Fan-in-Fin. 
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Figure  39-     Main  Rotor  Disc  Loading and   Antitorque Power Optimization 
Fan-in-Tailcone. 
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Mission Sensitivity 

The mission  selected  for this  study is  a relatively difficult  utility 
tactical transport mission.     Figure ^0 shows the change in gross weight 
as  the mission  is  reduced.     Mission  segments  requiring the most  power were 
eliminated first.     Dash and hover segments  are most often omitted from 
this type of mission,   as this results  in a significant reduction  in  gross 
weight  - 1000 to 1500 pounds  for the three  concepts  shown.     However,     the 
primary concern here is whether the mission could reverse the  selection of 
the fan-in-fin concept over that of the fan-in-tailcone.    Figure ho shows 
that the fan-in-tailcone  is 16 percent heavier than the fan-in-fin  for the 
full mission and that this  is  reduced to 13 percent  as the dash  and hover 
segments  are eliminated.     When the  cruise  segments  and reserves  are  also 
eliminated, the fan-in-tailcone is still 7 percent heavier.     Thus  it  is 
concluded that selection of the best  concept is not greatly influenced by 
a reasonable variation of mission requirements. 
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Figure Uo.     Design Gross Weight  Versus Mission Segment, 
UOOO Ft, 950F. 

Antitoraue System Tip Speed Sensitivity 

Optimum tip  speeds  for the  antitorque systems were selected on the basis 
of performance  and acoustic trends.     Figures  ^1  and 1+2  show the  effect  of 
tip  speed on  aircraft  gross weight  and on prop-fan or rotor diameter.     These 
figures  show the   fan-in-tailcone to be the most  sensitive to tip  speed 
variation. 

Figures  i43 and M  show the  acoustic  trends   for the three  configurations. 
Detection  factor is  the  ratio of the  calculated detection range  to the 
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base-line tail rotor detection ran^e.     The tail rotor base-line detection 
range  is  I4TOO  feet with a 10.6-footr-diameter tail rotor operating at 700 
feet per second.     The abrupt increase in detection factor of the tail rotor 
occurs between TOO and 800 feet per second because the acoustic energy 
shifts down in frequency due to the shift  from 5 to h blades  as required 
from blade aspect ratio considerations.     In general,  low frequency noise 
results  in  large  detection ranges. 

Further acoustic improvements  can be made by varying other parameters,  such 
as number of blades or blade loading,  or through use of acoustically 
absorbent materials. 
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Figure i+1.  Design Gross Weight Versus Prop-Fan/Rot or Tip Speed. 

■^ 

D 

1^ 

18 

S    17 

16 

■v    in 

7. 

^     14 

X •^ 
FAN-IN-TAILCONE 

-^-'FA'N- 

-() 

N-FIN 

TAIL ROTOR 

500 600 700 800 900 

PROP-FAN/ROTOR   TIP SPEED - FPS 

Figure U2.     Prop-Fan/Rotor Diameter Versus Tip Speed, 

1000 

78 

.■-.-...>:.,/1.1.|. ■ ■■ii^ink -■■■■■■      ■    ■   ■  .       jn I HflMfl k 



J n 

100 

■a 

o o 

-J 
K-. 

9U 

8U 

-B  = 

A 
^ 

TAIL RUTUK 

-'    () 
/ 

B = I 3/  .r 
T       .'^FAN-IN- 

/ 
FIN/ 

B = i ^/'^ 
S s" s- 
s* 

y' 

. " FAN-IN- TAILCÜNF 

500 600 700 800 900 

PR0P-FAN/R0TÜR TIP SPEED - FPS 

1000 

Figure 43.  Perceived Noise Level Versus Prop-Fan/Rotor Tip Speed. 
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Antitorque  System Blockage Sensitivity 

Losses  in antitorque system thrust  due to interference of tail surfaces, 
support struts,  drive shafting,  and control rods as well  as  turning and 
ducting losses have been accounted for as blockage.     A blockage  factor is 
defined as the thrust available if these losses were not present  divided 
by the  design thrust requirement.     Because  the three  systems  being compared 
are obviously quite different, the question arises as to the effect of the 
blockage  estimate on selection of the best  concept.     Figure  U5  shows that 
the possible  error  in the estimate would not  reverse the  selection of the 
fan-in-fin concept over that of the  fan-in-tailcone.     The optimum antitorque 
system power fraction increases with increasing blockage.     The trends  in 
Figure U5 were derived assuming this optimum fraction throughout. 
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Weight Technology Sensitivity 

Design technology trends were derived for the aircraft using the three 
antitorque concepts.   Figure U6 shows the effect of technology level on 
design gross weight for 1972 to 1985 design technology. 
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Empty weight savings are included in this analysis, but engine fuel con- 
sumption reduction is not.  This analysis does not include weight, in- 
creases due to more stringent design requirements and increased fixed 
equipment requirements that will exist during this time frame.  The design 
technology is seen to have very little effect on selection of the best 

antitorque concept. 

Control Ramp Time Sensitivity 

Calculation of the maximum antitorque  system thrust depends on an esti- 
mated system lag due to pilot reaction, control system lag and, in the 
case of the fan-in-tailcone concept, the air transport time in the duct. 
To account for this lag, it is assumed that the thrust increases linearly 
from zero to the maximum thrust level during the ramp time.  The longer 
the ramp time, the higher the maximum thrust level must be to achieve a 
given angular displacement in 1  second.  Sikorsky uses a ramp tine of 
0.2 second for a normal tail rotor design.  Values of 0.25 and 0.^+0 second 
were used for the fan-in-fin and fan-in-tailcone concepts to account for 
the anticipated reduction in response.  Figure ^7 was developed to show 
the sensitivity of this parameter.  Both prop-fan concepts are more 
sensitive than the tail rotor, but the ramp time penalty given to the prop- 
fan concepts does not significantly affect aircraft design or concept 
selection. 
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CONCLUSIONS 

The  fan-in-fin antitorque  concept is considered to be the best, most  cost 
effective, lowest risk alternative to a conventional tail rotor system for 
a helicopter sized to the mission requirement defined for this study.     This 
concept provides improvements  in all the characteristics required by the 
contract statement of work at a reasonable increase  in aircraft size and 
cost. 

The  fan-in-tailcone concent offers additional  improvements  in the areas  of 
safety,  vulnerability and foreign object damage with an additional penalty 
in  aircraft size and cost.     Although this  concept was  flown in the 19^0's, 
the technical risk is higher than for the fan-in-fin,  specifically in the 
areas of ducting losses,  stability and control,   and possible inlet drag 
problems. 

Both the fan-in-fin and the fan-in-tailcone concepts will be less suscep- 
tible to high-speed instabilities than the tail rotor.    This is attribut- 
able to the hingeless  construction of the prop-fan and the fact that it  is 
unloaded in forward flight by the relatively large vertical tail surface 
required for stability. 

Antitorque system reliability is  improved by approximately 35 percent for 
both the prop-fan concepts when compared to a conventional tail rotor.     This 
results  in an improvement  in aircraft reliability of about 3 percent. 

Antitorque system maintenance man-hours are reduced by 21 and 29 percent 
for the fan-in-fin and fan-in-tailcone concepts respectively.    Corresponding 
reductions in down-hours per flight hour are 23 and 20 percent.    The result- 
ing improvement in overall  aircraft maintainability is  approximately 2 
percent. 

Accidents  involving personnel should be greatly reduced with either device. 
The probability of ground personnel injury due to contact with the fan-in- 
fin is  reduced because the prop-fan is shielded by a shroud, visible even 
during operation.    However, the siiction field present near the inlet would 
be a hazard.    The fan-in-tailcone configuration will eliminate the possibi- 
lity of personnel contact with the prop-fan. 

The  reduction  in aircraft   "A" kill vulnerable  areas  to a 7.62 mm API threat 
is  estimated to be approximately 3 percent for both the fan-in-fin and the 
fan-in-tailcone configurations.     Corresponding reductions for a 12.7 mm API 
threat  are 19 and 26 percent.    Accidents involving terrain/thruster contact 
would be eliminated almost  completely with either configuration, as both 
shield the thruster with  structure. 

Both the  fan-in-fin  and the  fan-in-tailcone  concepts  offer a significant 
reduction in aural detection range compared to the tail rotor, but both 
represent a greater acoustic annoyance, in terms  of perceived noise level, 
than  does the tail rotor. 
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For the gross weight and speed range examined in this  study,   Lhe tail rotor 
has heen shown to be the superior antitorque system when compared on a 
weight or cost hasis.     However, the cost evaluation  did not account for the 
potential savings in life  associated with the operation of the aircraft 
due to the improvements  in safety and improved probability of mission com- 
pletion, or for the potential savings in life and material in military 
units being supported by these more reliable,  less  vulnerable aircraft.     It 
is   considered beyond the scope of this contract to  attempt an objective 
comparison of the fan-in-fin and fan-in-tailcone concepts with the tail 
rotor including these factors. 

The penalties  in aircraft weight and cost for the prop-fan antitorque con- 
cepts  can be reduced significantly for certain applications,  such as  com- 
pound helicopters,  specifically when the installed power is  defined by a 
cruise or dash requirement  and not the hover requirement,  as was the  case 
in this study.    The excess power available in hover could then be used for 
the antitorque function. 

Both the fan-in-fin and fan-in-tailcone concepts have been flight demonstra- 
ted, but not in the 15,000-pound gross weight range required for squad car- 
rier helicopters.    Therefore,  comprehensive flight testing is required to 
accurately assess the performance and handling characteristics. 

83 

iiitnrfiihitMiiiMiiinnrr-tiii-M^^ifciiMrMi,.,-*^  :,....„..,.  -■-..^.^v--..,.■.-.■,.. .,,....,.,^^^iu-.^^^»^.».^^.,^..,... 



 t'y ■<  . HR ■ ■■■ ■^T«<f-.m^   i^.i m.-^pi. 
'  "' — ''''W'V"'*W'^*-^'™-iV'?,''m^,VJ*»'^^^   -—r   

LITERATURE CITED 

1. HELICOPTER FLYING AND GROUND HANDLING QUALITIES, GENERAL REQUIREMENTS 
FOR, M1L-11-8501A, Amendment 1, Department of Defense, 3 April 1962. 

2. UNITED STATES ARMY AVIATION PLANNING MANUAL, FM 101-20, Headquarters 
Department of the Array, August 19Ö8. 

3. Olson, John R., FIGURE OF MERIT RATIO (FMR) METHOD FOR ROTOR/HOVER 
PERFORMANCE PREDICTION, Sikorsky Aircraft, SYM-A-12, Sikorsky Aircraft 
Stratford, Connecticut, 8 April 1968. 

U.     Black, Donald M., SHROUDED PROPELLER TEST PROGRAM DATA ANALYSIS, 
Hamilton Standard, HSER U3^8, Vol. 1, Hamilton Standard, Windsor Locks, 
Connecticut, May 196?• 

5. Black, Donald M., TWELVE BLADE AXIAL FLOW FAN AND DUCTED PROPELLER TEST 
SUMMARY OF EXPERIMENTAL DATA AND DATA ANALYSIS, Hamilton Standard, 
HSER 2836, Hamilton Standard, Windsor Locks, Connecticut, July 1969. 

6. Taylor, Robert T. , EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF SOME 
SHROUD DESIGN VARIABLES ON THE STATIC THRUST CHARACTERISTICS OF A SMALL- 
SCALE SHROUDED PROPELLER SUBMERGED IN A WING, NACA TN 1+126, Langley 
Aeronautical Laboratory, Langley Field, Virginia, January 1958. 

7. Sogin, Harold H. , A DESIGN MANUAL FOR THERMAL ANTI-ICING SYSTEMS, 
Illinois Institute of Technology, WADC TR-5!+-313, Wright Air Develop- 
ment Center, Wright-Patterson Air Force Base, Ohio, December 195^. 

8. SAE AEROSPACE APPLIED THERMODYNAMICS MANUAL, Section la, ed. Gregg, G.E., 
2nd Edition, New York, Society of Automotive Engineers, October 1969, 
pp. 6~lh. 

9. Fansler, J. D., and Knapp, F. J., SURVIV Di: TTY/VULNERABILITY STUDY (U), 
Sikorsky Aircraft, SFR-6llU20, Sikorsky Aircraft, Stratford, Connec- 
ticut, March 21, 1969 (SECRET) 

10. Leowy, R. G., HELICOPTER AURAL DETECTION IN TACTICAL SITUATIONS, PART 
II, Institute for Defense Analysis, IDA Research Paper P-25, Institute 
for Defense Analysis, Alexandria, Virginia, May 1963, AD U09535- 

11. Schlegel, R. G., King, R. J., and Mull, H. R. , HELICOPTER ROTOR NOISE 
GENERATION AND PROPAGATION, Sikorsky Aircraft : USAAVLABS Technical 
Report 66-U, U. S. Army Aviation Materiel Laboratories, Fort Eustis, 
Virginia, October 1966, AD 6k^88h. 

12. King, R. J., and Schlegel, R. G., PREDICTION METHODS AND TRENDS FOR 
HELICOPTER ROTOR NOISE, Proc. Third Annual CAL/AVLABS Symposium, 
18-20 June 1969, Buffalo, New York. 

8U 

 -■ 1 ■ 1 .■-mri»rri-rtlitiWiii.iT.iBt.ii.i-*,nilai.wiiiii>iriii.nMrtliiiir 11 ■iiii* ' -irii « in ,i yimaUMMtitiämmmätMtUiilii mmtm J.. »J.l.^j:.../.t-.->LT1-. -Üiü'tMiili aMtrianAj^fa - - iii 



^mmwmmm. ^BIlipjpiPPIPipiPEilpppiipiaBKi^^ 

13.  Ollerhead, J.B., and Munch, C.L., M APPLICATION OF THEORY TO AXIAL 
COMPRERSOP NOISE, Wyle Laboratories, NASA Contractor Report 1519, 
National Aeronautics and Space Administration, Washington, D. C, 
April 1970. 

Ih.     Ham, N., and Koser, H., INVESTIGATION OF A DUCTED FAN IN LIFTING 
FLIGHTS, Journal of American Helicopter Society, Vol. 3, No. 3, July 
1958, pp. 17-29. 

15. Kepchar, J., FLIGHT MANUAL PERFORMANCE SUBSTANTIATION - H-S^A HELICOP- 
TER, Sikorsky Aircraft, SER-58llU, Sikorsky Aircraft,Stratford, Connec- 
ticut, 31 Decemher 1957. 

16. Matthies, F. B., ACTUAL WEIGHT AND BALANCE REPORT - LAST AIRCRAFT 
Sikorsky Aircraft, SER-58207, Sikorsky Aircraft, Stratford, Connecticut, 
13 January 1959. 

17. Schlegel, R. G., HUSH FINAL REPORT - QUIET HELICOPTER PROGRAM (u) , Si- 
korsky Aircraft, SER-6lll+78, U. S. Arwy  Aviation Materiel Laboratories, 
Fort Eustis, Virginia, January 1970, (C). 

18. Lewis, Richard B., JET FLAP ROTOR RESEARCH, Proceedings of V/STOL 
Technology and Planning Conference, Las Vegas, Nevada, September 1969. 

19. Robinson, Frank, INCREASING TAIL ROTOR THRUST AND COMMENTS ON OTHER 
YAW CONTROL DEVICES, Journal of the American Helicopter Society, Vol. 
15, No. h,  October 1970, pp. ^6-52. 

20. Pullin, C. G., HELICOPTER RESEARCH AND DEVELOPMENT, Bulletin of the 
Helicopter Society of Great Britain, March 19^7, pp. 21-36. 

21. Shapiro, J. S., SOME TECHNICAL ASPECTS OF W.9 DEVELOPMENT, Journal of 
the Helicopter Society of Great Britain, Vol. 2, No. 1, 19^8, pp. 19-39. 

22. Liptrot, R. N., A HISTORICAL VIEW OF HELICOPTER DEVELOPMENT, Bulletin 
of the Helicopter Society of Great Britain, March 19^7, pp. ^-20. 

23. Unsigned article, VARIABLE PITCH FAN DESIGNED FOR L0W-N0ISE ST0L AIR- 
CRAFT, Aviation Week & Space Technology, Vol. 92, No. 11, lU Septem- 
ber 1970, p.66, 

2U.    Flemming, R. J., SMALL SCALE MODEL ROTOR WAKE SURVEY, Sikorsky Aircraft, 
SYTR-A-12, Sikorsky Aircraft, Stratford, Connecticut, May 1969. 

25.  Gessow, Alfred, and Myers, Garry C. Jr., AERODYNAMICS OF THE HELICOPTER, 
New York, The MacMillan Company, 1952, p. 53. 

85 

■J^I^-J^I/^■^.^^-:^.^j>:^^1-^1j.g.tr-.ijfjy'.>V.^..A'.-XAv^>:*J-'_.i, ..--.- ;■. ■.^i«"^.'. ,:.:-■.■, J..i_t!.;u^^^i_-',__i-*ujiiaj«^tl!.s'! 



y^uiuii»^.^.......»^^^^.^^ 

APPENDIX I 

SURVEY OF MTITORQUE  CONCEPTS 

Appendix I summarizes a qualitative survey of concepts representing poten- 
tial alternatives to the tail rotor of conventional shaft-driven single- 
main-rotor helicopters.     A 15,000-pound gross weight,  19T0-technology 
utility helicopter was assumed as  a base line.    A wide variety of alterna- 
tives, promising and unpromising, were examined to provide a broad basis 
for selection of the best concepts  and for qualitative evaluation of addi- 
tional concepts which may be suggested from other sources.     The basic 
criterion employed in eliminating concepts  from consideration was the 
requirement that each concept be capable of producing either a force or a 
moment in an antitorque application.     The magnitude of the available force 
or moment, or of the associated penalties, was not considered in the select- 
ion procedure, but was included in the evaluation of the concepts. 

The first three sections of the appendix describe,  respectively,  the objec- 
tives  and applicable evaluation criteria of the survey,  general results, 
and general conclusions.     The fourth section, representing the main body of 
the appendix,describes each concept and a qualitative evaluation of its 
potential in this  application.    The  fifth section briefly discusses alter- 
native helicopter applications  for which certain of the concepts examined 
may be worth reevaluating. 

Thirty-two concepts were examined, 
divided into nine categories: 

For convenience, these concepts may be 

1. 

2. 

Tail rotors:     conventional  (base line)  and advanced 

Passive thrusters   (systems requiring an external power source): 
ducted propellers, prop-fans,  or fans of various types mounted 
either at the base-line tail-rotor station or in the fuselaee 
with the efflux ducted through the tail cone and exited through 
controllable nozzles 

Main-rotor downwash deflectors :     tail cones and/or rudders incor- 
porating conventional flapped cambered airfoils,   squirrel-cage 
fans,  Jet-flap airfoils,     Thwaites-flap airfoils,  circulation- 
controlled airfoils with tangential blowine, or Flettner rotors 
Inertia! solutions:      accelerated flywheels, precessed gyroscopes 

Active thrusters   (auxiliary engines):     turbojets  or turbofans, 
pulsejets,  rockets    (both  chemical and exotic ) or acoustic radia- 
tors, mounted either at the base-line tail-rotor station or in the 
fuselage with the efflux ducted through the tail cone and exited 
through controllable nozzles 

Main   engine  flow deflectors:     power turbine exhaust deflection, 
use of convertible turboshaft/fan engines,  or compressor bleed 

Pseudo-compound solutions:     deflected thrust from thrusting 
shrouded propeller, Sikorsky ROTOPROP variable-direction propeller, 
cyclic pitch on thrusting propeller, differential thrust on 
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stub-wing mounted propellers, turbojets or turbofans. 

8. Pseudo-coaxial main rotor solutions:  coaxial speed brakes 

9. Combined concepts 

SURVEY OBJECTIVES 

Each Task 1 concept was evaluated on the basis of its capability to 
meet MIL-H-8501A low speed control moment requirements for the base-line 
aircraft and on the determination of the associated penalties in: 

1. Mission fuel 

2. Structure and powerplant weight 

3. Stability and control characteristics 

1|. Development risk 

Concepts were then rated according to their potential for improvement over 
current conventional tail rotors in six areas: 

1, Antitorque/yaw control system dynamic stability at high flight 
speeds 

2, Vulnerability to small-arms fire 

3, Vulnerability to terrain contact damage 

It. System reliability 

5. System maintainability 

6. Safety of ground personnel 

and, at a lower priority: 

7. Detectability 

8. Sensitivity to erosion and foreign object damage 

The four preliminary penalty evaluation categories were evaluated on the 
basis of performance requirements, and no aircraft growth factor correct- 
ions were imposed. Thus, an installed power penalty was calculated, assum- 
ing the base-line critical flight condition and the base-line maximum re- 
quired control force or the equivalent control moment.  The structural and 
powerplant weight estimates include the weight of the increased powerplant 
required to supply this moment and the increased control and fuel system 
weights, but make no correction for the main rotor power required to lift 
this increased weight or the larger required control moment arising from 
the increased aircraft inertia.  Similarly, the mission fuel is based on 
the base-line aircraft weight and inertia parameters.  It does not reflect 
the influence of increased aircraft weight, drag, or inertia. 
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The  eight  categories  in wnich   improvement over  the tail  rotor is   specifi- 
cally  required or desired were  rated under the  same  set  of assumptions.     In 
general,   because of the  qualitative nature of the Task  1  evaluation,  the 
estimated  relative potential  of the  alternative  concepts   is  not altered by 
this   analysis  simplification. 

The  evaluation of the potential of each  concept  in  the above areas was based 
on  criteria summarzied below: 

• Mission Fuel 

1. Mission elements and duration 

2. Installed power requirements 

3. SFC values of required powerplants at mission power levels 

• Powerplant and Structural Weight 

1. Type and power rating of required powerplant 

2. Requirements for ducts, values, shafting, gearboxes, controls, 
thruster units, support structure, fuel system, etc. 

3. Weight penalties due to balance requirements 

• Stability and Control Characteristics 

1. Capability of meeting MIL-H-8501A control moment requirements 

2. Capability of smooth transition to autorotation, and adequate 
control in autorotation 

• Development Risk 

1. Extent to which concept as  a whole has been proved 

2. Extent to which  individual components have been proved 

3. Applicability of current manufacturing,  assembly,  and testing 
techniques 

• ?ligh-Speed Dynamics 

1. Anticipated maximum helicopter speeds 

2. Possibility of aerodynamic  instabilities,   including flutter and 
instabilities  in valves  and  internal ducting;  possibility of 
blade  stall 

3. Possibility of  non-aerodynamic  instabilities   (shaft whirl,  etc.) 

U.     Possibility  of large  (probably  flapping)   excursions  that might 
impinge on structure 

I 
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• Ballistic  Vulnerability   (i'ma.ll   A.rmr.) 

1. Area of critical  components   (based on  likely  threat direction) 

2. Hobustness  of  critical   components 

3. Vulnerability  of  individual  systems  to  small-arms  projectile 
impact 

•Terrain  Contact Vulnerability 

1. Vulnerability  of  critical  components  to  light ground contact 

2. Probability  of system ground  contact  in  operational environment 
(a function of overall  aircraft  configuration) 

• Reliability 

1. Number and complexity of critical components 

2. Fail-safe capability 

3. Reliability of individual components or subsystems 

1+. Magnitude and duration of vibration and stresses 

• Maintainability 

1. Maintenance hours and down-time predicted for basic concept 

2. Penalties due to component inaccessibility, weight, and size 

3. Requirements for special maintenance facilities or techniques 

• Ground Personnel Safety 

1. Exposure of moving parts (particularly to disembarking troops) 

2. Velocity, temperature, et::., of thruster inlet and exhaust flows 

3. Weight and accessibility of components (hazard to maintenance 
personnel) 

k.    Height of required operating platform 

5.  Fire hazard in crash situations 

• Detectability 

1. Perceived noise level (PNdB) /    .        • •,   . • 
l  primary considerations 

2. Degree of uniqueness of audio signature) 

3. IR radiation 

I4.    Aircraft   size,   etc.   (visual  detectability) 

• Erosion and Foreign Object  Damage 

1. Thrust air inlet velocity and filtering capability 

2. Proximity   of thruster  air  inlet  to ground 

3. Tip   speed  and  construction of exposed blades 
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GENERAL RESULTS 

Table XX summarizes the relative merit of each concept examined in each 
of the areas of comparison.  Ratings in the table are defined on a scale 
ranging in descending order of desirability or promise, as: 

EXCELLENT 

VERY GOOD 

GOOD 

FAIR 

POOR 

UNACCEPTABLE 

Only four groups of concepts can be substituted for the conventional tail 
rotor without incurring highly undesirable effects for the base-line air- 
craft and mission.  The potentially acceptable classes of alternatives are: 

1. Advanced tail rotors 

2. Prop-fans or fans mounted in the tail fin 

3. Prop-fans or fans mounted in the tail cone, exhausting at the 
tail fin 

k. Pseudo-compound solutions 

Advanced Tail Rotors 

Individual concepts involving refinement of the conventional tail rotor may 
offer substantial improvements in one or more of the areas of performance: 
weight, size, detectability, reliability, or vulnerability. None offers 
significant improvements in all areas.  Improvement in ground personnel 
safety must be rated marginal, due to retention of exposed moving blades. 
Such concepts offer considerable promise in several types of advanced heli- 
copters.  For the particular goals of this study, no single concept offers 
an outstanding advance. 

Fan-in-Fin (Prop-Fans or Ducted Fans Mounted in Tail Fin) 

A ducted prop-fan or a ducted fan can be used in a shaft-driven or gas- 
driven system as a direct replacement for the tail rotor. No engine exhaust 
or auxiliary engine solutions are included in this category. Pover con- 
sumption of these concepts is generally higher than for the tai_ rotor, 
while weight is similar.  Improvements in detectability, reliability, main- 
tainability, safety, and foreign object damage are anticipated without 
significant penalties in stability and control.  The most promising of these 
systems is the ducted prop-fan configuration.  It is superior to the ducted 
fan in nearly all of the above areas and has acceptably low power required 
and technical risk levels.  A French version of this concept, the Fenestron, 
is in service on the Sud SA.3^1.  The prop-fan concept has been analyzed 
in greater detail in the main body of this report. 
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Fan-in-Tailcone (Prop-Fans or Ducted Fans Mounted in Tail Cone, Exhausting 
at Tail Fin ) 

Other feasible concepts use thrusters similar to those of the previous 
group but mounted in the forward portion of the tail cone, with '.he fan 
axis fore and aft instead of side-to-side.  The fan exhaust flow, perhaps 
augmented by the main engine exhaust flow, is- ducted through the tail cone 
and exits through deflecting nozzles beneath the tail fin.  These approaches 
generally are heavier and require more power than either the conventional 
tail rotor or the prop-fan fan-in-fin concept.  They offer further improve- 
ment in detectability, safety, high-speed dynamics, vulnerability, and 
foreign-object-damage protection. As in the previous group, the prop-fan 
approach appears superior to the ducted fan, particularly from power, 
noise, and technical risk considerations.  The relatively high disc loading 
required of the prop-fan in this arrangement increases the technical risk 
of the system over that of the previous category, but the resulting risk 
is acceptable.  This approach is also analyzed in the main report. 

Pseudo-Compound Solutions 

Pseudo-compound concepts employ devices commonly used to produce forward 
thrust to provide antitorque and directional control moments. Of the 
wide variety of such concepts examined, two appear practicable: the Sikor- 
sky ROTOPROPrpjy] - propeller that swivels from conventional tail rotor con- 
figuration at low forward speeds to a pusher-prop configuration at high 
speeds, and the Piasecki Ringtail, a ducted pusher-prop with controllable 
deflector vanes to provide antitorque and direction control. The ROTOPROP 
requires less power than the Ringtail but represents a greater technical 
risk and significantly greater safety hazard.  A ducted ROTOPROP arrange- 
ment would reduce this hazard, but at further penalty in weight and tech- 
nical risk.  By the mid 1970's, a solution using a compound turboshaft/ 
turbofan engine within the fuselage and exhausting through deflector vanes 
in the tail fin may be feasible. Currently, the technical risk of this 
solution is excessive. 

No pseudo-compound solution represents a viable alternative to the conven- 
tional tail rotor as specified for this study, because of the large differ- 
ence in control, structure, and mission requirements between compound heli- 
copters and pure helicopters. These effects impose a large weight and cost 
penalty in converting a conventional helicopter into a compound. The fac- 
tors that must be considered in evaluating the merits of alternative con- 
versions of this type are beyond the scope of this preliminary comparison. 

GENERAL CONCLUSIONS 

Two concepts, the prop-fan fan-in-fin and the prop-fan fan-in-tailcone, 
appear most promising under the guidelines imposed for this task. Each 
concept is predicted to be superior to the tail rotor in each of the eight 
areas of required or desired improvement. Associated penalties in aircraft 
performance, weight, and cost are predicted to be acceptable for utility 
aircraft. 

The two concepts will be referred to in comparisons throughout this appen- 
dix.  For simplicity,they will be denoted "fan-in-fin" and "fan-in-tailcone" 
respectively, with the use of a prop-fan type thruster always implied. 
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DESCRIPTION AND EVALUATION OF INDIVIDUAL CONCEPTS 

This section describes and discusses the 32 concepts examined in Task 1. 

Conventional Tail Rotor 

The conventional tail-rotor concept is employed for anti-torque and direc- 
tional control on all operational single-main-rotor U.S. military helicop- 
ters. The rotor typically includes from two to six symmetrical-section 
blades, articulated in flapping and pitch.  The rotor is mounted at the aft 
end of the tail cone, commonly on a vertical pylon so that the tail-rotor 
disc lies Just outside that of the main rotor. The tail rotor is shaft 
driven from the main gearbox via two intermediate gearboxes, one at the base 
of the pylon and the second at the rotor hub. 

This concept has been selected for the vast majority of single_rotor shaft- 
driven helicopters because it meets stability and control requirements with 
relatively low weight and low power requirements. It also provides inherent 
damping of aircraft yaw motion to a greater degree than most alternatives. 

The basic drawbacks of this concept lie in just those areas emphasized in 
this study.  Under certain conditions, some tail rotors are susceptible to 
dynamic instabilities in high-speed flight, although the critical forward 
speed can be increased significantly by proper design. The exposed rotor 
blades are vulnerable, particularly to terrain contact and foreign object 
damage. Experience has shown that the tail rotor requires a relatively high 
proportion of the maintenance requirements of the helicopter. Noise levels 
are high, particularly in the fore and aft direction, making the tail rotor 
a dominant component in regard to detectability. Finally, the exposed 
blades, which are relatively invisible at full rpm, represent a hazard to 
ground personnel, particularly in combat. 

Advanced Tail Rotor 

A number of advanced tail rotor concepts were examined. Although improve- 
ments are obtainable in each area specified under "Survey Objectives", it 
does not appear possible to make the required improvement in all areas 
simultaneously. 

Improvements in reliability, maintainability, weight, and performance may be 
expected in advanced conventional rotors due to refinements in hub, gearbox, 
and rotor blade design and fabrication techniques. 

Although maintenance personnel safety can be expected to increase as main- 
tainability and component weight improve, exposed rotor blades remain a 
potential hazard to ground personnel and remain susceptible to foreign 
object and ground impact damage. Application of a shield and a protective 
screen around the tail rotor will improve these categories at the cost of 
substantially reduced performance, increased weight, i. jreased drag, and 
increased noise. 
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TABLE  XX.     PRELIMli 

CONCEPT 
HIGH 
SPEED 

DYNAMICS 

VULNERABILITY 

RELIABILITY MAINTAINABILITY SAFEH 
PERSaj 

BALLISTIC 
TERRAIN 
CONTACT 

M O 

H s 
1      ^ 

Conventional   tail  rotor 
Good 

(Possible  flap- 
ping problems) 

Fair Poor to  fair Fn i r Fair Poor toj 

Advanced  tail  rotor Good Fair Poor to  fair Fair  to  good Fair  to  good Poor to' 

ÜJ 

a; 
E-H 

HM 

Prop-fan  in  tail   fin 
(Shaft-drive) 

Good to 
very  good 

Good Good Good Good Good 

Prop-fan  in tai]   fin 
(Gas  tip-drive) 

Good to 
very good 

Fair to good 

(Tip  turbine  is 
vulnerable) 

Good Good Good Fair to 

i 

Prop-fan  ir. tail  cone Very good 
Good to 

very good 
Good  to 

very good 
Good to 

very good Fair  to  good Goo« 

Linear fan  in tail  fin 
Good 

(Potential  inlet 
separation) 

Poor 
Good to 

very good 
Fair Poor to  fair Good 

Snuirrel-cage  fan  in 
tail  fin   (Cyclic pitch) 

Unacceptable Poor Poor Poor Poor Pood 

Ducted fan  in tailfin 
Good 

(Potential  inlet 
separation) 

Fair Good Good Fai r to good 
Fair td 

(High i 
exhau| 

o 

a 
X 

< s 

o 

1    «^ 
I      M 

Flapped conventional 
airfoils 

Poor 

(Airfoil 
buffeting likely) 

Good 
Poor to  fair 

(Flaps  are near 
ground) 

Very  pood Good Goods 
very J 

Squirrel-cage rotors 
collective pitch 

Unacceptable 
(Blade stall) 

Unacceptable 
to poor 

Unacceptable 
(Exposed blades) Poor 

Poor 
(Several  sepa- 
rate rotors) 

Unaccejj 
to ] 

Jet  flaps 
Poor 

(Airfoil 
buffetin« likely) 

Fair to good Fair to good Fair Fair to good Gojj 

Thwaites  f.laps 
Fair to good 

(High drag) 
Fair Fair 

poor 

(Suction areas 
clog) 

Poor 

(Suction  areas 
need monitoring) 

3 
Good 

very 1 

Circulation control  via 
tangential blowing 

Fair to good 
(High drag) 

Fair to good Good 
Fair to good 

(fixed far. 
pitch) 

Fair 

(Several  simple 
systems) 

Good 
very jj 

Flettner rotors Fair 
(High drag) 

Poor to  fair Fair Poor Poor 
Fai 

(Rotatil 
ders el 

< a 

'Ü CO 

Accelerated   flywhefl Very  good 
Good  to 

very good 
Very  good Good Good Ooi 

Precessed  gyroscnj." Aircraft emp loying this 
concept  are unflyable 
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;. TABLE XX. PRELIMINARY QUALITATIVE COMPARISON OF ALTERNATIVE AHTITORQUE CONCEPTS 1 

r 
MAINTAINABILITY 

JAFKTY OK 
PKRI'.ONNr.L 

DETECT ABILITY 
PROS ION 

&       { 
F.O.D.      1 

WEIGHT STABILITY 

CONTROL    I 

1 
MISSION    1 

FUEL 

STRUCTURE &   1 
POWEKPLANT 

OVERALL    { 
SYSTEM I 

B.       1 

Ffiir Poor to fair- Fair Poor Good Good Good 
Good to very  | 

good  (Inherent 
yaw damping) 

I0 h'ai r t i  good Poor to fai r Fair to good Poor to fair Good Good Good 
Good to very 

good  (Inherent 
yaw damping) 

1 a 
1 

I 
I 

'Jood Good Good Fair Good Good Good 
Good to very 

good   (Reduced 
yaw damping) 1 

Good Fair to good Fair Fair Fair to good Fair Fair 

Poor 

(No autorota- 
tional control) , 

■ 

r H i r '-O good tjocd Good 
Good 

(Inlets placed 
high) 

Fair to good Good Good 
Good 

(Twice ramptime 

li tailrotorl .; 

t Poor to fair Good Fair tc good 
Fair 

(One imet 
nerr ground) 

Fair to good Fair Fair 
Fair to good 

(High control 
lag) 

Poor Poor 
Poor 

(Squirrel 
Screech) 

Unacceptable 
to Door 

Good Poor Poor 

Fair to good 

(Suspect at 
high speeds) 

1 
1 

|.     i  -'air to good 

Fair to good 

(High speed 
exhaust) 

Poor 

(High disc 
loading —- noise 

f    Poor 

(High inlet 
velocity) 

Fail- Fair to good 

Fair 

fPoor'with noise 
suppression) 

Good 

1 

Id lood 
Good to 

very good 

Very good to 

excellent 

Good to very 
good     (flap 
hinges protected) 

Very good 
Poor 

(8-10 air- 
foils required) 

Poor 
Unacceptable to j 
poor   (No auto« 

rotative control* 

1 

1 

1 

1, 

Poor 
(Jeveral sepa- 
rate rotors) 

Unacceptable 
to poor 

Poor 

(Squirrel 
screech) 

Unacceptable 

(low mounted ful- 
MV  exposed rotor) 

Fair to good 
Poor 

(High struc- 
tural weight) 

Unacceptable 

Poor 

(Poor autorota- , 
tion control) 

I 
Fair to good Good Good to 

very good 

'Good 

(High blower in- 
let position) 

Fair Poor to fair Poor to fair 

Poor 

(Poor autorota- ' 
tion control) 

teas 

: oor 

(.'■ucticn areas 
need raonitorit.g) 

i   Good to 
very good 

Very good 
Unacceptable to 
poor   (Suction 

areas ciog) 

Good Poor to fair Poor 

Poor 

(Poor autorota- 
tion control) 

bod 

in 

Fair 

1 (Several simple 
systems) 

iood to 
very good 

1    Very good Good Good Poor to fair Poor to fair 

Poor 

(Poor autorota- 

tion control) 

| 1      Poor 

Fair 

(Rotating cylin- 
]  ders exposed) 

Good 

|   (Me'-'ianical 
|    noise) 

Fair Good 
1 Unacceptable 

to 
poor 

Unacceptable 

Unacceptable 

(Very slow con-: 
trol response) | 

F 

!     ■^od Good 
Fair to good 

i  (High engine 
r.oise) 

Depends on nair. 
engine placement 

4 inlet system 

Unacceptable 
Unacceptable 

(Very hich power 
for antitorque) 

Unacceptable 

Unacceptable I 

(High moment 
i   coupling) 

Poor 
Unacceptable 
'Heavy gyro) 

Unacceptable Unacceptable 

1 

£ 
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1                                            1 
KIGHT STABILITY 

& 
CONTROL 

DEVELOPMENT RISK COMKENT;; 

feuCTURE & 
SfERPLANT 

OVERALL 
SYSTEM 

1 Good Good 
Good to very 

good      (Inherent 
yaw dajnping) 

Excellent 

(developed) 

Base-line concept. 

1  Good Good                 ( 

Good tc very 
good      (Inherent 

yaw damping) 

Very good 

(current 
technoloev) 

Improvement  over base  line  Lr.   areas  o;j;sid>   •.hose 
of main Interest  in  this  study. 

1 Good Good 
Good to very 

good        (Reduced 
yaw damping) 

Good 

(Concept   flying 
on SUD 3Ul 

Potential   inlet   flew  problems  at   high  sp'-cd.             | 

Fair Fair 
Poor 

(No autorota- 
tional control) 

Good 

(Adapt Ryan 
XV-5A  system) 

Potential  inlet  flow problems  at  high speed.             1 

Requires  special   control   to  regulate  pro^-fan 
RPM. 

Good Good 
Good 

(Twice ramptime 
of tailrotor) 

Good 

(1970-73 
technology) 

Rating strongly influenced by details of nozzle      | 
configuration. 

Requires yaw damper. 

Fair Fair 
Fair to good 

(High control 
lag) 

Fair 

(Fan 
undeveloped) 

Current linear fans heavy,   ineff ic-ient ,  fixed 
pitch. 

Requires, rotatable shroud. 

Poor Poor 
Fair to good 

(Suspect at 
high speeds) 

Unacceptable *o 
poor    (Structur- 
al problems) 

Complex,  high  vibration  ievel^ exposed  dyr.air.ic           1 
system. 

Structurally impractical.                                                   j 

kir to good 
Fair 

fPoor'with noise 
suppressicn) 

Good 
Fair 

(Thrust  rever- 
sal difficult) 

Similar but  inferior tc "prop-fan in tail   fin". 

High disc loading complicates Hade pitch rc-ver- 
sal. 

Poor 
B-10 air- 
Is req'jired) 

Poor 
Unacceptable to 
poor        (No auto- 
rotative control) 

Very good 

(Current 
technoloKv) 

Very poor in autorotation. 
Erratic in ground effect. 
Max speed limited by drag. 

i   Poor 

Igh struc- 
ial weiKht) 

Unacceptable 
Poor 

(Poor autorota- 
tion control) 

Poor to  fair 
Several  rotors  required. 
Max speed cut by drag. 
Poor autorotative control. 
High-speed control suspect. 

lr to fair Poor to  fair 
Poor 

(Poor autorota- 
tion control) 

Fair to good 
Several  airfoils  required.                                                 1 
Max speed cut by drag. 
Poor autorotative  control. 

br to fair Poor 
Poor 

(Poor autorota- 
tion control) 

Poor to  fair 
Severed  airfoils  required. 
Max speed cut by  drag. 
Poor autorotative control . 

lr to fair Poor to  fair 
Poor 

(Poor autorota- 
tion control) 

Fair to good 

(Fixed  fan 
pitch) 

Feveral  airfoils   required. 
Max speed cut by drag. 
Poor autorotative  control. 

acceptable 
1      to 
1   poor 

Unacceptable 
Unacceptable 

(Very slow con- 
trol response) 

Poor 
Several  "rotors"  required.                                                 j 
Max speed cut by drag. 
Poor autorotative  control. 

kcceptaWe 

v hip:h power 
[antitorque) 

Unacceptable 
Unacceptable 

(High moment 
coupling) 

Good 
Ho autorotation  contrci . 
High  control moment   coupling. 

acceptable 
feavy  Kyro) 

Unacceptable Unacceptable 
No basis 
for valid 
estimate 

Aircraft  completely unflyable.                                         | 
No control  on ground. 
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1 
■ :; •;■;•: .■• KKt, 

1'YNAMIC^ 

VirLNERABILITY 

RELIABILITY MAIj 

HALLI :;T1C 
TERRAIN 
CONTACT 

:;: 

T,.n,:,...   i:.  -a:: ;o(.d i'oor Fai r Poor 

;■ ...■.•■;•••  .r. '.u; Fa i r Poor  tc   fair Fai r  to  good Poor  to   fair 

Poo 

(In, 
ler, 

"'.■'::.:     i.   ;•     t'.f    i r.   * ui i .'.ocd Fai r l-air  to  good 
Good  to 

very  good 
Una 

r .■.   ' . ■   .- . .-K"'      ■.   la; ; No  t)asis   for 
vai . J   est irt.ate Poor 

No  basis   lor 
valid  estimate 

No basis   for 
valid estimate 

UnJ 

/,■    ir.l; ■   r-Uia-or  ■:.  tai ; 
tin   basis   for 

val id  est ir.ate 
Good  to 

very  good 
No  basis   for 

valid  estimate 
No basis   for 

valid estimate 

Lna< 
1 

t ur: : :.'■   ;"! . w 

Good         (Possible 
buffeting of 

de fie.'tors ) 
Fai r Good Good 

'  r.vcr". i L . ••   • urtuJhbl1'. 
fa:-.   ••;.p-i:..- Very   ^ood 

P'oo r 

( CoT.plex 
engine) 

Good Fair to good 

- 

tngirie  compressor bleed air Very  good 
i'oor  to  good 

(Large  engine) 
Good  to 

very  good 
Good (of 

r" 

: i aseoki   ring-tai'. 
t/OOd    to 

ve ry   ,:oo d 
Good Good 

Good  to 
very good 

I 

■i.'.orjKy   rotor-pro; 
vjood  to 

very  i^oood 
Good Good Good 

i 

.-'y?1 ic   jontroi  or. 
•hruster prop 

Good  to 
very  good 

Fair to good 
Poor 

(Blades  near 
ground) 

Fair to good Fair 

1 
Ut f fere.-.l lal   thrus*.   On 

mrusler  props 
Very  good Poor  to   fai r Poor Fair Poor 

;.; ••ferer.lial   thrust,   Tn 
•, xrbojet s/turbofans 

Very  good Poor Fair  to  good 
Poor 

(auxil iary 
engines   required) 

| 

- -   -L Coaxiaj.   speed  brakes 

Poor            (Paddle- 

tnairi   rotor 
interact ion) 

Fair 
Very good 

(High  mount) 
Poor 5 

:';p-:"a:.   it.   tall   cone   plus 
i r'-ulat i ,:.  ccr.t ro.   L 

'. ai.^ent i ai   bi ■ >wi   «■ 

Good   to 
very  good 

'k50d 
Good   to 

very  good 
Good 

; 

; ro: - faj    n.   tai 1   cots ■   ' lus 
rr.ai r.   engir.e   ex;.a . 

f 1 :w 
Very  ^ood 

Good to 
very  good 

Good   to 
very   good 

Good  to 
very good | 
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1                                                                                         TABLE XX.     Continued 

UNTAINABIMTY 
HAFfTY 

OF 
PERSONNEL 

DETECTABIL1TY 
EROSION 

F.O.L. 

WE I GUT .T ABILITY 

CONTROL 

LKVELOPI 

I 
MISSION 

FUEL 
SThUCTURK   It 
i OWKHPLANT ,•■/;■■; i.;^ 

Poor iv.or 
Unacceptable  to 

poor           (Noise  i 
IR radiation) 

Unacceptable 
to  poor 

i OL r loor io   r 
Unacceptable 

to poor 

Pa 

(Engine j 
ment  re 

"oor to  fair 

[Inlet shut- 
;er critical) 

Poor 
Unacceptable 

(Noise  i  IR 
radiation) 

Poor 
Fai r      (If throt- 
tling  capabi1ity 

developed) 

Fair  tc  goud 

(Need  .     fcr  OKI 
controlj 

riiir   '.'.   good 

Unaci.-ej ; able   i f 
noise   :.j; pressed 

Unacceptable 
(Non-throttlable) 

Po 

(Contra 
pro* 

Jnacceptable Unacceptable 
Unacceptable 

(Noise  &  IR 
radiation) 

Excellent 
(none) Unacceptable 

Fai r 

( Large   i'>it : 
tanks   required) 

Ur.acr-eptable 

'K-.   balance 
j r.t ! ems ) 

Poor 

( Imtrecise 
controlj 

Fl 

(Thrott 
control 

Inacceptable Unacceptable Unacceptable Excellent 
(none) 

Very  good 

(Specific   impulse 
very  high) 

'iiuccept able 

' Thrust /weight 
very'   •'-'«' 

''i.'i; -»'j • able No  basis   for 
vai i d   estimate Ui.acce 

Jnacceptable 
to poor 

Unacceptable 

(Excessive 
sound level) 

Unacceptable 

(Sound  level 
— 2^0 PNdB) 

No basis   for 
valid  estimate 

No  basis   for 
valid estimate 

Unacceptable 

(High  electrical 
power) 

":.accej table 
No   basis   for 

vaj id   estimate 
Ur.acoe 

Fair 

(Oversized 
engine) 

Fair to good 

(High energy 
exhaust) 

Poor to  fair 
Depends  on  main 

engine  placement 
4  inlet   system 

Poor 
Unacceptable 

to  poor 
ur-accej * abl<■ 

• o  ioor 

i wor  t J   fai r 

(See  "commentB") 

Po 

(Require 
b i gr.ed 

Fair 

Fair  to  good 

(High  energy 
exhaust) 

Fair  to  good 

(Depends on   fan 
loading) 

Depends  on  main 
engine  placement 

&  inlet   system 
Poor  to   fai r lair to gcod T ai r 

Unacceptable     to 
poor     (Nc  control 
in   au l ore tat ion ; 

Fe 

( 1975 
techn 

'air to good 

(Oversized 
engine) 

Fair  to  good 
Fair-good  (Noise 
of oversized 

engines) 

Depends  on  main 
engine  placement 
i  inlet   system 

Unacceptable Unacceptable Unacceptable 
Poor 

(No   autorotation 
control) 

Fa 

(Fequir 
s i gr.ed 

Good 
Good 

(Prop  partially 
shielded) 

Poor in hover, 
good in  forward 

flight 
Fair to good Fair  to  good Fai r 

fai r 

(Halan--e  problem) 

Fair  tc  good 

(See   "comments") 

Very 

(Curreri 
noi 

Good 
Fair 

(Smaller than 
tail  rotor) 

Poor to  fair 
Fair 

(Robust  blade 
construction) 

Fair to  good Fai r Fai r 

Good 

(Requires   "q" 
sensor) 

Go 

(basic 
flight 

Fair to good 
Poor 

(Blades  pass 
near ground) 

Poor to  fair 
Fair 

(Robust blades) 
Poor to   fair 

Poor 

(High power 
required) 

Poor Fair  to  good Fair t( 

Poor to  fair 
Poor 

(Blades  pass 
near ground) 

Poor 

(Much worse than 
tall rotor) 

Poor 

(Blades  pass 
near ground) 

Fair 
Poor to  fair 

(High  structural 
weight) 

Fair 

Good         (Requires 
development 

of controls) 

Goi 

(Speciaj 
requl 

Poor 
Poor                 (High 
energy inlet  & 
exhaust  flows) 

Unacceptable 
to poor 

Poor to  fair Poor 

Poor       {h engines 
required   for 
CEI   control) 

Poor 
Unacceptable 

(Very   slow   re- 
sponse  in hover) 

Fair  tc 

Poor 
Fair 

(Hazardous 
maintenance) 

Poor 

(Paddle-rotor 
interaction) 

Good Poor to   fair Poor Poor 

Unacceptable 

(See   "comments"1 

Fai 

(Cor.t ro] 
tem re( 

Fair Good 
Good  to 

very good 

Fair to  good 

(Jet  slot 
erodes) 

Good Fair  to  good Fair  to   good 
Good 

(Slow   response 
t ime) 

Fair te 

Fair Good Good Good Fair to  good Go id Good 

Good 

(Slow response 
time) 

Goo 
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■iK  i OVKKA:,: 

1 
MNTHi-'L 

Unacceptable 
to  poor 

DKVELOPMKNT  RISK 

Poor 

(Engine develop- 
ment required) 

LüMMKN'IV 

No autorotative control. 
Slow engine response doubles required thrust. 

f    (If throt- 
lg   ;apati: ity 
iveluped"' (N-- !      :' r 

.•JU'.T'.   '. 
'naoceplat. ■■   i 1' 
roise  suppr^.sBL'J 

Unacceptable 
(Non-t.hrottlable) 

ta.'.K;'   r- ;,;; r-'J ; 

Unacce^ t at ;•■ 

' Fuel   ba! "i;. ••■ 
prub: eins 

Poor 

I nir rno it- 
control 

Poor 

(Control  system 
problems) 

No autorotative control. 
Can operate only near naximum thrust- 

Fair 

(Thrott ling & 
.-onln.l   problems) 

No  autorotative  contro;     (by  MIL-H-S'jOlA 
definition of autorotat ic:. •- 

-i • iL'.e 

'    ■-■eigh 
nac.-ept 'i: 

Pot. r 

Bceptab; 

e I «1. 

No  casii,   for 
v.-ij i i  ec* imate 

Exhaust  may  be   fatal. 
Unacceptable 

Ur.ai-cept able 

IHI.-J.  electrical 
lower) 

lacceplub.c 
N     buaia   !   r 

vui i 1  es* in-.ate 
Unacceptable 

Acoustic   radiation   levels  ".ay  be  fatal. 
Vibration   levels   require  new  structural   tech- 

nology . 

-[•abl. 
I-   -r 

Unaccep* 'it 
t o  po   r 

r   or  t     !'uir 

(See  "comments"] (Hequi res   rejr- 
nigned   engine) 

No  autorotat i v.-   .-or.* r' .. 
Oversized engine   required. 
Control   reaponae depends on engine power setting. 

K;.-  •      .•  oj 
un ■ -epluble     to 

Kai r I (■ - r     . Ni    control 
i it.  ait on. tat ion I 

Kai r 

( 1<)7'.-1'^0 
technology 

No  autorotative  control. 
Slow  engine   resoonse   increases   required  thrust. 
Requires yav d«anper. 

li.ac :epf able Unaccep' 'it. > 
,N     auto rot at ion 

con   -ol) 

Fair 

(Requires   rede- 
signed  engine) 

Nc  autorotative  control. 
Slow  engine  response   increases   required  thrust. 
High  engine weight . 

to  good 

to  good 

Fair 

( Hal ance  [ robl 

rair  to  good 

'ee   ".-üininenls" ) 

'kjod 

(Requires   "q" 
sensor) 

Very good 

(Current tech- 
nology I 
Good 

(Basic   concept 
flight  tested) 

Aft  weight  cotjcent rat. ion . 
I'oor control   in   reverse   flight. 
Increases  sink   rate   in  autorotation. 

Requires  a "q"   - sensing system. 
Increases  siiik   rate   in  au^orotation. 

to   fair 
Ineffective without,   apblicntion  of a net  thrust. 

■'High  power 
required) 

Poor Fair  to  good Fair to  good 

r-cior  to   fair 

(High  structural 
weight 

Fair 

"»cod        (Requires 
development 

of controls ) 

Good 

(Special   props 
ri>qui red) 

Blades  designed   for  reverse  thrust  efficiency 
rather than high   forward  speed efficiency. 

Poor      (I* engines 
r"juired  for 

V'.ii r to good 

Unacceptable 

(Very  slow  re- 
sponse  in hover) 

Fair  to  good 
No  autorotative  control. 
Inefficiency of thrust  reversers  increases 

required  installed  thrust. 

Unacceptable 

(See  "comments") 

Fai r 

(Control  sys- 
tem  required) 

No  autorotative  control. 
Very high autorotative descent, 

Fair   to   good 
Good 

(Slow  response 
t ime! 

Fair  to  good 
No significant  imnrovement over "prop-fan in tail 

cone" alone. 
Control may be erratic  in violent maneuvers. 

to  good 'lood 

Good 

{31ov response 
tlae) 

Good 
Small  improvement  over "prop-fan in tail   cone" 

alone. 



HUSH Rotor - Experimental results show trends toward significantly 
reduced tail rotor system noise levels as the number of blades 
increases or as blade tip speed is reduced.  The HUSH tail rotor system 
combines these alterations, reducing experimentally observed noise by 
approximately 30 dB on a 10-bladed rotor compared to a conventional 
tail rotor of roughly equivalent performance.  For this experimental 
prototype, tail rotor noise was essentially invisible in the background 
noise from the main engine, transmission, and rotor systems, which had 
also been treated to reduce noise.  The HUSH tail rotor weighs more 
and requires more power than the conventional system of equal perfor- 
mance.  It can be expected to require slightly more maintenance.  A 
marginal improvement in personnel safety can be anticipated from the 
higher visibility of the rotating tail rotor compared to a conventional 
system. 

High-Performance Conventional Rotor - This approach uses cambered 
blades in place of the symmetrical section blades on a conventional 
tail rotor.  Flight tests conducted by Hughes Tool Company indicate 
significant increases in maneuverability for a given disc area, with 
acceptable penalties in power and weight.  Pitch link loads were found 
to increase by roughly 20 percent.  No high-speed dynamic instabilities 
were reported. 

Further performance improvement can be anticipated by increasing tne 
tail-rotor blade tip speed, at the cost of increased weight and noise-, 
or by increasing tail-rotor solidity, at the cost of increased weight. 

None of these configurations shows a direct improvement in reliability 
or maintainability. Safety of maintenance personnel would be slightly 
improved by the smaller, potentially lighter components. 

Rotor With No Flapping Hinge - Removal of the flapping hinge from a 
conventional tail rotor is attractive for reliability and maintaina- 
bility, but only for hover and low-speed forward flight. In high-speed 
forward flight, high vibratory blade and hub stresses are produced 
unless automatic cyclic pitch control can be introduced. 

The penalties associated with introduction of cyclic pitch control are 
predicted to outweigh  the reliability/maintainability gain arising 
from removal of the flapping hinge, resulting in a system inferior to 
the conventional tail rotor for this application. 

Jet Flap Rotor - Theoretical predictions regarding the performance of 
small, relatively simple jet flap rotors have not been borne out in 
practice.  Results published by Lockheedl9 for a U-bladed, 6-foot- 
diameter pure jet-flapped rotor indicated that the thrust from the 
rotor was approximately equal to the jet thrust alone; that is, the 
rotor was no more effective than a single air jet having the same 
area as the sum of the blade blowing slot areas. 
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The smn of the slot area on the Lockheed model was less than 1/10 
percent of the rotor disc area.  To compute the effective power 

loading of the jet fii.p rotor, we munt assume an effective thruster 
disc loading more than 1000 times as great as the true rotor disc load- 
ing.  For this disc loading ratio,Appendix III shows that the Jet flap 
required horsepower per pound of thrust will be on the order of 20 
limes that required by a conventj-onal tail rotor of the same area and 
thrust.  Increasing the thrust efficiency of the jet by a factor of 
four reduces the power required ratio to the order of 10, which is 

still unaccentable. 

''se of the jet flap to increase the blade lift coefficient on an other- 
wist conventional tail rotor will result in a significantly less 
reliable. Less easily maintainable system.  No worthwhile improvement 
will be realized in safety or noise-induced detectability, and there 
will be a substantial increase in in.c tailed power required, compared 
with the conventional tail rotor, 

A tip-driven jet-flapped tail rotor will lie midway between the shaft 
drive and the pure jet flap in required power, and will offer no 
worthwhile improvement over either alternative. 

The most promising aspect of the various jet flap approaches is pos- 
sible elimination of the blade pitching hinges, although the extra 
complication of the ducting system outweighs this gain, at least for 
tail rotors on small or medium helicopters. 

Boundary Layer Control Hotcr - This approach involves use of an auxili- 
ary system to augment the lifting conditions on the blades of a shaft 
driven tail rotor.  Such a system could involve mechanical slots or 
slats, or suction or blowing.  Although aerodynamic performance could 
be improved, reliability, maintainability, weight, and vulnerability 
penalties  would be imposed.  Overall, this approach does not represent 
a worthwhile improvement over the conventional system in the areas 
specified in this study. 

An extreme case of boundary layer control is circulation control by 
tangential blowing, which is discussed later in this appendix in 
connection with main rotor downwash deflection.  Here, 20 to hO  percent 
thick elliptical-section blades are used, the lift being controlled by 
varying the intensity of a thin, relatively low intensity airjet blown 
tangentially downstream from a slot near the 50-percent chord position. 
Blade geometric pitch is fixed.  Such rotors operate at a hovering 
figure of merit roughly 35 to 50 percent that of a conventional rotor 
and thus require between 2 and 3 times the power of a conventional 
rotor.  Improvements in overall reliability and safety are slight. 
Maintenance is significantly more difficult because of the relative 
inaccessibility of the hub ducting system. 
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Fan-in-Fin (Shaft-Driven Prop-Fan) 

The prop-fan fan-ln-fin concc-pt is current ly operational on the Sud SA. 3^1 
utility helicopter.  A shrouded prop-fan, thrusting horizontally sideward, 
is mounted low in u relatively iarfe vertical fin as shown in Figure U8. 
The prop-fan in this study was assumed tc have 12 hiiif/eless blades.  The 
shroud depth was taken, subject to further refinement in Task 2, to be 
between 20 aim ']')  percent of the prop-fan diameter.  The fan is shaft 
driven from the main gearbox via a single right-angle tail gearbox in the 
prop-fan hub.  The- horizontal stabilizer is assumed mounted on top of the 
vertical fin, forming a cor.v-nliunal T-tail.  Cjllecti',e p'tch range allows 
a thrust range from --'/; percent through +100 percent of the maximum value. 

Figure ^8.  Fan-in-Fin Concept. 

Placing two such fans in a V-tail configuration was Judged to impose 
penalties in power, weight, and maintainability relative to the single-fan 
approach.  System reliability and vulnerability were improved because of 
the redundancy of the thrusters.  It was concluded that the penalties out- 
weighed the advantages for small helicopters. 

Preliminary analysis of the single shaft-driven prop-fan configuration at 
a fixed aircraft DOW of 15,000 pounds predicts a prop-fan maximum power 
consumption roughly 60 percent higher than for the optimum conventional 
tail rotor, and requires an increase in installed power of roughly 15 per- 
cent,  iio penalties are predicted in weight or stability and control com- 
pared to the tail rotor.  The system will be less detectable acoustically 
because of the fore and aft shielding effects of the shroud, and because 
the sound radiation is biased toward higher frequencies, which tend to be 
more readily absorbed in the atmosphere.  The system is predicted to show 
improvements over the tail rotor in reliability, maintainability, ground 
personnel safety, vulnerability, and susceptibility to erosion and foreign 
object damage, primarily due to the overall system simplification and the 
presence of the shroud. 
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Fan-in-Fin (Tip-Driven Prop-Fan) 

The tip-driven prop-fan fan-in-fin concept employs a Fenestron-type prop- 
fan as above, but in place of the gearbox and shafting drive system, a tip 
turbine in a scroll around the prop-fan is used. 

Because of the relatively large disc area and low disc loading of the opti- 
mum prop-fan for this application, this concept probably represents the 
highest efficiency engine exhaust deflection type antitorque and direction 
control system examined.  The weakness of this approach, characteristic of 
deflected engine exhaust concepts, lies in the larp;e volume of high-energy 
engine exhaust required.  This cannot be provided by a turboshaft engine 
of normal size, so an auxiliary turbojet or turbofan engine of approximately 
1000 pounds static thrust is required to drive the fan. 

Because an auxiliary engine is required, fuel weight, maintainability, and 
reliability penalties are imposed over the conventional shaft-driven prop- 
fan for this application.  An additional major drawback is that directional 
control is not available in autorotative flight. 

This approach is thus inferior overall to the shaft-driven fan-in-fin 
approach. 

Fan-in-Tailcone (Buried Prop-Fan) 

The prop-fan fan-in-tailcone concept employs one or more variable blade- 
pitch prop-fans mounted in the upstream end of the tail cone.  The tail cone 
ducts the prop-fan flow to a set of turning vanes placed at the station 
occupied by the prop-fan in the concept described immediately above.  Many 
turning vane/nozzle configurations are possible, including configurations 
with only one moving part.  Prop-fan flow is ducted from an inlet near the 
main rotor pylon, positioned to minimize hazard to personnel and the 
possibility of foreign object Ingestion.  All moving parts are protected 
until access panels are removed.  One configuration employing this concept 
is shown in Figure h9. 

Figure k9.     Fan-in-Tailcone Concept. 
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Task  1 analysis  predicted a prop-fan maximum power  consumptioü  roughly  125 
percent higher than for the  conventional  tail rotor on   the base-line air- 
craft.     The penalty  in  installed power  is  approximately   30  percent over 
the base line.     Initial predictions  indicate that weight penalties,  if any, 
are small. 

Significant  improvement over  the  tail-rotor  concept  is  predicted   in  several 
areas.     In  regard to acoustic  detectability,  potential  improvement  is  pre- 
dicted over  the  fan-in-fin and  the  conventional  tail  rotor  due  to  absence 
of significant pure-tone  components,   low  turbulent jet-noise  levels,   and 
acoustic  shielding effect of the nozzle.     Improved ground personnel  safety 
and reduced probability  of  foreign  object  damage will  result   from  the high 
fan  inlet,   relatively low  inlet  flow  velocity,  and shielding  of  all moving 
parts,  as long as access panels are in place.    Blade erosion damage will be 
reduced for  the  same reason,  but  improvement over the  tail  rotor will be 
partially  offset by  the  increased  tip  speeds  at which  the prop-fan operates. 
The concealed placement of the prop-fan,   and its unloaded operation at high 
forward speeds,  for which a conventional vertical stabilizer  and rudder are 
employed,  will  eliminate the high-speed  dynamics  problems   associated with 
certain  tail-rotor designs. 

Improved reliability  and maintainability  are predicted as  a result of re- 
duced system complexity relative to the base line, and the  reduced weight of 
nonstructural  subsystems.    Evaluation of the degree of improvement in these 
areas  depends  strongly  on system  layout  solutions. 

Placing the primary dynamic  subsystems  in the fuselage portion of the tail 
cone rather than at the aft  end will  significantly reduce  terrain  contact 
vulnerability  to  levels below  that  of either the tail  rotor  or the  fan-in- 
fin.     Reduced vulnerability to ballistic  impact is  anticipated  from the 
shielded position of the primary  dynamic  components  and the  elimination of 
all angle  gearboxes.     Further reduction  of overall system vulnerability  is 
possible  through use of two prop-fans   instead of one,  but  at  the  cost of 
increased system weight and reduced maintainability. 

A conceptually  identical device was   flight tested over a two-year period in 
the mid-ip^O's  on the British  Cierva W.9 single-rotor shaft-driven heli- 
copter.   20,21    Stability and control were reported as  satisfactory,  although 
control response was unacceptable sluggish by modern standards.   Reliability, 
maintainability,   and safety were  significantly  improved,  although power 
penalties were high.     No recent application has been made  of the  concept, 
although major subsystems - particularly the prop-fan - have been  tested 
successfully  over  the anticipated operating profile.     The  technical risk 
is  judged to be good. 

Linear Fan 

The linear fan proposed in this concept is much longer but otherwise similar 
to the conventional centrifugal blowers produced by several manufacturers. 
In such blowers , the fan blades rotate about an axis parallel to the blades 
like blades on a paddle wheel or the barrels on a Vulcan machine gun. The 
blades are encased in a cylindrical scroll, and a lengthwise gap in the 
scroll serves as an exhaust nozzle. A< r  inlets to the fan are in the ends 
of the cylinder, as sketched in Figure 50. 
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Figure  50.     Linear Fan Concept. 

Fans  of this  type  suffer  from a relatively low maximum pressure ratio,   so 
relatively  large  air volume   flows  are  needed to produce  a given thrust. 
They  also  lack  a straightforward method of producing reverse thrust.     Fur- 
ther,   current  designs   for  such  fans  are  not  suitable   for producing thrusts 
of precisely controlled magnitude,   as  required  for this  application. 

Placing the   fan along the  full  length of the helicopter tail  cone was 
judged to be  unpromising.     The  relatively  short  average moment  arm and the 
inherently  high airflow requirements  of such  fans  combined to produce  such 
a large  airflow requirement  that  extremely complex air  inlets were required 
at  several  stations  along the length of the  fan.     This  leads to unac- 
ceptable penalties  in weight  and maintainability. 

Placing the   fan  vertically  at  the  aft  end of the tail  cone was   found to be 
preferable.     This  configuration  employs  a near-vertical  shaft-driven linear 
fan,   providing thrust magnitude  control by varying fan blade  collective 
pitch,   and thrust  direction control by rotating the  fan shroud to move the 
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exit  slot to the desired orientation. 

For the base-line aircraft, a fan 8 feet high and 3 feet in diameter was 
required, the la^ge diameter being required to accomoodate the predicted 
airflow. The complexity, including controls for both slot orientation and 
blade pitch, was judged to be slightly higher than for a conventional tail 
rotor. Penalties are predicted in weight, control response, and maintain- 
ability compared to a conventional rotor. Improvements are anticipated in 
detectability  and safety. 

Current  fans  of this type  demonstrate  relatively low  aerodynamic efficien- 
cies.     Assuming that  the  current  value  can be doubled,  the power require- 
ments  of this   concept would  still be greater than  for the  fan-in-fin. 

It  is  our conclusion that  the  technical  risks  and numerous  penalties  of 
this  system make it  less  attractive  for this  application than  either the 
fan-in-fin or  fan-in-tailcone  concepts. 

Squirrel-Cage  Rotor  (Cyclic Pitch) 

The  squirrel-cage  rotor  is  similar to  the linear  fan  except  that  the scroll- 
casing around the linear  fan  has  been  eliminated,  as  sketched  in Figure  51- 
In this  case, the side force is  generated as the lift  force on the individ- 
ual    fan blades, typically eight  in number.    To provide  a controllable  force 
in the desired direction,  the pitch of each blade is  assumed to be varied 
in magnitude cyclically around the  azimuth.    The direction of the  force is 
assumed to be controlled by the orientation of the cyclic pitch vector. 

ROTATING 
DRIVE SHAFT 

Figure ril .  Squirrel-Cage Rotor Concept 
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Detailed aerodjrnainic  analysis  - beyond the  scope  of this task - requires   con- 
sideration of the  inflow  through  the  rotor  and  the unsteady  aerodynamics 
of  the rapidly  oscillating  flow about the individual blades.     Initial  an- 
alysis  predicts  a potential  improvement  in efficiency  due to the  fact  that 
the  full length of each  blade  travels  at  the  specified tip speed.     However, 
the  efficiency will be substantially degraded  due  to the high-frequency  and 
relatively high amplitude oscillations  of the blades. 

To minimize such losses, large radius and reduced tip speed are required. 
The former characteristic leads to weight, safety, and FOD penalties, the 
latter, to size and weight penalties. 

Vci-y  low levels  of reliability  are predicted due  to  the high  frequency  aero- 
dynamic and dynamic  loads   imposed by the cyclic  pitch system.     The  exposed 
blades  reduce reliability  further because of foreign object  damage  and the 
effects  of weather.     They  also  represent a substantial hazard to ground 
personnel. 

Maintainability is  also predicted to be  low because of the limited working 
area and requirements   for special maintenance techniques and equipment. 

Noise  detectability  cannot  be predicted with  certainty,  but no improvement 
is  anticipated over the  conventional tail  rotor.     Blades  of the squirrel- 
cage rotor may interact with downwash from other blades.    The resulting 
intense "squirrel-screech"  noise signature would make  this  concept  inferior 
to  the  tail  rotor  in regard to    noise detectability. 

Dynamic problems  are  likely  to occur in high-speed  flight,  assuming that 
full rotor rpm  must be maintained to provide antitorque and directional 
control in  case of a sudden  change of flight  speed.     A cyclic pitch  vari- 
ation of roughly  ±90° would be  required to  prevent  stalling of the blades 
in  this  case.     With  a  conventional tail rotor,   it  is  necessary only  to 
reduce  collective pitch.     It  is unlikely  that  such  a high  cyclic pitch 
range  could be  incorporated without weight  increase  in an already  heavy 
system. 

Squirrel-cage, or paddle-wheel, rotors - including varieties combining 
collective and cyclic  pitch variations  - have been built for several 
applications,  but have had little success.     Application of such rotors   to 
helicopter directional  control were proposed  seriously as  recently  as 19^T^P 
A prototype helicopter using a "Maineau paddle wheel" lifting rotor was 
built   in France.22    Many similar devices  failed, mainly due to dynamic  and 
structural problems.     This concept is inferior to the conventional tail 
rotor in several respects  and offers no significant  superiority. 

Ducted Fan-in-Fin 

The  ducted  fan-in-fin  is   identical  to the  shaft-driven prop-fan  fan-in-fin 
except  that thruster  solidity,  tip speed,   and  disc  loading are  increased 
substAnti*.!!^..     The high  disc  loading permits   significant thruster   diam- 
eter reduction, but leads to increased power requirements  (see Appendix 
III)   and to more  critical  inflow problems   in   forward flight.     Acoustic 
detection range will he  significantly  greater  than   for the prop-fan  fan-in- 
fin  concept,  and perhaps   greater than a conventional  tail rotor.     Weight 
will be higher than  for  the  equivalent prop-fan. 
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Inlet and exhaust velocities will be higher than on a prop-fan, increasing 
risk of foreign object damage and hazard to ground personnel, although the 
hazard is significantly less than that of the conventional tail rotor. 

Most high-solidity fans require overlap of the individual blades, so it is 
impossible to obtain both positive and negative thrust, thus eliminating 
the required autorotational control capability for this application.  Such 
a fan with continuously variable positive-negative pitch capability was 
recently developed by Dowty-Rotol in England,   but this concept still must 
be considered a technical risk, particularly compared with the Fenestron 
prop-fan already in service in France. 

The ducted fan concept appears to offer no significant advantage over the 
prop-fan, and is inferior in power, detectability, reliability/maintain- 
ability, and cost. 

Main Rotor Downwash Deflectors 

The main rotor downwash deflector group of concepts produces antitorque 
and yaw control forces as the side force on any one of various high-lift 
airfoil configurations placed horizontally within the rotor downwash flow. 
As described briefly in Appendix II, the useful downwash in hover is re- 
stricted to points less than about 85 percent of the rotor radius from the 
rotor hub. But a moment about the helicopter center of gravity is required, 
rather than Just a side force. Further, the center of gravity may be 
assumed to lie near the rotor axis.  Thus, deflectors placed below the in- 
board portion of the rotor are relatively ineffective.  For these reasons 
and for structural considerations, it is impractical to deflect downwash 
outside of a region extending between roughly kOX   and 85%  of the main rotor 
radius in hover.  In forward flight, however, the downwash is skewed aft, 
from its hover distribution, so aft-mounted deflectors can profitably 
extend beyond the 83%  radius point in this case.  In most cases, a vertical 
fin capable of producing high lift coefficients is more effective in for- 
ward flight than an extension of a high-lift horizontal deflector surface. 

Downwash deflectors examined included conventional high lift cambered air- 
foils with trailing-edge flaps for control, and the general category of 
circulation control devices, including jet flap, Thwaites flap, tan- 
gential blowing, and Flettner rotor concepts, each of which is described 
below. 

Each of these systems requires a horizontal surface for hover control and a 
vertical surface for control in forward flight, when rotor downwash has a 
significant horizontal component. Sketches of alternative approaches are 
presented in Figure 52. 

Because each of the downwash deflectors examined is sensitive to downwash 
flow velocity and/or direction, control effectiveness will be altered in 
violent maneuvers, sideward flight, autorotation at low forward speed, and 
flight in ground effect. 
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Figure  5<.'1.     Main-Rotor  Pownwash  Deflection  Concepts. 

Effective  control  in ground  effect  is  particularly  suspect.     Early Dublhoff 
reaction-drive helicopters   employing conventional  high-lift airfoil  tail- 
cone  surfaces   to  provide  directional  control  showed highly  erratic  control 
response near the ground.     The phenomenon was  confirmed by  British wind 
tunnel   tests."-0    A  similar unsteady   flow was  noted  in ground effect hover 
tests   of  the  stabilator  system  of the Sikorsky  S-67 . 
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The performanc" of the circulatinn control devices in similar circumstances 
is not known, nlthouCh the r'educti^n it. velocity over the airfoils will 
certainly reduce? control effectiveness.  Until specifically applicable 
tests are made, such concepts must, remain highly suspect in this flight 

regime. 

Aircraft using one of these concepts require a relatively large vertical 
stabilizer and rudder to provide control at forv/ard speeds above roughly 

?5 knots. 

In principle, eacli of the concepts to be discussed in this subsection can 
be used to deflect not only the main rotor downwash but also the flow from 
propellers, far..;,or turbine engines.  In practice, only the conventional 
airfoil approach appears to be feasible for such applications because of the 
penalties in reliability and maintainability imposed by additional ducting 
or mechanical linkage requirements of circulation control concepts. 

Conventional Flapped Airfoil 

In this configuration, the conventional helicopter tail cone is replaced 
by one or more cambered airfoils with trailing edge flaps.  Such 
airfoils generally extend radially outward from the helicopter fuse- 
lage, with the airfoil chords vertical.  The span of such airfoils is 
limited by the extent of the rotor downwash, and the airfoil chord 
is restricted by main rotor blade droop and by terrain impact con- 
straints, including flare requirements.  These considerations lead 
to a maximum chord for an untapered airfoil of roughly ^.5 feet, 
although this value can be increased by raising the main rotor. 

For the base-line aircraft, airfoil span and chord constraints restrict 
airfoil area to roughly 55 ft'3 per airfoil, and airfoil aspect ratio 
to less than 3.  This cuts airfoil efficiency and limits the maximum 
lift coefficient to roughly 2. Assuming a main rotor disc loading of 
6 and the rotor downwash distribution of Figure 60, at least nine such 
airfoils are required.  This neglects the adverse effects of the 
increased flat plate area in side winds and the interactions between 
individual airfoils.  Fnclusion of such effects could significantly 
increase the required number.  A single such airfoil in place of the 
tail cone plus the required vertical and horizontal stabilizers are 
estimated to weigh more than the conventional tail cone, pylon, and 
tail rotor system.  The eight additional airfoils required plus the 
associated complex control system greatly increase this weight penalty. 
A sketch of a possible nine-airfoil configuration is shown in 
Figure 52. 

The forward flight drar of such airfoils, particularly those mounted 
at right angles to the flight direction, limits maximum aircraft for- 
ward speed to approximately 35 to 50 knots. 
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Squirrel-Cage Rotor (Collective Pitch) 

The collective pitch squirrel-cage rotor is similar to uhe cyclic pitch 
squirrel-cage rotor discussed earlier, except that only collective 
pitch control is required. This approach is less complex than the for- 
mer and can be expected to demonstrate higher reliability and maintain- 
ability.  It can provide lift, however, only when placed in an exter- 
nal airflow, lift being developed due to the difference in velocity 
incident on blades on opposite sides of the squirrel-cage. 

The preferred configuration involves a number of squirrel-cage rotors 
extending radially from the helicopter fuselage for use in hover and 
a vertically mounted rudder and vertical stabilizer.  A sketch of an 
individual squirrel-cage is shown in Figure 52. 

This concept suffers from a combination of Lhe drawbacks associated 
with downwash deflectors (induced pitching moments, control charac- 
teristics dependent on main rotor loading, etc.) and those associated 
with squirrel-cage rotors.  Among the latter are squirrel-screech 
noise signature, relatively high complexity, and poor high-speed 
dynamics. 

High speed dynamics is an area of particular weakness.  This concept 
has no blade cyclic pitch control and will experience blade stall in 
moderate to high-speed forward flight.  The result is severely 
restricted high-speed performance of the aircraft and increased 
system structural weight penalty. 

Safety of ground personnel will be poor because of the large number 
of whirling blades in several areas around the aircraft. 

Jet Flap 

The Jet flap approach replaces the conventional airfoil above with a 
thin elliptical-section airfoil employing a high intensity full-span 
thin air jet exhausting from the trailing (bottom) edge. The direc- 
tion and intensity of the jet are adjustable by the pilot. 

Jet flap airfoils can produce lifts U to 8 times higher than a con- 
ventional airfoil of the same size, but effective drag is 15 to 65 
times higher. While two jet-flapped tail booms can provide the yaw 
moment produced by the 8 to 10 conventional airfoils above, the 
induced pitching moment can be excessively large, often exceeding the 
yaw moment produced. 

As the hinged main rotor on the base-line aircraft may not be capable 
of overcoming this pitching moment, other jet-flap airfoil concepts 
were examined.  Considering aircraft stability, drag, weight, pilot 
visibility, and maximum acceptable induced pitching moment, the most 
promising jet-flap airfoil solution employs airfoil pairs extending 
radially from the aft sides of the fuselage.  One airfoil on each 
side of the aircraft balances the induced roll moment.  The design 
angle of sweepback of such airfoils is chosen as a compromise between 
reduced maximum forward speed as sweep is reduced, and increased 
undesirable pitching moment at low speed as sweep is increased.  The 
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final configuration will reduce aircraft maximum forward speed 
(unless the airfoils are assumed folded in forward flight) and 
significant],v increase aircraft effective vertical drag in hover.  A 
four-airfoil :.;<.'] ution is preferable, similar tc the vehicle sketched 
in Figure 52, but without the two forward airfoil pairs. 

The thin ellipses used with the Jot flap are structurally inefficient, 
and a significant structura] weight penalty must be accepted to 
account for external stiffening, probably in the form of guy-wires. 

Thwai tes F'lap 

The Thwaites flap concept employs fixed circular cylinders in place 
of the thin ellipses of the jet flap.  Lift is obtained by  applying 
high-velocity suction through much of the cylinder surface and adjust- 
ing the position of a very small full-span flap around the periphery 
of the rear surface of the cylinder, as shown in Figure 52.  A typical 
flap chord is about 2 percent of the 3-foot-diameter cylinder.. 

The limited maximum lift coefficient and induced pitching moment prob- 
lems are similar to those found with the other circulation control 
approaches, and similar design and performance penalties are imposed. 
Required power is relatively low, a significant improvement over the 
Jet flap.  Control response times are predicted to be comparable to 
the tail rotor, as only the small flap need be moved to change lift 
from maximum positive to maximum negative.  Although the fixed cir- 
cular cylinders are structurally more efficient than the thin ellip- 
tical cylinders of the jet flap, the resulting system is somewhat 
heavier than the Jet-flap system and significantly heavier than the 
tail-rotor system due to the large number of cylinders required. 

The primary operational drawback of this system lies in the suscept- 
ability of the suction areas to clogging. By this criterion alone, 
the Thwaites flap concept is unacceptable for operation in any dusty 
or salty environment. At the least, special maintenance would be 
required for the suction areas. 

Circulation Control by Tangential Plowing 

The circulation control by tangential blowing concept employs either 
circular or thick elliptical cylinders.  Elliptical sections of 30 to 
hO  percent thickness appear to be a good compromise between conflicting 
aerodynamic and structural requirements.  Sectional lift coefficients 
of 25 or more are obtainable by ejecting air tangentially into the 
boundary layer along the side of the cylinder. The magnitude of the 
side force is controlled by pressure applied to the blowing slot. 
The sign of this force is controlled by choice of blowing slot.  In 
principle, both functions can be performed by a single valve inside 
the cylinder.  Side force of up to 25 times Jet thrust is obtainable, 
an amplification factor roughly ten times greater than that obtainable 
from a jet-flap system. Thusj the power required to produce a given 
lift is significantly lower than for a jet flap. Through use of 
thicker cylinders with the tangential blowing concept, structural 
weight is reduced below that of the jet flap. 
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Induced drag is of the same order of magnitude as for the jet flap, 

so corresponding multicylinder solutions are required.  Such con- 
figuration J lead to weight and forward flight performance penalties 
compared with the tail rotor. 

Because of the low fan power required to generate the required maximum 
slot flow, simple constant~pitch, constant-rpm fans are preferred for 
this purpose.  Such fans yield significant improvements in reliability, 
maintainability, and technical risk, in exchange for marginally Lower 
overall helicopter efficiency. 

'This concept is superior to alternative circulation control approaches 
in that the moment produced is only weakly dependent on the magnitude 
of the downwash velocity, over a wide range of velocities.  Thus, 
control effectiveness is less erratic than in some other approaches, 
particularly during violent maneuvers.  Yet, a strong dependence on 
flow direction remains, leading to variations in control effectiveness 
with sideward flight velocity. 

Tangential blowing appears to be the most promising of the circulation 
control concepts examined, in regard to weight, power, reliability, 
and vrilnerability.  (Some possible military aircraft types for which 
this concept could be applicable are suggested in the final section of 
this appendix.) 

Flettner Rotor 

The Flettner rotor concept obtains lift en a circular cylindrical tube 
rotating about its axis, the lift coefficient being controlled b^ the 
speed of rotation.  Use of large end plates mounted on the ends of 
the tube perpendicular to the tube axis permits lift coefficients in 
excess of 10 to be obtained. 

The most effective configuration employs rotating cylinders with a 
diameter of roughly 3 feet in place of the je1> flapped airfoils dis- 
cussed above, as shown in Figure 52.  The effect of the rotating 
horizonta1 cylinders decreases rapidly with forward speed because of 
the altered strength and direction of the downwash.  A separate rudder 
and vertical stabilizer are required for directional control above 
approximately 2p knots.  The rudder coula employ a Flettner rotor 
mounted vertically, but the insensitivity of the rotor to changes in 
incident airflow direction requires a conventional stabilizer. 

This concept induces the same undesirable pitching moments as does the 

jet flap, so a multicylinder solution is required.  Although system 
r.'Wer requirements are small in steady flight, the weight and com- 
pl-'xity - including provision for variable rpra of the rotating cyl- 
inders - are judged to be prohibitive. 

L^ecaus-" control moment variations are obtainable only through vari- 
ation of cylinder rpm, control response is predicted "-o be poor.  The 
slow response will be particularly unacceptable in autorotation, which 

re IUires rapidly variable, though small control forces.  To alter con- 
trel moment from positive to negative, for example, the rotation of 
• :■•■ cylinder must be braked to a stop and then accelerated in the 
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opposite  direction.     This   operation vill require  a  time  delay  of about 
p-20  seconds,   or  1ÜÜ  times   the  desired value.     Unacceptabiy  high power 
will  be  required during  the acceleration phase,  unless  heavy  roter 
generator  and battery  syr.tems  are  employed. 

Regardless  of design decisions,   this  concept will  suffer  substantial 
weight,   reliability, and handling  quality  penalties   compared with other 
circulation  control systems. 

Accelerated Flywheel 

The accelerated flywheel concept  employs  a large,  axially  symmetric,rota- 
ting  flywheel mounted within  the  helicopter  fuselage on  a vertical  axis, 
as  sketched  in  Figure  53.     Directional  control moments  are  applied  to the 
fuselage by   accelerating or decelerating  the  flywheel,   the  effective  torque 
on  the  fuselage being equal and  opposite to  that applied  to  the  flywheel. 
(A motor on  the  flywheel  shaft  supplies   the acceleration  force;   a brake on 
the flywheel  supplies  the deceleration  force.)     Because  of  this  equality, 
the location  of  the  flywheel within  the  fuselage is  immaterial  so  far as 
control  effectiveness or power  is   concerned,  and could be  chosen  from 
balance,  maintainability,  or struc+ural  considerations. 

HAti;:Ki.;r:-.N :AIAI-;.:-'  .F :.I 
r:r. yr.  :N F:THKP LU-r 

W-LY    :';Nin~«;Ti.r :.M'-,yi 
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Figure  53.     Accelerated Flywheel  Concept. 
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This concept must be rated unacceptable because of excessive power require- 
ments. We note that applied power is equal to applied torque times flywheel 
angular velocity, and that continuous antitorque requirements are best 
satisfied by speeding up the flywheel.  (To provide antitorque by slowing 
down the flywheel would eventually stop the flywheel and force a control 
reversal.) The flywheel speed increases at a rate equal to the applied 
torque divided by the flywheel moment of inertia. Thus, required antitorque 
system power will increase with the square of time. The power required can 
be reduced by employing a flywheel of larger moment of inertia. 

There is no practical weight-inertia compromise.  For example, a flanged 
flywheel, 5 feet in diameter and weighing over 5000 pounds, would require 
over 30,000 horsepower to be applied after only 10 seconds of hover. 

In addition, the high angular velocity and inertia of the flywheel will 
produce a large gyroscopic moment that will introduce unacceptably large 
cross-coupling of pitch, roll, and yaw motions, and make the aircraft un- 
acceptable because of poor handling qualities. 

Precessed Gyroscope 

Although the precessed gyroscope antitorque concept has been proposed by 
inventors, it is entirely unsuitable for this application.  In the pre- 
ferred implementation of such a concept, a relatively large flywheel (for 
example, a diameter of about 6 feet and a thickness averaging 3 inches) 
rotates about a horizontal lateral axis within the aircraft fuselage at 
about 10,000 rpm. This axis is assumed to be rotatable about the fuselage 
longitudinal axis. Such an orientation produces a yaw moment on the 
fuselage when the gyro axis is forced to precess about the longitudinal 
(roll) axis of the aircraft.  This precession is assumed to be produced by 
applying shaft torque about this axis to the gyro shaft. 

An aircraft employing this antitorque device would be completely uncontrol- 
lable, because the axis of the precessing gyroscope varies in orientation 
relative to the aircraft. When the axis is aligned with the aircraft lat- 
eral axis, rotating the gyro axis about the aircraft longitudinal axis pro- 
duces the desired yaw moment perpendicular to both the longitudinal and 
lateral axes.  In the next instant, however, the orientation of the gyro 
axis has changed because the gyro is being rotated about the aircraft, and 
the resulting moment vector has components about the pitch axis as well as 
yaw.  After the gyro has precessed through 90 degrees, the resulting moment 
will be pure pitch, and there will be no moment to counteract the torque of 
the main rotor. 

To provide continuous antitorque moments, the aircraft must be rolled at 
exactly the same rate as the gyro precesses, clearly an unacceptable re- 
quirement. 

This concept is thus unsuitable for this application. 
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Active Thrusters - General 

Concepts requiring auxiliary engines to provide antitorque thrust, and 
which do not meet pseudo-compound requirements, can be defined as "active 
thrusters".  Concepts in this category are characterized by high fuel, 
detectability, maintainability, and handling qualities penalties relative 
to the tail rotor. 

Turbine-in-Tail 

The turbine-in-tail concept employs a turbojet, turbofan, or turboprop 
engine in place of the conventional tail rotor.  Two general configurations 
were examined.  The first, with engine axis fore and aft, uses thrust 
deflectors to provide sideward thrust.  For the turboprop, a right-angle 
gearbox and reversible blade pitch are employed in place of the thrust 
deflector.  The second assumes the engine axis side-to-side and uses either 
thrust reversers or multiple engines to provide directional control moment 
port and starboard. 

The first configuration (Figure 5*0 is preferable, though both have inherent 
limitations.  Actuation of efficient high angle thrust deflectors is un- 
acceptably slow, in addition to slow response time.  The response time for 
the actuation of reverse thrust in the second configuration is significantly 
higher than for the already extremely sluggish simpler deflector system. 
To reduce these high response delays in the second configuration, a multi- 
engine system could be employed with a smaller thruster - directed opposite 
to the main antitorque and directional control thruster - to provide con- 
trol in low main rotor power, high maneuver situations.  This approach im- 
poses very large penalties in weight, reliability, and cost.  Reingestion 
of exhaust gases into engine inlets is a possible serious hazard. 

Figure 51*.  Turbine-in-Tail Concept. 
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The  second  configuration  can  also  be  expected  to  suffer from the  fact  that 
tin-  engine air  inlet  flow must pass   through  a right angle.     In forward 
flight,   this   will  almost  certainly  lead to substantial  losses  and possible 
compressor  stall. 

Kither  configuration will  incur weight,  balance,   and control response  penal- 
ties   compared with  a conventional  tail  rotor.     In  addition to powerplant 
and structural weight penalties,  mission  fuel  consumed in antitorque  and 
directional  control  can be expected to increase by a factor of T to 8,  in- 
creasing  total mission  fuel by  roughly 60 percent. 

Pulsejet-in-Fin 

The  pulsejet-in-fin  concept  employs  engines   similar to those  employed  in 
the  German  V-l buzz-bomb   in World War II.     These   engines  are  characterized 
by   low weight,   simplicity,   high  fuel  consumption,   and an extremely  loud 
buzzing  noise.     In  contrast  to  the  equally  simple  ramjet, pulsejets   can 
operate  at  zero  forward  speed and so  can be  employed at helicopter  flight 
speeds.     It  is  difficult  or  impossible,  however,   to throttle significantly 
from  full  thrust without   causing the engine  to  stall,  making the  concept 
completely  unsuitable  for  the precise  control  application required. 

Chemical Rocket 

The  chemical rocket  concept  (Figure  55)  consists  of conventional   rocket 
engines  in place of the  tail  rotor.    Although  the  dry weight of such  engines 
is   lew,   the noise  and  fuel  required are prohibitive.     Balance is  also  a 
problem.     In helicopter  design,   fuel   tanks  are  commonly distributed evenly 
about  the center of gravity so that trim will not be altered as fuel is  con- 
sumed.     As  a result,  solid-fuel rockets may  not be  feasible, because  the 
fuel  is  placed near  the  tail of the helicopter.     Liquid-fuel rockets   can 
reduce  the balance problem,  but require significantly more  complex engines 
and  fuel  systems. 

The  high-temperature  high-speed exhaust flow will be  a significant hazard 
for  ground personnel.     A  potential fire hazard  is   associated with this 
exhaust and,   in  case of  a crash, with the very  large quantity of fuel  car- 
ried. 

Finally,  difficulties   in  varying the thrust of a rocket over a large  number 
of cycles with  acceptable  reliability must be overcome.     At least four 
rocket  engines  per aircraft  are  required because  of the requirement  for 
adequate  control  in  the  event of failure of  a single  engine and because of 
the difficulty of providing ±90 degree deflection of the high-temperature 
exhaust  flow.    A configuration employing four rockets directed to port  and 
two to starboard appears to be the least impractical solution. 

As  with  all  auxiliary  engine  concepts,  there  is   no  autorotational  control 
capability,  since  the MTL-H-8501A autorotation  stability and  control  re- 
quirement  specifies   that  all  engines be  inoperative. 
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Figure  55.     Chemical Rocket Concept. 

The chemical rocket offers  no advantages over other concepts.    A possible 
application for solid-fuel rockets as  an emergency yaw control system is 
discussed in the final section of this appendix. 

"Exotic" Momentum Radiators 

The basis of each of the concepts  examined in this  appendix is Newton's 
Second Law:     For every action,  there is an equal and opposite reaction.     In 
the various  concepts  using rotors,  propellers,  prop-fans,  ducted fans,  or 
chemical rockets, the relation to this law is readily apparent:    pushing a 
mass per unit time,  m   (often air),  at velocity V,  results in a thrust in the 
opposite direction equal  to rii    times V,    This  is  equally valid, though less 
obvious,  in the case of concepts involving flywheels,  gyroscopes, or 
coaxial speed brakes. 
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This  also  holds   true  for devices   classified as  "exotic" momentum  radia- 
tors.     Such devices  are often characterized by  a potentially dangerous 
exhaust flow  and by  high values  of specific   impulse  (ratio of thrust  to 
fuel flow rate),  but by  low values  of thrust  to weight ratio.     Thus,   though 
it consumes  relatively little fuel in producing a given thrust, the weight 
of the dry  thrusting device  itself may  be  prohibitively  large. 

Such radiators  are entirely unsuitable  for helicopter antitorque  and yaw 
control.     Detailed analyses of each of the  several types  are  not warranted, 
so only two representative types will be  considered. 

1.     Exotic Bockets 

Exotic  rockets   include  a wide variety  of  space  propulsion engines, 
among them electric propulsion engines   (arc plasma engines,  magneto- 
plasma engines, and ion rockets),  photon rockets,  solar rockets,   and 
nuclear rockets.     Each of these requires only a small propellant 
weight compared with a chemical rocket.   The large weight requirements 
for electrical or magnetic energy sources  lead to extremely low thrust- 
to-weight ratios.     The result is  an overall antitorque and yaw control 
system weight of the order of 10 to  6,000,000 times  that of a chemical 
rocket.     In turn,   a chemical rocket is  approximately 10 times heavier 
than a conventional tail rotor system. 

Considering the potential hazard of the high-velocity efflux from such 
engines   (velocities range from up to 15,000 - 30,000 ft/sec  for the 
nuclear rocket,  through 1,000,000  f   'iec  for the ion rocket,  to the 
speed of light for the photon rocket),such devices are unacceptable  for 
this and similar applications. 

2.    Acoustic Radiators 

The acoustic radiator concept is  similar in principle to that of a con- 
ventional loudspeaker.    High-intensity pressure waves,  directed in one 
direction,   travel outward at the speed of sound; in reaction to this 
momentum transfer,  an equal and opposite thrust is generated on the 
radiator.     The problem, of course,   is  the noise level.     To provide the 
required maximum side force from a 200-ft^ radiating surface,  the 
required noise intensity almost certainly would be fatal to nearby 
personnel,   as well as damaging to the structure of the vehicle  itself. 

Keeping the noise level within reasonable limits by increasing the 
radiator area imposes an unacceptably high structural weight penalty. 
The electrical power system for either of the above configurations will 
also be extremely large and heavy. 

Application of suitable helicopter weight  growth factors yields vehicle 
weights  so high as  to prohibit flight    with a conventional helicopter 
employing this  concept. 

Similar arguments  can be made against systems,  such as  lasers, which 
radiate light rather than sound. 
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Main Engine Exhaust   Deflectors  -  General 

Main-engine exhaust  deflection concepts  are  similar  in principle  to the 
turbine-in-tail  concepts  discussed earlier.     Instead of obtaining thrust 
from engines  auxiliary  to the main powerplant  of the  helicopter,   the 
residual exhaust  thrust   from the main  powcrplant system is  used. 

The deflection system can vary  in  complexity  from an  unshrouded  rudder 
placed downstream from the  une   tered exhaust  duct of an  engine,   to  systems 
of bifurcated nozzles  connected directly to the engine through  a network 
of ducts, to gas-driven prop-fans. 

Two fundamental weaknesses of such approaches, whether they employ the 
actual turbine exhaust or bleed air from the compressor,  are  readily per- 
ceived:     (l) the low air mass  flow rate of current helicopter turboshaft 
engines,  and  (2)  the  fact that no control  forces are available  in autoro- 
tation.     To overcome the first weakness, weight, maintainability,  and fuel 
penalties must be imposed; the second weakness cannot be directly overcome. 

Deflection of Main-Engine Power Turbine Exhaust 

No concept involving deflection of the main-engine power-turbine exhaust 
flow appears attractive as an alternative to the tail rotor on a conventional 
helicopter with current-technology turboshaft  engines.    The basic  drawback 
is the low residual exhaust thrust of current-technology turboshaft engines 
- typically on the order of 1/10 pound of static thrust per output  shaft 

horsepower.    For advanced-technology turboshaft engines,  this  ratio drops 
to nearly 0.05:1,  representing approximately 125 pounds of static  thrust at 
kOOO ft,  950F for the engines in the base-line aircraft.    Assuming loss-free 
ducting to a nozzle in the position of the conventional tail-rotor, this 
represents only about  5 percent of the maximum required for antitorque and 
directional control.     Employing the exhaust  flow to tip-drive a prop-fan 
increases the resulting thrust, but weight and maintainability penalties 
negate this improvement. 

Main  engine  exhaust  deflection  concepts  are  not practicable  for  this   appli- 
cation unless  significantly higher exhaust thrusts  are available.     This 
implies a requirement for greatly oversized turboshaft engines  or  for a 
turboshaft  engine  incorporating either  a bypass   fan or  an oversized gas 
generator system to augment the exhaust  flow.     Thus,  special engines must 
be developed to make a practicable deflected main-engine  exhaust anti- 
torque system.     The only difference in principle between such a system and 
an auxiliary engine approach is that here the so-called auxiliary engine is 
an integral part  of  the main engine. 

Two basic  duct  system concepts  are  available with such approaches:   a 
straight  duct  to  an  adjustable nozzle placed near the  conventional  tail 
rotor location,   and a bifurcated nozzle  system. 

In the latter system,   the combined engine efflux (from whatever source)   is 
split at a Y-junction,  each branch of which leads  to one  side  of  the  air- 
craft.    At the outlet of each branch is  another Y-junction,  one branch of 
which exhausts  forward and the other aft.     Thus,  there are now four  exhaust 
nozzles,  as  sketched in Figure 56. 
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Figure r;6.  Main-Engine Airflow Deflection - Bifurcated Nozzle Concept. 

Antitorque and directional control are obtained from this ducting system 

by controlling the position of a set of louver doors (Figure 56).  If no 
control is required, the exhaust flow can be distributed equally through 
all four nozzles, resulting in zero net thrust and zero net moment.  Alter- 

natively, half the flow can be ducted through the forward-facing nozzle on 
one side and half through the aft-facing nozzle on the other side, resul- 
ting in zero net thrust, but a net moment equal to engine thrust times the 
lateral offset distance between the nozzles and the aircraft centerline. 
Intermediate louver settings, controllable by the pilot, produce inter- 
mediate results. 

Although the bifurcated duct system eliminates the net side force produced 
by the efflux from the simple single-straight-duct approach, it is less 
attractive overall.  Particular problems occur in the areas of high-speed 
dynamics, maintainability, and weight.  Duct losses are substantially 
higher for the bifurcated system than for the straight duct.  Even 
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required to reduce the powt-r required for the bifurcated system to that of 
the straight duct in the tail-cone approach.  In practice, the bifurcated 
nozzle pairs must be counted on two pylons, each the length of the single 
tail cone of the alternative system.  Because a tail cone will be required 
to support a yaw-damping vert.icaJ stabilizer and rudder in any case, the 
pylons represent a large weight penalty.  In high-speed forward flight, 
the drag on the largo-diameter pylon-ducts will cut helicopter maximum speed 
significantly, increase fuel requirements, and introduce a buffeting prob- 
lem. 

Therefore, for this application 1 ne bifurcated nozzle system can be elimin- 
ated as unpromising.  The alternative approach of combining the exhaust 
flows into a single straight duct in the tail cone employs a nozzle system 
similar to that of the fan-in-tai Icone concept of Figure k9 •     This approach 
is inferior to the fan-in-tailcone because of lack of autorotative control 
capability and because of excessive power requirements, which are predicted 
to increase installed power requirements by between 100 and 200 percent. 

Convertible Turboshaft/Fan Engine 

The convertible turboshaft/fan engine can supply power both as shaft horse- 
power and as thrust from a high disc-loading gas-driven turbofan (1000<DL 
< 3000 psf) within the engine.  The power sharing is regulated by a valve 
under control of the pilot.  For this application, the two such engines 

are assumed to replace the base-line engines, with the exhaust flow from 
the turbofan and gas generator ducted through the tail cone, as in the fan- 
in-tailcone concept. 

Such convertible engines are most useful in compound helicopters, which re- 
quire maximum shaft power and maximum thrust at different times.  For the 

antitorque/directional control application, in which maximum main rotor 
shaft power and maximum antitorque control are required simultaneously, 
significant installed power penalties exist. 

Because of the high effective fan disc loading of projected convertible 
shaft fan engine designs, the power required to generate a given fan thrust 
may be five times that required with a conventional tail rotor or a prop-fan 
solution.  Special engine designs employing fan disc loadings equivalent 
to those used in the fan-in-tailcone concept, and including a variable-pitch 
fan, would reduce the power penalty significantly. Thruster redundancy 
gives the twin low disc-loading convertible engine concept an improvement 
in reliability and vulnerability over the fan-in-tailcone, with a small 
penalty in power and large penalties in maintainability and cost. 

Control response will be below that of the fan-in-tailcone concept, unless 
a system is incorporated to provide transient power from the main rotor to 
the engine fan.  Unfortunately, such a system mechanically connects the 
turboshaft and turbofan portions of the engine through the main rotor gear- 
box, thereby negating the convertibility of the engine.  Without such an 
interconnection, directional control in autorotation could not be provided. 
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An  improvement  in detectabiiity  and  fuel requirements,   and a small  improve- 
ment   in aircraft weight  can  be  obtained with  the  conventional high  disc- 
loading  engine by  replacing  the  simple tail-cone-mounted deflector nozzles 
with  a tip-driven prop-fan  as   in  the fan-in-fin.     Total  installed power  for 
this  approach is roughly  35 percent higher than  for the base-line tail rotor 
configuration, or 5 to 10 percent higher than  for the shaft-driven fan-in- 
fin.     Penalties  relative  to  the  simpler convertible  engine/deflector nozzle 
approach are predicted in  reliability, maintainability,  vulnerability, high- 
speed dynamics,  and ground personnel safety. 

Engine  Compressor Bleed Air 

The compressor bleed air concept   achieves antitorque and yaw control  forces 
by  ducting high-pressure  air  from the main engine  compressor stages  through 
a duct to a nozzle at the aft  end of the tail cone   (Figure 57)•     In principle, 
this   is  a relatively simple  system.     Current  engines   already have  a provi- 
sion for bleeding off a percentage of the compressor flow. 

Figure  57.    Main Engine Airflow Deflection - Compressor Bleed Air Concept. 
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For the application of interest, however, special engine designs are re- 
quired.  Assuming bleed air at 8.5 atmospheres (at ^000 ft, 95CIF) and mak- 
ing standard turbulent pipe flow assumptions for the duct flow, a require- 
ment exists for roughly 33.5 lb/sec of bleed airflow to provide maximum 
antitorque and yaw control.  For a typical engine, a maximum of only 6 
percent of total compressor airflow is available for compressor bleed. 
For the ST-9 engine assumed for the base-line aircraft, maximum bleed air- 
flow will thus be roughly 0.5 lb/sec per engine. Thus, the required bleed 
flow is roughly 30 times that available from the installed base-line two- 
engine power plant. 

This concept requires an engine with a greatly oversized compressor stage. 
This is equivalent to a turbofan engine with a very high pressure ratio 
fan of 8.5 compared to a typical large turbofan fan pressure ratio of 
roughly 2.0 at a moderate bypass ratio.  Alternatively, the additional com- 
pressor may be considered as separate from the engine and as requiring 
additional shaft horsepower from the turboshaft engines.  A flow of 33.5 
lb/sec at 8.5 atmospheres will require roughly 6000 shaft horsepower at 
UOOO ft, 950F, or roughly 15 times the power required by the optimized con- 
ventional tail rotor. 

If the high pressure-ratio turbofan engine were employed, it would not be 
possible to provide yaw control by this concept in autorotation.  By 
employing a separate shaft-driven compressor that could be driven in auto- 
rotation by the main rotor shaft, this difficulty could be overcome. With- 
out a complex inlet-flow regulation system, however, power requirements 
imposed by a large pedal deflection in autorotation could lead to an un- 
acceptable increase in autorotative descent rate. 

Although for this application this concept appears to be unsuitable from 
power and powerplant weight considerations, it may have merit where lower 
maximum control moments are required and where larger basic engine airflow 
values are present. A potential example of such an application is discussed 
under "Potential Alternative Applications", the final section of this appen- 
dix. 

Pseudo-Compound Solutions - General 

Most solutions suitable for low-speed directional control of single shaft- 
driven main-rotor compound helicopters can be used on pure helicopters. 
In exchange for the capability of providing a choice of sideward or fore- 
and-aft thrust components, however, penalties will be imposed in system 
weight and/or power requirements.  Similar penalties are associated with 
such concepts as the turbine-in-fin or high disc-loading convertible turbo- 
shaft/fan engine concepts, which are compatible with compound aircraft 
requirements. 

Although such pseudo-compound concepts are feasible for a pure helicopter, 
they represent compromise solutions inferior to the tail rotor, fan-in-fin 
or fan-in-tailcone solutions. Several examples are discussed in the next 
five subsections. 
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i iasecki i-:ingtai j 

The Ringtail concert ic    ■mployed on the i'iusecki 16I1-1C Pathfinder com- 
pound research helicopter.  Antitorque and yaw control are obtained by 
employing large rudder vanes within the duct of a ducted propeller mounted 
on the helicopter tail cone.  The propeller has variable-pitch blades with 

a reverse thrust capaoiiity.  In forward flight, the rudder vanes are 
oriented parallel to the flight direction, and the propeller acts as a 
simple thruster.  A typical thruster layout is sketched in Figure 58. 

JNVKNT:
1
 :I,\I. 

[•Hoi K: ;FH 

Figure 58.  Fiasecki Ringtail Concept. 

Because the rudder vanes can turn the ducted prop flow through a maximum of 
roughly 60 degrees, total propeller thrust must be at least 15-20 percent 
higher than for the tail rotor or fan-ii.-fin thruster configurations.  In 

addition to the antitorque and directional control forces produced, a 
forward thrust roughly equal to 60 percent of the desired side force is pro- 
duced, which must he counteracted by cyclic control on the main rotor. 
Including the beneficial effects of the shrouded propeller, the power re- 
quired is comparable to that required for the far.-in-fin and R0T0PR0P con- 
cepts.  A weight penalty is predicted for the Ringtail compared with 
either of these concepts. 
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rnent- can be rni.'t for rearward l'i-irl.t,. 

Noise radiation is predicted to be more detectable than that of the con- 
ventional tail rotor, particularity in hover.  In forward ."li^ht, the more 
uniform inflow of the Ringtail will improve its detectalu Ji;y relativ»- to 
the tail rotor and fan-in-fin systems. 

Reliability, maintainability, and personnel safety are predicted to be 
superior to the conventional tail rotor and, except for personnel safety, 
are equal or superior to the fan-in-taiIcone or fan-in-fin concepts. 

This is a potentially practical system for compound helicopter applications 
but is inferior to several alternatives for application to pure helicopters. 

Use of jet-flap turning vanes in place of the conventional airfoil vanes 
does not offer significant improvement.  A mechanical linkage to each vane 
is still required, with the additional weight and complication of ducting 
and valve systems.  This approach appears worthy of consideration in any 
evaluation of possible antitorque systems for compound helicopters. 

Sikorsky ROTOPROP^ 

The Sikorsky R0T0PR0P was originally designed to perform a similar function 
to that of the Piasecki Ringtail.  The ROTOPROP is a shaft-driven variable- 
pitch propeller mounted in the conventional tail rotor position.  The con- 
ventional pylon is replaced by a large vertical fin and rudder. 

In hover, the ROTOPROP acts as a conventional tail rotor.  As forward flight 
speed increases, the propeller assembly progressively rotates about a verti- 
cal axis until, at a specified forward speed, the propeller is in a pure 
thruster position. Antitorque and yaw control are then supplied by the 

vertical fin and rudder. 

Because of the lower power loading typical of a propeller, the power re- 
quired for the ROTOPROP will be roughly 65% higher than for an equivalent 
tail rotor. A weight penalty results from provision of a gearbox incorpo- 
rating the prop-mode conversion capability.  Reducing the disc loading to 
that of a tail rotor is unattractive; although the power penalty is elimin- 
ated, weight and vulnerability increase. 

Improvements are predicted over the conventional tail rotor in reliability, 
maintainability, resistance to foreign object damage, and ground impact 
damage.  This is due primarily to the reduced disc area and greater rugged- 
ness of a propeller relative to a typical tail rotor. 

Under the guidelines imposed for this study, the concept is concluded to 
be inferior to the fan-in-tailcone and fan-in-fin concepts in regard to 
noise, ground personnel safety, and susceptibility to FOD.  The ROTOPROP 
may be slightly superior to the conventional tail rotor in ground personnel 
safety because of its smaller disc area.  The high speed dynamics problems 
associated with the hingeless bladed tail rotor are avoided by converting 
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to the pusher mode in high-speed flight. 

The power benefits obtained by placing a shroud around the propeller are 
Judged to be offset by the associated weight and maintainability penalties. 

Cyclic Control on Thrusting Propeller or Rotor 

The cylic control on a thrusting propeller concept involves a shaft-driven 
propeller or rotor, mounted as a pure thruster at the aft end of the tail 
cone, but with both cyclic and collective pitch controls. Antitorque and 
yaw control moments are supplied via the cyclic pitch,but collective pitch 
is used only for forward flight thrust control. A control system similar 
to that employed on conventional helicopter main rotors would be applic- 
able. 

This concept suffers in weight and power compared to a conventional tail 
rotor, without providing improvements in personnel safety, reliability, 
maintainability, vulnerability, or susceptibility to foreign object damage. 

If conventional airfoil propeller blades are employed, very large diameter 
propellers are required, because of the maximum blade lift coefficient con- 
straints and because the effective moment arm is significantly less than 
one-half the propeller diameter. For conventional blades (CLmax~2), pro- 
peller diameters between 18 and 25 feet are required, making this configu- 
ration impractical.  For Jet-flap blades (CLjnax~10), the minimum allow- 
able propeller diameter is 10 feet. For elliptical section blades with 
tangential blowing iCiJm&x'^20),  an 8-foot-diameter propeller is possible. 

Theoretically, such propellers cannot produce the required moment couple 
without producing a net thrust as well because of recirculation effects on 
the net inflow of air to the propeller. Although this net thrust would 
have to be counteracted by the main rotor, the main rotor thrust penalty is 
leas than required to compensate for the side force on a tail rotor, fan-in- 
fin, or similar thrusters. 

Power requirements are high for the propeller itself. For the conventional 
propeller, the power required is roughly twice the total installed power 
of the base-line helicopter system.  Jet-flap and tangential blowing pro- 
peller systems are significantly less efficient. 

In addition to power penalties, these approaches rate below the convention- 
al tail rotor in detectability, weight, personnel safety with conventional 
blades, vulnerability to terrain impact damage, foreign object damage sus- 
ceptibility, and technical risk. 

This approach is significantly inferior to a number of other concepts for 
pure and compound helicopter applications. 
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Differential Thrust on Thrusting Props or Prop-Fans 

Antitorque and directional control moments can be produced by a thrust 
differential between two propellers or shrouded prop-fans.  Each of these 
thrusters would be mounted on a stub wing extending from the fuselage 
beneath the main rotor.  The layout is similar to that of a conventional 
midwing twin engine propeller-driven aircraft.  The thrusters are assumed 
to be shaft driven from the main gearbox.  (Driving each with a separate 
pylon engine without cross shafting would result in loss of control in the 
event of engine failure.) Antitorque and yaw control are provided by ad- 
justing the differential collective pitch on the propellers or prop-fans. 

Use of this approach on a noncompound helicopter results in weight and 
power penalties.  The weight penalty arises from the attempt to minimize 
the power penalty by having a large thruster-offset from the fuselage and 
by reducing the disc loading on the thruster.  For each offset distance, 
however, maximum thruster diameter is limited by the requirements that the 
thruster not strike a main rotor blade at its maximum negative flapping 
angle, and that it not strike the ground in the event of failure of the 
alighting gear on landing. These constraints reduce the maximum allowable 
thruster diameter as offset distance increases. 

The ability of shrouds to increase thrust on a propeller without increasing 
required power is discussed in Appendix III.  Because of size restrictions 
in this application, and because of personnel safety and ground impact 
vulnerability improvements, shrouded propellers or low disc-loading prop-fans 
are preferable to unshrouded propellers. 

Diameter constraints lead to a minimum installed antitorque plus direc- 
tional control power of roughly 35% of total installed power or roughly 
three times the power applied to the optimum conventional tail rotor, at 
an offset distance of approximately 25 feet. 

Penalties are also incurred over the conventional tail rotor in weight, 
maintainability, ballistic vulnerability, and noise detectability»particu- 
larly in the fore and aft direction.  The concept requires the power of 
the fan-in-tailcone approach, but leads to greater penalties in weight, 
maintainability, vulnerability, personnel safety, and detectability. 

An alternative approach is that of the Gyrodyne, which employs a single 
stub-wing-mounted forward thrusting propeller in place of the tail-mounted 
tail rotor. The Gyrodyne eliminates the high-speed forward-flight limita- 
tions of the tail rotor.  For this application, the Gyrodyne approach im- 
poses a power penalty above the true differential thrust approach because 
of the greater impact of thruster size constraints.  Lateral balance and 
high-speed control considerations favor the use of an additional stub wing 
opposite to that on which the thruster is mounted, but the associated 
weight penalty will partially offset any benefits obtained. 
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r1;'-  dil'ft-runliaj   Lhruni  JII   turbo.]ett;   or   turbofanG   concept,   is   identical  with 
that  of  di f't'eriMiti;.i 1   thrust on   thrusting  props  except   that   the  propellers 
are   replaced  by   either  auxiliary   turbojet or  turbot'an   engines.     As  a result, 
the  control   in   autorotation  available   in   the  propeller  concept,  with  shaft 
power  provided  by   the wincimilling  rotor,   is   lost.     To  provide  full   one- 
engine-inoperativr control  capability,  at  least four auxiliary engines 
would be   required. 

Turbojets  or turbofans  are superior to shaft-driven thrusters  in this 
application  in  regard to terrain  impact  damage  and ground personnel safety. 
Both  attributes  result  from the  smaller size of the engines  compared to  a 
propeller or prop-fan  and the  associated greater ground  clearance.     Substan- 
tial  penalties  in weight,   fuel,  reliability, maintainability,  detectability, 
and cost  outweigh  these two benefits. 

Pseudo-Coaxial Solutions 

The  torque  that must be supplied  to  a  lifting rotor arises  solely  from the 
profile  and  lift-induced drag  acting  on  the blades  of the  rotor.     A true 
coaxial helicopter requires   little  or  no main rotor torque  compensation 
because of  cancellation of the resultant net  torque applied  to the two 
contrarotating main-rotor systems.     A possible way  of applying this prin- 
ciple  to  a conventional  single-rotor shaft-driven configuration  involves 
placing a nonlifting high-drag rotor beneath the existing main rotor,  and 
rotating   it   in  the opposite  direction.     The high-drag lower  rotor blades 
can  take  the   form of pairs  of  speed brakes  that  can be  deflected about a 
full-span  hinge  in the blade  leading  edge.     In  the  fully  open position, 
these blades,   or  brakes,    form a nearly  flat surface perpendicular to the 
incident  airflow and produce high  drag.     Fully closed,   they  form a thin 
low-lift  airfoil  parallel  to  the  incident  airflow and produce  low drag. 
Intermediate  deflections  produce  intermediate drag values. 

Thus,   through  a programmed permutation  of brake deflections,   the pilot  can 
vary  the  drag  torque on  the  lower  rotor to  compensate  for changes  in main 
(lifting)   rotor  torque and  to  provide  control moments   to  the  fuselage.     A 
possible  configuration of such  a system  is  sketched  in  Figure  59. 

The weaknesses  of  this  concept   in  a  number of areas  make  it unattractive 
compared to the  fan-in-tailcone  or  fan-in-fin.     System weight   (including 
a special  coaxial   gearbox,  brakes,   control  system,  fuel,   and  powerplant) 
and  the  incremental  installed power will  be excessive.     To reduce power  to 
produce  a given torque, brake-rotor rpm must be reduced,  requiring an in- 
crease  in brake  area and weight.     A typical  solution  for the "base-line air- 
craft more  than doubles the total  required installed horsepower and imposes 
an  empty-weight  penalty of roughly 20 percent. 

Stability  and  control  characteristics  are unsatisfactory.     Control  can be 
varied only   relatively  slowly,   and  the paddles  produce  torque only opposite 
to  that  of  the main  rotor.     Thus,   in  autorotation,  directional  control 
forces  will   be  available  in one direction only.     In addition,   the drag of 
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Figure  59.     Coaxial Speed Brake Concept. 

the undeflected brakes will reduce  aircraft autorotational performance. 
Control  characteristics will be strongly and nonlinearly dependent on for- 
ward flight  speed,  with a pulsing yawing moment likely. 

Forward flight  dynamic characteristics  are   predicted to be  inferior to the 
base line.     The high drag on deflected brakes can reduce vehicle cruise 
speed and  increase  forward-flight  fuel  consumption,  unless  the brakes  are 
progressively phased out of the  directional  control  loop and  replaced by 
rudder  control  as   forward speed  increases. 

Reliability   is  predicted to be poor  because of the complexity  and high 
stresses   in  the system.     Maintainability  is  poor due to  inaccessibility  of 
the brakes   from the ground and  the small associated working  area. 

In all  flight  regimes  in which   the brakes  are deflected,   a characteristic 
noise signature  is  likely  to arise   from interaction of the brakes  with  the 
downwash  flow   from  the main rotor blades. 
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Combined Concepts 

The large  majority  of concepts   studied revealed  inherent   inadequacies  that 
cannot  be  eliminated readily   in  combination with other  concepts.     A  com- 
bination  of a  fan-in-tailcone  and main  rotor downwash  deflection  using 
circulation control by  tangential blowing was  examined,  because of the 
increased promise of the  latter  concept  as   its moment  requirements  are 
reduced.     This  approach may yield marginal  improvements   in  regard to  in- 
stalled power and noise detectability.     However,  predicted  penalties  in 
weight,   control system complexity,   and maintainability   in   particular make 
this apprr  ch unattractive relative to the pure fan-in-tailcone.    Tech- 
nical risk must be rated high, at  least until the performance  of the tan- 
gential blowing concept  in ground effect  is  examined  further. 

A combination of the fan-in-tailcone and deflected main-engine flow con- 
cepts  was   also  considered.     This  approach,  first employed on the Cierva W.9 
research  helicopter,°'  ^  introduces  the engine power  turbine  exhaust  flow 
into  the duct just downstream of the prop-fan.    Advantages  over the con- 
ventional  fan-in-tailcone are predicted in reduced infrared radiation of 
the engine exhaust and increased system efficiency by augmenting the fan 
exhaust thrust by approximately  5 percent.     In opposition to these gains 
are penalties  in weight and maintainability due to the additional ducting 
around the prop-fan.    Counteracting the effects of the relatively high 
temperature  exhaust f]ow on  the  nozzle  system  in cases  of  combined high 
engine power and low fan power,   as   in high-speed forward flight, may lead 
to further weight penalties.     The advantages of this approach over that of 
the simpler fan-in-tailcone are  Judged to be snail. 

POTENTIAL ALTERNATIVE APPLICATIONS 

Several concepts  found unpromising for the requirement specified for this 
study were concluded to have promise for alternative applications.    Two of 
these applications,  described below, merit further analysis before a valid 
conclusion can be reached on these concepts. 

Emergency Antitorque Systems 

In the  event of tail-rotor failure  in high-speed forward  flight,  a single- 
rotor shaft-driven helicopter can continue in flight so long as the aero- 
dynamic   force on the tail cone and fin is sufficient to overcome rotor 
torque.     But  landing without  a tail rotor,  or  failure of a tail rotor  in 
low-speed forward flight,  may well be  catastrophic.     An  inexpensive, 
reliable,   lightweight  emergency  directional control  system  is  required, 
capable  of providing at least  15  seconds of directional  control. 

Throttlable  solid-fuel rockets  appear promising.     A  lower  risk  system 
could employ batteries of small constant-thrust rockets with variable 
control moment being obtained by   firing  or extinguishing  individual rockets, 
Such  a system capable of providing  full directional  control   (but no anti- 
torque control)   for 20 seconds would weigh roughly 200 pounds  installed. 
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Directional Control of Aircraft With Torqueless Rotor Systems 

Aircraft equipped with reaction-drive rotors or coaxia] shaft-driven rotors 
do not require antitorque moments. Such vehicles are typically more com- 
pact than conventional helicopters- of the same gross weight, and may re- 
quire maximum control moments as low as 35% of those on conventional heli- 
copters of similar weight. 

Any directional control concept applicable to conventional single-rotor 
shaft-driven helicopters can be employed on torqueless rotor machines.  In 
addition, some otherwise unacceptable concepts can be attractive for these 
less-demanding configurations. 

The pseudo-coaxial antitorque and yaw control concept is unacceptable for 
shaft-driven single-rotor helicopters.  This is primarily because of large 
penalties in weight and power inherent in employing a large, high-drag, 
zero-lift rotor.  In a true coaxial configuration, however, both rotors 
produce lift.  The weight of the two is only slightly greater than that of 
the equivalent single main rotor and potentially less than the single main 
rotor plus tail rotor system currently employed.  In such a configuration, 
directional control in hover and low forward speeds is provided by varying 
the lif  share between the two rotors, thereby unbalancing the opposing 
torque;  pplied to tue rotors.  In principle, this unbalancing can be pro- 
duced t  her by introducing a differential in blade collective pitch be- 
tween ti .• two rotors or, alternatively, by introducing a differential in 
blade tip speed between the two rotors.  In practice, the former alter- 
native is the most promising when considering control and drive system 
complexity. 

The stability and control characteristics of such systems in forward flight 
are highly dependent on rotor system flapping stiffness.  Although this 
topic is beyond the scope of this study, it is worthwhile to consider it 
briefly.  Interactions occur between yaw and roll moments on coaxial 
vehicles employing semirigid or so-called rigid rotor systems.  This prob- 
lem is overcome by phasing out the differential collective yaw controls 
in favor of conventional rudders as forward speed increases.  This is the 
system currently proposed for the Sikorsky advancing blade concept (ABC) 
rigid coaxial rotor configurations. 

In addition to this concept, which is restricted to shaft-driven coaxial 
rotor vehicles, many other previously eliminated concepts are potentially 
applicable. 

Rotor downwash deflection employing circulation control by tangential blow- 
ing, for example, was eliminated for conventional helicopters because of 
the large induced pitching moment.  Compressor bleed flow was eliminated 
for conventional helicopters because the large airflows required could 
not be supplied by acceptably small engines.  A similar criticism was made 
of deflected engine exhaust concepts. 
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'i'h^ nircuUition c;ontro] upproach would bo b(n:t suited for highly compact 
t.orqueiL'.is rotor vehicleLJ with high downwash velocities (high disc loading 
on the main rotor or rotors).  An example of such a vehicle is the Sikorsky 
Armored Aerial P^rsonnei Carrier (AA1DC) concept, which has relatively low 
Inertia per pound of gross weight because its heavy armor plate steel fuse- 
lage is concentrated near the eg.  This vehicle uses an ABC rotor with a 
disc loading of in the production version.  Although induced pitching 
moment, would still be a significant fraction of the desired yaw moment, 
the very high roll and pitch control power of the ABC rotor system could 
compensate for thi.c effect. 

Compressor bleed and deflected engine exhaust directional control concepts 
are most attractive for low inertia-to-weight ratio aircraft having rela- 
tively inefficient rotor or transmission systems (requiring high installed 
power in relation to the directional control moments required).  These 
criteria are met by typical reaction-drive rotor aircraft. Most reaction- 
strive aircraft built or proposed, including the Army XV--9A, use either 
compressor bleed or deflected engine exhaust for low-speed directional con- 
trol.  Even on these vehicles, however, it appears that such systems cannot 
produce control to full military standards without special oversized engines 
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APPENDIX  IT 
EXPERIMENTAL DOWNWASH  RESULTS 

The  capability of main  rotor downwash deflection  systems  to provide  adequate 
antitorque  and directional   control  moments  depends  on  the momentum, dis- 
tribution in the  downwash.     In  hover,  this  distribution,  although  uniform 
circumferentially,  tends  to be  nonunifonn along any  radial  coordinate.     A 
typical  disc loading 6.0  dovmwash  distribution  0.316  radii  beneath  the 
rotor  disc,  extrapolated  from tests of a 7-bladed,   3.95-foot-diameter model 
rotor,     is  shown  in  Figure  60.     In this plot,  the  induced  downwash  is 
normalized with  respect  to the  uniform downwash  velocity  at  the rotor disc: 

v       -   [^     r+/ o    =\ 7r~      ft/sec 

as  predicted from momentum  theory, where  DL = disc  loading,  and p  =  atmos- 
pheric density in slugs per cubic foot.    The downwash velocity varies  from 
roughly 25% of the predicted value near the rotor hub to roughly twice pre- 
dicted at 0.8 rotor radii,  outboard of which the induced velocity falls 
rapidly toward zero. 
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APPENDIX III 
THRUSTER POWER LOADING VERSUS DISC LOADING 

The stand£Lrd25 relation between rotor disc loading (DL) in pounds per 
square foot of disc area, power loading (TPL) in pounds per horsepower, and 
figure of merit (FM) is 

TPL = 3h  FM/\/DL 

where the constant refers to i+000-foot, 95 F conditions. This relation is 
theoretically applicable only to unshrouded conventional rotors, as it is 
based on a power comparison with an ideal rotor. This relation, and that 
for FM^ax in Task 2, includes the tacit assumption that the flow through 
the thruster eventually contracts to one-half the thruster disc area far 
downstream, as on an unshrouded rotor.  For shrouded thrusters, for which 
the static pressure of the exit flow is nearly atmospheric, little or no 
contraction occurs. Figure 7 (in Task 2) shows that K, the ratio of down- 
stream flow area to thruster disc area, increases from 0.5 for unshrouded 
thrusters to nearly 1.0 for shroud lengths of 80 percent of thruster diameter. 
Values of effective figure of merit equalling \/"2 are attainable for an 
ideal shrouded thruster. 

An alternative relation for DL, TPL, and figure of merit, which compares 
the power requirements of a given thruster with that of the "ideal" of the 
same type, can be written 

TPL = 3i+ FM  / V DL/2K 
gen 

which reduces to the classical relation for K = 0.5- The general figure of 
merit, FM  , calculated from this relation cannot exceed unity, as the 
effect of the shroud or duct is kept separate from the basic thruster figure 
of merit. The effective figure of merit is related to the general value 
by the simple relation 

FM = FM   v^2K 
gen v 

Figure 6l presents  a plot of the resulting disc loading versus power loading 
trend for a range of values of FMgen.     Such curves  are most useful in eval- 
uating claims  for various thruster concepts which may have highly inflated 
thrust-to-power ratios,  leading to impossibly high values of figure of merit. 

Appendix IV contains  a brief survey of values of effective figure of merit 
typical of rotors, propellers, prop-fans,  and ducted fans. 
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Figure 61.    Thruster Power Loading Versus Effective Disc Loading, 
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ROTORS ,  ^ROPELLEPn, 
APPENDIX  TV 

rpOP-FAM AND FANS 

in   tliis   study,   the  Hamilton-Standard  term  "prop-fan"  is  used to describe  a 
thrusting device  conceptually  midway between  a propeller  and  a ducted  fan. 
Table   XXT   illustrates   '.he  general   interrelation  among these  three  concepts 
and a  conventional  rotor.     The values  given  are   for comparison  of repre- 
sentative   values  only  and should not  be  used  in  analysis. 

TABLE XXI.   SUMMARY OF TYPICAL THRUSTER PARAMETERS 

TYPICAL                                RCTOR PROPELLER DUCTED DUCTED 
CHARACTERISTICS PROP-FAN FAN 

Disc                                      10-18 30-100 200-i400 700-1000 
Loading, 
psf 

Number                                 ?-G 3-U 8-15 30-1+5 
of 
Blades 

Relative                             12-16 5-7 2-3 1-1.h 
Di ame t e r 

Tip 
Speed, 
fps 

Power 
Loading, 
Ib/hp 

effective 
Figure of 
Merit 

650-750 

.>-8 

600-900 

3-5 

0.65-0.7        0.7-0.3 

600-900 

0.8-0.9 

1200-1800 

2.25-2.75        1-1.^ 

0.75-0.9 

Current   conventional   tail   rotors  employ  untwisted,  symmetrical-section 
unshrouded blades.     The  alternativ;'  thrusters  commonly  employ camber and 
twist .     Although  camber and  blade   twist  can  increase  efficiency of the 
thruster  in  the  design  direction,   they  can  significantly reduce  efficien- 
cy  in   "reverse  thrust"  modes. 

use  of a shroud  increases  thruster  static  efficiency by  reducing tip loss 
effects   and by  reducing thruster  induced power losses.     This  latter ef- 
;';''••   is   discussed  briefly  in  Appendix  III. 
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APPENDIX  V 
GENERAL  HEUCOPTEK  DESIGN   MODEL   (CHDM)   DESCHIPTION 

MAIN SUBROUTINE   (HELDES) 

The main  program consists  primarily   of  four  nested   loops   LO   through  L'-i 
whose  feedback paths  are so designated on  Figure 62.     LO  will   calculate 
the design gross  weight necessary   for  a given payload at  given  main  rotor 
CT/ö,disc loading  (DL), and percentage of installed power to be absorbed by 
the antitorque  device  (PCTPR).     For the   first  two passes  through  the 
weights  equations,  two gross weights must be  given  as  a basis   for the  inter- 
ation.     If  it  is  desired that payload  be  evaluated  for a given  gross  weight, 
these  two  inputs  are  entered as  the  same  value.     Options   are  available  to 
govern the  depth of  information  required to be printed out.     Figure 63 shows 
a typical weight statement printout.     Figure  6^  shows  the printout  of a 
main rotor dj/o  -aircraft  efficiency  trend. 

LI  is  the  loop  on main rotor (>p/o     for  constant DL and PCTPR,     Inputs  of the 
initial,   final,   and incremental  Cy/o    values  define the range  to be  con- 
sidered up to  a maximum of 20 points.     At  each point an aircraft  efficiency 
is  calculated,  based on a simple  life-cycle  cost model,  payload,  and  cruise 
speed.     aircraft  cruise speed is   calculated  from available maximum  continu- 
ous  power  ur  stall  limit,  whichever  is  more  stringent.     The main  rotor 
Cip/a    to yield the maximum aircraft efficiency  is  evaluated by  subroutine 
MAXMIN.     This  standard routine  fits  a second-degree curve  to  every  three 
consecutive points  in the range.     One of these curves will yield a maximum 
value of the  dependent variable. 

L2 is  the loop on PCTPR  for constant DL.     At  each PCTPR,  a C-p/a    has been 
calculated to produce maximum aircraft  efficiency.     Subroutine  MAXMIN  is 
used again to  evaluate the PCTPR  to  produce maximum aircraft  efficiency. 
Subroutine   SELLIN,  a general-purpose interpolation program,   calculates  the 
CT/O    at  this  optimum PCTPR. 

L3  is  the  loop  on  DL.     Subroutine MAXMIN  is  used to evaluate  the  DL value 
for maximum  productivity.     CT/0 and PCTPR are  evaluated  for  this  optimum DL 
by subroutine  SELLIN. 

Thus we have now evaluated a set of design parameters  DLSOL,  PCSOL,   CTSOL, 
which  are  the  solution  DL,  PCTPR,   C^/o    values   for maximum  aircraft pro- 
ductivity.     One more pass is made through the weights routine at these 
design values  so as  to present data  for  the solution aircraft. 

SUBROUTINE WEIGHT 

This  subroutine: 

1. Evaluates main-rotor parameters  based on  input design  constraints. 

2. Arranges  required data for  antitorque  device design  subroutine 
ANTORK which  is  called from WEIGHT. 
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3.  Evaluates installed power based on design and alternate hover, 
and/or maximum speed requirements.  A decision on the critical 
flight mode to define installed power is made by reducing all 
powers to sea level standard conditions. 

h.     Arranges required data for mission analysis subroutine, MISHN, 
which is called from WEIGHT. 

5.  Calculates all weight components and arranges them for printout 
on return to HELDES. 

The weight components are calculated using statistical weight equations. 
The rotor group equations account for blade aspect ratio, tip speed, and 
aircraft dive speed effects.  Most airfrarae equat.'^ns are normalized to a 
base-line configuration.  Drive system weight is broken down into individual 
shafts and gearboxes, each weight being calculated to take proper account 
of shaft rpra and transmitted horsepower. 

This subroutine is usually written around a particular aircraft type or con- 
figuration.  The remainder of GHDM can be regarded as a framework and a 
set of subroutines to be called from WEIGHT.  Thus, we can readily adapt 
GHDM to custom fit a given project by writing its own version of WEIGHT. 

SUBROUTINE ANTORK 

This subroutine handles the design procedures for three types of antitoruqe 
devices. 

Conventional Tail Rotor 

Tail-rotor thrust requirements based on main-rotor torques at design and 
alternate hover conditions, side-wind moments, and yaw control specifications 
are defined. At a starting value of tail-rotor disc loading, tail rotor 
radius is calculated iteratively to produce the thrust requirement at the 
alternate hover condition. 

Based on input values of the maximum and alternate hover tail rotor C^/a   's, 
tail rotor blade area is calculated.  Consistency of these Gp/a 's an(i the 
thrust requirements calculated above is verified.  The number of tail rotor 
blades is defined by a desired blade aspect ratio range. 

With blade geometry defined, the power required at the tail rotor to produce 
the alternate hover thrust requirement is evaluated by the figure-of-merit 
method.  This is compared with the available power defined by the value of 
PCTPR.  The tail rotor disc loading is adjusted iteratively to define a new 
tail rotor radius until a power match is obtained. 

With the rotor now designed, the power required at the tail rotor to pro- 
duce the design hover thrust is calculated.  This number will be used to 
calculate the overall aircraft hover efficiency. 
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Fan-in-Fin 

Because of the high power-to-thrust ratio associated with high-disc-loading 
devices compared with conventional tail rotors, under the condition of 
maximum thrust requirement, as much power as possible can be drained from 
the main rotor, while the engines are delivering all available power to 
the device alone.  (No power is being transmitted to the main rotor.) To 
calculate the amount of power from this source, we assume that the main 
rotor can decelerate by 2 percent of the rpm over a time period of 1 second. 
This interval was selected to represent a typical maximum control input 
requirement. 

With this amount of power in hand, we add an amount based on the value of 
PCTPR to yield a total available power to the device to obtain the maximum 
thrust requirement.  The fan radius is calculated iteratively to produce 
this power-to-thrust match.  Fan performance maps are available in subrou- 
tine PROFM.  Effects of duct losses, lip geometry, recovery vanes, and 
duct length are expressed. 

With the fan radius defined, we now calculate the power required at the fan 
to produce the design hover thrust.  This power will be used to define the 
overall aircraft hover efficiency. 

Fan-in-Tailcone 

This procedure is identical with that for the fan-in-fin.  Differing per- 
formance characteristics will result from the higher duct losses and 
improved lip efficiency. 

SUBROUTINE MISHM 

This subroutine is a generalized mission analysis program that can be 
called from HELDES if the helicopter design routines are not required. 
Mission elements are defined by aircraft velocity, climb rate, altitude and 
temperature environment, and distance or time of flight.  As many as 50 
elements may define a mission, or a number of missions may be stacked so 
long as the total number of elements does not exceed 50. Access to the 
desired mission in the array of element data is made through input.  Air- 
craft gross weight is continuously adjusted to account for fuel burn-off. 
Changes in aircraft weight and external configuration due to the carriage 
of external loads, retrieval of rescuees, etc., may be represented by input 
values of weight anc drag increments. 

Hover performance is evaluated by subroutine HOVPER, which calls a general 
nondimensional figure-of-merit subroutine, H0V1.  Effects of ground prox- 
imity and climb rate are represented. 

Forward flight performance is evaluated by subroutine FWDSPD, which calls 
the nondimensional rotor performance subroutine, NDRPEE. This method takes 
proper account of blade twist, cutout and planform, ground effect, and 
climb or descent rates.  Stall speed is calculated based on an input bCQ n/o 
criterion. Compound helicopter performance can be calculated through  ' 
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input  wing  CL,   CD data,   propeller efficiency,   and specified lift  and drag 
Sharings. 

The  desired aircraft  speed  can be  expressed as  that  for a given power  level, 
engine  rating,  best  range,  best  endurance,  or marginal stall. 

Mission fuel for a given  engine horsepower is   calculated in subroutine 
ENJIN.     Figure 65  shows   a  typical mission printout. 

SUBROUTINE ENJ1N 

This subroutine is provided with nondimensional engine SFC vs.  SHP input 
data,   and  power rating  curve  data as  a  function  of altitude  and temperature. 
Rubber  engine performance  is   evaluated by an  input  or  calculated value of 
engine scale  factor. 
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Figure 62.    Schematic Flow Diagram,  General Helicopter Design Model. 
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SUMMARY  WEIGHT  STATEMENT 

CONDITION NO.   3        ANTI-TORQUE SCHEME STUDY 

GROUP WEIGHT 

ROTOR GROUP 1633. 
WING GROUP 0. 
TAIL GROUP 0. 

TAIL ROTOR/FAH liH. 
TAIL SURFACES 100. 

BODY GROUP 1813. 
ALIGHTING GEAR 491. 
FLIGHT CONTROLS 56b. 
ENGINE SECTION 121. 
PROPULSION GROUP 0. 

ENGINE AS INSTALLED bflU. 
ENGINE RELATED ITEMS 0. 

AIR INDUCTION 83. 
EXHAUST SYSTEM 98. 
MISCELLANEOUS 0. 
LÜDE SYSTEM 27. 
ENGINE CONTROLS 18. 
STARTING SYSTEM b8. 

FUEL SYSTEM 203. 
PROPELLER INSTALLATION 0. 
DRIVE SYSTEM 1413. 

AUXILIARY POWER UNIT 121. 
INSTRUMENTS 211. 
HYDRAULICS 67. 
ELECTRICAL 335. 
AVIONICS 701. 
ARMAMENT 351. 
FURNISHINGS 370. 
AIR CONDITIONING AND ANTI-ICE 98. 
AUXILIARY GEAR 6. 
CONTINGENCY 0. 

WEIGHT EMPTY 9582. 

CREW 600. 
ENGINE OIL 43. 
UNUSABLE FUEL 7. 
MISSION EQUIPMENT 0. 

FUEL 2232. 
HAYLOAD 2640. 

GROSS WEIGHT 15103. 

Figure 63. Weight Statement Printout, 
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