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ABSTRACT 

This  document p r e s e n t s  r e s u l t 8  of  conceptual  d e s i g n  s t u d i e s  

of  commercial r o t a r y  wing t r a n s p o r t  a i r c r a f t  for t h e  1985 

t i m e  period.  Two a i r c r a f t  c o n f i g u r a t i o n s  - a tandem h e l i c o p t e r  

and a tilt r o t o r  have been designed for a 200 n a u t i c a l  m i l e  

s h o r t  hau l  mission wi th  a n  upper l i m i t  o f  100 passengers .  I n  

a d d i t i o n  to  m e  b a s e l i n e  a i r c r a f t  two f u r t h e r  d e s i g n s  of each 

c o n f i g u r a t i o n  a r e  inc luded t o  a s s e s s  the impact o f  e x t e r n a l  

n o i s e  des ign  c r i t e r i a  on the a i r c r a f t  s i z e ,  weight  and cost. 

X X V  
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SUMMARY 

The increasing demand for fast short haul transportation, 

the increasing congestion at major airports,and the rising 

cost of fossil fuels are all factors to be considered in 

assessing the various forms of air transportation to be used 

in the next decade. 

The study reported herein provides preliminary design data 

for two rotary wing aircraft for the short haul market in the 

mid 1980's. These aircraft are designed to have vertical 

takeoff and landing capability to allow operation away from 

the restrictions of existing airports and traffic patterns, 

thus relieving congestion. 

The two configurations studied were a tandem rotor helicopter 

and a tilt rctor aircraft. Each configuration was designed 

to carry 100 passengers and luggage over a 200 nautical mile 

range. 

The design point tandem helicopter has a takeoff design gross 

weight of 30,470 Kg(67,175 pounds). The tilt rotor aircraft 

takeoff design gross weight is 33,905 Kg (74,749 pounds). 

These weights are reflected in the aircraft "fly-away" or 

initial costs and result in the helicopter initial cost of 

$4.17 million and the tilt rotor initial cost of $5.15 million. 

However, the tilt rotor shows advantages which result from ita 

high cruise speed capability. 



The tilt x o t o r  

a l t i t u d e .  The 

k n o t s  a t  5 ,000 

speed  produces  
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d e s i g n  c r u i s e  speed  is 349 krrots a t  14,000 f e e t  

tandem h e l i c o p t e r  d e s i g n  c r u i s e  speed  is  165 

f e e t  a l t i t u d e .  T h i s  marked d i f f e r e n c e  i n  c r u i s e  

f a s t e r  b lock  times and t r i p  times f o r  tiid 

o p e r a t o r  and s h o r t  h a u l  t r a v e l l e r ,  and combined w i t h  lower 

f u e l  r equ i r emen t s ,  r e s u l t s  i n  lower d i r e c t  o p e r a t i n g  costs 

f o r  t h e  tilt rotor a i r c r a f t .  

A t  230 s t a t u t e  miles t h e  tilt r o t o r  h a s  a d i r e c t  o p e r a t i n g  

c o s t  o f  2.19e p e r  s e a t  m i l e  (1974 d o l l a r s )  compared w i t h  t h e  

tandem h e l i c o p t e r  a t  3.21C p e r  s e a t  mile. 

The d e s i g n  p o i n t  tilt rotor has  a lcwer f u e l  consumption t h a n  

t h e  tandem r o t o r  h e l i c o p t e r  and c a n  o p e r a t e  up t o  47 .5  pas senge r  

m i l e s  per g a l l o n  a t  100% load  f a c t o r  compared w i t h  t h e  

h a i i c o p t e r  a t  28.3 pas senge r  miles p e r  g a l l o n ,  

E x t e r n a l  n o i s e  is an  i m p o r t a n t  c o n s i d e r a t i o n  i f  s h o r t  h a u l  

VTOL a i r c r a f t  are to  o p e r a t e  c l o s e  t o  areas of  h i g h  p o p u l a t i o n  

d e n s i t y .  The 500 f o o t  s i d e  l i n e  n o i s e  l e v e i  f o r  t h e  d e s i g n  

p o i n t  h e l i c o p t e r  a t  t a k e o f f  is 92.3 PNdB compared w i t h  t h e  

d e s i g n  p o i n t  tilt rotor a t  98.2 PNdB. 

T h i s  n o i s e  d i f f e r e n c e  is nega ted  when t h e  o p e r a t i o n a l  envi ron-  

ment is s t u d i e d .  P 35 PNdB n o i s e  l e v e l  is observed  o v e r  a l a r g e r  

t o t a l  a r e a  (.58 s q .  m i . )  f o r  t h e  h e l i c o p t e r  t h a n  f o r  t h e  t i l t  

r o t o r  ( . 2 4  s q .  m i . )  when bo th  t a k e o f f  and l a n d i n g  is c o n s i d e r e d .  

The e f f e c t  o f  imposing c x t e r n a l  n o i s u  c o n s t r a i n t s  on t h e  

d e s i g n s  h a s  been investigated by s i z i n g  bo th  c o n f i g u r a t i o n s  
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t o  be 5 PNdB more no i sy  and 5 PNdB l e a s  noisy  than  t h e  base- 

l i n e  c o n f i g u r a t i o n  deeigns.  

For t h e  tandem r o t o r  h e l i c c p t e r ,  dec reas ing  t h e  500' s i d e l i n e  

no i se  l e v e l  a t  takeoff  by 5 PNdB inc reased  t h e  a i r c r a f t  g r o s s  

weight  t o  33,669 Kg (74,227 pounds) ,  inc reased  t h e  a i r c r a f t  

i n i t i a l  c o s t  t o  $4.76 m i l l i o n  and t h e  d i r e c t  o p e r a t i n g  C o s t  

a t  230 s t a t u t e  miles to  3.34C p e r  s e a t  mile. 

I f  t h e  e x t e r n a l  n o i s e  l e v e l  a t  t akeof f  i s  allowed to  i n c r e a s e  

by 5 PNdB t h e  a i r c r a f t  g ross  weight  reduces t o  29,866 Kg 

(65,843 pounds) ,  and t h e  a i r c r a f t  i n i t i a l  c o s t  reduces t o  

$3.98 m i l l i o n .  The d i r e c t  o p e r a t i n g  c o s t  a t  230 s t a t u t e  miles 

d i d  no t  dec rease ,  bu t  inc reased  t o  3.5C per  s e a t  m i l e .  

For t h e  tilt rotor c o n f i g u r a t i o n  a r educ t ion  i n  e x t e r n a l  n o i s e  

of 5 PNdB r e q u i r e s  an  i n c r e a s e  i n  t akeof f  des ign  g r o s s  weight  

t o  36,143 Kg (79,682 pounds) and a r e s u l t i n g  i n c r e a s e  i n  

i n i t i a l  cost t o  $5.6 m i l l i o n .  The d i r e c t  o p e r a t i n g  cost 

i n c r e a s e s  to  2.36C p e r  s e a t  mile. 

A 5 PNdB i n c r e a s e  i n  e x t e r n a l  n o i s e  reduces t h e  tilt r o t o r  

t akeof f  weight  to 33,210 Kg (73,217 pounds) and t h e  i n i t i a l  

c o s t  t o  $5.03 m i l l i o n .  The d i r e c t  o p e r a t i n g  c o s t  of  the 

a i r c r a f t  is  e l i g h t l y  h igher  than  t h e  b a s e l i n e  tilt rotor a t  

2.20C p e r  seat  m i l e .  

The h e l i c o p t e r  is t h u s  t h e  s lower ,  more expensive i n  terms of  

d i r e c t  o p e r a t i n g  c o s t ,  less expensive i n  terms of  i n i t i a l  c o s t  

and less noisy of  t h e  two a i r c r a f t  a t  500 f e e t  s i d e l i n e  al though 

it e f f e c t s  a l a r g e r  a r e a  than  t h e  tilt r o t o r ,  

x x i  x 
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The tilt r o t o r  is  f a s t e r ,  cheaper  i n  terms of  d i r e c t  

o p e r a t i n g  cost,  more expens ive  i n  terms of i n i t i a l  cost and 

more n o i s y  on t a k e o f f  a t  500 f e e t  s i d e l i n e  d i s t a n c e .  I ts  

pe rce ived  n o i s e  c o n t o u r s  encompass a s m a l l e r  a r e a  t h a n  t h e  

h e l i c o p t e r  case. 

D e t a i l s  o f  t h e  d e s i g n s  a r e  p r e s e n t e d  i n  t h i s  document. The 

r e p o r t  a l s o  i n c l u d e s  an  e v z l u a t i o n  of t h e  t e c h n i c a l  r i s k  

a s s o c i a t e d  w i t h  l a r g e  r o t a r y  wing z i x c r a f t  and component 

development programs are proposed which minimize such  r i s k s .  

I n  t h e  c a s e  o f  t h e  tilt rotor t h i s  compomnc development 

a c t i v i t y  i n c l u d e s  a  f l i g h t  test  program. T h i s  i s  e n v i s i o n e d  

as an i n t e r m e d i a t e  g r o s s  we igh t  v e h i c l e  program which would use  

e x i s t i n g  a i r f r a m e  components : e .g . ,  CM-47 f u s e l a g e ) ,  b u t  would 

e n h l y  f u l l  s ize  dynarmc -ts and c;nposlte material rotors. A test 

program o f  p r o g r e s s i v e l y  more s e v e r e  o p e r a t i n g  c c a d i  t i o n s  and 

i n c r e a s i n g  g r o s s  weight  w i l l  p e r m i t  sys tem development t o  

commercial ly  a c c e p t a b l e  l e v e l s  of payload.  An a d d i t i o n a l  

a t t r a c t i o n  o f  t h i s  approach is t h a t  t h e  i n t e r m e d i a t e  s i z e d  a i r c r a f t  

o f  i n i t i a l l y  low d i s c  l o a d i n g ,  comes close t o  be ing  a  p ro to -  

t y p e  o f  a  v e h i c l e  whic'l would b e  s u i t a b l e  for a number o f  

m i l i t a r y  m i s s i o n s  (LTTAS, e t c . ) .  Thus, t h i s  test  bed v e h i c l e  

woulC have a  r ange  o f  u t i l i z a t i o n  spanning  bo th  m i l i t a r y  and 

c i v i l  a c t i v i t i e s .  The foLlowing t a b l e  i s  a  summary of t h e  

a i r c r a f t  d e s i q n s  used i n  t h i s  s t u d y .  

XXX 



SUMMARY OF AIRCRAFT DESIGNS 

L INE  + 5  PNdB - 5  PNdB BASE BASE : L I N E  
TANDEM TANDEM TANDEM VTOL T I L T  
HELICOPTER HELICOPTER HELICOPTER ROTOR 

GROSS WEIGHT - 30,470 
Kg (LBS)  (67 ,175)  

EMPTY WEIGHT - 18,226 
~g ( L B S )  (40 .181 )  

CRUISE SPEED - KTS TAS 1 6 5  

CRUISE ALTITUDE - 1,524 
m (FT )  (5 ,000)  

BLOCK TIME - HRS 1 .337  

DOC - t /SEAT MILE 3 .21  

5 0 0 '  SIDELINE PERCEIVED 92.3  
lOISE - PNdB 

95 PNdB AREA - TAKE- 0 . 1 8  
OFF - Sq Km (Sq.  ( - 0 7 )  
M i l e s )  

95  PNd8 AREA - LANDING 1.39 
Sq Km (Sq.  M i l e s )  ( . 535 )  

BLOCK FUEL - Kg(LBS) 2,310 2,536 
(5 ,093)  (5,590) 

ROTOR DIA.  - m (FT )  21(68.9 !  20 .8 (68 .2 )  

DISC LOADING - 43.94 43 .94  
~ ~ / m ~  (LBSIFT~) ( 9 . 0 )  ( 9 . 0 )  

W I N G  LOADING - Kg/ ----  - - - - -  
~ ( L B S I F T ~ )  

H O V E R  TIPSPEED - 2 2 1  ( 7 2 5 )  2 4 7 ( 8 1 0 )  
m/s ( f t / s )  

CgUISE TIPSPEED 2 2 1  ( 7 2 5 )  2 4 7 ( 8 1 0 )  
m/s ( f t / s e c )  

1NS.POWER-Watts(HP1 1 0 . 7 9 ~ 1 0 ~ (  1 0 . 2 7 ~ 1 0 ~  

(14 ,472)  (13 ,770 )  

+5  PNdB - 5  PNdB 
VTOL T I L T  VTOL T I L T  
ROTOR -- ROTOR 

33,211 36,143 
(73 ,217 )  ( 9 9 , 6 8 2 )  

24 ,820 22,116 
(48 ,757 )  (54 ,718 )  
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~t is concluded that no insurmountable technology barrier is 

identified which is associated with size in either the tandem 

helicopter or tilt rotqr configurations. The amount of design 

and develcpment work required to bring a tandem helicopter 

into service will be smaller than those assochted with a 

tilt rotor since substantial helicopter development at 

these gross weights has already been accomplished. 

xxxii 



1.0 INTRODUCTION 

This report documents the results of conceptual engineering 

design studies of two VTOL transport configurations for the 

1985 time frame. These studies were performed by the Boeing 

Vertol Company fcr NASA-Ames aesearch Center, under NASA 

Contract NAS2-8048. 

The studies required the definition of a tandem rotor heli- 

copter and a tilt rotor aircraft for a short naul commercial 

transport mission. The aircraft have been sized for 100 

passengers, the maximum number of passengers permitted by the 

study groundrules, and a 200 nautical mile design mission. 

The objectives in performing these studies were twofold. The 

first objective was to provide design data for the two rotary 

wing ccnfigurations. The data is required as input information 

for a larger VTOL transportation systems study to be performed 

by YASA. The second objective was to identify the size and 

performance of rotary wing commercial transport aircraft in the 

short haul environment at a time when increasing fuel costs, 

environmental issues, and the efficient use of existing and 

new terminal facilities becomes increasingly important in the 

selection of future vehicles. As the reliability levels of 

rotorcraft rise and vibration decreases through continued 

research, the rotary wing machine can offer a flexible, 

viable alternative to other forms of short haul transportation. 
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Details of the design point aircraft defined by this study 

(a tandem rotor helicopter and a tilt rotor) are discussed in 

Section 2.0 of this volume. 

In addition, derivative aircraft have been designed to 

varying levels of external noise. For each configuration two 

additional aircraft were *iefined having noise characteristics 

+5 - PNdB in relation to the basic design point aircraft. These 

aircraft are described in Section 3.0 of this report. 

Comparisons of the two configurations and of the effects of 

noise criteria are drawn in Section 4.0. 

The broader and less easily quantified topics which fall 

under the general heading of risk are discussed in Section 5. 

This includes such issues as the technical risks associated 

with component size and economic visability. These naturally 

tend to conflict. Technical risk must be assumed to increase, 

the further one proceeds beyond the level of past experience, 

while the probability of good economic performance improves 

up to the sizes which have been considered. In Section 5 it 

has been concluded that the technical and engineering risks 

associated with the 100 passenger size helicopter and tilt 

rotor are acceptable, provided that a decision to build is 

accompanied by an orderly and comprehensive program of 

component test and development. 

Throughout the study it has been assumed that levels of 

comfort and reliasilitv, at least as qood as current jet 

transports, will be required to gain passenger and operator 
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acceptance. This w i l l  require spec ia l  efforts to ensure the  

f u l l e s t  use of vibration reducing equipment, and i n  the  case  

of  the tilt rotor, the appl icat ion of advanced ac t i ve  control  

system techniques i n  order t o  a t t a i n  acceptable r ide  q u a l i t i e s  

charac ter i s t i c s .  
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2.0 DESIGN POINT AIRCRAFT 

This  s e c t i o n  d e s c r i b e s  t h e  two b a s e l i n e  des ign  p o i n t  a i r c r a f t  

- a  tandem r o t o r  h e l i c o p t e r  and a  tilt r o t o r  a i r c r a f t .  These 

v e h i c l e s  have been s e l e c t e d  and r e f i n e d  from i n i t i a l  v e h i c l e  

t r e n d  s t u d i e s .  Each c o n f i g u r a t i o n  c a r r i e s  one hundred (100) 

passengers  and has  a 200 n a u t i c a l  m i l e  des ign  mission.  The 

des ign  s e l e c t i o n s  a r e  based on minimum o p e r a t i n g  cost and 

a r e  cons t ra ined  by t h e  NASA des ign  g u i d e l i n e s  (see Sec t ion  4 ,  

Volume 11.) 

For each c o n f i g u r a t i o n  t h e  des ign  l a y o u t ,  weights  d a t a ,  

v e h i c l e  performance, s t a b i l i t y  and c o n t r o l ,  n o i s e  and c o s t  

d a t a  a r e  presented .  The comprehensive background technology 

d a t a  which suppor t  t h e  summary informat ion  p resen ted  i n  

t h i s  s e c t i o n  a r e  conta ined i n  Volume 11. 

A des ign  i d e n t i f i c a t i o n  numbering system has  been adopted t o  

al low e a s e  of d i s c u s s i o n  i n  comparing des igns  - f o r  example, 

TH-100 (92.3) and TR-100 {98.2).  The i n i t i a l  letters i n d i c a t e  

t h e  conf igura t ion :  TH - tandem h e l i c o p t e r ;  TR - tilt r o t o r .  

The -100 number i n d i c a t e s  100 passenger des igns  and t h e  number 

i n  parentheses  (92 .3)  is  t h e  PNdB va lue  a t  500 f e e t  s i d e  l i n e  

i n  hover t o  d i s t i n g u i s h  between t h e  v e h i c l e s  designed t o  

va r ious  no i se  c r i t e r i a  a s  d i s c u s s e d  i n  Sec t ion  3.0. 

2.1 DESIGN POINT TANDEM ROTOR HELICOPTER - TH-100 (92.3) 

The tandem r o t o r  h e l i c o p t e r  c o n f i g u r a t i o n  was s e l e c t e d  over  

o t h e r  pure helicopt-.er t:ypes f o r  t h i s  s tudy because of t h e  

i n h e r e n t l y  lower r i s k  of l a r g e  h e l i c o p t e r  development f o r  
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t h i s  type.  The primary r i s k s  i n  t h e  development of  t h e s e  

a i r c r a f t  a r e  r e l a t e d  t o  r o t o r  s i z e ,  t r ansmiss ion  and r o t o r  

gearbox torque  c a p a b i l i t y  a s  d i scussed  i n  S e c t i o n  5.0. The 

i n d i v i d u a l  components are g e n e r a l l y  smaller and more w i t h i n  

t h e  manufacturing s t a t e - o f - t h e - a r t  i n  a tandem d e s i g n  than  

f o r  a s i n g l e  r o t o r  machine. Other  advantages of  t h e  

tandem coi1figur;ltion inc lude  e a s e  of  handl ing  l a r g e  CG excur-  

s i o n s  and t h e  a b i l i t y  t o  l o c a t e  t h e  engines  away from t h e  

passenger cabin .  This  l a t t e r  c a p a b i l i t y  keeps engine  n o i s e ,  

fumes and carbon d e p o s i t i o n  away from passenger a r e a s .  I n  

a d d i t i o n ,  Boeing exper ience  wi th  tandem r o t o r  h e l i c o p t e r s  

ranging i n  s i z e  from 5,000 pounds t o  120,000 pounds g r o s s  

weight provides  a high degree  of  confidence i n  p r e d i c t i o n  and 

des ign  techniques.  

2 . 1 . 1  Design TH-100 (92.3) - Configura t ion  and Layout 

The tandem r o t o r  des ign  p o i n t  a i r c r a f t  is  shown i n  F igure  2.1.. 

The major a i r c r a f t  dimensions and p e r t i n e n t  d a t a  a r e  shown i n  

Table 2.1 and a threeview i s  shown i n  F igure  2.2, 

This  v e h i c l e  weighs 30,470 Kg (67,175 pounds) d e s i g n  t a k e o f f  

g ross  weight  and has  an i n s t a l l e d  s h a f t  horsepower of  

3.597 X l o 6  Watts (14,472 HP) a t  s e a  l e v e l  s t a n d a r d  day. The 

two 68.9  f o o t  r o t o r s  a r e  four-bladed a r t i c u l a t e d  rotors w i t h  

a s o l i d i t y  r a t i o  of 0.099. The s e l e c t i o n  of  r o t o r  s o l i d i t y  

has been made t o  provide  freedom from s t a l l  f l u t t e r  loads  

over  t h e  e n t i r e  maneuver envelope. The r o t o r  o v e r l a p  has  

been he ld  t o  ze ro  t o  e l i m i n a t e  r o t o r  "bang" due to  one r o t o r  
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L u t t i n g  t h e  t r a i l e d  v o r t i c e s  of  t h e  o t h e r  and a l s o  t o  

e l i m i n a t e  t h e  p o s s i b i l i t y  o f  b l a d e  c o l l i s i o n  i n  t h e  e v e n t  of 

a  desynchron iza t ion  f a i l u r e .  

Both r o t o r  s h a f t s  a r e  swept fo lward  (7-degrees  forward r o t o r  

and 4-degrees a f t  r o t o r ) .  T h i s  minimizes  t h e  f l o o r  a n g l e  range  

d u r i n g  hover  and c r u i s e  f l i g h t ,  and a l s o  minimizes r o t o r  l o a d s .  

The pylon h e i g h t s  a r e  a r r anged  t o  p r o v i d e  a gap t o  s t a g g e r  

r a t i o  of 0.1'3. T h i s  c l e a r a n c e  i s  r e q u i r e d  t o  keep n o i s e ,  

r o t o r  l o a d s  and induced power l o s s e s  a t  a  minimum- 

The a i r c r a f t  h a s  t h r e e  e n g i n e s  l o c a t e d  a f t ,  one on each  s i d e  

o f  t h e  rear r o t o r  pylon and t h e  t h i r d  b u r i e d  i n  t h e  pylon 

i t s e l f ,  s i m i l a r  to  t h e  XCH-62 (HLH) . The i n t a k e  f o r  t h e  t h i r d  

eng ine  is shown i n  F i g d r e  2 . 2 ,  i n  t h e  l e a d i n g  edge o f  t h e  

r e a r  rotsr py lon .  The r a t i o n a l e  f o r  s e l e c t i n g  a  t h ree -eng ine  

c o n f i g u r a t i o n  i s  g iven  i n  Volume 11. 

The t r a n s m i s s i o n  l a y o u t  is a  t h r e e  gearbox arrangement  where 

t h r e e  e n g i n e s  d r i v e  i n t o  a  combiner gearbox l o c a t e d  a f t  and 

above t h e  pas senge r  cab in .  The combiner box i s  des igned  

f o r  ea sy  removal th rough t h e  baggage ho ld  c e i l i n g .  

Power i s  t r a n s m i t t e d  t o  t h e  a f t  r o t o r  by s h a f t i n g  i n  t h e  r e a r  

py lon  which d r i v e s  t h e  a f t  r o t o r  t r a n s m i s s i o n ,  and t o  t h e  f o r -  

ward rotor by s h a f t i n g  alorlg a  f u s e l a g e  t u n n e l  t o  t h e  f o r n a r d  

r o t o r  t ra r i smiss ion  l o c a t e d  forward o f  t h e  passenger  c a b i n .  The 

APU ( A u x i l i a r y  Paver  Unj t )  i s  l o c a t e d  i n  t h e  a f t  fuse1  age 

comps r tment  i n  c :o se  p rox imi ty  t o  t : ,  ? e n g i n e s .  . 
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T h i s  arrangement  has  been s e l e c t e d  f o r  minimum complex i ty ,  

c o s t ,  weight  and performance l o s s e s  a s  w e l l  a s  t o  minimize 

t h e  e f f e c t s  o f  eng ine  and t r a n s m i s s i c n  n o i s e  and v i b r a t i o r  i n  

t h e  pas senge r  zab in .  

The f u e l  t a n k s  a r e  l o c a t e d  under  t h e  r e a r  c a b i n  f l o o r  ao  b h w n  

i n  F i g u r e  2 . 2 .  These t a n k s  a r e  "crashworthy" t ank?  s i m i l a r  

t o  t h o s e  b u i l t  and t e s t e d  by t h e  Boeing Vertol Company f o r  

CH-46/47 a p ~ l i c a t i o n s  (Volume 11). The d e s i g n  phi losophy 

is  t o  p r o v i d e  adequate  t ank  s t r e n g t h  t o  e n s u r e  t h a t  no r u p t u r e  

w i l l  o ccu r  i n  t h e  e v e n t  o f  a 95 th  p e r c e n t i l e  c r a s h .  The 

system i s  des igned  f o r  p r e s s u r e  r e f u e l i n g  (300 gpm) w i t h  

c r u s s f ~ e d  v a l v i n g ,  a f u e l  pump i n  e a c h  t a n k ,  and w i t h  f u e l  

pump v a l v e s  and l i n e s  r o u t e d  away from t h e  l a n d i n g  g e a r .  The 

d u a l  b l e e d  c o n d i t i o n i n g  system i s  l o c a t e d  i n  t h e  a f t  f u s e l a g e  

compartment a d j a c e n t  t o  t h e  APU and e n g i n e  bays.  

The l a n d i n g  g e a r  i s  a t r i c y c l e  l a y o u t  p r o v i d i n g  e x c e l l e n t  

ground hand l ing  c h a r a c t e r i s t i c s .  The d u a l  wheel g e a r s  a r e  

r e t r a c t a b l e  i n t o  t h e  f u s e l a g e  f o r  minimum d r a g  and t h e  

system is  des igned  f o r  500 f e e t  b e r  minute  r a t e  o f  s i n k  on 

l and ing .  The arrangement  p r o v i d e s  an o v e r t u r n i n g  ar,gle o f  

27-degrees and adequate  f u s e l a g e  c l e a r a n c e  f o r  f l a r e d  

1 ,riding. 

Cabin l a y o u t  and passenger  accomnodation d e t a i l s  a r e  shown i n  

F i g u r e s  2 . 2  and 2.3. The a i r c r a f t  c a b i n  has  two main e n t r a n c e s  

l o c a t e d  on t h e  p o r t  s i d e  of  t h e  a i r c r a f t .  The a f t  e n t r a n c e  

is equipped w i t h  ar! a i r  s t a i r  i n  accordance  w i t h  t h e  s t u d y  
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g u i d e l i n e s .  The r e a r  e n t r a n c e  is  t h e  cormal  e n t r a n c e  and t h e  

e x i t  i s  l o c a t e d  a d j a c e n t  t o  t h e  stowed baggage compartment 

i n  t h e  r e a r  of  t h e  a i r c r a f t .  

A t h i r d  e n t r a n c e  i s  l o c a t e d  on t h e  s t a r b o a r d  s i d e  of t h e  c a b i n  

forward a d j a c e n t  t o  t h e  s e r v i c e  f a c i l i t i e s  and s e r v e s  t h e  d u a l  

r o l e  a s  a s e r v i c e  e n t r a n c e ,  and an  emergency e x i t .  

A f u r t h e r  Type I e x i t  i s  i o c a t e d  a f t  d i r e c t l y  o p p o s i t e  t h e  main 

e n t r a n c e  and a g a i n  s e r v e s  a d u a l  r o l e  i n  t h a t  it can  be  used 

t o  load baggaqe by ground crew and a l s o  p r o v i d e s  a n  emergency 

e x i t .  Th i s  a d d i t i o n a l  a c c e s s  p r o v i d e s  t h e  o p e r a t c r  w i t h  

f l e x i b i l i t y  i n  baggage h a n d l i n g  procedures .  

I n  a d d i t i o n  t o  t h e s e ,  t w o  a d d i t i o n a l  Type I1 emergency e x i t s  

a r e  l o c a t e d  amidships ,  one t o  each  s i d e .  The l o c a t i o n  of t h e s e  

e x i t s  c ~ i u s e s  t h e  p i t c h  between t h e  n i n t h  and t e n t h  rows o f  

s e a t s  t o  be i n c r e a s e d  t o  45-inches t o  a l l o w  a 20-inch wide 

a c c e s s  t o  t h e  e x i t .  

Six Type I V  e x i t s  a r e  provided  i n  t h e  c a b i n  roof  t o  b e  used 

i n  t h e  e v e n t  o f  an a i r c r a f t  be ing  t u r n e d  o v e r  on one s i d e .  

T h e  passenger  c a b i n  h a s  s e a t s  f o r  100 pas senge r s  w i t h  an  

o v e r a l l  s e a t  wid th  o f  21-inches and a seat p i t c h  o f  

34-inches.  

Each passenger  h a s  u n d e r s e a t  stowage space  (9- inches  X 16- inches  

X 23-inches)  and overhead r ack  stowage w i t h  l o c k a b l e  door s .  

A i r  v e n t s ,  i n d i v i d u a l  l i g h t s  and a f o l d i n g  t a b l e  a r e  provided  

f o r  each  passenger  i n  accordance  w i t h  normal commercial a i r -  

c r a f t  p r a c t i c e .  
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The cabin has  d u a l  19-inch a i s l e s  and t h e  main cab in  l i g h t s  

a r e  loca ted  over  t h e  a i s l e s .  

Two coa t racks  a r e  provided - one forward and one a f t  wi th  

p rov i s ions  f o r  80 passengers .  

Two l a v a t o r i e s  a r e  l o c a t e d  i n  t h e  forward end of  t h e  cabin .  

I n  t h e  c e n t e r  of t h e  forward cabin  i s  t h e  beverage s t o r a g e  

and ze rv ice  counter  space which a l s o  incorpora tes  t i c k e t i n g  

f a c i l i t i e s .  

There a r e  two cab in  a t t e n d a n t  s e a t s .  One is  l o c a t e d  forward 

a g a i n s t  t h e  forward passenger cab in  bulkhead and c l o s e  t o  t h e  

Iorward e x i t s .  The second i s  aft a q a i n s t  the baagage ho ld  

bulkhead and c l o s e  t o  t h e  r e a r  Type I e x i t s .  

The a i r c r a f t  a v i o n i c s  and n a v i g a t i o n a l  gea r  compartment i s  on 

t h e  p o r t  s i d e  of t h e  a i r c r a f t  j u s t  forward of t h e  cockpi t /cabin  

bulkhead. The c o c k p i t  space provides  adequate accommodation 
I 

f o r  a f l i g h t  crew of two w i t h  e x c e l l e n t  v i s i b i l i t y .  A t h i r d  

"observer" s e a t  i s  provided ad jacen t  t o  t h e  a7;ionics compart- 

ment a t  t h e  r e a r  of t h e  cockp i t .  This  l o c a t i o n  provides  t h e  

observer  good forward v i s i o n ,  v i s i b i l i t y  over  t h e  f l i g h t  c r e w  

s t a t i o n s  and a l s o  access  t o  t h e  avionics/nav-aids compartment 

i f  requi red .  The cockp i t  is  provided wi th  two crew emergency 

e x i t s  - one on each s i d e  of t h e  cockp i t .  

2 . 1 . 2  Tandem Hel icop te r  Design P o i n t  %eigh t s  

The des ign  g r o s s  weight of t h e  tandem r o t o r  des ign  p o i n t  

h e l i c c p t e r  i s  30,469 Kg (67 , lV/5  poullds) . The a i r c r a f t  empty 

weight i s  18,221.8 Kg (40,179 pounds).  Table 2 . 2  g i v e s  t h e  



WEIGHT SUMMARY - PRELIMINARY DESIGN 
M 1 . S T D . 1 3 7 4 '  D210-10858-1 

1 E X H A U S T  SYSTEM * I I 

A b X .  POWER P L A N T  1 1 .  

ELE C'RICAL G R O U P  

A d i O h l ' C S  SROLIP 

ARMAMENT G R O U P  - - - . - - - - - -- 
F L R k .  8 E Q U I P .  G R O U P  - 

ACCOM. F O R  PERSON.  - - pp .- - 
M!SC E Q U I P M E N T  -- 
FURNISHINGS - -  

E M E R G .  E Q U I P M E N T  - 
A I R  CONDIT IONING - 
A N T I - I C I N G  G R O U P  .- - 

L O A D  AND H A N D L ) N G  GP.  - -- --- .- -- - - 

(WEIGHT EMPTY 1 18224.8 ( 
I 

C R E W  299.4 1 
TAPPED L i Q U I D S  52.2  1 

----- .- . . .- - - ...+ - .- . 

FUEL 4 
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weight  breakdown j n  terms of  s t r u c t u r a l  components and 

a i r c r a f t  systems.  The weight  o f  each  component o r  system h a s  

been computed c s i n g  t h e  HESCOMP s i z i n g  program (Reference  1 ) 

which uses  s t a t i s t i c a l  and semi-empir ica l  weight  t r e n d  

e q u a t i o n s  based on known a i r c r a f t  weights .  The s i z i n g  pro- 

cedure  i s  an  i t e r a t i v e  procedure  i n  which t h e  a i r c r a f t  we igh t  

i s  v a r i e d  u n t i l  t h e  mis s ion  f u e l  r e q u i r e d  i s  e q u a l  t o  t h e  

a l l o c a t e d  f u e l  weight .  

Weights o f  a l l  s t r u c t u r a l  components have been reduced  by 

25% f r o n  t h e  t r e n d  cu rve  d a t a  i n  keeping  w i t h  t h e  g u i d e l i n e  

d i r e c t i v e  on t h e  use  o f  composi te  m a t e r i a l s .  

S e v e r a l  s t a n d a r d  i t e m  weights  were a l s o  s p e c i f i e d  as shown 

i n  Table  2.3. 

TABLE 2.3. WEIGHTS SPECIFIED BY STUDY GUIDELINES. 

ITEM 

WHEELS, TIRES, AND BRAKES 

( F l i g h t  and Naviga t ion)  INSTRUMENTS 

ELECTRICAL 

ELECTRONICS 

(Excluding Genera t ing  
Equipment) 

(Communicat,ion, F l i g h t ,  
and Naviga t ion)  

AUXILIARY POWER UNIT INSTALLATION 
- 

SEATS AND BELTS 

PASSENGER: DOUBLE 
TRIPLE 

CREW SEATS: CABIN CREW 
FLIGHT CREW 

- - -- 

LAVATORY 
BEVERAGE ONLY 
A I R  STAIR -- 

COMPANY OPTIMUM 

1200 Pounds 

16 Lbs/Crew Member 
40 Lbs/Crew Member 1 

i 
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The 544.2 Kg (1,200 pounds) a l l o c a t e d  f o r  a u x i l i a r y  power 

u n i t ,  i n s t r u m e n t s ,  e l e c t r i c a l  and e l e c t r o n i c s  h a s  been assumed 

t o  be an u n i n s t a l l e d  we igh t  and an a d d i t i o n a l  440.8 Kg (9 ,721  

pounds) h a s  been ~ f i c l u d e d  t o  accoun t  f o r  i n s t a l l a t i o n .  

The eng ine  we igh t s  a r e  based  on a p r o j e c t e d  s p e c i f i c  weight  

o f  .15 pounds p e r  s h a f t  horsepower which i s  expec ted  t o  be 

a v a i l a b l e  f o r  a p p l i c a t i o n  t o  a  1985 commercial a i r c r a f t .  

The c o n t r o l  system i s  a  f ly-by-wire  system and t h e  weight  

e s t i r a t e  f o r  t h e  c o n t r o l s  i s  based  upon r e c e n t  Boeing exper -  

i e n c e  w i t h  f ly-by-wire  c o n t r o l s  on t h e  Model 347 h e l i c o p t e r .  

The r o t o r  gearboxes  a r e  des igned  f o r  maximum e n g i n e  power 

and to rque  under  s e a  l e v e l  s t a n d a r d  day c o n d i t i o n s .  

The l a n d i n g  g e a r  i s  des igned  f o r  a  500 f o o t  p e r  minute  r a t e  

o f  d e s c e n t  and is  4 %  of  weight  empty. 

Passenger  and crew accommodations a r e  based  on  Boeing 737 

a i r c r a f t  d a t a  s i n c e  it w i l l  be  n e c e s s a r y  t o  p r o v i d e  pas senge r  

comfor t  t o  a t  l e a s t  t h i s  s t a n d a r d  by 1985. 

The o v e r a l l  a i r c r a f t  i s  s i z e d  f o r  a  maneuver l o a d  f a c t o r  o f  

3.5 and an  u l t i m a t e  l oad  f a c t o r  of  5.25 a s  recommended i n  

FAR P a r t  29. 

The a i r c r a f t  c e n t e r  of  g r a v i t y  and i n e r t i a s  f o r  b o t h  d e s i g n  

g r o s s  weight  and weight  empty a r e  shown i n  Table  2.4. The 

a i r c r a f t  CG enve lope  is shown i n  F i g u r e  2.4. There  is  no 

need t o  restr ict  s e a t i n g  a r rangements .  



ZENTYR OF GRAVITY* 

FUSELAGE STATION 

WATER LINE 

YOMEhT OF INERTIA 

I (ROLL) 
XX 

I (PITCH) 
YY 

WEIGHT EMPTY 

1 8 , 2 2 4 . 8  Kg 
( 4 0 , 1 7 9  LBS) 

1 5 . 2 5  M (600.4 I N . )  

3.59 M (141 .5  I N . )  

89 ,392 .5  Kg M* 

( 1 0 , 1 4 3 . 5  S l u g  F t 2 )  

1 , 5 1 3 , 9 5 8 . 3  Kg M~ 

( 1 , 1 1 6 , 8 2 6 . 9  S l u g  

~ t 2 )  

1 ,462 .026 .2  Kg M~ 

( 1 , 0 7 8 , 5 2 3 , 9  S l u g  
~ t 2 )  

GROSS WEIGHT 

301469.9 Kg 
( 6 7 , 1 7 5  LBS) 

1 4 . 5 3  M (572.0 I N . )  

2 .83  M (111.5  I N . )  

9 6 , 1 2 1  Kg M~ 

( 1 0 , 4 0 7  S l u g  F t 2 )  

1 , 6 2 7 , 9 1 2  Kg M~ 

( 1 , 2 0 0 , 8 8 9  S l u g  

F t 2  ) 

1 , 5 7 2 , 0 8 1  Kg M2 

( 1 , 1 5 9 , 7 0 3  S l u g  
F t 2 )  

*FUSELAGE STATION 0 I S  AT NOSE OF BODY, CENTERLINE OF FORWARD 
ROTOR 5.0 METERS ABOVE WATER LINE. 

TABLE 2.4.  WEIGHT, CENTER OF GRAVITY AND MOMENT OF 
INERTIA - DESIGN POINT HELICOPTER. 
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I n  o r d e r  t o  p rov ide  r eady  compariaon o f  t h i s  a i r c r a f t  d e s i g n  

we igh t  w i t h  o t h e r  d e s i g n s  w i t h  d i f f e r e n t  f i x e d  w e i g h t s ,  t h e  

a i r c r a f t  growth d a t a  a r e  shown i n  F i g u r e  2.5. T h i s  c u r v e  

a l l o w s  an a i r c r a f t  weight  t o  b e  o b t a i n e d  f o r  a  v a r i a t i o n  i n  a  . 

f i x e d  weight  i t e m  and a l l o w s  r e a s o n a b l e  comparison of  we igh t  

w i t h  o t h e r  d e s i g n s  based on d i f f e r e n t  f i x e d  equipment ,  etc. 

assumptions.  

D e t a i l e d  j u s t i f i c a t i o n  of  t h e  component and subsys tem w e i g h t s  

i s  provided  i n  Volume 11. 

2.1.3 Veh ic l e  Perfoxmance 

Miss ion  Performance 

The d e s i g n  p o i n t  tandem h e l i c o p t e r  h a s  been s i z e d  t o  f l y  t h e  

mi s s ion  shown i n  Tab le  2.5 and F i g u r e  2.6, w i t h  a  r ange  o f  

200  n a u t i c a l  miles. 

A performance simmary of t h e  d e s i g n  p o i n t  a i r c r a f t  f l y i n g  

t h i s  mi s s ion  i s  shown i n  T a b l e s  2.6 and 2.7. The a i r c r a f t  

i n i t i a l  weight  i s  67,175 poundsw The a i r c r a f t  i s  t a x i e d  w i t h  

t h e  eng ine  a t  t h e  ground i d l e  e n g i n e  r a t i n g ,  f o r  a  one minute  

p e r i o d  and 12.3 pounds of  f u e l  i s  used.  An a d d i t i o n a l  107 

pounds o f  f u e l  is r e q u i r e d  t o  e x e c u t e  t h e  t a k e o f f ,  i n i t i a l  

a i r  maneuver and a c c e l e r a t i o n  t o  c l imb speed .  The a i r c r a f t  

t h e n  c i imbs  t o  5,000 f e e t  a l t i t u d e  a t  a  r a t e  o f  c l imb  o f  

approximate ly  1 ,800 f e e t  p e r  minute .  

The c l imb  segment i s  accomplished i n  2.76 minutes  and requires 

190.4 pounds o f  f u e l  and a  d i s t a n c e  o f  4.26 n a u t i c a l  miles 

i s  covered .  



OPERATING WEIGHT 

1 1 1 

560 570 580 590 600 

FUSELAGE STATION I - INCHES y 

14.25 1 4  .50 14.75 15 .OO 15.25 
FUSELAGE STATION - METERS 

FIGUaE 2.4. BASELINE TANDEM HELIC9PTER - 
CENTER OF GRAVITY ENVELCPE. 



D E S I G N  POINT 
I GROSS WEIGHT 

- - - 

DELTA WEIGHT CHANGE - LBS 

-600 -400 -200 0 200 4 00 600 
DELTA WEIGHT CHANGE - Kg 

FIGURE 2 . 5 .  BASELINE HELICOPTER WEIGHT GR3WTH AT 
CONSTANT PERFORMANCE AND STRENGTH. 



I A c c e l e r a t i o n  t o  
Climb Speed I I 1 AS C a l c u l a t e d  

C l  inb A S  c a l c u l a t e d  A t  cptimum C l i m b  Spd 
I 

SEGMENT 

Taxi  Out 

Takeoff , T r a n s i t  ion  
& Conversion t o  
Con\-entional F l i g h t  

A i r  Maneuvcr 
[Or ig in )  

31Lr'F' v 

VTOL 

1 min. 

0 .5  min. 

0.5 min. 

nTPT>VrE  

VTOL 

0  

0 

0 

TABLE 2 . 5  V/STOL M I S S I O N  PROFILE D E F I N I T I O N .  

k 

-- - + 

c r u i s e  

Descent t o  
2600 f t .  

A i r  Maneuver a t  
2000 f t .  ( d e s t i n a t i o n :  

Dccelr ra t i r lg  Approach 
and Conversion t o  
Powered L i f t  F l i g h t  
2000 f t .  t o  1000 f t .  

T r a n s i t i o n  and 

* 

A t  Cons tan t  I n t e g r a l  
1000 f t .  Al t i tudes (h 'o  
Enr-dr f&p 

5000 fpm maximum 
r a t e  o f  Descent 

1000 fpm maximum 
Rate  o f  Descant 

1000 fpm maximum Rate 

AS c a l c u l a t e d  

AS C a l c u l a t e d  

o f  Df s c e n t  Down t o  
35 ft. 
600 fprn Maximum Rate 
of Descent Below 35ft. 

- 

1 .5  min. 

AS 

l and ing  from 1000 f t .  
As Calculated 1 to  Touchdown 

Taxi  I n  t 1 min. 

0 

0  

- 
0 

0  
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The c r u i s e  segment  o f  t h e  m i s s i o n  is  done a t  5,000 f e e t  

a l t i t u d e .  At t h e  s t a r t  o f  t h e  craise segment  of t h e  m i s s i o n  

t h e  a i r c r a f t  w e i g h t  is 66 ,865  pounds and  t h e  a i r s p e e d  i s  

165.6 k n o t s  (TAS).  A f t e r  c r u i s i n g  f o r  1.154 h o u r s  t h e  

a i r c r a f t  h a s  t r a v e l l e d  a  t o t a l  o f  197 n a u t i c i  1 miles and  

t h e  a i r c r a f t  w e i g h t  h a s  r e d u c e d  t o  62,25n pounds ,  and  t h e  

c r u i s e  s p e e d  h a s  i n c r e a s e d  t o  170 k n o t s  (TAS). The f u e l  

f o r  t h e  c r u i s e  segmenk i s  4670.4 pt m d s .  

The d e s c e n t  segment to  2 ,000 f e e t  a l t i t u d e  c o m p l e t e s  t h e  

r a n g e  t o  200 n a u t i c a l  miles a t  rate o f  d e s c e n t  o f  2 ,460 f e e t  

p e r  minu te  ( w i t h i n  t h e  s p e c i f i e d  maximum o f  5 ,000  ~ e e t  p e r  

m i n u t e  ( T a b l e  2 . 5 )  . 
The a i r  maneuver a t  2,000 f e e t  a l t i t u d e  h a s  b e e n  computed a s  

a  l o i t e r  f o r  1 . 5  m i n u t e s  and  r e q u i r e s  64.9 p o m d s  o f  f u e l .  

T h i s  i s  f o l l o w e d  by t h e  f i n a l  d e s c e n t  t o  1 , 0 0 0  f e e t  a l t i t u d e  

on a s p i r a l  d e s c e n t  f l i g h t  p a t h  a t  1 , 0 0 0  f e e t  p e r  m i n u t e  

r a t e  o f  d e s c e n t .  

Descen t  f rom 1 , 0 0 0  f e e t  a n d  l a n d i n g  t a k e s  1 . 5  m i n u t e s  and  is 

f o l l o w e d  by a  t a x i  segment  a t  g round  i d l e  e n g i n e  r a t i n g  f o r  

one  minu te .  

T h i s  c o m p l e t e s  t h e  200 n a u t i c a l  m i l e  m i s s i o n  w i t h  a b l o c k  

t i m e  o f  1 .337 h o u r s  and a f u e l  burn-of f  o f  5 ,092 .5  pounds 

and a  f i n a l  a i r c r a f t  w e i g h t  o f  62,082 pounds.  

The r e s e r v e  f u e l  i s  c a l c u l a t e d  f o r  a r a n g e  i n c r e m e n t  o f  50 

n a u t i c a l  miles a t  99% b e s t  r a . g e  s p e e d  and  a  lo i te r  f o r  2 3  

m i n u t e s .  The r e s e r v e  f u e l  r e q u i r c d  is 1 ,914  puunds  g i v i n g  
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a total fuel load of 7,006.8; pounds. 

Hover Performance 

The hover performance of the design point tandem rotor heli- 

copter is shown in Figures 2.7 and 2.8. 

Data given for both all engines operating (AEO) and one engine 

inoperative (OEI) as well as in and out of ground effect (IGE, 

OGE) is included. 

The design point aircraft is sized to a 90-degrees F sea level 

condition OEI. This point is shown on Figure 2.7 at a hover 

weight of 67,175 pounds. The OEI data assumes a force-to- 

weight ratio (F/W) of 1.03. 

The requirement to size the transmission to maximum sea level 

shaft horsepower provides OEI performance which is power 

limited. In the all engines operating case the torque limit 

is set such that both power an5 tcrqae linit coSnciae at 

59-degrees F ambient temperature. 

Maintaining a one engine out requirement and operating at 

standard day out of ground effect, the aircraft can take off 

at a gross weight of 74,700 pounds, ax? increase of 7,525 

pounds. This would not be allowable as extra payload since 

the FAA takeoff gross weight cert;-fication would limit the 

aircraft to 67,175 pounds. The higher weight would isolate 

the design load factor capability. This extra lift represents 

increased force-to-weight capability (F/W = 1.16) at sea 

level standard. 
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BASELINE AIRCRAFT PERFORMANCE 

TANDEM HELICOPTER/~OO PASSENGER/92.3 PNdB 

ALL ENGINES OPERATING - 
F/W = 1.05 

1 70 I . . - . . - 1  1 1 

30 50 7 0 90 110 
AMBIENT TEMPERATURE - DEGREES F 

rL 
0 

L 
15 30 : 5 

AMBIENT TEMPERATURE - DEGWSS C 

FIGURE 2.7. EFFECT OF AMBIENT TEMPERATURE ON SEA 
LEVEL TAKEOFF WEIGHT 



BASELINE AIRCRAFT PERFORMANCE 

TANDEM HELICOPTER/100 PASSENGER/92.3 PNdB 

ONE ENGINE INOPERATIVE 

3 0 50 70 90 110 130 
AMBIENT TEMPERATURE - DEGREES F 
0 15 30 45 
AMBIENT TEMPERATURE - DEGREES C 

FIGURE 2.8. EFFECT OF AMBIENT TEMPERATURE ON SEA 
LEVEL TAKEOFF WEIGHT 
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With all engines operating out of ground effect, the aircraft 

lift capability provides an allowable force-to-weight ratio 

of 1.37 at 59-degrees F; at 90-degrees F this reduces to 

Data are provid2d for hover in ground effect. This demon- 

strates increased static lift capability better than the cer- 

tified value. Again this increased capability can only be 

considered as an additional force-to-weight capability on 

tdkeoff or as a ground cushion in a ianding flare. 

The effect of altitude on hover performance is shown in 

Figure 2.9 for all engines operating. The fully loaded 

(100 passengers) aircraft could hover up to an altitude of 

11,500 feet on a standard day and 8,000 feet for an ambient 

of standard plus 31-degrees F. The operating altitude is 

significantly less than this. 

The altitude performance with one engine inoperative is 

shown in Figure 2.i0. The design point aircraft is shown 

at sea level 90-degrees. For a standard ' l v  the OEI altitude 

capability increases to 4,500 feet. 

Hover Download 

An important issue in ths prediction of hover performance and 

in the sizing of the design point aircraft installed power 

is the estimation of the download on the aircraft fuselage 

due to the downwash from the rotors. This effect has Seen 

computed using a semi-empirical technique described in 

Section 3.1, Volume 11. 
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BASELINE A I R C W T  PERFORMANCE 

TANDEM HELICOPTER/100 PASSXN'GER/92.3 PNdB 

DGW = 67,175 ~BS/30,470 Kg 
MIDWT = 59,175 LBS/26,841 Kg 
OWE = 42,168 LBS/19,127 Kg 

ALTITUDE = SEA LEVEL 
STAMDARD DAY 

2 I . .  
0 100 

AIRSPEED - KNOTS 

FIGURE 2.11. CRUISE PERFOWANCE - POWER REQUIRED/AVAILABLE, 
STANDARD DAY. 



BASELINE AIRCRAFT PERFORMANCE 

TANDEM HELICOPTER/100 PASSENGER/92.3 PNdB 

DGW = 67,175 LBS/30,470 Kg 
MIDWT = 53,175 LBS/26,840 Kg 
OWE = 42,168 LBS/19,127 Kg 

ALTITUDE = 5000 FEET (1524 m) 
STANDARD DAY 

100 
AIRSPEED - KNOTS 

FIGURE 2.12. CRUISE PERFORMANCE - POWER REQUIRED/AVAILABLE, 
STANDARD DAY. 

3 4  



BASELINE AIRCRAFT PERFORMANCE 

TANDEM HELICOPTER/100 PASSENGER/92.3 PNdB 

STANDARD DAY 
AEO & OEI 

NORMAL RATED POWER 
CRUISE RPM 

DGW = 67,175 LBS/30,470 Kg 
OWE = 42,168 LBS/19,127 Kg 

AIRSPrED - KNOTS 

FIGURE 2.13. LEVEL FLIGHT CRUISE SPEED ENVELOPE. 
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The download on t h e  a i r c r a f t  a t  t h e  d e s i g n  hover  c o n d i t i o n  

i s  8.6% o f  t h e  rotor t h r u s t  and t h i s  l i f t  loss h a s  been  

i n c l u d e d  i n  t h e  s i z i n g  and performance c a l c u l a t i o n s .  

Performance a t  Forward Speed 

The d e s i g n  p o i n t  tandem h e l i c o p t e r  power r e q u i r e d  and power 

a v a i l a b l e  d a t a  a r e  shown i n  F i g u r e s  2.11 and 2.12 f o r  b o t h  

s e a  l e v e l  and 5,000 f e e t  ( d e s i g n  c r u i s e )  a l t i t u d e s  f o r  

s t a n d a r d  day c o n d i t i o n s .  Power r e q u i r e d  da ta  a r e  g i v e n  f o r  

t h r e e  d i f f e r e n t  a i r c r a f t  we igh t s  r ang ing  from o p e r a t i n g  

weight  empty t o  d e s i g n  g r o s s  weight .  

A t  z e r o  a i r s p e e d  f o r  bo th  a l t i t u d e s  t h e  a i r c r ~ f t  pwer  r e q u i r e d  

i s  less t h a n  NRP (normal r a t e d  power) . 
The i n t e r s e c t i o n s  o f  t h e  power r e q u i r e d  and a v a i l a b l e  l i n e r  

i n d i c a t e  t h e  maximum c r u i s e  speed  performance c a p a b i l i t y .  

The d e s i g n  g r o s s  weight  a i r c r a f t  can  f l y  a t  168 k n o t s  a t  

s e a  l e v e l  a i l  e n g i n e s  o p e r a t i n g .  T h i s  speed  i n c r e a s e s  t o  

182 k n o t s  a t  o p e r a t i n g  weight  empty. With one e n g i n e  inope r -  

a t i v e  a maximum speed  o f  156 k n o t s  can  be  ach ieved  a t  d e s i g n  

g r o s s  we igh t  a t  sea l e v e l .  

A t  5,000 f e e t  a l t i t u d e  t h e  NRP c r u i s e  speed is 1 6 5  k n o t s  

a t  d e s i g n  g r o s s  weight  and 185 k n o t s  a t  we igh t  empty. These 

speeds  d e c r e a s e  t o  145 k n o t s  and 169 k n o t s  r e s p e c t i v e l y  w i t h  

one eng ine  i n o p e r a t i v e .  

The speed performance c a p a b i l i t y  a s  a f u n c t i o n  o f  a l t i t u d e  

i s  shown i n  F i g u r e  2.13. 
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Rate of Climb 

Rate of climb capability is shown as a function of altitude 

and gross weight in Figure 2.14. The two conditions of both 

all engines operating and one engine inoperative are shown. 

At design gross weight the aircraft achieves a maximum rate 

of climb of 3,650 feet per minute all engines operating at 

sea level. At design cruise altitude (5,000 feet) a climb 

rate of 2,910 feet per minute can be maintained. 

With one engine incperative a rate of climb of 1,670 feet 

per minute can be maintained dropping to 1,200 feet per 

minute at design cruise altitude. 

At minimum weight or operating weight empty the rate of 

climb capability increased to 6,900 feet per minute at sea 

level with all engines operating and 3,900 feet per minute 

with one engine inoperative. The engine power setting used 

for all climb calculations is a MIL rating. 

Specific Range 

The fuel consumption of the aircraft in cruise at both sea 

level and 5,000 feet altitudes, all engines operating, is 

given in Figure 2.15 for the range of aircraft weights. At 

design gross weight the aircraft achieves a maximum specific 

range of 0.0425 nautical miles per pound fuel at 140 knots at 

sea level. This improves to .044 nautical miles per pound 

' at 500 feet. 



BASELINE AIRCRAFT PERFORMANCE 

TANDEM HELICOPTER/100 PASSENGER/92.3 PNdB 

CLIMB CAPABILITY TAKEOFF RPM 
STANDARD DAY MIL POWER 

AEO & OEI 

DGW = 67 ,175  LBS/30,47c) Kg 
O W  := 42,168 LBS/19,127 Kg 

RATE OF CLIMB - FT/MIN x lo7 
0 5 10 15 20 2 5  3 0 35 

- 
RATE OF CLIMB - m/s 

FIGURE 2.14 . BASELINE HELiCOPTER DESIGN POINT AIRCRAFT- 
CLIMB CAPABILITY. 



BASELINZ AIRCRAFT PERFORMANCE - 
TANDEM HELICOPTER/100 PASSENGER/92.3 PNdB 

DGW = 57,175 LBS/30:470 Kg 
MIDWT = 59,175 LBS/26,841 Kg 
OWE = 42,168 LBS/19,120 Kg 

ALL ENGINES OPERATING 

ALTITUDE = SEA LEVEL 
STANDARD DAY 

ALTZTIJDE = 5000 FEET (1524 m) 
STANDARD DAY 

AIRSPEED - KNOTS 

FIGURE 2.15. CRUISE PERFORMANCE - SPECIFIC RANGE - 
STAYDARD DAY - AEO. 
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A t  t h e  NRP c r u i s e  speeds  t h e  s p e c i f i c  r z g e  i s  lower - 0.04 

n a u t i c a l  miles p e r  pound a t  d e s i g n  g r o s s  weighc sea l e v e l  

and 0.041 a t  5,000 f e e t .  

With one eng iue  i n o p e r a t i v e  (F igu re  2.16) t h e  s p e c i f i c  r ange  

of t h e  a i r c r a f t  i n c r e a s e s  due t o  t h e  inc,-easet .  power s e t t i : . g  

of t h e  remaining two eng ines .  On a s t a n d a r d  day a t  s e a  l e v e l  

a  s p e c i f i c  range  o f  0.048 n a u t i c a l  m i l e s  p e r  pound of  f u c l  can  

be ach ieved  a t  d e s i g n  g r o s s  weig1.t a t  131 kno t s .  A t  5,OGO 

f e e t  a l t i t u d e  t h e  maximum s p e c i f i c  rc,;lge is  s l i g h t l y  h i g h e r  

a t  0.0485 n a u t i c a l  miles per p a n d  o f  iw: a t  d e s l g n  g r o s s  

weight  . 
Payload Range 

The payload range  performance N a s  a s p e c i f i e d  c r i t e r i o ~  f o r  

t h e  d e s i g n  p o i n t  a i r c r a f t ,  and is shown i n  F i g u r e  2.17. The 

d e s i g n  range  i s  200 n a u t i c a l  miles w i t h  a f u l l  l o a d  of 100 

passe,.gers. R € s E ~ v ~  f l x l  a s  d e f i n e d  i n  t h e  mi s s ion  p r o f i l e  

i s  s t i l l  a v a i l a b l e  a t  200 n a u t i c a l  miles. The b a s i c  200 

n a u t i c a l  m i l e  n . i s s ion  f u e l  1 i m j . t  d e f i n e s  t h e  range  o f  l i g h t e r  

we igh t s  such c h a t  w i t h  no pas senge r s  on board. the r ange  

i n c r e a s e s  t o  241 n a u t i c a l  miles. 

An ex tended  range  v e r s i o n  of t h e  d e s i g n  p o i n t  a i r c r a f t  h a s  

been cons ide red  by t h e  a d d i t i o n  o f  e x t r a  f u e l  t a n k s  and :e- 

moving two pas senge r s  to  a l l o w  fox  the  t a n k  weight i n c r e a s e .  

T h i s  a i r c r a f t  would c a r r y  38 p a s s e n g e r s  200 n a u t i c a l  miles 

o r  could  be used f o r  72  p ; , : s e n g e r s  up t o  400 n a u t i c a l  mi l e  

range .  The b a s i c  a i r c r a f t  payload-ran9e c a p a b i l i t y  i n c r e a s e s  



EASZLINE AIRCRAFT PERFORMANCE 

TANDLK HELICOPTER/lOO PASSENGER/92.3 PNdB 
DGW = 67,175 LBS/30,470 Kg 
MIDWT=59,175 LBS/26,841 I . ~  

OWE = 42,168 LBS/19,120 Kg 

ONE ENGINE INOPERATIVE 

FIGURE 2.16. CRUISE PERF3RMANCE - SPECIFIC RANGE - 
STANDARD DAY - OEI. 
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w i t h  one  eng ine  i n o p e r a t i v e  s i n c e  t h e  remain ing  e n g i n e s  

a r e  now o p e r a t i n g  a t  a h i g h e r  p e r c e n t a g e  of  power a v a i l a b l e  

which improves t h e  eng ine  SFC. Assuming c r u i s e  O E I  t h e  f u l l y  

l e ~ d e d  zf rc rc f t  raxgc incresses t o  250 n a u t i c a l  m i l e s  2nd 325 

n a u t i c a l  miles w i t h  no pas senge r  l oad .  

Draq 

The minimum d r a g  o f  t h e  d e s i g n  p o i n t  a i r c r a f t  i s  shown i n  

Table  2.8 i n  te rms  of  e q u i v a l e n t  d r a g  a r e a  (F,). The major  

c o n t r i b u t i o n s  a r e  from t h e  f u s e ' a g e  (10.019 ~ t * ) ,  and t h e  
2 

r o t o r  hubs (20.2 F t  ) .  The t o t a l  a i r c r a f t  F, i s  38.51 s q u a r e  

f e e t  g i v i n g  a g r o s s  weight  t o  F, r a t i o  o f  

A d e s c r i p t i o n  of t h e  d r a g  methodology and j u s t i f i c a t i o n  f o r  

t h i s  d r a g  e s t i m a t e  i s  g i v e n  i n  Volume 11. 

2.1.4 F l y i n g  Q u a l i t i e s  - Design Pcdn t  Tandem H e l i c o p t e r  - 
A i r c r a f t  T r i m  

T r i m  d a t a  f o r  t h e  b a s e l i n e  tandem h e l i c o p t e r  have been computed 

f o r  a wide v a r i a t i o n  o f  a i r c r a f t  weight  and CG. The l i g h t e s t  

weight  c o n s i d e r e d  i s  t h e  o p e r a t i n g  weight  empty 43,000 pounds 

a t  a  586 i n c h  CG l o c a t i o n .  Two CG l o c a t i o n s  have been t aken  

f o r  a  mid range  a i r c r a f t  weight  o f  57,500 pounds (FWD 556 

i n c h e s  and AFT 610 i n c h e s )  and a t  d e s i g n  g r o s s  we igh t  (67,175 

pounds) a  CG range  from 560 i n c h e s  (FWD) t o  590 i n c h e s  (AFT) 

h a s  be tn  used .  The CG l o c a t i o n s  a r e  g i v e n  by t h e  f u s e l a g e  

r e f e r e n c e  s t a t i o n  l o c a t i o n s .  



ITEM - 
FUSELAGE 

FORWARD PYLO?? 

AFT PYLON 

NACELLES 

MISCELLANEOUS 

D210-10858-1 
TAKDEM HELICOPTER DRAG SUMMARY 

O I L  COOLER MOMENTUM LOSS 

AIR CONDITIOKING 

TRIM 

SUB TOTAL 

ROTOR HUBS 

TOTAL DRAG AREA 

DRAG AREA fe - Ft 2 

TABLE 2.8. TANDEM HELICOPTER - BASELINE AIRC AFT 
DRAG SUMMARY. 
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The a i r c r a f t  a t t i t u d e s  and c o n t r o l  d e f l e c t i o n s  o v e r  t h e  

e n t i r e  speed r ange  a r e  shown i n  F i g u r e s  2.19 and 2.20. 

Data i n  t h e  a i r s p e e d  r ange  from z e r o  t o  60 k n o t s  have been 

computed a t  t h e  t a k e o f f  ambient  c o n d i t i o n s  of s e a  l e v e l  

90-degrees  F. From 100 k n o t s  t o  maximum a i r s p e e d , t h e  c r u i s e  

a l t i t u d e  o f  5,000 f e e t  a t  41-degrees F  ( s t a n d a r d )  i s  assumed. 

rhe  60 kno t  t o  100 kno t  a i r s p e e d  r ange  is  an a l t i t u d e  t r a n s i -  

t ion .  

The f l i g h t  c o n t r o l  k i n e m a t i c s  and cumula t ive  l i m i t  d a t a  are 

g i v e n  i n  Table  2 .9 .  These c o n t r o l  r a n g e s  are based  upon 

a n a l y s i s  o f  t h e  HLH a i r c r a f t  f l i g h t  c o n t r o l s .  The l a r g e  

c o l l e c t i v e  range  i s  s e l e c t e d  t o  p r o v i d e  a u t o r o t a t i v e  capa- 

b i l i t y  a t  l i g h t  g r o s s  weight  a t  90% RPM and t o  a b s o r b  f u l l  

t r a n s m i s s i o n  power a t  l i g h t  g r o s s  we igh t  f o r  a power c l imb.  

D i f f e r e n t i a l  c o l l e c t i v e  p i t c h ,  l a t e r a l  and p e d a l  r a n g e s  have 

been s e l e c t e d  i n  accordance  w i t h  MIL 8501A 

For  a l l  g r o s s  we igh t s  and CG p o s i t i o n s  t h e  v a r i a t i o n  o f  f u s e -  

l a g e  i n c i d e n c e  eve; t h e  r ange  of a i r s p e e d s  i s  s m a l l  a s  a  

r e s u l t  o f  t h e  l a r g e  c y c l i c  t r i m  range  a v a i l a b l e .  The e f f e c t  

o f  gxoss  weight  and CG p o s i t i o n  on a t t i t a d e  is a l s o  s m a l l  

which is an i n h e r e n t  advantage  o f  t h e  tandem r o t o r  h e l i c o p t e r  

from a  pas seqge r  comfor t  s t a n d p o i n t .  The a f t  r o t o r  c y c l i c  i s  

scheduled  w i t h  g r o s s  we igh t  t o  m i n i n i z e  a f t  r o t o r  f l a p p i n g  

e x c u r s i o n s  and reduce  a tendency t o  aeromechanica l  resonance .  



PITCH 2 
ATTITUDE 
(DEGS) o 

6 
FWD 
ROTCIR 
CYCLIC 
(DEGS) 

2 

4 

AFT 
ROTOR 2 
CYCLIC 
(DEGS) 0 

_ - _ - _ - - _  4 3 , 0 0 0  LBS MID \ 
\ - -- - 5 ? , 5 0 0  LBS FWD \ ---- 5 7 , 5 0 0  LBS AFT 

6 7 , 1 7 5  LBS FWD 
6 7 , 1 7 5  LES AFT 

BELOW 50  KT 
CYCLICS OPERATED 
BY COMBINED ATTITUDE 
GYRO AND LONGITUDINAL 
STICK SIGNALS TO 
MAINTAIN CONSTANT 
FUSELAGE 

ABOVE 50  KT 
CYCLICS OPERATED 
BY CONVENT1ON.U 
AIRSPEED SIGNAL. 
COMPENSATED FOR 
ALTITUDE TO YIELD 
TRUE AIRSPEED. 

-- 5 6 , 0 0 0  LBS OR MORE 
- -- 4 5 , 0 0 0  LBS OR LESS 

ABOVE 70  KT 
AFTROTOR CYCLIC 
COMPENSATED FOR I GROSS WEIGHT 
AS SHOWN. 

0 4 0 8 0 1 2 0  160 
AIRSPEED - KNOTS 

FIGURE 2 . 1 9 .  LEVEL FLIGHT PITCH ATTITUDE AND CYCLIC 
TRlM SCHEDULES - TANDEM BASELINE CONFIGURATION. 
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I DOWN 
G.W. CG 

,,- ---- - 43,000 LBS M I D  
- - - - 5 7 , 5 0 0  LBS FWD 

. . - 5 7 , 5 0 0  LBS A F T  

I 6 7 , 1 7 5  LBS FWD d 
6 7 , 1 7 5  LGS AFT /...// 

SHADED BANDS REPRESENT 

i AUGMENTED STICK POSITIONS 

" ;i 
t l d  1 ( LEFT 

* 1 

0  40 8 0  1 2 0  160 
T A S  (KNOTS) 

I-1 
1 R I G H T  

FIGLJRE 2 . 2 0 .  CONTROL POSITIONS I N  TRIMMED LEVEL FLIGHT - 
BASELINE TANDEM HELICOPTER. 
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I n  o r d e r  t o  meet t h e  a n g l e  o f  a t t a c k  s t a b i l i t y  cr i ter ia ,  

26.5 d e g r e e s ,  d e l t a  t h r e e  have been i n t r o d u c e d  t o  t h e  forward  

r o t o r .  The e f f e c t  o f  d e l t a  t h r e e  on r u d d e r  p e d a l  t o  t r i m  i s  

t o  e s s e n t i a l l y  z e r o  the p e d a l  t r a v e l  o v e r  t h e  a i r s p e e d  

r ange .  

The t r i m  c y c l i c  s t i c k  t r a v e l s  a r e  modest  compared w i t h  a v a i l -  

a b l e  c o n t r o l .  For  t h e  SAS-ON c a s e s  a  s imp le  augmenta t ion  

sys tem i s  used on l o n g i t u d i n a l  and l a t e r a l  s t i c k .  N o  SAS i s  

a p p l i e d  t o  c o l l e c t i v e .  The SAS sys t em g a i n s  and l i m i t s  a r e  

g i v e n  i n  Table  2.10. With SAS-ON, t h e  l a t e r a l  s t i c k  excur -  

s i o n s  a r e  e s s e n t i a l l y  z e r o  and a  p o s i t i v e  l o n g i t u d i n a l  s t i c k  

g r a d i e n t  r e s u l t s .  

Ths DASH sys tem p r o v i d e s  s t r o n g  a t t i t u d e  and a i r s p e e d  h o l d  f o r  

u n i n t e n t i o n a l  d i s t u r b a n c e s  and p r o v i d e s  q u i c k e n i n g  i n  p i t c h  

f c r  p i l o t  command d i s t u r b a n c e s .  

C o n t r o l  Power i n  Level  F l i g h t  

The c o n t r o l  powers a v a i l a b l e  a r e  shown i n  F i g u r e s  2.21, 2 . 2 2  

and 2.23 f o r  t h e  r ange  of  g r o s s  we igh t s  and CG p o s i t i o n s .  

P i t c h  c o n t r o l  power i s  a  minimum o f  0.7 r a d s / s e c  s q u a r e  i n  

hover  SAS OFF and exceeds  t h e  minimum c o n t r o l  powers d e f i n e d  

i n  t h e  g u i d e l i n e s  a t  a l l  a i r s p e e d s ,  g r o s s  w e i g h t s  and CG 

l o c a t i o n s .  With S A S  ON,the p i t c h  c o n t r o l  power i n c r e a s e s .  

The r o l l  c o n t r o l  power a v a i l a b l e  i s  shown i n  F i g u r e  2.22 and 

a g a i n  i s  much h i g h e r  t h a n  minimum g u i d e l i n e  r e q u i r e m e n t s .  I n  

t h i s  i n s t a n c e  t h r e e  a i r c r a f t  w e i g h t s  a r e  shown. CG l o c a t i o n  

has  a lmos t  no e f f e c t  on r o l l  c o n t r o l  power. 
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1.0 
CONTROL 
POWER 
( R A D / S E C ~  

. 5  

NOSE UP 

riADED BANDS =PRESENT 
AUGMENTED CONTROL POWER 

//////, MINIMUM / ', / REQU ' I 

CONTROL POWER 

FIGURE 2 . 2 1 .  PITCH CONTROL POWER - LEVEL FLIGHT. 
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0.5 

CONTROL 
POWER 
(RAD/ s ~ e  * 1 

0 

ROLL RIGHT 

:~LG DED BANDS REPRESENT 
AUGMENTED CONThOL POWER 

- 

ROLL LEFT 

40 8 0 12" 161) 
TAS (KTS) 

FIGURE 2 . 2 2  . ROLL CONTROL POWER - LEVEE . IGHT. 
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SjHADED BANDS REPRESENT 
AUGMENTED CONTROL 2OWER 

- . 6 0  
I 

NOSE LEFT 

GW (lb) CG _ _ _ _ _ - - -  43,000 MID 
-- __--  57,500 FWD 
- --. -. - 57,500 AFT -- 67,175 FWD -- 67,175 AFT 

6 - L - - -  

0 40 8 0 120 160  
TAS (KTS ) 

FI;URE 2 . 2 3  . YAW CONTROL POrWR - I.EVEL FLIGHT. 
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Yaw control power is shown in Figure 2.23 and aga'n exceeds 

the guideline requirements, however, at the light weight the 

yaw control for the unaugrnented aircraft is marginal at 40 

knots. The yaw SAS provides quickening with a gain of 1.5 

IJ inches per inch out to 40 knots limited by +1.25 - inches 

actuator stroke. This quizkening is washed out from 40 to 80 

knots. With SAS ON the ytw control improves as show in 

Figure 2.23. 

Zontrol Powers in Sideslip 

For a tandem iqtor helicopter, the collective and longit~dinal 

stick positions in sideslip are not significantly different 

from trimme2 level flight data. Hence, longitudinal contrc, 

power available in sideslip is substantially unchanged from 

the level flight values in Figure 2.21. 

Yaw control margins in sideslip, both basic and augmented, 

are substantial, but roll control has low margins and may be 

critical, The lowest roll control margins occur at 57,500 

pounds with lateral CG offset. Since roll control sensitivity 

is also lowest for this gross weight, roll and cumulative 

roll/yaw control/power margins are checked for this weight 

with lateral CG offset, for both basic and augmented control 

systems (Figure 2.24) . 
Roll control augmentation consists solely of the speed- 

scheduled stick offset, while yaw contrc: ~ugmentation con- 

sists of quickening at h~qer, and sideslip stability at 80 

knots and V maximum. 
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I n  computing t h e  r o l l  and  yaw c o n t r o l  power a s s o c i a t e d  w i t h  

t h e  a v a i l a b l e  c o n t r o l  marg ins ,  it is  assumed t h a t  c o n t r o l  

s e n s i t i v i t y  does  n o t  v a r y  s i g n i f i c a n t l y  w i t h  s i d e s l i p ,  and 

hence t h e  l e v e l  f l i g h t  c o n t r o l  d e r i v a t i v e s  a r e  used.  

Although yaw c c n t r o l  margins  a r e  n o t  s u b s t a n t i a l l y  reduced  

w i t h  r e s p e c t  t o  l e v e l  f l i g h t  v a l u e s ,  t h e  l o w  c o n t r o l  power 

a v a i l a b l e  i n  yaw, p a r t i c u l d r l y  a t  low g r o s s  w e i g h t ,  a s  shown 

i n  F i g u r e  2.23, i n d i c a t e s  t h a t  yaw c o n t r o l  power s h o u l d  b e  

checked i n  s i d e s l i p  a t  l i g h t  weight .  

The r e s u l t a n t  yaw c o n t r o l  power d a t a ,  F i g u r e  2.25,  shows 

adequa te  margins  i n  yaw. The i n f l e c t i o n  p o i n t s  i n  t h e  d a t a  

are due t o  cumula t ive  l a t e r a l  c y c l i c  l i m i t s  b e i n g  encoun te red  

i n  t h e  c o n t r ~ l  system. 

Response t o  C o n t r o l  I n p u t s  

T y p i c a l  t i m e  h i s t o r i e s  o f  r e s p c n s e s  t o  p i t c h ,  r o l l  and yaw 

c o n t r o l  i n p u t  are shown i n  F i g u r e  2.26 f o r  d e s i g n  gross 

weigh t ,  a f t  CG a t  hover .  The one  second r equ i r emen t  f o r  b o t h  

b a s i c  and augmented a i r c r a f t  is m e t .  

Th,? a t t i t u d e s  a t t a i n e d  i n  one second f o r  a l l  o t h e r  S r c s s  

w e i g h t s  and a i r s p e e d s  a r e  summarized i n  F i g u r e s  2.27,  2.28 

and 2.29. The r equ i r emen t s  a r e  m e t  i n  a l l  c a s e s .  Only 2 

augmented a i r c r a f t  d a t a  a r e  shown h e r e ,  t h e  unaugmente,l d a t a  

be ing  much h ighe r .  The unaugmented a i r c r a f t  i s  more l i v e l y  

t h a n  the augmented a i r c r a f t  due t o  t h e  absence  o f  a r t i f i c i a l  

damping. 
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---- GW = 43,000 LBS 
NO LATERAL CG OFFSET 

NOSE RIGHT 

LEFT SIDEWIND 

ZHADED BANDS REPRESENT 

/ / 1 

INIMUM REQUIRED 
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FIGURE 2.25. YAW CONTROL POWER WITH 25 KT SIDEWIND 
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DESIGN POINT TANDEM HELICOPTER - 

1 0  
PITCH 
ATTITUDE 
(DEGS ) 

ZOLL 1 5  
ATTITUDE 
(DEGS) 

I SHADED DATA REFERS TO 
AUGMENTED AIRCRAFT 

-- \ '  

5 7 , 5 0 0  LBS AFT 
6 7 , 1 7 5  LBS AFT 

YAW 
ATTITUDE 
(DEGS ) 

COND 

- 5  

TIME (SECONDS) 

FIGURE 2 . 2 6  . RESPONSE TO FULL CONTROL INPUT AT HOVER. 



DESIGN POINT TANDEM HELICOPTER 

SHADED BANDS REPRESENm 
AUGMENTED AIRCRAFT 

RESPONSE 
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DESIGN POINT TANDEM HELICOPTER 

SHADED BANDS REPRESENT 
AUGMENTED AIRCRAFT 

mSYONSE 

G.W. 
- - - - - - - -  4 3 , 0 0 0  LBS 
--- 5 7 , 5 0 0  LBS - 67,175 LBS 

, ~ 

4 0  8 0 1 2  0 
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FIGURE 2 . 2 8 .  ROLL RESPONSE 1 SECOND AFTER FULL 
LATERAL STICK INPUT. 
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FIGURE 2 . 2 9 .  YAW RESPONSE 1 SECOND AFTER FULL 
PEDAL INPUT. 



D210-1085e-1 
Rotor  and C o n t r o l  System LAGS 

Based on Boeing V e r t o l  e x p e r i e n c e  w i t h  t h e  347 a i r c r a f t ,  

c o n t r o l  sys tem l a g  ( p i l o t  t o  s w a s h p l a t e )  i s  e s t i m a t e d  ?:o be  

abou t  0.1 second f o r  c o n v e n t i o n a l  c o n t r o l  system.  T h i s  i s  

c o n s e r v a t i v e  f o r  a  f ly -by-wire  sys tem,  where o n l y  a c t u a t o r  

l a g s  are s i g n i f i c a n t .  The r o t o r  l a g  i s  0.055 seconds .  

These sys tem c h a r a c t e r i s t i c s  meet t h e  r e q u i r e m e n t s  d e f i n e d  

i n  t h e  s t u d y  g u i d e l i n e s .  

A i r c r a f t  S t a b i l i t y  

The s t a b i l i t y  c h a r a c t e r i s t i c s  o f  t h e  b a s i c  (unaugmented) 

v e h i c l e  a r e  p r e s e n t e d  i n  F i g u r e  2 .30 .  These c h z a c t e r i s t i c s  

can  be  augmented t o  any d e s i r e d  l e v e l ,  t o  p r o v i d e  optimum 

f l y i n g  q u a l i t i e s .  

The l e v e l s  o f  s t a b i l i t y  shown p r o v i d e  m i l d l y  s t a b l e  c h a r a c t e r -  

i s t i c s  i n  t h e  b a s i c  v e h i c l e ,  which c a n  t h e r e f o r e  b e  flown 

s a f e l y  ( p i l o t  r a t i n g  o f  5  or bet ter)  a f t e r  comple te  f a i l u r e  

o f  t h e  augmenta t ion  system. These m i l d l y  p o s i t i v e  s t a b i l i t y  

l e v e l s  p r o v i d e  a v e h i c l e  which 

( a )  i s  r e a d i l y  augmented t o  any d e s i r e d  l e v e l ,  

( b )  h a s  no i n h e r e n t  i n s t a b i l i t i e s  t o  c o m p l i c a t e  

AFCS d e s i g n ,  

(c )  h a s  no i n h e r e n t  s t r o n g  s t a b i l i t y  t o  be  overcome 

by t h e  c c n t r o l  sys tem i n  maneuvers,  and 

(d )  ha s  i n h e r e n t  minimum g u s t  r e s p o n s e  ( a t t i t u d e  

wise) .  

The l o n g i t u d i n a l  s t a t i c  s t a b i l i t y  exceeds  t h e  M , z O  c r i t e r i o n  



DESIGN POINT TAKDEM HELICOPTER 

STABLE 
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FWD 
AFT 
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0 40 8 0 120 160 
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FIGURE 2.30. LONGITUDINAL AN3 DIRECTIONAL STABILITY. 
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i n  c r u i s e  f o r  a l l  a i r s p e e d s  above 120 k n o t s  a t  a f t  CG. 

Th i s  is achieved  by 26.5 deg ree  s t a b i l i z i n g  d e l t a  ti-rc.e i, 

t h e  forward  r o t o r .  The mi ld  i n s t a b i l i t y  i n d i c a t e d  a t  l o w e r  

a i r s p e e d s  w i l l  p r e s e n t  no d i f f i c u l t y ,  s i n c e  t h e  dynamic 

s t a b i l i t y  c r i t e r i o n  (M Z - M a > O )  i s  m e t  a t  a l l  a i r s p e e d s .  
q w 

Thi s  parameter  r e p r e s e n t s  t h e  s t a b i l i t y  o f  t h e  a i r c r a f t  i n  a 

maneuver, and t h e  c r i t e r i o n  co r r e sponds  t o  p o s i t i v e  maneuver 

margin on a  f i x e d  w i ~ g  a i r c r a f t .  

The d i r e c t i o n a l  s t a t i c  s t a b i l i t y  exceeds  t h e  N > O  c r i t e r i o n  B 

a t  a l l  a i r s p e e d s  and g r o s s  we igh t s .  

The augmented v a l u e s  o f  M, r ange  from 2.60 t o  6.30, which i s  

w e l l  o f f  t h e  graph .  S i m i l a r l y ,  f o r  dynamic s t a b i l i t y  

(MqZw - M a  t h e  augmented r anges  i s  from 3.50 t o  10.50. 

Augmented v a l u e s  of  Ng range  from 0.30 t o  1.0 a s  shown. 

The l a t e r a l  s t i c k  and d i r e c t i o n a l  p e d a l  p o s i t i o n  g r a d i e n t s  

( F i g u r e s  2.31 and 2.32) a r e  p o s i t i v e  i n  s i d e s l i p  f o r  s i d e -  

winds up t o  25 k n o t s  and beyon3. The g r a d i e n t s  shown a r e  

f o r  symmetr ica l  l a t e r a l  CG p o s i t i o n .  The e f f e c t s  o f  l a t e r a l  

CG o f f s e t  a r e  i n d i c a t e d  by t h e  open symbols ( b a s i c  a i r c r a f t )  

and d a r k  symbols (augmented a i r c r a f t ) .  R o l l  a t t i t u d e s  are 

a c c e p t a b l e .  

L a t e r a l  s t i c k  margins  f o r  t h e  unaugmented a i r c r a f t  w i t h  

l a t e r a l  CG o f f s e t  can  be as  l o w  a s  0 .7  i n c h e s  ( 9 % )  i n  a  

h i g h  speed s i d e s l i p ,  b u t  augmentat ion i n c r e a s e s  t h i s  margin 

t o  1 . 6  i n c h e s  (, 7%). With no l a t e r a l  CG o f f s e t ,  t h e  

G 5  
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augmented l a t e r a l  s t i c k  margin i s  2.2 inches  (28%)  o r  b e t t e r .  

The pedal  g r a d i e n t  of  t h e  b a s i c  a i r c r a f t  i n  s i d e s l i p  i s  low, 

b u t  a r t i f i c i a l  s t a b i l i t y  improves t h i s  t o  an  accep tab le  

value.  

Qnamic S t a b i l i t y  C r i t e r i o n  

Compliance wi th  dynamic s t a b i l i t y  c r i t e r i a  i s  shown i n  F igure  

2.33. The range of d e s i r a b l e  damping ve r sus  frequency d e f i n e d  

i n  t h e  g u i d e l i n e s  p e r t a i n  t o  hover and low speed. An a d d i t i o n a l  

requirement from AGARD 577 i s  shown shaded f o r  Level  1 a t  

high speed. The s t a b i l i t y  contours  s h o m  cover t h e  speed 

range from hover t o  V maximum, progress ing  i n  t h e  d i r e c t i o n  

of t h e  arrows. The in te rmedia te  p o i n t s  p e r t a i n  t o  80 knots.  

The unaugmented a i r c r a f t  meets t h e  Level 2 requirement  a t  a l l  

a i r speeds .  The augmented a i r c r a f t  f a l l s  w i t h i n  t h e  Level 1 

window a t  low speeds,  and meets t h e  Level  1 requirement  cf 

AGARD 577 a t  high speed. 

Descending F l a r e  Requirements 

The t a b u l a t e d  d a t a  p e r t a i n  t o  t h e  unaugmented a i r c r a f t .  The 

c o n t r o l  p o s i t i o n s ,  t h e r e f o r e ,  r e p r e s e n t  r o t o r  c o n t r o l  used 

i n  t h e  s p e c i f i e d  maneuver. A t  a l l  a i r s p e e d s ,  t h e  c o n t r o l  

i n p u t s  reqi l i red a r e  w e l l  w i th in  r o t o r  c a p a b i l i t i e s ,  a s  

shown i n  t h e  fo l lowing t a b l e .  
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The n e g a t i v e  horsepower r e q u i r e d  a t  80 and 100 k n o t s  i n d i c a t e  

r o t o r  overspeed  c o n d i t i o n s  o f  6 8  and 9% excess RPM r e s p e c t i v e l y  

f o r  z e r o  horsepower.  

Gust S e n s i t i v i t y  

The tandem h e l i c o p t e r  a i r c r a f t  is n a t u r a l l y  i n s e n s i t i v e  t o  

gusts. Computations based on a  10 f e e t  pc second g u s t  o f  

va ry ing  l e n g t h  were performed. The wors t  cases are as shown 

In F i g u r e  2.34. V a r i a t i o n s  i n  g r o s s  weight  d o  n o t  s i g n i f i -  

25 KNOT 
SIDEWIND 

MAXIMUM 

c a n t l y  change t h e  g u s t  s e n s i t i v i t y .  The a i r c r a f t  meets t h e  

s p e c i f i e d  c r i te r ia  a t  a l l  c o n d i t i o n s  a t  10,000 f e e t  a l t i t u d e  

and a t  a l l  e x c e p t  t h e  forward CG c a s e  a t  h i g h  speed  a t  5,000 

f e e t .  

I t  i s  d o u b t f u l  whether  a c t i o n  shou ld  be  t aken  t o  make t h i s  

ZEF'? 
SIDEWIL<~ 

MIN. 

0.72 

0.48 

0.72 

0.11 

-1500 

0. 159 Decce le ra t ion  

COLLECTIVE 

DCP 

L a t e r a l  S t i c k  

Rudder Peda l  

POWER REQUIRED 

p o i n t  f a l l  w i t h i n  t h e  c r i t e r i a  l l n e ,  however, c o l l e c t i v e  

feedback cou ld  be used t o  c o r r e c t  t h i s  small d e f i c i e r q  

f o r  l i t t l e  more t h a n  t h e  weight  o f  t h e  s e n s o r s  and s i g n a l  

MIN. 

0.76 

-3.87 

0.24 

0.19 

-1570 

, MAX. 

3.86 
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0.85 

0.20 
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cond i t ion ing  e l e c t r o n i c s  (i .e.,  less than 50 pounds).  

Hover Gust Contro l  

The c o n t r o l  ranges a v a i l a b l e  a f t e r  t r i m  i n  hover a t  both  ze ro  

wind and 25 knot  sidewind a r e  given i n  Table 2.11 f o r  t h r e e  

g ross  weights .  The p e r c e n t  of t h e  a v a i l a b l e  c o n t r o l  r e q u i r e d  

t o  coun te rac t  a  15 f e e t  per  second g u s t  upse t  a r e  shown f o r  

g u s t  upse t s  i n  arly d i r e c t i o n .  I n  no c a s e  is  more than  2G% 

of t h e  remaining c o n t r o l  r e q u i r e d  t o  c o u n t e r a c t  t h e  g u s t .  

2 .1 .5  Tandem Hel icop te r  - Design P o i n t  Noise 

The des ign  c r i t e r i a  f o r  e x t e r n a l  n o i s e  i s  t h a t  t h e  500-foct 

s i d e l i n e  n o i s e  l e v e l  i n  hover a t  1.00 f e e t  a l t i t u d e  is  t o  be 

between 90 and 100 PNdB. The des ign  p o i n t  tandem h e l i c o p t e r  

is  r e l a t i v e l y  q u i e t  wi th  a  500-foot s i d e l i n e  perce ived n o i s e  

l e v e l  of 92.3 PNdB. 

The n o i s e  c r i t e r i o n  was s t a t e d  i n  terms of perce ived n o i s e  

.eve1 (PNdB) t o  provide  some means of comparison wi th  a i r c r a f t  

designed t o  s i m i l a r  c r i t e r i o n  i n  o t h e r  s t u d i e s .  I t  was 

recognized,  however, t h a t  t h e  v a l i d i t y  of PNdB a s  a  community 

acceptance i n d i c a t o r  may n o t  be v a l i d  s i n c e  t h e  no i se  s i g n a t u r e  

itlie d i s t r i b u t i o n  of a b s o l u t e  sound p ressure  l e v e l  a s  a  

f u n c t i o n  of frequency) i s  markedly d i f f e r e n t  f o r  l a r g e  

h e l i c o p t e r s  than  f o r  jet engined a i r c r a f t .  

For t h i s  reason t h e  a b s o l u t e  sound p r e s s u r e  l e v e l s  a s  a  

f u w t i o n  of oc tave  ban1 frequency a r e  a l s o  provided i n  Zigure  

2.35 f o r  t h e  n o i s e  producing components a s  w e l l  a s  t h e  o v e r a l l  

a i r c r a f t  noise .  The o v e r a l l  a i r c r a f t  SPL is set  f o r  most 
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of  t h e  f requency  range  by t h e  r o t o r  to  broadband n o i s e ,  

though a t  t h e  ve ry  l o w  f r e q u e n c i e s  t h e  rotor r o t a t i o n a l  n o i s e  

becomes dominant. Thus t h e  PNdB v a l u e  is  set p r i - l a r i l y  by 

r o t o r  n o i s e .  

Unless  s p e c i a l  n o i s e  s u p p r e s s i o n  measures  a r e  adop ted ,  t h e  

eng ine  i n l e t  n o i s e  becomes dominant i n  t h e  4 KHz t o  8 PHz 

o c t a v e  hands.  The e n g i n e  i n l e t  i s ,  t h e r e f o r e ,  assumed t o  be 

t r e a t e d  f o r  n o i s e  r e d u c t i o n  by i n s t a l l i n g  a c a u s t i c  a b s o r p t i o n  

l i n i n g s .  The r n l e t  a b s o r p t i o n  l i n i n g  has  been tuned  to  two 

bands w i t h  c e n t e r  o f  f r e q u e n c i e s  4 KHz and i: KHz. T h i s  

matched t h e  e n g i n e  s i g n a t u r e  t o  t h a t  o f  t h e  r o t o r  such  t h a t  

t h e  r o t o r  s i g n a t u r e  sets t h e  PNL va lue .  The o c t a v e  band i n l e t  

n o i s e  a t t e n u a t i o n  r e s u l t i n g  from t h i s  t r e a t m e n t  is shown i n  

F igu re  2.36. 

A pe rce ived  n o i s e  l e v e l  " f o o t p r i n t n  f o r  a t y p i c a l  t a k e o f f  is  

shown i n  F i g u r e  2.37 f o r  l i n e  o f  c o n s t a n t  PNdB. T h i s  p l o t  

i n d i c a t e s  t h a t  t h e  w o r s t  n o i s e  l e v e l s  o c c u r  a long  t h e  f l i g h t -  

p a t h  o f  t h e  a i r c r a f t  w i t h  a p e r c e i v e d  n o i s e  l e v e l  of  i O C  

PNdB o u t  t o  1200 f e e t  from t h e  p o i n t  of  o r i g i n .  Tne t a k e o f f  

a l t i t u d e  p r o f i l e  and t h e  p e r c e i v e d  n o i s e  l e v e l s  a t  v a r i o u s  

d i s t a n c e s  a long  t h e  f l i g h t  p a t h  a r e  shown i n  F i g u r e  2.38. 

The t a k e o f f  p r o f i l e  assumes a v e r t i c a l  l i f t - o f f  and a c c e l e r a t i o n  

t o  c l imb speed  w i t h  a c l imb  t o  a l t i t u d e  a t  app rox ima te ly  2500 

f e e t  p e r  minute.  

The pe rce ived  n o i s e  l e v e l  t i m e  h i s t o r i e s  show t h a t  a t  200 

f e e t  a maximum of  1 1 2  PNdB is observed  7.5 seconds  a f t e r  



HELICOPTER ENGINE INLET TREATMENT 

OCTAVE BAND CENTER FREQUENCY - Hz 

121GURE: 2 . 3 6 .  HELICOPTER ENGIPJE INLET NOISE SUPPRESSION.  





. DISTANCE FROM LIFTOFF - FEET 

0 
0 20 40 6 0  8 0 100 

TIME FROP LIFTOFF - SECONDS 

FIGURE 2.38. BASELINE HELICQPTER DESIGN POINT - STANDARD 
TAKEOFF* PERCEIVED NOISE. 



t a k e o f f .  A n o t h e r  f a c t o r  t o  b e  c o n s i d e r e d  i n  a s s e s s i n g  

community a c c e p t a n c e  i s  t h e  d u r a t i o n  o f  h i g h  n o i s e  l eve l s .  Ir  

t h i s  c a s e  f o r  e x a m p l e  t h e  p e r c e i v e d  n o i s e  e x c e e d s  1 1 0  PNdB f o r  

o n l y  f o u r  s e c o n d s  a t  200 f e e t .  (A t  e a c h  l o c a t i o n  a l o n g  t h e  

f l i g h t  p a t h  t h e  n o i s e  l e v c l  i n c r e a s e s  u n t i l  t h e  a i r c r a f t  p a s s e s  

o v e r h e a d  a n d  t h e n  d e c r e a s e s  a g a i n ) .  

The PNL c o n t o u r s  f o r  a t y p i c a l  l a n d i n g  p r o f i l e  are shown i n  

F i g u r e  2 .39 .  The  c o n t o u r s  are e l o n g a t e d  by  c o m p a r i s o n  w i t h  t h e  

t a k e o f f  c a s e .  T h i s  i s  a  r e s u l t  o f  t h e  low rate o f  s i n k  u s e d  i n  

t h e  l a n d i n g  p r o f i l e .  

T h i s  r a te  o f  s i n k  i s  t h e  maximum p e r m i t t e d  b y  t h e  g u i d e l i n e s  

shown i n  T a b l e  2 .5 .  

To m a i n t a i n  t h e s e  s i n k  r a tes ,  h i g h  power  l e v e l s  a re  r e q u i r e d  

w h i c h ,  i n  c o m b i n a t i o n  w i t h  f u l l  t i p s p e e d ,  r e s u l t s  i~ c n e  

c o n t o u r s  shown. 

T h e s e  c o n t o u r s  c o u l d  b e  r e d u c e d  t h r o u g h  u s e  o f  n o i s e  a b a t e m e n t  

a p p r o a c h  t e c h n i q u e s  a v a i l a b l e  t o  t h e  low d i s c  l o a d i n g  V/STOL 

c m f i g u r a t i o n s .  T h e s e  t e c h n i q u e s  i n v o l v e  v e r t i c a l  f l i g h t  a t  

a l t i t u d e s  b e l o w  1 0 0 0  f e e t  w i t h  a l l  t r a n s i t i o n s  t o  or  f rom f o r w a r d  

f l i g h t  a c c o m p l i s h e d  a h o v e  t h i s  a l t i t u d e .  The p e r c e i v e d  n o i s e  

l e v e l s  a l o n g  t h e  f l i q h t  p a t h  a n d  t h e  L a n d i n g  p r o f i l e  are  shown 

i n  F i q u r e  2 .40 .  

2 . 1 . 6  Tandem I l e l i c o p t e r  - D e s i a n  1 , - -  P o i n t  C o s t s  

The i n i t i a l  or f l y a w a y  costs o f  t h e  d e s i g n  p o i n t  t andem h e l i -  

c o p t e r  h a v e  b e e n  computed  u s i n g  b o t h  $90/pound a n d  S l lO /pound  

f o r  t h e  a i r f r a m e  c o s t .  T h e s e  ?rites a r c  shown i n  T a b l e  2 . 1 2 .  

The i n i t i a l  c o s ~  i s  $4 .166  m i l l i o n  a t  $90/pound a n d  

79 
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A i r f r a m e  
Dynarzic Sys tem 
E n g i n e s  
A v i o n i c s  

T o t a l  

Flyaway C o s t s  

$90.00/Lb $110.00/Lb - 
$2 ,199 ,510  $ 2 , 6 8 8 , 2 9 0  

1 , 0 6 3 , 0 4 0  1 , 0 6 3 , 0 4 0  
654 ,265  6 5 4 , 2 6 5  
250,090 250,000 

Direct O p e r a t i n g  C c s t s  
D o l l a r s / S e a t  l i i f  e 

B l o c k  D i s t a n c e  = 230 S t .  Miles 
~ 

U t i l i z a t i o n  iHrs/Tr) i 2500 1 3500 

~ i r f r a m e  Cost ( $ / ~ b )  1 
F l y i q  C p x a t i o n s  

F l i g h t  C r e w  
Yuel  and O i l  
4ul.l  I n s u r a n z e  

Total F l y i n g  O p e r a t i o n s  

Direct f4ail i tenance 
A i r f r a m  - Labor  

7 Material 
E n g i n e s  - Labor  

- M a t e r i a l  
Dynanic  System - Labor  

- M a t e r i a l  
T o t a l  Direct Main tenance  

Main tenance  Burden 
To ta l  Kaintenancc? 

D e p r c c i a  t i o n  

T o t a l  Girect Cost; 

TABLE 2.12. DESIGN POINT TANDEM HELICOPTER - INITIAL AND 
DIRECT OPERATING COSTS. 



D210-10858-1 

$4.66 million at $llO/pound. The airframe contribution is 

$2.199 million and $2.688 nillion at the respective rates; 

the rest of the initial cost being dynamic system, engines 

and avionics cost. 

The direct operating costs are shown in Table 2.12 for two 

assumed aircraft utilizations of 2,500 hours per year and 

3,500 hours per year. 

At an airframe cost of $90/pound the direct operating cost is 

3.53C per seat mile for 2,500 hours utilization. This cost 

breaks down to be 1.45C per seat mile for fJ.ying operations, 

0.67C per seat mile maintenance and e depreciation of 0.94C 

per seat mile. 

Increasing the airframe cost to$llO/~ound increases the 

DOC to 3.69C per seat mile. Most of the increase is increase 

in depreciation costs and the rest is insurance and maintenance 

material. 

If the aircraft utilization is 3,500 hours per year the DOC 

decreases to 3.21$ per seat mile and 3.32C per seat mile for 

airframe costs of $90/po~nd and $llO/pound respectively. 

The largest contribution to the direct operating cost is the 

decrease in depreciation costs per seat mile. 

An extendad range version of the design point tandem helicopter 

has also been considered with fuel tanks increased to give 400 

nautical mile range. With the same takeoff gross weight the 

extended range version could carry 98 passengers over the 

design (200 NM) mission). The aircraft initial cost increases 
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a  l i t t l e  due t o  t h e  a d d i t i o n a l  t ankage  and t h e  r ange  o f  

DOC'S i n c r e a s e  t o  3.27C p e r  s e a t  m i l e  t o  3.76C p e r  s e a t  

m i l e  a s  shown i n  Tab le  2.13. 

Direct o p e r a t i n g  costs p e r  s e a t  m i l :  and s e a t  k i l o m e t e r  a s  

a  f c n c t i o n  of  b lock  d i s t a n c e  are shown i n  F i g u r e  2.41 f o r  

t h e  s p e c i f i e d  combina t ions  of  a i r c r a f t  u t i l i z a t i o n  and a i r -  

frame c o s t s .  F i g u r e  2.41 a l s o  i l l u s t r a t e s  t h e  impact  of 

ex tend ing  t h e  d e s i g n  r ange  o f  t h e  TH-100 (92.3) t o  463 

s t a t u t e  miles. The i n c r e a s e  i n  c o s t s  a t  t h e  d e s i g n  p o i n t  

r ange  (230 s t a t u t e  m i l e s )  i s  t h e  r e s u l t  of  t h e  loss o f  2  

a v a i l a b l e  s e a t s  due t o  t h e  i n c r e a s 2 d  weight  empty f o r  Lhe 

i n s t a l l a t i o n  of  l a r g e r  f u e l  t a c k s .  Although n o t  shown i n  

F i g u r e  2.41, it should  be  no ted  t h a t  the l a r g e r  f u e l  t a n k s  

w i l l  r e s u l t  i n  a s m a l l  i n c r e a s e  (less t h a c  ia) i n  s e a t  m i l e  

c o s t s  a t  ranges  less t h a n  230 s t a t u t e  m i l e s  due t o  i n c r e a s e s  

i n  a i r f r a n e  o a i n t e n a n c e  and d e ~ r e c i a t i o n  costs. I n  t h e  

extended r ange  v e r s i o n  o f  t h e  TH-100 (92 .3)  s e a t  m i l e  costs 

show a c o n t i n u i n g  i n c r e a s e  beyond 230 s t a t u t e  m i l e s  because  

of  t h e  l o s s  o f  a v a i l a b l e  sea t . s  due t o  a d d i t i o n a l  f u e l  r e q u i r e -  

ments a t  t h e  l o n g e r  b lock  d i s t a n c e s .  



A i r f r a m e  C o s t  

TH-100 (92 .3 )  
EXTENDED RANGE VERSION 

Flyaway C o s t s  

A i r f r a m e  $2 ,231 ,910  
Dynanlic Sys tem 1 , 0 6 3 , 0 4 0  
E n g i n e s  654,255 
a v i o n i c s  250,000 

T o t a l  $4 ,199 ,215  $4,695,1-95 

Direct O p e r a t i n g  C o s t s  
D o l l a r s / S c a t  M i l e  

B l o c k  D i s t a n c e  = 230 S t .  Kiles 
r 

U t i l i z a t i o n  ( H r s / Y r )  

A i r f r m i e  C o s t  ($/Lb) 
--7 

F l y i n g  O p e r a t i o n s  
F l i g h t  Crew 
F u e l  and  3il 
H u l l  I n s u r a n c e  

T o t a l  F l y i n g  O p e r a t i o n s  

D ' r x t  M a i n t e n a n c e  
A i r f r a m e  - L a b o r  

- Material 
E n g i n e s  - Labor  - Material 
Dynamic S y s t e ~ n  - L a b o r  

- M a t e r i a l  
T o t a l  Direct M a i n t e n a x e  

M a i 3 t e n a n c e  Burden 
T o t a l  N s i n t e n a n c e  

D e p r e c i a t i o n  

T o t a l  Direct C o s t s  

. 
;id 

TABLE 2.13. TANDEM HELICOPTER - DESIGN POINT (EXTENDED RANGE 
VERSIONj INITIAL AND DIRECT OPERATING COSTS. 

a * 
.I* 

2500 
-- 

3500 

90 

.0082 

.0046 

.0020 

.Old8 

.0013 

.0010 . OOQ7 

.GO10 
, 0 0 1 1  
.0017 
.0068 

.0048 

.(I116 

.0093 

.0361 
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.0082 
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.0014 

.0142 

, 0 0 1 3  
.0010 
.0007 
.0010 
.0011  
,0017' 
.00G8 

.(la48 

.0116 

.0069 

.0327 

1 1 0  

.0082 
,0046 
.0022 
.0150 

.0013 

.(I012 

.0307 

.0010 

. a 0 1 1  

.0017 

.0070 

.0043 

.0118 

.OiG8 

.0376 

1 1 0  

.0982 

.0046 

.Oil16 

.0144 

.0013 

.0012 

.go07 

.0010 

.0011  

.0017 
,0070 

.0048 
,0118 

.0377  
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2.2 DESIGN POINT TILT ROTOR AIRCRAFT TR-100 i98.2) 

The tilt r o t o r  a i r c r a f t  is  e s s e n t i a l l y  a  convent ional  p r o p e l l e l  

a i r c r a f t  i n  i t s  c r u i s e  c o n f i g u r a t i o n  excep t  t h a t  i t s  two wing 

t i p  mounted prop. / ro tors  a r e  l a r g e r  than  convent ional  p r o p e l l e r s .  

The prop/ ro tors  tilt t o  provide v e r t i c a l  l i f t  i n  hover and 

t r a n s i t i o n  t o  c r u i s e  f l i g h t .  This  concept has  i n h e r e x t  

q u a l i t i e s  which make an a t t r a c t i v e  compromise between t h e  W C L  

f l e x i b i l i t y  of t h e  h e l i c o p t e r  and t h e  c r u i s e  performance of  a 

conventional  a i r c r a f t .  The low d i s c  loading r o t o r s  p r ~ v i d e  

good hover l i f t  performance and a g i l e  handl ing  q u a l i t i e s  i n  low 

speed f l i g h t .  I n  c r u i s e  t h e  p rop / ro to r  p ropu l s ive  e f f i c i e n c y  

i s  high,which coupled wi th  t h e  h igh l i f t / d r a g  r a t i o s  t y p i c a l  

of wing borne a i r c r a f t ,  prc  - i d e s  an e f f i c i e n t  c r u i s i n g  v e h i c l e .  

2 . 2 . 1  Design TR-100 (98.2) - Configura t ion  and Layout 

The des ign  p o i n t  tilt r o t o r  a i r c r a f t  i s  shown i n  Figure  2.42 

and a  t h r e e  view of t h e  v e h i c l e  i s  given i n  F igure  '.43. 

Table 2 . 1 4  provides  a  l i s t  of t h e  ~ a j o r  a i r c r a f t  dimensions 

and c h a r a c t e r i s t i c s .  

This  a i r c r a f t  has a t akeof f  g ross  weight  of  74,749 pounds. 

The r o t o r s  a r e  three-bladed and a r e  of h i n g e l e s s  f i b e r g l a s s  

cons t ruc t ion .  The r o t o r  d iameter  i s  56.3 f e e t  ano t h e  

s o l i d i t y  r a t i o  i s  0.089. I n  hover and low speed f l i g h t ,  c y c l i c  

p i t c h  c o n t r o l  i s  a p p l i e d  t o  t h e  r o t o r  t o  provide  c o n t r o l  power 

and t r i m .  These r o t o r s  a r e  h igh ly  twis ted  (34 degrees )  by 

comparison wi th  h e l i c o p t e r  b lades  t o  provide  f o r  e f f i c i e n t  

opera t ion  a t  high advance r a t i o  a s  w e l l  a s  i n  hover.  The 
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U. S. UNITS S.1, UNITS 

WEIGHTS 
DESIGN GROSS WEIGHT 
WEIGHT EMPTY 
FUEL WEIGHT 

NUMBER OF PASSENGERS 

ROTORS 
DISC LOADING 
DIAMETER 
SOLIDITY 
BLADE NUMBER 
TWIST 
TIP SPEED HOVER/CRUISE 

POWER 
NO. 09 ENGINES 
RATED POWER/ENGINE 

FUSELAGE 
LENGTH 
WIDTH (MAX) 
CABIN LENGTH 

WING 
AREA 
SPAN 
TAPER RATIO 
CHORD 
ASPECT RATIO 
AIRFOIL t/c 

HORIZONTAL TAIL 
AREA 
SPAN 
TAIL VOLUME RATIO 
ASPECT RATIC 

VERTI X L  TAIL 
ARE P. 
SPAN 
TAlL VOLUME RATIO 
ASPECT RATIO 

PERFORMANCE 
NRP CRUISE SPEED 

4 CRUISE ALTITUDE 
BLOCK TIME 

4 
3.091 X lo6 Watts 

NOISE 
? ; ... SIDELINE NOISE - 500 FEET/HOVER 98.2 

TABLE 2.14. DESIGN POINT TILT ROTOR TABLE OF 

m2 
m 

m 

m2 
m 

m2 
m 

rn/s 
rn 
Hours 

BNdB 

74,749 Lhs 
50,068 Lbs 
4,656 Lbs 

15 L ~ s / F ~ ~  
56.3 Feet 

92.5 Feet 
14.8 Feet 
57.75 Feet 

747.5 73.1 ~ e e t ~  Feet 

1.0 
10.2 Feet 
7.14 
0.21 

204 Feet2 
35.0 Feet 
1.47 
5.16 

221 ~ e e t ~  
17.6 Feet 

,159 
1.32 

349 KTAS 
14,000 Feet 
0.742 Hours 

98.2 PNdB 

CHARACTERISTICS. 
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Tbie r o t o r s  and forward r o t o r  t r a n s m i s s i o n  t i l t;  however, t h e  

e n g i n e s  mounted ou tboa rd  o f  t h e  tilt package,  remain s t a t i o n a r y .  
.& d 

T h i s  a r r a n g e n e n t  does  n o t  r e q u i r e  t h e  e n g i n e s  t o  be r e q u a l i f i e d  

f o r  v e r t i z a l  o p e r a t i o n  and a l s o  r educes  t h e  i n e r t i a  o f  t h e  

tilt package. 

The a i r c r a f t  h a s  f o u r  e n g i n e s ,  two on each  wing t i p .  The 

r o t o r s  and eng ines  a r e  connec ted  by means o f  a c r o s s - s h a f t  

which p r o v i d e s  f o r  t o r q u e  t r a n s m i s s i o n  a c r o s s  t h e  a i r c r a f t  i n  

e v e n t  o f  s r .g ine  f a i l u r e .  

The l o c a t i o n  of t h e  e n g i n e s  ou tboa rd  o f  t h e  tilt package 

p r o v i 3 . e ~  e a s y  a c c e s s  to  t h e  e n g i n e  bays  f o r  maintenance or 

eng ine  removal. 

The span o f  t h e  a i r c r a f t  i s  82 f e e t .  The wind is s t r a i g h t  

and untapered  w i t h  a  NACA 634221 s e c t i o n  w i t h  a wing s e t t i n g  

a n g l e  o f  2 deg rees  r e l a t i v e  t o  t h e  f u s e l a g e .  The wing a s p e c t  

r a t i o  i s  7.14. 

The wing f l a p s  a r e  f u l l  span  30% chord  p l a i n  f l a p e r o n s  and 

a r e  used as bo th  f l a p s  and a i l e r o n s .  The l e a d i n g  edge i s  

provided  w i t h  an umbrel.la f l a p  which opens f o r  hover  and low 

speed  " h e l i c o p t e r "  f l i g h t  t o  a l l e v i a t e  t h e  r o t o r  dawnload 

on t h e  wing. Th i s  d e v i c e  i s  a l s o  used t o  e n s u r e  t h a t  t h e  

t r a n s i t i o n  from s e p a r a t e d  t o  a t t a c h e d  f low o v e r  t h e  wing lower 

s u r f a c e  o c c u r s  s imu l t aneous ly  on b a t h  wings.  

The empenpage i s  a T t a i l  c o n f i g u r a t i o n  t o  r educe  t h e  impact  

of  rotor downwash on t h e  h o r i z o n t a l  s t a b i l i z e r  i n  t r a n s i t i o n  

f l i g h t .  The h o r i z o n t a l  t a i l  volume r a t i o  i s  1 .47  and t h e  
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v e r t i c a l  t a i l  volume r a t i o  is  0.159. 

The landing g e a r  is a t r i c y c l e  c o n f i g u r a t i o n  t o  provide  good 

ground handling c h a r a c t e r i s t i c s  and i s  r e t r a c t a b l e  i n t o  t h e  

lower fuse lage .  The underca r r i age  provides  a n  over tu rn ing  

angle  of 27 degrees .  

Cabin l ayou t  and passenger accommodation d e t a i l s  a r e  shown i n  

Figures  2.43 and 2.44. The a i r c r a f t  cabin  has  two main 

en t rances  l o c a t e d  on t h e  p o r t  s i d e  of t h e  a i r c r a f t .  The a f t  

en t rance  is  equipped wi th  an  a i r  s t a i r  i n  accordance wi th  

NASA g u i d e l i n e s .  The r e a r  e n t r a n c e  is  t h e  normal en t rance /  

e x i t .  

A t h i r d  Type I e n t r a n c e  i s  l o c a t e d  on t h e  s t a r b o a r d  s i d e  of 

t h e  forward cab in .  

Two Type I1 e x i t s  a r e  provided mid-cabin immediately a f t  of 

t h e  baggage / to i l e t  f a c i l i t i e s .  

A f u r t h e r  Type I1 e x i t  i s  l o c a t e d  a f t  d i r e c t l y  o p p o s i t e  t h e  

main en t rance .  

The passenger cab in  has s e a t s  f o r  100 passengers  wi th  an 

o v e r a l l  s e a t  width of 21 inches  and a s e n t  p i t c h  of 34 

inches .  

Each paseenger has  under-seat  stowage space (9 inches  X 16 

inches  X 23 inchefij and overhead rack  stowage wi th  lockable  

doors.  Ai rven t s ,  i n d i v i d u a l  l i g h t s  and a f o l d i n g  t a b l e  a r e  

provided f o r  each passenger i n  l i n e  wi th  normal c o m r c i a l  

a i r c r a f t  p r a c t i c e .  

The cabin has  d u a l  19 inch a i s l e s  and t h e  m i n  cab in  l i g h t s  
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a r e  loca ted  over  t h e  a i s l e s .  

Two c o a t  r acks  a r e  provided - one forward and one a f t  wi th  

p rov i s ions  f o r  80 passengers .  

Two l a v a t o r i e s  a r e  provided i n  t h e  c e n t e r  of  t h e  cah in  i n  

l i n e  with t h e  baggage stowage a r e a .  The l o c a t i o n  of t h e  

baggage and t o i l e t  f a c i l i t i e s  i n  t h i s  a rea8  i s  t o  keep 

passenger s e a t s  away from t h e  p rop / ro to r  t i p  path p lane  i n  

c r u i s e  t o  minimize n o i s e  and v i b r a t j o n .  Externa.1 baggage 

loading doors a r e  provided t o  g i v e  ground crew access  i f  

d e s i r e d .  

The beverage s t o r a g e  and s e r v i c e  f a c i l i t i e s  a r e  l o c a t e d  a f t .  

This  u n i t  is  l o c a t e d  a d j a c e n t  t o  t h e  s e r v i c e  daor/emergency 

e x i t  which i s  l a r g e r  than t h e  minimum r e q u i r e d  Type I1 e x i t .  

T icke t ing  f a c i l i t i e s  a r e  l o c a t e d  i n  t h e  same se~g ice  u n i t .  

The cab in  a t t e n d a n t s '  s e a t s  a r e  l o c a t e d  - one forward a g a i n s t  

t h e  forward passenger cab in  bulkhead and c i o s e  t o  t h e  forward 

e x i t s ,  and t h e  second, a f t  a g a i n s t  r e a r  bulkhead and c l o s e  t o  

t h e  r e a r  e x i t s .  

The a i r c r a f t  a v i o n i c s  and n a v i g a t i o n a l  gea r  sompartnent is  on 

t h e  p o r t  s i d e  of t h e  a i r c r a f t  j u s t  forward of  th?  cockp i t /  

c?.bin bulkhead. The  cockp i t  space provides  adequate accomo-  

d a t i o n  f o r  a f l i g h t  crew of t w o  wi th  e x c e l l e n t  v i s i b i l i t y .  A 

t h i r d  "observer"  s e a t  i s  provided a d j a c e n t  t o  t h e  a v i o n i c s  bay 

a t  t h e  r e a r  of t h e  cockp i t .  T h i s  l o c a t i o n  provides  t h e  

observer  good forward v i s i o n ,  v i s i b i l i t y  ~ v e r  t h e  f l i g h t  crew 

s t a t i o n s ,  and a l s o  access  t o  t h e  avionics/non-aids bay i r  
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r equ i r ed .  The c o c k p i t  i s  provided  w i t h  t w o  crew emergency 

e x i t s  - one on each  s i d e  o f  t h e  c o c k p i t .  

2 . 2 . 2  T i l t  Rotor  Design P o i n t  A i r c r a f t  - Weight 

The des ign  p o i n t  tilt r o t o r  a i r c r a f t  d e s i g n  g r o s s  we igh t  is 

33,90 5 Kg (74  ,'7,49 pounds) . The welght  breakrl.own i n  terms o f  

t h e  s t r u c t u r a l  .md system c a t e g o r i e s  i s  shown i n  Tab le  2.15. 

I n  t h e  a i r c r a f t  s i z i n g  p rocedure ,  weight  t r e n d  c u r v e s  deve loped  

a t  Boeing were used t o  e s t a b l i s h  t h e  component and system 

weights  a s  f u n c t i o n s  of c o n f i g u r a t i o n ,  s ize ,  f l i g h t  enve lope ,  

etc.  The f i x e d  u s e f u l  l o a d ,  f i x e d  equipment and payload  is 

addcd and t h e  mi s s ion  f u e l  r e q u i r e d  compctcd. The a i r c r a f t  

s i z e  i s  i t e r a t e d  u n t i l  t h e  miss ion  f u e l  r e q u i r e d  e q u a l s  t h e  

f u e l  weight  a v a i l a b l e .  

The component and system we igh t s  a r e  v e r i f i e d  i n  Volume IT by 

comparison w i t h  t r e n d  l i n e  e a t a .  

The c a l c u l a t i o n  of  a i r c r a f t  weight  i s  based upon s e v e r a l  

g u i d e l i n e s .  The g u i d e l i n e s  f o r  t h e  s t u d y  and t h e i r  impact  

on weight  e s t i m a t i o n  a r e  d i s c u s s e d  i n  Volume 11. 

The major g u i d e l i n e  r equ i r emen t s  a r e  summarized below: 

1. The maximum t a k e o f f  weight  and maximum l a n d i n g  

weight  s h a l l  be  t h e  same. 

2. Passenger  weight  s h a l l  be 180 pounds (160 pounds 

passenger  and 20 pounds of  non-revenue baggage) .  

3 .  No revenue ca rgo  i s  assumed. 
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Accvmmodation a, - 2quipment s h a l l  be  p rov ided  

f o r  a  f l i g h t  crew of  two and f o r  one c a b i n  

a t t e n d a n t  p e r  50 pas senge r s .  I n  a d d i t i o n ,  

some p r o v i s i o n  s h a l l  be  made on t h e  f l i g h t  

deck f o r  a n  o c c a s i o n a l  f l i g h t  o b s e r v e r .  Each 

crewman p l u s  g e a r  weighs 190 pounds,  and e a c h  

c a b i n  a t t e n d a n t  p l u s  g e a r  weighs 140 pounds. 

The a i r c r a f t  s k ~ l l  be equipped w i t h  an  APU t o  

meet t h e  needs of  s t a r t i n g ,  ground a i r  condi-  

t i o n i n g  a d  h e e t i n g .  

The a i r c r a f t  d e s i g n s  a r e  t o  Le based  on a  1985 

o p e r a t i o n a l  t i m e  pe r iod .  The C o n t r a c t o r  s h a l l  

assume t h e  a i r f r a m e  s t r u c t u r a l  weight  w i l l  b e  

reduced by 25% by t h e  use  o f  composi te  m a t e r i a l s .  

I t  i s  t o  b e  assumed t h a t  by 1985, a  system t o  p e r m i t  a l l  

wea ther  o p e r a t i o n  w i l l  have been  e s t a b l i s h e d  and t h a t  t h e  

V/STOL s h o r t  h a u l  t r a n s p o r t  system w i l l  u se  it. 

S tanda rd  Weight Items 

The we igh t s  of  s p e c i f i e d  s t a n d a r d  i t e m s  s h a l l  be a s  p rov ided  

i n  Table  2.16. 

Fly-By-:Vire C o n t r o l  Systems 

Fly-by-wire c o n t r o l  sys tems  a r e  p e r m i t t e d .  C o n t r o l  c o n f i g u r e d  

v e h i c l e s  ( C C V ) ,  such  a s  a  t a i l l e s s  tilt r o t o r  c o n f i g u r a t i o n  

a r e  n o t  pe rmi t t ed .  

Gearboxes 

The rotor gearboxes  s h a l l  be  des igned  for t h e  maximum r a t e d  
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engine power and torqce under sea level ~tandard day 

conditions. 

Engines 

Rubberized versions of existing engine designs are permitted, 

as appropriate for comercial service in 1985. The engine 

specific weight shall be 0.15 pounds per shaft horsepower. 

The guideline weight of (544.2 Kg) 1,200 pounds for instru- 

mentatioc, electrical, electronics and auxiliary power unit 

installation has been assumed to be the uninstalled weight 

and an additional weight of 440.8 Kg (972 pcunds) has been 

added to reflect installation. 

ITEM 

INSTRUMENTS (FLIGHT AND NAVIGATION) k LECTRICAL (EXCLUDING GENERATING EQUIPMENT) LECTRONICS (COMMUNICATION, FLIGHT, AND 
1 NAVIGATION) 
UXILIARY POWER UNIT INSTALLATION 

I SEATS AND BELTS 
IPASSENGER: DOUBLE 

I TRIPLE 

l CREW : 
CABIN CREW 

I FLIGHT CREW 

LAVATORY 

BEVERAGE ONLY 

TABLE 2.16. TILT ROTOR 'NEIGHTS GUIDELINES. 

99 

WEIGHT 

COMPANY OPT I-wM 

1200 LBS 

16 LB/PASSENGER 

16 LB/PASSENGER 

16 LB/CREW MEMBER 

40 LB/CREW MEMBER 

300 LB/UNIT 

200 LB TOTAL 

400 LB 



D210-10858-1 

The c o c k p i t  and passenger  c a b i n  accommodation we igh t s  have 

been based upon t h e  Boeing 737 a i r c r a f t  s i n c e  it was c o n s i d e r e d  

t h a t  passenger  comfort  of a t  l e a s t  c u r r e n t  commercial q u a l i t y  

would be r e q u i r e d .  

The l and ing  g e a r  was s i z e d  t o  t a k e  a rate o f  s i n k  o f  500 f e e t  

p e r  minute and r e p r e s e n t s  4% o f  t h e  g r o s s  weight .  

The f ly-by- .-lire c o n t r o l  system weights  are based  upon r e c e n t  

Boeing expe r i ence  w i t h  fly-by-wire c o n t r o l s  i n  t h e  347 h e l i -  

c o p t e r .  

The a i r c r a f t  s t r u c t u r e  has  been s i z e d  t o  a maneuver load  

t a c t o r  of  2.5 and an u l t i m a t e  load  f a c t o r  of 3.75 as recommended 

i n  FAR P a r t  25. 

The a i r c r a f t  c e n t e r  of  g r a v i t y  l c c a t i o n s  and moments o f  

i n e r t i a  a r e  g lven  i n  Table  2.17 f o r  b0t.h hover  and c r u i s e  f l i g h t  

a t  t h e  extremes of  t h e  weight  envelope ,  i .e . ,  we igh t  empty 

and d e s i g n  a r o s s  weight .  

The e x c u r s i o n s  o f  c e n t e r  of  g r a v i t y  t r a v e l  are shown f o r  b o t h  

hover and c r u i s e  f l i g h t  i n  F i g u r e  2 .45 .  The c e n t e r  of  g r a v i t y  

envelo2e f o r  t h i s  a i r c r a f t  assumes t h a t  window seats a r e  f i l l e d  

f i r s t ,  fo l lowed by a i s l e  seats. 

The a i r c r a f t  weight  r e s u l t i n g  from t h i s  s t u d y  i s  governed t o  

a l a r g e  e x t e n t  by t h e  s e l e c t i o n  o f  f i x e d  equipment and f i x e d  

u s e f u l  l oad  weights  a s  w e l l  a s  payload. I n  o r d e r  t o  f a c i l i t a t e  

r easonab le  comparison w i t h  a i r c r a f t  des igned  i l :  o t h e r  s t u d i e s  

us ing  d i f f e r e n t  weight i . ,  growth f a c t o r  d a t a  a r e  g iven  i n  

F igu re  2.46.  T h i s  p l o t  p r o v i d e s  t h e  change i n  a i r c r a f t  g r o s s  



EIGHT 

:ENTER OF GRAVITY* 

HORIZONTAL FLIGHT 
FUSELAGE STATIOL 
WATER LINE 

VERTICAL FLIGHT 
FUSELAGE STATION 
WATER LINE 

IOMENT OF INERTIA 

HORIZONTAL FLIGHT 
I (ROLL) 

XX 

I (PITCH) 
YY 

I (YAW) 
Z Z 

VERTICAL FLIGHT 
I (LOLL) 
XX 

I (PITCH) 
YY 

I (YAW) 
z z  

WEIGHT EMPTY 

22,804.7 Kg 
(50,276 LBS) 

12.72 M (500.8 I N . )  
3.56 M (140.4 I N . )  

13.08 M (515.0 I N . )  
3.96 M (156.1  I N . )  

519,241 Kg M~ 

(383,037 S l u g  ~ t ~ )  

1,398,099 Kg M~ 

1 ,261,339 Kg M2 

(930,473 S l u g  ~ t ~ )  

562,151 Kg M~ 

(415,622 S l u g  F ' t 2 )  

1,51-2,572 Kg M2 

( l . l l 5 . 8 0 5  S l n g  I ? t 2 )  

GROSS WEIGHT 

33,905.4 Kg 
(74,749 LBS) 

12.77 M (502.8 IN.) 
3.26 M (128.5 I N . )  

13.12 M (516.5 IK.) 
3.53 M (139.0 I N . )  

1 ,290 ,245  Kg M2 

(951,796 S l u g  ~ t ~ )  

558,324 Kg tdZ 

(411,868 S l u g  F t 2 )  

1 ,503,382 Kg M~ 

(1 ,000,509 S l u g  ~ t '  

604,464 Kg M2 

(446,905 S l u g  l?t2) 

1,626,422 Kg M~ 

(1,199,790 S l u g  ~ t '  

*FUSELAGE STATION 0 I S  NOSE OF BODY, CENTERLINE OF ROTOR I N  
HORIZONTAL FLIGHT I S  4.6 METERS ABOVE WATER LINE 0. 

TABLE 2.17 . WEIGHT, CENTER OF GRAVITY AND MOYiNT OF 
INERTIA - DESIGN POINT TILT ROTOR. 



AISLE SEATS 

WINDOW SEATS 

OPERATING WEIGHT 1 1 
WEIGHT EMPTY 

I. 

FUSELAGE STATION - MEmRS 

FUSELAGE STATION - INCHES 
F I G U R E  2 . 4 5 .  BASELINE TILT ROTOR - CENTER OF GRAVITY ENVELOPE. 



DELTA WEIGHT CHANGE - K g  

72 

FIGURE 2 . 4 6  . TILT ROTOR WEIGHT GROWH AT CONSTANT 
PERFORMANCE AND STRENGTH. 

p- ' B 

-1500 -1000 -500 0 500 1000 1 500 
DELTA WEIGHT CHANGE - LBS 



weigh t  f o r  i n c r e a s i n g  o r  d e c r e a s i n g  f i x e d  w e i g h t  items. 

2.2.3 Design P o i n t  T i l t  Rotor  - V e h i c l e  Performance 

The d e s i g n  p o i n t  tilt r o t o r  a i r c r a f t  h a s  been s i z e d  to  t h e  

mi s s ion  d e f i n e d  i n  Tab l e  2.5. T h i s  a i r c r a f t  carries 100 

p a s s e n g e r s  o v e r  a s h o r t  h a u l  r a n g e  o f  371  Kilometers 

(200 n a u t i c a l  miles). 

A summary o f  t h e  m i s s i o n  per formance  i s  g i v e n  i n  T a b l e s  2.18 

and 2.19. 

The i n i t i a l  phase s  o f  t h e  m i s s i o n  i n c l u d i n g  t a x i ,  t a k e o f f ,  

i n i t i a l  a i r  maneuver and c o n v e r s i o n  t o  c r u i s e  f l i g h t  r e q u i r e  

193 .1  pounds o f  f u e l .  The a i r c r a f t  t h e n  c l i m b s  t o  14,000 

f e e t  a t  an  i n i t i a l  ra te  o f  c l i m b  o f  4,227 f e e t  p e r  m inu t e  

and a  f i n a l  rate o f  c l i m b  o f  2,265.  A t  t h e  end  o f  t h e  c l i m b  

segment t h e  a i r c r a f t  h a s  burned 600.7 pounds o f  f u e l  and 

h a s  t r a v e l l e d  12.45 n a u t i c a l  m i l e s  down range .  

The c r u i s e  segment is  done a t  14,000 f e e t  a t  an  i n i t i a l  

a i r c r a f t  we igh t  o f  74,148 pounds and a  t r u e  a i r s p e e d  o f  349 

K ~ o t s .  A t  t h e  end o f  t h e  c r u i s e  segment t h e  a i r c r a f t  f u e l  

used i s  2,799.8 pounds and t h e  d i s t a n c e  t . raveEled has i n c r e a s e d  

t o  171.82 n a u t i c a l  miles. The a i r c r a f t  speed  a t  t h e  end  o f  

c r u i s e  i s  351 Knots TAS. 

The d e s c e n t  t o  2,000 f e e t  a l t i t u d e  i s  i n i t i a l l y  a t  4 ,073  

f e e t  p e r  minu te  r a t e  o f  d e s c m t  f a l l i n g  t o  2,027 f e e t  per 

minute  a t  2,000 f e e t  a l t i t u d e .  The f u e l  1:se.d a t  t h e  end  o f  

d e s c e n t  amounts t o  2,938.4 pounds f o r  a r a n g e  o f  200 n a u t i c a l  

miles. 

10 4  
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The final air maneuver or loiter for 1.5 minutes increases 

the fuel used to 3,003.9 pounds. The descent to 1,000 feet 

altitude is done at an average rate of de8cent of 2,092 feet 

per minut2 followed by the descent from 1,000 feet conversion 

and landing. At touchdown the aircraft has used 3,143.5 pounds 

of fuel and after a final taxi segment completes the mission 

for 3,157.4 pcunds of fuel. 

Table 2.18 also shows the computation of reserve fuel which 

is 1,511 pounds for a total fuel load of 4,668.64 pounds. 

The mission block time is 0.747 hours. 

Hover Performance - 
The hover performance of the aircraft is shown in Figures 2.47 

and .2.48 in terms of the gross weight lifting capability of 

the aircraft as a function of ambient temperature. 

Data are shown for "all engines operating" (AEO) and also 

"one engine inoperative" (OEI) both in and out of ground 

effect (IGE,OGE). The power level shown for the all engines 

operating case is the normal design takeoff power setting. For 

the one engine inoperative data a 9% power increase per engine 

has been allowed. 

Allowance has been made in the computations for force/weight 

ratios of F/W =. 1.05 (AEO) and F/W = 1.03 OEI in accordance 

with guideline requirements. 

The aircraft sizing condition was the OEI case at 90-degrees 

F sea level. This point is shown on Figure 2.47 giving a 

design condition lift capability of 74,749 pounds of out 

ground effect. 
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With all engines operating the main drive train sets ths 

tcrque limit, and is shown to be adequate for sea level, 

standard day,all engines operating with a force-to-weight 

ratio of 1.05. The torque limit for the main transmission 

w ~ s  set by cruise at normal rated power at 14,000 feet. 

The additional lift capability at temperatures below the 

aircraft sizing condition is not normally used since the OEI 

requirement sets the FAA gross weight certification. 

The IGE data shown reflect the undercarriage just clear of 

the ground condition and at the OEI condition 90-degrees F 

ground effect provides an additional 10,450 pounds of lift. 

This extra lift capability will not be used operationally 

as payload; however it provides a useful cushion for deceler- 

ation OX flare of the aircraft on landing, and an additional 

initial force-to-weight capability on lift-off (F/W initial 

= 1.36 all engines operating IGE at design gross weight). 

The lift performance of the aircraft at altitude is shown in 

Figure 2.49. 

At design gross weight (74,749 pounds) the aircraft can hover 

(OGE) at 3,600 feet altitude,all engines operating at an 

ambient temperature of standard plus 31-degrees F and on a 

standard day can maintain hover at 7,600 feet fully loaded. 
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With z e r o  payload  t h e  maximum hover  a l t i t u d e s  i n c r e a s e  t o  

14,200 f e e t  ( s t a n d a r d  day p l u s  31 d e g r e e s )  and t o  17,000 f e e t  

s t a n d a r d  day. 

The one  e n g i n e  i n o p e r a t i v e  (OEI) case is shown i n  F i g u r e  2.50. 

The d e s i g n  pc i r l t  s i z i n g  c o n d i t i o n  i s  a t  sea level  90 and i s  

a g a i n  shown a t  74,749 pounds. A t  s t a n d a r d  day c o n d i t i o n s ,  

t h e  f u l l y  loaded  a i r c r a f t  can  m a i n t a i n  hover  O E I  a t  4,000 

feet a l t i t u d e  OGE. 

T r a n s i t i o n  Performance? 

Performance i n  t r a n s i t i o n  depends on how n a c e l l e  a n g l e  is  

scheduled  w i t h  speed. T h i s  is  i n  t u r n  a f u n c t i o n  o f  c o n t r , l  

system d e t a i l s .  A d e t a i l e d  d e s i g n  o f  t h e  t r a n s i t i o n  c o n t r o l  

s chedu l ing  h a s  n o t  been a t t empted  i n  t h i s  concep tua l  s tudy .  

However, t h e  power r e q u i r e d  t o  f l y  t h e  t r a n s i t i o n  t r i m  s chedu le  

shown i n  F i g u r e  2.71 h a s  been computed and is shown i n  F i g u r e  

2.51. Throughout t r a n s i t i o n  t h e  power r e q u i r e d  i s  much less 

t h a n  t h e  power a v a i l a b l e  a t  NRP. 

C r u i s e  Performance 

I n  c r n i s c  f l i g h t  t h e  n a c e l l e s  a r ?  f u l l y  down and t h e  r o t o r s  a r e  

o p e r a t i n g  a s  p r o p e l l e r s .  The r o t o r  RPM is  dec reased  to  70% 

of the hover  RPM. 

Data on power r e q u i r e d  and normal r a t e d  power (NRP) a v a i l a b l e  

i n  c r u i s e  a r e  shown f o r  t h r e e  a i r c r a f t  w e i g h t s  a t  5,000 f e e t  

and 14,000 f e e t  a l t i t u d e  i n  F i g u r e s  2.52 and 2.53. A t  5,000 

f e e t  a l t i t u d e  t h e  a i r c r a f t  i s  t r a n s m i s s i o n  l i m i t e d  t o  324 

Knots a t  d e s i g n  g r o s s  we igh t ,  a l l  e n g i n e s  o p e r a t i n g  and t o  



BASELINE AIRCRAFT PERFORMANCE 
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332 Knots a t  o p e r a t i n g  we igh t  empty. 

The one e n g i n e  i n o p e r a t i v e  power a v a i l a b l e  a l l o w s  a c r u i s e  

speed of  310 Knots a t  d e s i g n  g r o s s  we igh t  and 320 Knots a t  

o p e r a t i n g  weight  empty. 

With a l l  e n g i n e s  c p e r a t i n g  a t  14,000 f e e t  and d e s i g n  g r o s s  

we igh t ,  t h e  a i r c r a f t  t r a n s m i s s i o n  l i m i t  and NRP o c c u r  s imul -  

t a n e o u s l y  l i m i t i n g  t h e  a i r s p e e d  t o  350 Knots. T h i s  c o n d i t i o n  

was used t o  s i z e  t h e  main r o t o r  t r ansmis s ion .At  o p e r a t i n g  

weight  empty t h i s  speed  c a n  b e  i n c r e a s e d  t o  360 Knots. 

The one e n g i n e  i n o p e r a t i v e  c a s e  is  power l i m i t e d  and a t r u e  

a i r s p e e d  of 306 Knots can  be  ma in t a ined  a t  d e s i g n  g r o s s  

weight .  T h i s  speed  i n c r e a s e s  t o  325 Knots a t  o p e r a t i n g  we igh t  

empty. 

The i n t e r s e c t i o n s  o f  t h e  power r e q u i r e d  - power a v a i l a b l e  d a t a  

d e f i n e  t h e  v e l o c i t y  c a p a b i l i t y  of  t h e  a i r c r a f t  a t  v a r i o u s  

a l t i t u d e s .  T h i s  d a t a  i s  shown i n  F i g u r e  2.54. 

The a i r c r a f t  maximum speed  a t  d e s i g n  g r o s s  we igh t  i s  35C Knots 

a t  14,000 f e e t .  Below t h i s  a l t i t u d e  t h e  a i r c r a f t  is t r a n s m i s s i c n  

l i m i t o d  and above 14,000 f e e t  it i s  power l i m i t e d .  A t  minimum 

f l y i n g  we igh t  - o p e r a t i n g  weight  empty - t h e  maximum a i r s p e e d  

i s  360 Knots a t  14,400 f e e t  a l t i t u d e .  

The one e n g i n e  i n o p e r a t i v e  c a s e  i s  n o t  t r a n s m i s s i o n  l i m i t e d  

and r e s u l t s  i n  a  maximum low a l t i t u d e  speed  o f  310 Knots a t  

4,000 f e e t .  

The speed c a p a b i l i t y  of t h e  a i r c r a f t  is g r e a t e r  t h a n  the 250 

Knots EAS r e s t r i c t i o n  a t  less t h a n  10,000 feer, and t h e  
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v e h i c l e  would be c o n s t r a i n e d  o p e r a t i o n a l l y  t o  t h e  250 Knot 

EAS boundary shown i n  F i g u r e  2.54. 

Rate of  Climb 

The d e s i g n  p o i n t  tilt rotor a i r c r a f t  c l imb  c a p a b i l i t y  i n  

t h e  c r u i s e  f l i g h t  mode is  shown f o r  bo th  t h e  d e s i g n  g r o s s  

weight  and o p e r a t i n g  weight  empty a s  a  f u n c t i o n  of a l t i t u d e  

i n  F igu re  2.55. Two sets of d a t a  a r e  shown f o r  b o t h  a l l  

eng ines  o p e r a t i n g  and one eng ine  i n o p e r a t i v e .  

A t  d e s i g n  g r o s s  weight  (AEO) t h e  a i r c r a f t  can  c l imb a t  4,600 

f e e t  p e r  minute  a t  s e a  l e v e l  and a t  normal c r u i s e  a l t i t u d e  

14,01r0 f e e t  can  m a i n t a i n  a  r a t e  o f  climb of  3,109 f e e t  p e r  

minute.  

I n  t h e  one eng ine  i n o p e r a t i v e  case t h e  a i r c r a f t  can n a i n t a i n  

adequate  c l imb r a t e s  i n  i t s  normal o p e r a t i n g  range  o f  

a l t i t u d e s  (3,000 f e e t  p e r  minute  a t  s e a  l e v e l  and 1,350 f e e t  

p e r  minute a t  14,000 f e e t  a l t i t u d e )  a t  d e s i g n  g roee  weight .  

A t  l i g h t e r  weight  ( e .g . ,  OWE) t h e  c l imb rates i n c r e a s e  and 

i n  some c a s e s  r e q u i r e  a f u s e l a g e  a n g l e  i n  e x c e s s  of  20 degrees .  

T h i s  is  shown f o r  t h e  OWE d a t a  i n  F i g u r e  2.55 and r e f l e c t s  a  

probable  normal o p e r a t i o n a l  maximum r a t e  o f  c l imb.  

S p e c i f i c  Range 

S p e c i f i c  range  d a t a  i n  t h e  c r u i s e  f l i g h t  c o n f i g u r a t i o n  a r e  

shown i n  F i g u r e s  2.56 and 2.57. The  AEO case a t  bo th  5,003 

f e e t  and 14,000 f e e t  a l t i t u d e s  i s  giveit  i n  F i g u r e  2.56.  A t  

t h e  d e s i g n  c r u i s e  speed o f  348 Knots a t  14,000 f e e t  and d e s i g n  

g r o s s  weight  the a i r c r a f t  a c h i e v e s  0.0725 a a u t i c a l  miles p e r  
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ALL ENGINES OPERATING 

ALTITUDE = 5,000 FT/1524 m - - 
STANDAPS DAY 

250 EAS 
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FIGURE 2 . 5 6 .  CRUISE PERFORMANCE - SPECIFIC RANGE - 
STANDARD DAY - CRUISE RPM - AEO. 
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ALTITUDE = 5,000 FT/1524 m - 
STANDARD DAY 
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STANDARD DAY 

I AIRSPEED - KNOTS 

FIGURE 2.57. CRUISE PERFORMANCE - SPECIFIC RANGE - 
STANDARD DAY - CRUISE RPM - OEI. 
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pound o f  f u e l .  The b e s t  range  c r u i s e  speed a t  t h i s  a l t i t v d e  

and weight  is  249  k n ~ t s  g i v i n g  a  s p e c i f i c  range  o f  0.092 

n a u t i c a l  miles p e r  pound o f  f u e l  and a 99% best. range  speed  

of  268 kno t s .  

The e f f e c t  of  weight  i s  shown by comparing t h e  t h r e e  sets o f  

d a t a  f o r  we igh t s  between o p e r a t i n g  weight  empty (OWE) and 

d e s i g n  g r o s s  weight  (DGW). The maximum s p e c i f i c  range  

achieved  a t  OWE (14,000 f e e t )  i s  0.1155 n a u t i c a l  mi l ea  p e r  

pound o f  f u e l  a t  d b e s t  range  speed of  2 2 4  kno t s  and t h e  99% 

b e s t  range  speed is 239 k n o t s .  

F ly ing  a t  lower a l t i t u d e  (5,000 f e e t )  r educes  t h e  s p e c i f i c  

range c a p a b i l i t y  o f  t h e  a i r c r a f t  (F igu re  3.56) . 
For e x a m p l e r a t  t h e  t r a n s m i s s i o n  l i m i t  speed (DGW) o f  322 

kno t s  and 5,000 f e e t  a l t i t u d e  t h e  s p e c i f i c  range  is 0.066 

n a u t i c a l  miles p e r  pound o f  f u e l  and t h e  maximum s p e c i f i c  

ranges  achieved  a r e  0.0815 and 0.0965 n a u t i c a l  m i l e s  p e r  

pound @f f u e l  a t  DGW and OWE r e s p e c t i v e l y .  

With one eng ine  i n o p e r a t i v e  o r  one eng ine  s h u t  down t h e  range  

performance o f  t h e  a i r c r 2 - t  i n p r o v e s  s l i g h t l y ,  F i g u r e  2.57. 

T h i s  i s  due t o  t h e  h i g h e r  power s e t t i n g  r e q u i r e d  on t h e  

o p e r a t i n g  e n g i n e s  which p r o v i d e s  a lower s p e c i f i c  f u e l  con- 

sumption. A t  t h e  nc ir la i  r a t e d  power l i m i t  speed of 306 h o t s  a t  

14 ,000  f e e t  a l t i t u d e  and D G W  t h e  s p e c i f i r  range  i s  C.086 

and t h e  mz*imum s p e c i f i c  rar.ge achieved  a r e  0.093 and 0 . 1 2 2 5  

n a u t i c a l  miles p e r  pound ~f f u e l  a t  D G W  and OWE respec t ive11  

at. 14,000 f e e t  a l t i t u d e .  
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The same d a t a  a r e  provided  (OEI) a t  5,000 f e e t  a l t i t u d e  i n  

F igu re  2.57 and qgain show a r e d u c t i o n  i n  s p e c i f i c  range  

performance compared w i t h  14,000 f e e t  a l t i t u d e .  

Range Performance 

The payload range  d a t a  f o r  t h e  d e s i g n  mis s ion  p r o f i l e  and 

r e s e r v e s  wi th  a l l  engir .es  o p e r a t i n g  i s  shown i n  F i g u r e  2.58. 

With a  t a k e o f f  g r o s s  weight  o f  74,749 pounds and 100 p a s s e n g e r s  

t h e  a i r c r a f t  5 a s  a d e s i g n  range  o f  200 n a u t i c a l  miles a s  

shown. The d e s i g n  mis s ion  f u e l  l i m i t  d e f i n e s  t h e  range  a t  

z e r o  payload a s  234 n a u t i c a l  miies. 

The range of  t h e  a i r c r a f t  can be  ex tended  by t h e  a d d i t i o n  o f  

e x t r a  wing t anks .  I f  t h e  f u e l  l oad  is  i n c r e a s e d  t o  7150 

pounds and account ing  f o r  a d d i t i o n a l  t ank  weight  o f  180 pounds 

t h e  range of t h e  a i r c r a f t  becomes 400 n a u t i c a l  miles w i t h  

payload of 85 passenge r s  and baggage. 

W i t 1  de2 ign  mis s ion  f u e l  and t a n k s  t h e  range  performance o f  

t h e  a i r c r a f t  ( O E I )  has  been computed, F i g u r e  2.59. 

This  d a t a  shows an  i n c r e a s e d  range  t o  250 n a u t i c a l  miles w i t h  

a f u l l  passenger  l o a d  due t o  t h e  improved s p e c i f i c  range  and 

SFC's which r e s u l t  from o p e r a t i n g  t h e  remaining t h r e e  e n g i n e s  

a t  a  h ighe r  f r a c t i o n  o f  a v a i l a b l e  power. 

Dra2 

The tilt r o t o r  d r a g  i s  shown i n  terms o f  e v u i v a l e n t  f l a t p l a t e  

a r e a  (Fe) i n  Table  2.21. The method e v a l u a t e s  t h e  d r a g  of 

each  majo- a i r c r a f t  component and sums t h e  components t o  give 

the ,  v e h i c l e  Fe. 
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ITEM - 
FUSELAGE 

WING 

VERTICAL TAIL 

D 2 1 0 - 1 0 8 5 8 - 1  

TILT ROTOR DRAG SUMMARY 

H O R I Z O N T ~  TAIL 

ROTOR NACELLE 

ENGINE NACELLE 

MISCELLANEOUS 

OIL COOLER MONENTUM LOSS 

AIR CONDITIONING 

TRIM 

TOTAL DRAG AREA 

TABLE 2 . 2 0 .  TILT ROTOR BASELINE A I R C W T  DRAG SUMMARY. 
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The des ign  p o i n t  tilt r o t o r  has  an  e q u i v a l e n t  d rag  area o f  

2 27.492 f e e t  o r  a g r o s s  weight/F r a t i o  of 12,885 K ~ / I I I '  e 

(2,750 pounds pe r  f e e t 2 ) .  

'rop/Rotor Performance 

The d e f i n i t i o n  of t h e  aerodynamic des ign  of  a  p rop / ro to r  f o r  

a  tilt r o t o r  a i r c r a f t  i s  a compromise between t h e  requi rements  

f o r  good hover and craise performance. Design t r a d e  s t u d i e s  

have Seen performed t o  opt imize t h e  r o t o r  des ign  parameters  

and a r e  r e p o r t e d  i n  Volume 11. 

The s t a t i c  and c r u i s e  performance of  t h e  s e l e c t e d  d e s i g n  i s  

shown i n  F igures  2.60 and 2.61. I n  hover a  maximum f i g u r e  

of m e r i t  of 77% i s  achieved a t  a  r o t o r  t h r u s t  c o e f f i c i e n t  of 

0.010. For l g  hover t h e  r o t o r  des ign  t h r u s t  c o e f f i c i e n t  is 

0 .OlO6. The c r u i s e  performance i s  shown as a r o t o r  map 

i n  Figure  2.61 g iv ing  CT and Cp f o r  l i n e s  of c o n s t a n t  advance 

r a t i o .  

2.2.4 Design P o i n t  T i l t  Rotor - Fly ing  Q u a l i t i e s  

Hover 

The hover t r i m  d a t a  a t  des ign  g r o s s  weight  i s  shown i n  F igure  

2-62.  Data a r e  given f o r  t h r e e  CG l o c a t i o n s  from 45% MAC i n  

hover which is e q u i v a l e n t  t o  4 2 %  MAC i n  c r u i s e  t o  25% MAC 

which i s  e q u i v a l e n t  t o  13.8% MAC i n  c r u i s e .  The CG s h i f t  

between hover and c r u i s e  i s  due t o  n a c e l l e  tilt. 

For n a c e l l e s  a t  90 degrees  (hover)  t h e  a i r c r a f t  fuse lage  

a t t i t u d e  is  0.6 degrees  a t  t h e  a f t  CG and r e q u i r e s  0 .9  

degrees c y c l i c  t o  trim. A t  t h e  forward CG t h e  fuse lage  
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FUSELAGE ATTITUDE, eF - DEGREES 

FIGLRE 2.62. DESIGN POINT TILT ROTOR HOVER TRIM 
REQUIREMENTS. (GW = 74,749  LBS) 
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t r i m s  l.!+dcgrees nose down and r e q u i r e s  2.4-degrees c y c l i c  

t o  t r i m .  

Hover t r i m  is  p o s s i b l e  w i t h  n a c e l l e  a n s l e s  g r e a t e r  snd  less 

than  90-degrees ,  however, t h e  f u s e l a g e  a t r i t u d e  e x c u r s i o n s  

i n c r e a s e .  The c y c l i c  r e q u i r e d  f o r  hover  trim is r e l a t i v e l y  

i n s e n s i t i v e  t o  f u s e l a g e  a t t i t u d e ,  b u t  i s  s t r o n g l y  dependent  

on CG l o c a t i o n  s i n c e  t h i s  d e f i n e s  t h e  moment arm f o r  t h e  

weight  

Con t ro l  Power I n  Lcver 

The a i r c r a f t  c o n t r o l  power i n  hover  is  shown i n  F i g u r e s  

2 . 6 3 ,  2.61 and 2.65. P i t c h  c o n t r o l  i s  o b t a i n e d  by t h e  a p p l i -  

c a t i o n  o f  c y c l i c  p i t c h .  The r e s u l t i n g  hub moment and in -p l ane  

f o r c e  times t h e  d i s t a n c e  f:rom t h e  hub t o  t h e  CG g i v e s  a p i t c h  

moment which i s  used f o r  p i t c h  t r i m  and c o n t r o l .  The 

s e n s i t i v i t y  o f  p i t c h  a c c e l e r a t i o n  t o  c y c l i c  p i t c h  i s  0.107 

r a d i a n s  p e r  second squared  p e r  d e g r e e  o f  c y c l i c  a t  d e s i g n  

g r o s s  weight  of 74,749 pounds. A t  lower w e i g h t s ,  f o r  example 

60,000 pounds, t h e  p i t c h  c o n t r o l  s e n s i t i v i t y  d e c r e a s e s  s l i g h t l y  

t o  . l o25  r a d i a n s  p e r  second squa red  p e r  degree .  T h i s  e f f e c t  

i s  due t o  t h e  reduced t h r u s t  l e v e l  which d e c r e a s e s  t h e  i n -p l ane  

f o r c e  component of  t h e  a i r c r a f t  p i t c h  moment. S i x  d e g r e e s  of 

c y c l i c  a r e  a v a i i a b l e  f o r  f u l l  p i t c h  c o n t r o l .  

A t  d e s i g n  g r o s s  weight  and a  mid r ange  CG t h e  c y c l i c  r e q u i r e d  

t o  t r i m  i n  p i t c h  is  -0.9 deg rees .  The remaining c y c l i c  would 

a l l ow a c o n t r o l  power of 0.58 r a d i a n s  p e r  second squa red .  With 

a  most forward CG and co r r e spond ing  60,000 pound we igh t  t h e  
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c y c l i c  r e q u i r e d  f o r  p i t c h  t r i m  js 2.18 deg rees .  A t  t h i s  

c o n d i t i o n  t h e  minimum c o n t r o l  power a v a i l a b l e  i n  p i t c h  is 

0.43 r a d i a n s  p e r  second squared .  

Yaw a c c e l e r a t i o n  i s  achieved  by d i f f e r e n t i a l  c y c l i c  p i t c h .  

C y c l i c  p i t c h  i n p u t  is phased t o  o b t a i n  t h e  maximum in-p lane  

f o r c e  p e r  deg ree  of c y c l i c .  The in -p l ane  f o r c e s  p rov ide  a  

coup le  t o  yaw t h e  a i r c r a f t .  S ince  t h e  i n -p l ane  f o r c e  produced 

by t h e  a p p l i c a t i o n  of  c y c l i c  p i t c h  r e s u l t s  l a r g e l y  from t h r u s t  

v e c t o r  tilt, t h e  l i g h t  we igh t  c a s e  ( i .e. ,  reduced t h r u s t )  is  

t h e  most c r i t i c a l  yaw c o n d i t i o n .  

A t  d e s i g n  g r o s s  we igh t  w i t h  -.9 d e g r e e s  p i t c h  t o  t r i m  t h e  

maximum yaw c o n t r o l  of 8.15 d e g r e e s  can  b e  a p p l i e d  which 

g i v e s  an  i n i t i a l  a c c e l e r a t i o n  of  0.388 r a d i a n s  p e r  second 

squared .  A t  60,000 pounds g r o s s  weight  w i t h  2.18 d e g r e e s  

c y c l i c  t o  t r i m  t h e  d v a i l a b l e  yaw c y c l i c  is  7 .2  d e g r e e s  which 

p r o v i d e s  0.278 r a d i a n s  p e r  second squa red  a c c e l e r a t i o n .  

The combined c o n t r o l  cr i ter ia  of .25 r a d i a n s  p e r  second squa red  

yzw c o n t r o l  a t  60,000 pounds g r o s s  we igh t  r e q u i r e s  6.47 d e g r e e s  

c y c l i c  and accoun t ing  f o r  2.18 d e g r e e s  p i t c h  c y c l i c  t o  t r i m  

t h e  remaining c y c l i c  f o r  p i t c h  a c c e l e r a t i o n  is 0.97 d e g r e e s  

which p rov ides  0 .1  r a d i a n s  p e r  second squa red  or 30% of  

0.33 r a d i a n s  pcr second squared  a s  s p e c i f i e d  i n  t h e  g u i d e l i n e s .  

R o l l  c o n t r o l  i s  o b t a i n e d  by t h e  use  of  d i f f e r e n t i a l  c y c l i c  

p i t c h .  The s e n s i t i v i t y  o f  c o n t r o l  power t o  d i f f e r e n t i a l  

c o l l e c t i v e  is  0.22 r a d i a n s  p e r  second   qua red p e r  deg ree .  

I n  hover 3.95 d e g r e e s  o f  d i f f e r e n t i a l  c o l l e c t i v e  a r e  a v a i l a b l e  
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and a t  dea ign  grosu  weight  f u l l  c o n t r o l  produce8 0.87 

r a d i a n s  p e r  second squa red  a l l  e n g i n e s  o p e r a t i n u .  

Con t ro l  Response I n  Hover - 
The c o n t r o l  ressmse t o  c c m t r o l  i n p u t  i n  hove r  i s  g i v e n  i n  

F igu re  2.66. The c o n t r o l  r e sponse  a a t a  a r e  computed f o r  a 

60,000 pound weight  w i t h  2.18 d e g r e e s  c y c l i c  to  t r i m .  

With a yaw c y c l i c  i n p u t  o f  6.42 d e g r e e s  ( i .e. ,  an  i n i t i a l  

a c c e l e r a t i o n  of  0.25 r a d i a n s  p e r  second sqau red )  t h e  a i r c r a f t  

a c h i e v e s  a yaw a n g l e  of  8.5 d e g r e e s  i n  one second. I n  r o l l ,  

15.5  deg rees  of r o l l  can  be  ach ieved  w i t h  f u l l  ro l?  c o n t r o l .  

With 6.47 d e g r e e s  yaw c y c l i c  c o n t r o l  a p p l i e d  and 2.18 d e g r e e s  

p i t c h  c y c l i c  t o  t r i m  t h e  p i t c h  c y c l i c  a v a i l a b l e  f o r  c o n t r o l  

i s  0.97 deg rees .  Th i s  c y c l i c  p r o v i d e s  an  i n i t i a l  a c c e l e r a t i o n  

of 0.10 r a d i a n s  p e r  secoqd squa red  which meets t h e  0.099 

r a d i a n s  p e r  second squa red  r e p i r e d  (i.e., 30% o f  .33 r a d i a n s  

per  second s q u a r e d ) .  The p i t c h  a n g l e  ach ieved  i n  t h i s  i n s t a n c e  

o f  combined c o n t r o l  is 2.22 d e g r e e s  i n  one second ( g u i d e l i n e  

requi rement  30% of 6 d e g r e e s  = 1.8  d e g r e e s  i n  one s e c o n d ) .  

With 5.4 d e g r e e s  c y c l i c  p i t c h  c o n t r o l ,  t h e  p i t c h  r e a i - n s e  i n  

one second is 7.4 d e g r e e s  which a g a i n  exceed t h e  b d e g r e e s  

q u i d e l i n e  r e q ~ i r e m e n t .  

Hover l o n g i t u d i n a l  d y ~ a m i c  s t a b i l i t y  is  shown w i t h  no s t d L i l i t y  

augmentat ion i n  F i g u r e  2.67. There  a r e  t w o  r o o t s  i n  e v i d e n c e ,  

an a p e r i o d i c  r o o t  w h ~  ;.h i s  c r i t i c a l l y  damped w i t h  a t i m e  t o  

h a l f  ampl i tude  o f  less t h a n  one sccond and a p e r i o d i c  r o o t  

w i t h  an undamped n a t u r a l  f requency  of  0.195 r a d i a n s  p e r  second.  
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The p e r i o d i c  r o o t  i s  m i l d l y  u n s t a b l e  w i t h  a  t i m e  t o  double  

ampl i tude  o f  much g r e a t z r  thar. 1 2  seconds.  The a i r c r a f t  

l o n g i t u d i n a l  r e sponse  t o  a  s t e p  inp i i t  is shown i n  F i g u r e  

2.68. 

With no SAS t i ie  a i r c r a f t  meets Level  2  requi rements .  The 

i n c l u s i o n  a f  a low g a i n  a t t i t u d e  s t a b i l i z a t i o n  w i l l  p rov ide  

damping i n  t h e  long  p e r i o d  ( 3 3  seconds)  o s c i l l a t o r y  p i t c h  

mode t o  meet Level 1 requi rements .  The r e sponse  i n  t h i s  mode 

w i t h  an a t t i t u d e  s t a b i l i z a t i o n  ~ a i n  o f  0.02 degrees  c y c l i c  p e r  

degree attitude i s  a l s ~  shown i ?  F i g u r e  2.63. 

F i g u r e s  2.69 and 2.70 shows t h e  a i r c r a f t  t r i m  i n  hover w i t h  

a 25 Knot wind f o r  e q u i v a l e n t  s i d e s l i p  a n g l e s  from z e r o  (head 

wind) tc  90 d e g r e e s  ( s i d e  wind) .  

With a  25 kno t  s i d e  wind t h e  a i r c r a f t  t r i m s  w i t h  2 deg rees  

r o l l  a n g l e  a t  d e s i g n  g r o s s  we igh t ,  a f t  CG and 2.5 deg rees  

r o l l  a t  60,000 pounds forward CG. D i f f e r e n t i a l  c o i l e c t i v e  

t o  t r i m  is 0.4 deg rees  f o r  t h e  a f t  CG d e s i g n  g r o s s  weight  rz=e 

and 0.27 degrees  f o r  60,000 pounds w i t n  a forward CG. 

A t  d e s i g n  g r o s s  weight  and a f t  CG t h e  c y c l i c  r e q u i r e d  t o  t r i m  

is a  maximum of  1 , 9  d e g r e e s  ( r i g h t  r o t o r )  2nd a t  60,000 pounds 

1 .9  deg rees  ( r i g h t  r o t o r )  and z t  60,000 pounds forward CG 3.5 

deg rees  c y c l i c  a r e  r e q u i r e d  on t h e  l e f t  r o t o r .  I n  t h e s e  

c a l c u l a t i o n s  t h e  s i d e  wind i s  assumed from t h e  s t a r b o a r d  r i d e  

of  t h e  a i r c r a f t .  

With a  25 Knot s i d e  wind t h e  l a t e r 6 1  c o n t r o l  d e f l e c t i o n s  t o  

t r i m  a r e  0 .7  i n c h  rudder  p e d a l  o u t  o f  a  t o t a l  a v a i l a b l e  o f  





RIGHT ROTOR 
LC-----.II.- - - - -  

FIGURE 2 . 6 9  . DESIGN POINT TILT ROTOR lrmd IN 25 KNOT 
WIND DURING HOVER. 
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2.5 i n c h e s  a n d  0.5 i n c h  l a t e z a l  s t i c k  o u t  o f  a t o t a l  

a v a i l a b l e  5  i n c h e s .  The c o n t r o l  a u t h o r i t y  a v a i l a b l e  a f t e r  

t r i m  is more t h a n  s u f f i c i e n t  t o  h a n d l e  a  1 5  f e e t  p e r  s e c o n d  

g u s t .  

In t h e  worst l o n g i t u d i n a l  g u s t  case w h i l e  h o v e r i n g  i n  a  25 Z n o t  

s ide wind t h e  t r i m  l o n g i t u d i n a l  s t i c k  i s  2.1 i n c h e s  a f t  o u t  

o f  a t o t a l  o f  6 i n c h e s  a v a i l a b l e .  A 15 f e e t  p e r  second g u s t  

would r e q u i r e  a n  a d d i t i o n a l  0.93 i n c h e s  o f  s t i c k  t r a v e l ,  w e l l  

w i t h i n  t h e  6 i n c h e s  a v a i l a b l e .  

T r a n s i t i o n  

The t r a n s i t i o n  c c r r i d o r  f o r  a tilt r o t o r  a i r c r a f t  i s  bounded 

a t  h i g h  s p e e d  by b l a d e  f a t i g u e  i o a d s  and  7ower l i m i t s  and  a t  

l o w  s p e e d  by s t a l l .  The c a l c u l a t i o n  o f  a i r c r a f t  t r i m  and 

c o n t r o l  f o r  a l l  o f  t h e  p o s s i b l e  t r i m  c o n d i t i o n s  r e q u i r e s  t h e  

d e t a i l  d e s i g n  o f  t h e  c o n t r o l  s y s t e i i ~  and  i s  c o n s i d e r e d  beyond 

t h e  s c o p e  o f  t h i s  c o n c e p t u a l  s t u d y .  However, a typici?'!. 

t r a n s i t i o n  s c h e d u i ?  h a s  been  com:wted i n  o r d e r  t o  estimate 

t h e  c o n t r o l  r o w e r s  a v a i l a b l e .  

The 1 y  t r i m  d a t a  i s  shown i n  F i g u r e s  2 . 7 1  and  2.72 f o r  t h e  

d e s i g n  g r o s s  w e i g h t  a i r c r a f t  w i t h  a n  a f t  CG l o c a t i o n  o f  34% 

MAC. These  t r i m  d a t a  assume a f l a p  s c h e d u l e  w i t h  n a c e l l e  

i n c i d e n c e  as shown i n  F i g u r e  2.73.  

The l o n g i t u d i n a l  c y c l i c  f o r  f c l l  s t i c k  t r a v e l  i s  shown i n  

F i g u r e  2.74 a s  a f u n c t i o n  of n a c e l l e  i n c i d e n c e .  The c y c l i c  

p i t c h  per i n c h  of s t i c k  is  r e d u c e d  a s  n a c e l l e  i n c i d e n c e  i s  

r e d u c e d  and  t e r m i n a t e s  i n  c r u i s e  w i t h  t h e  c y c l i c  a u t h o r i t y  
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FlCURt 2.73. TRINSlTION FLAP SCHEDULE. 
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r e q u i r e d  f o r  r o t o r  l o a d s  c o n t r o l  i n  c r u i s e  f l i g h t .  The 

e s t i m a t e d  p i t c h  c o n t r o l  power i n  t r a n s i t i o n  i s  shown i n  

F i g u r e  2.75 f o r  z e r o  s t i c k  t r i c ~  a n d  f o r  t r i m  w i t h  most a f t  

CG. The minimum p i t c h  c o n t r o l  i s  0.4 r a d i a n s  p e r  s e c o n d  

s q u a r e d  a t  57 Knots  which xceeds  t h e  g u i d e l i n e  d e s i g n  

r e q u i r e m e n t s  o f  0.3 r a d i a n s  p e r  s e c o n d  s q u a r e d .  

D i f f e r e n t i a l  c y c l i c  a n d  collective are Used f o r  yaw c o n t r o l  

i n  t r a n s i t i o n  as  shown i n  F i g u r e  2.76. As t h e  r u d d e r  e f f e c -  

t i v e n e s s  grows w i t h  a i r  s p e e d  t h e s e  c o n t r o l s  a r e  p h a s e d  

o u t .  

The yaw c o n t r o l  power c a p a b i l i t y  is  shown f o r  two g r o s s  

w e i g h t s .  A t  t h e  l i g h t  w e i g h t  t h e  yaw c o n t r o l  power i s  

0 .265  r a d i a n s  per  s e c o n d  s q u a r e d  a t  40 Knots  compared w i t h  

a r e q u i r e m e n t  o f  0.25 r a d i a n s  p e r  s e c o n d  s q u a r e d .  The ~ninimum 

c o n t r o l  power i s  0.22 r a d i a n s  p e r  s e c o n d  s q u a r e d  a t  82 Knots  

compared w i t h  a r e q u i r e m e n t  o f  0.2 r a d i a n s  p e r  s e c o n d  

s q u a r e d .  

D i f f e r e n t i a l  c o ? l e c t i v e  and  c y c l i c  P ,  i; u s e d  for r o l l  

c o n t r o l  i~ t r a n s i t i o n  an8 a r e  $h,isec'. , '  c.s e r o n  and  

s p o i l e r  c a p a b i l i t y  grows w i t h  airspeed- " - .'.77. A t  40 

Knots a  r o l l  c o n t r o l  power o f  0 .68  radi ;  . , . I  :.econd s q u a r e d  

i s  a v a i l a b l e  ( r e q u i r e m e n t  o f  0 .6 )  and  t h e  minimum c o n t r o l  

power i s  0.465 r a d i a n s  p e r  s e c o n d  s q u a r e d  a t  140 Knots  which 

a g a i n  e x c e e d s  t h e  0.4 r a d i a n s  p e r  s e c o n d  s q u a r e d  g u i d e l i n e  

r e q u i r e m e n t  a s  shown i n  E'iqure 2.78.  
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79,749 LBS 

/-60,000 LBS 

FIGURE 2.76 . YAW ANGULAR ACCELERATION CXPABILf TI' AND 
CONTROL REQUIRED IN TRANSITION. 



VELOCITY - KNOTS 

FIGURE 2 . 7 7  . ROLL ANGLLAR ACCELERATION CAPABILITY 
AND CONTROL REQUIRED I N  TF'ANSITION . 
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Cru i se  F l i g h t  - Longi tudinal  S t a b i l i t y  and Cont ro l  

The v a r i a t i o n  of n e u t r a l  p o i n t  f o r  va r ious  c r u i s e  f l i g h t  

speeds i s  given i n  Figure  2.79 f o r  a  range of h o r i z o n t a l  

t a i l  volume r a t i o s .  The most a f t  CG i n  c r u i s e  is  34% MAC 

which d e f i n e s  a  most forward n e u t r a l  p o i n t  l o c a t i o n  of  39% 

MAC t o  provide  5% s t a t i c  margin. The desigr.  p o i n t  tilt 

r o t o r  h o r i z o n t a l  t a i l  volume r a t i o  i s  1.47 which g i v e s  a 

n e u t r a l  p o i n t  a t  39.5% MAC a t  140 Knots, i .e.,  5 .5% s t a t i c  

margin. A s  a i r s p e e d  i n c r e a s e s  t h e  a v a i l a b l e  s t a t i c  margin 

inc reases .  

T r i m  - 
A i r c r a f t  c r u i s e  f l i g h t  l o n g i t u d i n a l  t r i m  d a t a  a r e  shown i n  

Figure  2.80 f o r  d e s i g n  g r o s s  weight  wi th  CG a f t  (34% MAC) f o r  

s e a  l e v e l ,  3,048 meters (10,000 f e e t )  and 4,267 meters 

(14,000 f e e t )  a l t i t u d e s .  The ang les  o f  a t t a c k  t o  t r i m  

decreases  a s  a i r s p e e d  i n c r e a s e s  such t h a t  a t  des ign  c r u i s e  

speed of  349 Knots at'14,OOO f e e t  t h e  a i r c r a f t  t r i m s  a t  

zero  fuse lage  inc idence .  The des ign  c r u i s e  c o n d i t i o n  r e q u i r e s  

1.7 degrees  of e l e v a t o r  t o  t r i m .  

The most forward CG shown on t h e  CG envelope i n  F igure  2.45 

is  a t  60,000 pounds weight.  The c r u i s e  t r i m  d a t a  f o r  t h i s  

weight a t  10% MAC CG p o s i t i o n  a r e  shown i n  F igure  2.81. 

A t  t h e  lower g r o s s  weight t h e  ang le  of a t t a c k  f o r  t r i m  i s  

reduced and t h e  e l e v a t o r  d e f l e c t i o n s  r e q u i r e d  f o r  t r i m  a r e  

less. (i .e . ,  more n e g a t i v e ) .  



ROTOR DIM. = 56.3 FT 
TIP SPEED = 543 FPS 
SOLIDITY, o = 0.090 

V - KTS 

STATIC MARGIN 

AFT CG 

DESIGN PT. 
A/C 

I + I . - 6  
1.0 1:2 1.4 1-6 1.8 2.0 

HORIZONTAL TAIL VOLUME RATiO 

FIGURE 2.79. DESIGN POINT TILT ROTOR AIRCRAFT - STATIC 
STABILITY IN CRUISE. 
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z 2 0  
SEA LEVEL 

'2' 2 10tOOO FT/3048 METERS 
14t000 FT/4267 METERS - 4  -==== 



l6 r DESIGN POINT TILT ROTOR - TR-100 (98.2) 

GW = 27,216 Kg (60,000 LBS) . 
CG = 10% MAC. 

4267 METERS/14,000 FT ALT. 
3048 METERS/10,000 FT ALT. 

SEA LEVEL 
3048 METERS 
(10,000 FT) 

-5 4267 METERS 
(14,000 FT) 

t t 

140 200 30 0 3 80 
AIRSPEED (KTS) 

FIGURE 2.81. DESIGN POINT TILT ROTOR CRUISE TRIM. 
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Figures 2.82 and 2.83 presen t  the  angle of a t t a c k  and ele- 

vator  per  g f o r  t h e  same gross  weight,  CG range and 

altitudes. 

A t  high a i rspeeds  t h e  e l eva to r  required per  g i s  small .  

The longi tud ina l  " f e a l "  system would need some adjustment t o  

provide acceptable s t i c k  force  per  g. The small  s t i c k  

de f l ec t ions  per g r e s u l t  i n  high s t i c k  force  per  inch. 

Detai led design of the  cont ro l  system would provide compen- 

s r t i o n  t o  increase  t h e  s t i c k  t r a v e l  per  (3 a t  h igh speed. 

The p i t c h  r a t e  response t o  a one degree of s t e p  e l eva to r  

input  a t  180, 300 and 380 Knots is shown i n  Figures 2.84, 

2.85 and 2.86. For t hese  da t a  t h e  e l eva to r  i s  stepped a t  

time equal  t o  one second and t h e  d a t a  show t h e  r e s u l t i n g  

t i m e  h i s t o r i e s  of p i t c h  a t t i t u d e  and p i t c h  r a t e .  The 

e l eva to r  e f f ec t iveness  is lowest a t  t h e  low speed case.  I n  

one second a f t e r  con t ro l  input  a p i t c h  a t t i t u d e  of 1 . 4  degrees 

i s  achieved due t o  1 degree e l eva to r .  Tota l  e l eva to r  t r a v e l  

i s  - +20 degrees. The p i t c h  r a t e  time constant  is  low (0.18 

seconds t o  63% maximum r a t e )  i nd i ca t ing  a c r i s p  response t o  

p i l o t  command. The t i m e  constant  shor tens  a s  a i rspeed 

increases .  

These response da t a  a r e  f o r  t he  a f t  CG case  f o r  which t h e  

sho r t  period roo ts  become aper iod ic  a s  shown i n  Figure 

2.87. Although t h i s  case  i nd i ca t e s  heavi ly  damped r e a l  

roo t s ,  the  r a t e  of response t o  p i l o t  command indicat2d by 

Figures 2.84 t o  2.86 is  st i l l  high. 



DESIGN POINT TILT ROTOR - TR-100 ( 9 8 . 2 )  
CRUISS TRIM - GW 7 4 , 7 4 9  L ~ S / 3 3 , 9 0 7  K g  

CG = 34% MAC 

4267 m ( 1 4 , 0 0 0  FT) 

3048 m (10 ,000  FT) 

- 7 4 2 6 7  m ( 1 4 , 0 0 0  FT) 

v r AIRSPEED (KTS) 

FIGURE 2 . 8 2  . DZSIGN POINT TILT ROTOR - ANGLE OP ATTACK 
AND ELEVATOR PER g - CRUISE - 34% MAC CG. 



DESIGN POINT TILT ROTOR - TR-100 ( 9 8 . 2 )  
CRUISE TRIM - GW = 2 7 , 2 1 6  Kg ( 6 0 , 0 0 0  LBS) 

CG = 10% MAC 

4267 m ( 1 4 , 0 0 0  FT) 

3048 m ( 1 0 , 0 0 0  FT) 

~ 4 2 6 7  m ( 1 4 , 0 0 0  FT) 

3048 m ( 1 0 , 0 0 0  FT) 

SEA LEVEL 

AIRSPEED (KTS ) 

FIGURE 2 . 8 3 .  DESIGN POINT TILT ROTOR - ANGLE OF ATTACK 
AND ELEVATOR PE9 g - CRUISE - 1 0 %  MAC CG. 



A/S = 1 8 0  KTS 
GW = 74,749LBS 
CG = 34% 
ALT. SEA LEVEL 

TIME - SECONDS 

FIGURE 2 . 8 4  DESIGN POINT TILT ROTOR LONGITUDINAL RESPONSE 
TO 1 DEGREE STEP FLEVATOR INPUT. 



A/S = 300 KTS 
GW = 74,749 LBS 
CG = 34% 
ALT. = SEA LEVEL 

TIME - SECONDS 
FIGURE 2.85. DESIGN POINT TILT ROTOR LONGITUDINAL 

TO 1 DEGREE STEP ELEVATOR INPUT. 
RESPONSE 



A / S  = 380 XTS 
GW = 74,749 LBS 
CG = 34% 
ALT. = SEA LEVEL 

0 0.4 0 .8  1.2 1.6 2.0 2.4 
TIME SECONDS 

FIGURZ 2.86. DESIGN POINT TILT ROTOR LONGITUDINAL RESPONSE 
TO ONE DECREE STEP ELEVATOR INPUT. 



SHORT P E R I O D  

AGARD 577 

300 K T S  \ 
I 

FWD C G -  GW = 7 4 7 4 9  LBS.  
AFT CG ---- 

PHUGOID 

2.80 K T S  

3 8 0  K T S  / 

F I G U R E  2 . 8 7 .  L O N G I T U n I N A L  DYNAMIC C H A R A C T E R I S T I C S  - C R U I S E .  
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A t  380 Knots t h e  d a t a  i n d i c a t e s  a normal s h o r t  pe r iod  mode 

with high damping. For t h e  forward CG c a s e  t h e  roots a r e  

pe r iod ic  and damped w e l l  i n  excess  of t h e  recommendations of 

AGARD 577. 

The phugoid mode is  shown i n  F igure  2.87 and is  a long p e r i o d ,  

w e  11 damped mode. 

Figure 2.88 shows t h e  sho-t pe r iod  frequency a s  a  f u n c t i o n  of  

g ' s  per  angle  of a t t a c k  acd t h e  a i r c r a f t  meets Leve' 1 c r i t e r i a  

f o r  both forward and a f t  CG cases .  

La te ra l -Di rec t iona l  - S t a b i l i t y  and Contro l  

S t a b i l i t y  Der iva t ives  

The l a t e r a l - d i r e c t i o n a l  d e r i v a t i v e s  due t o  s i d e s l i ~  a r e  shown 

a s  a  func t ion  of a i r s p e e d  i n  F igure  2.89. 

A t  speeds i n  excess  of 187 Knots t h e  r o t o r s  dec rease  t h e  d i -  

hedra l  e f f e c t ,  however, a  p o s i t i v e  d i h e d r a l  e f f e c t  (nega t ive  

C ~ ~ )  is maintained over  t h e  e n t i r e  speed range. A t  l o w  speeds 

t h e  r a t i o  of CNB/Cg6 = 0.91. As a i r s p e e d  i n c r e a s e s  t h e  

inc reas ing  C N ~  and reduc t ion  i n  d i h e d r a l  e f f e c t  t ends  t o  

improve t h e  a i r c r a f t  dutch ro l l  s t a b i l i t y  and reduce t h e  

s t a b i l i t y  of t h e  s p i r a l  mode. 

The r o t o r  c o n t r i b u t i c n  t o  t h e  s i d e f o r c e  d e r i v a t i v e  due t o  

s i d e s l i p  is  l a r g e  and t h e  r e s u l t i n g  t o t a l  Cyg w i l l  r e q u i r e  

a  r e l a t i v e l y  l a r g e  r o l l  angle  t o  compensate i n  f l y i n g  a 

s t ra ight -ground t r a c k  i n  s i d e s l i p .  



FIGURE 2 .88 .  SHORT-PERIOD FREQUENCY REQUIREMENTS - CATEGORY 
B FLIGHT PHASES. 
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DESIGN POINT TILT ROTOR 

GW = 74,749LB/33,906K9 

REF. CG = 25% 

SIDEFORCE COEFFICIENT 

ROTORS OFF 

ROTORS ON 

DIHEDRAL EFFECT COEFFICIENT 

DIRECTIONAL STABILITY COEFFICIENT 

140 180 220 260 300 
WLOCITY-KNOTS 

FIGURE 2.89. VARIATION OF LATERAL-DIRECTIONAL DERIVATIVES 
DUE TO SIDESLIP WITH vELocIm 
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The sideslip characteristics in cruise are shown in Figure 

2.90 and this effect is in evidence. The lateral stick per 

degree of rudder crosses zero at 285 Knots indicating a 

requirement for a small amount of aileron to rudder pedal 

coupling to provide normal control direction in sideslip. 

The rudder effectiveness is high and decreases slightly with 

airspeed. 

The roll rate derivatives are shown in Figure 2.91. The roll 

rate damping is high (CRp 1.1 to -1.4) due to the influence 

of the rotors. The yaw moment coefficient due to roll rate 

decreases as airspeed increases. 

The yaw rate derivatives are shown in Figure 2.92 and indicate 

a high Cnr or yaw rate damping. The rotors again contribute 

substantially to the yaw damping. 

The lateral-directional dynamic stability is shown in Figures 

2.93 and 2.94. The dutch roll is stable and well damped at 

both aircraft weights and CG1s considered. The spiral mode 

is slightly unstable at high airspeeds, but has an acceptable 

minimum time to double amplitude of 1.85 minutes. 

The roll mode time constant is less than one second for all 

velocities at sea level and slightly higher at low speeds at 

14,000 feet altitude. Roll rate response data are presented 

in Figures 2.95 and 2.96. At 180 Knots a roll angle of 

14 degrees can be achieved in one second after a step input. 

At higher airspeeds the roll rate response increases. 



D210-10858-1 
DESIGN POINT T I L T  ROTOR 

' 170 
b 

180 ,220 260 300 340 3 80 
VELOCITY - KNOTS 

FIGURE 2.90 . S I D E S L I P  CHARACTERISTICS I N  CRUISE. 
(STRAIGHT GROUND TRACK). 



~210-10858-1 
DESIGN POINT TILT ROTOR 

REF. CG = 34% F . 
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FIUGRE 2 . 9 1 .  STABILITY COEFFICIENTS DUE TO ROLI, RATE. 
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DESIGN POINT TILT ROTOR 

GW = 74,74gL8/33,906~g - 
REF. CG = 34% F 

> 0 .8  

I SIDEFORCE COEFFICIENT 
k 

3r 
U 

0 .4  

ROLLING MOMENT COEFFICIENT 

$ 1 
C 

YAWING MOMENT COEFFICIENT 
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140 180 2 20 260 300 340 38;r 
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FIGURE 2 .92  . STABILITY COEFFICIENTS DUE TO YAW RATE. 
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Gust S e ~ s i t i v i t y  and Direct L i f t  C o n t r o l  - 
Reduction o f  g u s t  s e n s i t i v i t y  u s i n g  d i r e c t  l i f t  c o n t r o l  is 

r e q u i r e d  t o  b r i n g  t h e  100 passenge r  tilt r o t o r  t r a n e p o r t  w i t h  

t.he l i m i t s  g i v e n  i n  t h e  s t u d y  g u i d e l i n e s .  The s i t u a t i o n  

wi thou t  a l l e v i a t i o n  shown i n  F i g u r e  2.97 f o r  minimum and 

maximum o p e r a t i n g  g r o s s  we igh t s  a t  10,000 and 13,000 f e e t  

i n d i c a t e s  t h a t  s u b s t a n t i a l  amounts o f  l i f t  must be  d m p e d ,  

i f  t h e  c r i t e r i o n  i s  t o  be m e t .  I t  is env i s ioned  t h a t  t h i s  

w i l l  be p r i m a r i l y  accomplished by t h e  au tomat i c  synmet r i c  

a p p l i c a t i o n  of s p o i l e r s  o r  f l a p s  i n  amoants p r c p o r t i o n a l  

t o  t h e  a n g l e  o f  a t t a c k  change produced by t h e  g u s t .  F u r t h e r  

a l l e v i a t i o n  would be produced by s i m i l a r  o p e r a t i o n  o f  t h e  

r o t o r  c y c l i c  p i t c h  c o n t r o l s ;  e l e v a t o r  c o n t r o l s  would a l s ~  be 

a p p l i e d  t o  c o u n t e r a c t  unwanted p i t c h i n g  moments. 

I n  t h i s  s t u d y  t h e  approximate requi rements  o f  t h e  f l a p  and 

s p o i l e r  system have been found t o  b t  less demanding t h a n  t h e  

normal c o n t r o l  sys t sm requ i r emen t s ,  s o  t h a t  no s t r u c t u r a l  

weight  p e n a l t i e s  a r e  a s s o c i a t e d  w i t h  t h e  d i r e c t  l i f t  

c o n t r o l  system. For example, a t  55,726 pounds g r o s s  weight  

(minimum f u e l ,  10 passenge r )  a t  10,000 f e e t ,  a t  a maximum 

c r u i s e  speed o f  296 Knots EAS, t h e  c o n t r o l  a p p l i c a t i o n s  

r e q u i r e d  t o  reduce  s e n s i t i v i t y  t o  t h e  c r i t e r i o n  l e v e l  i n  a  

15 f e e t  p e r  second g u s t  are: 

FLAP - SPOILER 

ANGLE 6.8 deg rees  1 2 . 0  d e g r e e s  

MAXIMUM RATE 50 degrees / sec  85 degrees /aec  
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These may be compar~d with the desiga control angles and rates 

implied by the time constant criteria of Paragraph 4.1.1.3 

of the study guidelines. Flap and spoiler maximum travels 

are 20 degrees end 45 degrees respectively and the average 

rates implied by the time conatant criteria are 6"  degrees 

per second for the flaps m d  142 degrees per second for 

the spoilers. It is concluded that the only major additional 

system requirements and weight penalties would be those 

asso-iated with guat sensing eqaipment and avionics for 

signal conditioning and transmission of con- nnds to the 

control surface actuators. These are estimated io be 

approximately 35 pounds. 

2.2.5 Design Point Tilt Rotor - Noise 
The external noise design criteria for the baseline aircraft 

was that the sideline noise at 500 feet in hover at 10: feet 

altitude was to be between 90 and 100 PNdB. It is recognized 

that the use of PNdB as a rneans of expressing noise annoyance 

may not be a valid comparison between rotary wing aircraft 

and conventional jet engined aircraft because of the 

different spectra of the two types. The highest sound pressure 

levels for the tilt rotor occur at lower frequencies. The 

sound pressure level data at 500 feet sideline are shown in 

Figure 2.98 as a function of octave band frequency. Using 

the NOY weightings the aircraft perceived noise level at 500 

feet is 9E.2 PNdB in hover. 



FIGURE 

\ SOUND PRESSURE LEVEL 

ENGINE INLET - - - - -  L. 

ENGINE EXHAUST - - .a - - -  - \ 
ROTOR BROADBAW - - - - - -- '\. '. 
ROTOR ROTATIONAL - - - - - - - - - - \ -. 
TOTAL SPECTRUX \ 

- - 

RAFT 100 FT ABOVE .AND 5 0 0  FT  AWAY FROM OBSERVER 

VT = 775 FT/SEC WQIIST AZIMUTH 

NOY DT S,:'RIBUT ION 

OCTAVE BAND 

2 . 9 8  TILT ROTOR BASELINE HOVER SPECTRUM 
AND NOY DISTRIBUTION. PNdB = 9 8 . 2  



The components c o n t r i b u t i n g  t o  the o v e r a l l  sound p r e s s u r e  

l e v e l s  a r e  a l s o  g iven i n  Figure  2 .98 ,   an^ over most of the 

frequency range,  t h e  n o i s e  l e v e l  is set by r o t o r  broadband 

noise .  

Rotor r o t a t i o n a l  n o i s e  is  daninant a t  the low f r e q u e n c i e s ,  

however, t h i s  has  m l y  a smal l  impact on t h e  a i r c r a f t  PNdB 

va lue  . 
I n  o r d e r  t h a t  t h 2  PNL be set  by r o t w  n o i s e  components, 

t h e  engine i n l e J . s  were t r e a t e d  t o  a+.tenuate i n l e t  n o i s e  a t  

h igh  f requencies .  The i n l e t  l i n i n g  is tuned t o  4 KHz and 

8 KHz i n  o r d e r  t o  match t h e  p r e d i c t e d  r o t o r  s i g n a t u r e .  The 

i n l e t  t r ea tment  a r e a  necessary  t o  achieve  t h e  i n l e t  

a t t e n u a t i o n  shown i n  Figure  2.99 i s  7.5 square  f e e t  p e r  

engine. 

Contours o f  c o n s t a n t  perce ived n o i s e  l e v e l s  a r e  shown i n  

Figure  2.100 f o r  a t y p i c a l  t a k e o f f .  The n o i s e  con tours  a r e  

symmetrical about  t h e  f l i g h t  p a t h  a x i s  wi th  t h e  h i g h e s t  noise 

l e v e l s  beneath t h e  f l i g h t  pa th .  These PNL contours  a r e  based 

upon a t akeof f  p r o f i l e  a s  shown i n  Figure  2.101 and on t h e  same 

f i g u r e  t h e  perce ived n o i s e  l e v e l s  a t  va r ious  p o i n t s  on t h e  

f l i g h t  pa th  a r e  g iven a s  a  func t ion  of  n o i s e  dura t ion .  For 

example, an obse rve r  200 f e e t  from t h e  p o i n t  of o r i g i n  would 

pe rce ive  1 0 5  PNdB a t  t i m e  z e r o ,  116 PNdB a t  7 .5  seconds,  and 

l e s s  than 90 PNdB a t  20  seconds from t a k e o f f .  An obse rve r  

a t  2,450 f e e t  from t h e  p o i n t  of o r i g i n  would never pe rce ive  

more than 90 PNdB. 



TILT ROTOR INLET TREATMENT 

OCTAVE BAND CENTER FREQUENCY - Hz 

FIGURE 2.99. INLET NOISE SUPPRESSION. 





DISTANCE FROM TAKEOFF - METERS 7 

DISTANCE FROM LIFTOFF - FEET 

t 
- 

I . 1 

0 10 20 3 0 40 5 0 60 
b 

TIME FROM LIFTOFF - SECONDS 

FIGURE 2.101. BASELINE TILT ROTOR DESIGN POINT - STANDARD 
TAKEOFF. PERCEIVED NOISE. 



D21Q-13858-1. 
A s imi lar  set o f  data i s  shown i n  Figures 2.102 and 2.103 f o r  

a typical. landing case .  Again observers on the  f l i g h t  path 

are subject  t o  the  h ighes t  PNL and the  perceived no i se  i s  

greater f o r  the  landing case  than for  takeof f .  
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&Q DISTANCE TO TWCHDOWN - METERS 
5 , 10 , 1 5 x 1 0 ~  

1 0  20  3 0 40 50  x103 
DISTANCE TO TOUCHDOWN - FEET 

# I I 1 

0 2 0 40 60  8 0 1 0 0  120  
4 

TXME TO TOUCHDOWN - SECONDS 

FIGURE 2.103. BASELINE TILT ROTOR DESIGN POINT STANDARD 
LANDING. 



2.2 .6  T i l t  Rotor  Costs 

The d e s i g n  p o i n t  tilt r o t o r  a i r c r a f t  i n i t i a l  c o s t s  are 
* 

t a b u l a t e d  i n  Tab le  2.21. The f l y  away costs have been  computed 

us ing  90 and 110 d o l l a r s  p e r  pound o f  a i r f r a m e  we igh t .  A t  

$90 p e r  pound t h e  a i r c r a f t  i n i t i a l  cost i e  $5.15 m i l l i o n  and 

a t  $110 p e r  pound it  is $5.86 m i l l i o n .  The b a s i c  a i r f r a m e  

c o s t s  a r e  $3.18 m i l l i o r ,  and $3.89 m i l l i o n  r e s p e c t i v e l y  w i t h  

dynamic sys tem,  enqines and a v i o n i c s  costs amount ing t o  ' 

$1 .97  m i l l i o n .  

The d i r e c t  o p e r a t i n g  costs of t h e  a i r c r a f t  a r e  also sh0v.n 

i n  Ta.ble 2.21  f o r  u t i l i z a t i o n  o f  2,500 h o u r s  p e r  year and 

3,500 h o u r s  p e r  y e a r  and for b o t h  $90 p e r  pound and  $110 

p e r  pound a i r f r a m e  costs. 

For  2,503 h o u r s  p e r  y e a r  and $90 p e r  pound t h e  d i r e c t  

c p e r a t i n g  c o s t  i s  2.41C p e r  s e a t  m i l e .  T h i s  cost b r e a k s  down 

i n t o  0.9C p e r  s e a t  m i l e  f o r  f l i g h t  o p e r a t i o n s ,  0.88C p e r  

s e a t  mile f o r  main tenance  and 0.63C p e r  seat m i l e  d c p r e c i a t i o n .  

A t  $110 p e r  pound a i r f rame cost,  t h e  d i r e c t  o p e r a t i n g  cost 

rises t o  2.54C p e r  s e a t  mile. The i n c r e a s e  o f  0.13C p e r  s e a t  

miie i s  due t o  i n c r e a s e d  h u l l  i n s u r a n c e  costs, i n c r e a s e d  

. I maintenance costs f o r  a i r f r a m e  m a t e r i a l  and a h i g h e r  dep re -  

c i a t i o n  c o s t .  

With i n c r e a s e d  u t i l i z a t i o n  to  3,500 h o u r s  and $90 p e r  pound 

a i r f r a m e  cost t h e  d i r e c t  o p e r a t i n g  cost is 2.19C p e r  s e a t  

mile and a t  $110 per pound a i r f r a m e  cost t h e  d i r e c t  o p e r a t i n g  



Airframe Cost 

Airframe 
Dynamic Sys tem 
Engines 
Avionics 

Total 

Flyaway Costs - 

~tilizatio? (Hrs/Yr) 

Airframe Cost ($/~b) t-. 
I 

Flying Operations 
Flight Crew 
Fuel and Oil 
Hull Insurance 

I Total Flying Operations 

Direct Maintensnce 
hirframc - Labor 

- Material 
Engines - Lzbor - Material 
Dynamic System - Lakor - Matcrial 

I 
Total Direct Macntenznce 

i Maintenance B ~ r d e x  
T o t a l  Eiaintenance 

1 Depreciation 

I Total Direct Costs 
I 

Direct Operating Costs 
Dollaxs/Seat Mile 

Block Distance = 230 St. Niles 

TABLE 2.21. DESIGN POINT TILT ROTOR INITIAL AND DIPXCT 
OPERATING COSTS. 



TR-103 ( 9 8 . 2 )  
EXTENDED RANGE VERSION D210-10858-1 

Flyaway Costs 

Airframe Cost 

Airframe 
Dynamic System 
Engines 
Avionics 

Total 

Direct Operating Costs 
Dollars/Seat Mile 

Block Distance = 23C St. ~ i l e s  

lying Operations 
Flight Crew 
~ u e l  and Oil 
Hull Insurance 

Total Flying Operations 

Direct Maintenance 
Airframe - Labor - Material 
Engines - Labor - Material 
Dynamic System - Labor - Material 

Total Direct Maintenance 

Maintenance Burden 
otal Maintenance 

] Depreciation 

botal Direct Costs 

TABLE 2 . 2 2 .  DESIGN POINT TILT ROTOR (EXTENDED RANGE VERSION) 
INITIAL AND DIRECT OPERATING COSTS. 
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* /" 
cost is 2.30C p e r  s e a t  m i l e .  

due t o  reduced  h s u r a n c e  and 

s i n c e  t h e s e  cascs are s p r e a d  

p e r  y e a r  a t  t h e  h i g h e r  l e v e l  
. -- 
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These  r e d u c t i o n s  i n  DOC are 

d e p r e c i a t i o n  costs p e r  seat m i l e  

o v e r  more p a s s e n g e r  miles 

o f  u t i l i z a t i o n .  

Table  2.22 shows similar datA f o r  a mod i f i ed  a i r c r a f t  w i t h  
\ 

i n c r e a s e d  f u e l  t ankage  t o  p r o v i d e  a 400 n a u t i c a l  m i l e  r a n g e  

a i r c r a f t .  

~ h c  a i r c r a f t  f l y  away costs rise t o  $5.17 m i l l i o n  a t  $90 p e r  

pounds and  $5.88 m i l l i o n  a t  $110 p e r  pound due t o  i n c r e a s e d  

a i r c r a f t  weight .  As shown i n  F i g u r e  2.58 t h i s  a i r c r a f t  can  

c a r r y  99 p a s s e n g e r s  o v e r  t h e  d e s i g n  m i s s i o n  an? t h e  d i r e c t  

o p e r a t i n g  c o s t  d a t o  shown i n  Table 2.22 r e f l e c t  100 a v a i l a b l e  

s e a t s .  

Direct o p e r a t i n g  c o s t s  p e r  s e a t  m i l e  and s e a t  k i i o m e t e r  a s  

a f u n c t i o n  o f  b lock  d i s t a n c e  a r e  shown i n  F i g u r e  2.104 f o r  

t h e  s p e c i f i e d  combina t ions  o f  a i r c r a f t  u t i l i z a t i o n  and  a i r f r a m e  

costs. F i g u r e  2.104 a l s o  i l l u s t r a t e s  t h e  impact  o f  e x t e n d i n g  

t h e  d e s i g n  r ange  of  t h e  TR-100 (98.2)  t o  460 s t a t u t e  miles. 

The i n c r e a s e  i n  costs a t  t h e  d e s i g n  p o i n t  r ange  (230 s t a t u t e  

miles) is t h e  r e s u l t  o f  t h e  loss o f  one a v a i l a b l e  s e a t  due 

t o  t h e  i n c r e a s e d  empty we igh t  f o r  t h e  i n s t a l l a t i o n  o f  l a r g e r  

f u e l  t a n k s .  Although n o t  shown i n  F i g u r e  2.104 it s h o u l d  be 

no ted  t h a t  t h e  l a r g e r  f u e l  t a n k s  w i l l  r e s u l t  i n  a s m a l l  

i n c r e a s e  (less t h a n  1%) i n  s e a t  m i l e  costs a t  r a n g e s  less 
# 

t h a n  230 statute rnile~ due  t o  i n c r e a s e s  i n  airframe mainten-  

ance  and d e p r e c i a t i o n  costs. I n  t h e  e x t e n d e d  r a n g e  v e r s i o n  

o f  t h e  TR-100 (98.2) seat mile costs show a c o n t i n u i n g  d e c l i n e  
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between 230 and 3 4 5  s t a t u t e  miles hecauso the  loss o f  e i g h t  

a v a i l a b l e  s e a t s  due t o  add i t iona l  f u e l  requirements i s  o f f s e t  

by increas ing  block speed. Between 335 arid 460 s t a t u t a  miles 

the  d e l t a  block speeds become i n s u f f i c i e n t  to o f f s e t  the  l o s s  

o f  an addi t iona l  e i g h t  s e a t s ,  and tlte s e a t  m i l e  c o s t a  begin to 

r i s e .  



3 .0  EXTERNAL NOISE CRITERIA TRADEOFF DESIGNS 

One of t h e  ob jec t ives  of t h e  design s t u d i e s  was t o  examine the  

e f f e c t  of ex t e rna l  no ise  c r i t e r i a  on t h e  desiga  of t h e  two 

conf igurat ions .  This is  extremely p e r t i n e n t  s ince  e x t e r n a l  

noise  and c o m u d t y  acceptance may become governing parameters 

i f  operat ions  with V/STOL a i r c r a f t  a r e  t o  achieve t h e  advan- 

t ages  of p o t e n t i a l  block t i m e  savings f o r  t h e  s h o r t  haul  

t r a v e l l e r .  Such time savings w i l l  r equ i r e  operat ion from 

high population dens i ty  urban and suburban a r e a s  a s  w e l l  a s  

mejor a i r p o r t s .  To eva lua te  design s e n s i t i v i t y  t o  a no ise  

c r i t e r i a  two add i t i ona l  a i r c r a f t  of each conf igura t ion  have 

been s ized  with  perceived no ise  l e v e l s  a t  a  500 f o o t  s i d e l i n e  

d i s tance  i n  hover which are 5 PNdB more and less noisy than 

the  basel ine  a i r c r a f t  . 
3.1 TANDEM HELICOPTER - SELECTION 3F NOISE CRITERIA DESIGNS 

The primary design parameters which d i c t a t e  t h e  r o t o r  ro t a -  

t i o n a l  and broad band noise  a r e  t i p  speed and blade a r ea  o r  

s o l i d i t y .  Figures 3.1, 3.2 and 3.3 show t h e  e f f e c t  of t he se  

design parameters on t h e  a i r c r a f t  g ross  weight, d i r e c t  opera- 

t i n g  c o s t  and s i d e l i n e  noise  l eve l .  I n  these  graphs s o l i d i t y  

i s  p lo t t ed  i n  terms of t h e  r a t i o  a parametric a i r c r s f t / a  base- 

l i n e  a i r c r a f t ,  no t  abso lu te  s o l i d i t y .  

The e f f e c t  of decreasing s o l i d i t y  and increas ing  t h e  t i p  speed 

reduces t he  a i r c r a f t  design gross  weight and inc reases  3 s  

s i d e l i n e  perceived noise  l e v e l  and vice-versa. Decreasing 
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s o l i d i t y  a l s o  provided decreased d i r e c t  o p e r a t i n g  c o s t s .  

p a r t u r e  from t h e  b a s e l i n e  optimum t i p  speed of 720 f t / s e c  

l e a d s  t o  inc reased  d i r e c t  o p e r a t i n g  c o s t s .  

D e -  

The no i se  d e r i v a t i v e  des igns  w c 4 r e  s e l e c t e d  by s t r i k i n g  +5 - PNdB 

l i n e s  on t h e  s i d e l i n e  n o i s e  p l o t  and t r a n s p o r t i n g  t h e s e  l i m i t s  

t o  t h e  o t h e r  p l o t s .  A minimum s o l i d i t y  requirement  was e s t a b -  

l i s h e d  t o  mainta in  freedom from s t a l l  f l u t t e r  wi th  al lowance 

f o r  a 1.25 maneuver load  f a c t o r .  

The i n t e r s e c t i o n s  of t h e s e  l i n e s  d e f i n e  t h e  - +5 PNdB a i r c r a f t ,  

*.he d e t a i l e d  c h a r a c t e r i s t i c s  of which a r e  d i scussed  i n  t h i s  

s e c t i o n  of t h e  r e p o r t .  



3.1 .1  Tandem S e l i c o p t e r  Design TH-100 ( 9 7 . 3 )  

This  a i r c r a f t  has  a  c a l c u l a t e d  s i d e l i n e  pe rce ived  n o i s e  l e v e l  

of  97.3 PNdB a t  500 f e e t  i n  hover ,  5 PNdE more n o i s y  t h a n  t h e  

b a s e l i n e  tandem h e l i c o p t e r .  

Conf igu ra t ion  and Layout 

The c h a r a c t e r i s t i c s  o f  t h e  TH-100 (97.3)  tandem h e l i c o p t e r  

d e s i g n  are g i v e n  i n  Tab le  3.1, and t h r e e  view drawings shown 

i n  F i g u r e  3 . 4 .  

The pr imary changes i n  t h e  c o n f i g u r a t i o n  r e s u l t  from a n  i n -  

c r e a s e  i n  t i p  speed t o  810 f e e t  p e r  second and a  d e c r e a s e  i n  

r o t o r  s o l i d i t y  t o  0.07. The a i r c r a f t  g r o s s  weight  reduced  t o  

65,843 pounds and t h e  r o t o r  d i ame te r  i s  reduced t o  68 f e e t  

2 i nches .  The pylon sweep i s  d i c t a t e d  by t h e  d e c i s i o n  t o  

have z e r o  r o t o r  b l a d e  o v e r l a p .  With a  s m a l l e r  r o t o r  d i a m e t e r  

less a f t  py lon  sweep i s  r e q u i r e d  t h a n  was t h e  c a s e  f o r  base-  

l i n e  a i r c r a f t  and t h i s  r e s u l t s  i n  a  9  i n c h  r e d u c t i o n  i n  ove r -  

a l l  l e n g t h .  

The c a b i n  and c o c k p i t  l a y o u t  i s  e x a c t l y  t h e  same as t h e  d e s i g n  

p o i n t  a i r c r a f t  and meets t h e  same requ i remen t s  f o r  100 passen-  

g e r s .  The d e s i g n  d i f f e r e n c e s  a r e  i n  t h e  r o t o r  and i n s t a l l e d  

power and t r a n s m i s s i o n s .  The i n s t a l l e d  power dec reased  t o  

4590 HP p e r  eng ine  ( 3  e n g i n e s ) .  

The s o l i d i t y  o f  .07 s t i l l  meets t h e  c r i t e r i o n  of 1 .25  g ' s  

maneuver c a p a b i l i t y  w i t h  no s t a l l  f l u t t e r  which was s e l e c t e d  

f o r  t h e  b a s i c  a i r c r a f t .  The r e d u c t i o n  i n  s o l i d i t y  is  p o s s i b l e  

because of  t h e  h i g h e r  t i p  speed.  
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Tandem H e l i c o p t e r  TH-100 ( 9 7 . 3 )  Weights 

The d e s i g n  g r o s s  weight  of t h e  +5 PNdB a i r c r a f t  i s  29865.7 Ky 

(65 ,843  pounds) and t h e  weight  empty i s  17 ,304  Kg ( 3 8 , 1 4 9  

pounds ) .  The a i r c r a f t  we igh t s  have been e s t a b l i s h e d  i n  acco rd -  

ance  w i t h  t h e  same g r o u n d r u l e s  a s  a p p l i e d  t o  t h e  b a s e l i n e  

a i r c r a f t .  A d e t a i l e d  breakdown of t h e  , i r c r a f t  component and 

system we igh t s  i s  p r e s e n t e d  i n  Tab le  3 . 2 .  

The nlajor d i f f e r e n c e s  i n  we igh t  a r e  i n  t h e  r o t o r  and d r i v e  

sys tems .  The r e d x c t i o n  i n  d i a m e t e r  and s o l i d i t y  o f  t h e  r o t o r s  

r educe  t h e  r o t o r  sys tem wei(:ht t o  2745.1 Kg (6052 pounds ) .  The 

r e d u c t i o n  i i ,  d i a m e t e r  a l s o  a l l o w s  t h e  d i s t a n c e  between r o t o r  

c e n t e r s  t o  be reduced  which coupled  w i t h  a  l i g h t e r  o v e r a l l  

g r o s s  weight  r e d u c e s  t h e  bending moments i n  t h e  f u s e l a g e  

s t r u c t u r e  and a l l o w s  a r e d u c t i o n  i n  body weight  compared w i t h  

t h e  b a s e l i n e  a i r c r a f t .  

The p r o p u l s i o n  sys tem we igh t  i s  reduced  by v i r t u e  of  t h e  lower 

i n s t a l l e d  power. The weight  o f  t h e  r o t o r  f l i g h t  c o n t r o l s  i s  

a l s o  reduced s i n c e  t h e  r o t o r  s i z e  3nd i n e r t i a s  a r e  s m a l l e r .  

The f u e l  r e q u i r e d  to  f l y  t h e  d e s i g n  m i s s i o n  i s  reduced  s i n c e  

t h e  e n g i n e s  a r e  o p e r a t i n g  a t  a h i g h e r  f r a c t i o n  of  maximum 

power i n  c r u i s e  f l i g h t .  

The a i r c r a f t  c e n t e r  o f  q r a v i t y  l o c a t i o n s  and p r i n c i p l e  momerts 

o f  i n e r t i a  a r e  g i v e n  i n  Tab le  3.3. 
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CREW 
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I CROSS WEIGHT 

WEIGHT SUMMARY PRELIMINARY DESIGN 



WEIGHT 

CENTER OF GRAVITY* 

Fuse lage  S t a t i o n  

Water L i n e  

MCMENT OF INERTIA 

I ( R o l l )  
XX 

( P i t c h )  

I,, (Yaw) 

WEIGHT EMPTY 

17,304 Kg 
(38,149 Lbs) 

15.26 M (600.6 
Inches )  

3.60 M (141.6 
Inches  ) 

1,438,857.3 Kg 
M~ (1,060,400.4 
S lugs  F t 2 )  

3,389,510.0 Kg 
M* (1 ,02 ,032.7 S Slugs  F t  ) 

GROSS WEIGHT 

14.53 M (571.9 
Inches )  

2.83 M (111.6 
Inches )  

14,506.2 Kg M2 
10 690.7 Sluga 
F t 4  

1,597,175.6 Kq 
M~ ( i ,  j.?'l 076.8 1 Slugs  F t  ') 

1,542,398.3 Kg 
M~ (1 ,13 ,707.4 4 Slugs  F t  

*FUSELAGE STATION 0 I S  AT NOSE OF BODY - CENTER LINE OF 

FORWARD ROTOR 5.0 METERS ABOVE WATER LINE. 

TABLE 3.3 . WEIGHT,CENTER OF GRAVITY AND MOMENT OF INERTIA - 
+5 PNdB HELICOPTER. 
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Tandem Helicopter - TH-100 ( 9 7 . 3 )  - V e h i c l e  P e r f o r m a n c e  

The +5 PNdB tandem h e J . i c o p t e r  h a s  b e e n  s i z e d  f o r  1 0 0  p a s s e n g e r s  

o v e r  t h e  200 n a u t i c a l  mile 2-ange w i t h  t h e  same m i s s i o n  d e f i n i -  

t i o n  a s  t h e  b a s e l i n e  a i r c r a f t .  T a b l e s  3 . 4  a n d  3 . 5  shows a 

summary o f  t h e  m i s s i o n  p e r f o r m a n c e  a n d  d e t a i l e d  c a l c u l a t i o n  

r e s u l t s  a r e  i n c l u d e d  i n  Volume 11. 

The a i r c r a f t  t a k e o f f  g r o s s  w e i g h t  i s  29 ,860 .8  Kg (65 ,813  

p o u n d s )  w i t h  a  f u e l  l o a d  o f  3 , 4 9 4 . 3  Kg ('1,705 p o u n d s ) .  The  

t a x i ,  t a k e o f f  a n d  i n i t i a l  a i r  maneuve r  r e q u i r e s  3 1  Kg ( 1 1 3  

p o u n d s ) o f  f u e l .  I n  T a b l e s  3 . 4  a n d  3 . 5  t h e  i n i t i a l  a i r  mane1 

i s  i n c l u d e d  w i t h  t h e  t a k e o f f .  The a i r c r a f t  t h ? n  c l i m b s  t o  

a l t i t u d e  ( 5 , 0 0 0  f e e t )  f o r  a r a n g e  b e n e f i t  o f  9 . 1  Km ( 4 . 9  

n a u t i c a l  m i l e s )  u s i n g  1 2 6  Kg ( 2 3 1  p o u n d s )  o f  f u e l  t o  c l i m b .  

The m i s s i o n  c r u i s e  i s  d o n e  a t  n o r m a l  r a t e d  power a t  5 , 0 0 0  

u v e r  

f e e t  a t  a n  a v e r a g e  a i r s p e e d  o f  1 4 5  k n o t s .  The c r u i s e  segme1.t. 

f u e l  i s  2 , 7 4 7  Kg ( 5 , 0 5 3  p o u n d s )  of f u e l  f o r  a r a n g e  o f  

367 .3  Kg (198 .2  n a u t i c a l  miles) . 
The r e m a i n i n g  0.8 n a u t i c a l  m i l - e s  i s  a c c o m p l i s h e d  i n  t h e  descent 

t o  2 , 0 0 0  f e e t  a t  a r a t e  of d e s c e n t  o f  1 5 . 6  m / s  ( 3 , 0 7 8  f e e t  

p e r  m i n u t e ) .  

The r e m a i n d e r  o f  t h e  m i s s i o n  i s  a n  a i r  maneuve r  a t  2 , 0 0 0  f e e t ,  

d e s c e n t ,  l a n d i n g  a n d  t a x i .  T h e  missior f u e l  u s e d  i s  3199 

i;g (5,5598 p o u n d s )  w i t h  1 , 2 0 4  Kq ( 2 , 1 0 7  p o u n d s )  reserve f u e l .  
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Hover Performance 

The hover performance of the helicopter is shown in Figures 

3.5 and 3.6 in terms af sea level gross weight lifting capa- 

bility as a function of ambient temperature. 

Data are shown for all engines operating (AEO) Figure 3.5, 

and one engine inoperative, both inground effect (IGE) and 

G U ~  of ground effect (OGE). The power levels are given on 

both figures, For the all engines operating data the three 

engine takeoff power is shown, for the OEI data two ensines 

operating at 9% increased power are shown. 

The takeoff gross weights were derived using a force to weight 

ratio (F/W) of 1.05 for all engines operating and F/W of 1.03 

for OEI conditions in compliance with the study guidelines. 

The aircraft sizing conditions were OEI at sea level 90°F and 

is indicated in Figure 3.6 giving a design gross weight of 

29,866 Kg (65,843 pounds) out of ground effect. 

Transmission rating of the vehicle allows full takeoff power 

from all three engines to be used at sea level standard. This 

condition is indicated in Figure 3.5 - 
Hover gross weight capability for altitudes up to 20,000 feet 

is shown in Figures 3.7 and 3.8. Data are presented for IGE 

and OGE conditions on stacdard day and standard day plus 31°F 

(17.2°C),ambient conditions at sea level standard day plus 

31°F is 90°F. 

Figure 3.8, the OEI data, indicates the design point sizing 

condition. On a standard day the vehicle is capable of OGE 
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NOISE DERIVATIVE AIRCHAFT 

TANDEM HELICOPTER/lOO PASSENGER/97.2 PNdB 

ONE ENGINE INOPERATIVE 
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FIGURE 3.6 EFFECT OF AMBIENT TEMPERATURE 011 SEA LEVEL 
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takeoffs at altitudes up to 5,000 feet with full passenger 

load of 100 passengers. 

All engine operating performances given in Figure 3.7 indicate 

that OGE takeoffs can be made up to 11,000 feet on a standard 

day plus 31°F. 
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Performance i n  Forward F l i g h t  TH-100 ( 9 7 . 3 )  

The power r e q u i r e d  i n  trimmed leve l  f l i g h t  i s  shovn i n  I 

F i g u r e  3 . 9  a t  sea l e v e l  f o r  t h r e e  a i r c r a f t  w e i g h t s .  The power 

a v a i l a b l e  a t  normal  r a t e d  power (NRP) w i t h  a l l  e n g i n e s  o p e r a -  

t i n g  and one e n g i n e  i n o p e r a t i v e  are super imposed .  A t  z e r o  

fo rward  speed  t h e  a i r c r a f t  c a n  hover  a t  less t h a n  normal  

r a t e d  power w i t h  a l l  e n g i n e s  o p e r a t i n g .  The i n t e r s e c t i o n s  o f  

t h e  power r e q u i r e d  ar.d power a v a i l a b l e  l i n e s  g i v e  t h e  maximum 

c r u i s e  speed  l i m i t s  f o r  v a r i o u s  w e i g h t s .  A t  d e s i g n  g r o s s  

w e i g h t  t h e  a i r c r a f t  c r u i s e s  a t  1 4 6  k n o t s  w i t h  a l l  e n g i n e s  

o p e r a t i n g .  With one  e n g i n e  i n o p e r a t i v e  a c r u i s e  s p e e d  o f  130  

k n o t s  c a n  be m a i n t a i n e d  a t  d e s i g n  g r o s s  w e i g h t .  

These d a t a  a r e  a lso  shown f o r  5 ,000  f e e t  a l t i t u d e ,  s t a n d a r d  

day i n  F i g u r e  3.10. Even a t  t h i s  a l t i t u d e  t h e  a i r c r a f t  c a n  

m a i n t a i n  hover  a t  less t h a n  NRP a t  d e s i g n  g r o s s  w e i g h t .  A t  

5 ,000  f e e t  a l t i t u d e  t h e  maximum c r u i s e  speed  a t  normal  r a t e d  

power and d e s i g n  g r o s s  w e i g h t  is  1 4 1  k n o t s  and  165 k n o t s  a t  

o p e r a t i n g  w e i g h t  empty.  With one  a n g i n e  i n o p e r a t i v e  t h e  a i r -  

c r a f t  c a n  m a i n t a i n  118 k n o t s  and c a n  f l y  as s l ow  a s  50 k n o t s  

a t  NRP and  d e s i g n  g r o s s  w e i g h t .  

The a i r c r a f t  maximum c r u i s e  s p e e d s  a r e  shown a s  a  f u n c t i o n  o f  

a l t i t u d e  i c  F i g u r e  3.11. 

Climb Performance 

The a i r c r a f t  r a t e  o f  c l i m b  d a t a  a r e  shown i n  F i g u r e  3 .12.  A t  

d e s i g n  g r o s s  we igh t  t h e  r a t e  o f  c l i m b  c a p a b i l i t y  a l l  e n g i n e s  

o p e r a t i n g  i s  3,200 f e e t  p e r  m inu t e  f a l l i n g  o f f  t o  3 , 4 5 0  f t e t  
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OWE = 40,139 LBS/18,209 Kg 

+ 5  PNdB 

ALTITUDE - SEA LEVEL - 
10 X lo6 STANDARD DAY 
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NOISE DERIVATIVE AIRCRAFT 

TANDEH HELIcOPTER/~OO PASSENGERl97.2 PNdB 

STANDARD DAY CRUISE RPM 
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FIGURE 3.10. ChUISE PERFORMANCE - POWER REQUfRED/AVAILARLE. 
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NOISE DERIVATIVE AIRCRAFT 

TANDEM HELICOPTER/100 PASSENGER/97.2 PNdB 

STANDARD DAY - NORMAL RATED POWER - AEO & OEI - 
CRUISE & HOVER RPM 

DGW = 65,843 LBS/29,866 Kg 
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p e r  minute  a t  d e s i g n  c r u i s e  a l t i t u d e  (5,000 f e e t ) .  With a n e  

eng ine  i n o p e r a t i v e  a rate o f  c l i n b  o f  1 ,350  f e e t  p e r  minute  

can  be achieved  a t  s e a  l e v e l  and 950 f e c t  p e r  minute  a t  5 , 0 0 0  

f e e t  a l t i t u d e .  

The r a t e  of c l imb is s e n s i t i v e  t o  a i r c r a f t  weight  and a t  

o p e r a t i n g  weight  empty a  maximum r a t e  of c l imb  o f  6,770 f e e t  

per minute  can  be achieved  a t  s e a  l e v e l .  



Range 

The s p e c i f i c  r a n g e  pe r fo rmance  i s  g i v e n  a t  both s e a  l e v e l  and 

5 ,000  f e e t  a l t i t u d e  f o r  a l l  e n g i n e s  o p e r a t i n g  i n  F i g u r e  3 .13  

and f o r  o n e  e n g i n e  i n o p e r a t i v e  i n  F i g u r e  3.14.  A t  sez l e v e l  

a maximum s p e c i f i c  r a n g e  o f  .038 n a u t i c a l  miles p e r  pound o f  

fue.1 is  o b t a i n e d  a t  d e s i g n  g r o s s  w e i g h t  a t  an a i r s p e e d  o f  1 3 3  

k n o t s .  A t  NRP t h e  s p e c i f i c  r a ; lge  ror t h e  same w e i g h t  a n d  

a l t i t u d e  r e d u c e s  t o  .037 n a u t i c a l  miles p r  pound of f u e l .  A t  

5 ,000  f e e t  t h e  NRP s p e c i f i c  r a n g e  i s  m a r g i n a ? l y  i n c r e a s e d  t o  

.0375 n a u t i c a l  n i l e s  p e r  pound o f  f u e l  a t  d e s i g n  g r o s s  w e i g h t .  

The maximum s p e c i f i c  r a n g e  i s  0.349 a t  5 , 6 0 0  feet, .  . - . i t u d e  

and minimum w e i g h t  a t  a n  a i r s p e e d  o f  128 k n o t s .  

With o n e  er lg ine  i n o p e r a t i v e  t h e  r,aximum s p e c i f i c  r a n g e s  I m -  

p r o v e  b e c a u s e  o f  t h e  i n c r e a s e d  power s e t t i n g  o n  t h e  r e m a i n i n g  

two e n g i n e s  v ; i th  a n  a t t e n d a n t  r e d u c t i o n  i n  s p e c i f i c  f u e l  con- 

sumpt ion .  

The p a y l o a d  r a n g e  pe r fo rmance  o f  th , e  a i r c r a f t  w i t h  a l l  e n g i n e s  

o p e r a t i n g  i s  s p e c i f i e d  by %he m i s s i o n  d e f i n i t i o n ,  shown i n  

F i g u r e  3.15. With b a s i c  m i s s i m  f u e l  a n d  no p a y l o a d  t h e  r a n g e  

c a p a b i l i t y  i n c r e a s e s  t o  2 4 3  n a u t  c a l  miles. The e x t e n d e d  r a n g e  

c o n d i t i o n  shown on F i g u r e  3.15 i s  t h e  same a i r c r a f t  w i t h  

a d d i t i o n a l  t a n k a g e  f o r  a  400 n a u t i c a l ,  m i l e  r a n g e .  The a d d i -  

t i o n a l  t a n k  w e i g h t  r e d u c e s  t h e  p a y l o a d  by t h e  e q u i v a l e n t  o f  2 

p a s s e n g e r s  a t  200 n a u t i c a l  miles and t h e  a i r c r a f t  c a n  o p e r a t e  

t o  400 n a u t i c a l  rt~iles w i t h  70 p a s s e n g e r s ,  w h i l e  mci .n ta in iny  

t h e  b a s i c  m i s s i o n  r e s e r v e  f u e l .  
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NOISE DERIVATIVE AIRCRAFT 

TANDEM HELICOPTER/100 PASSENGER/97.2 PNdB 
DGW = 65,843 LBS/29,866 Kg 
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D210-10858-1 
Jith one engine inoperative the range performance, Figure 3.16, 

of the basic TH-100 (97.3) design improves to 230 nautical 

miles by virtue of improved specific range as shown in Figures 

3.13 and 3.14. 

SlXBILITY AND CONTROL TH-100 (97.3) 

The guideline requirement to have positive static stability is 

achieved in this case by delta 3 in the forward rotor head as 

was thc case for the baseline aircraft. Figure 3.17 shows Ma 

for the unaugmented aircraft with a negative Ma at speeds in 

excess of 130 knots at all weights. 

The lateral-directional stability is positive at all speeds 

(i.e., + ve Ng ) Figure 3.17. 

Table 3.6 summaries the derivatives fcr this aircraft and com- 

pares then against the baseline tandem helicopter design. The 

control derivatives are slightly lower for this aircraft than 

is the case for the baseline aircraft. This means that to 

achieve the same control pcwers slightly larger control ranges 

(i.e., degrees of blade angle at the rotor ,ij would be re- 

quired. Alternately a slight reduction in contrcl power could 

be accepted since in no case are the control powers available 

less t h ~ n  the guideline requirements. 

There is no significant difference between the damping deriva- 

tives for the TH-100 (97.3) design and those for the baseline 

aircraft indicating that the control response data will not be 

significantly affected for the unaugmented aircraft. The 

difference in the damping derivatives are small in comparison 
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LONGITUDINAL 

U I AIRSPEED - KTS \ 

1 FWD C G I  ,AFT CG 

AIRSPEED - KTS 

FIGURE 3.17. STATIC STABILITY - TH-100 ( 97 .3 )  
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AIRCRWT 

BASELINE 
W=67,l75 

4 

NOISY 
W=65, 845 

v 

L 6 s  

N 6 ~  

z 6 c  

2 
r 

2, 

&FWD 
AFT 

NBFWD 
AFT 

L 6 s  

M 6 ~  
N 

R 
Z 
6c 

LP 
ns 
r 

2, 

MaFWD 
AFT 

NBFWD 
AFT 

.I_i 

- .70  - . a 0  - . 9 0  
- .70  - . 9 2  -1 .19 
- .07 - . 0 5  - .04 
- . 2 2  - 3 . 2  - . 4 3  

DAMPING DERIVATIVES 

Q ROLL - R ~ . D S / S E C ~ / I N C H  @ FU.TE DERIVATIVES - RADS/SK*/RAD/SEC 

Q PITCH - RADS/SEC~/INCH @ FT/SEC~/FT/SEC 

Q YAW - W D S / S E C ~ / I N C H  @ STABILITY DEPIVATIVES 

@ VERT - F T / S E C ~ / T ! ~ C H  

TABLE 3 . 6  . STABILITY & CONTROL D E R I V A T I V E S  FOR +5 PNdB 
ALThRNATE CONFIGURATION AT DESIGN GROSS WEIGHT. 
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t o  t h e  damping p rov ided  by t h e  a u t o m a t i c  f l i g h , t  c o n t r o l  s y s -  

tem g a i n s  o r  

A% = 2 2 .  tt 2.5 r ads / s ecZ / r ad / sec  

AMu = 3.3 t o  5.0 r a d s / s e c 2 / r a d  

With t h e  system on  t h e  p i l o t  would n o t  r e c o g n i z e  t h e  d i f f ~ r e n c e  

between t h i s  a i r c r a f t  and t h r  b a s e l i n e  tandem h e l i c o p t e r .  

Tandem H e l i c o p t e ~ .  - TH-100 (97 .3)  - Noise 

The 500 f o o t  s i d e l i n e  n o i s e  l e v e l  o f  t h i s  a i r c r a f t  is  5 PNdB 

* ~ o i s i e r  t h a n  t h e  b a s e l i n e  tandem h e l i c o p t e r  a t  97.3 PNdB. The 

sound p r e s s u r e  l e v e l  spectrum and NOY we igh t ing  f o r  t h e  hover  

c a s e  a r e  shown i n  F i g u r e  3.18. The major  component o f  n o i s e  

i s  t h e  r o t o r  broad band n o i s e  a s  was t h e  c a s e  f o r  t h e  b a s e l i n e  

tandem h e l i c o p t e r .  The e n g i n e  i n l e t s  a r e  assumed t o  be t r e a t e d  

w i t h  n o i s e  a t t e n u a t i o n  l i n i n g s  i n  t h e  same manner a s  t h e  base-  

l i n e  aircraft. The pr imary  c o n t r i b u t i o n  t o  t h e  i n c r e a s e d  

p e r c i e v e d  n o i s e  l e v e l  i s  due  t o  t h e  i n c r e a s e d  t i p  speed .  

The PNL c o n t o u r s  f o r  a  t y p i c a l  t a k e o f f  a r e  shown i n  F i g u r e  

3.19 and t h e  t a k e o f f  t r a j e c t o r y  and t ime  h i s t o r i e s  of  p e r -  

c i e v e d  n o i s e  a l o n g  t h e  f l i g h t  p a t h  a r e  shown i n  F i g u r e  3.20. 

S i m i l a r  d a t a a m  g i v e n  f o r  t h e  l a n d i n g  c a s e  i n  F i g u r e s  3 .21 

and 3.22. 

TH-100 (97 .3)  C o s t s  

Direct o p e r a t i n g  c o s t s  pe r  s e a t  m i l e  and s e a t  k i l o m e t e r  a s  a 

f u n c t i o n  of  b lock  d i s t a n c e  a r e  shown i n  F i g u r e  3 . 2 3  f o r  t h e  

s p e c i f i e d  combina t ions  o f  a i r c r a f t  u t i l i z a t i o n  and a i r f r a m e  
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SOUND PRESSURE LEVEL 

\. 
'L.., 

-'..\., 
-\ .* 

\. 
-\ 

EhJGINE INLET -.---.- 
ENGINE EXHAUST - .-..- . .-  .\ .. 

\ .. ROTOR BROADBAND ------- 
ROTOR ROTATIONAL - - - - - - - - - - \ 

TOTAL SPECTRUM 
0 1  1 1 I 1 

AIRCRAFT 1 0 0  FT ABOVE AND 5 0 0  FEET AWAY FROM OBSERVER 

VT = 8 1 0 F ~ / s E C  WORST AZIMUTH 

3 1 . 5  6 3  1 2 5  2 5 0  5 0 0  1 K  2 K  4K 8K 
OCTAVE BAND 

FIGURE 3 . l 8 .  + 5  PNdB HELICOPTER HCVER NOIS2 SPECTRUM AND NOY 
DISTRIBUTION. PNdS = 9 7 . 3  
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PERCEIVED NOISE. 
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FIGURE 3.22. + 5  PNdB HELICOPTER DESIGN POINT LANDING. 
PERCEIVED NOISE . 
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c o s t s .  F i g u r e  3 .23 a l s o  i l l u s t r a t e s  t h e  i m p a c t  o f  e x t e n d i n g  

t h e  d e s i g n  r a n q e  o f  t h e  TH-100 (97.31 t o  460 s t a t u t e  m i l e s .  

o h o r a t i n g  c o s t  b r e a k o u t s  f o r  t h e  e x t e n d e d  range  v e r s i o n  o f  

The i n c r e a s e  i n  c ~ s t s  a t  t h e  d e s i g n  pcint r a n g e  (230 s t a t u t e  

m i l e s )  i s  t h e  r e s u l t  o f  t h e  l o s s  of 2  a v a i l a b l e  s e a t s  d u e  t o  

t h e  i n c r e a s e d  einpty w e i g h t  f o r  t h e  i n s t a l l a t i o n  o f  l a r g e r  f u e l  

t a n k s .  k i r h o u g h  n o t  shown i n  F i g u r e  3 . 2 3  it s h o u l d  be n o t e d  

t h a t  t h e  l a r g e r  f u e l  tank:  w i l l  r e s u l t  i n  a s m a l l  i n c r e a s e  

( L e s s  t h a n  1%) i n  s e a t  m i l e  c o s t s  a t  1-anges less t h a n  230 

s t a t l ~ t e  miles due t o  i n c r e a s e s  i n  a i r f r a m e  m a i n t e n a n c e  a n d  

d e p r e c i a t i o n  c o s t s .  I n  t h e  e x t e n d e d  r a n g e  v e r s i o n  o f  t h e  

l'h-100 ( 9 7 . 3 )  s e a t  m i l e  c o s t s  show a  c o ~ t i n i l i n g  i n c r e a s e  beyond 

230 s t a t u t c  m i l e s  b e c a d s e  of t h e  l o s s  o f  a v a i l a b l e  seats d u e  t o  

a d d i t i o n a l  f u e l  r e q u i r e m e n t s  a t  t h e  l o n g e r  b l o c k  d i s t a n c e s .  

Only 70 seats a r e  a v a i l a b l e  a t  460 s t a t u t e  miles. 

Ta' . ie  3 .7  shows t h e  f l y a w a y  casts f o r  t h e  b a s i c  TH-100 ( 9 7 . 3 )  

a t  $90.00 and $110.00 p e r  pound o f  a i r f r a m e .  A b r e a k o u t  o f  

t h e  d i r e c t  o p e r a t i n g  c o s t  f a c t o r s  f o r  t h e  TH-130 ( 9 7 . 3 )  a t  

230 s t a t u t e  m i l e s  i s  shown i n  T a b l e  3 .7 .  Flyaway and  d i r e c t  

t h e  TH-100 ( 9 7 . 3 )  a r e  shown i n  T a b l e  3 .8 .  

3 . 1 . 2  Tandem -- H e l i c o p t e r  Design -- TH-100 ( 8 7 . 1 )  - 

The TH-100 ( 8 7 . 1 )  d e s i g n  h a s  a c a l c u l a t e d  s i d e l i n e  p e r c e i v e 6  

n o i s e  l e v e l  o f  8 7 . 1  PNdE, 5 PhdB less n o i s y  t h a n  t h e  b a s e l i n e  

tandem r o t o r  h e l i c o p t e r .  



Flvawav Costs 

Airframe Costs 

Airframe 
Dynamic System 
Engines 
Avionics 

Total 

Direct Operating Costs . 
Dollars/Seat Mile 

Block Distance = 2 3 0  St. Miles 

Utilization (Hrs/Yr) 

Airframe Cost ($/~b) 

Flying Operations 
Flight Crew 
Fuel am2 0i.1 
Hull Insurance 

Total Flying Operations 

Direct K~intenance 
Airframe - Labor 

- Material 
Engjnes - Labor - Material 
Dynamic System - Labor 

- Material 
'- '.a1 Direct Maintenance 

Maintenance Bcrden 
Total Maintenance 

Depreciation 

Total Direct Costs 

TABLE 3 . 7 .  INITIAL AND DIRECT OPERATING COSTS - +5 PNdB HELICOPTER. 

2 36 



plyaway Costs 

Airframe "~sts 

Airframe 
Dynamic System 
Engines 
Avionics 

Total 

Operating Costs 
Dollars/Seat Mile 

Block Distance = 230 St. Miles - 
Utilization (Hrs/Yr) 1 2500 I 3500  

Airframe Cost ($/Lb) 1 go 

Flying Operatims 
Flight Crew 
Fuel and Oil 
Hull Insurance 

Total Flying Operations 

Direct Maintenance 
Airframe - Labor - Material 
Engines - Labor - Material 
Dynamic System - Labor - Material 

Total Direct Maintenance 

Maintenance Burden 
Total Main~enance 

Depreciation I 
Total Dlrect Costs ! .5,9S 1 . 0412  1 .(I359 

TABLE 3.8. INITIAL AND DIRECT OPERATING COSTS - +5 PNdB 
HELICOPTER - ('l'XTENDED RANGE VERSION). 
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C o n f i g u r a t i o n  and Layout 

Th i s  a i r c r a f t  h a s  t h e  same f u s e l a g e ,  c a b i n  and c o c k p i t  a r r ange -  

ment a s  t h e  b a s e l i n e  tandem h e l i c o p t e r  a i r c r a f t .  The major  

d i f f e r e n c e s  a r e  i n  t h e  r o t o r  and d r i v e  system which r e s u l t  

from reduced rotor t i p  speed and i n c r e a s e d  s o l i d i t y  r e q u i r e d  

t o  r educe  t h e  e x t e r n a l  n o i s e  by 5 PNdB. 

The r o t o r  t i p  speed h a s  been reduced  t o  640 f e e t  p e r  second re- 

q u i r i n g  a n  i n c r e a s e d  rotor s o l i d i t y  t o  m a i l ~ t a i n  1.254 maneuver 

c a p a b i l i t y  i n  c r u i s e .  The a s s o c i a t e d  i n c r e a s e  i n  a i r c r a f t  

weight  r e q u i r e d  an  i n c r e a s e d  r o t o r  d i a m e t e r  t o  22.1 ll (72.5 

f e e t )  t o  m a i n t a i n  t h e  d e s i g n  d i s c  l o a d i n g  of  43.94 ~ g / m 2  

(9.0 pounds p e r  f e e t 2 ) .  

The d r i v e  system c o n f i g u r a t i o n  i s  t h e  same a s  f o r  t h e  b a s e l i n e  

a i r c r a f t  e x c e p t  t h a t  t h e  power and t o r q u e s  r e q u i r e d  a r e  i n -  

c r e a s e d .  The i n s t a l l e d  maximum power/engine h a s  i n c r e a s e d  t o  

4.294 X 106 w a t t s  (5 ,759  SHP).  

The major  c h a r a c t e r i s t i c s  of  t h i s  a i r c r a f t  are shown i n  

Table  3.9 and t h e  th reev iew diawing i n  F i g u r e  3.24. 

The i n c r e a s e d  r o t o r  d i ame te r  r e q u i r e d  t h e  a f t  py lon  o f  t h e  

a i r c r a f t  t o  be swept  more t h a n  t h e  b a s e l i n e  a i r c r a f t  t o  main- 

t a i n  z e r o  o v e r l a p .  Th i s  r e s u l t s  i n  a n  i n c r e a s e d  o v e r a l l  

l e n g t h  o f  t h e  a i r c r a f t .  

Weights 

The d e s i g n  g r o s s  weight  o f  t h e  TH-100 (87.1) d e s i g n  i s  

33,668.6 Kg (74,227 pounds) ,  an i n c r e a s e  of  3 1 9 8 . 7  Kg 

(7052 pounds) o v e r  t h e  b s s e l i n e  a i r z r a f t .  The a i r c r a f t  
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w e i g h t  breakdown i s  g i v e n  i n  T a b l e  3 .10.  T h i s  i n c r e a s e  i n  

wb?ight is  c a u s e d  by t h e  l a r g e r  r o t o r  d i a m e t e r  a n d  s o l i d i t y  

wh ich  i n c r e a s e s  t h e  r o t o r  syc tem w e i g h t  t o  3 , 7 2 9 . 9  Kg ( 8 , 2 2 3  

p o u n d s j .  The body w e i g h t  i n c r e a s e s  a s  a  r e s u l t  o f  t h e  i n c r e a s e  

i n  t h e  d i s t a n L L  between t h e  r o t o r  hubs  sirice t h e  bend ing  

moments c a r r i e c i  by t h e  f u s e l a g e  s t r u c t u r e  i n c r e a s e  r e q u i r i n g  

a h i g h e r  structural s t r e n g t h  and w e i g h t .  The l a n d i n g  g e a r  

w e i s h t  i s  governed  by t h e  chantje i n  a i r c r a f t  w e i g ~ , t  and  g r o b r  

w i t h  t h e  a i r c r a f t  t o  1 , 3 4 6 . 3  Kt3 ( 2 , 9 6 8  p o u n d s ) .  The e n g i n e  

s e c t i o n  w e i g h t s  a r e  i n c r e a s e d  owing t o  t h e  i n c r e a s e d  e n g i n e  

s ize .  The i n c r - a s e d  i n s t a l l e d  horsepower  and w e i g h t  r e q u i r e s  

a  l a r g e r  t r a  smies i -on r e f l e c t e d  by t h e  i n c r e a s e d  d r i v e  sys tem 

w e i g h t .  

The i n c r e a s e d  f l i g h t  c o n t r o l s  w e i g h t  i s  a  f u n c t i o n  o f  t h e  i n -  

c r e a s e  i n  r o t o ;  s i z e  aild w e i g h t  s i n c e  l a r g e r  u p p e r  c o n t r o l s  

a r e  r e q u i r e d .  

The f i x e d  w e i g h t  items s u c h  a s  p a s s e n g e r  accommodat ions ,  emer- 

gency equipment  a r e  t h e  same a s  t h e  b a s e l i n e  a i r c r a f t .  

These  w e i g h t  c h a n g e s  r e s u l t  i n  a n  empty w e i g h t  o f  21 ,105 .5  Kg 

(46 ,530  pounds)  . The m i s s i o n  f u e l  l o a d ,  i n c l u d i n g  r e s e r v e s  i s  

3 ,496 .2  Kg ( 7 , 7 0 8  poul lds) .  

The p r i n c i p l e  i n e r t i a s  and  CG I c c a t i q n s  a r e  g i v e n  i n  T a b l e  

3 .11 .  

Tbndem H e l i c o p t e r  - TH-100 ( 8 7 . 1 )  . - - V e h i c l e  P e r f o r m x x e  

T h i s  q u i e t  tandem h e l i ,  l p t e r  i s  d e s i g n e d  t o  f l y  t h e  same 

m i s s i o n  a s  t h e  b a s e l i n e  a i r c r a f t  and a summary of i t s  m i s s i o n  



BOEING VERTOL COMPANY WEIGHT SUMMARY - PRELIMINARY DESIGN 
,A . 5 7 1 , . ' + . ,  

/ C 9 3 5 5  WEIGHT 



*FUSELAGE STATION 0 I S  AT NOSE OF BODY, CENTERLINE OF FORWARD 
ROTOR 5.0 METERS ABOVE WATER LINE.  

TABLE 1 1  . WEIGHT, CENTER OF GRAVITY AND KOPXNT OF 
INERTIA - i1ELICOPTER -5 PNdB. 

.---- .- 

WEIGHT EMPTY 
- -- --.----- i WEIGHT 2 1 , 1 0 5 . 5  Kg 

CENTER OF GRAVITY' 

FUSELAGE STATION 

WATER LINE 

MOMENT OF I N E R T I A  

I (ROLL) 
XX 

I ( P I T C H )  
YY 

I (YAW) 
22 

- 
1 

GROSS WEIGHT 
---- .-- 

3 3 , 6 6 8 . 6  Kg 
( 7 4 , 2 2 7  LBS) 

L 
1 4 . 5 3 M  ( 5 7 2 . 0  I N . )  

2 . 8 3  M ( 1 1 1 . 4  I N . )  

I 

( 4 6 , 5 3 0  LBS)  

1 5 . 2 5 M  ( 6 0 0 . 5  I N . )  

3 . 5 9  M ( 1 4 1 . 4  I N . )  

1 5 , 9 3 9 . 4  Kg M~ 

( 1 1 , 7 4 6 . 9  S l u g  ~ t ~ )  

1 , 7 5 4 , 9 6 1 . 7  Kg M 2 

( 1 , 2 9 3 , 3 6 1 . 1  S l u g  
~ t 2 )  

1 , 6 9 4 , 7 7 3 . 0  Kg X2 

( 1 , 2 4 9 , 0 0 3 . 6  Slug 
~ t 2 )  

1 7 , 1 3 9 . 0  Kg M* 

( 1 2 , 6 3 1 . 0  S l u g  ~ t ~ )  

1 , 8 8 7 , 0 5 5 . 3  Kg M~ 

( 1 , 3 9 0 , 7 1 0 . 7  S l u g  
F t 2 )  

1 , 8 2 2 , 3 3 6 . 4  Kg M~ 

( 1 , 3 4 3 , 0 1 4 . 5  Slug 

F t 2 )  

I 

1 
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p e r f o r m a n c e  i s  g i v e n  i n  T a b l e s  3.12 a n d  3 .13.  

The t a x i ,  t a k e o f f  and  i n i t i a l  a i r  maneuver r ~ : q u i r e  64 Kg 

(143 pounds)  o f  f u e l .  A s  b e f o r e ,  t h e  i n i t i a l  a i r  maneuver i s  

i n c l u d e d  w i t h  t h e  t a k e o f f  i n  T a b l e s  3.12 and 3 .13 ,  The cl imb 

t o  a l t i t u d e  i s  done a t  10 .4  m/s ( 2 , 0 4 7  f e e t  p e r  m i n u t e )  and 

r e q u i r e s  9 1  Kg (200 pounds)  f u e l  f o r  a r a n g e  c r e d i t  o f  7 .2  Km 

( 3 . 9  n a u t i c a l  miles) .  The c r u i s e  a l t i t u d e  i s  5 ,000  f e e t .  The 

c r u i s e  segment  i s  done a t  a n  a v e r a g e  s p e e d  o f  93.6  m / s  (182 

k : ro t s ) .  The c r u i s e  segment  f u e l  i s  2 ,277 Kg ( 5 , 0 2 1  pounds)  

f o r  a t o t a l  r a n g e  c r ed i t  o f  366.1 Krn (197.6  n a u t i c a l  mi les)  . 
The r e m a i n d e r  o f  t h e  d e s i g n  r a n y e  i s  a c h i e v e d  i n  a d e s c e n t  t o  

2 ,000 f e e t  a l t i t u d e  a t  a n  a v e r a g e  r a t e  of d e s c e n t  o f  12 .0  m / s  

( 2 , 3 6 n  f e e t  p e r  m i n u t e ) .  The f i n a l  a i r  maneuver ,  d e s c e n t ,  

l a n d i n g  a n d  t a x i  c o m p l e t e  t h e  m i s s i o n  f o r  a  t o t a l  f u e l  w e i g h t  

of  2 ,540 .2  Kg ( 5 , 6 0 1  p o u n d s ) .  The r e s e r v e  f u e l  i s  c a l c u l a t e d  

b a s e d  on f u e l  f o r  50 n a u t i c a l  miles and 20 m i n u t e s  l o i t e r .  

T h i s  i n c r e a s e s  t h e  f u e l  w e i g h t  t o  a  t o t a l  o f  3 ,469.2  Kg ( 7 , 7 0 8  

pounds)  . 

Hover Per fo rmance  

The e f f e c t  o f  ambien t  t e m ~ e r a t - r e  on h o v e r  l i f t  c a p a b i l i t y  i s  

shown i n  F i g u r e  3 .25 dnd 3.26 f o r  b o t h  all e n g i n e s  o p e r a t i n g ,  

and o n e  e n g i n e  i n o p e r a t i v e  b o t h  i n  and  o u t  o f  g round  e f f e c t .  

The s i z i n g  c o n d i t i o n   wit!^ o n e  e n g i n e  i n o p e r a t i v e  (OEI) a t  sea 

l e v e l ,  90°F,  d e f i n e s  the a i r c r a f t  d e s i g n  g r o s s  w e i g h t  and 

i n s t a l l e d  power. The h i g h e r  l i f t  c a p a b i l i t y  a t  der a m b i c n t  

t e m p e r a t u r e  o r  d u e  t o  g r o m d  e f f e c t  o r  a l l  e n g i n e s  o p e r a t i n y  
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D210-10R58. -1  

NOISE DERIVATIVE AXRCRWT 

TPNDEM HELICOPTER/l3O PASSENGER/87.1 PNdB 

ALL ENGINES OPERATING 

--1; PNdB 

14 x106 1 F/W = 1.05 

AMBIENT TEkT'ERATURE - DEGJGES F 

0 15 3 0 45 
AMBIECT TEMPERATURE - DECREES C 

FIGURE 3.25. EFFECT OF AMBIENT TE31PERATUR.E ON SEA LE'JEL Hr .VER 
PERFORMANCE - - 5  PNdB HELICOPTER. 



KO159 DERIVATIVE AIRCRAFT 

TANDEM HELICOPTER/100 PASSENGER/87.1 PNdB 

ONE ENGINE INOPERATIVE 

-5 PNdB 

F/W = 1.03 

AMBIENT TEMPERATURE - DEGREES F 
& 1 ' - 
0 15 3 0 45  

AMBIE. T TEMPERATURE -- DEGREES C 

FIGURE 3.26. EFFECT OF AMBIENT TEMPERATrlitE ON SEA LEVEL HOVER 
PERFORMANCE - -5 PNdB !iELICOPTER 



t i v e  t h e  maximum a l t i t u d e  f o r  hover on a s t a n d a r d  day i s  

4,450 f e e t ,  and a t  s t a n d a r d  p l u s  3l0F t h e  a i r c r a f t  hove r s  a t  

D210-10858-1 

p rov ides  a d d i t i o n a l  f o r c e  t o  weight  c a p a b i l i t y  i n  hover and 

t a k e o f f .  The i n c r e a s e d  t a k e o f f  weight  c a p a b i l i t y  call n o t  be 

used a s  such  under  FAA c e r t i f i c a t i o n  g roundru le s  s i n c e  t h e  

i n c r e a s e d  weight  would reduce  t h e  maneuver load  f a c t o r  of t h e  

a i r c r a f t .  

F i g u r e s  3.27 and 3.28 show t h e  e f f e c t  of a l t i t u d e  on hover  

performance bo th  a l l  e n g i n e s  o p e r a t i n g  and one e n g i n e  inope ra -  

t i v e ,  With a l l  e n g i n e s  o p e r a t i n g  on a s t a n d a r d  day t h e  f u l l y  

loaded a i r c r a f t  c a n  m a i n t a i n  hover up t o  12,500 f e e t  a l t i t u d e  

a t  t a k e o f f  power. I n c r e a s i n g  t h e  ambient  t empera tu re  by 31°F 

r educes  t h e  a l t i t u u e  t o  9,000 f e e t .  With one  eng ine  inopera-  

s e a  l e v e l  O E I  a t  d e s i g n  g r o s s  weight .  

Performance i n  Forward F l i g h t  

The power r e q u i r e d  t o  m a i n t a i n  s t r a i g h t  and l e v e l  f l i g h t  a t  

bo th  s e a  l e v e l  and 5,000 f e e t  a l t i t u d e  i s  g i v e n  i n  F i g u r e s  

3 . 2 9  and 3.30, f ~ r  s t a n d a r d  day c o n d i t i o n s .  A t  b o t h  s e a  l e v e l  

and 3,000 f e e t  t h e  a i r c r a f t  c a n  m a i n t a i n  hover  a t  less t h a n  

NRP a l l  e n g i n e s  o p e r a t i n g .  A s  speed i n c r e a s e s  t h e  power re- 

q u i r e d  d e c r e a s e s  a s  shown and rises a s  t h e  p r o p u l s i v e  f o r c e  

requi rement  i n c r e a s e s  u n t i l  it r e a c h e s  t h e  power a v a i l a b l e .  

This  i n t e r s e c t i o n  d e f i n e s  t h e  maximum c r u i s e  speed a t  normal 

r a t e d  power. A t  d e s i g n  g r o s s  weight  t h e  maximum c r u i s e  speed 

is  180 k n o t s  a t  s e a  l e v e l  and 5,000 f e e t  AEO. With one eng ine  

i n o p e r a t i v e  t h e  a i r c r a f t  can  m a i n t a i n  a  c n i s e  speed of 167 
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NOISE DERIVATIVE AIRCRAFT 

TANDEM lIELICOPTER/100 PASSENGER/87.1 PNdB 

STANDARD DAY CRUISE RPM 
DGW = 74,227 LBS/33,669 Kg 
MIDWT = 61,374 LBS/27,839 Kg 
OWE = 48,520 LBS/22,008 Kg 

21 
0 100 200 

AIRSPEED - KNOTS 

LEVEL 
,Y 

FIGURE 3.29. CRUISE PEWCRMANCE - POWER REQUIRED/AVAILABLE. 
- ?  PNdB HELICOPTER 



NOISE DERIVATIVE AIRCRAFT 

TANDEM HELICOPTER/100 PASSENGERI87.1 PNdB 

STANDARD DAY CRUISE RPM 
DGW = 74,227 LBS/33,669 Kg 
MIDWT= 61,374 LBS/27,839 Kg 
OWE = 48,520 LBS/22,008 Kg 

-5 PNdB 

ALTITUDE - 5000 FEET (1524 m) 

100 200 
TRUE AIRSPEED - KNOTS 

FIGURE 3.30. CRUISE PERFORMANCE - POWER REQUIRED/AVAILABLE. 
- 5  PNdB HELICOPTER 
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kno t s  a t  s e a  l e v e l  and 161  k n o t s  a t  5,000 f e e t  a l t i t u d e .  A t  

lower we igh t s  t h e  c r u i s e  speeds  i n c r e a s e  as shown i n  F i g u r e s  

3.29 and 3.30. 

The maximum c r u i s e  speeds  a r e  p l o t t e d  as a f u n c t i o n  o f  a l t i -  

t ude  i n  F i g u r e  3.31. 

Rate of  Climb 

A t  d e s i g n  g r o s s  weight ,  a l l  e n g i n e s  o p e r a t i n g ,  t h e  a i r c r a f t  

has a maximum r a t e  of c l imb  of  3850 f e e t  p e r  minute  a t  s e a  

l e v e l  a s  shown i n  F i g u r e  3.32. A t  d e s i g n  c r u i s e  a l t i t u d e  

(5,000 f e e t )  a  r a t e  o f  c l imb of  3,330 f e e t  p e r  minute  can  be  

achieved .  With one e n g i n e  i n o p e r a t i v e  a  r a t e  o f  c l imb  o f  

1,93C f e e t  p e r  minute  c a n  be ach ieved  a t  s e a  l e v e l  dropping  

t o  1 ,440 f e e t  p e r  minute  a t  5,000 f e e t  a l t i t u d e .  The maximum 

r a t e  of  c l imb  i s  o b t a i n e d  a t  o p e r a t i n g  weight  empty a t  s e a  

l e v e l .  With a l l  e n g i n e s  o p e r a t i n g  a  rate o f  c l imb  o f  7,110 

f e e t  p e r  minute  can be ach ieved  a t  t h i s  c o n d i t i o n .  

S p e c i f i c  Range 

The s p e c i f i c  r ange  performance,  a l l  e n g i n e s  o p e r a t i n g ,  i s  shown 

i n  F i g u r e s  3.33 and 3.34 a t  s e a  l e v e l  and 5,000 f e e t  a l t i t u d e .  

The maximum s p e c i f i c  range  ach ieved  a t  d e s i g n  g r o s s  weight  i s  

.039 n a u t i c a l  niles p e r  pound o f  f u e l  a t  sea l e v e l ,  and .042 

n a u t i c a l  miles p e r  pound of  f u e l  a t  5,000 f e e t .  A t  normal 

r a t e d  power t h e s e  v a l u e s  d e c r e a s e  t ~ )  0.0365 and 0.038 n a u t i c a l  

m i l e s  pe r  pound of f u e l  r e s p e c t i v e l y .  



NOISE DERIVATIVE AIRCRAFT 

TANDEM HELICCPTER/~OO PASSENGER/87.1 PNdB 

STh.iDAZil DAY CRUISE RPM 
ALL ENGINES OPERATING RATED PcWER 

& ONE ENGINE INOPERATIVE 

DGW = 74.227 LBS/33,669 Kg 
OWE = 48,520 LBS/22,008 Kg 

- 5  PNdB 

100 120 140 160 180 200 220 
AIRSPEED - KNOTS 

FIGURE 3.31. LEVEL FLIGHT CRUISE SPEED ENVELOPE. 

- 5  PNdB HELICOPTER 

2 56 
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NOISE DERIVATIVE AIRCRAFT 

3000 FEET - STANDARD 

TANDEM HELICOPTER/lOO PASSENGER/87.1 PNdB 
CRUISE RPM STANDARD DAY 

ALL ENGIEES OPERATING 
-5 PNdB 

DGW = 74,227 LBS/33,699 Kg 

/fiiE DGW GW 

E IGURE 3.33. CRUISE PERFORMANCE - SPECIFIC RANGE. 
- 5  PNdB HELICOPTER - AEO. 

2 5C 

MIDWT = 61,374 LBS/27,839 Kg 
OWE = 48,520 LBS/22,008 Kg d 
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NOISE DERIVATIVE AIRCRAFT 

TANDEM HELICOPTER/100 PASSENGER/8 7.1 PWQ. 
STANDARD DAY CRUISE RPM 
DGW = 74,227 LBS/33,699 Kg 
MIDWT = 61,374 LBS/27,839 Rg 
OWE = 48,520 LBS/22,008 Kg 

ONE ENGINE INOPERATIVE 
-.sJMa 

5000 FEET STANDARD 

O 0 
. . -. .- A,.-.-- -- . . 

100 A 0  
TRUE AIRSPEED - KNOTS 

FIGURE 3.34 CRUISE PERFORMANCE .. SPECIFIC RANGE. 
-5 YNdB HELICOPTER - 3 E I .  
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With one engine inoperative the specific range improves 

because of the higher power setting on the remaining two 

engines resulting in lower SFC. At design gross weight a 

maximum specific range of 0.0445 nautical miles per pound 

is obtained at sea level and 0.0465 nautical miles per pound 

at 5,000 feet altitude. 

Payload Range 

The payload range performance is defined by the sizing mission 

and is shown to provide 200 nautical miles range in Figure 

3.35. The basic mission fuel limit gives n range of 225 

nautical miies for zero paylaad with no change in mission 

reserve fuel. 

Additional tankage could De provided at a weight penalty 

equivalent of two passengers which wculd allow operation " 

400 nautical miles with 70 passenger6 3n board. 

The improvement in specific ranae OEI increases the pa* ,ad - 
range capability as shown in Figure 3.36. The basic TH-100 

(87.1) design can operate fully loclded out to 246 nautical 

miles with one engine shut down. 

Stability and Control - TH-100 (87.3) 

The longitudinal angle of attack stability is shown in 

Figure 3.37 for the unaugmented aircraft. As required by 

the guideline criteria M, is negative (i.e., positive angle 

of attack stability in cruise). This is achieved by 26.3 

degrees delta three in the forward rotor head. The pitch 

stability is slightly higher thar. the baseline aircraft in 
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AIRSPEED - KTS 

FIGURE 3.37 . STATIC STABILITY - TANDEM HELICOPTER -5 PNdB 
( 8 7.1PNdB) 



cruise. 

The lateral-directional stability derivative Ng is positive 

(i.e., stab1.e) over the entire speed range. 

The rotor control derivatives are tabulated against airspeed 

in Table 3.14 and compared with the baseline aircraft, The 

control derivatives are higher than the baseline aircraft 

in all cases. This means that smaller control ranges could 

be used to obtain the same control powers as the baseline 

tandem rotor helicopter or conversely larger control powers 

would be available with the same control authorities. 

The damping derivatives of the quiet helicopter are not signi- 

ficantly different from the baseline aircraft except that 

higher damping is available at high speed. The control 

response of this aircraft unaugmented wiil be slightly wxse 

than the baseline, however, the differences in the damping 

derivatives are insignificant compared w -  91 the normal 

automatic flight control system gains, for example 

A% = 2.0 to 2.5 radians per second squared 
per radians per second 

AM = 3.0 to 5.0 radians per second squared per 
a radian. 

The augmented aircraft would not be noticeably different from 

the baseline tandem helicopter. 

Tandem Helicopter - TH-100 (87.1) - Noise 
The external noise design criteria for this aircraft is 

87.1 PNdB at 500 feet sideline distance in hover (i.e., 5 PNdB 



v 
-- 
L6s 

M 6 ~  

N 6 ~  

z6c 

LP 
Ms 
r 

%. 

Ma FWD 
AFT 

N B F ~  
AFT 

L6s 

Mb 
N 6 ~  

z6c 

2 
*r 
2, 
Ma FWD 

AFT 
NBFWD 
AFT 

-- 

CONTROL DERIVATIVES 

- .70 - . 80  -.90 
-.70 - .92 -1.19 
- .07 -.05 -.04 
- . 2 2  -3 .2  - . 4 3  
DAMPING DERIVATIVES 

STABILITY DERIVATIVES 

Q ROLL - RADS/SEC~/INCH Q RATE DERIVATIVES - PADS/SEC~/RAD/SEC 
Q PITCH - RADS/SEC~/INCH @ FT/SEC~/FT/SEC 

@ STABILITY DEZIVATIVES @ YAW - RADS/SEC*/INCH 
@ VERT - FT/SEC~/INCH 

TABLE 3 . 1 4  . STABILITY & CONTROL DERIVATIVES FOR -5  PNdB 
ALTERNATE CONFIGURATION AT DESIGN GROSS WEIGHT. 
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quieter than the baseline aircraft). 

The octave band hover spectra are plotted in Figure 3.38 for 

the total aircraft as well as for each component of the over- 

all noise level. The engine inlet is treated the s3me with an 

identical amount of suppression of the inlet noise as the 

baseline aircraft and the overall sound pressure level is set 

by the rotor broad band noise over most of the frequency range. 

However, the engine inlet still dominates above 4 KHz because 

of the low level of rotor noise. The NOY distribution is 

also shown which is used in the definition of the perceived 

noise level of 87.1 PNdB for this aircraft. 

The perceived noise level footprint for a typical takeoff 

profile is shown in Figure 3.39. The takeoff footprint for 

95 PNdB is quite small in "his case indicating no perceived 

noise abme 95 PNdB at more than 1,000 feet from the point 

of takeoff. The highest noise levels are observed along 

the flight path and the time histories of perceived noise 

at various distances along the flight path are also shown in 

Figure 3.40. The landing PNL contours, Figure 3.41, are 

elongated as before but much narrower than the baseline or 

+S PNdB case. The time histories of perceived noise for 

the landing case are shown in Figure 3.42. 

TH-100 (87.1) - Costs 
Direct operating costs per seat mile and seat kilometer as a 

function of block distailce are shown in Figure 3.43 for the 

specified combinations of aircraft utilization and airframe 
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SOUND PRESSURE LEVEL 

-. \ '.. \ \ 
' -. \ ' .. 
' -. 

\ 
1.. 

ENGINE INLET -.-.-a -. - .. 
ENGINE EXHAUST --- --- -.-- '.. 
ROTOR BROADBAND - - - - - \. '.. 
ROTOR ROTATIONAL - -  - - - - - - - -. 
TOTAL SPECTRUM \ ., \ 

AIRCRAFT 100 FT ABOVE AND 500 FT AWAY FROM OBSERVER 

VT = 640FT/SEC WORST AZIMUTH 

NOY DISTRIBUTION 

31.5 63 325 250 500 1K 2K 4K 8K 
OCTAVE BAi3D 

FIGURE 3 . 3 b .  -5 PNdB HELICOPTER - HOI'ER VOISE SPECTRUM 
AND NO1 DISTRIBUTION - 87.1 FMdB. 
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DISTANm FROM TAKEOFF - FEET 

0 1  
0 20 40 60  80 100 

TIME FROM LIFTOrF - SECONDS 

FIGURE 3 . 4 0 .  - 5  PNdB HELICOPTER DESIGN POINT 
STANDARD TAKEOFF. PERCEIVED N O I S E  . 



SIDELINE 
DISTANCE - FT 



8 ~ 1 0  
2  

2 5 x 1 0 ~  

DISTANCE TO TOIJCHDOWN - METERS 
4 6 x 1 ~ 3  

1 2  16 2bx103 
DISTANCE TO TOUCHDOWN - FEET 

20 .10 6 0  8 0 100 120 
I 

TIME TO TOUCHDOWN - SZCONDS 

FIGURE 3 .42 .  - 5  PNdB HELICOPTER - STANDARD LANDING - 
PEHCEIVED NOISE. 



Flyaway Costs 

Airframe Cost 

Airframe 
Dynamic Systen 
Engines 
Avionics 

Total 

Direct Operating Costs . 
Dollars/Seat Mile 

Block Distance = 230 St. Miles 

Utilization (Hrs/Yr) 1 2500 

Airframe Cost ($/~b) 1 90 1 110 

Flying Operations 
Flight Crew 
Fuel and Oil 
Hull Insurance 

Total Flying Operations 

Direct Maintenance 
Airframe - Labor - Material 
Engines - Labor - isaterial 
Dynamic System - Labor - Material 

Total Direct Maintenance 

Maintenance Burden 
Total Maintenance 

Depreciation 

Total Direct Costs 

TABLE 3.15. - 5  PNdB HELICOPTER - INITIAL AND DIRECT OPERATING COSTS. < 



Flyaway C o s t s  

A i r f r a m e  Cost 

Ai r f r ame  $2,440,170 
Dynamic System 1,351,200 
Engines  751,887 
Avioni.cs 250,000 

T o t a l  $4 , '?93,257 $5,335,515 

Direct O p e r a t i n g  C o s t s  
D o l l a r s / S e a t  Milc 

Block D i s t a n c e  = 230 S t .  ~ i l e s  
- - -  

U t i l i z a t i o n  (Hrs/Yr) 1 2500 I 3500 

Air f rame Cost ($/Lb) 1 
F l y i n g  O p e r a t i o n s  

F l i g h t  Crew 
F u e l  and O i l  
Hull I n s u r a n c e  

Total .  F l y i n g  O p e r a t i o n s  

Direct Maintenance I 
Air f r ame  - Labor  .0014 - M a t e r i a l  .0011 
Engines  - Labor .0007 - M a t e r i a l  .0011 
Dynamic System - Labor .0013 - M a t e r i a l  -0020 

T o t a l  Direct Main tenance  .0076 

Maintenance Burden .0052 
Total Maintenance 1 .0128 

D e p r e c i a t i o n  

T o t a l  Direct Costs 

. TABLE 3.16 - 5  PNdB - I N I T I A L  A-VD DIRECT 9PEHATIh'lG COSTS 
(EXTENDED RANGE VERSION). 



T
A

N
D

E
M

 
H

E
L

IC
O

P
T

E
R

 
-5

 
P

N
d

B
 

$/
L

B
 
$
/
K
g
 

H
O

U
R

S 
A

IR
FR

A
M

E
 

U
T

IL
IZ

A
T

IO
N

 

D
E

SI
G

IS
 M

IS
S

IO
N

 A
IR

C
R

A
F

T
 

I - 1- 
E

X
T

E
N

D
E

D
 

W
N

G
E

 V
E

H
IC

L
E

 

R
A
N
G
E
 
- 

N
A

U
T

IC
A

L
 M

IL
E

S 
b 0
 

m 
I
 

I
 

1
0
 0
 

1
 

2
0
0
 

I 
3
0
0
 

J 
4
0
 0
 

S
O

 0
 

6
0
0
 

7
0
0
 

-
-

-
 

-
 
-

-
 

. 
- 

R
A
N
G
E
 

.- 
KI

LO
ME

TE
RS

 
F

IG
U

R
E

 
3

.4
2

. 
E

F
F

E
C

T
 
O
F
 

O
P

E
R

A
T

IN
G

 
R

A
N

G
E 

O
N

 
D

IR
E

C
T

 
O

P
E

R
A

T
IN

G
 
C
O
S
T
.
 



D210-10858-1 

costs. F i g u r e  3.43 a l s o  i l l u s t r a t e s  t h e  impact  o f  e x t e n d i n g  

t h e  desir ,n  r ange  o f  t h e  TH-100 (87.1) to  460 s t a t u t e  miles. 

The i n c r e d s e  i n  costs a t  t h e  d e s i g n  p o i n t  r ange  (230 s t a t u t e  

miles) is t h e  r e s u l t  o f  the. loss o f  2 a v a i l  b l e  seats due t o  

t h e  i n c r e a s e d  empty weight  f o r  t h e  i n s t a l l a t i o n  o f  l a r g e r  

f u e l  t anks .  Although n o t  shown i n  F i g u r e  3.43, it shou ld  be  

no ted  t h a t  t h e  l a r g e r  f u e l  t a n k s  w i l l  r e s u l t  i n  a s m a l l  

i n c r e a s e  (less t h a n  1%) i n  s e a t  milo  costs a t  r a n g e s  less 

t h a n  230 s t a t u t e  miles due t o  i n c r e a :  s i n  a i r f r a m e  mainten- 

ance  and d e p r e c i a t i o n  c o s t s .  I n  t h e  ex tended  r ange  v e r s i o n  

of  t h e  TH-100 (87.1) s e a t  m i l e  costs show a c o n t i n u i n g  

i n c r e a s e  beyond 23i) s t a t u t e  miles because  of  t h e  loss o f  30 

a v a i l a b l e  seats due t o  a d d i t i o n a l  f u e l  requi rements  a t  t h e  

l o n g e r  b lock  d i s t a n c e s .  

Tab le  3.15 shows t h e  f lyaway costs f o r  t h e  b a s i c  TH-100 (87.1)  

a t  $90.00 and $110.00 p e r  pound o f  ~ i r f r a m e .  A b r e a k o u t  o f  

t h e  d i r e c t  o p e r a t i n g  cost f a c t o r s  f o r  t h e  TH-100 (87.1) a t  

230 s t a t u t e  miles is shcwn i n  Tab le  3.15. "lyaway and d i r e c t  

o p e r a t i n g  c o s t  b reakou t s  f o r  t h e  ex tended  r a n r e  v e r s l c n  o f  t h e  

TH-100 (87.1) are shown i n  Tab le  3.16. 

3.2 TILT ROTOR - SELECTION OF NGISE CRITERIA DESIGNS 

The pr imary  d e s i g n  pa rame te r s  which i n f l u e n c e  the e x t e r n a l  

n o i s e  o f  t h e  tilt rotor are rotor t i p a p e e d  and s o l i d i t y .  The 

impact  o f  t h e s e  pa rame te r s  on t h e  h i r c r a f t  g r o s s  w e i g h t ,  d i r e c t  

o p e r a t i n g  cost and s i d e l i n e  noise is  shown i n  f i g u r e s  3.44, 

3.45 and 3.46. 



0 DESIGN POINTS 

FIGURE 3.44. TILT ROTOR NOISE DESIVATIVE AIRCRAFT 
SELECTION CHART - G3OSS WEIGHT. :# 
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The b a s e l i n e  a i r c r a f t  s i d e l i n e  n o i s e  is  98.2 PNdB and the re -  

f o r e  t h e  n o i s e  d e r i v a t i v e  a i r c r a f t  by 6 e f i n i t i o n  will Se on 

t h e  103.2 PNdB and 93.4 PNdB l i n e s .  Superimposing t h e s  l i n e s  

on t h e  d i r e c t  o p e r a t i n g  c o s t  and g r o s s  weight  p l o t s  i l e f i . ~ e s  

t h e  f a m i l i e s  of a i r c r a f t  t h a t  meet t h e  +5 PNdB critzri1. - 
The -5 PNdB a i r c r a f t  l i n e  on t h e  d i r e c t  o p e r a t i n g  c o s t  p l o t  

of  F igure  3.46 shows a minimum DOC a t  a  t i p s p e e d  of 635 reet 

p e r  second. The +5 PNdB l i n e  does n o t  show a  rninimut,~ w i t h i n  

t h e  range of  s o l i d i t i e s  shown and t h e  a i r c r a f t  s e l e c t e d  i s  

def ined  by t h e  i n t e r s e c t i o n  of t h e  +5 PNdB family  and t h e  

minimum s o l i d i t y  f o r  p r a c t i c a l  b lade  design.  The a i r c r a f t  

s e l e c t e d  has  a  t i p s p e e d  of 915 f e e t  p e r  second. 

The two d e r i v a t i v e  a i r c r a f t  des igns  s e l e c t e d  i n  t h i s  manner 

a r e  d i scussed  i n  t h e  fo l lowing s e c t i o n s .  

3.2.1 +5 PNdB T i l t  Rotor - TR-100 (103.2) 

This tilt r o t o r  des ign  is 5  PNdB n o i s i e r  than  t h e  b a s e l i n e  

tilt r o t o r  wi th  a perce ived n o i s e  l e v e l  of 103.2 PNdB a t  500 

f e e t  s i d e l i n e  i n  hover.  

Conf igura t i an  and Layout - 

The b a s i c  a i r c r a f t  cad in  and c o c k p i t  of  t h e  a i r c r a f t  is  

i d e n t i c a l  t o  t h e  baseline ~ i r c r s f t .  The configsratim cherqes  

r e s u l t  from t h e  inc reased  t ips2eed  and reduced s o l i d i t y .  The 

c h a r a c t e r i s t i c s  of t h e  +5 PNdB tilt rotor des ign  a r e  giver: 

i n  Tzble 3.17 and a threeview of t h e  a i r c r a f t  is  shown i n  

Figure  3.47. 
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S.I. UNITS U.S. UNITS - 
WEIGHTS 
DESIGN GROSS WEIGHT 
WEIGHT EMPTY 
FUEL WEIGHT 

73,217 Lbs 
i 

48,757 Lbs 
4,436 Lbs 

NUMBER OF PASSENGERS 

ROTORS 
DISC LOADING 
DIAMETER 
SrjLInITY 
BLADE NUMf3ER 
TWIST 
TIP SPEED HOVER/CRUISE 

73.24 ~ ~ / m ~  
17.0 m 
.081 
3 

36 Degs 
??9/195 m / s  

15 L~S/F$ 
55.7 Ft. 
.G81 
3 
36 Degs 

915/641 Ft/Sec. 

POWER 
NO. OF ENGINES 
RATED POWER/ENGINE 

4 
2.996 x lo6 Watts 

4 
4018 SHP 

FUSELAGE 
LENGTH 
WIDTH (MAX) 
CABIN LENGTIi 

92.5 Ft. 
14.8 Ft. 
57.67 Ft. 

WING 
AREA 
SPAN 
TAPER RATIO 
CHORD 
ASPECT RATIO 
AIRFOIL t/c 

732.2 ~ t . ~  
72.5 Ft. 
1.0 
10.1 Ft. 
7 .l8 
.21 

HORIZONTAL TAIL 
AREA 
SPAN 
TAIL VOLUME RATIO 
ASPECT RATIO 

220 F7.2 
34.4 Ft. 
1.62 
5.37 

VERTICAL TAIL 
AREA 
SPAiu' 
TAIL VOLUME RATIO 
ASPECT RATIO 

198 Ft. 2 

16.2 Ft. 
.159 

1.32 

PERE'ORMANCE 
NRP CRUISE SPEED 
CRUISE ALTITUDE 
BLOCK TIME 

340 Knots 
14,000 Ft. 

.76 Hr 

t NOISE 
r SIDELINE NOISE - 500 FEET/HOVER 
i 
t 

103.2 PNdB 103.2 PNdB 

TABLE 3.17. +5 PNdB DERIVATIVE DESIGN POINT TILT ROTOR 
TABLE OF CHARACTERISTICS 
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Wei-rhts - TR-100 (103.2) - 
The +5 PNdB tilt rotor has a design gross weight of 33,210.5 

Kg (73,217 pomds). The weight breakdown for this aircraft 

is shown in Table 3.18. 

The increase in tipspzed results in a reduction in transmission 

weight to 5,791 pounds. The rotor system weight is not much 

less than the baseline aircraft. This is 6ue to the effect of 

increased tipspeed or rotor system weight which tends to 

counteract the savings expected iron reduced diameter and 

solidity. The rotor flight control bziqhts are governed to 

a large extent by the rotor weights and as a result do not 

reduce significantly at the higher tipspeed. The lighter 

gross weight dictates 2 siightly lower installed power 

which shows as a small weight saving in the engine section 

and installation. 

The body weight is essen-ially the same as the baseline 

aircraft a ~ d  the cabin and cockpit accommodations, fixed 

equipment, etc. are identical to the baseline tilt rotor. 

The groundrules governing the sizing of the baseline aircraft 

apply to this vehicle also. 

The aircraft CG positions and principle inertias are given in 

Table 3.19. 

Tit1 Rotor Design - TR-100 (103.2) - Vehicle Performance - 
Mission Performarce - 

The +5 PNdB tilt rotor has a slightly lower takeoff gross 

weight than the baseline aircraft and flies the same 200 
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WEIGHT SUMMARY PRELIMINARY DESIGN 
M L . S T D . 1 3 7 4 I  

' 3ASlC 
--. -~ 

SECONDAF. ,: -- - - - -- - . - 
A L l G H T I h G  G E A R  GROUP - - - - . - - . 

Er .G 'hE  S E L T , O h  - - - - -. . - - - . . -- - 

~ - - A - -. -- - . -- .-- - - -. - - --A 
P R O P U L S O N  G R O J P  -~ * .. 1 4 2 2 5 . 2  9315 ~ -- -- 

EhiG N E  , N S T ' L  -- .~ -- ~ .. . U48.0 2 - 5 3  ----_ .- . - ._ - __ - -.-- 
EXC!AUST SYSTEM 

~ - -. ...-. .. - - - - - . - -- - -. - - --* - 
C O O L I N G  - -. - - ~ - - .. - .. -. - -~ -, 
C O N T R O L S  * 

.- -- . - - - - . - -. . - - - - . - - - - --- - -. - - - - - --- 
- -. . . . . . .. . - 

--- -- 
L U B b Y C A T I N S  - -- -- . - .- - - . - . . . ~ . ~  .--.----...----p - - 
F J E L  ---- - 

CRt dE  ---- -. ... -. - . ~- . - - --we- - 

WEIGHT L M P T  Y 



- ~ 

WEIGHT 

CENTER OF GRAVITY* 

HORIZONTAL FLIGHT 
FUSELAGE STATION 
WATER LINE 

VERTICAL FLIGHT 
FUSELAGE STATION 
WATER LINE 

MOMENT OF INERTIA 

HORIZONTAL FLIGHT 
I (ROLL) 
XX 

I (PITCH) 
YY 

I (YAW) 
Z Z  

VERTICAL FLIGHT 
I (ROLL) 
XX 

I (PITCH) 
YY 

I (YAW) 
z z  

WEIGHT EMPTY 
-.---- - 
22, l l .S .z  Kg 
(48,756 LBS) 

12.72 K (500.9 I n .  5 
3.56 M (140.3 I n . )  

13.08 M (515.1 I n . )  
3.94 M (155.0 I n . )  

1 ,164 ,775  Kg M~ 

(858,409 S l u g  ~ t ~ )  

(371,457 S l u g  F t 2 )  

( 3  ,000,178 S l u g  F t 2 :  

1 ,224 ,388  Kg M~ 

(902,342 S l u g  ~ t ~ )  

546,907 Kg M2 

(403,056 S l u g  F e e t 2 :  

1 ,468 ,262  Kg h12 

(1 ,082 ,071  S l u g  R2'  

GROSS WEIGHT 

33,210.5 Kg 
(73,217 LBS) 

12.77 M (502.7 I n . )  
3.26 M (128.4 I n . )  

13.12 M (516.6 I n . )  
3.51 M (138.1  I n . )  

1 ,265,023 Kg M~ 

932,209 S lug  F t 2 )  

547,411 Kg h12 

403,427 S l u g  R2)  

1,473 ,945  Kg X2 

(1 ,086,259 S l u g  F t 2  

1 ,329  ;I66 Kg X2 

(980,003 S l u g  R2) 

593,978 Kg M2 

(437,746 S l u g  F t2 :  

1 ,594 ,629  Kg M~ 

(1 ,175,200 S l u g  F t  2  

*FUSELAGE STATION 0 I S  NOSE OF BODY, CENTERLINE OF ROTOR I N  
HORIZONTAL FLIGHT I S  4.6 METERS ABOVE WATER LINE 0. 

TABLE 3.19 . WEIGHT CENTER OF GRAVITY AND MOMENT OF 
INERTIA, +5 PNdB TILT ROTOR. 
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n a u t i c a l  miles d e s i g n  mis s ion  w i t h  t h e  asme payload.  A 

summary of t h e  a i r c r a f t  d e s i g n  mis s ion  p e r f o r m m c e  i s  shown 

i n  Tables  3.20 and 3.21. 

The t a x i ,  t a k e o f f  and i n i t i a l  a i r  maneuver use  85 Kg (187 

pounds) of  f u e l .  The a i r c r a f t  t h e n  c l imbs  t o  an a l t i t u d e  o f  

4,267 miles (14,000 f e e t )  a t  an ave rage  r a t e  o f  c l imb of  

16.76 m / s  (3,330 f e e t  p e r  m i n u t e ) .  The c l imb  segment 

consumes 176 Xg (389 pounds) o f  f u e l  f o r  a range  c r e d i t  o f  

22.7 Km (12.25 n a u t i c a l  miles). The a i r c r a f t  t h e n  c r u i s e s  

a t  normal r a t e d  power a t  an average  speed  o f  175.4 m / s  

(342 k n o t s )  t o  a range  of  319 Km (172 n a u t i c a l  miles). The 

c r u i s e  segment f u e l  is  988 Kg (2,178 pounds) .  The remainder  

o f  t h e  370 Km (200 n a u t i c a l  miles) d e s i g n  range  i s  ecbieved  

d u r i n g  t h e  d e s c e n t  t o  2,000 feet  a t  an  ave rage  rate of d e s c e n t  

of 10.49 m / s  (2,064 f e e t  p e r  minu te ) .  The f u e l  used d u r i u g  

d e s c e n t  is 6 1  Ik, (134 pounds) .  

'*he f i n a l  a i r  maneuver, d e s c e n t  l a n d i n g  and t a x i  u se  an  

a d d i t i o n a l  207 p o m d s  o f  f u e l  t o  complete  t h e  d e s i g n  range .  

The r e s e r v e  f u e l  is computed based upon f u e l  f o r  a n  a d d i t i o n a l  

50  n a u t i c a l  m i l e s  and a 20 minute  l o i t e r  which r e q u i r e s  a 

f u r t h e r  613 Kg (1,351 pounds) f o r  a to ta l  f u e l  l o a d  o f  

1 ,935  Kg (4,266 pounds) .  

Noise D e r i v a t i v e  T i l t  Rotor  (103.2 PNdB) 

Hover Performance 

The hover  performance o f  t h e  +5 PNdB d e s i g n  p o i n t  tilt r o t o r  

i s  shown i n  F i g u r e s  3.48 through 3.51. The s e a  l e v e l  hover  
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NOISE DERIVATIVE AIRCRAFT 

4 1 1 4 
30 50 7 0 90 110 

AMBIENT TEMPERATURE - DEGREES F 
1 1 

15 30 45 
AMBIENT TEMPERATURE - DEGREES C 

&& ENGINES OPERATING 

%Ew 
z/W 3 1.05 

TORQUE LIMIT 

, l o 3  ----\ '\ 

FlGUHE 3 . 4 8 .  EFFECT OF AMBIENT TFMPERA'i'URE ON SEA LEVEL 
HOVER PER$?ORMANCE - AEO. 
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NOISE DERIVATIVE AIRCRAFT 

TILT ROTOR/100 PASSENGER/103.2 PNdB 

ONE ENGINE INOPERATIVE 

l6 ro3 +5 PNdB 

t b 
30 50 70 90 110 

AMBIENT TEMPERATURE - DEGREES F 

AMBIENT TEMPERATURE - DEGREES C 

FIGURE 3.49. EFFECT OF AMBIENT TEMPERATURE ON SEA LEVEL 
HOVER PERFORMANCE - OEI. 
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gross weight capability as a fmction of ambient tem~erature 

for AEO and O E I  conditions is giiren in Figures 3.48 and 

3.49. 

The sizing condition is one ena'ne inoperative, out of ground 

effect at sea level, 90-degreas F and is shown in Figure 3.49 

For this condition the desjyn gross weight is 33,211 Kg 

(73,217 pounds). This assumes a force to weight ratio of 

1.03 and a 9% increase in the rated takeoff power of the 

three remaining operating engines. 

Both figures indicate the variation of gross weight capability 

for in and out of ground effect as a functicn of temperature. 

For temperatures above 90-degrees F the passenger capacity 

would need to be reduced, for temperatures below 90-degrees 

F the 100 passenger caps-:ity would restrict the aircraft 

weight to the design gross weigh-c of 33,211 Kg (73,217 pounds) 

and the additional weight capability can be converted to 

additional force to weight for maneuvers. 

Hover gross weight as a function of altitude up to 16,000 

feet is shown for AEO and O E I  conditions in Figures 3.50 and 

3.51. Both OGE and I G E  data are given for standard day 

atmosphere and standard day plus 31-degrees F, (equivaLent 

to 90-degrees F at sea level altitude). The fully loaded 



aircraft (100 passengers) can take off on a standard day 

up to 5,000 feet with one engine inoperative, as shown in 

Figure 3.51. With all engines operating this altitude is 

increased to 8,000 feet as shown in Figure 3.51. 

Cruise Performance 

The cruise performance is dictated by the power required to 

fly straight and level and the power available is determined 

by the one engine inoperative sizing criteria. These data 

are shown as a function of airspeed in Figure 3.52 for three 

aircraft weights. The intersection of the power required and 

power available lines at design gross weight is the trans- 

mission sizing condition. This point allows a maximum cruise 

speed of 341 knots (TAS) at 14,000 feet. The power available 

at normal rated power with one engine inoperative is also 

shown and indicates that a cruise speed of 291 KTAS can be 

maintained at design gross weight. At the lightest flying 

weight the maximum speeds achieved at normal rated power are 

360 KTS TAS all engines operating and 317 KTS TAS one engine 

inoperative. 

Similar data are shown in Figure 3.53 for 1,524 m (5,000 feet) 

altitude. The power required lines are higher at this altitude 

and the performance of the aircraft becomes limited by the 

transmission torque limit at almost the same power level 

as the one engine inoperative case. The transmission limit 

maximum airspeed at design gross weight is 305 knots and with 

one engine out cruise speed of 302 knots can be maintained 
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a t  5 ,000  f e e t .  These  s p e e d s  are i n  e x c e s s  of t h e  250 k n o t  

EAS r e s t r i c t i o n  below 10 ,000  f e e t .  

The maximum s p e e d  p e r f o r m a n c e  i s  shown as a  f u n c t i o n  o f  

a l t i t u d e  i n  F i g u r e  3.54 f o r  b o t h  d e s i g n  g r o s s  w e i s h t  a n d  

o p e r a t i n g  w e i g h t  empty. 

The a i r c r a f t  maximum ra te  o f  climb d a t a  a r e  shown i n  F i g u r e  

3.55.  With a l l  e n g i n e s  c p e r a t i n g  a t  d e s i g n  g r o s s  w e i g h t  

t h e  maximum ra te  o f  c l i m b  is 23.12~/s (4 ,610 f e e t  p e r  m i n u t e )  

a t  s e a  l e v e l .  A t  3 e s i g n  c r u i s e  a l t i t u d e  4 ,267 m (14,000 f e e t )  

;I rate o f  c l i m b  of 1 3 . 7 1  m/s (2 ,700 f e e t  p e r  m i n u t e )  is 

a v a i l a b l e .  With o n e  e n g i n e  i n o p e r a t i v e  t h e  a i r c r a f t  c a n  

a c h i e v e  17.88 m / s  ( 3 , 5 2 0  f e e t  p e r  m i n u t e )  rate o f  c l i m b  a t  

sea  l e v e l  a n d  9.29 m / s  ( 1 , 8 3 0  f e e t  p e r  m i n u t e )  a t  1 4 , 0 0 0  

f e e t .  The rates o f  c l i m b  a t  d e s i g n  g r o s s  w e i g h t  d o  n o t  

r e q u i r e  a f u s e l a g e  a t t i t u d e  o f  g r e a t e r  t h a n  20-degrees .  A t  

o p e r a t i n g  w e i g h t  empty t h e  maximum rates o f  c l i m b ,  ( b o t h  a l l  

e n g i n e s  o p e r a t i n g  a n d  o n e  e n g i n e  i n o p e r a t i v e )  e x c e e d  20 

d e g r e e s  f u s e l a g e  a t t i t u d e  a t  t h e  l o w e r  a l t i t u d e .  Two l i n e s  

a r e  g i v e n  f o r  t h e s e  cases i n  F i g u r e  3.55. One f o r  maximum 

r a t e  o f  c l i m b  and o n e  l i m i t e d  t o  a f u s e l a g e  i n c i d e n c e  o f  

20  d e g r e e s .  With no  f u s e l a g e  attitude l i m i t  a maximum rate 

of c l i d  o f  8 ,200 f e e t  p e r  m i n u t e  c a n  be o b t a i n e d  a t  

o p e r a t i n g  w e i g h t  empty and a l l  e n g i n e s  o p e r a t i n g .  

S p e c i f i c  Range 

The f u e l  consumpt ion  o f  t h e  a i r c r a f t  is g i v e n  i n  terms o f  

s p e c i f i c  r a n g e  i n  c r u i s e  a t  b o t h  5,000 f e e t  a l t i t u d e  and 
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14,000 f e e t  a l t i t u d e  w i t h  a l l  e n g i n e s  o p e r a t i n g  i n  F i g u r e  

3.56. A t  t h e  d e s i g n  c r u i s e  a l t i t u d e  of  4 ,267  m (14,000 f e e t )  

t h e  maximum s p e c i f i c  range  i s  0.088 n a u t i c a l  miles p e r  pound 

of  f u e l  a t  d e s i g n  g r o s s  w e i s h t  i n c r e a s i n g  t o  0.116 n a u t i c a l  

miles p e r  pound a t  o p e r a t i n g  weight  empty. The b e s t  r ange  

speed  a t  d e s i g n  g r o s s  we igh t  is  232 k n o t s  TAS and r e d u c e s  t o  

2 1 2  KTAS a t  minimum f l y i n g  weight .  

A t  5 ,000 f e e t  t h e  b e s t  r ange  speeds  a r e  about 14 k n o t s  slcwer 

and t h e  s p e c i f i c  r ange  is  reduced.  

A t  d e s i g n  a l t i t u d e  and we igh t  t h e  s p e c i f i c  r ange  a t  NRP 

i s  0.069 n a u t i c a l  m i l e s  p e r  pound of  f u e l .  

The s p e c i f i c  range  d a t a  w i t h  one e n g i n e  i n o p e r a t i v e  a t  t h e  

same a i r c r a f t  we igh t s  and a l t i t u d e s  a r e  shown i n  F i g u r e  3.57. 

The e f f e c t  on t h e  t h r e e  remaining e n g i n e s  o f  o p e r a t i n g  a t  an 

i n c r e a s e d  f r a c ~ ,  ... of  power is t o  improve t h e  s p e c i f i c  f u e l  

consumption and i n c r e a s e  t h e  s p e c i f i c  range .  

Payt.oad Range 

The d e s i g n  payload  r ange  is s p e c i f i e d  i n  t h e  mi s s ion  p r o f i l e  

and is shown t o  b e  m e t  i n  F i g u r e  3.58. The a i r c r a f t  carries 

a 100 pas senge r  payload  (18,000 pounds) i n c l u d i n g  baggage o v e r  

a  200 n a u t i c a l  m i l e  r ange  w i t h  r e s e r v e s  as p e r  t h e  gu ide-  

l i  nes .  

The b r . s i c  v i s s i o n  f u e l  l i m i t  d e f i n e s  t h e  r ange  a t  z e r o  payload  

t o  be 238 n a u t i c a l  m i l e s .  

The e x t r a  t a n k s  were inc luded  i n  t h i s  a i r c r a f t  f o r  a 400 

n ( i u t i c a 1  mile range.  The a d d i t i o n a l  t a n k  weight  would r educe  



NOISE DERIVATIVE AIRCFW'T 

TILT ROTOR/100 PASSENGER/~O~.~ PNdB 

STANDARD DAY CRUISE RPM 

DGW = 73,217 LBS/33,210 Kg 
MIDWT = 62,000 LBS/28,123 Kg 
OWE = 50,782 LBS/23,034 Kg 

ALL ENGINES OPERATING 
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100 

FIGURE 3.56. 

200 300 
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CRUISE PERFORMANCE - SPECIFIC RANGE - AEO - 
+ 5  PNdB TILT ROTOR. 



NOISE DERIVATIVE A I R C W T  

TILT ROTOR/100 PASSENGER/lO3.2 PNdB 
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OWE = 50,782 ~~S/23,034 Kg 
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FIGURE 3.57. CRUISE PERFOhIIMANCE - SPECIFIC RANGE - OEI - 
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t h e  passenger load  by one passenger a t  200 n a u t i c a l  miles 

and t h e  a i r c r a f t  could o p e r a t e  wi th  83 passengers  o u t  t o  

400 n a u t i c a l  mi les .  

With one engine i n o p e r a t i v e  t h e  payload range of t h e  b a s i c  

TR-100 (103.2) des ign  improves due t o  t h e  i n c r e a s e  i n  

s p e c i f i c  range shown i n  F igure  3.57. The payload range 

d a t a  f o r  t h i s  case  i s  given i n  F igure  3.59. The f u l l y  

loaded a i r c r a f t  range i n c r e a s e s  t o  238 n a u t i c a l  m i l e s  whi le  

mainta in ing t h e  b a s i c  mission f u e l  r e s e r v e s .  

S t a b i l i t y  and Contro l  - TR-100 (103.2) 

Hover T r i m  ,.nd Contro l  - 
The c y c l i c  p i t c h  requ i red  t o  t r i m  i n  hover wi th  t h e  n a c e l l e s  

a t  90 degrees and a t  des ign  g ross  weight is  shown i n  F igure  

3.60. This  assumes t h e  same hover CG range a s  t h e  b a s e l i n e  

a i r c r a f t .  The c y c l i c  r e q u i r e d  t o  t r i m  t h e  mst c r i t i c a l  

cond i t ion  is  2.2 degrees.  

The c o n t r o l  power i n  p i t c h  is  shown i n  F igure  3.60. The 

s e n s i t i v i t y  of p i t c h  c o n t r o l  power t o  c y c l i c  c o n t r o l  i s  

0 . 1 2 1  r a d i a n s  pe r  second squared p e r  degree. A t  a  maximum 

c y c l i c  p i t c h  c o n t r o l  s e t t i n g  of 5.72 degrees  a  p i t c h  a c c e l e r -  

a t i o n  of .685 r a d i a n s  pe r  second squared i s  a v a i l a b l e  when 

zero c y c l i c  i s  requ i red  f o r  t r i m ;  w i t h  t h e  CG a t  i t s  most 

adverse l o c a t i o n  a p i t c h  a c c e l e r a t i o n  of . 42  r a d i a n s  p e r  

second squared can be obta ined.  

Yaw and r o l l  c o n t r o l  powers a r e  shown i n  Figure  3.61. The 

yaw c o n t r o l  s e n s i t i v i t y  i s  s l i g h t l y  below t h e  va lue  es t ima ted  



N
O
I
S
E
 
D
E
R
I
V
A
T
I
V
E
 
A
I
R
C
R
A
F
T
 

T
I
L
T
 
R
O
T
O
R
/
1
0
0
 
P
A
S
S
E
N
G
E
R
/
1
0
3
.
2
 
P
N
d
B
 

D
E
S
I
G
U
 
M
I
S
S
I
O
N
 
P
R
O
F
I
L
E
 
A
N
D
 
R
E
S
E
R
V
E
S
 

O
E
I
 
F
O
R
 
C
R
U
I
S
E
 
A
N
D
 
R
E
S
E
R
V
E
 
S
E
G
M
E
N
T
S
 

+
5

 
P
N
d
B
 

0 
l
o
o
 

R
R

N
G

E
 
- 
N
M
I
 

2
0
0
 

3
0
0
 

0
 

2
0
0
 R
A
N
G
E
 
- 

KI
T 

4
0
0
 

6
b
0
 

F
I
G
U
R
E
 
3.
59
. 

P
A
Y
L
O
A
D
 

F-
W

G
E

 
C
A
P
A
B
I
L
I
T
Y
 
- 

C
R
U
I
S
E
 
A
T
 
N
R
P
 
A
N
D
 
C
R
U
I
S
E
 
R
P
M
.
 



I I I 

4 6 8 
CYCLIC (DEGREES) 

LIMIT 

FIGURE 3 . 6 0 .  HOVER PITCH CONTROL +5 PNdB TILT ROTOR. 
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1 1 

1 2 3 4 5 
L 

DIFFERENTIAL COLLECTIVE (DEGREES) 

FIGURE 3 . 6 1 .  HOVER YAW AND ROLL CONTROL 4-5 PNdR T"2 ROTOR. 



f o r  t h e  des ign  p o i n t  a i r c r a f t .  However, maximkn yaw 

a c c e l e r a t i o n  of .335 r a d i a n s  pe r  second squared is a v a i l a b l e  

a t  des ign  g ross  weight.  A t  a  g r o s s  weight  of  58,700 pounds 

t h e  a v a i l a b l e  yaw c o n t r o l  i s  reduced t o  0.262 r a d i a n s  p e r  

second squared. This  r educ t ion  is  caused by t h e  v a r i a t i o n  

of d i f f e r e n t i a l  in-plane f o r c e  w i t h  g r o s s  weight.  Th i s  

in-plane f o r c e  i s  mostly ob ta ined  by t i l t i n g  t h e  t h r u s t  

vec to r .  Thus, t h e r e  i s  almost  a  d i r e c t  r e d u c t i o n  of  yawing 

moment wi th  g r o s s  weight  whereas yaw i n e r t i a  does n o t  reduce 

a s  f a s t .  This  r e s u l t s  i n  a  r e d u c t i o n  of yaw a c c e l e r a t i o n .  

The r o l l  c o n t r o l  per  degree  of  d i f f e r e n t i a l  c o l l e c t i v e  i s  

s l i g h t l y  less than f o r  t h e  b a s e l i n e  a i r c r a f t .  Th i s  is  due 

t o  reduced d i f f e r e n t i a l  t h r u s t  a s  a  r e s u l t  of  lower s o l i d i t y  

and a l s o  t o  a  reduced span. Th i s  is  o f f s e t  t o  some e x t e n t  

by t h e  reduced r o l l  i n e r t i a ,  however, t h e  n e t  e f f e c t  is t o  

reduce t h e  r o l l  c o n t r o l  power to  0.79 r a d i a n s  p e r  second 

squared a t  4 degrees  d i f f e r e n t i a l  c o l l e c t i v e .  Th i s  i s  

s t . i l l  h igher  than  t h e  0.6 r a d i a n s  p e r  second squared guide- 

l i n e  requirement .  A t  l i g h t e r  weights  r o l l  c o n t r o l  power i s  

marginal ly  inc reased .  

The v a r i a t i o n  of n e u t r a l  p o i n t  wi th  c r u i s e  speed i s  p l o t t e d  

i n  F igure  3.62 f o r  va r ious  h o r i z o n t a l  t a i l  s i z e .  Inc reased  

RPM tends  t o  i n c r e a s e  nose up p i t c h i n g  moment of t h e  r o t o r .  

Reduced s o l i d i t y  and d iameter  tend t o  c o u n t e r a c t  t h i s  e f f e c t ,  

however, t h e  t a i l  volume r a t i o  providing t h e  r e q u i r e d  5% 



ROTOR DIAMETER = 55.7 FT 
TIP SPEED = 640.5  FPS 
SOLIDITY, o = 0.081 
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1.0 1.2 1. 2 1.6 1.8 2.0 
HORIZONTAL TAIL VOLUME RATIG 

FIGURE 3.62 . 4-5 PNdB TILT ROTCA DESIGN LONGITUDINAL 
STATIC STABILITY, 



D210-10858-1 

s t a t i c  margin i s  s t i l l  longer  than  t h a t  of t h e  b a s e l i n e  

a i r c r a f t .  The +5 PNdB a i r c r a f t  lbas  a  h o r i z o n t a l  

t a i l  volume r a t i o  of 1.62 and provides  5% s t a t i c  margin down 

t o  140 knots .  

The l a t e r a l  d i r e c t i o n a l  d e r i v a t i v e s  a r e  shown i n  F igure  3.63. 

The s i d e  f o r c e  due t o  s i d e s l i p  is l a r g e r  than  t h e  d e s i g n  

p o i n t  a i r c r a f t  and w i l l  r e q u i r e  a l a r g e r  r o l l  ang le  to  t r i m  

i n  f l y i n g  a  s t r a igh t -g round  t r a c k  i n  s i d e s l i p .  

The d i h e d r a l  e f f e c t  i s  p o s i t i v e  ( i .e . ,  -Gas) b u t  reduces t o  

almost  ze ro  a t  maximum speed 360 knots .  

The d i r e c t i o n a l  s t a b i l i t y  is  p o s i t i v e ,  i .e . ,  p o s i t i v e  CnB 

and i n c r e a s e s  wi th  a i r speed .  A s  w i th  t h e  des ign  p o i n t  a i r c r a f t  

t h e  dutch  r o l l  mode w i l l  be improved a t  h igh  speeds a s  a  

r e s u l t  of  i n c r e a s e d  CnB and less d i h e d r a l  e f f e c t .  The damping 

d e r i v a t i v e s  due t o  r o l l  and yaw a r e  g r e a t e r  than  f o r  t h e  

des ign  p o i n t  a i r c r a f t  and a r e  shown i n  F igures  3.64 and 3.65. 

T i l t  Rotor &s ign  - TR-100 (103.2) Noise 

The  +5 PNdB n o i s e  d e r i v a t i v e  a i r c r a f t  has a  des ign  hover 

t ipspeed  of 915 f e e t  pe r  second. This  i n c r e a s e  i n  t i p s p e e d  

i n c r e a s e s  t h e  r o t a t i o n a l  and broadband components of  r o t o r  

no i se  a s  shown i n  F igure  3.66 where sound p r e s s u r e  l e v e l s  

a s  a  func t ion  of oc tave  band frequency a r e  presented .  The 

t ipspeed  e f f e c t  is no t i ced  a t  t h e  h igher  f r equenc ies  when 

compared t o  s imi la r  d a t a  for t h e  b a s e l i n e  a i r c r a f t  i n  F igure  

2 .90 .  NOY va lues  f o r  t h e  hover c o n d i t i o n  used t o  e s t a b l i s h  



DESIGN POINT +5 PNdB TILT R O N R  
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DESIGN POINT +S  PNdB TILT ROTOR 
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FIGURE 3 . 6 4 .  + 5  PNdB TILT ROTOR STABILITY COEFFICIENTS 
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t h e  103.2  PNdB n o i s e  leve l  are g i v e n  i n  F i g u r e  3.66. 

Contc .  ; o f  c o n s t a n t  p e r c e i v e d  n o i s e  levels 90 ,  95  and  100  

PNdB v a l u e s  f o r  t a k e o f f  and  l a n d i n g  a r e  g i v e n  i n  F i g u r e s  

3.67 a n d  3.69. The c o n t o u r s  a r e  s y m m e t r i c a l  a b o u t  t h e  f l i g h t  

pat!l, w i t h  t h e  l a n d i n g  c o n t o u r s  b e i n g  somewhat w i d e r  t h a n  

t h e  t a k e o f f  r e s u l t i n g  from t h e  i n c r e a s e d  t i m e  i n  t h e  lamding 

p r o f i l e  d i c t a t e d  by t h e  g u i d e l i n e  s i n k  rate r e q u i r e m e n t s .  

F i g u r e s  3.68 and 3.70 show t h e  t a k e o f f  and l a n d i n g  p r o f i l e  a s  

a f u n c t i o n  o f  d i s t a n c e  f rom t h e  g round  t e r m i n a l .  Time 

i n c r e m e n t s  a r e  i n d i c a t e d  o n  t h e  c u r v e  t o  b e  u s e d  w i t h  t h e  

' l i g h t  p a t h  c e n t e r  l i n e  PNdB d a t a  g i v e n  i n  t h e  l o w e r  p o r t i o n  

of  the f i g u r e .  The PNdB as a  f u n c t i o n  o f  t i m e  f rom t a k e o f f  

o r  touchdown g i v e  time h i s t o r y  of a n  o b s e r v e r  s t a t i o n e d  a t  

t h e  i n d i c a t e d  d i s t a n c e  f rom t h e  t e r m i n a l .  The peak no , l se  

v a l u e s  d e c r e a s e  a t  the f a r t l . c r e s t  o b s e r v e r  p o s i t i o n  a!s 

a  r e s u l t  o f  t h e  a l t i t u d e  o f  t h e  a i r c r a f t  a n d  t h e  t i p s p e e d  

r e d u c t i o n  as i n d i c a t e d  on t h e  p l o t .  

T i l t  R o t o r  - TR-100 (103.2)  - Costs - 
The i n i t i a l  c o s t  o f  t h i s  tilt rotor d e s i g n  i s  s l i g h t l y  

less t h a n  t h e  d e s i g n  p o i n t  a i r c r a f t  a t  $S.n3 m i l l i o n  a t  

$90.GO p e r  pound a i r f r a m e  c o s t s  and  $ 5 . 7 3  m i l l i o n  a t  $110 

p e r  pound. The r e d u c t i o n  i n  " f l y  away" c o s t  be tween  t h i s  

t i l t  r o t o r  and the d e s i g n  p o i n t  is p r i m a r i i y  d u e  t o  dynamic 

s y s t e m s  and e n g i n e  c o s t  r e d u c t i o n s .  
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The d i r e c t  o p e r a t i n g  c o s t  cf t h e  +5 PNdB a i r c r a f t  is shown 

i n  Table 3.22 and i n d i c a t e s  almost  i d e n t i c a l  o p e r a t i n g  c o s t s  

t o  t h e  b a s e l i n e  a i r c r a f t  i n d i c a t i n g  t h a t  no sav ings  were ob- 

t a i n e d  by i n c r e a s i n g  the e x t e r n a l  n o i s e  des ign  c r i t e r i a .  

An extended range v e r s i o n  of t h e  +5 PNdB was a l s o  c a l c u l a t e d  

and t h e  i n i t i a l  and d i r e c t  o p e r a t i n g  c o s t s  a t  t h e  des ign  

range of 230 s t a t u t e  mi les  i s  shown in Table 3.23. 

The e f f e c t  of range on d i r e c t  o p e r a t i n g  c o s t  i s  shown i n  

F i g ~ r e  3.71. The p l o t  shows t h e  b a s i c  TR-100 (103.2) des ign  

up t o  200 n a c t i c a l  m i l e s  and t h e  extended range v e r s i o n  of 

t h e  a i r c r a f t  from 200 t.o 400 n a u t i c a l  miles. Despi te  t h e  

reduc- ion  i n  a v a i l a b l e  s e a t s  on t h e  extended range a i r c r a f t  

t h e  c o s t s  do n o t  s t a r t  t o  rise again  u n t i l  beyond 300 

n a u t i c a l  m i l e s .  

3.2.2 T i l t  Rotor ~ e s i g n  - TR-100 ( 9 3 . 4 )  

Reduction of n o i s e  l e v e l s  from t h e  b a s e l i n e  a i r c r a f t  i s  

achieved by changing t h e  r o t o r  des ign  parameters  s i n c e  r o t o r  

broadband n o i s e  i s  t h e  dominatiag c o n t r i b u t i o n  t o  t h e  per- 

ce ived no i se  l e v e l .  To o b t a i n  a reduc t ion  i n  PNL of 5 PNdB 

t h e  t ipspeed  i s  reduced t o  640 f e e t  p e r  second, and t h e  s o l i -  

d i t y  i s  inc reased  t o  0.111 t o  o b t a i n  minimum d i r e c t  o p e r a t i n g  

c o s t  f o r  t h i s  a i r c r a f t  a s  i n d i c a t e d  i n  F igures  3.44 t o  3.46. 

Conf i g u z a t i o n  and Layout 

The -5 PNdB a i r c r a f t  i s  shown i n  F igure  3.72 and a  t a b l e  of 

c h a r a c t e r i s t i c s  i s  given i n  Table 3.24. The f u s e l a g e ,  cab in  

and cockp i t  l ayou t  and c o n f i g u r a t i o n  i s  i d e n t i c a l  t o  t h a t  



Flyaway Costs 

Airframe Costs 

Airframe 
Dynamic Sys tern 
Engines 
Avionics 

Total 

Utilization (Hrs/Yr) 

Airframe Cost ($/Lb) 

Flying Operations 
Flight Crew 
Fuel and Oil 
Hull Insurance 

Total Flying Operations 

Direct Maintenance 
Airframe - Labor - Material 
Engines - Labor 

0 Material 
Dynamic System - Labor - Material 

Total Direct Maintenance 

Maintenance Burden 
Total Mair.tenance 

Depreciation 

Total Direct Costs 

Direct Operating Costs . 
~ollars/Seat Mile 

Block Distance = 230 St. Miles 

TABLE 3.22. +5 PNdB TILT ROTOR, INITIAL AND DIRECT OPERATING COSTS. 

321 



Flyaway C o s t s  

A i r f r ame  C o s t  $90.00/Lb . $ 1 1 0 . 0 0 / ~ b  

Ai r f r ame  $3,171,150 
Dynamic System 873,360 
Engines  755,728 
Avion ic s  250,000 

T o t a l  $5,050,238 $5,754,938 

Direct O p e r a t i n g  C o s t s  
D o l l a r s / S e a t  Mile 

Block D i s t a n c e  = 230 S t .  ~ i i e s  

U t i l i z a t i o n  ( H r s / Y r )  

Ai r f rame C o s t  ($/LS) 

F l y i n g  O p e r a t i o n s  
F l i g h t  C r e w  
F u e l  and O i l  
H u l l  I n s u r a n c e  

T o t a l  F l y i n g  O p e r a t i o n s  

Direct Maintenance 
Air f rame - Labor - M a t e r i a l  
Engines  - Labor 

- M a t e r i a l  
Dynamic System - Labor 

- M a t e r i a l  
T o t a l  Direct Maintenance 

Maintenance Burden 
T o t a l  Maintenance 

D e p r e c i a t i o n  

T o t a l  Direct C o s t s  

TABLE 3 . 2 3  INITIAL AND DIRECT OPERATIVE COSTS - 
+5 PNdB TILT ROTOR (EXTENDED VERSION) . 
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Se I e  UNITS U. S. UNITS 

WEIGHTS 
DESIGN GROSS WEIGHT 
EMPTY WEIGHT 
FUEL WEIGHT 

79,682 L b s  
54,718 Lbs 
4,939 L b s  

NUMEER OF PASSENGERS 

ROTORS 
DISC LOADING 
DIAMETER 
SOLIDITY 
BLADE NUMBER 
TWIST 
T I P  SPEED HOVER/CRUISE 

73.24 ~ c j / m ~  
17.74 m 
.111 

3 
36 D e g s  

195/137 m/s 

15 ~ b s / ~ t ~  
5 8 . 2  
.I11 

3 
36 Degs 

640/448 F t / S e c  

POWER 
NUMBER OF ENGINES 
RATED POWER/ENGINE 

4 
4869 SHP 3.631 X lo6 Watts 

FUSELAGE 
LENGTI! 
WIDTH 
CABIN LENGTH 

WING 
AREA 
SPAN 
TAPER RATIO 
CHORD 
ASPECT RATIO 
AIRFOIL t /c 

HORIZONTAL TAIL 
AREA 
SPAN 
TAIL VOLUME RATIO 
ASPECT RATIO 

VERTICAL TAIL 
A P i A  
SPAN 
TAIL V35YXE KqTLO 
ASPECT RATIO 

PERFORMANCE 
N # P  CRUISE SPEED 
CRUISE ALTITUDE 

h t ; ~  BLOCK TIME 

182.6 m / s  
4267 m 
.730 Hours 

355 KTAS 
14,000 F t  

.730 Hours 

NOISE 
SIDELINE NflISE - 500 FEET/ 

HOVER 93.4 PNdB 
. ', 

93.4 PNdB 

t .. a TABLE 3.24. -5 PNdB DERIVATIVE DESIGN POINT T I L T  ROTOR 
. i TABLE OF CIYARBCTER~STICS. 



of t h e  b a s e l i n e  tilt r o t o r  a i r c r a f t .  The d e s i g n  p a r a m e t e r s  

changed t o  o b t a i n  t h e  reduced  PNL a r e  s o l i d i t y  and  t i p s p e e d .  

The major  e f f e c t  of changes  i n  t h e s e  p a r a m e t e r s  is  i n  t h e  

dynamic sy s t em o f  t h e  v e h i c l e .  The r o t o r  d i s c  l o a d i n g  

was h e l d  a t  1 5  pounds p e r  f e e t  s q u a r e d  and t h e  r o t o r  d i a m e t e r  

i n c r e a s e d  t o  58.2  f e e t .  The wing s p a n  is  d i c t a t e d  by t h e  

r o t o r  r a d i u s  p l u s  r o t o r  :uselage cledrance and aiso i n c r e a s e s  

t o  74 .9  f e e t .  

The wing l o a d i n g  o f  100 pounds p e r  f e e t  sqiiars wiis ii~aiiiiclineri 

and a s  a  r e s u l t  wing a r e a  i n c r e a s e d  to  796.8 f e e t  s q u a r e  and  t h e  

a s p e c t  r a t i o  r educed  t o  AR = 7.04. 

The i n c r e a s e d  a i r c r a f t  g r o s s  w e i g h t  demands a h i g h e r  i n s t a l l e d  

power (4869 SHP p e r  e n g i n e )  which i n  combj-nation w i t h  

reduced  t i p s p e e d  and t h e r e f o r e  h i g h e r  t o r q u e  l e v e l s  i m p l i e s  

a l a r g e r  and h e a v i e r  t r a n s m i s s i o n .  

The change i n  c r u i s e  RPM r e d u c e s  t h e  n o s e  up p i t c h i n g  moment 

e f f e c t  o f  t h e  r o t o r  and r e s u l t s  i n  a lower  h a r i z o n t a l  t a i l  

vol.ume r a t i o  (I.  3 1 ) .  

The i n c r e a s e d  i n s t a l l e d  power and d e c r e a s e d  RPM (i.e., i n c r e a s e d  

r o t o r  e f f i c i e n c y )  improve t h e  c r u i s e  pe r fo rmance  a l i t t l e  t o  

g i v e  a normal  r a t e d  power s p e e d  o f  355 k n o t s  a t  14 ,000  f e e t  

a l t i t u d e .  

TR-100 ( 9 3 . 4 )  - Weights  

The d e s i g n  t a k e o f f  g r o s s  w e i g h t  f u r  t h e  -5 PNdB tilt r o t o r  

is 36,143 Kg (79,682 pounds)  an  i n c r e a s e  o f  n e a r l y  5 ,000 

pounds o v e r  t h e  b a s e l i n e  a i r c r a f t .  T h i s  i s  due  t o  t h e  
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r e d u c t i o n  i n  r o t o r  t i p r p e e d  and i n c r e a s e d  r o t o r  s o l i d i t y  

and d i ame te r .  The we igh t s  s t a t e m e n t  i s  g i v e n  i n  Tab le  

3.25. 

The reduc t i -on  i n  t i p s p e e d  t e n d s  t o  r educe  rotor we igh t ,  b u t  

t h i s  e f f e c t  i s  more t h a n  o f f s e t  by t h e  i n c r e a s e  due to  

s o l i d i t y  and d i ame te r  and the n e t  r e s u l t  is  a  s l i y h l y  

h 2 a v i e r  r o t o r  system. 

The f l i g h t  c o n t r o l  we igh t s  f o l l o w  t h e  r o t o r  weight  because  

t h e  upper  c o n t r o l  d e s i g n  i s  se t  by r o t o r  b l a d e  s i z e ,  we igh t  

and p i t c h  i n e r t i a .  The f l i g h t  c o n t r o l s  weight  i s  i n -  -?itsed 

a c c o r d i n g l y .  The govern ing  parameter  i n  t h e  d r i v e  systen!  

we igh t s  i s  t h e  r e d u c t i o n  i n  t i p s p e e d  which i n c r e a s e s  t h e  

t o r q u e  r equ i r emen t s .  T h i s  coupled  w i t h  t h e  l a r g e r  power 

requi rement  o f  t h e  -5 PNdB t i l t  r o t o r  c a u s e s  a  s u b s t a n t i a l  

i n c r e a s e  i n  t h e  d r i v e  sys tzm w e i ~ k t .  The l a r g e r  power 

requi rement  a l s o  i m p l i e s  h i g h e r  e n g i n e  and i n s t a l l a t i o n  

we igh t s .  The r e s u l t  i s  a  29.5% i n c r e a s e  i n  p r o p u l s i u n  group  

we igh t s  ove r  t h e  b a s e l i n e  a i r c r a f t .  The l a n d i n g  g e a r  is t a k e n  

as  a  pe rcen tage  of empty weight  and i n c r e a s e s  a c c o r d i n g l y .  

The b a s i c  f u s e l a g e  we igh t ,  c a b i n  and c o c k p i t  accommodations, 

e t c . ,  remain t h e  same a s  t h o s e  o f  t h e  b a s i c  tilt r o t o r  

des ign .  

The i n c r e a s e  i n  t a k e o f f  g r o s s  weight  o f  t h i s  a i r c r a f t  r e q u i r e s  

an i n c r e a s e  i n  mi s s ion  fue l .  t o  2,240.3 Kg (4,939 pounds ) ,  11% 

more t h a n  t h e  b a s e l i n e  a i r c r a f t .  T h e  p r i n c i p l e  i n e r t i a s  

and CG l o c a t i o n s  f o r  t h i s  a i r c r a f t  a r e  g iven  i n  Tab le  3.26. 
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WEIGHT SUMMARY - PRtLIMINARY DESIGN 
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I WEIGHT EMPTY 
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WEIGHT EMPTY GROSS WEIGHT - --- 

WEIGHT 36,143.0 Kg 
(79,682 LB) 

CENTER OF GRAVITY* 

HORIZ3NTAL FLIGHT 
FUSELAGE STATIOh 12.7.~ M (500.6 In.) 12.77 M (502.6 In.) 
WATER LINE 3.56 M (140.6 In.) 3,27 M (128.6 In.) 

VERTICFL FLIGHT 
FUSELAGE STATION 13.08 M (515.0 In.) 13.12 M (516.5 In.) 
WATER LINE 3.97 M (156.2 Xn.) 3.54 M (139.2 In,) 

MOMENT OF INERTIA 

HORIZONTAL FLIGHT 
I,, (ROLL) 1,307,205 Kg M' 1,405,598 Kg M' 

(963,376 Siug Ft2) (1,035,889 Slug Ft2) 

IYY (PITCH) 553,663 Kg M~ 608,241 Kg M7 
(416,879 Slug Ft2) (448,258 Slug Ft2) 

I,, (YAW) 1,523,096 Kg M 1,637,736 Kg M 
11,122,482 Slug Ft2) (1,206,969 Slug Ft2) 

VERr TCAL FLIGHT 
Ixx (ROLL) 1,374,108 Kg M~ 1,477,537 Kg M' 

(1,012,682 Slug ~t') (1,088,906 Slug ~ t ~ )  

i ( P i T C i i ,  til.3‘784 Kg M' 
Y,' 

659,983 Kg M2 
(452,343 Slug ~ t ~ )  (486,390 Slug ~t') 

I,, ( Y P , W !  1,647,804 Kg M2 1,771,832 Kg M2 
(1,214,389 Slug ~t') (lI705,794 Slug ~ t ? )  

*FUSELAGE STATIaN 0 IS NOSE OF BODY, CENTERLINE OF ROTOR IN 
HORIZONTAL FLlGHT IS 4.6 METERS ABOVE WATER LINE 0. 

TABLE3.26 .WEIGHT, CENTER OF GRAVITY, ANC MOMENT OF INERTIA 
-5 PNDB TILT ROTOR 



T i l t  - Rotor  D e ~ i g n  - TR-100 (93.4) - V e h i c l e  Performance - 
Miss ion  Performance 

The -5 PNdB tilt r o t o r  is s i z e d  t o  f l y  t h e  300 n a u t i c a l  mile 

mi s s ion  w i t h  t h e  same r e s e r v e  c a p a b i l i t y  as t h e  b a s e l i n e  a i r -  

c r a f t .  A sunnary  of t h e  m i s s i o n  performance is prov ided  i n  

Tab l e s  3.27 and 3.28. 

The t a x i  t a k e o f f  and i n i t i a l  a i r  maneuver r e q u i r e  1 1 3  Kg (227 

pounds) o f  f u e l .  The i n i t i a l  a i r  maneuver i s  i n c l u d e d  with t h e  

t a k e o f f  i n  T a b l e s  3.27 and 3.28. The a i r c r a f t  t h e n  c l i m b s  t o  

a  c r u i s e  a l t i t u d e  o f  14 ,000  f e e t  a t  a n  a v e r a g e  r c t e  o f  c l i m b  

of 27 m / s  (5 ,316 f e e t  p e r  m inu t e )  f o ~  a  r ange  c r e d i t  o f  1 3  Km 

( 1 0  n a u t i c a l  miles). The f u e l  used d u r i n g  t h e  c l i m b  t o  a l t i -  

t u d e  amounts t o  165 Kq (364 pounds) .  

The c r u i s e  segment i s  ~ e r f o r m e d  a t  14,000 f e e t  a t  a n  a v e r a g e  

s p e l d  af 1 8 3  m / s  (355 KTAS) f o r  a  r a n g e  c r e d i t  o f  315 Xm (170 

~ a u t i c a l  miles). The c r u i s e  f u e l  u ~ e d  i s  1 ,162  Kg 

( 2 , 5 6 1  pounds) .  

The d e s c e n t  t o  2,000 f e e t  a l t i t u d e  is done a t  an  a v e r a g e  r a t e  

of d e s c z n t  o f  20 m / s  (1 ,960  f e e t  per  minu t e )  and  comple t e s  

t-he r a n g e  t o  371 Km (200 n a u t i c a i  miles). The f u e l  r e q u i r e d  

f o r  t h e  d e s c e n t  i s  79 Kg (173 p@*'?ds). An a i r  maneuver a t  

2,000 f e e t  used an  a d d i t i o n a l  28 Kg (52 pounds) o f  f u e l .  The 

d e s c e n t  from 2,000 f e e t ,  l a n d i n g  and t a x i  comple te  t h e  d e s i g n  

m i s s i o n  f o r  a t o t a l  file1 we igh t  o f  1 8  Kg (181  pounds ) .  

?he a d d i t i o n a l  f ue l  l o a d  r e q u i r e d  f o r  50 n a u t i c a l  miles and 

2 3 minu te s  st-and-of f a t  a n  a l t e r n a t e  l a n d i ~ q  s i  t e  r e q u i r e  a  
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r e s e r v e  f u e l  l o a d  o f  639 Kg (1,403 pounds) b r i n g i n g  t h e  t o t a l  

miss ion  f u e l  t o  2,240 Kg (4,939 pounds) .  

The b a s i c  mis s ion  b lock  t i m e  is  0.73 hours .  

Hover Performance 

The e f f e c t  of ambient t empera tu re  on s e a  l e v e l  hover  p e r f o r -  

mance s shown i n  F i g u r e s  3.73 and 3.74. The a l l  e n g i n e s  

operati1.g c a s e ,  F i g u r e  3.73 shows a g r o s s  weight  l i f t  capa- 

b i l i t y  o f  99,500 pounds a t  s e a  l e v e l ,  s t a n d a r d  day an2  89,000 

pounds a t  90 degrees  F  a t  t a k e o f f  power 3 u t  of  ground e f f e c t .  

A t  t empera tu res  above 59 degrees  F t h e  a i r c r a f t  i s  power 

l i m i t e d  and below 59 degrees  F  t h e  t r a n s m i s s i o n  t o r q u e  l i m i t s  

t h e  g r o s s  l i f t .  

With one eng ine  i n o p e r a t i v e ,  F i g u r e  3.74, performance i s  power 

l i m i t e d .  T h i s  is t h e  s i z i n g  c o n d i t i o n  which d e f i n e s  t h e  t a k e o f f  

g r o s s  weight  a s  79,682 pounds O E I  a t  s e a  l e v e l ,  90 deg rees  

F. 

The e f f e c t  o f  a l t i t u d e  on hover  performance i s  shown i n  F i g u r e s  

3.75 and 3.76. With a l l  eng ines  o p e r a t i n g  on a h o t  day t h e  

a i r c r a f t  can m a i n t a i n  hover  up t o  5,000 f e e t  and 9,000 f e e t  

on a s t a n d a r d  day. With one eng ine  i n o p e r a t i v e ,  t h e  a i r c r a f t  

can hover  a t  d e s i g n  g r o s s  weight  a t  5,000 f e e t  on a  s t a n d a r d  

day. 

Cru i se  F z r f o m a n c e  

The power r e q u i r e d  and power a v a i l a b l e  d a t a  f o r  t h e  -5 PNdB 

tilt r o t o r  is shown i n  F i g u r e s  3.77 and 3.78 a t  5,000 f e e t  

a l t i t u d e  and 14,000 f e e t  a l t i t u d e .  A t  5,000 f e e t  t h e  c r u i s e  



NOISE DERIVATIVE AIRCRAFT 

TILT ROTOR/100 PASSENGEv93.4 PNdB 

ALL ENGINES OPERATING 

- 5  P N K  - -  

I 1 I 
. 

I 

3 5 j * 0 3 7  so 70 90 iio AMBIEIW TEMPERATURE - DEGREES 
I 1 1 1 
0 15 3  0 45 

AMBIENT TEMPERATURE - D,-;REZS C 

FIGURE 3.73. EFFECT OF AMBIENT TUMPERATURE ON SEA LEVEL 
HOVER PERFORMP.NCE - -5 PNdB T?>T ROTOR. 



NOISE DERIVATIVE AIRCRAFT 

TILT ROTOR/100 PASSENGER 93.4 PNdB 

ONE ENGINE IEU'OPERATIVE 

-5 PNdB 
'lo3 F/W = 1.03 

30 5 0 7 0 90 11C 
AMBIENT TEMPERATURE - DEGREES F 
1 I 1 L 
0 15 3 0 45 
AMBIENT TEMPERATURE - DEGREES C 

FIGURE 3.74. EFFECT OF AMBIENT TEMPERATURE ON SEA LEVEL 
HOVER PERFORMANCE - -5 PNdB TILT ROTOR. 
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perfornance is limited by the transmission torque limit (all 

engines operating). The one engine inoperative power limit 

at NRP is less than the transmission torque limit and defines 

the maximum cruise capability at 5,000 feet. 

The maximum cruise speed at 14,000 feet at design gross weight 

is 355 Knots and is limited by both power and transmission 

torque limit, all engines operating. This condition was used 

to size the transmission limit. At lighter weights the maxi- 

mum performance is transmission limited (AEO).  With one 

engine inoperative the power available limits cruise perfor- 

mance as shown in Figure 3.78. 

The maximum speed performance of the -5 PNdB aircraft is plotted 

as a function of altitude in Figure 3.79. With all engines 

operating, the transmission limit defines the maximum cruise 

speed below 14,000 feet, and the power is limiting at higher 

altitudes. 

The aircraft is capable of speeds in excess of 300 knots at all 

weights OEI and AEO, however, the 250 knot EAS restriction 

shown on Figure 3.79 defines the operating envelope at alti- 

tudes less than 10,009 feet. 

The maximum rate of climb at design gross veight is 5,250 feet: 

per minute at sea level with all eqgines operating as shown 

in Figure 3.80. A t  design cruise altitude the rate of climb 

reduces to 3,300 feet per minute. With one engine inoperative 

the aircraft can still maintain 4,100 feet per minute rate of 

climb at sea level and 2,270 feet per minute at 14,000 feet 
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a t  d e s i g n  g r o s s  weight .  

The a i r c r a f t  f u e l  consumption d ~ t a  i n  c r u i s e  s u e  shown i n  

F i g u r e s  3.81 and 3.82 i n  terms o f  s p e c i f i c  range .  Data a r e  

g iven  f o r  5,000 f e e t  and 14,000 f e e t  a l t i t u d e s  f o r  bo th  all 

e n g i n e s  o p e r a t i n g ,  F i g u r e  3.81, and one  eng ine  i n o p e r a t i v e ,  

F igu re  3.82. 

A t  5,000 f e e t ,  a l l  eng ines  o p e r a t i n g ,  t h e  maximum s p e c i f i c  

range a t  d e s i g n  g r o s s  wc jgh t  is  0.0667 n a u t i c a l  miles p e r  

pound of  f u e l  r i s i n g  t o  0-082  n a u t i c a l  miles p e r  pound o f  

f u e l  a t  o p e r a t i n g  weight empty. 

A t  d e s i g n  a l t i t u d e  t h v ~ e  v a l u e s  i n c r e a s e  t o  0 .081 n a u t i c a l  

miles p e r  pound o f  f u e l  and 0.106 n a u t i c a l  miles p e r  pound o f  

f u e l  r e s p e c t i v e l y .  

The max im~n  s p e c i f i c  r ange  performance improves w i t h  one e n g i n e  

i n o p c y a t i v e ,  F igu rc  3.82, because  t h e  e n g i n e  is  o p e r a t i n g  a t  

a  h i g h e r  power f r a c t i o n  which r educes  t h e  SFC. 

The payload range  performance o f  t h e  a i r k r a f t  i s  a s  d e f i n e d  by 

t h e  miss ion  and is shown I n  F i g u r e  3.83. The b a s i c  a i r c r a f t  

c a r r l e s  100 pas senge r s  o v e r  200 n a u t i c a l  m i l e  r ange  e x c l u ~ i v e  

of r e s e r v e  f u e l .  The b a s i c  mi s s ion  f e l  allows a  range  of 

252  n a u t i c a l  miles w i t h  no payload.  The improved s p e c i f i c  

range OEI is r e f l e c t e d  i n  t h e  payload  range  d a t a  shown i n  

F igu re  3.84. The f u l l y  l a d e n  a i r c r a f t  h a s  a  r ange  of 219 

n a u t i c a l  miles e x c l u s i v e  of r e s e r v e s .  

F ly ing  Q u a l i t i e s  - TR-1.90 (93.4)  

I n  hover ,  l o n g i t u d i n a l  c y c l i c  p i t c h  c o n t r o l  is  used t o  t r i m  



NOISE DERIVATIVE AIRCRAFT - - 
TI1.T ROTOR/100 PASSENGER/93.4 PNdB 

STq**- r ~ ~ ~ l n t w  -. -- diiV CRUISE RPM 

DGW = 79,628 LBS/36,143 Kg 
MIDWT = 68,213 ~~S/30,941 Kg 
OWE = 56,743 LBS/25?738 Kg 

ALL ENGINES OPERATING 

ALTITUDE - 5000 FEET (1524 m) 
STANDARD DAY 

ALTITUPE - = 14?000 FEET - (4267 m) 
STANDARD DAY 

FICUPE 3 . 5 1 .  CRUIFE FERFOPMKCC - SPECIFIC RANGE - 
- 5  PNdB T I L T  ROTOR - AEO. 
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NOISE DERIVATIVE AIRCRAFT 

TILT ROTOR/100 PASSENGER/93.4 PNdB 

STANDARD DAY CRUISE RPM 

DGW = 79,682 ~~S/36,148 Kg 
MIDWT = 68,213 LBS/30,941 Kg 
OWE = 56,743 LBS/25,738 Kg 

ENGINE INOPERATVIE 

-5 PNdB 

'UDE - 5000 FEET (1524 m) 
' L L n A R n  nLLV 

:I 
06 - 

I I b I 

100 200 300, 4 0 
AIRSPEED - KNOTS 

TICURE 3.82. CRUISE PERE"0RMANCE - SPECIFIC RANGE - 
-5 PNdB TILT ROTOR - OEI. 
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t h e  weight  moments due  t o  CG excu r s ion .  The c y c l i c  p i t c h  t o  

t r i m  i s  g i v e n  i n  F i g u r e  3.85 a s  a f u n c t i o n  of CG p o s i t i o n .  

With an  a d v e r s e  CG and n a c e l l e  i n c i d e n c e  o f  90 d e g r e e s  t h e  

a i r c r a f t  r e q u i r e s  2.35 d e g r e e s  c y c l i c  p i t c h  t o  t r i m  i n  

hover .  

T h i s  c y c l i c  to  t r i m  r educes  t h e  p i t c h  c o n t r o l  power a v a i l a b l e  

a s  shown i n  F i g u r e  3.85. However, a t  t h e  most a d v e r s e  CG an  

i n i t i a l  p i t c h  a c c e l e r a t i o n  o f  0 .41  r ad , i ans  p e r  second  s q u a r e  

can be o b t a i n e d .  A t  a nominal mean CG p o s i t i o n  0.65 r a d i a n s  p e r  

second s q u a r e  of  p i t c h  c o n t r o l  is a v a i l a b l e .  

The yaw and r o l l  c o n t r o l  powers i n  hover  are shown i n  F i g u r e  

3.86. Y a w  c o n t r o l  i s  more c r i t i ca l  a t  l i g h t e r  w e i g h t s  s i n c e  

t h e  reduced t h r u s t  v e c t o r  p roduces  a s m a l l e r  yaw coup le  f o r  t h e  

same c y c l i c  p i t c h .  The r e d u c t i o n  i n  RPM r e d u c e s  t h e  t h r u s t  

p e r  d e g r e s  o f  c o l l e c t i v e  p i t c h  and r e s u l t s  i n  a lower  r o l l  

c o n t r o l  s e n s i t i v i t y  f o r  t h e  q u i e t  tilt rotor compared w i t h  

t h e  b a s e l i n e  a i r c r a f t .  The g u i d e l i n e  r equ i r emen t  of  0.6 

r a d i a n s  p e r  second s q u a r e  c a n  b e  m e t  w i t h  5 d e g r e e s  o f  d i f f e r -  

e n t i a l  c o l l e c t i v e  p i t c h .  

L o n g i t u d i n a l  s t a t i c  s t a b i l i t y  i n  c r u i s e  is shown i n  F i g u r e  

3.87. T h i s  p l o t  shows e x c u r s i o n s  i n  n e u t r a l  p o i n t  i n  terms 

of  p e r c e n t  MAC f o r  v a r i o u s  a i r s p e e d s  and t a i l  e i z e s .  A h o r i -  

z o n t a l  t a i l  volume r a t i o  o f  1 . 3 1  i s  r e q u i r e d  t o  p r o v i d e  a 5% 

s t a t i c  margin a t  140 k n o t s  a t  tho 34% MAC CG l i m i t .  

T h e  l a t e r a l - d i r e c t i o n a l  d e r i v a t i v e s  due  to  s i d e s l i p  a r e  shown 

i n  F i g u r e  3.88. 
CnB 

is p o s i t i v e  and s t a b l e  o v e r  t h e  c r u i s e  
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D210-10858-1 

LIMIT 

CYCLIC (DEGS) 

DIFFERENTIAJ, COLLECTIVE - DEGS 

FIGURE 3 . 8 6  . HOVER CONTROL POWER - ROLL AND YAW - 
-5  PNdB TX1.T ROTOR. 



ROTOR DIAMETER = 58.2 FEET 
CRUISE TIP SPEED = 448 FPS 
SOLIDITY, a = 0.111 

SEA LEVEL 

MOST AFT CG 

DESIGN PT, 

MARGIN 

HORIZONTAL TAIL VOLUME RATIO 

FIGURE 3.87. -5 PNdB TILT ROTCX DESIGN LONGITUDINAL 
STATIC STABILITY. 
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DESIGN POINT -5  PNdB TILT ROTOR 

GWz 79680LB/36143Kg - 
REF. CG = 34% (AFT LIMIT FOR DESIGN POINT AIRCRAFT) 

I SIDEFORCE COEFFICIENT 

DIRECTIONAL STABILITY COEFF. 
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range. The s i d e f o r c e  c o e f f i c i e n t  Cy i a  s t i l l  l a r g e  and would 
B 

r e q u i r e  a s i g n i f i c a n t  r o l l  ang le  t o  t r i m  a s t r a igh t -g round  

t r a c k  f l i g h t  p a t h  i n  a s i d e s l i p  a s  was t h e  c a s e  f o r  t h e  

b a s e l i n e  tilt r o t o r .  

The d e r i v a t i v e s  due t o  r o l l  and yaw r a t e  a r e  shown i n  F igures  

3.89 and 3.90 and i n d i c a t e  h igh  damping d e r i v a t i v e s  i n  t h e  

l a t e r a l  modes. 

T i l t  Rotor Design - TR-100 (93.4) - Noise 

The sound p r e s s u r e  l e v e l  spectrum d a t a  f o r  t h e  500 f o o t  

s i d e l i n e  case  i n  hover a r e  shown i n  F igure  3.91 f o r  the -5 

PNdB tilt r o t o r .  The predominant component of  n o i s e  is  s t i l l  

t h e  r o t o r  broadband n o i s e  over  most of t h e  frequency range. 

The reduc t ion  i n  RPM decreased t h e  broadband n o i s e  by comparison 

with t h e  b a s e l i n e  v e h i c l e  and r e s u l t e d  i n  t h e  engine  i n l e t  

no i se  j u s t  becoming predominant a t  t h e  very h igh f requenc ies .  

The engine i n l e t  n o i s e  suppress ion  a s s m c d  i? t h i s  c a s e  is t h e  

same a s  t h e  b a s e l i n e  a i r c r a f t .  

A s  be fo re  t h e  NOY d i s t r i b u t i o n  used i n  computing t h e  93.3 PNdB 

value is a i s o  shown i n  Figure  3.91. 

The perceived n o i s e  l e v e l  cont rous  f o r  t h e  -5 PNdB tilt r o t o r  

on takeoff  a r e  shown i n  F igure  3.92. The a r e a  impacted by a 

given no i se  l e v e l  is  much smal le r  i n  t h i s  c a s e  than  t h e  base- 

l i n e  a i r c r a f t .  The t akeof f  t r a j e c t o r y  and perce ived no i se  

l e v e l s  along t h e  f l i g h t  pa th  a r e  given i n  F igure  3.93. 

S i m i l a r  d a t a  a r e  shown f o r  t h e  landing c a s e  i n  F igures  3.94 

and 3.95. 
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TR-100 (93.4) - Costs 

Direct o p e r a t i n g  c o s t s  p e r  s e a t  m i l e  and s e a t  k i lomete r  a s  a 

f u n c t j o n  o f  block d i s t a n c e  a r e  shown i n  F igure  3.96 f o r  t h e  

s p e c i f i e d  combinations of  a i r c r a f t  u t i l i z a t i o n  and a i r f rame  

c o s t s .  F igure  3.96 also i l l u s t r a t e s  t h e  impact of extending 

t h e  des ign  range o f  t h e  TR-100 (93.4) t o  460 s t a t u t e  miles. 

The i n c r e a s e  i n  costs a t  t h e  des ign  p o i n t  range (230 s t a t u t e  

m i l e s )  is t h e  r e s u l t  of t h e  l o s s  of  1 a v a i l a b l e  seat due t o  

t h e  inc reased  empty weight f o r  t h e  i n s t a l l a t i o n  of l a r g e r  f u e l  

tanks .  Although n ~ t  shown i n  F igure  3.46 it s h m i d  be noted  

t h a t  t h e  l a r g e r  f u e l  tanks  w i l l  r e s u l t  i n  a s m a l l  i n c r e a s e  

(less than  1%) i n  s e a t  m i l e  c o s t s  a t  ranges less than  230 

s t . a t u t e  m i l e s  due t o  i n c r e a s e s  i n  a i r f rame  maintenance and 

d e p r e c i a t i o n  c o s t s .  I n  t h e  extended range v e r s i o n  of  t h e  

TR-100 (93.4) s e a t  m i l e  c o s t s  shou a con t inu ing  d e c l i n e  I 

between 230 and 345 s t a t u t e  miles because t h e  loss of a v a i l a b l e  

s e a t s  due t o  a d d i t i o n a l  f u e l  requi rements  i s  o f f s e t  by 

i n c r e a s i n g  b lock speed. Between 345 and 460 s t a t u t e  m i l e s  t h e  

d e l t a  block speeds become i n s u f f i c i e n t  t o  o f f s e t  s e a t  losses 

and t h e  s e a t  m i l e  c o s t s  begin t o  rise. 

Table 3.29 shows t h e  flyaway c o s t s  f o r  t h e  b a s i c  TR-100 (93.4) 

a t  $90.00 and $110.00 p e r  pound of  a i r f r ame .  A breakout  of  t h e  

d i r e c t  o p e r a t i n g  c o s t  f a c t o r s  f o r  t h e  TR-100 (93.4) a t  230 

s t a t u t e  miles i s  shown i n  Table 3.29. Flyaway and d i r e c t  

o p e r a t i n g  c o s t  breakouts  f o r  t h e  extended range v e r s i o n  of 

t h e  TR-100 (93.4) a r e  shown i n  Table 3.30. 
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Flvawav Costs 

nirframe Cost 

Airframe 
Dynamic System 
Engines 
Avionics 

Total 

Direct Operating Costs - 
Dollars/Seat Mile 

Block Distance = 230 St. Miles 

Utilization (Hrs/Yr) 
-- 

Airframe Cost (S/L~) 
Flying Operations 
Flight Crew 
Fuel and Oil 
Hull Insurance 

Total Flying Operations 

Direct Maintenance 
Airframe - Labor - Msterial 
Engines - Labor - Material 
Dynamic System - Labor - Material 

Total Direct Maintenance 

Maintenance Burden 
Total Maintenance 

Depreciation 

Total Direct. Costs 

TABLE 3.29. INITIAL AND DIRECT OPERATING COSTS - -5 PNdB TILT 
ROTOR AIRCRAFT. 

1: 
F 
i: 



TR-100 (93 .4 )  
E X T E K ~ ~ - L - . : ~ G L  VERSION -- 

Flyaway Costs 

A i r f r ame  C o s t  $90.00/Lb . $ l l O . o o / ~ b  

A i r f r a m e  $3 ,295 ,980  $4 ,028 ,420  
~ y n a m i c  System 1 ,196 ,320  1 ,196 ,320  
Eng ines  878,736 878,736 
~ v i o n i c s  250, 600 250,000 

T o t a l  $5 ,621 ,036  $6,353,476 

Direcr O p e r a t i n g  Costs 
D o l l a r s / S e a t  Mile 

Block  D i s t a n c e  = 230 S t .  ~ i l e s  

U t i l i z a t i o n  ( H r s / Y r )  

A i r f r ame  C o s t  ($/Lb) 

F l y i n g  O p e r a t i o n s  
F l i g h t  Crew 
F u e l  and  O i l  
H u l l  I n s u r a n c e  

T o t a l  F l y i n g  O p e r a t i o n s  

Direct Main tenance  
A i r f r a m e  - Labor  - Material 
Eng ines  - Labor  - Material 
Dynamic Sys tem - Labor  - Material 

T o t a l  Direct Main tenance  

Main tenance  Burden 
T o t a l  Main tenance  

D e p r e c i a t i o n  

T o t a l  Direct Costs 

TABLE 3.30.  INITIAL AND DIRECT OPERATING COSTS - -5 PNdB TILT 
ROTCIR (EXTENDED RANGE VERSION). 



D210-10858-1 
4 . 0  DESIGN DATA COMPARISONS 

The r e s u l t s  of  t h e  d e s i g n  s t u d i e s  conducted f o r  t h e  tandem 

h e l i c o p t e r  and tilt r o t o r  c o n f i g u r a t i o n s  a p p l i e d  t o  t h e  

s p e c i f i e d  mis s lon  a l l o w  t w o  major  comparisons t o  be  made. 

The f i r s t  i s  t h e  e f f e c t  of e x t e r n a l  n o i s e  d e s i g n  crit-eria on 

t i le d e s i g n  pa rame te r s  of  e a c h  c o n f i g u r a t i o n  and t h e  second i s  

a compara t ive  e v a l u a t i o n  of  t h e  two c o n f i g u r a t i o n s  them- 

s e l v e s .  

The b a s i c  weiqht  d a t a  f o r  a l l  s i x  d e s i g n s  a r e  shown i n  Tab le  

4 . 1 .  

T!le e f f e c t  of e x t e r n a l  n o i s e  d e s i g n  c r i t e r i a  -*n b o t h  c o n f i g -  

u r a t i o n s  i s  t o  i c c r e a s e  a i r c r a f t  d e s i g n  g r o s s  weight  a s  t h e  

s i d e l i n e  n o i s e  l e v e l  d e c r e d s e s .  The h e l i c o p t e r  d e s i g n s  a r e  

between 5,000 and 8,000 F O U ~ ~ S  l i g h t e r  t h a n  t h e  tilt rotors. 

The h e l i c o p t e r  i s  6 PNdB less n o i s y  a t  500 f o o t  s i d e l i n e  d i s -  

t a n c e  i n  hover ,  however, i t s  n o i s e  is  f e l t  o v e r  a  much wide, 

a r e a  and l o n g e r  t i m e  t h a n  i s  t h e  c a s e  i n  t h e  tilt rotor.  F u e l  

consumption o f  t h e  tilt r o t o r s  i s  approximate ly  65% o f  t h e  

he1 i c o p t e r  usage.  

The d a t a  shown a r e  i n c o n s i s t e n t  i n  one a s p e c t .  The d e s i g n  

maneuver l o a d  f a c t o r  from FAR-25 s p e c i f i e s  3.5 f o r  t h e  tandem 

h e l i c o p t e r  and FAR-29 s p e c i f i e s  2.5 f o r  t h e  tilt r o t o r .  T h i s  

e f f e c t  f a v o r s  t h e  tilt rotor d e s i g n s  i n  terms of  weight  com- 

p a r i s o n s .  F i g u r e  4.1 shows t h e  e f f e c t  o f  maneuver l o a d  f a c t o r  

on t h e  d e s i g n  g r o s s  weight  o f  t h e  h e l i c o p t e r  t o  p r o v i d e  a  

more a c c u r a t e  r e p r e s e n t a t i o n  of  t h e  weight  comparison. A t  
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0 UESIGN POINT TILT ;IOTOR 

1 a 

2 .0 2.5 3.0 3.5 
MANEUVER LOAD FACTOR 

FIGURE 4 . 1  . EFFECT OF IXSIGN MANEUVER LOAD 
FACTOR ON BASE LINE HELICOPTER SIZE. 



t h e  same l o a d  f a c t o r  weight  0 2  t h e  b a s e l i n e  h e l i c o p t e r  

would be  64,200 pounds g r o s s  we igh t ,  10,549 pounds l i g h t e r  

than t h e  d e s i g n  p o i n t  tilt r o t o r .  The f u e l  weight  i s  s t i l l  

l a r g e r  t h a n  f o r  t h e  tilt r o t o r  (6 ,715  pounds a t  maneuver l o a d  

f a c t o r  of 2 .5)  . 
Figure  4.2 shows t h e  d e s i g n  g r o s s  we igh t  o f  t h e  a i r c r a f t  a s  a, 

f u n c t i o n  of  PNL a t  500 f o o t  d i s t a n c e  i n  hover .  The minimum 

weight  h e l i c o p t e r  o c c u r s  a t  98.4 PNd5. The tilt r o t o r  d e s i g n  

s tudy  i n d i c z t e s  t h a t  minimum weight  i s  achieved  a t  h i g h e r  

n o i s e  l e v e l s  - approximate ly  1 0 3  PNdR. 

The inpact of the requirement for an external noise reduction on a i r c r a f t  

g r o s s  we igh t  i s  q u i t e  s e v e r e .  For  5 PNdB r e d u c t i c n  t h e  base-  

l i n e  h e l i c o p t e r  i n c r e a s e s  i n  weight  by 7,052 pounds. f h e  tilt 

r o t o r  t a k e s  a  4,933 pound p e n a l t y  f o r  a  5  PNdB r e d u c t t a n .  

Con~parisons of  a i r c r a f t  i n s t a l l e d  power and r o t o r  d i a n e t e r  

a r e  shown i n  F i g u r e  4.3. 

These v a r i a t i o n s  r e s u l t  from r o t o r  n o i s e c r i t e r i a s i n c e  t h e  

eng ine  i n l e t  n o i s e  h a s  been a t t e n u a t e d .  The b a s i c  d e s i g n  

p o i n t  d i s c  l o a d i n g s  were r e t a i n e d  a t  9 pounds/square  f e e t  and 

15  pounds/square  f e e t  f o r  t h e  h e l i c o p t e r  and tilt r o t o r .  Noise 

v a r i a t i o n s  were o b t a i n e d  by changing t i p  speed  and s o l i d i t y .  

Comparison of t i p  speea ,  s o l i d i t y  and c r u i s e  speed  a t  normal 

r a t e d  power a s s o c i a t e d  w i t h  t h e  d i f f e r e n t  n o i s e  l e v e l s  i n  t h e  

two c o n f i g u r a t i o n s  are g iven  i n  F i g u r e  4.4.  The impact o f  

n o i s e  c r l t e r i a o n  p a r a s i t e  d rag  is  g i v e n  i n  F igu re  4.5. 



FIGURE 4 . 2  . THE EFFECT OF EXTERNAL NOISE DESIGN CRITERIA ON 
AIRCRAFT DESIGN GROSS WEIGHT. 
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The variations in gross weight determine to a large extent 

the initial cost of the aircraft. The effect of external 

noise design criteria on the aircraft initial cost in shown 

in Figure 4.6 for both configurations with airframe costs 

estimated at both $90 per pound and $110 per pound, 

The result of constraining the aircraft to a given perceived 

noise level is a more expensive aircraft in terms of initial 

cost. The tandem helicopter designs have a lcwer initial 

cost thzn the tilt rotor (by virtue of lower design gross 

weights) . 
This advantage for the heliccpter is lost, however, in the 

Direct Operating Cost (DOC) because of the speed and fuel 

consumption advantages of the tilt rotor. The DOC of both 

configurations arz shown in Figure 4.7 for both 2500 and 3500  

hours per year utilization. 

The minimum DOC for tilt rotors is 2.18 cents per seat mile. 

The tandem helicopter has a minimum DOC of 3 . 2 0  cents per 

seat mile. This minimum DOC requirement defines a design 

point tilt rotor which is about 6 PNdB more noisy than the 

helicopter. However, the tilt rotor noise can be reduced to 

the same level as the design point helicopter with only a 

slight degradation in DOC. This is illustrated by Figure 4.7 

which indicates that a tilt rotor designed to 92 PNdD still 

shows a very significant advantage, A further advantage of 

the tilt rotor is that its noise area is significantly smaller 

than the helicopter. This is discussed in more detail in a 
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l a t e r  paragraph .  

A comparison o f  d i r e c t  o p e r a t i n g  c o s t  as a f u n c t i o n  o f  r ange  

i s  g i v e n  f o r  t h e  b a s e l i n e  a i r c r a f t  i n  F i g u r e  4.8. 

The major  c a d s e  o f  reduced DOC f o r  t h e  tilt r o t o r s  i s  t h e  

advantage  of  a  h i g h e r  b lock  speed .  The b a s e l i n e  tilt r o t o r  

and h e i i c o p t e r  b lock  speeds  a r e  shown a s  a f u n c t i o n  o f  r a g e  

i n  F i g u r e  4 .9 .  A t  t h e  d e s i g n  r ange  of  230  s t a t u t e  miles t h e  

tilt r o t o r  h a s  a  317 miles p e r  hour b lock  speed compared w i t h  

1 6 9  miles p e r  hour f o r  t h e  h e l i c o p t e r .  

The p r o d u c t i v i t y  r a t i o  of  t h e  two b a s e l i n e  c o n f i g u r a t i o n s  i s  

shown i n  F i g u r e  4.10 a s  a  f u n c t i o n  o f  range .  A t  t h e  d e s i g n  

r ange  t h e  tilt r o t o r  per forms  53% b e t t e r  t h a n  t h e  tandem 

h e l i c o p t e r .  A t  s h o r t  r anges  t h e r e  is  s t i l l  an  a d v a n t a g e , f o r  

example, a t  50 m i l e s  t h e  p r o d u c t i v i t y  r a t i o  i s  s t i l l  18.5% 

b e t t e r .  

F u r t h e r  Comments on Noise Comparisons 

The 500 f o o t  s i d e l i n e  n o i s e  c h a r a c t e r i s t i c s  which have been 

used t o  c l a s s i f y  t h e  h e l i c o p t e r  and tilt r o t o r  c o n f i g u r a t i o n s  

i n  t h e  preceeding  d i s c u s s i o n s ,  a r e  of l i m i t e d  u s e f u l n e s s  when 

a p p l i e d  a s  a n  i n d i c a t i o n  of  corrmunity accep tance .  Two 

a d d i t i o n a l  f a c t o r s  need t o  be c o n s i d e r e d  when a t t e m p t i n g  t o  

e v a l u a t e  t h e  impact  o f  n o i s e .  These a r e :  

(1) The a r e a  exposed to  n o i s e  l e v e l s  i n  e x c c s s  

of con t inuous  a c c e p t a b l e  l e v e l s .  

( 2 )  The time o r  d u r a t i o n  of  exposure .  
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BASELINE 100 PASSENGER VTOL TRANSPORTS 

DESIGN 
RANGE 

TILT ROTOR 

TANDEM HELICOPTER 

RANGE - STATUTE MILES 
I I 

0 10 3 2 10 300 4CO 500 
RANGE - KILOMETERS 

FIGURE 4 . i O  . PRODUCTIVITY RATIO COMPARISON: TANDEM ROTOR 
HELICOPTER AVD TILT ROTOR. 



When these are considered the design point tilt rotor is seen 

to have marked advantage in spite of the fact, mentioned above, 

that the minimum DOC criterion automatically selects a tilt 

rotor which has a 500 foot sideline noise 6 PNdB higher than 

the design point helic~pter. This is illustrated by the com- 

parison of the noise contours shown in Figures 4.11 and 4.12 

for the tandem helicopter and tilt rotor at takeoff and land- 

ing. The areas exposed to 95PNdB and above for the two con- 

figurations are presented in Figure 4.13 as a function of 

specified levels of 500 foot sideline noise. This indicates 

that the takeoff 95 PNdB noise areas for a basic design point 

helicopter and tilt rotor are similar, but on landing the 

helicopter noise inputs an area approximately 3 times greater 

than the tilt rotor. 

In Table 4.2 the total areas exposed on takeoff and landing 

to 95 PNdB or greater are tabulated for the design point and 

quiet and noisy aircraft. 

TABLE 4.2. AREAS WITH NOISE LEVELS 295 PNdB 

+5 PNdE 

1.05 Sq. Mi. 

.47 Sq. Mi. 

DESIGN POINT 

3 . 6  Sq.  i4 i .  

.24 Sq. Mi. 

Helicopter 

Tilt Rotor 

-5 PNdB 

.29 Sq. Mi. 

.10 Sq. Mi. 
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FIGURE 4.11. COMPARISON OF TILT ROTOR AND HELICOPTER 
'.'AKEOFF PNL CONTOURS 



FIGURE 4 . 1 2 .  COMFARISONS OF TILT ROTOR AND HELICOPTER 
LANDING PNL CONTOURS 
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FIGURE 4 . 1 3  . COMPARISON OF AREA IMPACTED BY 95 PNdB NOISE 
LEVEL OR GREATER DURING TAKEOFF AND LANDING. 



T h i s  i n d i c a t e s  a  s u b s t z n t i a l  advantage  f o r  t h e  tilt r o t o r  on 

t h e  b a s i s  o f  a r e a  a l o n e .  F u r t h e r ,  more r a t i o n a l  n o i s e  COm- 

p a r i s o n s  come r e a d i l y  t o  mlnd. For example,  a b e t t e r  i n d e x  of  

community a c c e p t a n c e  would i n t e g r a t e  time exposure  a t  t h e  

d i f f e r e n t  n o i s e  levels and  a p p l y  we igh t ing  f a c t o r s  t o  t h e  

PNdB l e v e l s .  T h i s  i s  beyond t h e  scope  of  t h e  p r e s e n t  c o n t r a c t  

b u t  s u f f i c i e n t  b a s i c  d a t a  is  inc luded  i n  Volume I and I1 t o  

pe rmi t  a computat ion o f  more r e f i n e d  accep tance  i n d i c e s .  

T r i p  Time 

An impor t an t  f a c e t  of s h o r t  h a u l  o p e r a t i o i ~  i s  convenience  

which i n  p a r t  is  r e l a t e d  t o  t h e  t e r m i n a l  o p e r a t i o n  and t h e  

block t i m e  of t h e  v e h i c l e .  F i g u r e  4.14 compares t h e  t r i p  

time f o r  v a r i o u s  forms of  c r a n s p o r t a t i o n  o v e r  v a r y i n g  r s n g e  

t r i p s ,  An i n i t i a l  t i m e  l o g  i s  shown f o r  c o n v e n t i o n a l  j e t  

t r a n s p o r t s  and t r a i n s  t a k e n  from Reference  2. I t  

has  been assumed t h a t  t h e  VTOL f l e x i b i l i t y  of t h e  b a s e l i n e  a i r -  

c r a f t  would a l l o w  o p e r a t i o r  from d i s p e r s e d  VTOL t e r m i n a l s  w i t h  

t h e  same access time a s  f o r  h igh  speed i n t e r c i t y  t r a i n s .  

The tllt r o t o r  a i r c r a f t  p r o v i d e s  s h o r t e r  t r i p  times f o r  r a n g e s  

i n  e x c e s s  of 73 miles ~ h a a  any o f  t h e  o t h e r  v e h i c l e s  con- 

s i d e r e d .  The h e l i c o p t e r  o v e r t a k e s  t h e  p r i v a t e  c a r  a t  83 miles. 

For t h e  d e s i g n  230 s t a t u t e  m i l e  m i s s i o n  t h e  t c t a l  t r i p  t i m e  

f o r  t h e  tilt r o t o r  is 1 .45  hour s  compared w i t h  2.05 h m r s  f o r  

t h e  h e l i c o p t e r ,  2.18 hour s  f o r  c o n v e n t i o n a l  a i r  t r a n s p o r t ,  

3 .52  hour s  by t r a i n  and 4 . 7  hour s  by c a r  a t  s n  ave rage  speed 

of 50 miles p e r  hour .  
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FISURE 4.14. COMPARISON OF TRIP TIMES WITH CONVENTIONAL 
TRANSPORTATlQN. 



Apart from t h e  a c t u a l  savings  i n  t r i g  t i m e  a  f u r t h e r  f a c t o r  

appears  t o  govern t h e  p u b l i c ' s  s e l e c t i o n  of a  g iven form of  

t r a n s p o r t a t i o n .  The r a t i o  of v e h i c l e  t r a v e l  t i m e  t o  a c c e s s  

t ime a l s o  p l a y s  an  impor tant  r o l e .  Th i s  f a c t o r  i s  much 

b e t t e r  f o r  both of t h e  des ign  c o n f i g u r a t i o n s  than  f o r  con- 

v e n t i o n a l  a i r  t r a n s p o r t a t i o n .  

F igure  4.15 shows t h e  des ign  p o i n t  a i r c r a f t  f u e l  consumption 

i n  terms of  passenger m i l e s  p e r  g a l l o n  compared w i t h  o t h e r  

conventional  a i r  t r a n s p o r t s  and h e l i c o p t e r s .  The d a t a  i n d i -  

c a t e  a g e n e r a l  t r e n d  of inc reased  passenger m i l e s  p e r  g a l l o n  

a s  t h e  a i r c r a f t  d e s i g n  range i n c r e a s e s .  

The b a s e l i n e  tandem h e l i c o p t e r  has a  lower f u e l  consumption 

than e x i s t i n g  h e l i c o p t e r s  and t h u s  o p e r a t e s  a t  h igher  passenger 

mi les  p e r  g a l l o n .  I n  t h i s  r e s p e c t  t h e  des ign  p o i n t  tandem 

h e l i c o p t e r  i s  i n  t h e  lower end of t h e  convent ional  t r a n s p o r t  

band b u t  higher than  t h e  broad band t r e n d  of r e c e n t  h e l i c o p t e r s .  

The tilt r o t o r  has  extremely good f u e l  performance and p l o t s  

above t h e  g e n e r a l  t r e n d  formed by t h e  convent ional  t r a n s p o r t s  

g iv ing  50 passenger m i l e s  pe r  g a l l o n  a t  100% load f a c t o r .  

These b e t t e r  than  t r e n d  performances a r e  impor tant  i n  t h e  

c u r r e n t  and cont inuing c l i m a t e  of energy conse rva t ion .  Both 

t h e  des ign  p o i n t  h e l i c o p t e r  and tilt r o t o r  performances re- 

f l e c t  1985 engine technology which p a r t l y  e x p l a i n s  t h e i r  

b e t t e r  performance than t h e  t r e n d  of comparable t r a n s p o r t s .  
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5.0 MAXIMUM SIZE AND TECaNICAL RISK 

Introduction 

One of the item i:~ the study Statement of Work which has 

provoked much thcught and discussion is that pertaining to 

the number of passengers for which the aircraft were to be 

designed. This stated that the maximum payload should not 

exceed 100 passengers and that restrictions to a lower number 

should be governed by technological constraint only. Economic 

factors such as minimum operating cost per available seat 

rile were not to be considered in setting a size limit for the 

aircraft. The study h3s beec fully res~onsive to this grcund- 

rule, wh~ch might, under some circulnstances, have forced the 

selection of uneconomic designs. However, careful examination 

of technology issues has not resulted in the identification of 

any serious impediments to the maximum size aircraft. In 

fact, only the 100 passenger constraint has been found to be 

more restrictive than either technological or economic con- 

siderations in both the helicopter and tilt rotor configura- 

tions. In both configurations the optimum operating costs 

occur around the 100 passenger mark and there is no specific 

evidence of technological phenomena, or difficulties with 

fabrication techniques or component manufacture which would 

limit the helicopter or tilt rotor to some intermediate number 

of passengers, The 100 passenger size vehicles were accord- 

ingly selected for detailed study. 



Having a r r i v e d  a t  t h i s  a i r c r a f t  s tudy  s i z e  it may be worth- 

while  t o  review some of t h e  o t h e r  i s s u e s  which might be i n -  

volved i n  t h e  s e l e c t i o n  of an a i r c r a f t  t o  b u i l d .  A l a r g e  s i z e d  

a i r c r a f t  r e q u i r e s  more development funds  and more t l m e  t o  b r i n g  

i n t o  s e r v i c e  than  a smal le r  s i z e d  a i r c r a f t .  This  might pro- 

v ide  a  pe r suas ive  argument f o r  t h e  development of a  s m a l i e r  

des ign  which f e l l  w i t h i n  some s e t  of budgetary and schedule 

c o n s t r a i n t s ,  Another f a c t o r  t o  be cons idered  i s  t h e  c r e d i -  

b i l i t y  of t h e  s i z e  s e l e c t e d  and suppor t  among t h e  t e c h n i c a l  

community. I t  w i l l  be more d i f f i c u l t  t o  g e n e r a t e  and s u s t a i n  

suppor t  f o r  a  l a r g e r  r a t h e r  than  a smai le r  s i z e d  development. 

Other i s s u e s  which i n t r u d e  i n t o  t h e  a r e a  of economics a r e  such 

q u e s t i o n s  a s  passenger d e n s i t y  and frequency of schdule ,  and 

t h e  a v a i l a b i l i t y  of t h e  i n i t i a l  c a p i t a l  c o s t s  t o  t h e  commercial 

c a r r i e r .  For example, t h e  advantages of low d i r e c t  o p e r a t i n g  

c o s t  could  be overcome i f  t h e  a c q u i s i t i o n  c o s t  of t h e  a i r c r a f t  

i s  more than  t h e  commercial c a r r i e r  has  a t  i t s  d i s p o s a l .  

0ri t h e  o t h e r  hand an  a i r c r a f t  t h a t  i s  t o o  smal l  w i l l  be un- 

economical t o  o p e r a t e  and w i l l  r e q u i r e  a  premium f a r e  s t . ructuye 

which may prec lude  use  by t h e  d e s i r e d  market.  S0n.e of t h e s e  

i s s u e s  a r e  n o t  r e a d i l y  q u a n t i f i e d  and are i n  many c a s e s  out -  

s i d e  t h e  de f ined  scope of the s tudy.  

Never the less ,  economics a r e  of such importance t h a t  this d i s -  

cuss ion  of r i s k  has been expanded t o  inc lude  t h e  e f f e c t s  of 

d i r e c t  opera t ing  c o s t  a s  w e l l  a s  an e v a i u a t i o n  of t h e  



t e c h n i c a l  r i s k s .  

A s  s t a t e d  above no i d e n t i f i e d  t e c h n o l o g i c a l  problems restrict 

e i t h e r  t h e  tandem r o t o r  h e l i c o p t e r  or t h e  tilt rotor c o n f i g u r a -  

t i o n s  t o  s i z e s  less t h a n  100 p a s s e n g e r s ,  and t h e  f i g u r e s  f o r  

d i r e c t  o p e r a t i n g  c o s t s  s t r o n g l y  s u g g e s t  100 p a s s e n g e r s  or 

above. 

5 .1  MAXIMUM SIZE AND TECHNICAL RISK - TANDEM HELICOPTER 
No l i m i t a t i o n  of tandem h e l i c o p t e r  s i z e  based on t e c h n i c a l  

r i s k  e x i s t s  w i t h i n  100 pas senge r  range .  T h i s  c o n c l u s i o n  i s  

based upon examina t ion  of  t h e  e l emen t s  of t h e  tandem h e l i -  

c o p t e r  and comparison w i t h  c u r r e n t  i n d u s t r i a l  e x p e r i e n c e .  

The components and sys tems  o f  a  tandem h e l i c o p t e r  t o  which a  

s i z e  dependent  t e c h n i c a l  r i s k  might  be a s c r i b e d  a r e  t h e  r o t o r  

system and t h e  d r i v e  t r a i n .  

Rotor System 

The r o t o r  system used i n  t h e  d e s i g n  p o i n t  tandem h e l i c o p t e r  i s  

a  four -b laded  68.9 f o o t  d i ame te r  r o t o r  w i t h  a s o l i d i c y  of 

0 . 0 9 9 .  The r o t o r  i s  f u l l y  a r t i c u l a t e d  and o f  cor .vent iona1  

des ign .  Tdble 5 . 1  shows t h e  r o t o r  c h a r a c t e r i s t i c s  compared 

w i t h  e x i s t i n g  r o t o r  d e s i g n s .  The d e s i g n  p o i n t  a i r c r a f t  i s  

8.9 f e e t  l a r g e r  i n  d i a m e t e r  than  t h e  CH-47 a i r c r a f t  and 

c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  o t h e r  examples shown. 

The r o t o r  s o l i d i t y  i s  0.099 which i s  a l m o s t  i d e n t i c a l  t o  t h e  

XCH-62 (0 .092) .  Rotor  b l a d e s  f o r  t h e  XCH-62 have a l r e a d y  been 
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fabricated using ronposite structures, which d e m m t r a t e  that the ro tor  

. . s ize  is a IUIUEJ r i s k  f m  a fabricat ion viewpoint. The only r i s k  

e l a n t  involved in tfvr ro tor  system is w k t k r  or not an adequate 

w i q h t  al lwancx has been mde i n  the a i r c r a f t  desiqn. rotor svstem 

weight is shown on a statistical w i g h t s  t rend war ism i n  \k>lume I1 

and denmstra tes  that the e i q h t  allowance usedl is consistent  w i t h  actual  

w i q h t s  of exis t ing  large rotcjrs i n  this s i z e  class. 

'kis trend is based on n r o t o t m  canx>sites, b u i l t  and t e s ted  a t  Boeinq 

Vertol. While sare w i q h t  reduction can be a n t i c i w t e d  as m t r u c t i o n  

t echn iqus  inprove, it is nor mticinated that the w i n  w i l l  be lame 

bv the  1985 time frame. 

Drive Train 

?he drive txain used i n  the tandem kelicapter  design is rrudelled on the 

XQI-62 helicopter system designed by Boeing and currently m3eqoing 

d e v e l o p ~ n t  tes t ing .  fie design point  aircraft installed power is lower 

than the XCH-62 and the t3rp levels  r q u i r e d  in t!! d i n e r  box are 

rnodlest by carparison with the exis t ing  &sign a s  sham .in Figure 5.1. 

nte rotor  transmission is required t o  transmit a maxirraan of 207,847 

foot-pounds of torque which is c a p a r a b l e  to the CH-53A (210,000 foot- 

pounds) and rmch less than the XCH-5% (342,000 foot-pounds) and the  

XCH-62 (358,000 foot-pounds) . 
:he c x t i c a l  cmponents of the l i f t /propulsion package are therefore 

wi  &in the range of experience of the Boeing W r t o l  Cbnpany . 

O n e  method o f  r e d u c i n g  t h e  r i s k s  i n  t h e  deve lopment  o f  l a r g e  

a i r c r a f t  i s  by a component deve lopment  program a p p r o a c h .  The 

ongo ing  program on t h e  H L N  i s  d e v e l o p i n g  t h e  c r i t i c a l  com- 
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ponents  of t h e  v e h i c l e  and w i l l  p roduce  a  p r o t o t y p e  a i r c r a f t  

of much l a r g e r  s i z e  t h a n  t h e  tandem h e l i c o p t e r  d e s i g n  s e l e c t e d  

f o r  t h e  s h o r t  h a u l  m i s s i o n .  I n  view of t h i s  e x p e r i e n c e ,  t h e  

r i s k s  f o r  a  v e h i c l e  whose f a b r i c a t i o n  i s  t o  s t a r t  i n  1980 must 

be c o n s i d e r e d  s m a l l  p rov ided  t h a t  t h e  e x p e r i e n c e  g a i n e d  a t  

Boeing V e r t o l  i n  l a r g e  tandem he l icopte r .  d e s i g n s  i s  u t i l i z e d  

i n  t h e  d e s i g n  and f a b r i c a t i o n  of  t h e  commercial  a i r c r a f t  de- 

f i n e d  i n  t h i s  s t udy .  

The o n l y  e lement  o f  r i s k  a s s o c i a t e d  w i t h  t h e  d e s i g n s  i s  t h e  

s t r u c t u r a l  weigh t  r e d u c t i o n  cf 25% t o  a l l o w  f o r  advanced com- 

p o s i t e  m a t e r i a l s  d e s i g n .  T h i s  r e d u c t i o n  i s  though t  t o  be 

o p t i m i s t i c  and a  maximum we igh t  r e d u c t i o n  o f  16% i s  c o n s i d e r e d  

t o  be more a p p r o p r i a t e  based on Boeing e x p e r i e n c e .  The 25% 

r e d u c t i o n  was used however a f t e r  d ~ s c u s s i o n s  w i t h  NASA t o  

p r e s e r v e  common g r o u n d r u l e s  between t h e s e  d e s i g n s  and t h o s e  

produced by o t h e r  c o n t r a c t o r s .  

5 . 2  MAXIMUM SIZE AND R I S K  - TILT ROTOR 

I n t r o d u c t i o n  

The e v a i u d i i u n  of r i s k  and t h e  selection of  maximum c a p a c i t y  

f o r  t h e  tilt r o t o r  t r a n s p o r t  r e q u i r e s  c a r e f u l  r e a s o n i n g  and 

i s  approached under  a  number o f  g r o u n d r u l e s  which r e l y  on 

c e r t a i n  a s sumpt ions ,  i n c l u d i n g  t h e  s u c c e s s f u l  comple t ion  of  

t h e  NASA-Army XV-15 program. 

T h e  d i r e c t i v e  o f  t h e  s t u d y  g u i d e l i n e s  was t o  select t h e  l a r g e s t  

a i r c r a f t  (up t o  100 p a s s e n g e r s )  l i m i t e d  o n l y  by t e c h n i c a l  r i s k .  



An examination of the risk elements associated with a 1GO 

passenger size vehicle is summarized below in this context 

to meet the guideline directive. Although the letter of the 

study guidelines required only technical risk to be considered, 

an implicit requirement of the study was to identify the air- 

craft which should be built to meet short haul transportation 

needs. Such a decision cannot be realistically made without 

reference to the ezoncmic environment within which the ai-r- 

craft must operate. For this reason additional information 

is provided to show the impact of economic considerations on 

aircraft size. 

Technical Risk .- Tilt Rotor 
Background and Assumptions 

The fundamental assumption in the evaluation of risk for the 

tilt rotor aircralc has been tF.at the XV-15 program will be 

~uccessful. That is to say that perfcrmance, handling qual- 

ities and structural integrity are demonstrated to be within 

an acceptable and predictable range. Specifically, it is 

assumed that the behavior of currently identified phenosena 

which define design conditions peculiar to the configuration 

(such as whirl flutter and rotor dynamic interactions with the 

flight mode dynamics) will be found to be as predicted by 

analysis and model and component testing. In summary, it is 

dssumed that configuration problems will be resolved by the 

XV-15 program and therefore the discussion of risk for the 

1985 tilt rotor transport may be limited to those issues 
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which a r e  f u n c t i o n s  o n l y  of  s i z e .  

Techn ica l  E v a l u a t i o n  of  Risk 

I t  i s  n o t  c o n s i d e r e d  t o  be a  u s e f u l  e x e r c i s e  t o  s p e c u l a t e  on 

t h e  p o s s i b l e  emergence o f  new phenomena and d e s i g n  d i f f i c u l -  

t i e s  a s  s i z e  i s  i n c r e a s e d  s i n c e  i f  such  d i f f i c u l t i e s  a r e  n o t  

p r e d i c t e d ,  q u a n t i f i c a t i o n  and e v a l u a t i o n  i s  imposs ib l e .  The 

p o t e n t i a l  f o r  such  development problems i s  r ecogn ized ,  b u t  it 

i s  proposed t h a t  t h e  development p l a n  f o r  t n e  commercial t r a n s -  

p o r t  v e h i c l e  sh,ould be s t r u c t u r e d  t o  o b t a i n  a n  o r d e r l y  r e s o -  

l u t i o n  o f  d e s i g n  problems t o  minimize t h e i r  impact .  Before  

d i s c u s s i n g  such  a  development program which i n s u r e s  a g a i n s t  

t h e  i n t a n g i b l e  r i s k s ,  it i s  n e c e s s a r y  t o  examine t h e   know^ 

problem a r e a s  such as dynamic system d e s i g n  and p r e d i c t a b l e  

phenomena t o  de t e rmine  whether  any p r e d i c t a b l e  l i m i t s  e x i s t .  

The p o t e n t i a l  f o r  r i s k  i n  t h e  fuselage,empennage,and a i r c r a f t  

systems must be  c o n s i d e r e d  minimal s i n c e  s t r u c t u r e  and sys tems  

of t h i s  t y p e  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from e x i s t i n g  

a i r c r a f t  p r a c t i c e .  The w e a l t h  of i n f o r m a t i o n  i n  t h e s e  a r e a s  

i n  s i z e  r a n g e s  of  t h e  same magnitude and f o r  much l a r g e r  a i r -  

c r a f t  t h a n  t h e  100 pas senge r  a i r c r a f t  p r o v i d e s  a s o l i d  b a s i s  

f o r  d e s i g n  and development.  

Developmental d i f f i c u l t i e s  i n  p r e v i o u s  e x p e r i e n c e  where l a r g e  

s t e p s  i n  s i z e  have been made i n  r o t a r y  win9 d e s i g n  have been 

r e l a t e d  t o  t h e  a i r c r a f t  dynamic sys t ems .  For t h i s  r e a  ;on i t  

i s  u s e f u l  t o  b r i e f l y  examine t h e s e  a r e a s  i n  t i l t - r o t o r  d e s i g n .  



The components and systems which have the highest potential 

for developmental risk are: 

1. Drive System 

Can large transmission with large torques and low 

rational frequencies be successfully designed? 

2. Rotor System 

Does the rotor blade strength keep pace with rotor 

loads as size is increased? 

3. Rotor - Nacelle - Wing Aeroelastic Considerations 
As si,:e is increased, do the design constraints of 

wing strength and frequency become more or less 

restrictive? 

Each of these areas are addressed in the following discussion. 

The structural weight reductions of 25% used in the study in 

accordance with the guidelines is thought to constitute a 

technical risk. A weight reduction of 16% maximum would be 

more in line with Boeing experience. 

Drive Train 

The drive train required by the design point tilt rotor air- 

craft is shown schematically in Figure 5.2. The technical 

risks may be evaluated as before by comparing each transmission 

box or gear train with existing hardware. 

The engine transfer case critical mesh torque is 2,525 foot- 

pounds. A similar spur torque mesh exists in the AH-56 trans- 

mission designed to 9,995 foot-pounds. 





The largest of the bevel boxes requires the transmission of 

6,700 foot-pounds of torque which can be compared to a bevel 

set in the transmission of the XCH-62 which is designed to 

7,200-foot-pounds. 

The main rotor transmission requires a maximum torque of 

165,000 foot-pounds which is much smaller than the CH-53A at 

210,000 foot-pounds or the XCH-53E at 342,000 foot-pounds or 

the XCH-62 it 358,000 foot-pounds . 
The spur torque which drives the cross shaft from the main 

transmission collector is sized at 7,200 foot-pounds which is 

again less tl.an the AH-56 spur torque of 9,895 foot-pounds. 

The rotor transmission requires a reduction ratio of 25:l. The 

XCH-53E main rotor transmission has a reduction ratio of 

35.8:l and the CH-53A 32.5:l. The XCH-62 reduction ratio is 

51.2: 1.. 

The maximum reduction ratio required for the bevel boxes is 

1.2:l which is quite low. Typically bevel boxes can be de- 

signed up to 3:l and at low power even 5:l reduction ratios 

are not uncomcn. 

The transfer case spur gearing has a 1.96:l reduction ratio 

which again is modest by industry experience (up to 5:l 

ratios) . 
These comparisons indicate that the elements of the drive sys- 

tem are well within industry experience in terms of size, 

torque transfer and reduction ratio. 



The d e s i g n  o f  t h e  i n d i v i d u a l  g e a r  boxes and s h a f t i n g  can  u o t  

be c o n s i d e r e d  a size l i m i t i n g  r i s k  i t e m  a l t h o u g h  t h e  o p e r a t i o n  

of t h e s e  components i n  t h e  c o n f i g u r a t i o n  s p e c i f i c  t o  t h e  tilt 

r o t o r  would r e q u i r e  development 2s i s  t h e  c a s e  f o r  any new 

t r a n s m i s s i o n .  

Rotor Blade Design 

The d e s i g n  o f  a h i n g e l e s s  r o t o r  f o r  a  tilt r o t o r  a i r c r a f t  re- 

q u i r e s  t h e  compromise o f  b l a d e  r o o t  s t r e n g t h  and b l a d e  roct 

s t i f f n e s s  i n  o r d e r  t o  p r o v i d e  a  f i n i s h e d  d e s i g n  which h a s  

a c c e p t a b l e  r o t a t i n g  b l a d e  f r e q u e n c i e s  a s  w e l l  a s  adequa te  

b l ade  f a t i g u e  bending s t r e n g t h .  The d e t a i l e d  d e s i g n  of t h e  

r o t o r  i s  beyond t h e  scope  o f  t h l s  c o n c e p t u a l  d e s i g n  s t u d y ,  

however, e s t i m a t e s  of  b l a d e  l o a d s  and s t r e n g t h  have been made 

t o  show t h a t  s cch  a  d e s i g n  i s  f e a s i b l e .  Based on expe r i enco  

wi th  t h e  Boeing Model 222 d e s i g n  t h e  8.5% r a d i a l  s t a t i o n  on 

t h e  b l a d e  i s  t h e  p r o b a b l e  f a t i g u e  c r i t i ca l  s e c t i o n .  S i n c e  t h e  

r o t o r  w i l l  be o f  f i b e r g l a s s  c o n s t r u c t i o n  t h e  a l l o w a b l e  a l t e r -  

n a t i n g  stress may be t a k e n  a s  12,000 p s i ,  The modulus o f  

e l a s t i c i t y  f o r  u n i d i r e c t i o n a l  f i b e r g l a s s  i s  6.2 x  l o 6  pounds- 

squa re  i n c h  g i v i n g  an  a l l o w a b l e  a l t e r n a t i n g  s t r a i n  of  1905 I.I 

i / i n c h .  These d a t a  r e f l e c t  t o d a y ' s  t echno logy  and are, t h e r e -  

f o r e ,  r ea sonab ly  c o n s e r v a t i v e  f o r  t h e  1985 t i m e  f rame.  

Assuming t h a t  t h e  b l a d e  s p a r  c r o s s  s e c t i o n  a t  8.5% R i s  c i r -  

c u l a r ,  and 9.4 i n c h e s  i n  d i a m e t e r ,  t h e n  t h e  s p a r  s t i f f n e s s  is 

E I  = 1575 x l o 6  pounds-square i n c h  and t h e  a l l o w a b l e  t o t a l  

a l t e r n a t i n g  b l a d e  bending moment i s  527,000 inch-pounds.  



The blade root stiffness is compatible with blade rotating 

first mode frequencies in the design criteria range used in 

the Model 222 design. 

Figure 5.3 shows the alternating total blade bending moments 

for the design point tilt rotor aircraft in cruise flight at 

both sea level and 14,000 feet altitude for lg level flight at 

design gross weight. 

The alternating blade loads are about 50% of the estimated 

fatigue allowable. The rotor loads have been compcted from 

the measured 26-foot diameter loads using Mach scaling and 

accounting for the difference in rotor solidity. Cyclic pitch 

is assumed to be input as a function of longitudinal stick. 

Figure 5.4 shows the estimated normal load factor at which 

endurance limit loads on the blade root occur. For speeds in 

excess of 216 knots the aircrait can pull its design maneuver 

limit with no fatigue damage and at the worst case can pull 

1.8 g's before fatigue damage occurs. 

The criterion used in the past for conventional propeller de- 

sign is that the blade should be able to tolerate loads corres- 

ponding to 1200 Aq (i.e., angle of attack times dynamic 

pressure) with no damage. This line is also shown in Figure 

5.4 to provide a comparison, 

The maximum normal maneuver in hover requires 5.6 degrees 

cyclic. A normal maneuver is defir.ed by passenger comfort 

levels quoted in the study guidelines (.lg lateral, .4g ver- 

tical). At this condition, the resulting blade stresses are 
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approxxmately 8 4 %  of  t h e  f a t i g u e  a l l o w a b l e .  

Normal hover l o a d s  w i t h  wors t  c y c l i c  t o  t r i m  produce 167,000 

inch-pounds o f  b l a d e  bending moment o f  31.6% o f  t h e  endurance  

l i m i t  l o a d s .  The d e t a i l e d  d e s i g n  of  t h e  b l a d e  and t h e  a i r c r a f t  

c o n t r o l  system i n  t r a n s i t i o n  would be r e q u i r e d  t o  compute t h e  

b l a d e  f a t i g u e  l i f e .  However, t h e  magni tude of  t h e  l o a d s  es- 

t i m a t e d  i n  r e l a t i o n s h i p  t o  t h e  f a t i g u e  endurance  l i m i t  pro- 

v i d e s  a r e a s o n a b l e  i n d i c a t i o n  t h a t  t h i s  b l a d e  cou ld  be des igned  

t o  g i v e  an  adequs t e  f a t i g u e  l i f e  i n  commercial  s e r v i c e .  

S c a l i n g  

I n  d i s c u s s i n g  p o s s i b l e  problems which may be  a f u n c t i o n  of 

s i z e ,  t h e  q u e s t i o n  wil l .  be asked  whether  XV3 and XV15 e x p e r i -  

e n c e  a s  w e l l  a s  t h e  growing body o f  f u l l  scale component 

and s c a l e d  model tes t  d a t a  can  be  e x t r a p o l a t e d  o r  s c a l e d  

up t o  the s i z e  a s s o c i a t e d  w i t h  t h e  100 pas senge r  tilt rotor 

a . i r c r a f t .  I t  i s  t h e  p o s i t i o n  of Boeing V e r t o l  t h a t  e x p e r i e n c e  

ga ined  i n  any w e l l  conducted  tilt r o t o r  tes t  program i s  indeed  

r e l e v a n t  t o  o t h e r s  of l a r g e r  s c a l e  and t h a t  t h e  series of re- 

s u l t s  of tcsts of s c a l e d  models and f u l l  s c a l e  r o t o r s  which 

have been conducted i n  s u p p o r t  o f  t h e  NASA-Army R e s e ~ - c h  

Veh ic l e  compe t i t i on  and subsequen t ly ,  may be  a p p l i e d  i n  two 

ways: ( a )  Dy d i r e c ~  a p p l i c a t i o n  u s i n g  s c a l i n g  iaws and (bj 

by v a l i d a t i n g  g e n e r a l  methodology which may b e  a p p l i e d  i n  

wide ly  d i f f e r e n t  s i t u a t i o n s .  

The v a l i d i t y  of  s c a l i n g  node l  d a t a  t o  f u l l  s c a l e  has  been 

demonstrated a t  Boeing Vertol by e x p e r i e n c e  w i t h  t h e  1 / 9 t h  



s c a l e  v e r s i o n  of  t h e  26 f o o t  d i ame te r  r o t o r  which was t e s t e d  

i n  t h e  NASA-Ames 60 by 80 f o o t  wind t u n n e l .  T h i s  e x p e r i e n c e  

i s  summarized i n  i"igure 5.5 and shows t h a t  t h e  small scale 

t e s t  was an adequate  i n d i c a t o r  of  t h e  aeroelastic behavior  

of  t h e  f u l l  s c a l e  wing and r o t o r  system. 

A r e l a t i v e l y  s m a l l e r  jump i s  invo lved  i n  go ing  from t h e  25-26 

f o o t  d i ame te r  ?eve1 t o  a 56 f o o t  d i ame te r  r o t o r  system. 

The more g e n e r a l  q u e s t i o n  of v a l i d i t i o n  o f  methodology has  

been addressed  a t  l e n g t h  i n  o t h e r  Boeing documents ( e .g . ,  

Reference 3 ,  Wind Tunnel Wsts)  and w i l l  n o t  be r e p e a t e d  h e r e ,  

e x c e p t  t o  s t a t e  t h a t  good p r e d i c t i v e  c a p a b i l i t y  h a s  been shown 

i n  a l l  technology a r e a s  incl .uding b l a d e  l o a d s ,  r o t o r  d e r i v a -  

t i v e s  and a e r o e l a s t i c  s t a b i l i t y .  

A e r o e l a s t i c  - S t a b i l i t y  

At: a n  e a r l y  s t a g e  of  t:he s t i idv ,  a e r o e l a s t i c  s t a . b i l i t y  was re- 

viewed a s  a p o t e n t i a l  a r e a  of r i s k  as  a i r c r a f t  s i z e  grew from 

l e v e l s  which had been s t u d i e d  i n  d e p t h  (e.g. ,  Boeing V e r t o l  

M222 and B e l l  M301). The c m c e r n  was t h a t  t h e  pa rame te r s  

which de te rmine  a e r c e l a s t i c  behavior  might  grow i n  such  a 

manner t h a t  a e r o e l a s t i c  r equ i r emen t s  would become govern ing ,  

aild t h a t  t h e  s t r u c t u r a l  we igh t s  r e q u i r e d  would be subs t an -  

t i a l l y  h ighe r  t h a n  t h a t  ind i .ca ted  by t h e  t ~ s u a l  s i z i n g  and 

weight  t r e n d  p rocedures .  

I n  growing a h i n g e l e s s  r o t o r  from t h e  26 f o o t  d i a m e t e r  s i z e  

t o  56 f o o t  d i ame te r ,  t i p  speed is he ld  c o n s t a n t  and b l a d e  pe r  

r e v  frequency main ta ined  a t  t h s  v a l u e s  s e l e c t e d  f o r  t h e  M222 
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and other Boeing Vertol designs. Lock number remains effec- 

tively constant or is slightly reduced because of the lower 

solidity proposed for the 1985 vehicle. Wing aspect ratio is 

rather higher than M222. Rather than attempt a deduction of 

aeroelastic behavior on the basis of parameter changes it was 

considered desirable to conduct a detailed study using method- 

ology which was validated by model and full scale tests. 

(Reference 6) . 
This detailed calculation of aeroelastic behavior was made when 

the final design paint aircraft was selected. 

In making this evaluation, constant wing bending stiffnesses 

were used in the beam and chordwise directions. These were 

derived from the strenqth requirements associated with jump 

takeoff and landing load considerations. A range of torsional 

stiffness was then explored and the minimum torsional stiffness 

required to meet its FAA requirement of s,ability up to 1.2 

VDive at the cruise RPM was identified. The behavior at two 

altitudes, sea level and 14,000 feet was examined with sub- 

stantially the same results. Using stiffness parameters pro- 

vidlng adequate aeroelastic behavior are as follows; 

E1~eam 8 C  x 1091b-in. 

''chord 475 x 1091b-in. 

C;J~or sion 22 x 1091b-in. 



These stiffness characteristics can be provided for an accept- 

able structural weight. 

An increased margin could be provided for the cost of addition- 

al structural weight, however, the 1.2 VDive criterion already 

provides a 44% margin over the speeds at which the aircraft is 

designed to operate and this is considered adequate in an air- 

craft intended for civil commercial operation. 

Economics 

The single most. important ?arameter in selecting a successful 

commercial vehicle is cost. 

,Is the payload (i.e., number of passengers) and size of the 

aircrait increase, the direct operating costs decrease. This 

is illustrated by Figure 5,6. For example, the costs of 

operation per passenger mile of a 50 passenger aircraft would 

be 43% higher than its 100 passengeL counterpart. 

Since no major technology issues are idectified limiting size 

in the study range, the optimization of vehicle cost clearly 

indicates that a 100 passenger vehicle (maximum aliowed by the 

study guidelines) must be selected. A compromise decision to 

offer commercially an intermediate sized aircraft would set 

back the acceptance of the concept. For example, a 50 passen- 

ger vehicle would demonstrate economics which are slightly 

worse than the 100 passenger helicopter which can almost be 

considered as follows within the current state of the art. 

This comparison would therefore tend to eliminate the tilt 

rotor from contention. 
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In addition, an intermediate sized vehicle would nor compare 

favorably with conventional aircraft in terms of operating 

cost whereas a one hundred passenger ve icle is potentially 

superior as shown in Figure 5.7. 

In the commercial situation, these economic facts require that 

unless compelling technical and engineering reasons are clear- 

ly identified which will limit the size of the aircraft, the 

selected vehicle must be of 100 passenger size if the aircraft 

concept is to realize its potential and successfully compete 

in the short haul marketplace. This position does not preclude 

the construction of an intermediate sized vehicle for com- 

ponent development and technology demonstration purposes and 

a program of this sort involving component development and 

testing is proposed below. 

Outline of Component Develo~ment Program 

The phenomena which are coltsidered to be the largest known risk 

items have beer, examined and although much more detailed anal- 

yses need to be performed the initial studies indicate no 

idsiriifiable limits which would prevent the development of a 

100 passenger aircraft. 

The very serious question remains as to how we can surmount 

the unexpected design and fabrication problems that. might arise 

in the development of large rotors and drive systems. It is 

considered that the rational approach co the problem is by an 

orderly well planned somponeni developm,mt program initiated 

to support the aircraft program, in a timely manner. Such a 

program is outlined below. 



NOTE : 

50 AND 1 0 0  PASSENGER TILT ROTORS 
BASED ON $90/LB AIRFRAME AND 
2 5 0 0  HRS UTILIZATION PER YEAR 

-50 PASSENGER 
TILT ROTOR 

CONVENTIONAL 
TRANSPORTS 

1 0 0  PASSENGER 
TILT ROTOR 

1 I a 

1 0  0 2 On 30 0 
RANGE - STATUTE MILES 

FIGURE 5.7 . COMPARISON OF 50 AND 1 0 0  PASSENGER TILT ROTOR 
AIRCRAFT DOC WITH CONVENTIONAL TRANSPORTS. 



Support of the development of large advanced aircraft by 

means of a component development program has a precedent set 

by the XCH-62 (HLH) program. 

Phase I - Component Development and Ground Testing - 
The initial phases of the program would be the design, fabri- 

cation and testing of a full scale rotor system and drive sys- 

tem. Tnese components will be subjected to the standard range 

of laboratory tests such as operation31 testing on a whirl 

tower to validate structural integrity and performance, and 

transmission qualification testing. Fatigue testing of strength 

critical component will also be accomplished du ng this phase. 

Phase I will also include a comprehensive program of scaled 

model tests to evaluate empirically aircraft perf~rmc~ce, 

flight controls and flying qualities and aemelastic stability. 

Phase I1 

The second stage of development is a flight program using the 

full scale rotor and drive system on an intermediate size test 

bed aircraft of approximately 45,000 - 50,000 pounds gross 
weight. An existing fuselage wculd be used, either the CH-47 

fuselage or one of similar si~e. This intermediate weight air- 

craft would have a low disc loading of about 9 to 10 pounds 

per square f o ~ t  and will permit the initial flight experiencr: 

with the rotor and drive system to take place under minimum 

risk conditions since the rotor power train and engines will 

be operating initially at levels well below their perfoimance 

and structural limits. 



This intermediate aircraft will also have excellent agility 

and control power in hover wh?ch may be presumed to enhance 

flight safety. 

While this intermediate sized vehicle is not commercially 

interesting, it is Jefinitsly of military interest, and an 

additional persuasive argument for this approach is that the 

test bed vehicle itself is of a size which qualifies it as a 

prototype for application in several military roles. 

For example, the LTTAS, SAR and long range, long endurance 

surveillance aircraft required by anti-submarine warfare all 

fall into this general weight range, and the low disc loading 

of the test bed aircraft is consideied a necessity for these 

applications. 

The Phase I1 program would include testing up to the weight of 

.:he 100 passenger aircraft by gradual weight increments using 

ballast. At the conclusion of this program, few risks would 

remain in the dynamic system and the fabrication of the 100 

passenger aircraft could proceed. 

Phase I11 - Fabrication and Test of the Commercial Tilt Rotor 
The fabrication and expeximental flight test evaluation of 

the 100 passenger vehicle would be a relatively straight- 

forward development following Phases I and I1 snd should not 

entail any more risk than that routinely accepted in the 

developaent of new versions of convmtional fixed wing or 

rotary wing aircraft. 



This phase would entail repetition of some Phase I1 items such 

as detailed redesign of airframe structure and a model testing, 

but ~ o t  the major expenses associated with rotor and drive 

system development. 

Program Schedule 

To meet a 1985 deadline for the 100 passenger transport, the 

program outlined would require initiation in 1978, with labora- 

tory work and whirl tests during 1979 and 1980. The fuselage 

for the intermediate sized aircraft will be selected from 

existing inventory since cruise performance will not be criti- 

cal on the test bed vehicle. This phase would need to be 

started in 1979 to produce flight data by 1981. The orderly 

development of hardware in this way and the acquisition of 

flight experience will provide a necessary background to fly 

commercially successful passenger tilt-rotor aircraft by 1985. 



6.0 CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

Both tandem rotor helicopter and tilt rotor aircraft have 

been designed to carry 100 passengers over 200 nautical 

miles. These aircraft meet the specifications of the guide- 

lines and are viable competitors in the short haul market. 

Comparison of the aircraft leads to the following generalized 

conclusions. 

The helicopter is lighter, and less expensive 

in terms of initial cost than the tilt rotor. 

The tilt rotor is faster and less expensive in 

terms of direct operating cost than the 

helicopter. 

The helicopter has lower perceived noise levels 

at 500 feet sideline distance than the tilt 

rotor. However, comparison of equal intensity 

perceived noise level contours indicate that 

the tilt rotor noise affects a much smaller 

area. 

The aircraft are competitive with other forms 

of transportation in terms of trip time, fuel 

consumption and direct operating cost. 

The preponderance of experience on helicopters 

makes the tandem helicopter a lower developmental 

risk than the tilt rotor, however, no identifiable 

risks can be quantified for either configuration. 



The tilt ro toz  would requi re  a component 

development program approach t o  minimize 

the  r i s k  of developmental d i f f i c u l t i e s .  

RECOMMENDATIONS 

The u t i l i t y  of these  veh ic les  i n  the s h o r t  haul  market r e s t s  

t o  a l a rge  degree on t h e i r  a b i l i t y  t o  takeoff  and land v e r t i -  

c a l l y .  The terminal  a rea  operat ion requi res  i nves t iga t ion  

t o  i d e n t i f y  opera t iona l  and environmental problells assoc ia ted  

with t h i s  type of operation.  

I t  is  recommended t h a t  terminal  a r ea  simulation be done t o  

i nves t iga t e  t h i s  aspect  of t he  vehicle  operation.  

The tilt r o t o r  w i l l  r equ i re  t he  development of gus t  a l l e v i a -  

t i o n  systems t o  improve passenger comfort. Such a system 

would involve both r o t o r  and wing cont ro l s .  Design s t u d i e s  

and t e s t s  t o  optimize such a con t ro l  e lement  should be 

performed. 

The assessment of r i s k  i s  sach t h a t  t h e  he l i cop te r  development 

could s t a r t  a s  l a t e  a s  1980 f o r  opera: i n  the  1985 time 

frame. The tilt r o t o r  would requi re  m r e  lead time and a 

component development program should be i n i t i a t e d  a s  soon a s  

the  XV-15 f l i g h t  program provides a success fu l  demonstration 

of t he  coccept. 
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