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A b s t r a c t  

A descr ipt ion is  g i v e n  of a 
h e l i c o p t e r  c o n c e p t u a l  d e s i g n  c o u r s e .  The 
d e s i g n  is  p r i m a r i l y  c o n c e r n e d  w i t h  t h e  
p e r f o r m a n c e  o f  t h e  h e l i c o p t e r ,  and d o e s  
n o t  c o n s i d e r  s t a b i l i t y  e f f e c t s .  The 
d e s i g n  process is  e n h a n c e d  t h r o u g h  t h e  
e x t e n s i v e  u s e  o f  c o m p u t e r  programs.  

I n t c o d u c t i o n  

The h e l i c o p t e r  d e s i g n  p r o c e s s  c a n  
b e  d i v i d e d  i n t o  f i v e  b a s i c  p h a s e s .  The 
f i r s t  p h a 5 e  is a background s t u d y  of t h e  
h i s t o r i c a l  d a t a  and  t h e  c u r r e n t  t r e n d s  
i n  h e l i c o p t e r  d e s i g n .  Second,  a con-  
c e p t u a l  s t u d y  is  c o n d u c t e d  u s i n g  " r u l e s  
o f  thumb" and  e x p e r i e n c e  t o  d e v e l o p  
s imple l a y o u t s .  T h i r d ,  p r e l i m i n a r y  
d e s i g n s  are drawn which  i n c l u d e  v o l u -  
metric s i z i n g ,  a i r f r a m e  l i n e s ,  mechan- 
i s m s  and  s t r u c t u r a l  c o n c e p t s .  F o u r t h ,  
t h e  d e s i g n  e n t e r s  a " p r o p o s a l  s t a t u s "  i n  
which  s u b s y s t e i o s  are d e v e l o p e d ,  s t r u c t -  

'd u r a l  s i z i n g  is r e f i n e d  and  mockups are 
c o n s t r u c t e d .  F i f t h ,  t h e  f i n a l  d e t a i l s  
are  c o m p l e t e d .  

In a l l  o f  t h e s e  p h a s e s ,  much u s e  is 
made o f  "corporate knowledge".  I t  is n o t  
by  a c c i d e n t  t h a t  o n e  c a n  e a s i l y  r e c o g -  
n i z e  t h e  m a n u f a c t u r e r  of !nost h e l i c o p -  
ters,  f o r  r e g a r d l e s s  o f  any  a d v a n c i n g  of 
t h e  s ta te  o f  t h e  a r t ,  much o f  any  new 
d e s i g n  is  p r e d i c a t e d  on p r e v i o u s  work. 

T r a d i t i o n a l l y ,  i n  t h e  a c a d e m i c  e n -  
v i r o n m e n t ,  d e s i g n  c o u r s e s  a re  p r e s e n t e d  
i n  o r d e r  to  e q u i p  t h e  s t u d e n t  w i t h  t h e  
s k i l l s  needed  t o  meet t h e  c h a l l e n g e s  i n  
t h e  real  w o r l d  of e n g i n e e r i n g .  e n g i n -  
e e r i n g  d e s i g n  C O U K S ~ S  are u s u a l l y  "cap- 
s t o n e "  c o u r s e s ,  w i t h  t h e  i n t e n t  o f  
P u l l i n g  t o g e t h e r  material d e v e l o p e d  i n  
o t h e r  c o u r s e s  i n t o  a " u s e r ' s "  c o u r s e .  
S e v e r a l  p r o b l e m s  are i n h e r e n t  i n  d e s i g n  
c o u r s e s .  B e c a u s e  of t i m e  l i m i t a t i o n s ,  
v e r y  l i t t l e ,  i f  a n y ,  n e w  material can b e  
i n t r o d u c e d  and  t h e  scope of t h e  d e s i g n s  
must  b e  s e v e r e l y  l i m i t e d .  T h i s  u s u a l l v  
d i c t a t e s  t h a t  o n l y  t h e  
p h a s e  may b e  c o n s i d e r e d .  

c o n c e p t u a l  d e s i g n  

A s e c o n d  p r o b l e m  e x i s t s  i n  t h a t  t h e  
s t u d e n t  does not  have  t h e  b e n e f i t  of 
" c o r p o r a t e  knowledge" .  However, w i t h o u t  
some b a c k g r o u n d  i n f o r m a t i o n ,  t h e  d e s i g n  
P r o c e s s e s  c o u l d  e v e n  t a k e  t h e  e n t i r e  

(I P r o f e s s o r  and  A c t i n g  Chai rman,  Dept .  
.+d o f  A e r o n a u t i c s .  Assoc ia te  F e l l o w  A I A A  

~ .. 
* CPT U. S. Army; Former g r a d u a t e  

s t u d e n t ,  Naval  P o s t g r a d u a t e  S c h o o l  

c o l l e g i a t e  time s p a n ,  and as a r e s u l t ,  
some t y p e  of t h i s  i n f o r m a t i o n  must  be 
f u r n i s h e d  t o  t h e  s t u d e n t .  

F u r n i s h i n g  background i n f o r m a t i o n  
i s  a syndrome of a t h i r d  b a s i c  p r o b l e m  
i n  e d u c a t i o n a l  d e s i g n  p r o g r a m s .  Inasmuch 
as t h e  s t u d e n t  h a s  n e v e r  g o n e  t h i s  way 
b e f o r e ,  he must  be  g u i d e d  a l o n g  a pro- 
d u c t i v e  p a t h .  T h i s  o f f e r s  a n  e x t r e m e  
c h a l l e n g e  €OK t h e  i n s t r u c t o r  b e c a u s e  
t h e r e  is  a v e r y  t h i n  l i n e  be tween p r o -  
v i d i n g  a g e n e r a l  p r o c e d u r a l  o u t l i n e  and  
f u r n i s h i n g  a " f i l l  i n  t h e  b l a n k s "  
c o u r s e .  

A f i n a l  p r o b l e m  e x i s t s  i n  t h a t  i n  
a d d i t i o n  t o  showing t h e  s t u d e n t  how a 
d e s i g n  p r o c e s s  operates, a p u r p o s e  of 
t h e  c o u r s e  is  t o  r e q u i r a  t h e  s t u d e n t  t o  
u s e  h i s  t h o u g h t  p r o c e s s e s ,  p a r t i c u l a r l y  
i n  making d e c i s i o n s .  T h i s  d i c t a t e s  t h a t  
t h e  s t u d e n t  must h a v e  o p p o r t u n i t i e s  t o  
make s e l e c t i o n s ,  d e c i s i o n s  a n d / o r  op t im-  
i z a t i o n s .  

The S p e c i f i c a t i o n  

I n  o r d e r  t o  c h a n n e l  t h e  e E f o r t s  of 
a l l  of t h e  s t u d e n t s  i n  a somewhat s i m i -  
l a r  d i r e c t i o n ,  it is a d v a n t a g e o u s  t o  
p r e s e n t  a s p e c i f i c a t i o n  s h e e t  as a g o a l .  
A l t h o u g h  m u l t i - r o t o r  h e l i c o p t e r s  are 
c o v e r e d  i n  t h e  p r e r e q u i s i t e  P e r f o r m a n c e  
c o u r s e ,  a t  t h e  Naval  P o s t g r a d u a t e  S c h o o l  
t h e  d e s i g n s  are l imi t ed  t o  s i n g l e  main 
rotor  s y s t e m s ,  p r i m a r i l y  d u e  t o  t i m e  
r e s t r a i n t s .  

T h r e e  b a s i c  d e s i g n  g r o u p s  h a v e  been  
e s t a b l i s h e d  w i t h  e a c h  s p e c i f i c a t i o n  
r e p r e s e n t i n g  a d i f f e r e n t  w e i g h t  c lass  of 
h e l i c o p t e r .  Inasmuch as o u r  s t u d e n t s  are  
m i l i t a r y  o f f i c e r s ,  t h e s e  t h r e e  classes 
r e p r e s e n t  u t i l i t y  (cum U H - 1 1 ,  o b s e r v a -  
t i o n  (H-60A/B) and  c a r g o  (H-53)  t y p e s  o f  
v e h i c l e s .  

The d e s i g n  process is  performed b y  
teams of from two to  f o u r  s t u d e n t s  e a c h .  
I n  o r d e r  to  p e r m i t  some d e g r e e  of i n d e -  
p e n d e n t  t h o u g h t ,  e a c h  member o f  a team 
i s  e n c o u r a g e d  t o  p u r s u e  some v a r i a t i o n s  
on t h e  basic  d e s i g n  t h a t  h i s  team h a s  
p r o d u c e d .  R a t h e r  t h a n  b e i n g  a f u l l - s c a l e  
d e v i a t i o n ,  t h i s  work g e n e r a l l y  is  f o -  
c u s e d  on o n e  or t w o  f a c t o r s .  

The S p e c i f i c a t i o n  is  v e r y  a b b r e -  
v i a t e d ,  as shown i n  T a b l e  I.  

A l t h o u g h  t h e  d e t a i l s  of t h e  
S p e c i f i c a t i o n  are f i r m  d e s i g n  g o a l s ,  
f a i l u r e  to  meet  t h e  S p e c s  s h o u l d  n o t  
n e c e s s a r i l y  reflect n e g a t i v e l y  on t h e  
s t u d e n t s  i f  t h e y  c a n  p r o p e r l y  j u s t i f y  
t h e  r e a s o n s  €OK t h e  d e v i a t i o n s .  

Thisp.p~rindce1srrdnvorkoflh~U.S. 
Covrmmenl m d  Ihrrcfm 1s In lhe public domsin. 
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TABLE I 

SPECIFICATIONS 

D e s i g n  Group 
C r e w  
U s e f u l  Load ( l b s )  
Hover  I G E  ( E t )  
S e r v i c e  C e i l i n g  ( f t )  
v max* ( k t s )  
V c r u i s e *  ( k t s )  
Range max ( m i )  
Gross Weight  # ( l b s )  
Rotor Diameter# ( f t )  
F u s e l a g e  L e n g t h #  ( f t )  

I 

1 
11 
1 4  

11 

2 
,000  
, 0 0 0  
,500  
120  
1 0 5  
225 

, 0 0 0  
54 
50 

* 4 , 0 0 0  F t  P r e s s u r e  A l t ,  OAT 95 d e g  F 
# Not-to-be-exceeded v a l u e s  

The D e s i g n  Manual 

A l o c a l l y  p r e p a r e d  ilelicopter 
D e s i g n  M a n u a l l i s  g i v e n  to  t h e  s t u d e n t - s  
a t  t h e  b e g i n n i n g  of t h e  c o u r s e .  T h i s  
manual  s u p p l e m e n t s  t h e  i n s t r u c t o r ' s  
l e c t u r e s  and p r o v i d e s  f o r  a n  o r d e r l y  
f l o w  t h r o u g h  t h e  d e s i g n  p r o c e s s .  The 
T a b l e  of C o n t e n t s  of t h i s  manual i s  
shown i n  TABLE 11. 

TABLE 11 

HELICOPTER DESIGN MANUAL 
T a b l e  of C o n t e n t s  

1. I n t r o d u c t i o n  
2 .  Main Rotor D e s i g n  
3 .  P r e l i m i n a r v  Power C a l c u l a t i o n s  .. . ~ .  
4. T a i l  Rotor D e s i g n  
5 .  Power C a l c u l a t i o n  R e f i n e m e n t s  
6 .  E n g i n e  S e l e c t i o n  
7 .  Range and  E n d u r a n c e  C a l c u l a t i o n s  
8.  M i s c e l l a n e o u s  C a l c u l a t i o n s  
9 .  F i n a l  Compl iance  Checks  

Each of t h e s e  s e c t i o n s  of t h e  
d e s i g n  manual  w i l l  b e  d i s c u s s e d  b r i e f l y .  

I n t r o d u c t i o n  

Here are  d i s c u s s e d  t h e  d e s i g n  ob- 
j e c t i v e s ,  t h e  d e s i g n  p h a s e s ,  t h e  as- 
s u m p t i o n s  and  t h e  a p p l i c a b i l i t y .  

The g o a l  oE t h e  d e s i g n  is  t o  o p t i -  
m i z e  t h e  m i s s i o n  e f f e c t i v e n e s s  of t h e  
s y s t e m .  T h e r e  are  two g r o u p s  of f a c t o r s  
which  d e t e r m i n e  t h e  m i s s i o n  e f f e c t i v e -  
n e s s  of t h e  s y s t e m :  

1. O p e r a t i o n a l  F a c t o r s  
a .  O v e r a l l  p e r f o r m a n c e  
b. M i s s i o n  R e a d i n e s s  

(1) A v a i l a b i l i t y  
( 2 )  R e l i a b i l i t y  
(3) M a i n t a i n a b i l i t y  

c. S u r v i v a b i l i t y  

a .  L i f e - c y c l e  costs 
2 .  Economic F a c t o r s  

( 1 )  R 6 D 
( 2 )  I n i t i a l  i n v e s t m e n t  
(3) Annual  o p e r a t i n g  costs 
( 4 )  M a i n t e n a n c e  costs 
( 5 )  S a l v a g e  v a l u e  

Inasmuch as n e i t h e r  t h e  t i m e  or t h e  
d e s i r e d  s c o p e  of t h e  c o u r s e  w i l l  p e r m i t  
any i n - d e p t h  e v a l u a t i o n  of t h e  above  
f a c t o r s  ( o t h e r  t h a n  t h e  o v e r a l l  
p e r f o r m a n c e ) ,  t h e  e x e r c i s e  of t h e s e  
fac tors  is  oer formed o n l v  i n  t h e  e n s i n e  

d 

s e l e c t i o n  process. 
The l i s t i n g  of t h e s e  f a c t o r s  g i v e s  

a c l u e  as t o  o n e  t y p e  of e x t r a ,  i n d i -  
v i d u a l  e f f o r t  t h a t  a member of a d e s i g n  
team may e x e r t .  B e c a u s e  t h e  s t u d e n t . ;  a re  
e x h o r t e d  t o  draw on o t h e r  c o u r s e s ,  some 
s t u d e n t s  h a v e  opted t o  p e r f o r m  a s u r v i v -  
a b i l i t y  a n a l y s i s  on t h e i r  d e s i g n  u s i n g  
knowledge drawn from t h e  Naval  P o s t -  
g r a d u a t e  S c h o o l ' s  s t r o n g  and  u n i q u e  
c o u r s e  i n  Ai rcraf t  Combat S u r v i v a b i l i t y .  

The d e s i g n  p h a s e s  h a v e  p r e v i o u s l y  
b e e n  d i s c u s s e d ,  and  i n  t h i s  s e c t i o n  of 
t h e  manual t h e y  are l i s t e d  so t h a t  t h e  
s t u d e n t  is aware  t h a t ,  a l t h o u g h  t y p i c a l  
of a n  a c t u a l  d e s i g n  process, what  is  t o  
be  a c c o m p l i s h e d  is  b u t  one  smal l  p a r t  of 
t h e  whole .  

T o  s p e e d  t h e  d e s i g n  p r o c e s s ,  many 
a s s u m p t i o n s  are made and t h e s e  are 
m e n t i o n e d  as t h e y  o c c u r .  

Main Rotor D e s i g n  
~ 

I n a s n u c h  as s i z i n g  of t h e  h e l i -  
c o p t e r  is  e x t r e m e l y  d e p e n d e n t  on t h e  
w e i g h t  of t h e  v e h i c l e ,  i n i t i a l  estimates 
a n d  later r e f i n e m e n t s 2  of t h e  Manu- 
f a c t u r e r ' s  Empty Weight  and t h e  Gross 
Weight  are r e q u i r e d .  T h e r e  is n o t h i n g  i n  
t h e  academic background o f  t h e  s t u d e n t s  
t h a t  prepares them f o r  t h i s  t a s k  a n d ,  as 
a r e s u l t ,  t h e y  must  r e l y  on h i s t o r i c a l  
d a t a .  I n  p r e p a r i n g  t h e s e  d a t a ,  care must  
b e  e x e r c i s e d  so as n o t  t o  h a v e  too many 
d a t a  p o i n t s !  T h i s  s o u n d s  as t h o u g h  it is 
c o n t r a r y  t o  a l l  r u l e s  of m a t h e m a t i c s ,  
s ta t i s t ics  and  e v e n  common s e n s e ,  b u t  
d u e  t o  t h e  r a p i d  c h a n g e s  i n  t h e  s ta te -  
o f - t h e - a r t  of h e l i c o p t e r  c o n s t r u c t i o n  
d u r i n g  t h e  r e c e n t  p a s t ,  i f  o l d e r  h e l i -  
c o p t e r s  are  i n c l u d e d  i n  t h e  d a t a  bank 
f o r  w e i g h t  e s t i m a t i o n s ,  f o r  example ,  
t h e r e  is  a d a n g e r  of i n c o r r e c t l y  skewing  
t h e  da t a .  

The f i r s t  p e r t u r b a t i o n  of maximum 
ro tor  T i p  V e l o c i t y  is b a s e d  on a need t o  
m a i n t a i n  s u b s o n i c  c o n d i t i o n s  a t  t h e  t i p ,  
a n d  t h i s  f i g u r e ,  t o g e t h e r  w i t h  a rotor  
s i z e  t h a t  w i l l  s a t i s f y  b o t h  t h e  specif-  
i c a t i o n  l i m i t s  and  t h e  l i m i t i n g  v a l u e s  
o f  Disc L o a d i n g ,  d e t e r m i n e  t h e  d e s i r e d  
R o t a t i o n a l  V e l o c i t y .  

The maximum a d v a n c e  r a t i o  is u s e d  
as a n  i n p u t  t o  a n  h i s t o r i c a l  l i m i t  of  
Blade L o a d i n g  t o  d e t e r m i n e  t h e  s o l i d i t y  
of t h e  rotor  s y s t e m .  

The number of t ra in  rotor b l a d e s  is  
a f u n c t i o n  of rotor r a d i u s  (as it 
a f f e c t s  s o l i d i t y )  v i b r a t i o n  and  w e i g h t .  
And w i t h  t h e  r a d i u s  o f  t h e  b l a d e s  
a l r e a d y  d e t e r m i n e d ,  f rom t h e  s o l i d i t y ,  
o n e  c a n  now o b t a i n  a v a l u e  for t h e  i n -  
i t i a l  b l a d e  c h o r d .  F o r  t h i s  f i r s t  per- -+ 
t u r b a t i o n ,  it is  u s u a l l y  d e s i r a b l e  t o  
c o n s i d e r  o n l y  a r e c t a n g u l a r  p l a n f o r m ,  
a l t h o u g h  o t h e r  s h a p e s  may be c o n s i d e r e d  
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in l~ater calculations. 
The selection of an airfoil section 

for the main rotor blades is based on 
the following criteria: 

avoid stall on the retreating side. 
2 .  High lift curve slope to mini- 

mize operation at high angles of attack. 
3. High maximum lift coefficient to 

provide the necessary lift. 
4 .  High drag divergence Mach number 

to avoid compressibility effects on the 
advancing side. 

5. Low drag at combinations of 
angles of attack and Mach numbers 
representing conditions at hover and 
cruise. 

control loads and excessive twisting of 
the hlades. 

Fiistorically the NACA 0012 airfoil 
and its derivatives have been used most 
often. The primary source Eor selecting 
an airfoil section is "Theory of Wing 
Sections" , or a small shopping list of 
candidate airfoils may be furnished. 

preliminary Power Calculations 

.u 1. High stall angle of attack to 

6. Low pitching moments to avoid 

The first power calculations are 
for the power required to hover out-of- 
ground effect (OGE) at standard sea 
level. Inasmuch as power is a variable 
in the weight estimation formulae, the 
power that has just been determined, 
together with the first-cut values of 
rotor sizing, is now used to refine the 

.d weight estimate, and the revised weight 
is, in turn, used to make a second 
evaluation of the power required to 
hover OGE. 

Historically, a Figure of Merit of 
0.75 is considered optimum. This figure 
will be amroximated if the induced _ _  
power is between 70 and 80 percent of 
the total power at hover. If the Figure 
of Merit is too high, the power required 
will be too high at hover. If the Figure 
of Merit is too low, even though the 
hover power may be low, any decrease in 
power required with forward flight will 
be minimized, and, in fact, the power 
required in forward flight may even 
exceed that for hover. 

The rotor geometry is adjusted in 
an attempt to obtain an optimum Figure 
of Merit, new hover power is determined 
and gross weight is adjusted in accord- 
ance with these changes. The weight- 
power values are iterated until the 
steps converge satisfactorily (say less 
than 10% difference between steps). 

The power required to hover in- 
ground-effect (IGE) is now calculated 
(involving only a change in induced 
power) . 

The power required in forward 
flight may now be determined up to the 
specification value of maximum velocity. 
The power required at maximum velocity 

w is compared with the power required at 
hover to ascertain if any adjustment of 
the power inputs to the weight estima- 
tions need be made. 

Although the partial equations for power 
required may be combined, it is wise to 
list separately the components, e.g., 
induced, profile and parasite, for  each 
total. This provides an insight as to 
the relative needs of the helicopter, 
i.e., weight (induced power), rotor 
torque (profile power) or fuselage drag 
(parasite power). 

Tail Rotor Desisn 

The sizing of the tail rotor is 
similar to the procedure used for the 
main rotor, but less sensitive to par- 
ameter variation. Without an offset of 
the tail rotor axis, the lever arm of 
the tail rotor, with respect to the main 
rotor, is the sum of the two radii plus 
one-half foot. 

The tail rotor power required to 
balance the main rotor torque is calcu- 
lated for velocities from hover to max- 
imum velocity and added to the main 
rotor power to determine total power 
required. 

As a baseline, any effects of a 
vertical stabilizer on tail rotor power 
may be ignored. It is of interest to 
note, however, that some military heli- 
copters have a specification requiring a 
capability for a roll-on landing with- 
out a tail rotor. Programs have been 
design for the design and evaluation of 
a vertical stabilizer that will provide 
this functio~.~ This program uses DATCOM 
information , thereby requiring the 
students to make use of information 
learned in another course. 

Inasmuch as the entire design 
process is one of trade-offs, the design 
of a vertical stabilizer offers inter- 
esting opportunities. A properly de- 
signed vertical stabilizer .nay reduce 
the total rotorpower enough at maximum 
velocity that the design will meet the 
specification with smaller engines. On 
the other hand, the increased drag and 
weight of this structure, may tip the 
scales in the other direction. 

Power Calculation Refinements 

"worst case" power required, 
usually W E  at standard sea level or at 
specification density altitude, must be 
calculated and corrections made for 
compressibility effects and retreating 
blade stall effects. Those not too fam- 
iliar with helicopter performance are 
amazed to learn that high speed effects, 
i.e., advancing blade Mach effects, and 
low speed effects, i.e., retreating 
blade stall, both occur at high values 
of forward flight. 

All of the power requirements up to 
this point are in terms of Rotor Shaft 
Horsepower (RSHP), which must be con- 
verted to Engine Shaft Horsepower (ESHP) 
before engine selection can proceed. The 
assumed conversion factors that may be 
used include: 
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1. Ten h o r s e p o w e r  f o r  a c c e s s o r i e s  
2 .  T h r e e  p e r c e n t  t r a n s m i s s i o n  losses. 
3.  Ten p e r c e n t  losses i n  SHP f o r  

m u l t i p l e  e n g i n e  i n s t a l l a t i o n  

E n g i n e  S e l e c t i o n  

E n g i n e  s e l e c t i o n  may b e  e i t h e r  by 
d e s i g n i n g  a " r u b b e r  e n g i n e "  t o  f i t  t h e  
needs or by s e l e c t i n g  from a s h o p p i n g  
l i s t  of " e x i s t i n g "  e n g i n e s .  The l a t t e r  
method is  p r e f e r r e d  b e c a u s e  it is more 
c l o s e l y  .?$tune w i t h  a c t u a l  d e s i q n  
p r a c t i c e s .  

The s ize  of t h e  e n g i n e ( s )  s e l e c t e d  
is  a f u n c t i o n  of t h e  maximum ESNP re- 
q u i r e d ,  w h i l e  t h e  number of e n g i n e s  is 
d e p e n d e n t  on s a f e t y ,  s u r v i v a b i l i t y  and 
r e l i a b i l i t y .  The c r i t e r i a  f o r  t h e  t y p e  
of e n g i n e  t o  be  s e l e c t e d  are  w e i y h t ,  
l i f e - c v c l e  costs. a v a i l a b i l i t v .  r e l ia -  ~. 
b i l i t y ;  m a i n t a i n a b i l i t y  a n d ,  of c o u r s e ,  
p e r o r m a n c e .  

E n g i n e  se lec t ion  o f f e r s  t h e  s t u d e n t  
d e s i g n e r  t h e  b e s t  o p p o r t u n i t y  t o  make 
( a n d  j u s t i f y )  v a l u e  j u d g m e n t s .  Not o n l y  
is  t h e  s t u d e n t  r e q u i r e d  t o  select  
e n g i n e s  t h a t  w i l l  p r o v i d e  t h e  r e q u i r e d  
p e r f o r m a n c e ,  b u t  t h e y  are  r e q u i r e d  t o  
j u s t i f y  t h e  s e l e c t i o n  on b a s i s  o f  l i f e -  
c y c l e  cost, m a i n t a i n a b i l i t y ,  a v a i l a -  
b i l i t y  and  r e l i a b i l i t y .  

Once e n g i n e  s e l e c t i o n  h a s  b e e n  
c o m p l e t e d ,  t h e  e n g i n e  p e r f o r m a n c e  p a r -  
ameters, s u c h  as f u e l  f l o w  rates,  c a n  b e  
d e t e r m i n e d .  

Range and  E n d u r a n c e  C a l c u l a t i o n s  

The v e l o c i t y  f o r  maximum e n d u r a n c e  
a n d  €OK maximum r a n g e  may be  d e t e r m i n e d  
g r a p h i c a l l y  f rom a p l o t  of power re- 
q u i r e d  v e r s u s  v e l o c i t y ,  or may he d e -  
t e r m i n e d  a l g e b r a i c a l l y .  From t h e  power 
r e q u i r e d  a t  t h e s e  t w o  v e l o c i t y  p o i n t s  
and  from t h e  f u e l  f l o w  rates p r e v i o u s l y  
d e t e r m i n e d ,  o n e  may c a l c u l a t e  f u e l  
r e q u i r e m e n t s .  A s c e n a r i o  €OK maximum 
r a n g e  f l i g h t  m i g h t  be  s u c h  as: 

1. Warm-up and t a k e - o f f  
a .  T h r e e  m i n u t e s  o f  f u e l  a t  

2.  C r u i s e  a t  s p e c i f i c a t i o n  v e l o c i t y  
a. Power € O K  maximum r a n g e  

3.  Approach and  l a n d i n g  
a .  T h r e e  m i n u t e s  a t  NRP. 

4 .  R e s e r v e  f u e l  
a .  F i E t e e n  m i n u t e s  a t  maximum 

Normal R a t e d  Power (NRP) 

e n d u r a n c e  v e l o c i t y .  
The amount  o f  f u e l  r e q u i r e d  f o r  t h e  

r a n g e  problem may e x c e e d  t h e  amount  of 
f u e l  o r i g i n a l l y  computed i n  t h e  w e i g h t  
c a l c u l a t i o n s .  I f  so, t h e  w e i g h t s  must be  
r e c a l c u l a t e d ,  as must a l l  o f  t h e  power 
r e q u i r e d  f u n c t i o n s . 1 t  is  o b v i o u s  t h a t  
t h i s  would r e q u i r e  almost a n  a d d i t i o n a l  
complete t r i p  t h r o u g h  t h e  d e s i g n  
process. 

M i s c e l l a n e o u s  C a l c u l a t i o n s  

F i n a l  c a l c u l a t i o n s  i n c l u d e  t h e  d e -  
t e r m i n a t i o n  of b e s t  r a t e - o f - c l i m b .  and 
s e r v i c e  and  h o v e r  c e i l i n g s .  

A n o t h e r  i n t e r e s t i n g  p o s s i b i l i t y  h a s  
t o  d o  w i t h  l a n d i n g  g e a r .  N o r m a l l y ,  t h e  
d e s i g n  is  c o n d u c t e d  on t h e  bas i s  of a 
s k i d - t y p e  l a n d i n g  g e a r .  The a d d i t o n  of a 

add w e i g h t  and  d r a g  and a r e t r a c t a b l e  
l a n d i n g  gear w i l l  r e q u i r e  e v e n  more 
w e i g h t ,  b u t  can r e s u l t  i n  a decrease i n  
d r a g  when t h e  g e a r  is  r e t r a c t e d .  The 
d e s i g n e r  must  now c o n s i d e r  a c r o s s - o v e r  
p o i n t  as t o  when, and i f ,  t h e  retract-  
a b l e  l a n d i n g  g e a r  becomes a n  asset 
r a t h e r  t h a n  a l i a b i l i t y .  B e c a u s e  t h e  
b e n e f i t s  a c c r u e  a t  t h e  h i g h e r  a i r s p e e d s ,  
t y p i c a l  m i s s i o n  p r o f i l e s  must  be  i n -  
c l u d e d  i n  t h e  s p e c i f i c a t i o n  t o  ass is t  i n  
s u c h  a n  e v a l u a t i o n .  

f i x e d ,  wheel  g e a r  s y s t e m  w i l l  p r o b a b l y  4 

Reports 

I n  a d d i t i o n  t o  a formal, w r i t t e n  
f i n a l  report c o n t a i n i n g  t h e  i n t e r m e d i a t e  
c a l c u l a t i o n s  and  r a t i o n a l i z a t i o n s  as 
w e l l  a s  t h e  E i n a l  r e s u l t s ,  e a c h  d e s i g n  
g r o u p  must  make an o r a l  p r e s e n t a t i o n  
d u r i n g  t h e  last  week of t h e  c o u r s e .  The 
o ra l  r e p o r t  s e r v e s  t h r e e  b a s i c  p u r p o s e s :  
Eirst, i t  g i v e s  t h e  s t u d e n t s  a n  
o p p o r t u n i t y  to  p r e p a r e  and d e l i v e r  a 
t i m e - l i m i t e d  t e c h n i c a l  r e p o r t ,  a 
f u n c t i o n  t h a t  t h e y  w i l l  f i n d  n e c e s s a r y  
i n  t h e i r  p o s t - s c h o o l i n g  d a y s .  S e c o n d l y ,  
t h i s  p r o v i d e s  t h e  o t h e r  s t u d e n t s  an 
i n s i g h t  as t o  how o t h e r s  a p p r o a c h e d  and  
s o l v e d  t h e  same t y p e  oE p r o b l e m s .  T h i s  
i m m e d i a t e  f e e d b a c k ,  a l t h o u g h  somewhat 
o b t u s e ,  is an e s s e n t i a l  p a r t  of t h e  
a c a d e m i c  process. Last  oE a l l ,  it pro- 
v i d e s  t h e  i n s t r u c t o r  w i t h  a n  o v e r v i e w  of 
e a c h  d e s i g n ,  and t h i s  f a c i l i t a t e s  h i s  
g r a d i n g  process. 

Some i n t e r m e d i a t e  reports a re  a l s o  
r e q u i r e d ,  a l t h o u g h  t h e s e  may b e  more 
i m p l i c i t  t h a n  e x p l i c i t .  F o r m a t s  are  
s t i p u l a t e d  and  forms are p r o v i d e d  i n  t h e  
d e s i g n  manual  f o r  s e v e r a l  oE t h e  i n t e r -  
m e d i a t e  s t e p s  s u c h  as i n i t i a l  power 
d e t e r m i n a t i o n s  and  w e i g h t  e s t i m a t i o n s  i n  
a d d i t i o n  t o  a form f o r  a f i n a l  report  
summary. Even i f  t h e  i n t e r m e d i a t e  s t e p  
f o r m s  are n o t  c o l l e c t e d ,  t h e  i n s t r u c t o r  
h a s  t h e  o p p o r t u n i t y  t o  see t h e s e  d a t a  as 
h e  c i r c u l a t e s  among t h e  d e s i g n  g r o u p s .  

Compu t e  r Programs 

The h e a r t  of t h i s  d e s i g n  c o u r s e  i s  
a series o f  c o m p u t e r  programs.6  I t  h a s  
b e e n  m e n t i o n e d  t h a t  it is e s s e n t i a l  t h a t  
t h e  s t u d e n t  h a v e  a n  u n d e r s t a n d i n g  of t h e  
make-up of t h e  component  powers ,  
w e i g h t s ,  et  cetera,  b u t  a f t e r  t h e  
s t u d e n t  h a s  s o l v e d  a n  e q u a t i o n  t w o  or 
t h r e e  times, t h e  p o i n t  h a s  b e e n  made, 
and  summary i n f o r m a t i o n  is a l l  t h a t  is 
r e q u i r e d .  

The b a s i c  e q u a t i o n s  t h a t  a re  u s e d  
i n  t h e  d e s i g n  s e q u e n c e  have been  d e v e l -  
oped  i n  a p r e r e q u i s i t e  c o u r s e  " H e l i -  
copter P e r f o r m a n c e "  ' . T h e s e  e q u a t i o n s  
h a v e  b e e n  programmed i n  v a r i o u s  f o r m a t s  .d 
a n d  c o m b i n a t i o n s  on a n  HP-9830 d e s k  t o p  
ComPter ,  a n  I B M  S e r i e s  1 s y s t e m ,  t h e  
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TRS-80 Model 1, t h e  App le  I1 and t h e  
HP-41. The l a t t e r  programs are  c u r r e n t l y  
t h e  p r i m a r y  p rograms .  T h e s e  p rograms  
have  been  d e v e l o p e d  i n  a n  e x t e n s i v e  
s u b r o u t i n e  f o r m a t  i n  o r d e r  to  permit 

d Eacile c h a n g i n g  of t h e  p rograms .  I n  
a d d i t i o n  t o  t h e  s u b r o u t i n e s ,  s e v e r a l  o f  
t h e  p r o g r a m s  have  been  d u p l i c a t e d  i n  
" s t a n d  a l o n e "  f o r m a t .  F o r  example ,  
d e n s i t y  is  computed  f rom d e n s i t y  a l t i -  
t u d e  i n  a s u b r o u t i n e  t o  be u s e d  i n  power 
d e t e r m i n a t i o n s ,  w h i l e  d e n s i t y  y y  a l so  
be  d e t e r m i n e d  f rom p r e s s u r e  a l t i t u d e  and  
t s m p e r a t u r e  f o r  d i r e c t  r e a d o u t .  T h e r e  
are  c u r r e n t l y  n e a r l y  s i x t y  (60) HP-41 
p r o g r a m  i n  u s e .  

The e n t i r e  p e r f o r m a n c e  process h a s  
a l so  been  programmed on a main-frame 
compute r  ( a n  IBM 3037)  w i t h  t h e  p r i m a r y  
o u t p u t  a a p r i n t e d  p l o t  of power 
r e q u i r e d  v e r s u s  v e l o c i t y  w i t h  t ex t  on 
g r a p h i c s .  T h i s  program i s  g e n e r a l l y  too 
l o n g  and  too complex  f o r  u s e  i n  i n t e r -  
m e d i a t e  s t e p s ,  b u t  i t  p r o v i d e s  a n  
e x c e l l e n t  summary €or f i n a l  and  near- 
f i n a l  r e s u l t s ,  e .g . ,  t o t a l  power 
r e q u i r e d  and  main rotor o n l y  power 
r e q u i r e d  . 

Sample  D e s i g n  

The f o l l o w i n g  d e s i g n  s e q u e n c e  is 
p r e s e n t e d  w i t h o u t  t h e  s u p p o r t i n g  hand- 
o u t s  i n  o r d e r  t o  s h o r t e n  t h i s  p a p e r .  I t  
i s  meant  o n l y  as a n  o v e r a l l  v i ew of t h e  
d e s i g n  p r o c e s s .  

M a i n  Rotor D e s i g n  
d 

The S p e c i f i c a t i o n  maximum Gross 
Weight  (GW) ( f r o m  T a b l e  I) is  l i s t e d  as 
1 1 , 0 0 0  pounds .  A g r a p h  o f  h i s t o r i c a l  
w e i g h t  ra t ios  i n d i c a t e s  t h a t  t h e  Manu- 
f a c t u r e r ' s  Empty Weight  ( M E W )  is  
a p p r o x i m a t e l y  60% of t h e  Gross Weight  
t h e r e b y  g i v i n g  a f i r s t - c u t  MEW of 6 ,600  
pounds .  A rough  estimate o f  GW is  made 
a t  80% o f  t h e  S p e c i f i c a t i o n  v a l u e  t o  
accommodate f u t u r e  g rowth .  Wi th  a D i s c  
L o a d i n g  of 6 . 0 ,  t h i s  GW gives  a rotor 
r a d i u s  of 21 .6  f e e t .  

Maximum T i p  v e l o c i t y ,  f o r  a Mach 
number of 0 .65  a t  s t a n d a r d  sea l e v e l  
c o n d i t i o n s  is a p p r o x i m a t e l y  725 f e e t p e r  
s e c o n d .  Wi th  a rotor r a d i u s  o f  21 .6  
f e e t / s e c o n d ,  a r o t a t i o n a l  v e l o c i t y  o f  
35.6 r a d i a n s / s e c o n d  is  i n d i c a t e d .  T h i s  
i s  w i t h i n  u s u a l  bounds .  

W i t h  a computed C o e f f i c i e n t  o f  
T h r u s t  of 0.0059 and a maximum a d v a n c e  
r a t i o  ( a t  maximum forward v e l o c i t y )  o f  
0 . 2 7 9 ,  t h e  s o l i d i t y  is  o b t a i n e d  f rom a 
p l o t  Of a d v a n c e  r a t i o - b l a d e  l o a d i n g  
l i m i t s  as 0 .0554.  Wi th  f o u r  main rotor 
b l a d e s ,  t h i s  s o l i d i t y  i n d i c a t e d  a b l a d e  
c h o r d  of 0 .94  f e e t  and  a n  Aspect Rat io  
Of 22.98. 

T h i s  r a t i o  is  o u t s i d e  t h e  u s u a l  
r a n g e  of 1 5  t o  20 ,  so t h e  r o t a t i o n a l  
v e l o c i t y  was r e d u c e d  t o  31 r a d i a n s p e r  
s e c o n d  and  t h e  r e v i s e d  v a l u e s  o b t a i n e d  

i /  were: C o e f f i c i e n t  o f  T h r u s t  - 0 .0070 ;  
B l a d e  Load ing  - 0 .1038 , ;  b l a d e  c h o r d  - 
1 .144  f e e t ;  V(Tip1  - 669.8 f e e t  per 

s e c o n d ;  s o l i d i t y  - 0.0674; and  A s p e c t  
Ra t io  - 18 .88 .  

A i r f o i l  S e c t i o n  "A" f r o m  t h e  OKO- 
posed  a i r f o i l s  w a s  c h o s e n  w i t h  a p r o ' f i l e  
d r a g  c o e f f i c i e n t  o f  0.010 and  a l i f t  
c u r v e  slope of 6.4458 per radian. 

P r e l i m i n a r y  Power C a l c u l a t i o n s  

For t h e s e  v e h i c l e  d i m e n s i o n s ,  t h e  
main  rotor  power r e q u i r e d  i n  h o v e r  i s  
744.48  HP, w i t h  583 .92  Hp f o r  i n d u c e d  
power and  160 .56  HP f o r  p r o f i l e  power. 
U s i n g  t h i s  power f i g u r e ,  a d d i t i o n a l  
Gross Weigh t  estimates were made and  new 
power r e q u i r e m e n t s  computed  f o r  e a c h  new 
w e i g h t .  Rotor d i m e n s i o n s  were a d j u s t e d  
t o  p r o v i d e  a F i g u r e  o f  Merit be tween  
0.70 and  0 .80  u n t i l  on t h e  f o u r t h  
i t e r a t i o n ,  a Gross w e i g h t  o f  7579.43  
pounds  and  a t o t a l  main rotor power t o  
h o v e r  OGE of 681 .36  HP w a s  o b t a i n e d .  
Main rotor p o w e r  r e q u i r e m e n t s  were t h e n  
c a l c u l a t e d  up  t o  maximum v e l o c i t y  

T a i l  Rotor D e s i g n  

I n  a manner s imi la r  t o  t h a t  u s e d  
f o r  t h e  main rotor ,  t h e  t a i l  rotor  
d i m e n s i o n s  and  power r e q u i r e m e n t s  were 
c a l c u l a t e d  so as t o  p r o v i d e  a n t i - t o r q u e  
r e a c t i o n  a t  a l l  f l y i n g  s p e e d s .  A t  
s t a n d a r d  sea l e v e l ,  t h e  t a i l  rotor power 
r a n g e d  f rom 46.64 HP a t  zero airspeed t o  
a low o f  a b o u t  11 HP a t  60  - 80 k n o t s .  
A t  t h e  S p e c i f i c a t i o n  a l t i t u d e ,  t h e  t a i l  
rotor power r a n g e d  from 55.21  HP a t  z e r o  
v e l o c i t y  t o  a l o w  of a b o u t  11 HP a t  
a b o u t  80 k n o t s .  T h e s e  powers  were added  
t o  t h e  main rotor power to  o b t a i n  t o t a l  
power c u r v e s .  

Power C a l c u l a t i o n  R e f i n e m e n t s  

C o m p r e s s i b i l i t y  and  b l a d e  s t a l l  
c o r r e c t i o n s  t o  t h e  main rotor power were 
made a t  maximum v e l o c i t y  a n d  t h e  rotor 
s h a € t  ho r sepower  r e q u i r e d  t o  h o v e r  a t  
t h e  S p e c i f i c a t i o n  h o v e r  c e i l i n g  w a s  
d e t e r m i n e d .  The maximum power r e q u i r e d  
(maximum v e l o c i t y  a t  sea l e v e l )  o f  766 .8  
HP was t h e n  u s e d  f o r  t h e  e n g i n e  selec- 
t i o n .  T h i s  was c o n v e r t e d  to  a n  E n g i n e  
S h a f t  Horsepower  of 876.5.  

E n g i n e  S e l e c t i o n  

I t  w a s  d e c i d e d  ( w i t h  s u p p o r t i n g  
r a t i o n a l e )  t o  u s e  two e n g i n e s  and 
e n g i n e s  "B" f r o m  t h e  s h o p p i n g  l i s t  were 
selected. T h i s  s e l c t i o n  w a s  b a s e d  on  a n  
a n a l y t i c a l  e x a m i n a t i o n  of l i f e - c y c l e  
costs, a v a i l a b i l i t y ,  r e l i a b i l i t y  and  
m a i n t a i n a b i l i t y  as w e l l  as per formamce.  
The a c t u a l  w e i g h t  of t h e s e  e n g i n e s  was 
8017 .5  pounds ,  which  was w i t h i n  10% of 
t h e  o r i g i n a l  estimate of 7579.4  pounds ,  
so no  f u r t h e r  r e v i s i o n s  i n  w e i g h t  or 
power needed  to  be. made. F u e l  f l o w  as a 
f u n c t i o n  of power w a s  t h e n  o b t a i n e d .  

Range  and  Endurance  C a l c u l a t i o n s  
T h e  v e l o c i t y  f o r  maximum r a n g e  (115 
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k n o t s )  w a s  o b t a i n e d  g r a p h i c a l l y ,  as was 
t h e  v e l o c i t y  € O K  maxiinurn e n d u r a n c e  ( 6 5  
k n o t s ) .  The f u e l  r e q u i r e d  f o r  t h e  max- 
imum r a n g e  scenario was c a l c u l a t e d  as 
1 , 0 3 2  pounds .  T h i s  is less t h a t  t h e  
1 ,500  pounds  oE Euel c a r r i e d ,  so no 
r ev i s ion  o f  t h e  v a l u e s  need b e  made. 

M i s c e l l a n e o u s  C a l c u l a t i o n s  

The e x t r a  Euel on-board  would 
p e r m i t  a n  e x t r a  232.75 n a u t i c a l  (miles of 
r a n g e  E O K  t h e  maximum r a n g e  problem.  

A t  1 2 0  k n o t s  i t  w a s  d e t e r m i n e d  t h a t  
t h e  C o l l e c t i v e  w a s  se t  a t  1 7 . 6  d e g r e e s ,  
t h e  C y c l i c  a t  - 6 . 2  d e g r e e s  and t h e  mak- 
imum a n g l e  o€ a t t a c k  on t h e  r e t r e a t i n g  
b l a d e  was 1 1 . 7  d e g r e e s  ( b e l o w  t h e  b l a d e  
s t a l l  regime). 

By a n  i t e r a t i v e  p r o c e s s ,  t h e  B e s t  
Rate o f  Cl imb w a s  d e t e r m i n e d  t o  be  3 ,656  
f ee t  p e r  m i n u t e  a t  a f o r w a r d  v e l o c i t y  of 
58 k n o t s .  

C o n c l u s i o n s  

A h e l i c o p t e r  c o n c e p t u a l  d e s i g n  
p rogram f o r  a c o u r s e  of i n s t r u c t i o n  can 
be d e v i s e d  t h a t  c h a l l e n g e s  t h e  s t u d e n t s ,  
p e r m i t s  i n t e g r a t i o n  of material used  i n  
p r e r e q u i s i t e  c o u r s e s  and  p r o v i d e s  a 
series of r e a l i s t i c  r e s u l t s  w i t h o u t  
o v e r t a x i n g  e i t h e r  t h e  a b i l i t i e s  or t h e  
t i m e  oE t h e  s t u d e n t s ,  and  y e t  w i t h o u t  
spoon  f e e d i n g  t h e  s t u d e n t s .  

The d e s i g n  process is  open  e n d e d ,  
t h u s  p e r m i t t i n g  t h e  r e a d y  a d d i t i o n  or 
d e l e c t i o n  of material. The h e a r t  oE t h e  
d e s i g n  s e q u e n c e  is u s e r  E r i e n d l y  
compute r  p rograms .  
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