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FOLDING TRAILABLE ROTORS FOR LIFTING VTOL AIRCRAFT

1.  INTRODUCTION

In Re fe rence  1 ,  a powerplant  sy s t em for  VTOL a i r c r a f t
was p roposed  in which a number of dua l -pu rpose  turbo gas gene ra to r s
were used e i t he r  to d r ive  duc ted  wing-  immersed f ans  fo r  ve r t i ca l
thrus t  j or to supp ly  gas fo r  je t  p ropu l s ion  in ho r i zon ta l  f l i gh t»

The wing immers ion  of the  l i f t i ng  fans  p rov ided  an
e l egan t  con f igu ra t i on ,  with  minimum d rag ,  fo r  ho r i zon ta l  f l i gh t ,
but neces s i t a t ed  a h igh  fan d i s c  l oad ing  to match the sma l l  wing
a rea ,  which was of cou r se  d ivo rced  from t ake -o f f  r equ i r emen t s»

500 lb/ft  was the o rder  of load ing  cons ide red  su i t ab l e
for  the sma l l  f ans  of such  an a i r c r a f t .  With a co r r e spond ing
thrus t  to  h .p .  r a t i o  of l e s s  than  2 ( see  Figure 1) t he re  was
requ i red  a l a rge  amount of i n s t a l l ed  power fo r  t ake -o f f  and
hover ing ,  r e su l t i ng  in an exces s  of power fo r  ho r i zon ta l  f l i gh t .

This  supe rabundance  of power was an embar ra s smen t
ra ther  than a bene f i t ,  because  e i t he r  some of the gas gene ra to r s
had to be shu t  down, or a l l  of them run a t  what cou ld  be an
ine f f i c i en t  l oad ing ,  fo r  mode ra t e  a i r c r a f t  speeds  in ho r i zon ta l
f l i gh t  .

J e t  p ropu l s ion  a l so  required f lying f a s t  and the re fo re
h igh  fo r  e f f i c i ency ,  so t ha t  the p roposed  wing- immersed  sys t em
seemed more su i t ab l e  fo r  medium to long range t r anspo r t s ,  a t
high subson ic  or even supe r son ic  speed ,  than for  sma l l e r  a i r c r a f t
required to f l y  a t  low or mode ra t e  speeds ,  on sho r t e r  r ange  mi s s ions ,
nea r  sea l eve l .

This memorandum has been composed wi th  the  l a t t e r  type
of a i r c r a f t  i n .  mind,  and as a con t r a s t  to  the wing- immersed  fan
scheme .

The p roposa l  put forward is ha rd ly  r evo lu t iona ry ,  but
a number of what migh t  be new dev ice s ,  t oge the r  wi th  a f r e sh
s t a t emen t  of t heo ry ,  are  combined t owards  a pos s ib ly  p rac t i ca l
so lu t i on  of an old p rob lem.

That p rob lem is  how to min imize  in ho r i zon ta l  f l i gh t
the d rag  of l a rge  unducted  ro to r s  or  p rope l l e r s  (ou t s ide  the
wings )  whose so l e  pu rpose ,  l ike  tha t  of the wing- immersed  f ans ,
is  to l i f t  and hover  the  VTOL a i r c r a f t .

The d i s c  l oad ing  cons ide red  fa? such ro to r s ,  of the
order  of abou t  2 .5  lb/ft , is the same as in many he l i cop te r s ,
or 200 t imes  l e s s  than in the wing- immersed  fan  s cheme .
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Such a l oad ing  g ives  a g r ea t l y  improved thrust  to h .n .
r a t i o ,  abou t  16 to 20 or so ,  depending upon e f f i c i ency  ( see
Figure  1 ) ,  thus g r ea t l y  reducing the power and weight  of the gas
gene ra to r s .  However ,  the d i f f i cu l ty  then becomes the s i ze  of
the l i f t i ng  ro to r s ,  whose d i ame te r  may be from abou t  20 to 100
fee t ,  depending upon t he i r  number and the s i ze  of the a i r c r a f t .

Many so lu t i ons  to the problem of dea l ing  wi th  the l a rge
ro to r s  in ho r i zon ta l  f l i gh t  have been p roposed  and c l a s s i f i ed
(Refe rence  2, e t c . ) .  The most r ecen t  p roposa l  for  a VTOL a i r c r a f t ,
advanced  by one of the fo r emos t  he l i cop te r  manufac tu re r s ,  had a
one -b l aded ,  coun te r -we igh ted  l i f t i ng  ro to r ,  which was r e t r ac t ab l e
in to  the fu se l age  (Re fe rence  3)·

The scheme examined  in the p r e sen t  memorandum cons i s t s
of t i p , l e t -d r iven  l i f t i ng  ro to r s ,  wi th  two or more b l ades ,  which
fo ld  l ike  jack kn ives  on the ax i s  of r o t a t i on ,  and t r a i l  na tu ra l l y
downwind fo r  minimum drag  in ho r i zon ta l  f l i gh t  ( s ee  F igu res  2, £,
6 ) .  Coun te r -ba l anc ing  we igh t s  are  not  neces sa ry  because ,  by an
au toma t i c  lock ing  dev ice ,  the b l ades  are  fo r ced  to  ro t a t e  oppos i t e
each o the r  when l oaded .

Tip je t  d r ive s  were cons ide red  fo r  the immersed fan s cheme ,
but found unsu i t ab l e ,  because  t he i r  ba s i c  i ne f f i c i ency ,  combined
wi th  the low th rus t  to h .p .  r a t i o  of the f ans ,  requi red  a la rge
amount of compres sed  a i r  or ga s ,  which could  not be pas sed  through
the sma l l  fan  b l ades .  The d r ive  i ne f f i c i ency  moreove r  meant a
fur ther  i nc rea se  in the a l r eady  bas i ca l l y  large  power and we igh t
of the gas gene ra to r s  (Re fe rence  )4).

Very much l e s s  conce rn  in th i s  connec t ion  need ex i s t  in
the case  of the t i p j e t  d r ive s  fo r  l i gh t ly  l oaded  ro to r s  and t i p j e t s
are in f ac t  used on s eve ra l  he l i cop te r s .  The r e l a t i ve  i ne f f i c i ency
is s t i l l  p r e sen t ,  because  i t  depends  on more or l e s s  the same
l imi t i ng  t i p  speed ,  whether  of r o to r ,  p rope l l e r ,  or f an ,  but  t ha t
i ne f f i c i ency  in f luences  only the sma l l  power and we igh t  of the gas
or a i r  gene ra to r s .  Also ,  the problem of f o r c ing  the working f l u id
through the ho l low b l ades  is  not a t  a l l  s eve re ,  in con t r a s t  to
the wing- immersed  fan  s cheme .

The f r e sh  ae rodynamic  s t a t emen t  of l i f t i ng  ro to r  t heo ry ,
pa r t i cu l a r ly  as r ega rds  e f f i c i ency ,  is  p r e sen t ed  f i r s t  in t h i s
memorandum. This i s  combined with ex i s t i ng  theory  on t i p j e t s  to
give  an ove ra l l  background fo r  t i p  j e t -d r iven  l i f t i ng  ro to r s .

The combined t heo ry  is then  app l i ed  to an example
a i r c r a f t ,  g iv ing  s i ze s ,  power s ,  and we igh t s ,  fo r  what may be
cons ide red  a f ea s ib l e  expe r imen ta l  con f igu ra t i on .

F ina l ly  some dev ice s  for  making fo ld ing  t r a i l ab l e  ro to r s



NRG -ENG- 19

Psge $ of 19

NATIONAL  RESEARCH COUNCIL

DIV IS ION OF MECHANICAL  ENGINEERING

LABORATORY MEMORANDUM

0 p rac t i ca l  p ropos i t i on  are de sc r ibed ,  the t e s t i ng  of a model r o to r
is men t ioned ,  and sugges t i ons  are  made regard ing  fu l l - s ca l e  proving
of l a rge  ro to r s .

2. THEORY

Rotor  Momentum Theory

Refe r r ing  to Figure  2,  and fo l lowing  the u sua l  momentum
theo ry  of p rope l l e r  pe r fo rmance ,  the l i f t i ng  thrust  X of the ro to r
= change of momentum in un i t  t ime , or

X - p A cr X
whe re

p A U~ - mass f low through the  ro to r

p = a i r  dens i t y

A = d i sc  a rea

= ve loc i ty  through the d i s c

(J~ = f i na l  ve loc i ty  a t  some d i s t ance  from the d i s c

The f i na l  k ine t i c  energy  gene ra t ed  is  equa l  to the  work done a t
the ro to r ,  or

from which is  de r ived  the well-known r e su l t  tha t

Subs t i t u t i ng  for  (Z in the exp re s s ion  fo r  X

Now i f  Y = power supp l i ed  to the ret or and = ro to r  e f f i c i ency ,
then /9 Y = f i na l  k ine t i c  energy (o r  work done a t  the ro to r ) ,  or

γ = Λ a ~~ X i f f
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from which

This i s  the ba s i c  exp re s s ion  fo r  unducted  p rope l l e r s
or r o to r s ,  as used in Figure 1 ,  and compares  wi th  the o the r  exp re s -
s ion  a l so  used in t ha t  f i gu re .

fo r  duc t ed  p rope l l e r s  and fans  .

The exp re s s ions  are  d i f f e r en t  because  in the l a t t e r  case
the duc t  be l lmouth  p rov ides  add i t i ona l  t h rus t  fo r  the same power
(Re fe rence  1 ) .

Large  ro to r s  t he re fo re  su f fe r  from the l o s s  of duc t ing ,
but more t han  make up by the improved t h rus t . / h .p .  r a t i o  r e su l t i ng
from the i r  l ower  d i s c  l oad ing»

po to r  Ae ro fo i l  Theory

Figure 3 shows the t r i ang le s  of ve loc i ty  and fo rce  fo r
an e lement  of r o to r  b l ade  on r ad ius  Λ ( s ee  a l so  Figure  2 ) .

The ve loc i ty  is  assumed cons t an t  at  a l l  r ad i i ,  end
fo r  l i gh t ly  loaded  ro to r s  is very sma l l  compared to the per iphera l
ve loc i ty  6-ù Y~ > excep t  pe rhaps  at  r ad i i  c lo se  to the hub.

Assuming for  a l l  p r ac t i ca l  pu rposes  t ha t  the ang le  Y is
very  sma l l  a t  a l l  r ad i i ,  and r e so lv ing  the fo r ce s  pa ra l l e l  to d the
ax i s  of r o t a t i on ,  g ives  an e lement  of ve r t i ca l  thrus t  or l i f t

where - wid th  or chord of b l ade  ae ro fo i l

a i r  dens i t y  as be fo re

angu la r  ve loc i ty

C-L = coe f f i c i en t  of l i f t

With and Cc  cons t an t  a t  a l l  r ad i i ,  and in t eg ra t ing  from Γ—0
to the t i p  r ad ius  p z } for M number of b l ades ,  g ives

M Ci. A? (uO R j
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Simi l a r ly ,  r e so lv ing  the  fo r ce s  in the p l ane  of r o t a t i on ,  g ives  an
e l emen t  of a c tua l  power to d r ive  the ro to r

Therefore

With(p> , l ike  Ci. » cons t an t  a t  a l l  r ad i i ,  and i n t eg ra t i ng  from
hub to t i p  fo r  !\] number of b l ades ,  g ives  ac tua l  power

But ,  as bef ore , (J~ -MX/2.pA from the momentum theo ry ,  and a l so
in se r t i ng  the p r ev ious ly  de r ived  va lue  of χ in te rms of the ro to r
b l ade  pa rame te r s ,  g ives

Subs t i t u t i ng  for  LT in the exp re s s ion  fo r  a c tua l  power ,

_ pp±cr  , C D \
' P 3 v 3ττΑί

Thus,  two exp re s s ions  are  de r ived ,  in te rms  of geome t r i c
and ae rodynamic  pa rame te r s ,  g iv ing  the th rus t  and power of a
l i f t i ng  ro to r .

Ro to r  E f f i c i ency

Roto r  ae rodynamic  e f f i c i ency ,  as p r ev ious ly  de f ined
under  momentum theo ry

= f i na l  k ine t i c  energy
' I ac tua l  powe r

Ac tua l  power Y has a l r eady  been de r ived  above ,  in terms
of the  b l ade  pa rame te r s .

F ina l  k ine t i c  ene rgy  = work done a t  the ro to r  = Ύ
as be fo re ,  and aga in  subs t i t u t i ng  fo r ,X  and (J~ in t e rms  of the
b lade  pa rame te r s  g ives  Ί
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N4-PR _ Ct L

Fence

for- sho r tnes s

Re tu rn ing  to the exp re s s ion  fo r  th rus t  , under  Ae ro fo i l

_ A/ Ç_L I

and pu t t ing  U ~ ÜÜ K~ ) ro to r  t i p  speed

- ~c_ , , r o to r  d i s c  l oad ingTTK 1

e lvM

Fence  ro to r  e f f i c i ency ,  now spec i f i ca l l y  deno ted  by the subsc r ip t

kV -
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I t  is seen  from th i s  t ha t ,  p rov id ing  pos s ib l e  va lues  of
Cca re  cons ide red ,  the ro to r  e f f i c i ency  Γ) obv ious ly  i nc rea se s
with  i nc rea se  in l i f t / d r ag  r a t i o  L/J}·  I t  a l so  i nc rea se s  wi th
inc reas ing  d i sc  l oad ing  and dec reas ing  t i p  speed .

Disc  l oad ing  is not  in t h i s  case  open to  va r i a t i on ,
s ince  i t  is  the f i r s t  pa rame te r  to be s e t t l ed  in dec id ing  the
type of a i r c r a f t  con f igu ra t i on .  As s t a t ed  p rev ious ly ,  in the
p re sen t  memorandum, a va lue  of 2„£ Ib / f t  has been a s sumed .

On the o ther  hand ,  t i p  speed  is open to  cho ice ,  p rov id ing
i t  does not exceed  the l im i t s  se t  by ae rodynamic  or s t r e s s  cons ide ra -
t i ons .  However ,  i t  a l so  a f f ec t s  the pe r fo rmance  of the t i p j e t s ,
whose e f f i c i ency  is  examined  in the nex t  s ec t i on .

T ip j e t  Dr ive  E f f i c i ency

Tip j e t  t heo ry  has been we l l  demons t r a t ed  in Re fe rence  £.

The fo l l owing  exp re s s ion  fo r  e f f i c i ency  is i nd i r ec t l y
de r ived  from tha t  sou rce ;

where U = ro to r  t i p  speed ,  and V = ca l cu l a t ed  gas or  a i r  ve loc i ty
at  the t i p j e t s  if  the ro to r  were s t a t i ona ry .

The ve loc i ty  V may the re fo re  be de r ived  as u sua l  from
the gas or a i r  supply cond i t i ons :

1/ = ■■

where p = gas or a i r  supply  p re s su re

P o = a tmosphe r i c  p ressure

= gas or a i r  supply t empera tu re

P = gas or s i r  cons t an t

P = r a t i o  of spec i f i c  hea t s

I t  may ea s i l y  be seen  t ha t  e f f i c i ency  A) p i nc rea se s
with  i nc rea se  of the r a t i o  ( J /v  « or i f  i ’  f i xed ,  with (J , the
t i p  speed .  /
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Thia e f f ec t  of t i p  speed is oppos i t e  to the e f f ec t  on
the ro to r  e f f i c i ency .  Thus t he re  must be sn optimum t ip  speed  L)
which g ives  a maximum e f f i c i ency  fo r  the t i p j e t -d r iven  ro to r  com-
b ina t ion .

Combina t ion  E f f i c i ency

The ove ra l l  e f f i c i ency  of the t i p  j e t -d r iven  ro to r
combina t ion  , , or

/
The maximum va lue  of th i s  exp re s s ion  is not e a s i l y  found

by ma thema t i c s ,  s i nce  the r e l a t i on  be tween  LfD and (J is not a
s imp le  one.  Λ g r aph ica l  so lu t i on  for  a pa r t i cu l a r  case  is p r e sen t ed
as an example .

The fo l lowing  va lues  and cond i t i ons  a re  a s sumed :

/ //3 = maximum va lues  fo r  a two-d imens iona l  a e ro fo i l  s ec t i on
! of 10$ t h i cknes s  ,/cho rd r a t i o .

ft = s t anda rd  a tmosphe r i c  dens i t y  a t  sea l eve l  = 0 .076$
I lb  /ft 3.

- ro to r  d i s c  l oad ing  = 2 .$  Ib/f t  .

\/ = t i p j e t  a i r  ve loc i ty  = 1800 f t / s ec .

Varying ro to r  speed U f rom O to abou t  Mach 1 .0  (1120
f t / s ec .  ) r e su l t s  in the  cu rves  of F igure  Lj. , from which i t  may be
seen  t ha t  the maximum va lue  of the ove ra l l  e f f i c i ency  Πο = about
i |2$,  a t  a r o to r  t i p  speed  of Mach 0 .7  ( 78i| f t / s ec . ) .

The co r r e spond ing  va lues  of r o to r  e f f i c i ency  p /ξ , and
t ip j e t  e f f i c i ency  /Qp , are  about  73$ and $7 .$$  r e spec t ive ly .

S imi l a r  curves  may be de r ived  fo r  other cond i t i ons  ,
but the above example  was worked out wi th  the fo l lowing  a i r c r a f t
(The DH Beave r )  in mind.

3. APPLICATION TO AIRCRAFT

Unsucces s fu l  a t t emp t s  had been made on pape r  to f i t  a
f an - in -wing  sys t em in to  a De Fav i l l and  Beaver  t r anspo r t  a i r c r a f t .
Due to the large amount of power r equ i red  fo r  l i f t i ng  the  a i r c r a f t ,
any p roposed  gas gene ra to r s  f i l l ed  and s t r a ined  the cab in  space ,
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and ft e re  was no room to lay  out the r equ i red  l a rge - s i ze  duc t ing
to the f ans .  Moreove r ,  the f ans  t hemse lves  ha rd ly  f i t t ed  in to
the w ings ,  r equ i r ing  changes  in the  l a t t e r ,  and the heavy  fue l
consumpt ion  of the gas gene ra to r s  a l l owed  only a few minu te s
ope ra t i on  on the tank capac i ty  of the a i r c r a f t»

For t h i s  r ea son ,  the Beaver  has been here  a l so  chosen
to demons t r a t e  the compara t i ve  advan tages  and d i s advan tages  of
us ing  the p roposed  la rge  ro to r  s cheme ,

Beaver  A i r c r a f t

Ou t l i ne s  of th i s  a i r c r a f t  ( t oge the r  with  a p roposed  f?0-
foo t  d i ame te r  fo ld ing  ro to r )  are shown to s ca l e  in Figure 5·

The ou t l i ne s  and de t a i l s  of the s t anda rd  una l t e r ed
a i r c r a f t  were ob t a ined  from Refe rence  6.

The normal  s i ze s ,  we igh t s ,  and per formance  of the
l andp lane  are  abou t  as f o l l ows :

f t ,
30 f t ,
9 f t ,

250 f t t
mu f t  3

P. & W. Wasp J r ,
682 lb ,
U50 h ,n ,

2 -b l aded ,  8 .5  f t .
79 Imp. ga l l ons

2850 lb .
we igh t  5100 lb ,

163 m .p .b .
1143 m .p .h .

5OOO f t .

Span
Length
Height
Gross  wing area
Cabin space
Engine
Engine we igh t
Power
P rope l l e r
In te rna l  fuel  c apac i ty
Empty weight
Max, pe rmi s s ib l e  l oaded
Maximum speed
Cru i s ing  speed
Cru i s ing  a l t i t ude

d ia .

The changes  con templa t ed  fo r  the expe r imen ta l  a i r c r a f t
cons i s t  on ly  of moun t ing ,  ou t s ide  the w ings ,  the 50 - foo t  d i ame te r
ro to r ,  with the ax l e  f i xed  at  the  cen t r e  of g r av i ty  of the a i r c r a f t ,
and the i n s t a l l a t i on  of a compres sed  a i r  supply  i n s ide  the cab in ,
fo r  connec t ion  to the ho l low ax l e ,  and thence  to the t i p  j e t s  of
the ho l low b l ades  of the ro to r .

The p roposa l  of on ly  one large  ro to r  cen t e r ed  on the c . g . ,
i n s t ead  of two or more sma l l e r  ro to r s  on, s ay ,  the wing t i p s  or
body ex t r emi t i e s ,  p rov ides  an e lement  of s a f e ty  in case  of ; ro t  or
f a i l u r e ,  s i nce  no v io l en t  t i l t i ng  moments cou ld  occu r .
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The £0 - foo t  d i eme te r  is cons ide red  r ea sonab le  r e l a t i ve
to the  L|.8-foot wing span of the a i r c r a f t .

pa lous t e  Engines

The l i f t i ng  performance of the  p roposed  expe r imen ta l
a i r c r a f t  with the  5>0-foot d i ame te r  ro to r  is  l im i t ed  to su i t  the
power from two un i t s  of a commerc i a l l y  ava i l ab l e  gas tu rb ine  eng ine ,
the vrell-known Turbomeca pa lous t e .

The pa lous t e  is  a sma l l  compres sed  a i r  supply  un i t ,
hav ing  app rox ima te ly  the fo l lowing  cha rac t e r i s t i c s  :

S ize  19” x 20” x Î49”
Weight  200 lb .
Compressed  s i r  supply  2, l b / s ec .
Supply p re s su re  3-7!? atm.
Supply power 2 0 h .p .
Fue l  consumpt ion  2£0 Ib/hr .

The compres sed  a i r  supply tempera ture  is e s t ima ted  to
be abou t  200°C,  and the ve loc i ty  y in  expans ion  to  a tmosphere
1800 f t / s ec .

Two of t he se  un i t s  would thus supply ,5> l b / s ec .  of com-
p re s sed  a i r ,  ca r ry ing  the equ iva len t  of 5>00 h .p .

The i r  t o t a l  weight  wi th  acces so r i e s  = (2 x 200) + say
100 = ί?00 l b . ,  and t he i r  t o t a l  volume about  2£ f t  , which would
eas i l y  f i t  i n to  the Beaver  cab in  of II4I4. f t · ’  c apac i ty .

Ro to r  Thrust

Assuming t ha t ,  as found p rev ious ly ,  the optimum ro to r
t i p  speed  is  Mach 0 .7  ( 781ψ f t / s ec . ) ,  then  t i p j e t  e f f i c i ency  ζ ΐτ  =

7· %· Hence power / ava i l ab l e  to  d r ive  the ro to r  = >00 x 0.  75 -
288 h .p .

»
Refe r r ing  to the  ba s i c  exp re s s ion  be tween  th rus t  and

power ,  under  Momentum Theory ,

x _ ypry
A

and a s suming  or , r o to r  e f f i c i ency  = 73 s g ives  the l i f t i ng
thrus t  of a 5>0-foot d i ame te r  ro to r __

.. x o-o7 *(p-73>)\(mj  x(S£T&)
λ ~\l 3'2-2 X 4

very  nea r ly  3>000 lb
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3’aw x 4-
2·  54- ib /ft 2 .The d i s c  l oad ing

The l i f t ing  thrus t  of 9000 lb .  ha rd ly  cove r s  the maxinum
permis s ib l e  l oaded  we igh t  of the Beaver  a i r c r a f t ,  bu t ,  as w i l l  be
shown l a t e r ,  t he re  seems to  be no need to go to the l im i t  fo r  the
expe r imen ta l  con f igu ra t i on  p roposed .

Blade Des ign

Blade des ign  may be based on the p r ev ious ly  de r ived
equa t ion  ( in  the s ec t i on  on Ro to r  E f f i c i ency ) ,

3 7Τ R _ /0 u _

Rotor  r ad ius , / ?  = 29 f t .  , t i p  speed  U = 7¾ f t / s ec .  ,
and d i s c  l oad ing /V  = 2~9ll lb./ft . The cho ice  is  now be tween  N ,
the number of b l ades  t he i r  w id th ,  and (3(, the coe f f i c i en t  of
l i f t .

Assuming 10$ fo r  the thi cknes s /chord r a t i o  of the b l ade
ae ro fo i l  s ec t i on ,  i t  is found from the  l i t e r a tu re  (Re fe rence  7, e t c . )
t ha t  the maximum L/Σ) va lues  ( r equ i r ed  fo r  high e f f i c i ency )  occur
a t  va lues  be tween  about  0 .3  and 0„7,  depending  upon Mach number .

However ,  be s ides  the  ae rodynamic  c r i t e r i a ,  there  is the
ques t i on  of compressed  a i r  f low through the ho l low b l ades .  Too
high a ve loc i ty  of f low r e su l t s  in exces s ive  p re s su re  l o s se s ,  too
low a ve loc i ty  means bulky pas sages  and heavy s ec t i ons .  As in
Refe rence  1 ,  a Mach number of 0 .3  is  t aken  as a su i t ab l e  va lue
fo r  de s ign .

The number of b l ades  Λ/ must be even ,  s i nce  each one must
be ba l anced  by ano the r ,  when the ro to r  is un fo lded .  Trying N = 2
g ives  the compres sed  a i r  f low through each b l ade  = 2 .9  lb , ' s ec .  ,
and. with the assumed Mach number of 0 .3  fo r  the f low ve loc i ty ,  10$
th i cknes s  /chord . ra t  io , r e su l t s  in the requirement  t ha t  the b l ade
chord or w id th  -"should be equa l  to abou t  0 .79  f t .  or 9” .

- Subs t i t u t i ng  these  va lues  in =
g ives  CL ~ 0 -99 ,  which is a good f igure  for  maximum 7cP  va lues  ,
and t he re fo re  for  maximum ro to r  e f f i c i ency .

Such s l im  (9" )  long (29 - foo t )  b l ades  must be t r ea t ed  in
the same manner as he l i cop te r  b l ades  when ques t i ons  of s t i f fnes s
and s t r eng th  a r i s e .

In mo t ion ,  the cen t r i fuga l  fo rce  must be u t i l i z ed  to
coun te rac t  the bending moment caused  by the l i f t i ng  fo rce s ,  so
tha t  imposs ib ly  high s t r e s se s  do not occu r ,  and at  r e s t ,  the sag
due to  the weight  must not  be exces s ive .
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In the f i r s t  c a se ,  the so lu t i on  is  to r a i s e  the b l ades
from the ho r i zon ta l  a t  an angle  ζ ( s ee  Figure 2) so t ha t  the
upward moment at  the ax i s  caused  by the l i f t i ng  fo rce s  of th#
ae ro fo i l  are  exac t ly  ba l anced  by the  downward moment of the
cen t r i fuga l  fo r ce s ,  thus g iving pure t ens ion  in the b l ade .

S t a r t i ng  from bas i c  p r inc ip l e s ,  the  fo l l owing  r e l a t i on
may be de r ived  fo r  a b l ade  of cons t an t  me ta l  c ro s s - sec t i ona l  area
(same me ta l  t h i cknes s ,  same ae ro fo i l  s ec t i on  pe r ime te r ,  at  a l l
r ad i i  ) :

S on S'

where ,  as be fo re ,  K = b lade  t i p  r ad ius ,  = coe f f i c i en t  of l i f t ,
/0 = a tmosphe r i c  dens i t y ,  and now, L = me ta l  t h i cknes s  , HT = meta l
'dens i t y .

Subs t i t u t i ng / ?  = 2 f t . ,  C-L. = 0 .££  for the p roposed
b lade ,  /0 = 0 .076  lb/ft  , and a s suming  h igh-s t reng th  aluminum a l l oy
as the 'ma te r i a l  w i th ,  s ay ,  c = 1/8” , 6ΐΓ= 0 .1  lb / in- ’ ,  g ives
£/ = about  6° ,  which seems a r ea sonab ly  sma l l  r i s e  ang le  from the

ho r i zon ta l  of the b l ades .

The r e su l t i ng  pure t ens i l e  s t r e s s  in the b l ade  roo t  near
the ax le  = abou t  12 ,000  lb/ in  2 at  the fu l l  speed of 300 r . p .m .
co r r e spond ing  to the  t i p  Mach number of 0.7«

This compares  with the y i e ld  s t r e s s  of 26 ,000  lb/ in
(a t  200°0 ) of the chosen  h igh-s t reng th  wrought a luminum a l l oy
(21j ST).

In the case  of the s t a t i c  sag of the b l ades ,  t he re  are
seve ra l  means of l imi t ing  t h i s ,  inc luding  t ape r ing  the me ta l
t h i cknes s  or  the chord or in o ther  ways i nc rea s ing  the r e l a t i ve
modulus of the ae ro fo i l  s ec t i on  a t  the roo t .

I t  i s  assumed here  fo r  s imp l i c i t y  t ha t  the  b l ade  is  made
from a tube 6” d i ame te r ,  1 /8”  t h i ck ,  and p re s sed  in to  a 10$
ae ro fo i l  s ec t i on  towards  the t i p .  This does not qu i t e  co r r e spond
to the p r ev ious  a s sumpt ions  of cons t an t  C l  and Cp  a long  the
b l ade ,  but  is  su f f i c i en t  to i l l u s t r a t e  the o rder  of sag to be
expec t ed .  The we igh t  of each b lade  is  e s t ima ted  a t  abou t
70 lb .

With the above des ign ,  the sag at  the t i p ,  due to the
weight  of the  b l ade ,  is equa l  to abou t  2 f ee t ,  which is  cons ide red
reasonab le  when compared  to the r i s e  of abou t  3 f ee t  co r r e spond ing
to the ang le  of 6° in the  ro t a t i ng  ca se .
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Summar iz ing  the p roposed  ro to r  de t a i l s :

£0 f t .
2
9”

10$
2U ST
1/8"

2 .5  l b / s ec .
200°C

0.3
70 lb .
0.55

0.7  ,
781) f t  / s ec .
3OO r . p .m .
£000 lb .  ,

2 .£h lb/f t
288 h .p .

12 ,000  lb/ΐηξ

■Rotor d i ame te r
No. of b l ades
Width or chord
Aero fo i l  t h i cknes s  /chord r a t i o
Blade ma te r i a l
Ma te r i a l  t h i cknes s
Compressed  a i r  f low per  b l ade
Temperature
Flow Mach number
Weight  per  b l ade
Coe f f i c i en t  of l i f t ,
Tip Mach number
Tip speed
Ro ta t i ona l  speed
Ver t i ca l  thrus t
Disc  l oad ing
Drive  power
Maximum b lade  s t r e s s
Mate r i a l  y i e ld  s t r e s s  (jet
Blade r i s e  ang le ,  b
Blade r i s e  a t  t i p
S t a t i c  b l ade  sag at  t i p

3 f t .
2 f t .

We ights

The we igh t s  of the main i t ems  of the expe r imen ta l
i n s t a l l a t i on  have a l r eady  been e s t ima ted  (2 pa lous t e  eng ines  and
acces so r i e s  = £00 l b . ,  2 ro to r  b l ades  = II4O lb . ) .

There r ema in  to be e s t ima ted  the  ax l e ,  bea r ing  and
con t ro l  we igh t s  fo r  the ro to r ,  and the fue l  for  the eng ines .

Unlike in a conven t iona l  ro to r  or p rope l l e r ,  the
cen t r i fuga l  fo rce  of the fo ld ing  b l ades  is d i r ec t l y  ca r r i ed  by
the bea r ings .  Moreover ,  t he se  bea r ings  are to ope ra t e  a t  abou t
200°C s s ince  the compres sed  a i r  i s  to f l ow in t he i r  v i c in i t y .
Al lowing 2 bea r ings  per b l ade  ()4 in a l l )  and fo l lowing the u sua l
des ign  p rocedure  se t  out in manufac tu re r s ’  handbooks  wi th  regard
to l oad ,  l i f e ,  speed ,  t empera tu re ,  e t c . ,  g ives  the s i ze  of each
bea r ing  a r a the r  bulky 9” o .d .  , and the weight  20 l b .

The ho l low ax l e  pos t  ()4 1 /2"  o .d . )  and the b l ade  hubs
are  assumed  of s t ee l .  The we igh t s  of the ro to r  may then be
summar ized  as f o l l ows :
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Rotor  We igh t s

Two 9” x 2£t ho l low  aluminum b l ades  1)40 lb .
S t ee l  hub? 90
>4 Bea r ings  ( SKF 7321) 80
.'4 1 /2”  d i e .  ho l low  s t ee l  ax l e  pos t  7£
Tip j e t s ,  e t c . ,  say 10
Con t ro l  va lves ,  e t c . ,  say $

l|00 l b .

The fue l  we igh t  i s  c a l cu l a t ed  by a s suming  tha t  the whole
internal  capac i ty  of the a i r c r a f t  (79 Imp. ga l l ons )  is  f i l l ed .
This is  equ iva l en t  to abou t  ££0 l b . ,  which would p rov ide  at  l e a s t
one hou r ’ s  expe r imen ta l  running on the two Pa lous t e  eng ines .

The expe r imen ta l  a i r c r a f t  we igh t s  may then  be summarized
as fo l l ows  :

A i r c r a f t  Weights

Beave r  empty weight  28£0 lb .
Fue l ,  79 Imp. ga l l ons  ££0
2 Pa lous t e  eng ines  and acces so r i e s  £00
L i f t i ng  ro to r ,  2 -b l aded ,  £0 f t .  d i a .  kOO
Pi lo t  200

U£00 lb .

Ro to r  l i f t i ng  thrust  £000 lb .

I t  should be no t ed  t ha t  the a i r c r a f t  empty we igh t
i nc ludes  the 682 lb .  of the Wasp Junior  eng ine  and the we igh t  of
the p rope l l e r ,  bo th  of which cou ld  be removed if  i t  were chosen
to  d ive r t  pa r t  of the Pa lous t e  compres sed  s i r  from the l i f t i ng
ro to r  fo r  ho r i zon ta l  p ropu l s ion ,  i n s t ead  of u s ing  the Wasp engine
and p rope l l e r  in the conven t iona l  manne r .

Ιμ BLADE DEVICES

In o rde r  to  ope ra t e  p roper ly  the p roposed  fo ld ing
t r a i l ab l e  ro to r  of the expe r imen ta l  a i r c r a f t  r equ i r e s  a number
of spec i a l  mechan ica l  and o ther  dev i ce s  to meet the  problems
of the pecu l i a r  con f igu ra t i on .

Unfold  in g

If the t i p  j e t s  of the two b l ades  were of equa l  s i ze
and power ,  the admis s ion  of compres sed  a i r  would s t a r t  the
two b l ades  ro t a t i ng  t oge the r  from the  r ea rwards  t r a i l i ng  pos i t i on ,
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with  l i t t l e  chance  of angula r  r epa ra t i on  fo r  a t t a in ing  the de s i r ed
oppos ing  pos i t i on .  This would cause  an unba l anced  cen t r i fuga l
fo rce ,  shak ing  the a i r c r a f t .

The so lu t i on  p roposed  fo r  th i s  p rob l em,  is  to have one
t ip  je t  somewhat l a rge r  and more powerful  than the o the r  one ,  s ay ,
su f f i c i en t ly  to ach i eve  oppos i t i on  of the b l ades  in  one or two
revo lu t ions  .

Lock ing  in Oppos i t i on

As spec i f i ed  p rev ious ly ,  i t  is  neces sa ry  fo r  the b l ades
to ro t a t e  oppos i t e  each o the r  when l oaded ,  but to be f r ee  to fo ld
fo r  downwind t r a i l i ng  in ho r i zon ta l  f l i gh t .

The p roposed  dev ice  to ach i eve  l ock ing  might cons i s t  of
a l a t ch  be tween  the two b l ade  hubs ,  which would be au toma t i ca l l y
ope ra t ed  by the compres sed  a i r  p r e s su re .

Thus under load the l a t ch  would be pa r t ly  fo rced  out of
one hub i n to  the o the r ,  wh i l s t  with the compres sed  a i r  sw i t ched  o f f ,
g r av i ty  or a spr ing  could ensure  r e tu rn .

Tra i l i ng

The two b l ades  would be expec t ed  to swing downwind t oward ,
the r ea r  of the a i r c r a f t  in ho r i zon ta l  f l ight- .

A p i l o t -ope ra t ed  l a t ch  in  the. f i n  could be used to  s ecu re
the  b l ades  in a f i xed  pos i t i on ,  un t i l  t hey  were r eady  aga in  fo r
l i f t i ng  du ty .

S t agge r

Because  the p roposed  b l ades  are  independent  of each
o the r ,  one b l ade  has to be s t agge red  r e l a t i ve  to the o the r  on
the ax l e ,  as shown in  Figure 2.

An a t t emp t  should  be made to r educe  t h i s  s t agge r  to a
minimum, but  neve r the l e s s  there  would r ema in  a rock ing  moment
on the  a i r c r a f t  due to the cen t r i fuga l  fo r ce s  of each b l ade .

The p roposed  so lu t i on  to  t h i s  p rob lem is to i nc rea se
the l i f t  of one b l ade  r e l a t i ve  to the o the r ,  so t ha t  a rocking
moment would r e su l t  equa l  and oppos i t e  to the cen t r i fuga l ly -
caused  moment.

The h ighe r  l i f t i ng  b l ade  cou ld  conven ien t ly  have the more
powerful  t i p j e t ,  which was found neces sa ry  fo r  un fo ld ing .
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£. ROTOR TESTING

"Model

F igu re  6 shows an 18 - inch  d i ame te r  model r o to r ,  which was
c rude ly  made and run ,  mere ly  to demons t r a t e  the ope ra t i on  of two
of the mechan ica l  dev i ce s  men t ioned  p rev ious ly .  There was no a t t emp t
made to ob t a in  l i f t  or in any way to t e s t  ae rodynamic  cha rac t e r i s t i c s .

The ro to r  was s t a r t ed  and d r iven  by compres sed  a i r  t i p j e t s ,
in a wind of abou t  100 m .p .h .  ve loc i ty .

In ro t a t i on ,  the b l ades  were l ocked  at  the oppos ing
pos i t i on  by a sma l l  s t ee l  ba l l ,  which was au toma t i ca l l y  fo rced
exac t ly  ha l f  way be tween  the  two b l ade  hubs by the compres sed  a i r
p r e s su re .  When the compres sed  s i r  was shu t  o f f ,  the ba l l  re turned
to the lower  hub by g rav i ty ,  a l lowing  the two b l ades  to fo ld  and
t r a i l  downwind in the  100 m .p .h .  ve loc i ty .

One of the t i p j e t  ho l e s  was made s l i gh t ly  l a rge r  than
the o the r ,  thus a l lowing  the b l ade  wi th  the l a rge r  hole  to race
ahead of the  o the r  upon s t a r t i ng ,  be fo re  l ock ing  in  the oppos ing
pos i t  i on .

Fu l l - s ea  le

Be fo re  cons ide r ing  trying on any a i r c r a f t ,  a f u l l - s ca l e
ro to r ,  O- foo t  d i ame te r ,  could perhaps  qu i t e  we l l  be t e s t ed  on
the ground ou tdoor s ,  in the  b l a s t  from a je t  eng ine .

If the ro to r  were mounted 8 su f f i c i en t ly  long d i s t ance
from the je t  nozz l e ,  the b l a s t  there  probably  wi l l  have en t r a ined
enough ou t s ide  a i r  to cove r  the ro to r  wi th  a f low of r ea sonab ly
low ve loc i ty  and t empera tu re .

The ve r t i ca l  th rus t  of the ro to r ,  both in  and out of
wind ,  the compres sed  a i r  power ,  and therefore  the e f f i c i ency ,
could pos s ib ly  be measu red  wi thout  too much d i f f i cu l ty .

Foweve r ,  of spec i a l  i n t e r e s t  would be the measurement
of the drag of the fo lded  b l ades  in the t r a i l i ng  pos i t i on ,  s i nce
th i s  would p robab ly  be the main pena l ty  of the scheme when compared
to o the r s .

6 .  CONCLUSIONS

The t e s t  of a model t i p  j e t -d r iven  two-b l aded  ro to r
demons t r a t ed  t ha t  some of the mechan ica l  problems of fo ld ing  and
t r a i l i ng  may not be too d i f f i cu l t  of so lu t i on .
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Theore t i ca l  t r ea tmen t  of a f u l l - s ca l e  ro to r  fo r  an example
a i r c r a f t  shows tha t  the weight  and power of the  scheme need not  be
exces s ive .

Tes t i ng  of such a ro to r  ou tdoo r s  in and out of the d i l u t ed
b la s t  of a je t  engine may be a c rude  but  i nexpens ive  way of p rov ing
the per formance  end showing  up the pena l t i e s .

In any ca se ,  the  idea would seem to of fe r  an amus ing
sou rce  of p r ac t i ca l  and t heo re t i ca l  I n t e r e s t  in t he rmodynamics ,
ae rodynamics  and mechan ic s .
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