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By P a d  3. H i l l  and T . L. Kelmedy 

3ecause  previous f l i gh t   t e s t s   o f  e m a n  stending OIL a jet-supported 
platforn were very Successi'LiL, a ser ies  o f  flight t e s t s  were wcie t o  
dete-mine th2 I"lyi_n9 q u l i t i e s  of a F ?  stmdahg on a pletforrn  supgorted 
by a teeter iog  rotor .  The rotor  WES 7 f e e t  in dianeter an& was driven 
3y air  jets at Yne ro tor   t ips   fed  by hollow blaces and zir hoses  connected 
t o  an external a i r  s-qply. The mchfne vas tested wt-th a  free-teetering 

ment, w i t h  the   rotor  end foot ple.tfom isolated from the frLxiework by 
rubber  connections t o  rediice the i n e r t i a  or" the  noviing par t s .  The machine 

outdoors i n   l i g h t  ami i n  s trong gusty willds . 

ro tor  m d  with a sprirG-restrained  rotor, and, as ex al ternate  asrange- 

I* was tested  indoors i n  hoverips an6 i n   l i n i t ed   t rv l s l a t iona l  flight and 

The s t a b i l i t y  a d  c o n t r o l h 5 i l i t y  wFth the  sprillg-restralned  rotor 
were uui?ormlg gooci. The s t a b i l i t y  w i t h  the Free-teetering  rotor w e s  
marginal,  but, when an experienced  Flyer  placed his hands on a hvld rail,  
the  stabil i- iy errd cont ro l lab i l i ty  were good. The s t a b i l i t y  m d  controll- 
abil i ty  with  the  rabber-isolated frame md spring-restrained  teeterfng 
ro tor  were very gcod and quite  like  the  jet-supported  platform. 

Reference 1 &escrLbes a series of  experinEnts  carried  out t o  icvestf- 
ga te   the   feas ib i l i ty  of the f r ee   f l i gh t  or" an InOividml  standing an-d 
helancing OE a t i r u s t  vector. I n  those  experiments  the  thrust  vector 
was the  reaction of  a superso??-ic air Set which was d k e c t e d  do-wr-wazd 
from a nozzle  fastened  on  the bottom of  e small bo-d on which the f lye r  
stood. A i r  x&$ trmsportea to t i i i s  device 5y hoses  connected to an exter- . 
ana control a jet-scpported pl.ztfo-rn 1 3  f ree   f l igh t .   This  vehi-cle coulci 
ea s i ly  be coctrolled i n  both hoverins ana t rm-sl t i t ional   f l ight  I 

I nal air su9pl.y. The principal   f indica wzs t h e t  a person can stand on 

I 
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The lzrge  mount or" power required t o  support  the weight of  a man 
. '' and machine by the  direct   act ion 05 e Jet-pogulsion  device makes t h i s  

rnethod  one which i s  costly. The generatlon of the  required l i f t  by a 
ro tor  r)r Frogellers  offers a nore  economical Ir&hod. This was fu l ly  
realized by the  authors  of  reference  lwho  devised  the -Lest equipment 
of  that  investigation as tine siaplest  possible means of  investigeting 
the  balance  principle  involved. It seemed reasonable  khat  the  balance 
principle could  then  5e  applied  to  practical  vehicles  using m y  sui table  
xems of generating  the  necessary lifting forces. 

Util ization of the  belance  principle on practical  rotor-driven 
mchines  introduced a number of additional  questions  to be answered. 
Would gyroscopic  precession &!e to  large  angular mornen-L.cn of rotating 
par t s  be excessive? Would the  greater mass inprove o r  harm the  f lying 
qua l i t i es?  What would  be the  eXect  on  tine ro tor  of  forward  speed o r  
gustiness? Would torque  balame be a s i g n i f i c m t  problem? Would ground 
reaction be a s i g n i f i c m t  aid in stabil izing  alt i tude  control  during . 
laE5ing and t&e-off? 

The balmce  principle jllvolved i s  e q h i n e d   i n   d e t a i l   i n   r e f e r e n c e  1. 
If the  mchine i s  i n  trin! and has no exterr-ally  epplied moments, the  f lyer  
controls  the  resultant  thrtzst  vector  with h i s  f ee t  so  t ha t  it pssses 
through  the  conbined  center of gravity. If Y e  zliachine i s  out of  trin, 
tke flyer  puts moments on the -chine d t h  his feet t o  cause the  t'nrust 
vector  to  creete  righting monents about %he center of gravity as required. 
The balance p i n c t p l e  depends Ln prt on the  property of the l i f  L- 
g e n e r a t b ?  machine t o  tilt in  about the same direction as tha t   in  wi?ich 
a control rxment is apglied. Eowever, single-rotation rotors or  other 
roteting  mchicery w i t h  a ver t i ca l  axis of rotzt ion respond t o  an 
inpressed moment by precessing  in a direction at rigit engles t o  the 
imgressed mnent,   In  reference 1 it was shown t ha t  a gyroscopic morentum 
of E value  corresponding t o  %he rotat ing  par t  of a suitable  reciprocating 
engine  drive w a s  not  of s e f i c i e n t  Tegnitude t o  hzve e. noticeable  effect  
on balance. Hovever, the much larger angula-r xonentum of  a supporti-ng 
rotor might be of suff ic ient  I?lagnitu6e to   c rea te   d i f f icu l ty .  

Two simple  propeller or rotor systems tha t  my be  -=e& to  neutral ize  
the  gposcopic noxent  =e: (1) counterroczting  .sropellers, where the 
angular nomentm is  s i q l y  cmceled, and (2) the  teetering  rotor where 
the  rotor   rcpidly Tollows the  foot-control  plane by mems of aerodynamic 
forces . 

A l u g e  pressurized air supply was availzble t o  use as a power 
so-mce. The use of such a supply i n  conjznction w i t h  a d-rive by a i r  j e t s  
i n  the  rotor  tips  to  give  balanced  torque made the use of a teeter ing 
rotor 6ttractively  simple. I n  addition,  the  teetering  rotor seemed well 
suited  for  reseerch pLrposes, since by restreining or locking the ro tor  
at the  teetering hinge,  the  ezfect of gyroscopk  precessional moments on 
+he f l y i n g   q a l i t i e s  could be determined. 

.- 
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.. A nzchine wi-th a two-bladed teeter i3S  rotor  was bu i l t  m-d tes ted  
i n  hoveri-ng f l i g h t  and in limited t r a n s h t i o n a l  motion et the Langley 
Pi lo t less  R5rcrafft  Research Stat ion at Vallops Island, Va. The machine 

such as fo r  cyclic or collective  pitch,  were c t i l i zed .  
w a s  exceptionally si-n?ple i n  that no bMe-control  l inkages of any kind, 

The tes t   vehic le  i s  shown i n   f i g m e  1. The l i f t -  element of the 
vehicle was a rotor  of 7-foot dizxeter and  7-inch  chord. The t u b u k r  
s tee l   f rme  incorpora ted  e. central ly   located  s teel  platform 21 inches 
Fn diarreter  covered by a 14- by  28-inch piece of plywood on uhich  the 
flyer  stood. The mchine had four legs which provided a f loor  clemance 
of 10 inches t o  the  cer-ter lLne of the  rotor .  it h d  some overhead  tubu- 
lar Pramework including a ring  surromding  the  f lyer t o  be used as z hand 
mil end t o  provide some grotection i n  case of a herd lmding or other 
accident. A s  a further  preceution,  the  rotor was completely  covered by 
a wire screen t o  prevent  accideotal  contact of the  f lyer  with  the  rotor.  

I A drawing of the  rotor i s  sho-m in   f igure  2. The blades were b u i l t  
up With a Strux (a foamy plestic)  core which WES wrapped with  layers of  
Fibergles impregnated with Parzplex P43 p h s t i c .  The b l d e s  had no plan- 

section. Eowever, the blades are mzpged  with  nore  layers  of  Fiberglas 
inboard of the 32-incE.1 station,  causing  the  blade  to  taper Ln thickness 
from  23.5 percent chord at the g-inch s t a t i o n   t o  15 Fercent  chord a t  the 
32-inch s ta t ion.  A 0.688-inch  inside-diuneker  tube of Fiberglas  ibpreg- 
nated  with  plastic was Located at the 25-percent-chord s t a t i o n   t o  cexry 
a i r  t o  the rotor dig. At the t i p  a goo elbow Ln the  tube  directed  the 
air t o  the r e a  t o  provide  the driv7b-g torqiie. No zttempt w a s  made t o  
mss-balance the blades  about  the  quarter  chord. 

a form t q e r  o r  t w i s t .  They are basical ly  of NACA 65(216)415 a i r f o i l  

The hollow s t e e l  hub to which the  blades were attached i s  shown i n  
figure 3. It w a s  in  the form of a hollow yoke which surrounded and vas 
pinned t o  a hollow rot&til7_g shaf t  by hollow pins t o  permLt the  passage 
oi" the  propulsiolz air. These p i n s   T o m d  tb-e pivot Snor the  teeteri-% 
action ol" the blade. The p r o p f l s i o ~  a i r  entered downward throtigh 2 fixed 
central   spindle which was perforated  to  Pernit   the  passage of air i n t o  
tine hollow  rotatin_g ro tor   shef t  from whence  tine a i r  passed  through  the 
pins, in to  the yake and tkrough  the  blades. A soTt leather  seal vas  used 
t o  seal   against  Yae leakage of eir between  %he r"ixed m.d rotetiEg  shafts.  
The rotat ing  shaf t  was ball-bearing  nounted. 

Two .zd.jus-Leble s top  bol ts  used t o  limit the degree of rotor teeter ing 
can be seen ill figure 3. Their  purpose w e s  t o  prevent  the  rotor from 

I strLliing o r  rubbi-&G the frame. By extending  these  bolts t o  one l imiting 

c 
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Dosition  the  teetering  action wes coqpletely  prevented and the  rotor  and 
hub 5ezcm"e as a s i rgle   r igid  giece.  By aiding a smll col la r  and su i t -  
able Sugs to   tbe   ro tor ,  a pair  of springs were connected  between the 
t8ee-krar ' in.g bide and the  rotatb-g shark t o  crezte a sgr ing  res t ra int .  
T h s  springs used  cen be seen in figure 4.  4 calibration of t h e   t e e t e r i w  
res t ra in t   wi th   th i s   spr i rg  ic gosit ion gave a spring  constant of 
2.72 pound-feet  per  degree  deflection. 

The test   vehicle,  which was designed wit'n l i t t l e  attenqt to   mke  
i t  l igh t ,  weighed 140 pow-&s. I ts  center of gravity was located 9 inches 
ebove the   s tee l   d i sk  of' the ple-Lforr. The  rroment of i ne r t i a  or" the con- 
plete  vehicle a3out a horizon%al  axis thro-cgh the  center of gravity was 
20 sl-q-feet2.  The  noment of i ne r t i a  of the rotor about  the  teeterine; 
axis  i s  0.55 s~- ig -~oo+ ' .  

2 

I n  order   to   f ind  the  effect  of reducing  the  inertia of the machine, 
an alternate  configwetion  arrmgement W&E 03ta4Lned by attaching  the 
rotor noxmf,ing f lange  r lgidly  tc   the   foot-control  boaxd  by long i;hro@ 
bo l t s  which passed  freely t:woagh oversize  holes b- the   cen t ra l   s tee l  
disk of the frame.  Attachment  of the rotor and foot board to   the  freme 
was accox9iished  singly by inserting 6. 1-inch  sheet of sDonge rubber 
between the plywood b o c d  and s t ee l   d i sk  and a 1/2-inch  piece of grun 
.rukber betveen  the  rotor-hub  flznge and the under side of the steel disk. 
The arrangemxt resexibleli a ''shock motmtirg." A view ol" tne  underside 
I s  shown is figure 5 .  It permitted  quick- or short-period  control  ao.tions 
since  the  high-inertia  part of the machifie di&  not have t o  be noved when 
& ccntrol  fcrce was applied. The rLzboer gave the  foot boa-rd e. spring 
constanz of 23 pound-feet ger  degree. The rotor-teetering  spring  restraint  
was used wi%h this  mrangenert .  

I n   a l l  cases air was brought t o  the  vehicle from a 2~,000-cubic-foot, 
200-gourd-per-sq~mre-inch coxsressed-air tank through a 3-inch  control 
valve, 11 - inch  piping, a t ee  corn-ection, two 1-inch f lexible  ru'o'oer hoses 
of equal length, find a tee   comector   a t   the  50110~ spindle, as indicated 
in   f igures  6 md 7 .  A i r  was introduced Yizol.@ two symmetrically  arranged 
air hoses t o  prevent  unbalanced  hose  forces. 

2 

In  order t o  balmce  the  torque  reac5ion of  the   bemings   md  sed ,  
l/f!-inch copper tu3es  cmrFed a i r  t o  two dianetrically  opposite  points 
of %he vehicle where the open ends of the  tube were pointed  in  the  direc- 
tion  opposite t o  the  direction of  rottation of  the rotor. A smell. valve 
controlling  tke flow to t h i s   l i n e  w m  lccated et the   f l ye r ' s  right hip. 

The f lye r  was provided  with a safety  harness  consisting or" a para- 
chuze hmness a-btacheii at i t s  shroud-line  zttachment  points to rope sus- 
pension  lines  lea5ing  to m overhead ring. Fo-a roges  attached t o  four 
polnts on the  seriphery of the  circular  tube surrou?ding the  f lyer   a lso 
led   to   the  overhead riF4. Toe streps located  the flyer's fee t .  

. 
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TESTS 

Two f lyers  conducted t'ne tests, a d  w i l l ,  be referred t o  as flyers I 
ana 11. These f lyers  were f lyers  B end C i n  reference 1. Corrsequently, 
they  both had experience Z1yin.g on e jet-szpsorteci p h t f o r n  before Yne 
present   tes ts  were lhitieted. Flyer I weighs 175 pomds md i s  45 yems 
old.  Flyer 11 weighs 135 pomds and is  28 years old. 

Tests were perforred  inside a buildipz to obtain  controlled  condi- 
tions, a d  were made out of doors t o  determhe the ezfects of wi_n_d. 

The dimensions of the building enclosure are show- in f i g u e  6 .  In 
the  indoor tests the flyer and rmchine were located a t  the  center of  Yne 
enclosure  while t b e e  test  operators were Located on a belcofiy. The eir 
t h r o t t l e  was controlled by the  f i r s t  operz-lor. An overhead hois t  was 
controlled by a seco& operator  to  adjust the slack i n  the   sa fe ty   l ine  
during f l igh t ,  m d  i n   c e r t z i n  ceses t o  1 i T t  the   vehicle   to   the  desired 
s-larti-ng a2.tit.de. A novie camera coverbg   the   f l igh t  w a s  remotely con- 
t ro l l ed  by 8 third  operator.  

Rotor speeds Tere xeasured during  sone of the tests by se t t ing  a 
microglloae near t'ne test vehicle. The dcrophone wzs cormected to an 
oscilloscope which indicated  the  rotor-blade  frequeocg. Wit? f lye r  I 
on the  vehicle,  the ro%or speeds vmied from i300 t o  1500 rpm f ro3 take- 
off t o  3 f e e t  e3eva"lion. With f lye r  Ii on the  vehicle,  the  rotor  speed 
was vmied from l.200 t o  lk00 r p m .  Elevztions  refer  to  the  height of the 
f ee t  of the  vehicle above the f loor .  

- indoor tests t o  deter*e I"lyicz  qualities were SerfonEd from ' 

about 0 t o  3 feet   elevztion  with  the  rotor  teeterigs.  Tests from 0 t o  
6 fee%  elevetion were perforxed with springs imorporated t o  r e s t r a in  
the  ro tor  zbout tne teeter ing axis. With the  teeter-restreining  sgrings 
instel led,  such t rens la t iona l  tests as vere  gemcitteii by the safe ty   l ines  
were nade. Tests from 0 t o  3 fee t  k-ere perforiced with t h e   t e e t e r h g  a i s  
iocked. 1x1 %he ebove trials the flyers  generally  alternated = f lye r  I, 
then  f lyer IT.. Flight &ration w a s  usually 5 t o  10 migutes,  although  sone 
were shorter an& some were as long es 15 minutes. 

Out-of-door f l i g h t  tes-is were macle usiag ~EI overhead horizontal  
cable, o r  high w i r e ,  about 20 f e e t  above ground l eve l  as a safety lLne 
zttecin-ent. The eir supply hoses were pmtially sapgorted by rope  attach- 
r-entls t o  the overhead  cable. -Ane;llorr,eter records of  the wLn& velocity 
encountered  dwlng  the 4 days 02 oatdoor  testing  ere  given  in  figure 8. 
On the first day, flights lastip3 about ELI h0u-r at  yon 2 t o  6 Teet  eleva- 
t ion yere made with  the flyer's beck t o   l i g h t  winds vhich  varied from 4 
t o  8 rZles  per  hour. The Tollowing day two flights to ta l ing  25 rnizutes 
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were  xmie at from 2 t o  8 feet  elevation  facing  into  strong 8-to-31 mi le -  
3er-hour winds created by the   as sing of a cold  front. The winds 
approached i n  unobstructed sweep over s e v e r a l x i l e s  of marshlznd. 

Or? the third day f l igh ts  were  Fade 'in order t o  compare again  the 
r e l a t ive  merits of f lying with and without   rotor   spr ing  res t ra ints   af ter  
considerable  experience in f lying had been obtained. These f l i g h t s  were 
mde  a t  elevations of 2 t o  7 f ee t   i n  light winds. 

Or, tile fourt'n  day f l i gh t s  were made with the sponge-rubber-mounted 
platform an& ro to r   t o  tietern-ine the f ly ing   qml i t i e s  of a machine with 
e. low response t h e   t o  s. given foot  control.  Flights  xere made from 
2 t o  8 fee t   in   gus ty  winds as shown in  f igure  8(d) . 

RESULTS MAD DISCUSSION 

Indoor Flights 

Freely  teetering rotor . -  During i n i t i a l   f l i g h t  trials with the ro to r  
teeterirg it w a s  noticed %hat, as soon as the   fee t  of the  vehicle  cleared 
the  gromd the vehicle was quite  steady, as though it possessed sone form 
of' s t a b i l i t y .  This e f fec t  was m r e  pronounced whet the  rotor  was locked 
to prever-i; teetering, as could  easily be Sudged from the f ec t  that e con- 
s iderzble   sh i f t   in   t i e  flyer's body ?osi.tion,  vnTle  causing a t rexslat ional  
nmtio_?-, v o d d  cause l i t t l e   t i l t i n g  of tiie  vehicle. During this  condition, 
wlth t.?-e f ee t   l e s s  than 6 inches a3ove %he ground, the  rotor  i s  less thm 
two Macle chords ebove the grotmd. This e f fec t  fiiszppeared r q i d l y  with 
a l t i k d e .  It was noticed also that is quFet a i r  w i t h  a given  thzottle 
sett ir-g t'ce ground effect   sta 'bil ized  the  alt i tude of the machine. 

During i n i t i a l   f l i g h t   t r i a l s  it was noticed  that  the unbalanced 
torq-de on the vehicle wes aspmently  quite small. The flyer could  reaiiily 
neutrelize  the  torque 5y an acljustment of Y?e valve  Srovided r"or that; 
?-c~rg~o s e . 

When the fl ight elevetion  xas  reised  to Epproxirretely 1 foot wit'n a 
teetering  rotor,  the  exiskence of considerable  horizontal  gustiness was  
noticed. Such gusts wo~LLd ra ise   the  level  of "ne vehicle by 3 t o  6 inches 
and disturb +he balmce. Under these  circumtmces  the flyers seemed 
orone to  overcontrol a d  contin7Ae  cycl5.c oscil lEtions.  The gustiness 
appeared t o  be a.n is teract ion betxeen the machtne and the building; any 
control motion  of the  vekicle   ( t i l t ing)  wouhi send the  rotor  w&e more 
i n  one direction thm in  o';hers.  Presumably because of 'the b u i l d h g  
walls, the Gilot md machiae soon were szbjected t o  a &aft l i k e  a sudden 
horizor-tal wkd.  Operriq  the vindows and door zdmitted a l i gh t  breeze 
ar?d a7peareb t o  diminish Yne gustin-ess t o  scire extent. 

I 
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" At z t e s t   a l t i t ude  or' 3 fee t ,  the gusty  disturbmces had S a r t i a l l y  
disappeued. Pny t i l t ing   no t ions  of the  mchine  appeased t o  be due t o  
pilot  ectioE  only. The r ide  was c-ecterized by e. steady &owndraft, 
s l i gh t ly  noticea'ble on the bands end face, which w a s  not  noticeable at 
lower a l t i tude .  Under these ci-rcumstences the  ride would at mst thes  
be  charzcterized by overcontrol end insuTficient damgfng as evidenced 
by cyclic  oscil lations  of perhaps 220 t o  4". It wes therefore  the  opinio~l 
of both  pilots, at the tixe, thz t   t he   r i de  was zrurginal. 

. 

Sgrillg-restreined  rotor.- By the  introduction of a rotor  spring 
r e s t r a i n t  about  the  teetering a i s ,  it is possible t o  introduce a resist- 
ance t o  a n g u l a  deilections of t h e   p h t f o m .  It wes reasoned t'nat soIce 
r e s i s t m c e   t o  =gular m t i o n  of the  platform i_n_ ary giver- control  direc- 
t ion  wolald introdwe a beneficial  "feelr' t o  the  platfom. Also, since 
the  rotor  motion would h g  the  glatforn  notion, the spr ing   res t ra in t  
should  htroduce dampLn4 to   the  platforn.  

The  rneckr-Enical spri-ws were in s t a l l ed  m-d flights vere made t o  and 
at about 12 to 18 in-ches. The gustiness a t  th i s   e leva t ion  w a s  s t i l l  pres- 
ent erld the  balance of the  vehicle Zmder t h k  condition resulted i n  con- 
siderzble  physical   effort  02 the par t  of the r"1yer. -When a horizoEtal 
gust would s t r i k e  the machine the flyer would give a sharp controlmlotioll 
t o  couateract the side d-rift so introduced a d  several   cycl ic   osci l la-  
tions  with a maxh-m amplitude  of  about 3O would follow. About 20 minufies 

1/2 t o  1 cycle. It w e s  discovered zt the sane tine th&  the   e f for t  t o  
hold  the  nachb-e a t  a given  spot  mder  gusty  conditions was ia large 
neasure  contributing t o  the   o sc i lh t ions .  When the nachine wes allowed 
t o   d r i f t  a fev   fee t   the   r ide  became Guite smooth. Following t h i s  lead., 
t r ans l z t iona l   f l i gh t s  a t  the sme a l t i t ude  were made back and fo r th  in 
random directzons vith barely  discernible   osci l la t ions.  I4ke-n- the  r ide 
smoothed out  the  gustb-ess  died &own also,   result ing in a pleasi-ng ride. 

- 

- of practice XES required  to  leem t o  damp such  disturbm-ces out in aboiz-l 

Flyer I flew the machine with  rotor   spr ing  res t ra int  at 3- m.6 4-foot 
elevztions  for 15 nwutes  followed by a fiescent a d  smooth landing. 
Flight at t;heee elevations w z s  again  cheracterized by a lack of gustiness 
and by z stesdy do%n&aft of air not felt  a t  lower a l t i tudes .  Be found 
the   f l i gh t  so easy   t o  make a t  the 3- and 4-foot  levels  that it did not 
require his at tent ion.  H e  Goticed a strong  resemblance between this r ide  
md the   r ide  on the  jet-supported  platform wMch r e q ~ r e d  no mental  effort .  
Flyer I1 f l e w  %he machine a t  3- t o  4-foot l eve ls   for  zbout 10 minEtes and 
descended. Flyer I1 rever ted   to  some overcontrol by ankle movements in  
the fore-and-aTt d b e c t i o n  as soon as he arrived a t  the 3- t o  4-foot 
levels .  Mter 2 or  3 miniAes t h i s  tendency seemed t o  be mastered. The 
pictures i n  figures 7(  a) uld ( b) show f lyers  i and I1 under Cce above- 
described  flight  con6itions. Each flyer then made flights from 0- t o  
&root elevztions an& back down, slovly xoving over Yne elevation rana;e 
involved  while  mintainlng  the  vehicle in the same laterzl locction. 
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It was now eviaent  that   satisfactory  hovering  f l ight on a progeller- 
supported  platfom had Seen made using  the  sme  balmce  principles  as 
were used on the  jet-sugported  platforn?. 

Rotor locked.- Soae f l i gh t s  macle by f lye r  I with  the  rotor  locked 
were very  diZTerent. The vehicle would r i s e  ur-eventfully  with gradLrally 
opening t h r o t t l e  t o  a foot, or nore in   a l t i t ude .  As long as the g f lo t  
stood s t i l l  ar-d no pmt icu lar  glrsty  disturbance  influenced  the  vehicle, 
noxhing happened. However, F f  the flyer  introduced a disturbace,   say,  
by leanin!  sl ightly,   the  vehicle would go into a mild counterclockwise 
( the  rotor  was t-znips  clockgise)  grecessional motion wnich was noL 
unpleasmt i f  the   f lyer  ~ ~ o u l d  remin  standing  perpendiculw  to  the machine, 
going along f o r  t'ne ricie. The Totion WES l ike   tha t  of  a top t ha t  leans 
aid wgl<s i n  a c i rc le   as  it spins. The poss ib i l i ty  of ';his r e su l t  had 
been mt ic i3a ted .  If the  f lyer  reacted  to  stop  the motion without 
thinking, by leming  against t'ne directdon of t he   t rms la t iona l  motion, 
the  degree of tilt and  speed  of the  nation woulti increase. However,  by 
l eming   r ad ia l ly  outward, r i l d  precessional motions  could be s ta r ted  and 
stopged. One other  pertinent  point was noted; namely, that ,  i f  a sub- 
s tmt i a l   con t ro l   mxen t  WES instigated by the  operztor,  the  vehicle had 
a d i s t inc t  and even  powerful  resistance t o  the motion. I f  a strong con- 
t r o l  xotion was used,  annoying rotor  vibrations were set up. 

The prir-cipal  information which was obtained  concerning  the  locked 
ro%w w a s :  (1) the  response to   control  monents w a s  sufficiently  out of 
direct ional  phase to   the  control  monents %o require a differen%  type  of 
comroL than  thzt  reduire9 by a teetering  rotor or by a jet-supported 
platf'orx; essentially, %he controls were crossed, and (2) the  vehicle had 
powerr-2  res+st=ce to  control.  The response r a t e  t o  a givelz applied 
noment w&s slow coqmred to   the   mse  with the  teetering rotor. 

. 

Possibly  the  necessary met'?od of control  co-dd be learned  in a 
rcason&ble  length of tLm, partfcularly  since  the  response  rate was slowed 
doxm. In   fac t ,  a beginling is *his  direction had been made. It wes 
believed unwise, becguse of the  possibi l i ty  of  developing  conflicting 
hahlts, t o  ccEtirue w i t 3  schexes requiring  CiTferent systems of control. 
Experfmenss with  the  locked r o t x  were therefcre  discontinued. 

Outdoor Flights 

Spring-restrelned  rotor.- It zppezred  desirable  to check the results 
obtained  indoors  w6er more r e a l i s t i c  f l ight  conditions.  Flights were 
therefore  conticued out of doors. On t h e   f i r s t  day f l i gh t s  were made 
with a spring-restrained  rotor at elevations from 1 t o  b fee t .  The wind 
was mild, varyillg fron 4 t o  8 miles per how:, as shown i n  Figure 8(a) . 
FEorizontal gusts  cmsed  tbe machine t o  have a mild ver t ica l   osc i l la t ion  
of abozt 6 t o  10 inches depending on t h e b   s t r e r g t h .  The d r i f t  and oscil-  
l a t ions   se t  up did  not seerr: excessive.  Oscillations seemed to be damyed 

I *  
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- 
ou t  i n  about 1/2 cycle, while t’ne dr i f t  was ustially  about 1 foot and at 
the  xost 2 f ee t .  There seerred t o  be a l i t t l e   g r e a t e r  ease of  f lying et 
t’ne 5- t o  6-foot l e v e l s   t h m  at the 1- t o  2-foot levels,  bu-i the air did 
not seem gar t icu lar ly  gusty st the lower levels  z s  it hed indoors. 
Observers thouglnt the rides appeared abo-& equally smootii at a l l  a l t i tudes .  
There w a s  a tendency Tor the   f l ye r   t o  be tense at the begilmikg of t’ne 
f l i g h t ,  holdb-g  his feet and vikles  rigid,  but  he would be relaxed by 
the end of the   f l igh t ,  and not tired. During these f l i g h t s  it w a s  c l e w  
thzt whelz the  rotor   plane  z i l ted &s a result of a change 5n w i n d  velocity 
the  spr-5ngs transmitted  the tilt to  the  platforx.  T h i s  acted as 2. s igna l  
t ha t  a correction w a s  require&. A control  force  could then be applied 
before any appreciable &rift b u i l t  up. 

.r 

On the momiw ol” the second bay, f l i gh t s  were fecing in to  the 
strong,  gusty 8- t o  3l-mile-per-how wLnds recorded  in  figure 8(b). The 
wind direction  vasied from s t ra ight  abed t o  45O t o   t he   r i gh t  of &ea&. 
Flights from about 2 t o  7 f e e t  were made, hoverirg  within  about I, 2-Toot 
radics.  Most disturbances were damped out i n  .zbo%t 1/2 t o  1 cycle. The 
principal  thing  noticed by the   f lyer  was that Tiore veignt was carr ied on 
“ne toes   than  in  s t i l l  air. This was p a t i c u l m l y   t r u e  when a strong 
gust would strike, l i f t i ng   t he   f ron t  of the platform-. While the   f lyer  
uzs  airborlle he shif ted his f ee t  about 1/2 inch  forwarb, which resulted 
i n  a reduced ef for t   to   na in te fn   bahnce  md position  control.  Apparently 
t h e   t i l t i n g  of the ro tor  @.me rele-live t o  t h e   p b t f o r n  Plane  by the Kind 
velocity  trmsnlt-led e moment t o   t h e   f l y e r ’ s   f e e t  thEt vas  eqslvalent  to 
a s m ~ l l  foriard sh i f t   i n   cen te r  03 l i f t .  The t i x t i n g  of the  rotor  plzne 
was Pisible  to  observers at lov ro tor  rpm, while t’ne rotor  was being 
brought up t o  speed. A picture sequence Zron this 3 1 g h t  i s  shown in 
f igure 9 showing one of the Lezger distu-bznces znd the subsequent  riotion 
z t  0.3?5-second intervals .  Most of the  balance WES maintained  with a 
lair  degree or“ ease. Up t o  about 2 feet ,  changes in elevat ion  -ere  
observed at a constant t hzo t t l e   s e t t i n !  &ue t o  ch-es i n  the  strength 
of the w5nd.  The s h i f t  in  wind direct ion h d  no apparent aciverse e f fec t  
on the  ease of b a l a c e  a d  control. 

- 

Free tee te r i rg   ro tor . -  On the   t h i rd  dey, f l i gh t s  were nede by 
f lyers  I and I1 t o  comgase the flying q d l t i e s  w L t h  znd without  sprips 
r e s t r z i n t  on the rotor. W5.thou-L spring restraiGt, the  r ides  were char- 
acterized by lmge body control motions and ill soxe instances by  undamped 
cycl ic   osci l la t ions.  The r ides  were unifomJy good w i t h  the  sprirrgs 
instal led.  P”ppaerrt1y the spriLngs were reciucirg  the  flyer’s time lag 
a f t e r  a disturbance and 7s-traducing sone danplhg. 

A flight without spripzs  usigg  the hands on the  hmd r a i l  WES mule 
by f lyer  I. This  arrmgemer-t  inqroved  the  conkrollabllity  greetly.  Satis- 
factory  transiekions were made in rmdom directions.  The f l y e r ’ s  hands 
were used both es an assist to prlimasg contrcrl in the  action of s h i f t ~ g  
the  body posit ion m-d zs dm-pers t o  the   re la t ive  motion  Setveer? the  iYme 
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ar,d the i'lyer ' s  body. Sfurong l a t e ra l   o sc i l l a t ions  of pe rhap  loo with 
abozt 5 2-second period introctuced by pulling strowly with  alternate 
hmds co-dld be s t o g e d  in 1 t o  2 cycles. NG ro%or vibrations were f e l t .  

.. 

HubS?r-mounted rotor  hub.-  .3n the  fourth day, f l ye r  I flew using 
t h e  a l ternate   confignat ion which had the sponge-rubber nounting and 
rotor-ieeterips  springs  installed.  The  wind veiocity shown i n  figure 8(d) 
was generally from the  fronk,  zlthougk  observation of the  anemomter 
wizd-direction  indicator showed changes in   d i r ec t io r  u~ t o  60 degrees 
pe r  second. A continxcus  helf-hour f l i g h t  i?zclu&ed translations,  with 
hmds on and of f   the   ra i l .  With hmds off   the   ra i l ,  t h e  f r m e  would 
fo l low the  foot  plztforrr. t o  aoze extent  during a control  notion w i t h  the 
f e e t .  With hz"ds holOing %he rsil, even l ight ly ,  a r b y  motion  between the 
f l y e r ' s  bociy and the   f rme  V z S  eliminated. The r ide  vit'r. han6s on the 
r a i l  w a s  therefore soxewbet preferred. A str0r.g  resemblmce t o   f l i g h t  
on zhe low-inertia :et-su-pported platform was evident.  Control motions 
were bot2  easy an& quick an6 posit ion  coctrol good. Flyer-platform dis-  
t -ubmces were sxell i n   s p i t e  of rough air. The f'lyer  did  not t i r e .  
Considering  the  roughess of the eir, t h i s  rtachiae was the easiest to 
fly. OSservers  agreed  the  ride  looked  very  well-controlled.  This flight 
shows thzt   the  foot-GlatZorrn control  principle is not  necessarily  limitcd 
by the   iner t ia  05 e ver t ice l ly  rising a i r c ra f t ,  but, i f  a control system 
is  provided, is limited  only by K?e control  forces  required by ihe 
::onxols. 

I 

Balance TecLm-Lques 

Standing on a propeller-szpported  platform and stznding on a jet- 
suploor-led pht forx   a re   bo th  examples of' a general. class of  vehicle  in 
w3ich the  balance  principle i s  thz t  of standing on a thrust  vector. With 
the ex3erisnce of t'oe present  ailthors in  f lying  both  the shove types, it 
seems i n  order  to conpare the i r   charac te r i s t ics  and t o  discuss  the  tech- 
nicpes of balance. 

Tee basic  condition for  balance, i n   t he  zbsence  of eerodynanic  forces 
othcr tl;m tk;rust, is for the t ' ~ ? u s t  axis to pass through  the combined 
center of gravity of the  vehicle a 0  r ider .  i f  the  vehicle i s  balan-ced, 
as hss heec  zpproximately the cme of  the  vehicles flown to  date,  t he  
thrust axis pessee throl-@ the  ceater of gravity of the  vehicle. To 
satisfy the basic  cordit ion  for  belace,   then,  reqcires that the thrust  
axis pass t,k?oi~h the  center of gravity of the  f lyer .  If due t o  aero- 
c5ynmic disturbznces or xovements of t'ne flyer some w-vmted  position 
occms, a righting no;r.ent may 'be se-k up by zyl action si~5la.r 'co stmding I 

on a l eve l  floor. I f  a m a  stancling on a Floor -is leaning, he Dresses 
on the floor with his fee t  in a m m e r  to bring him ver t ical .  If e rlyer 
and  vector-supported  platform are lea- ing  the  natural  inclination of the 
f l y e r  i s  -Lo press on the low side of the  platform  to  bring himse1.I' to z 



I vert ical   posi t ion.  Fne nonents so created  rotEte  the  f lyer  in  the  proper 
directiorr. The platl'orm ro ta tes  in the  osposite  direction m d  swings 
the t h r u s t  vector  to  create m- additionel morrent in  the  proper  direction. 

powerfd. The first t h i n !  the   f lyer   learns  i n  ge'ctiFs  the  feel  or" t.h? 
plstform,  either with lox  or  high  inertia,  i s  t o  make small control 
motions to  prevent  overcolltrol end arr eccompz-nylr!! anqgikr momentum 
builriup of  the  platform and. flyer. To do t h i s  he can- e i ther  iinit the 
nagnituie  or  duration of the control  notions. It has been demonstrated 
nwerous times tha t   the  flyer does not need t o  understmd t3e  balance 
pr inciples   to   f ly .   This  i s  due to   the   fac t   tha t   the   ac t ion  is qualita- 
t i ve ly  tine sane  as  stending on the  gromd.  Qm-ti-letively,  standiF4 on 
a vector-sugported  platf'om-  generally  reqzires smaller or shorter-d-mation 
control  forces  for  the  reasons  given zbove. 

.. The adc i t io ra l  noxer-t crezted by tine novexent  of the p1atl"om c m  be 

When overcontrol  has been observed, it has  been  observed ilz the  fore 
and aft  directions;  very  seldon in- the laterel direction. A s t m c e  i s  
t&en  with Cne feet several  inches epart and the  r lyer  has very  positive 
control  over  his  lzterel  center-of-gravity  position. If cycl ic   osci l la-  
t ions in the  fore  and aft directiors  occur,  they  occur in conjunction 
with ber;-ding notions of the  ankle. IT these occ-m excessively on a rotor- 
supported p1atr"orrn in cslm air, or on a low-bertia  jet-susported  plet- 
Porn i n  any eir, they m e  >robably dure t o  insufficient  exserience.  How- 
ever, i f  a large  disturbmce is encotl_n_tered 51 the  fore and a f t   d i r ec -  

a substant ia l   control  motion, and it i s  then more difr"icult  to  give  the 
needed control, by the  "ankle  torque"  technique jrzst described,  wit5out 
applying it too long. 

- 

.. tions or- e large-inertia  platform,  the rlyer i s  obliged t o  respond u i t h  

I n  d is t inc t ion  From the Ebove-described  nethod or" balance, e v a h -  
Eble v u h t i o n  of the billan-ce technique  corresponds t o  the action any 
small boy or girl Lea-ns i n  wzlking on curbjags  or  that Ls used by  any 
person stending i n  a glece wFth a naxrou  rooting 00 which t o  brace  the 
f ee t .  It consists or' a s l i g h t  bending of the body at t'ne waist. In 
this   act ion,  the center or" gravity of  the person,  .&ether e curb welker 
o r  a f lyer ,  i s  Eoveri in the direction  the waist and higs aze moved. If 
a. f lyer  m d  platTom  are 1ezni-n-g and the flyer wishes t o  be erect,  he 
s h i f t s   h i s  weight s l i gh t ly  towzsd the  high side by a s l igh t  bend at the 
waist. The mount of xa i s t  movement nay v m y  from EX. elnost  imperceptible 
amount  on 2 jet-supported  platform  or  rotor-supported  platform in  quiet  
air t o  .m -inch o r  more on a ro to r   p l a t fom  in   gus ty  air. With a l i t t l e  
experience, the eFze ol" the  control  m-iion i s  adjusted  to   the garticular 
disturbmce. No d i f fe ren t ia t ion  i s  made between fore and af t  and l a t e r a l  
controls. ReYler, once the ezimuth and m g n i t d e  of a disturbance i s  
felt  or notice& - u s u d l y  as a tilting up or' cne edge of the  vehicle - 
the mist  i s  noved a cornensmate ~rn0l;n-L in  that   d i rect ion.  This tech- 
nique  appeu's t o  be the answer to  overcontrol a d  osc i l la t ions   e i ther  
on the  rotor- or jet-supported  platform. Ankle notions  are srrall an& 



?assive, and sxal ler  monleEts are  'axmsmitted  through the m-kles. T h i s  
teclmiaue i s  a l so   mre  cccdccive t o  relaxation thsn %he first xethcd 
described. 

Coxprison w i t h  Jet-SQppcrted  Platform 

Since  reference 1 vas  published,  Plights on a jet-supported plat- 
"rxm were nade oat-of-doors . Figure 10 shovs a typ ica l   f l igh t  02 the 
.;e%suported  platform. The r iders  of such a vehicle had prsc t ica l ly  no 
i i i f f icul ty  w i t h  the wlnd. In c e k  a i r  the  rotor-su?ported  vehicle  hovers 
more atezdily  than  the  jet-sspporteii  vehicie. Ir! gusty air  t'ne rotor- 
s.;-pported vehicle w e s  m r e  dcsturbed. 

Yoise levels  were not measmed,, but the  noise cf the r o t o r  with 
j e t s  zt the t l p  was not  gartic-dmly  objectionable.  This conqarec t o  
very  objec%iona5le  noise  levels on the jet-su7ported  platform,  necessi- 
ss- t ing  me or" e m  plws. 

Captive fl5g:l-L t e s t s  of a man standing on a t e e t e r i n g - r o t o r - s u p g o r ~ ~ ~  
plati'orm res-d-ted in   the r'ollo-wing conclusions : - 

1. The s t & b i l i t y  a d  coctrol laSi l i ty  of a flyer stmding on E 
YpAng-restrained teeterirg-rotor-s-i?ported platfom, were sat isfzctory.  

2. The s t a b i l i t y  an& cont ro l lab i l i ty  of a flyer standing on a frce- 
=eeter ing- ro te r -s~g~or ted  gla-lforn were msrginal. Bcwever, when a i2yer 
wi:h several hours of experience  flew w i t t  his h a d &  on e h m d  rail 
enc i rc l i rg  t?.e flyer,   the rLde was s&isfectcry.  



. .  

5 .  The ground effect  not  oniy gave altituce sta3ilLze%iol, bat 
irrtprted an ~ I J L E X  (gi tch and roll) s tab l l iza t ion  when tkie rotor w a s  
within about 2 bla& &norcis or" the ground. 

1. Zfmermm, C. E., Hill, Paul R., a116 Kemedy, T. I.. : Preliminary 
EkperbAental   Investuatfon of the Flight of a Person Supported by 
a Jet Thrust Device Attached to H l s  Feet. NACA BM L52D10, 1953. 
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(a) General view. 

Figure 1.- Fhotograph of best vehicle, 
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(a) Detail of foot platform. 

Figure 1.- Concluded. 
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Figure 2.- Sketch of rotor blade. A l l  dimensfons are in inches. 
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Figure 4.- F h x c g r q i - ~  31 ro.tor hub with Teeter reszraining Gprings installed. 
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Figure 5.- PhoLograph of rubber-mounted lxb. 
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Control Valve 
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Figure 6.- Sketch of t e s t  room. Dinensions in ftet. 

4 

, -6” 

/=== 

e.”- 22 - 
-Roof B W S  

.m I 



(a) Flyer I. 

Figure 7.- Test  vehicle in indoor flight. 
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(a) First day. 
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(c) Third &.y. 

Figure - 

Fourth day. 

8. - Concluded. 
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Figure 9.- Sequence chowing typical outdoor f l i g h t .  
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