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^ analysis is prssentsd of tha longitudinal dynsaic stability 
charactaristios in hovering and in level low-spead flight (X * .12;, 
of tha Hiller 7-foot dlauster ducted fan fljring platfom.    In addition, 
sevsrsl configuration variations wars investigated, including duct 
section and chord, nunbar of propallar blsdas, propsllsr blade sstting, 
and clsaranca batnaan tipa of propellers and ins Ida of duct.   Tha aquations 
of aotlon are developed using standard asthods,   Tlas histories, obtained 
vith an analog computer, and tha resulting stability paranatars are pre- 
sented graphically.   Tha prasant gyrobar stabiliser systan providss 
sufficient damping in hovering flight but trill not ovarcone tha divergent 
notion in forward flight.   For this rsason, tha djmsalc charaetaristics 
deteriorate with increasing speed.   This is primarily due to tha static 
(angla-of-attaok) instability which occurs at higher speeds. 
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x.  iwrRODucnon 

Iht UM of « duotid propeller u a nan carrying vehlcla has been 
considered for the paat few years by the Military.   Various theoretical 
and ezperiaental prograM hew been initiated to investigate the per- 
fonunce and stability and control characteristics of such a vehicle. 
This contractor was warded a contract by the Office of Naval Research 
in I99i, Nonr 1357(00), to determine in part the flight characteristics 
of a personnel flying ducted propeller that was kinesthetlcly controlled. 
This wans of control vas conceived by Zineraan of the NACA In 1952 
(Ref. 1).   It eakes use of the sane instinctive reactions a parson uses 
to stand and walk.   The pilot standing on the platfora acts uncenciously 
as «i autopilot in counteracting any disturbance that eight occur and 
for steady flight he slaply shifts his weight by leaning In the direction 
of desired action.   This contractor has coepleted several phases of the 
subject contract in which stability and control analyses and flight test 
progrsM have been conducted on a 5-foot platfora.    The stability and 
control results of these various phases have Indicated that the 5-foot 
platfora can be controlled kinesthetically in hovering and low-speed 
forward flight in cale air but that problems arise In windy and gusty 
conditions, (see Ref. 2). 

In order to Improve the flight characteristics, a mechanical gyrobar 
stabiliser was developed which automatically applies corrective control 
application in both pitch and roll.   This stabiliser, shown in Figure 1-A, 
is a system of two bars which rotate with the lower propeller and have 
the freedom to pivot relative to the propeller plane.   On each end of the 
bars is an airfoil-shaped peddle to give aerodynamic damping.    These 
stabiliser bars, excited by gyroscopic moments, actuate a set of pitch 
end roll vanes mounted below the platform.   Figure 1-6 shows the mechanical 
operation of the system for the case of the duct pitched down at the nose. 
The dssh lines show the relative position of the bar and vanes to the duct 
and the force "L" thus produced by the vanes.   This force of the vanes 
produces a damping moment opposing the pitching or rolling disturbances 
of the platform. 

In order that a quantitative analysis of the platform stability and 
control problem might be carried out, a wine' tunnel test program, additional 
flight tests, and theoretical studies were contracted for under Annex B to 
Contract No, Nonr 1357(00).    The wind tunnel program consisted of testing 
various duct shapes, propellers, and  centerbodies  in many combinations at 
various angles of attack, propeller blade   pitch settings and advance ratios 
(tunnel airspeed/propeller tip speed).   Measurements were made of total 
lift, propulsive force, pitching moment, and power.    Since the original 
5-foot platform was underpowered it was redesigned into a 7-foot diameter 
vehicle capable of developing higher thrust. 



In this rtport « dynmic stability «nalysla is ptrfomsd for th« 
7-foot plttfor«, shown in figurs 2, with and without tho Kjrobar f tahlllisr 
systM and with various configuration chtngas,8uch as duct saotion and 
chord, nuaber of propaUar bladas, propallar blada pitch sotting, and 
claaranca batwean tips of propellers and inside of duct«   The stability 
derivatlvaa used In the analysis are obtained fro« the wind tunnel tests 
conducted by Hiller Aircraft Corporation at Darld Taylor Model Basin 
during the period of June-Septenber 1958; the results of those tests have 
been published In Reference 3* 

Solutions to the stability equations are obtained on an analog 
coaputer with a pilot control step input and a horliontal gust pulse 
Input as alternate excitation functions.   These solutions yield 
stability characteristics! such as period of oscillation, damping factor, 
and percent overshoot.   In addition, the stability characteristics for 
the ship are exaalned with the aid of rector diagrans and stability 
boundary charts. 
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2.    USTOfSTMBOU 

a      Uft-cunrt tlopt of gjrobar paddlt, rid -1 

a       Lift-cunre flop« of propeller blad«, red 
P 

-1 

e       Lift-curve tlopt of tllpttrttn vine, red -1 

A      Pltnfcn» trtt of <mt gyrobtr ptddlt, ft 

A       PUnfora trtt of one tlipttrttt control vene, ft 
(thtrt are 2 vtntt tteh for pitch and roll) 

b Totti nutber of propeller blades 

0 Mean chord of propeller blade, ft 

CO Center of grtrity of platform an) pilot 

f Propulsive force, positive forwtrd, lbs (see Sketch 1) 

g       Gravitational acceleration, (32.2 ft/sec ) 

I       Total moment of inertia in pitch of platform and pilot 
2 

about center of gravity, lb ft sec 

I      Total M»tnt of Inertia of one gyrobar about its pivot, lb ft sec 

k Propulsive force coefficient, m   * 
r p(2R)fffr 

k. Lift coefficient,  i—» 
^ p(aR)V 

M t- Pitching moment coefficient, ■   ■ 
^ p(2RrnR3 

v       Speed stability derivative in forward flight, ■■   ■ w   ■ 
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Spe«d •lability derivative in hovering, 
p(a)z«3 

l-'gle-of-ett^ck etiblllty derivative in forward flight, 
p(«)V 

Oyrobar control effectlvenesa, 
PC«)2««3 

Rotary danping In pitch, 

h 
P(öR)Z«Z 

h 
pin)**' 

■   <| aec 
o(a)V 

p(flR) ifi 

A6 

6    ^ ■    »i sec 
p(2R) nR 

p(2R)^nR3 

ü 

p(2R) ttR 

p(SR)2t«Z 

K      Specific damping (damping/critical damping) of gyrobar 

12 -1 102     Oyrobar damping term, *=- pR a (2R )A . soc 
^rt o   o o       o 
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n 

F 

R 

KxitX dUUnet fro« th« ctnt«r of grvriiy (pofltlvt in 
dlr^cUcm of tUpatreai), ft 

DlaUnc« froa •hroud tr&Ulng «dgt to otntor of gravity, ft 
(BM Sketch 2) 

Distance froa shroud loading odge to otntor of graritgr, ft 
(soo Sketch 2) 

1.     Axial component of shroud chord, ft (see Sketch 2) 

I-     Distance fro« aerodjmanlc center of slipstream vane to 
3    shroud trailing edge, ft (see Sketch 2) 

Total lift, lb (tee Sketch 1) 

Pitching moment about center of gravity, lb ft (aee Sketch 1) 

Linkage ratio between pitch vane angular displacement and 
gyrobar longitudinal tilt, vane deflectlon/gjrobar tilt 

Power required, lb ft/sec 

Propeller radius, ft 

R      Radius of center of lift of gyrobar paddle, ft 

t Time, sec 

u,w Perturbation velocities along the x and s axes, ft/sec (see Sketch 1) 

0,V Perturbation velocities divided by equilibrium forward velocity 

C Perturbation velocity divided by tip speed 

v  Average axial velocity In the duct, ft/sec 
a 

V Forward flight velocity, ft/sec 

W Gross weight, lb 

X,B Stability axes, fixed to the platform (see Sketch 1) 

X,Z Forces in x and z directions, lb 

ß Propeller blade pitch setting at 0.7 radius station, deg 
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Platfor» tnglt of attack, aero If platfona otnUr lln« (proptllar 
axi») la p«rp«ndlcular to flight Ttlooitjr, pooitiTt if platfom 
la tUUd to the rear, («ee Sketch 1) 
In steady level night Y 1« tl«o angle between vertical and 
propeller axi« 

Perturbation dlaplacement in fore-aft tilt of gyrobar tip path 
plane, positive if tip path plan« is tilted to the rear, rad 

Forward flight efficiency, a * ■■ 

Perturbation in platfom attitude, rad (aee Sketch 1) 

Advance ratio, mt 

Average duct axial velocity divided by forward flight velocity 

Density of air, asstaMd 0.00238 slugs/ft3 

Solidity of the propellers, be 

I 
I 
I 

Mass coefficient. 
gp(2R)i« 

7» sec 

Propeller blade aslauth angle aeasured from rear position in 
direction of rotation, rad 

Propeller shaft angular velocity, sec -1 

Subscripts 

tt     Quarter-chord of duct 

u, w, 0, etc. indicate^, fa fa «to. 

Superscript dot indicates the time rate of change of the variable 

L_ 
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COIIFICÜRATIO» ■OTATIO» 

J 

Dl Duet No. lt Modlflod MACA 61*21 profU« (at« T«bl« 1) 

D2 Duct Ho. t| NACA 0018 profile (MO T«blo 2) 

D Duct No. 3, Modified IwiUoat« profile (tee Table 3) 

D^ Duct No. U, Modified NACA 6tt21 profile, 0.6 chord of D1 (aee Table it) 

RB     Indicaiea preaenoe of aiftulated platforn englnea and pilot on 
wind-tunnel aodel 

?2     2-bladed tviated, contra-rotating propellers (aee Tables ^ and 6) 

P.     3-bladed twisted, contra-rotating propellers (aee Tablea 5 and 6) 

AR     Indicates that average clearance (0.0038R) between duct and 
propeller tipe haa been doubled 

V.     Indicatea preaenoe of exit vanes at aero deflection angle with 
duct axis 



I 
3.   TOI BQUATIOMS OF HOTION OF THl PUTTORM 

For the invtstigation of the dyntnic eharacUrlstioa wt ua« t rlght- 
handad ajrata« of axaa which la fixed to the platfcm md haa ita origin 
at tha 00 of the aanned aircraft.   Thia sjrata« of axaa, generalljr referred 
to aa "body axaa", la oriented In auch a wty that tha poaitlvt x-axia 
falls in the direction of tha initial, undiaturbed flight velocity.   For 
tha inveatigation of tha longitudinal dynwics In forward flight both tha 
x- and t-axis 11a in tha longitudinal plvie of synatry where tha poaitire 
direction of i la down, see Sketch 1. 

The undisturbed flight condition la characterised by tha Telocity 7 
and the attitude y of the plstfons with reference to the vertical.   By 
definition, Y la positive if the ship la tilted to the rear.    In forward 
flight the platfom mat be tilted forward, therefore noraal forward 
flight occurs at negative r-^lues.   For level forward flight tha attitude 
or pitch angle r 1* Identical with tha platfom angle of attack. 

The three degrees of freedom considered are: 

u     tranalatlonal perturbation velocity in direction of x 

w     tranalatlonal perturbation velocity in direction of s 

0     angular disturbance in tha attitude of the platfora 

The corresponding equations of action are: 

Zx-o 
Iz - 0 

TM-O 

I 
I 

Qy definition, the x-axls is given by the direction of the Initial un- 
dlaturbed flight.   Therefore, the translational velocity disturbance u changes 
the magnitude of the relative speed but not the angle of attack of the plat- 
fora.   On the other hand, provided that the disturbances are small, the trans- 
lational disturbance w changea the platform angle of attack but not the magni- 
tude of the relative velocity«   As it is convenient to introduce the platform 
advance ratio X ■ 7/QR, we can summarize the aerodynamic effects of the dis- 
turbances u an w as follows: 

u results in a change dX of the advance ratio 
dX - u/2R 

w results in a change dy of the platform angle of attack 
dy ■ w/V. 

I 
I 
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*)   SWADT STAW FLIOOT COKDITIOK 
(Lewi night) 

b)    DISTURBED FLIOHT CONDITION 

I 

I 

I 

y   / 

All quantities shown 
are positive. 

OROUND 

I SKETCH 1 



Tht angular attitud« dlatiurbane« Ö, at auch, dota not affact tha aaro- 
dtynanic forces.    It will ba abown latar, howatrar, that ita rata of changa 
6, (6 • pitching valocity) haa a prooounead affact on both tha l-forca 
and tha pitching aoaant M. 

3.1   Horarim Flight 

As thara ia no dtract ion of undiaturbad flight in horaring, tha ohoioa 
of the direction of axaa beco«aa aoaawhat arbitrary.   For contenience, we 
choose as a-axia the propeller axia, positive dovni and aa x-axls the nornal 
to the a-axia in tha longitudinal plane of aynetry, positive in the direction 
of conventional forward flight.   Aa discuaaed previously, the syate« of axaa 
ia fixed to tha aircraft*   For aymatry reaaona, X   • M   ■ 0 and the three 

equations of aotiona are no longer coupled.   Aa anjr tranalational disturbance 
In the direction of • ia daaped (Z < 0), we can restrict ouraelvea in hovering 
to the degreaa of fraedoa u and 0, iaa.# to tha equations for the equilibriua 
of X-forces and pitching noaentai    (see also Ref. it) 

x u - - ü - we ♦ Xxfi - o 

V M^ - I ff (1) 

wh-r<? 

I 

I 

V is tha gross weight of ship 

I ia the total aoment of inertia in pitch about tha CO of the aircraft 

X , Xi, M , Mi are the partial derivatives of tha X-force and pitching 
moaent with reapect to u and 6. 

The gyrobar stabiliser system, with the longitudinal component of the gyrobar 
angular deflection A, increases by one the number of degrees of freedom.   Con- 
sidering the effect of feedback in the gyrobar system to be negligible, the 
simplified equation of motion of the bars ia (see Ref. 5) 

4 ♦ Kfifi ♦ A - 0 (2) 

I 
I 
I 
I 

■_— 

where K is the specific damping of the gyrobar and S its angular velocity. 

The cross-coupling between pitch and roll in the gyrobar system has 
been investigated and found to be quite small (in the order of one percent 
of the control application) for the expected platform freouenciea of 3 
radians per second or less. The gyrobars, by actuating vanes in the pro- 
peller slipstream, add aerodynamic feedback terms X.6 and Mfi6 to the platform 
equation«. 

10 
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Ihuty tht platfom with sublliter It ehtrteUrlMd by the follovlnf 
Ml of equttlonti 

X^u - I 4 - WO ♦ 1^ ♦ X66 • 0 

P^u ♦ Md6 - I Ö ♦ «ft« -0 

6 ♦ do ♦ 6 (3) 

ID order to ftclliute handling of the non-dlntntlontl terodjmtalc 
tUblllty dtrlTttlvee thtt will b« obttlmd fro» tht wind tunnel Uttt 
of Reference 3, it it convenient to non-di«ention&lltt tht tquttiont. 

2   2 This will be tceoaplithtd by dividing til forcet by p(fiR) «A   tnd «II 
2   3 ■oatntt tqr p(fiR) * .   In to doing, tht ttt of tquttiont btcoMt 

Ö ♦ ICfi6 ♦ 6 - 0 ih) 

where u hat been nade non-dijnentional by dividing by tht propeller tip 
u speed, i.e., u • =r. 

3t2 Forward Flight 

The equations of motion in the longitudinal plane for forward flight 
expreat the equilibrium of forces in the x and i directions «id of pitch- 
ing moments about the center of gravity. For level flight these equations 
are, 

xu--ü*xw-wg + XAd*xft-o 
u  g    w       9 6 

Zu*Zw--w*-VÖ       -0 u   w  g   g 

M u ♦ M w ♦ MxÖ - I Ö ♦ M-6    - 0 u   w   9        6 

Ö + KS6 + 6 - (5) 

11 
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The last of these equetiona is egetn the slapllfied equation cf Motion 
for the gyrobtr sUblllier, 

Non-dlMnalonallaed ee In hovering, the eouetlona beooae 

k. 0 ♦ k. 0 - TX 
Z0 

dt txö 

(6) 

«here u end w have been aade non-dlwenstonal by dividing by the forward 

reloeity, i.e., Q * ^, V * y* 

Equations (li) and (6) now represent the equations of notion in the 
longitudinal plane for a li-degree of freedo« syste« symbolising the plat- 
fom with the gyrobar atabillser.    Note that In the hovering case the 
nueber of degrees of freedoa Is reduced by one«   The remainder of this 
report is concerned with the determination of the required derivatives 
and the subsequent solution of these equations. 

12 



U.   AatODTNANIC STABIUTT DWIVAHV© 

In this section, sxprssslon» trill bt prtssnUd for UM —roöynamic 
stsblllly dsrlTStivss rsqulrsd In ths solution of tht «qustions of notion. 
DM dtriTStlfts art dlvidsd Into two groups | dsrivstivts obtslnsd diroctly 
fro« tht wind tunnsl dsti of Rsfsrsncs 3 tnd thoss for which ssthsastieal 
•xprsssions imrolrlng ths dsts «rt to bs dsvslopsd. 

Ths dsrivstiTss of ths first group involvs orOy ths ssrodynswlc foress 
and ths pitching moment of ths nlstfom tnd srs sssilj found, fro« Skstch 1, 
tobt 

*U     Ä rX 

^•?<L4V 

Zu--BfH 

2w--VLr 

(7) 

These terns are assumed constant for ths duration of s disturbancs, their 
values being those occuring in the initial equilibrium condition. 

Equations (7) srs non~dimsnsionalised and ths resulting coefficients 
for uss in equations (M and (6) become 

\-\ 

\-x\ 

\--x\ 
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(fe) 

uhert tht tarnt cm th« right «r« obtained dlreotljr fro« tht wind tunntl 
data cunras. It should ba notad that in the wind turmal data curvaa, 
Rafaranca 3» tht platforn angla of attack a la by daflnitlon poaitive if 
tha platforn la tiltad forward, 1. a.f r * -o* 

Tha darlvativaa of tha aacond group ara tha ömping tarma, k- and II. , 

and tha gyrobar faadback tarma, k^ and k . Tha lattar rapreaant tha foreaa 
h 6 

and aoaanta, raapactlvaly, ganaratad by tha control vanas dua to tha 
autoaatlc control input 6. In tha following paragraph tha damping tar« 
k  and 1^ will ba darlrad. 

A pitching velocity 6 about tha CG of tha aircraft affecta tha aqul- 
llbrlun of foreaa «id aomanta dua to 

a) tha change of ■onantun of the fluid at tha duct inlet 

b) tha Corlolla foreaa generated by the fluid during ita 
paaaage through the duct 

o) forcee cauaed by changea in the angle of attack of propeller 
blade elements. 

The first two are maaa foreaa, the latter la of an aerodynamic nature. 

Change of Momentum at Duct Inlet 

If v denotes the mean axial velocity of the fluid through the duct 
2 (assumed to be cylinr< teal), the maaa flow per second amounts to pfti v . 

The change In velocity due to a pitching velocity 0 at the duct Inlet is 
6«. (see Sketch 2).   The force generated by this momentum change la 

^ - - pttR v^jÖ (9) 

As this force acts at the duct inlet, the resulting pitching moment about 
the GO becomes 

Mj - - pirR2va^1
2Ö (10) 

Ih 
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SKETCH 2 

b)   Corlolla Forces 

lb« «IcMnttl Cor lolls force exerted by the duct flow on the ring 
of depth dl It given by twice the product of the axial Telocity v . the 

pitching velocity 6 and the nass dm contained within the ring at any 
instant, i.e., 

dX2 - -2T 6 d« ■ - 2tjhi& d* 

Integration over the shroud gives 

?    f0 2 
X2 ■ - Zrjbw     /     dl ■ - 2vtpiiR'l26 

The pitching moment generated by the force (UL Is 

dM ■ dX2 • I 

■ -2v.6pT«2l 61 

Integration over the shroud length gives 

(11) 
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o)   ATodbrmalc ProptUtr Forcea 

(12) 

for tht ctI:ul«tlon of tht mrodynmio tore*» due to • pitching 
Telocity 6, we repl«t tho tvo contro-roUting propollort by a h/pothotloal 
single propeller hiving the sane total niafcer of blades.   It is further 
asauaed that the propeller oecLUates about an axia which passes through 
its center, I.e., the tranalational velocity due to a pitching velocity 6 
about the CO 1« neglected.   As the ducts used are relatively short, for a 
first approxlaatlon it M^ be asauaed that the propeller blade angle of 
attack changea are identical with those of an open propeller. 

For a blade eleaent dr at a radius r and an atlmith poaition T the 
change in angle of attack due to pitching velocity 6 la rdcosT/rS 
■ coa f • (6/ß),   The resulting elemental pitching aoaent amount« to 

dM3 - - c(ör)2r | a   £ coa^ dr 

For « total of b number of blades, integration over rat ua and aatmith 
givea 

-^H" j'l cos hr3 
dT dr 

--^bcpaprf ̂  

^ opapCfiR)««^ (13) 

Summation of the various components finally leads to the following expressions 

X6 - - pnR2va(«1 ♦ 2e2) 

■vö 

- Ptfl va(«0 ♦ *2) 

pnR ^a^O   * 15 opa(2R)t«u (Hi) 
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la Don-dlMMlonAl font, tht abort «quationt dapllfy to 

V'o ♦ 'z' 
(«)' 

S'-at Vo2. «vl 
TBOf   IS" (15) 

If UM Man axial valoeitj v   la not known, its »alua can ba caloulatad 

fro« noaantua thaory, whloh etataa that for horarlng flight 

2   2 Thrust • piÄ r 

!•••!       ▼ ••\5" 
For forward flight conditions It is oonveniant to writ« 

(16) 

(17) 

Where ti is a non-di»ensional quantity which can again ba calculated from 
Matntua theory, (aaa Ref. 6).   Fron this reference the aouation in ti may 
be written: 

1.2 2      1 „ 2 Ii"(l - ^ ♦ ^ fj   - «in   Y) ♦ ^ti aln Y ■ J 

♦ J fi2 ^2r (18) 

2kL Thus, with C   • —*• and an internal drag coefficient f. ■ .06, as suggested 

in the above reference, the equation becomes 

k2 
^(.9216 - sin2Y) ♦ \i2i.0B sinS-) - -y - .0016 8in2Y - 0 (19) 

2 
For snail X, it is found possible to ignore the ^    term and, hence, obtain 
the following approximate equation 

\ 
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Xk(eo92r • .078li) 
(20) 

where the valoM of k. f Y md X art obtained froa the idod tunnel left 

daU (Ref. 3). 

The gyrobar feedbeck terma, ky   end k   , reeult froa the aarodjnado 

force and noaent exerted on the vanaa which art actuated by the gyrobar. 
It should be noted that by definition the Tana dlaplaceaent • nft, «here 
a positive gyrobar deflection 6 generates a poaltlva l-force end a positive 
pitching «OMent M. 

Thui», 

(flR)N»? 

W(\r n(/0 ♦ I,) VJ2 (21) 

Bquationa (6), (15) and (21) represent all the aarodynenic stability 
derivatives required for the solution of the equations of notion (eqa. it 
and 6).   The physical dinenslons «id aass properties of the 7-foot platfor*, 
also necessary to th* solution, trill, of course, depend upon the exact 
configuration chosen for the dyn«ic analysis.   Several configurations trill 
be studied in this report and their selection will be considered in the 
next section. 

I 
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5. SKLBcnoii or connoaunows 

for th« prtatnt ftudy, contigwr*iion§ •xhiblting • e<ablnatlon of 
«all MrodjmMlo mommi* in fonmrd flight «quillbrl« coupled with 
high «ffioitnclM in both hovtrlng tnd forward flight aro of prUary 
luUrtst.   On this bafi«, a aalaction of configurationa to ba analjned 
will ba «ada oaljig tha wind tunnal data of Rafaranea 3* 

Wind tunnal and atatle taata wara conducted on four ducts of 2.0 
foot dlMiatar in eoabination with thraa diffarant sata of contra-rotating 
adjustabla-pltch propaliars.    In addition, »anas aountad in tha alipatraaa 
and cantarbodlas of tha tjpa uaad In fljlng platfonw wara Inras tigs tad. 
A aora datailad dsscrlptlon of tha aodsl and coaponanta is giran in Tablaa 
1 through 6« 

Tha nodal waa taatad at advanca ratloa of 0, 0,05, 0.10 and 0.15 for 
▼arloua tilt anglaa and propallar blada settings sufficient to cover the 
■arlaua efficiency conditions for each configuration.   Measurements were 
«ada of tha total lift, propulaiva force, pitching nonant and power and 
tha data are praaantad In tha for« of coafficianta baaad on propallar tip 
speed, duct area and propeller radlua. 

In order to correctly represent the «annad 7-foot plutfor«, it 
nacaaaary to apply corrections to tha data.   Tha vanes and tha eantar- 
bodiaa aentlonad above wara Investigated only for one duct and wara not 
taatad sinultanaoualy.   Therefore, correctlona in the force and nonant 
coefflcianta wara nada to all configurationa for alnulatlon of the pilot 
and engines of the platforn and for the  sllpetrear   vanea at aero deflec- 
tion angle, when applieabla.   Tha corrections applied for pilot and engines 
(without vanea) wara 

0 

.05 

Al^ - -.0005 

-.0005 

Äkr • 0 

-.00025 

AL,       - 0 

.0001t 

.10 -.0005 -.00075 .oooe 

.15 -.0005 -.0010 .0006 

I 
I 
I 
I 

The corrections for pilot and engines and slipstream vanes at zero 
deflection angle wara 
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0 

.05 

AJ^ - -.0010 

-.0025 

Akl  • 0 

-.00125 

AJL.      -0 

.0006 

•10 -.0005 -.00275 -.0009 

.15 .0015 -.0010 -.0001 

A oorr«otlon WM also ippllad to th« daU plot« of aoMnt vtrsus 
•drwic© ratio do« to tho praaano« of axtranaoua aaaaurad nonanta at laro 
aihranea ratio.   Thaaa momtni cunraa wora raduoad by a conatant minni equal 
to tha valua aaaaurad at saro advance ratio.   The hovering efficiency, or 
figure of nerlt, for the corrected con figuration« la Hated in Table 7 and 
tha corrected equlllbrlm plota of forward flight efficiency, tilt angle, 
lift and aoaent coefficient« veraua advance ratio are ahonn In Figures 3 
through 18. 

After coaparlng the corrected data. It was decided to Inveatlgate 
the dynamic reaponaea of all four ducta with prlnary aaphaala of atudy 
upon the open 'bell-mouth• Duct 3, bacauae It developed the hlgheat 
efflclenclea In hovering and in forward flight.   The three-bladed 
propeller la conaldered throughout the progran, except for one configu- 
ration of Duct 3 with a two-bladed propeller.   TTila choice was determined 
by the queatlonable reliability of the two-bladed propeller teat data and 
the aparaeneaa of data on the untwisted, conatant chord propeller. 

Several blade pitch aettlnga have been «elected for each configuration, 
aa no aIngle pitch aetting la optimum in regard to both efflclenclea in 
hovering and forward flight and aerodynamic momenta.    In general, maximum 
efficiency in hovering occur« at a pitch aetting of approximately 15 to 18 
at 0*7 radlua atatlon.   Maximum efficiency in forward flight occur« at the 
lower pitch aettlnga, and minimum moment« at higher pitch aettlnga. 

The configurations selected for dynamic «tudle« are 

I 
I 
I 
I 

1) 

2) 

Duct 3: modified lemnlacate or 'bell-mouth* section with 
3-bladed propeller at blade pitch settings of 12, 18 and 

2ii , with and without gyrobar stabilizer. 
D.PJIB and D^PJTO 70 

Notation - 

Duct 3 with 3-bladed propeller but with twice the normal 
clearance between propeller tips and inner duct surface 
(normal clearance ■ •0038R) at blade citch settings of 

12 and 18°.    NoUtion - D.PJIB AR 

I 
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3)   Duct 3 with 2-bl*ltd propelUr at blad« pitch Mttii« of 

U ,   Notation - D liV 
U)   Duet li Modified NACA 61*21 section with 3~bleded propeller 

et blade pitch eettlngs of 12 end 18°, end with gyrobar 

atebiliaer at blade pitch aettlng of 12°.   notation - D.P.HB 
and DJPJHB 70 

x * 

$)   Duet 2i   XACA 0018 eection with 3-bladed propeller et blade 

pitch settings of 12 end 18°.   Notation - DgPJffi 

6) Duct Jji of sene eeotlon ee Duct 1 bat with 0.6 chord of 
Duet 1 with 3-bleded propeller at blade pitch settings 

of 12 end 16°.    Notation - D^P-HB 

7) Undueted 3-bleded propeller at blade pitch settings of 

12 end 18°.   Notation - P.HB 

The physical dlasnslons and nass properties of the 7-foot platfoni for 
the above configurations are listed in Table 8.   The lift coefficient» tilt 

3,CM        ^N 
angle, and the derivatives kL , k    ,    ^ V\ "T^» V i end k- were 

obtained fro« the corrected wind tunnel data for the configurations listed 
above, at equilibrlua conditions (k - 0) for 3 or ii advance ratios. It 

should be noted that the accuracy of the derivatives has suffered from the 
limited number of test points (3 or li), the accuracy of the test data 
(♦ 5 to 1050, the moment correction at zero advance ratio, and the corrections 
applied for the pilot, engines and vanes# 

The moment coefficient data from the wind tunnel tests were transferred 
to the 2$% shroud chord position, so the following relations are necessary 
to obtain the moment coefficients about the center of gravity of the platform: 

V 
.25*2 

.25/2 

♦ 

1 
IT 

^ .25*2 

.25/2 ♦ i 

] 
R 

1 

j.25/2 ♦ \ 

cos Y 

sin Y 

(22) 
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vN^MMJ1^] •in Y 

•W  [}|-«vyl 

CM Y 

000 Y (23) 

V« now htvt all the info nation noctaairy to obuin tho aorodjnuBic 
stability coofflcUnU (Bt)fl. 8, 1$ and 21) «d to parfom the dynamic 
atablllty analjaia.   Table 9 lists all tha configuration« aalactod, tha 
flight eonditiona, and tha conraapondlng nunarleal valuaa of tha coaffielent« 
and input« for tha aquations of «otion, with a caaa nuribtr asaicnad to aach 
Situation inveatigatad. 

It vaa alao dacidad to atudy Ducta 1 and 3 in nora detail by varying 
tha following aaaa and aerodynaalc naranatera from their true valuea. 
These variations, as noted In Table 9 are» 

1) ♦ 20f in groea weight 

2) ♦ 50f in pitching woaent of inertia 

3) iS.Si daorease (low CO) and 19,St increase (high 00) 
in the height of the center of gravity above the duct 
lip, corresponding to the practical limit« of tha 
height of the pilot atand on the platform 

h) * SO% in rotary damping coefficient 

5) ♦ 90* In speed stability coefficient 

6) ♦ 50$ in angla-of-attack atability coefficient 

Responses to either a pilot control atap input in nose-down moment of 
25 ft-lba or a horlaontal gust velocity pulse input of 50 ft/sec for 1 
second were obtained on an analog computer for the cases described in 
Table 9, and the results will be discussed in the next section. 
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6.   DISCUSSION OF RESULTS 

The •quationa of ■otloo of the fljrlng platfora vert solved el 
Electronic AasocUtee ConpuUtion Center in Lot Angelet on their ex- 
pended 16-31R analog coaputer.   An Z-T Plotter, 10 x 15 inch, was uaed 
to record the tine history of the pitch angle, and a Six-Channel Brush 
Recorder was utilised to record the tl«e histories of 9, 2S, ff, £ and 6 

in the hovering condition and 0, -rr, a, j-, w, and 6 in level forward 
flight.   The tiae histories as obtained by the X-T plotter are presented 
in Figures 19 through 7lt with the characteristics of the nost unstable 
■ode in the tUe histories given in Figures 7$ through 96.   These charao- 
teristics include the danping I'Mtor (defined ss the real part of the root 
of the nost unstable node, with the sign ehsnged), period of oscillation, 
and percent overahoot.   The period cannot be given, of course, if the 
■otion is aperiodic, mi the percent overshoot is not given if the notion 
is unstable* 

Duct 3» simulating the present full-sosie ship, hss been studied in 
nost detail.   In the hovering condition (Fig. 75), it is seen that a 
definite unstable oscillation exists with saall increues in the dsaping 
factor and period at the higher pitch settings.   Also shown in this figure 
are the increase in doping and period with increase In propeller tip 
clearance, and the decrease In danping with the two-bladed propeller.   As 
the advance ratio increases (Fig. 76), the characteristic notion of Duct } 
soon becoaes divergent.    'Hie effect of Increasing the gross weight, with 
constant moment of inertia and center of gravity location, is to decrease 
the dsnping in both hovering end forward flight conditions (Fig. 77).   An 
increase in moment of inertia causes an increase in period of oscillation 
in hovering flight and an Increase in danping in hovering and at X ■ 0.06 
(Fig. 78)| raising the center of gravity location produces an increase in 
dsnping factor and period of oscillation in hovering and a decrease in the 
damping factor at X ■ 0.08 (Fig. 79).   Figure 80 shows the linear Increase 
in the danping factor with increasing ic. •   An increase in the speed 

stability derivative causes a decrease in damping and period in hovering 
and a slight reduction of the divergence in forward flight; an increase in 
the positive angle-of-attack stability derivative, i.e., a decrease in static 
stability, decreases the damping factor (Figs. 61 and 82). 

The gyrobar stabilizer system (Fig. 1) provides considerable damping in 
hovering but will not stabilize the divergent motion in forward flight. 
Figures 83, 8I4 and 85 illustrate the stability characteristics for Duct 3 
at pitch settings ß ■ 12, 18, and 2h degrees, respectively.    In general, the 
damping increases and the percent overshoot decreases with increasing gyrobar 
linkage ratio, the period decreasing slightly before sharply Increasing.    Tho 
discontinuity in period and in the slope of the damping factor, as seen in 
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Figurti 63 «nd 85 i« du« to UM thifting fron on« »ode of oacllUtlon to 
another, M deUndned by th« definition of damping factor«   Much variation 
In th« atabilltj characteristics la attained with th« dlff«r«nt propeller 

pitch ««ttlngai th« malUat orerahoot la atUlned vith ß • 12°, the «äXIüW 

danping U obtained for ß ■ 12° «hon KB • 1.25 and n - 1.21», for ß • 18° 

when KB • 2.00 and n > 1.5» for ß • 2li0 when KB ■ 0.75 and n • 0.97.    In 
forward night, th« atabilltj characUrlatlca war« studied onljr for Duct 3 
«t ß • 12° and X • 0.08 eine« th« atablllier will not overcome th« dlvergart 
■otlon.    It la 8««n In Figure 86 that the doping factor Increaaea with 
either an increase in linkage ratio or a decrease In gyrobar epaclflc dawping« 

Duct 1, of «odlfled NACA 6ti21 section, has also been studied in s< 
detail for posslbl« luproveiaent in the platfom stability characteristics 
•t th« expense of a loss In static lifting efficiency.    A coaiparison of 
figurea 87 and 88 with Figure« 75 and 76 ahows that an increase in danping 
is accoapllshed with Duct 1 in coapurlson to Duct 3 in hovering and at low 
advance ratioa for th« SSM propeller pitch setting, while a decrees« occurs 
at the higher advance ratioa.    It is also seen that th« ljaprov«a«nt occurs 
over a large rang« of X's as th« pitch setting increaaea.   Figures 89 and 90 
show the SSM g«n«ral affects as for Duct 3 (Figs. 77 and 78), in varying 
th« gross voight and noaent of Inertia.   Reiaing the c«nt«r of gravity 
increases th« da«pi.ig factor both in hovering end at X ■ 0.08 over the 
practical range of CO travel (aee Fig. 91).   Variations in the rotary damp- 
ing, speed stability, and angle-of-attack stability derivatives indicat« 
th« SSM general trends for Duct 1 (Figs. 92, 93 and 9li) as for Duct 3 
(Figs. 80, 81 and 82), with the exception of th« damping factor remaining 
independent of changes in the speed stability derivativ« at X ■ 0.08.   It 
should be noted, when comparing Ducts 1 and 3 for the effects of rf, I, 00, 
It. , II,   or \L. , and k^ , that the magnitude of the damping factor was 

smaller and the period larger for Duct 1 in hovering, .xi \ - 0.08, however, 
the magnitude of the damping factor was considerably smaller for Duct 3. 
The gyrobar stabilizer system, studied only at propeller pitch setting of 

12   (Fig. 95), provides similar trends In damping and period as a function 
of gyrobar linkage ratio and damping factor as was obtained with Duct 3 at 

a pitch setting of 2li     (Fig. 85); the overshoot for the two ducts is approx- 

imately the sane at ß - 12° (see Figs 83 and 95). 

The remaining configurations. Duct 2 of NACA 0018 section, Duct h of 
same section as Duct 1 but with 0.6 of the chord, and the open 3-bladed 
propeller, have been studied briefly.    In the hovering condition, the damp- 
ing factor and the period of oscillation for these three configurations 
(see Fig. 8?) are increased in comparison to Duct 3   (Fig. 75)j the order of 
damping obtained (maximum damping first) is Duct h, Duct 2, and the open 
propeller.    These configurations all possess decreased damping (or increased 
divergence) in comparison to Duct 3 at the higher advance ratios (see Figs. 
76, 68 and 96). 
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In ordar to gtt a b#tt«r f—ling for tho trarlou« nodot of »otlon 
iATolvod and to undtrstand tho offoot of »pood and tho gjrobar ftiblUsor 
on thoso nodoi, tho roots of tho froquonej aquation vara calculatod for 
aalaotod caaoo.   Iha roaulta aro Mmarltad in tho followlag tabla, which 
ahows tho various nodoa of aotion of tho plaifona vlthovt and vlth gyrobar. 
Tho uncoupled, danpod vortical notion in hovtrlng haa baan onlttao.   for 
clarification It la atatod that 

comrarganca 

divarganoa 

daapad oacIllation    naana a conjugato conplax root 
vlth a nagatlva raal part 

undaipad oac Illation mmrn a conjugato coaplox root 
vlth a poaltlva raal part 

mama a nogatlra raal root 

a poaltlra raal root 

I 
I 
I 
I 
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night Raglaa 

hovering 
X • 0 

forward flight 
X ■ 0,0U 

forward flight 
X - 0.08 

Configuration 

withe   ;-o'»ar with gyrobar 

1) convergence 

2) undamped oacillation 

damped oacillatlon 

damped oacillatlon 

1) amnll *ositivo raal root Indicating onset of di"«rgence 
(not affected by gyrobar) 

2) convergence 

3) undamped oscillation 

draped oscillation 

damped oscillation 

1) critical divergence, not affected by gyrobar 

2} convergence damped oscillation 

3) damped oscillation damped oscillation 

From this table, which is considered to be typical, the following conclusions 
can be drawn. The gyrobar has the tendency to change a convergence to a 
damped oscillation and is quite effective in stabilizing an unstable 
oscillatory mode. The reason, of course, is that in an oscillatory mode its 
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output slinal ligt and that, therefor«, th« Mxtmn «utoMtle control 
•ppllcatlon occurs, iimtvU*, bttifMn th« luxinu« of th« perturbation 
«ngl« 0 and th« ■axlma of th« pitching »«loclty Ö.   Thla Mans that in 
anoscUlatciyaod« th« gyrobar appli«« both a control input in phaa« with 
th« attitud« and In phaa« with th« rat« of char«« of attitod« and fulfill« 
a «lailar function a« a coabinad attitud« and rat« gyro.   However, the 
gjrrobar i« not capable of coping with a diwgenc«.   As a «attar of fact, 
in th« two divergent casss listed in th« tabl«, th« addition of th« gjrrobar 
to th« platfoin had practically no effect wh«tso«v«r on th« positive real 
root of th« frequency «quation.   For this reason, th« plstfoin with and 
without gyrobar, d«v«lop« at hitter «p««d a vary critical dlv«rg«nc« tliieh 
is priiurily caused by static instability« 

6.1   Graphical Representation of BquUlbrimi of Pitching Ho—nt« 

I 

Th« table in «action 6. shows thst in th« lower speed rsnge Investigated 
(X fro« 0 to approxinately O.Oii) the doninant node of notion 1« an oscil- 
lation which nay be either increasing or decreasing. As sny convergences 
or secondary oscillations (the latter happen to be daapad) di« out aftar a 
certain tine, there exists In each of theae cases CM doninsnt, oscillatory 
■ode which can be conveniently represented by a vaelor diagrun. 

There is a separat« vector diagraa for each eouatlon of notion involved, 
where each tern in th« «quation is represented by a vector characterised by 
its length and phase relationship. AU vector« rotat« with the aase angular 
velocity, nmely the frequency of the oscHistory node. Vte restrict our- 
selves here to the vector presentation of the pitching monent equation, the 
reason being that the monent derivatives are the quantities which have a 
major effect on the flight characteristics of the platform. For convenience 
the 9 vector In these vector diagrms has been plotted horizontally, positiv« 
to the right (see Figs. 97, 96 snd 100). 

These figures refer to the dominant osc History nodes listed in the 
table mentioned above. They represent the undamped oscillation of the 
platform without stabilizer st hovering snd X ■ 0.0b, respectively, snd the 
damped hovering oscillation of the platform with gyrobar. Figures 97 and 96 
refer to an Increasing oscillation and Figure 100 to a decreasing oscillation. 
It may be worthwhile mentioning that in the former cass the phase angle 

between a vector and its derivative is 

is > 90° (see also Ref. 7). 

90°. in the latter case this angle 

These vector diagrams show the dominant roll of the M   term which, for 
the platform without gyrobar, is more or less in counterphase with the moment 
of inertia term.    The picture changes if the gyrobar is installed (see Fig. 
100).    In this case the moment of inertia is in counterphase with the vane 
moment, and the moment die to the pitch damping Is in counterphase with the 
moment due to the perturDation velocity u. 
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If • divtr. «no« occurs, tht oscillatory nod« IOSM it« slgniflctnct 
■nd the prosontatlon of oscHistory forces snd nonsnts in a vsctor disgrsn 
bscoms Msninglcas.   Thersfors, in Flgurss 99» 101 and 102 tht sign snd 
Mgnltiids of ths pitching noaent coaponents in s divergsncs hsvs bssn 
plottsd.   Tbsss figures refer to tht high speed (X • 0.06) divergence of 
the plstfom without gyrobsr, to the onset of the divrr:"»nce of the plst- 
fom with gyrobsr st X • O.Ob snd finally, to the high speed (X • 0.06) 
divergence of the plstfom with gyrobsr.   All noaents shown in the grsphs 
increase, of course, with tine«   As the exponential function is the SSM 
for all quantities involved, this increass osn, ss in the vector pressn- 
tation of the oscillatory nodes, be disregsrdsd. 

For the high speed flight conditions st X • 0.08 (Pigs. 99 snd 102), 
■ore or less all quantities are of the SSM order of nagnitude and there 
is no dominant tern.   The picture changes, however, st the onset of the 
divergence presented in Figure 101.   there,the nonent of inertis, the 
pitch (taping snd the control nonent due to sutonstic vane deflection 
becone less Important snd the doninsnt opposing qusntities sre the sero- 
dynsnic pitching nonents due to chmges in angle of sttsck snd speed. 

6,2 Stsbility Boundsries 

I 

I 
I 
I 

In the following section Routh's stsbility cirteris have been used 
to show the effect of the principsl stsbility derivstives on ths dynudc 
stability. Stsbility boundsries ss functions of speed stsbility snd ststic 
(a/wle-of-sttack) stability are presented in Figures 103 through 105. Thess 
figures refer to the conflgurstions previously described. Sinilsr curves 
showing the effect of ststic stsbility snd dsnplng in pitch are shown in 
Figures 106 through 108. In esch figure two curves are plotted. The solid 
lines refer to the plstfom without gyrobsr and the broken lines to the 
plstfom with gyrobsr stsblliser. Also shown as two distinctive points in 
each figure sre the sctusl stability derivstives of the present plstfom, 
sgsin with and without gyrobsr. It should be noted that the difference In 
the speed stsbility dsrivative of these two conflgurstions is caused by the 
slipstream control vsnes which sre sssumed not to be present in the con- 
figurstlon without gyrobsr. These vsnes result In s negstlve contribution 
to the speed stsbility derivative 1^ or Ic. , respectively. As this effect 

of the vsnes Increases with the flight velocity, it is lesst pronounced in 
hovering. Figure 103, where the actual plstfom conflgurstions have zero 
sttltude stsbility. The sttltude stsbility derivstive k^   used In hovering, 

Figure 103, is defined ss 

\ TtR2(2R)Zp 
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dN/90 iM tlM r«t« of ohang« of tht pitching MMni with th« platfcm 
tttltud« in pitch.   A positive tc.   value mm» static instability and Tics 

\ 
varsa«    It should ba raalisad that such an attituda stability cannot ba 
obtained by aerodynaaic wans but requires sons type of attitude gyro.   At 
can be seen fro« Figure 103» the gyrobar has ths tendency to ahift the 
stability boundaries towards attitude instability, i.e., to positive 
kj,   values. 

With increaaing speed. Figures IQii and 105, the actual platfcm 
becomes «ore and «ore statically unstshls and at an advance ratio of 
X ■ 0.06 both versions (with and without gyrobar) lie in the unstable 
rang«.   Lyna«lc stability generally requires a high degree of static 
stability uith the exception of a hypothetical platfom equipped with 
gyrobar which at high advance ratioa also has a certain stable range for 
a small static Instability coebined with relatively large positive speed 
stability dsrivativaa. Figure 105« 

With regard to the curves in Figures 106 through 106, it can be 
atated that in all cases a proper co«blnatlon of attitude or static 
stability (k,, , L, < 0) and effective pitch dawplng (k,. < 0) results in w 
a stable condition. It appears therefore, that dynamic stability prl- 
«arlly depends on appropriate attitude stability (hovering) or angle-of- 
attack stability (forward flight) which, unfortunately, is difficult to 
obtain without "black boxes^ 

28 
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7«   COMCLUSKHB 

Iht tnaljrii* c«rrUd out In this rtport indlc«tti tht tffocta of 
postiblo configuration chvigM upon tht djn«ic sUbilitr characUristios 
of th« prosont 7-foot flying platfom.   UM follovlng coneluaions «rt 
■ubjoet to the lUitatione on tht quantity and accuracy of wind tunnal 
Ust data availablt i 

1) UM atability charaeteriatioa of tht unatablliaad platfons 
with tht prtatnt duct ahapt (Duet 3) art undtairabltt tht 
action la dtteribtd by an unatablt etcillation in hovering 
flight condition, and by dlvtrgtnct in forward flight.   While 
tht aaxinu» danplng factor occura at difftrtnt pitch settInga 

at tht advance ratio varlta, a pitch atttlng of roughly 18 
apptara to givt tht btat ovtrall danping eharactariatica ovtr 
tht Invtatigattd apttd range* 

2) The gyrobar atabilistr ayatt« provldta cufflcltnt dating in 
hovering.    In forward flight, the ayatun will not atabilist 
tht dlvergtnt «otlon dut to tht positive anglt-of-attaok 
sUbllity derivative (aUtlc Inatabllity). 

3}   Duct 1, of Modified NACA 61*21 atctlon, was atltcttd for a 
detailed cowparison with Duct 3.   While sons inprortntnt In 
danping In hovering and at low advance ratios la noted, the 
characteristic inatabllity rtnaina and tht atatle lifting 
efficiency is considerably lese. 

Ii)   Duet 2, of NACA 0018 section, Duet li of sane aection as Duct 1 
but with 0.6 of the chord, and the unshrouded propeller con- 
figurations art all acconpanied by atability characteristics 
sinllar to those of Duct 1. 
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I mm i 
WCt I OHDDUTES AND ORIDfTAnON 

mvyUD MACA 6121 aCTIOH 

U0 i*t.) 

I 
I 
I 
I 
I 

L.I. iudlut • .m 
Hop« of Radius Thru 
tod of Cterd • VlO 

6.00 

otam 

I (la.) 

oom 
oavun 
T0 (u..) 

van 
ORDDUTI 
T, (la.) 

0 0 

.075 .306 -.U5 

.15 .396 -.182 

.30 .516 -.250 

M .615 -.289 

,to .£92 -.311 

,90 .806 -.331 

urn .866 -.329 
USO .938 -,314 

1.80 .970 < 
2.l<0 .970 

3.00 .no 
3.60 .tot 

li.20 .66I4 

L80 .1,65 

S.lfi .272 

5.70 .11*8 ' 
6.00 0 

Straight Line 
Between these Point» 

u 



TAAB 2 

DUCT 2 ORDnunS AND ORIBfTATIOi 
HACA 0018 SBCTim 

5° (tof.) 

L.t. tMllua • .2U» 

1 aao 1 
{I (la.) 

own 1 
OUDDUII onsus 

Ij (la.) 

0 0 0 

.075 .110 -,170 

.15 .237 -.2)7 

.X .3» -.3» 

.16 .378 -.rte 
,(0 .1*2 -.Ii22 

.90 .L81 -.U81 

1.20 A6 -.516 

1.50 .535 -.535 

1 1.80 .5U) -.5U) 
2.U> 1    .523 ,   -.523 

{ 3.00 .«.n -.U77 

3.60 .101 -.101 

1*.20 .330 -.330 

U80 .236 -.236 

S.IJO .132 -.132 

5.70 .073 -.073 

{ 6.00 0 1  0 

L 
I 



TA&B 3 

DUCT 3 OHDDIATES ARD ORIEOTATIüM 
MODIFIED UmTSCATl CURVE 

1.X9 Rad. 

hf~ 

Tangent Point 

Parallel to 
Prop«ll«r /Uli 

.62$ 

jL 

6,00 

21i.00 Dla.   (Itef.) 

I 

I 
I 
I 
I 
I 
I 

Tuuor KDMATC 

r 

0 3.39 1 
3 3.38 \ 
6 3.36 ) 

10 3.27 

15 3.16 

» 2.W 
25 2.72 

» 2.U) 

33 2.16 

36 1.89 

39 1.67 

ifi 1.1*1 

Ul 1.27 

ia 1.10 

Ui 0.90 

uy,s 0.78 

uh u.63 

1^.5 ü.i,'; 

IA.75 0.31 
rß •o 

The radii between 6 of 0   «id 10 
Modified by an arc of a circle whose 
radlua Is 0.50 aa shown above. 



DOOT It ORDIMATES AHO ORIWTATlu« 
MÜOIFIID NACA 61*21 SKCTION 

3.60 

2li.00 UiaJ (tof.) 

UU Or OMDUtP 

I 

I 

I 

I 

L.I. lUdUt • .175 
1 of ladlMftni 
»f Cbord • 3A0 

OK» 

I X (IB.) 

oom 
OnZMATt (»onus 

1 t, {!•.) 

^ 

0 0 
.<A5 .18$ 1 -.075 
.090 .238 1   -.309 
.180 .3U -.150 
.270 .369 1  ■•l73 T 
.360 .U15 -.186 
.$bo .b8li -.199 
.720 .532 -.198 
•no .563 -.188 

1.080 .581 i 

1.U37 .W 
1*800 .515 

2.156 Ml 
1 Straight Line 

1 Between these Polnta 2.520 .390 

2.87S .291 

3.2U) .162 

3.1(20 .089 

3.600 1  0 



TAIUS 

pursicAL GHARACWäISTICS or MODEL 

DUCT 

Mini«» Intld« fUdlus, ft.          1,00 1.00 

ttnlflu» Inside Area, tq. ft.       3.Ui 3.1li 

Chord Length, ft.                             .$0 .50 

Airfoil Section                          MACA 61*a NACA 0018 
(Mod.) 

1.00 

3.11* 

.50 

1.00 

3.11* 

.30 

LeanleoeU     HkOk 61*21 
(Mod.) (Mod.) 

Propeller Poeltlon, In. 5.1>» s.iy 2.59| li.08|       3.08« 
s.iy 

Propeller Tip Cleerence, In. .OU)        .037 Pore Prop.     .0b6| .068 »039 
.076 Aft Prop. 

eNorael location of roar propeller reference line 
(see Table 6) fro« duct leading edge. 

£XIT VANE 

I 

I 
I 
I 

Number of vanes 

Chord, ft. 

Span, ft. 

Total Area, sq. ft. 

Airfoil Section 

2 

.20 

1.29 

.52 

Symmetrical l$% 
ThicJcnesa Ratio 

i 
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I 
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TAfiU 5 (cont.) 

PHYSICAL CHJÜUCTERXSTICS OP 

CPCTRBODY 

Dl*««t«r, ft. 

llMtrio Motor Housing tnd IXa«v .1*3 

TranmdBBion .liO 

Hubs snd Splnnor .33 

ToUl Lsngth for Bsslo Nodal, ft« 2«83 

Total Lsngth with Dunqr of Blsctrlc 
Motor Housing, ft« 

M6 

Ouis^r Knglnss (Sao Figur« 30} 

PROPELLERS   (Cootrs-Rotatlng) 

No« of Bladss/Propeller          2 Tidstsd 3 Tvlstad 

Section                                       iiA>-6 RAP-6 

t/o st ,7R                                      «12 .12 

o.TR' in.                                      1.11 1.11 

Tspar (o1#0R to o^) 

Maxljniun Radius, ft« 

SoUdlty 

Blade Pitch Angle, deg. 

Distance between 
Propeller Planes, in« 

.55 

.95>8 

.116 

.55 

.998 

.177 

Variable       Variable 

1.5Ö 1.50 

3 Untwisted 

RAF-6 

.12 

1.1*6 

.55 

.998 

.232 

Variable 

1.50 
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TABU 6 

PROPCLUR BLAUE CHARACTERISTICS 

® ® ® ® (^@(3)(a 

Big VIEW 

lUd. ^oUon. fro. 20% aUtion to m% atation inoluaiva a« iU^6 airfolla 

of 12$ thloknaaa ratio. 

Blade Station, ft 

Blade Chord, in. 

Blade Twist, deg. 

20 30 I/) 50 60 70 80       90      100 

1.514    1.1*6    1.37     1.2$>    1.20    1.11    1.03     .9k     .86 

12.50   28.30   21.20   17.00   ll^ie   12.13   10.61   9.16   8. 50 

SSt^thT^ ^^ fabrl0ated ^^ th0 K** chord and twlat at the 30 percent radiua station of the twisted blade. 
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TABU 7 

BOfRim iFFiciaicras 

Confl^urttlon |C Plfurt of Mwlt, liV-^? 

DjPyiB 12 0.96 
1.03 

2U 1.05 

DJPJHB V0 12 

16 

0.93 
1.00 

21 1.02 

DjPyffl AR 

DJPJHB 

DjPyiB 

D1P3HB V0 

D2PyfB 

D^P^ 

»jHB 

12 

18 

12 

1- 

12 

1° 

12 

18 

12 

ie 

12 

ie 

12 

ifi 

1.00 
0.98 

0.95 
0.66 

0.6$ 
0.71 

0.62 
0.66 

0.65 
0.75 

0.6li 

0.63 

0.66 
0.62 

i 



TARU8 

PHTSICAL CHiWACTWISTICS OF T-FOOT PMTFORM 

'r 

*v 

e 

I 

o 

'i 

5*16 ptr rad 

ii.3 P«r rad 

3.19 ft* 

32.2 ft/»tc- 

177 slug-ft2 for Dv D2, By % «^ li»6 «lui-'t2 for PjS 

3.03 ft 

1.28 ft for Dj, D2, D. and 1.98 ft for D. 

1.75 ft for Dj, D2I D3 and 1.05 ft for D, 

0.25 ft 

3.5Dft 

565 Iba for Dlf D2, D^, D^ and 509 Iba for P.S, opan propeller 

(Pilot weight la 180 lbs for all configurationa) 

o   • 0.177 for ?y 0.119 for P2 

I 



BfPLmnOMS TO TABLE 9 

1) • and b art UM eoaffloitnts of the d and i tama In tha gjnrobar 
aqoatlon of Motion and ara althar both aqual to 1 or both aqual 
to 0, indicating praamca or abaanoa of tha gyrobar stxbilltar. 

2) I. and I, ara tha raapactivn inputs to tha first and aaoond aquationa 

of aquation groupa (U) and (6), I. ia tha input to tha third aquation 

of aquationa (6).   The input to the gyrobar equation ia 0 in all 
caaea.   Tha latter g after the Magnitude of I denotes a rectangular 
pulae input beginning at t • 0 and ending at t ■ 1; while, in the 
ahaence of g, a atep input ia denoted, 

3) Tha no tea refer to the rar Ut ions in tha following Mass and aero- 
djmanic paranetera from their true ralues. 

1.)   ♦ 20| in gross weight 

2.)   ♦ 50* in pitching Monent of inertia 

3.)   H.5* dacreaaa (low 00) and 19,ft increase (high 00) in the 
height of the center of gravity above the duct lip, correspond- 
ing to the practical limits of the height of the pilot stand on 
tha platform. 

li.)   ♦ 501 in rotary damping coefficient 

5.)   ♦ 505C in speed stability coefficient 
6.)   ♦ 50£ In angle of attack stability coefficient 

1 
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FIGURE 1:    GYR03AR STABILIZE 



FIGURE 2:    SEVEN FOOT PLATF'RM WITH RAISED CG CONFIGURATION 



I :.   FIQURE 3:    FORWAHD FUGKT EFFICIENCY AND EOUILIBRIUM TILT AN3LE VS ADVANCE RAHO 4 
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FIGURE hi    EQUILIBRIUM LII-T AND MOMRNT COEFFICISWTS VS ADVAiNCE RATIO   \l[\i\i 
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FIGURE 61    EQUILIBRIUM LIFT AND MOMEM COEFFICIENTS VS ADVANCE RAHO 
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• FIGURE 7t FORWARD FLIGHT EFFICIENCY AND EQUILIBRIUM TILT ANGLE VS ADVANCE RATIO: 
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FIGURE 12j    EQUILIBRIUM LIFT AND MOMENT COEFFICIENTS VS ADVANCE RATIO 
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.... FIGURE 13» FOHWARD FLIGHT EFFICIENCY AND EQUILIBRIUM TILT ANQLB VS ADVANCE RATIO 
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FIGURE l$l    FORWARD FLEHT EFFICIENCY AND EQUILIBRIUM TILT ANGLE VS ADVANCE RATIO! 
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FIGURE 17i FORWARD FLIGHT EFFICIENCY AND EQUILIBRIUM TILT ANGLE VS ADVANCE RATIO 
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FIGURES 19 TO Ik 

Th«0t figures ar« copies of tho original tin« hlstoriM of pitch 
•nglo for tht CMOS listed in Table 9» obUirwd trith Iht 16-31R Analog 
CoBputtr and l-T PlotUr.    It thould bo notod that the lot tart Z and R 
aftar a eat« mnbar denoto, raapaotivaly, an Incorrect solution and a 
rerun solution.    Extraneous cunrea and «arks, due to plotter operation, 
should be ignored. 



0, rad 

FIGURE 19;    PITCH ANGLE R'SPCNSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. ly 3, a 
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0, rtd 

FIGURE 20:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS.  5> 6, 7, 8 



Q, rad 

FIGURE PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 9, 10, 11, 12 
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FIGURE 221    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS«  13, U4 
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0, r«d 

-10 
FIGURE 23 s    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 

FOR CASE NOS. 15,  17, 18 
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FIGURE 2l|:    PITCH ANGLE RESPONSE TO HORISONTAL GUST PULSE INPUT 
FOR CASE NOS. 2, 16 
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FIGURE 25»    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPITT 
FOR CASE NOS. 19R, 20R, 21R 
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0, r«d 

-.02 

FIGURE 26:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPOT 
FOR CASE NOS. 22, 23, 2k 



6, rad 

FIGURE 27:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS.  25, 26, 2? 
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9,  rad 

FIGURE 28: PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 28, 29, 30 
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9, rad 

FIGURE 29t    PITCH ANGLE RESPONSE TO CONTROL MOMEWr STEP INPUT 
FOR CASE NOS. 31, 32, 33 
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FIGURE 30: PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPlfT 

FOR CASE NOS. Ih,  35, 36R 
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FIGURE 31:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 37, 38, 39 
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FIGURE 32:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 1|0, 1*1, 1|2 



I 

FIGURE 33:    PITCH ANGLE RESPONSE TO CONTOOL MOMENT STEP INPUT 
FOR CASE NOS. 1|3, hh, h$? 
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FIQÜRE 31^:    PITCH ANGLE RESPONSE TO CONTOOL MOMEOT STEP INPUT 
FOR CASE NOS. höR, hlK, Ü8R 
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0, rad 

FIGURE 3$t    PITCH ANGLE RESPONSE TO CONTROL MOME^ SETP INPUT 
FOR CASE NOS. h9,  50, 51 
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FIGURE }6',    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPOT 
FOR CASE NOS„  52,  53f  Sh 
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FIQURE 37? PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 55 
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FIGURE 38:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS.  58, 60, 61, 62 
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FIGURE 39s PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 63, öli, 65, 66 



* 

~— 

0, r-d 

FIGURE kOi    PITCH AM3LE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 6?   680 69, 70 
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FIGURE hi:    PITCH ANGLE RESPONSE TO HORIZONTAL GUST PULSE INPUT 
FOR CASE NOS, $6, 59, 72 
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FIGURE h2:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 73, Ih, 75 
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FIGURE IJ3: PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 76, 77, 78 
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FIGURE Ui:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS.    79, 80, 8l 
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FIGURE 1*5:    PITCH ANGLE RESPONSE TO CONTROL MOMEhTT STEP INPUT 
FOR CASE NOS. 82, 83, 81^ 
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FIGURE hSi    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 71, 85, 87 
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FIGURE Uli    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOSc  88R, 90R 
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FIGURE lj81    PITCH ANGLE RESPONSE TO HORIZONTAL GUST PULSE INPUT 
FOR CASE NOS. 86, 89, 92, 9h 
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FIGURE h9t    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 91, 93, 95 
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FIGURE 50s    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS, 101,  103„ 105   AND TO HORIZONTAL GUST 
PUI5E INPUT FOR CASE NOSo 102, 101^, 106R 
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FIGURE 51: PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 107, 108, 109 
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FIGURE 52 s    PITCH ANGLE RESPONSE TO CONTROT.- MOMENT STEP INPUT 
FOR CASE NOS. 110, 111, 112 
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FIGURE 53 i    PITCH ANQLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS.    113, Uli, 115,  116 
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FIGURE Shi    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS.    117,  118, 119, 120 
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FIGURE 55:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS.    121, 122, 123, 12lm 
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FIGURE 56»    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NO. 125   AND TO HORIZONTAL GUST PULSE INPUT 
FOR CASE NO.  126R 
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FIGURE 57: PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 127, 128, 129 
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FIGURE 58: PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 130, 131, 132 
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FIGURE 59  PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 133, 131; 135 



I 

i::::::: :::::: ::::::::: : ::::::: 
■■■■■■■■■■■■■■■a 
■■■■■■■■■■■■■■■■ ■■■■■■■■■■■■■■■■■■■■■■■■■■■■i (■■■■■■■■■■■■■■■■■■■■■■■■a 
■■■■■■■■■■■■■■■■ 
■■■■■■■■■■■■■■■a 2:::::::::::::::r:r'::::::: ■■iaai■■■■■■■■■■■■■■■■■■■■ 

U        W 4 4 I IP       ■ ••&" H+ti 

-10 

FIGURE   60 :    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 136, 137, 138 
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FIGURE 61: PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS, 139, Ihl, Ihl  AND TO HORIZONTAL GUST 
PULSE INPUT FOR CASE NOS. li^O, ll^R, U^R 
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FIGURE   62      PITCH ANGLE RESPONSE TO OONl'ROL MOMENT STEP INPUT 
FOR CASE NOSo lh$> Ihö,  Ihl 
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FIGURE PITCH ANnLS RESPONSE TO CONTROL MOMWT STEP INPUT 
FOR CASE NOS. li^SR, 150R,  152 AND TO HORIZONTAL GUST 
PULSE INPUT FOR CASE NOS, litf,  151, 153 
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FIGURE   6hi    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS.  1^, 155ft,  156 
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FIGURE   65:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS.    157, 158, 159, 160, 161, 162 



I 

I 

-lao 

FIGURE   66:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS 163, l6h, 165, 166, 167, 168 
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FIGURE   67:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 169, 171,  173 AND TO HORIZONTAL GUST 
PULSE INPUT FOR CASE NOSo  170,  172, Hh 
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FIGURE  68 :    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 175, 176, 177 
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FIGURE 69: PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 178, 180, 182 AND TO HORIZONTAL GUST 
PULSE INPUT FOR CASE NOS. 179, 181R, 183 
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FIGURE    70:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. l81i, 185, 186 
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FIGURE   71:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NO. 18? AND TO HORIZONTAL GUST PUISE INPUT 
FOR CASE NO. 188 
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FIGURE    72:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. iByR,  191 AND TO HORIZONTAL GUST PULSE 
INPUT FOR CASE NOS. 190, 192R 
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FIGURE   73:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS. 193, 195, 197 AND TO HORIZONTAL GUST 
PULSE INPUT FOR CASE NOS. 19li, 196, 198 
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FIGURE   7U:    PITCH ANGLE RESPONSE TO CONTROL MOMENT STEP INPUT 
FOR CASE NOS.  199,  200,  201 
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FF.URK 75:    HOV^TT, ^^MnP'I^. FACTO1? AMD PERIOD OF 
OSCIIIVTION VS PITCH SETTING (DUCT 3) 
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FIGURE 77! EFFECT OF GROSS '//EIGHT ON DAMPING FACTOR 
AND PERIOD OF OSCILLATION (DUCT 3) 
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FIGURE 79:    EFFECT OF VERTICAL CO TRAVEL ON DAWPINQ 
FACTOR AND PERIOD OF OSCILLATION (DUCT 3) 
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; FIGURE 82:    EFPSCT OF AriGLE-OF-ATTACK STARILITY 
CM DAMPING FACTOR AT X - .08 (DUCT 3) 

iiiili.[;:..! 

i 

■ 

■ 

iiitl'.ill 

::.: 

uiii ilillrli 

' 'l   :. 



I 

FIGURE 03;    EFFRCT OF GYROB/VR STAniLIZSTi ON DAMPING FACTOR, PERIOD OF 

OSCILLATION AND OVERSHOOT IN HOVPRING WITH ß ■ 12° (DUCT 3) 
il. in.ilil.   Im il   ..ill     tl~ 



FIGURE öl:    EFFSCT OF GYROBAR ST^BILIZFK ON DAMPING FACTOR,  PERIOD OF 

OSCILLATION AND OVERSHOOT IN HOVERING WITH p - 18° (DUCT 3) I 
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FIGURE 85:    EFFECT OF CYROBAR STABILIZER ON DAMPING FACTOR, PERIOD OF 

OSCILLATION AMD OVERSHOOT IN HOVERING WITH ß - 2I40 (DUCT 3) 
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FIGURE 87:    HOVERING DAMPING FACTOR AND PERIOD OF OSCILLATION VS 
PITCH SETTING (DUCTS 1,  2, h ANT) CNSHKOUDED PROPEILEH) ■■ 
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FIGURE 88:    DAMPING FACTOR VS ADVANCE RATIO (DUCTS 1 AND 2) , 
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FIGURE 90:    EFFSCT OF MOMENT OF TNF-H'IA ON DAMPING FACTOR 
AMD PERIOD OF OSCILLATION (DUCT 1) 
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FIGURE 91: EFKKCT OF VERTICAL CG 1RAVEL ON DAMPING 
FACTOR AND PERIOD OF OSCILLATION (DUCT 1) 
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FinURE 92:    EF^iGT OF UAMRBIO IN PITCH ON DAMPING FACTOR ■ 
AMD PERIOD OF OSCILUTION (DUCT l) 
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FIGURE 93:    EFFECT OF SPFFD STABILTTY ON DAMPING FACTOR 
AND PERIOD OF ÜSCILOTION (DUCT 1) 
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FIGURE 9hi    EFFRCT OF ANOLE-OF-ATi '.CK STARILITY 
ON DAM.PING FACTOR AT X - .08 (DUCT 1) i 
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FIGURE 95:    EFFECT OF GYKOBAH STABILIZER ON DAMPING FACTOR, PERIOD 
OF OSCIUATION AND OVERSHOOT IN HOVERING (DUCT 1) —.„.J 
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FIGURE 96» DAMPING FACTOR VS ADVANCE RATIO (DUCT h  AND UNSHROUDED PROPELLER) 



o 
II 

i. 



I 

I 

I 

I 

I 

I 

I 

I 

11 

: 

:. . 
FIGURE 98t    VECTOR DIAGRAM OF MOMHWT EQUILIBRIUM AT X - .Oh 
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FIGURE 100:    VICTOR DIAOR^M OF MOMENT E;UIUBRTIIM 
IN HOVERING WITH GYR03/VR STABILIZER 
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FIGURE 101:    MOMENT EWJILmnW AT X - .01* UITH GYHOBAft STABILIZER 
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FIGURE 102»    MOMRNT RQUIURRIUM AT X • .08 WITH OYROB« S^BILIZEH TM 
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FIGURE lOht    BFFISCT OF SPESD AND ANGLF-OF-ATTACK STARILITY 
ON' STABILITY BOUNDAfllRS AT X • .01^ 
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FIGURE 105:    SFFSCT OF SPESD AND ANGLE-OF-ATTACK STABILITY 
OV STABILITY noimruRiEs AT X - .08 
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FIGURE 106t    H^FSCT OF ANOLE-OF-ATTACK STABILITY AND PITCH 
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FKiURE 107:    RFFSCT OF ANDLE-OF-ATTACK STABILITY AND PITCH 
nAMPINO ON STABILITY ROUNDARISS AT X - ,Oli 
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