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SUMMARY

The flight dynamics of 2 hovering helicopter with a clrculation
controlled rotor are analyzed. The influence of the rotor blowing coefficient
on the calculated roots of the longitudinal and lateral motion is examined
for a range of values of the rotor 1ift and the blade flap freguency. The
control characteristics of a helicopter with a circulation controlled rotor
are discussed., The principal effect of the blowing is a reduction in the
rotor speed stability derivative. Above a critical level of blowing
coefficient, which depends on the flap frequency and rotor 1ift, negative
speed stability is produced and the dynamic characteristics of the helicopter
are radically altered. The handling qualities of a helicopter with negative
speed stability are probably unacceptable without a stability augmentation

system.

INTRODUCTION

A circulation controlled rotor uses blowing at the blade trailing
edge to control the rotor blade 1lift, in place of the geometric pitch control
of conventional rotors. The blade section 1ift is given by the product
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of the dyramic pressure, chord, and Lift cvoefficlent -~ L = %;3V2c=qx(o<.qp) -~
where the 1ift coefficient depends now on the blowing coefficient C» ag

well as on the angle-of-attack, The vlowing coefficient is defined as

C = ﬁth /(-3;5\72’0), where fnvj is the jet momentum. With a conventional
rotor a perturbation of the blade inplane velocity V influences the 1lift

by changing the section dynamic pressure and angle-of-attack. With a
circulation controlled rotoxr, inplane velocity perturbations influence the
1ift also by changing the section blowing coefficient:

SL= 43V% (g S +og, 80 +2zcy (SV/N))
= favi (oq Sa ¥2(cy =Cuey, )(8V/V))

Where oy = dc,/ds¢  ani Cap = dcg/ACu + Assuning that the Jet
momentum is fixed, we have used

_ [/ nv, _ 28 - ov
8 (_%__%,g,,>< = 20 S
The additional 1ift change due to inplane velocity perturbations with tralling
edge blowing will alter the dynamic characteristiecs of the circulation ‘
controlled rotor compared to conventional rotors. One concern is the
influence of the blowing on the helicopter flight dynamics. This report
presents the results of an analysis of the hovering helicopter flight

dynamics with a clirculation controlled rotor.

-

EQUATIONS OF MOTION

Consider a hovering helicopter with the center of gravity a distance

h below the rotor hub, and on the shaft axis. Then the longitudinal/lateral
dynamics decouple from the helicopter vertical and yaw motions. The degrees
of freedom of the helicopter rigid body motion are the longitudinal velocity
SCF, the lateral veloclty frF, the pitch angle GF, and the roll angle ?F‘

For helicopter flight dynamics analyses it 1s generally sufficient to comsider
a quasistatic model for the rotor hub reactions in response to shaft motilon,
control, and gusts. With the quasistatic oxr low frequency solution, the
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rotor model does not add degrees of freedom to the system, rather the rotor ’ | .
is represented by a set of stability derivatives, OCyclic blowing contrel
AGu = Su'cos\’ + éu siny 1is considered. as well as conventional cyclic
pitch control A® = ®;, cos¥ + Dgsin'¥,

Thus in Laplace form the equations of motion for helicopter longitudinal
and lateral dynamics in hover are: ;

s-X,  -X ~%§+g ~%ﬁﬂ %! f
) -, s-Y, —qu -Yps-g &F‘ ]
S TR L Me o -ms || 8
-L, -1, - Ls 5% - Ls | by %
]
i Xy X, Xo, Xa, Xg XSJ Yg
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v

¢ B i

}
L L\l LV LBS Le“ L ss L ‘b %l$
- ! e

(see reference 1). Here s is the Laplace variable; g is the acceleration

due to gravity; and Uy and v are the longitudinal and lateral gust velocitles.
The rotor couples the helicopter longitudinal and lateral motions, but it

is convenient and often sufficiently accurate to decouple the equations and

N analyze the longitudinal and lateral dynamics separately. The decoupled
longitudinal and lateral equations of motion are:
; . i TR 5
[s -k, -Xste (xF) o xe %o ec.s )
2 .
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These equations invert to

. 2 v
Xp A Xy s~ + (Xq‘“‘e, - Ae"mq)s e \ 5
hd -K ; 1.9

O Mags + (Xp M, = X M)

.2 ,
L1 <x5’s + (R Mg, ~ Kg M )s - M 6 ) by
& ,
Mg s + (thu - "uMs,)
v 2 .
L 1 X" (xqmu - X uf"[q)b N8
F. . M s G
u
= 3 [ 2 - N
where A = s -(Xuffmq)s %-(XuMq Xun)s'PgMu, and similaxrly for the

lateral dynamics.

CHARACTERISTIC EQUATION

The 1ift increment due to trailing edge blowing is relatively
insensitive to the section angle-of-attack perturbations about an unstalled
operating point. However, the section 1ift change due to a veloclty perturbation
is
b v
L)

[

$1 = S(%gvzcc.‘) %%Vzc (cgdéx t e, SC’\ + 2cg

S
%;—Jsvzc( -V!'#ch-r 2(cqg -~ Cu c&h)) —v-Y—

1

where 9w = A/V 1is the induced angle-of-attack change due to a section
velocity increase. This 1lift force has a component in the plane of the disk

(the induced drag), as well as normal to the disk plane. Hence the blowing
influences only the rotor aerodynamic flap moments and hub forces due to

inplane velocity perturbations of the hub. The handling qualities of the
hovering helicopter longitudinal dynamics are determined primarily by the

pltch damping derivative Mq and the speed stablllity derivative Mu (similarly

the lateral dynamics depend primarily on the roll damping LP' and the speed
stablility or dihedral effect Lv). The pitch and’roll damping produced by the
rotor are due to the time lag of tlp-path plane tilt relative to the shalt during
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angular motions of the helicopter. This tip-path plane tilt produces the
aerodynamic moment necessary to precess the rotor disk to follow the shaft
motion, 'The source of the rotor aerodynamic moment iz the flap moment due

to flapping velocity, in other words a blade 1ift change due to an angle-of-
attack perturbation. Therefore M and Lp are not influenced greatly by the
trailing edge blowing (there is a minor effect since pitch or roll about the
helicopter center-of-gravity will produce an inplane hub veloeity), The

speed stability produced by the rotor is however due to the flap moments

and hub forces which occur during inplane motions of the rotor hub, Therefore
Mu and LV are directly influenced by the trailing edge blowing of the
circulation controlled rotor. With zero or low blowing, a forward veloclty
of the helicopter increases the blade 1ift on the advancing side and decreases
it on the retreating side of the disk, The rotor responds with a rearward
tilt of the tip~path plane, which produces a thrust vector tilt and a hub
moment. The resulting pitch up moment on the hellcopter is the rpeed

stability derivative (M ~>0). The equation above shows that blowing reduces section

2L/ 3V, and that for sufficiently high blowing coefficient the lift can
actually decrease due to an inplane velocity increase, resulting in negative
speed stability. In summary, the principal invluence of blowing on the
rotor stability derivatives is a change in the speed stability Mu and Lv'
which are reduced for qp\>A 0., For sufficiently high blowing, negative
speed stability is possible (Mu‘> 0 and LV < 0 correspond tc positive speed
stability). An expression for the speed stability derivative 1s given in
the appendix.

The characteristic equation of the helicopter longltudinal dynamics
is

M)s+gh = 0

3. 2.
s” - (X, t Mq)s F (xumq - XMy "

The influence of the spsed stability Mu on the three roots of this equation
is sketched below. With no blowing the helicopter has positive speed
stability, Mu > 0. Then the roots of the hover longitudinal dynamics consist
of a stable real root due to the pitch damping Mq, and a mildly unstable
long period oscillatory mode due to the speed stability. With a low level
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of blowing, the speed stability derivative Mu is reduced, The result is

a reduction in the damping of the real root, and an increase in the period
and time to double~amplitude of the oscillatory mode. This change in the
oscillatory mode is favorable, and the influence on the real root will be
small with a hingeless rotor. With sufficiently high blowing the rotor
will have negative speed stability, Mu<: 0. Then the roots of the hover
dynamics consist of two stable real roots (or a stable oscillatory mode),
and an unstable real divergence due to the speed stability. The time to
double~amplitude of this unstable mode can be unacceptably short. There are
similar effects of the blowing on the hovering helicopter lateral dynamlics.

CALCULATED DYNAMIC CHARACTERISTICS

The calculated flight dynamics of the hovering helicopter with a
circulation controlled rotor will be presented for the following example:
rotor solidity 9 = 0,085; blade Lock number §= 53 mast height h/R = 0.3;

b
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precone QSP = 3% pitch zadius of gyration (ky/R)2 = 0,107 roll radius

of gyration (k,/R)? = 0.0%; and a gravitational constant of /S2°R = 0,002,

A rotor speed of SZ = 27 rad/sec is used to obtaln dimensional results
(hence with g/fl?ﬂ = 0,002, the rotor tip speed and radius zre SRR = 180 n/sec
and R = 6,7 m), The circulation controlled airfoil characteristics at conetant
Mach number were approximated by

cqg = aet bc)}’ i

witha = 7,0, b = 10,8, and p = 2/3. For the blade section drag coefficient,
Cyq = 0.012 was used. The hover induced velocity was obtained using the
momentum theory result \oﬂ \thJC:T/'z y with the empirical factor kh = 1,15,
It was assumed that the blade section blowing coefficient varied inversely
with the radial station along the span: Cu = Gy t(a/r) . The flight
dynamics are considered over a range of wotor 1ift (thrust coefficient to
solidity ratios of C/9~ = 0,05 to 0.15), as a function of the tip blowing
coefficient C Mo Several values of the flap frequency are considered: V= 1,
as for a teetering or gimballed xotor; V= 1,04, representative of an
offset-hinge articulated rotor; and ¥ = 1,09 and 1.18, representative of
hingeless rotors.

For a given value of the rotor 1ift, the collective pitch decreases
as the blowing increases., Figure 1 shows the variation of 555 with qr
foxr the present example, at several levels of CT/v—. A hellcopter with a
circulation controlled rotor would likely be operated by using the blowing
to contizol CT/V', for a fixed value of geometric collective pitch. Figure 2
compares the solution for the coupled hover dynamics with the resulis of
separate solutions of the decoupled equations for the longitudinal and lateral
dynamics. The decoupled equations are lower order, hence easier to solve
and easier to interpret. From figure 2 it 1s concluded that the solution
of the decoupled equations contains ithe fundamental characteristics of the
hovering helicopter flight dynamics. In particular, the behavior of the
roots at high values of the blowing coefficient are correctly obtained.

Figure 3 shows the influence of trailing edge blowing on the
calculated longitudinal flight dynamics in hover. The real and imaginary
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rarts of the roots are plotted as « function of the tip blowing coeffleient
9#&‘ the right-hand axes show the corresponding time to double- or half-amplitude
and pericd of the mode, Figures 3a and 3b give the roets for the articulated
rotor ( ¥ = 1) and the hingeless rotor ( ¥ = 1.,09) respectively, at several
values of the rotor 1ift. Figure 3¢ gives the roots at CT/V" = 0,10 for
several values of the flap frequency. Figure U shows the influence of

blowing on the lateral dynamics, The variation of the roots as the blowing
coefficient increases follows the behavior sketched in the root locus above.
Consider figure 3a, As C?Q‘increases from zexo, the damping of the stable

real root decreases while the damping and time to double-amplitude of the
unstable oscillatory mode increase, At a value of C»kvﬂﬂch depends on the
rotor 1ift, the two complex roots reach the origin, and for still higher
O,t'become two real roots, one stable and one unstable. For this case

of W = 1,0, the two stable real xoots then meet on the real axls and

break off to form a complex conjugate pair. With a hingeless rotor (figures 3b)
the behavior is similar, except that the stable real root due to the pitch
damping has much larger magnitude, and so does not combine with the other
stable real root at high Cﬁt' Indeed this pitch root is off the scale of
figures 3b and 3c, even for the offset-hinge articulated wotox ( N = 1.04),

The influence of blowing on the roots is similar for the lateral dynamics,

With a quasistatic rotor model, the effects of unsteady aerodynamics
can be accounted for by using a 1ift deficiency function. The resulis shown
in figures 3 and 4 were obtained using C = 1 for the 1lift deficlency function.
However, the reduction of the rotor aerodynanic hub moments in hover due to
the unsteady wake effects can be very large. igure 5 shows the 1lift deflclency
function variation with CT/G‘ for the present example (see the appendix). Figures
6 and 7 present the results for the helicopter lopgitudinal and lateral
dynamics including this 1ift deficiency function (C ¢ 1). The influence of
trailing edge blowing on the calculated dynamics is not significantly
changed by including the 1ift deficlency function.
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SYEED STABILITY

i
The point at which the complex xoots reach the origin, and fomm a i

padr of meal roots, corresponds to zero speed stanility (Mu = 0 or Lv = 0), -

Examining figures 3 to 7, it is concluded that the value of C)‘t for '

zero speed stability increases with CT/b‘ and ¥V, is not sensitive to the

1ift deficlency funetion, and is the same for the longltudinal and lateral :

motions, Note that the unstable real root initlally increases very quickly 1

after this critical C,, 1s reached, especlally with low loading ox an ]

articulated rotor., Therefore the blowing coefficlent can not be increased

much above this point before the time to double-amplitude becomes unacceptably

small.

WY S

Figure 8 shows the variation of the speed stability derivative Mu
With the tip blowing coefficient Cyu, and the rotor 1ift Cy/e. Figure 9
shows the zero speerll stability boundary on the GT/G‘ VS, Cft plane, as a
function of flap frequency. The influence of the 1lift deficiency function
is negligible for the ¥ = 1,0 boundary, and small for the ~= 1,09
boundary., For a high enough blowing coefficient, or a small enough rotor
11ft, the helicopter will have negative speed stability and hence an unstable
real root for the hover dynamics., Figures 10 and 11 give the corresponding
results with a pitch/flap coupling of K = 0,5; there is a small unfavorable
influence of pitch/flap coupling. The speed stability derivatives depend
primarily on the rotor aerodynamic flap moment due to the hub inplane
veloeity, %M" An estimate of the boundary for zero speed stability can
be obtained from M = 0, which is also shown in figures 9 and 11 (see
. the appendix). With an articulated rotor the eritical blowing for zero
speed stability is significantly lower because the direct inplane hub force
due to hud velocity (H,, ) decreases faster with Cpuy, than My does. With s
hingeless rotors the influence cf %ﬂ is much less than that of MF y 80 F
the criterion Pbk = 0 glves a better estimate of the boundary.
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CONTROL CHARACTERISTICS

The responre of the helicopter longitudinal velooity &F to cyelile
piteh or blowlng control has two zeros, a complex conjugate palr of relatively
large magnitude. The pltch angle GE\has a single real zero of very small
magnituie, The zeroo of the lateral response to control are similax. The
zeros of the respouse to cyclic blowing Sis are identical to the zeros
of the response to cyclic pitch & if (ng”e,)/(xe,"’ s,..) = 1, which is
exactly satisfied with ¥ » 1,0, and is catisfied within 105 for Vo1,
Calculations of the zeros for the numerical example woneidered above
confirm that the zeros for eyelic blowing and cyclic pitch are essentlally
ldentical, Hence it is only the pole configuration which influences the
helicopter response to control.

A conventional helicopter has a mildly unstable long period oscillation
in hover, but the motion can be stabilized hy the pilot with rate plus
preportional feedback of the pitch metion (84 = ~ K (ws + 1) G%,), and
similarly for the lateral dynamics. The rood locus for such feedback is
sketched below. The Gﬁ/ﬁhs response has a single zexo at the orxigin, and
the lead adds another at s = *E"i. With a hingeless rotor the control
power and damping of the rotor are high, and the lead ‘T required is
not long. A moderate level of blowing will improve the helicopter control
characteristics by reducing the speed stabilitys. Blowing large enough to
produce negative speed stabillity radically alters the pole configuration
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however, In this case, ac sketched below, rate plus proportional feedbsck
of the pitch nttitwle (8, = ~ Kyiesn + 1)€§F) improves the dynamic
charactericticc by increacing the time to double amplitude of the real
Aivergence, but it does not completely siablilize the system regardlens

of the value of the lead 'C.. 7To obtain a ntable system, feedback of the
veloeity perturbation could be added to counter the negative spsed stabllity,
and then rate plus propoxtional feedback of pitch used (&5 = ~Kp(s +1)9‘+Kx5’:ﬁ).
Alternatively, integral feedback of pitch could be ueed as well to produce

o stable system (84 » -Kg( ('"r.:I::)"1 $ 1+ "c‘Rs) 95,)‘ Such control laws
would 1ikely be too complex for the pilot to comfortably handle. In any
cace, an automatic stability avgmentation syrtem is clearly desirable with

' - P £ o Bae TREETR
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negative speed stability. Little work has been done on the handling
qualities of helicopters with negative speed stability. Limited data in
reference 2 indicates that the handling qualities are probably unacceptable
if M is less than about -0.01 (m-sec)"i. and clearly it is desixable o
have positive speed stability (M, 2 0).

CONCLUDING REMARKS

With 2 conventional rotor, an increase in the blade inplane velocity
increases the dynamic pressure and increasss the angle-of-attack of the
section, thereby increasing the Lift., With a circulation controlled rotor,

11~
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an ilnplane velocity increase reduces the blowing coefflcient cfe’ and thus
tends to reduce the 1ift, If the blowing is high enough that there ls a
net reluetion in the blade 1if't for an inplane velocity increascs, the
dynanic behavior of the rotor is radically altered, TFoxr the hovering
{light “ynamics, thexe is o critical blowing level, above which the rotor
produces a negative speed stability derivative. The handling quallities

of o hellcopter with negative speed stabllity are probvably unacceptakle
without a stabllity augmentation cystem,
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APPENDIX
HCVERING HELICOPTER SPEED STABILITY DERIVATIVE

The equations of motion for the helicopter rigid body degrees of
freedom, rotor flap motion, hub reactions, and inflow perturbation were
obtained from the aeroelastic analysis of reference 3. For the rotor
only the'flap motion was considered, specifically the tip-path plane tilt
degrees of freedom (3, and 6»5» For the flap mode shape rigid body
rotation with no hinge offset was assumed in order to simplify the aerodynamic
and inextial coefficlents. Hingeless rotors were modelled by retaining
an arbitrary flap frequency V. Perturbations of the rotor induced. velocity,
linearly varying over the rotor disk, were included to account for the rotor
unsteady aerodynamics., The influence of these inflow perturbatlons
prineipally takes the form of a 1ift deficiency function C multiplying the
aerodynamic coefficients. A quasistatic solution for the rotor flap
response was used, The flapping velocity and acceleration terms were dropped
and then the flap equations were solved for the tip-path plane tilt response.
The flapping velocity terms were dropped from the hub reactions, an the
solutions for (3,., and (s’,s substituted, From the resulting expansivn of
the rotor low frequency response in terms of the perturbation body motion,
the stability derivatives for the flight dynamics analysis were identified.
The result for the speed stability derivative Mu is as follows.

. t 2120 _ L oM
Mu k;n 2 v/ { 3,3 \+N,:- /‘

&. %Mr

tT

® (2N *“/‘3}
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where 2
Q ton 1 + K

5/8 P

N, =

and the 1ift deficiency function (fxcm refexence 3) is:
1
L+ (rak?)/(8%)

¢ E ]

The lateral speed derivative is L = --(ky2 /kx2 )Mu' The parameters required
in this expression are:

g acceleration due to gravity
ky pitch radius of gyration

kx roll radius of gyration

2 rotor angular velocity

CT rotor thrust coefficient

o rotor solidity ratio

a blade section lift=curve sloype
v flap frequency (per rev, in the rotating frame)
.4 blade Lock number

h rotor mast height

R rotor radius

Yo induced velocity

@, blade coning angle

The momentum theory value for the induced velocity in hover is \= kh CT/ 2,

where K, is an empirical constant.

h
The rotor aerodynamic coefficlents M'. and H ] are respectively the

flap moment and blade drag force due to inplane velocity of the hub (see

reference 3). It is only through these aerodynamic coefficients that the

trailing edge blowing influences the flight dynamics., To evaluate M » and H ’

it was assumed that the blade has constant chord and linear twist ( ch)’

and that the blowing coefficient varied along the blade span as Cu = Cp, (R/x).

‘The cilrculation controlled airfoil characteristics were approximated by

= aol +bcpo
s

c The yresults for M,‘ and H r ares

1l

2

e




T T TTh e o

¥
M gor 4 e LAST

\-2p _

) Ky }_.LP e
%= \.%&:—w \3+”8+2o/‘t(|-»p

H
a
and for the blade coning and collective pitch angles:

¥ [3ce O | Do b p iy

R = 2::.!(;, + il e T TR T W3(EC p)("-r)]

v
G<y é_ - Sbcl‘t
975== — 2-\. 0(3_")

where @p is the hub precone angle.
The speed stabllity derivative depends primarily on the rotor

serodynamic coefficlent M/A. Hence an estimate of the boundary for zero
speed stability can be obtained from M M= 0, which gives

- )
2.Cv Y Cr vy
<a + TJ'i ¢

bp/a('—*»-f)

M

or with a = 7,0, b = 10.8, p = 2/3, and k'h = 1,15

Cu, = (0.648C/T 0.u61Jc, ye5
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Figure 1 Rotor blade collective pitch as a function of rotor loading
and blowing coefficient.

SAGE 19
-17- ORIGINAL P,Amm

T N 't e

™

i

A

T e

o PR e 1 L




[ k)

o - - 1
* . * ! v " " Ii; LR
+ H———. f';o}'plcd E ¢ :‘ : i 3
- h——-.-—-Q¢ﬁﬂFvuglea longhtuidnel - e el s
pwmmemas depoupled lhteral ST L
i . . -
{ : ' “’" . {
} ¥ BT Y e ceR 1 [ C o -’ : v
' ' ; - "’ ~ gl Cu ‘

- . "
-y .
-*
- e
: - -

PP

-

'
-0 'oz -,4. [ 4:......» .4.~...,(-.» kst ek Ak e e ) A n e --g I
T ' H B i
‘ . L ' - { . . : ;
. ) l ! ’ ' . '
0'02— < ¢ EE T 1 wibwe Bhr o ¥ oo », i N ey ¢ e »T »
\ ’ ! ) | '
N -~ - ! ‘ R
' . ‘—
~, : { - +
T i - 4
. Iz e Ty wan o -, Fee re Ao . "’ s 'VA;u wi
: ~ X -
In \ \ > R e
o 4 [N ' ” . / JRR S
el ~ v
~ ; .
=y 1 . . ~ a E
. > i
' \
. e A, W\ H
. R B .
. LAl ORI TRETY «‘5 b b . n; - . 1 Ak e - mde e e ¥ Are [ R i ad * &
! . ! v
} v . N Y 4 t 4 '
’ B yeoo s h N $ i .
roee Tt nr . . Y Y '
Lo SR , ? .
0 ) { 4 | . : PR
IR ' 14 ' . '
B . . I
o[ 1 007 stor——tm—2}s:
1 ,;l-.‘ Y ved »r.’. ’Cﬁ m‘ . z . l' fop HEE Rt SRR
» N ¥ N
H . . 1. i . . i i t i i , ,
'..‘,,... el ) vw....',...-..-.,. hyo ..,.‘-..-..*_‘»-1, - L-vta i n ..3. ..,.t..,m-.;‘ IO PN ,pa.w-m-u«... YA pree v
j . 7 oty e :
TS SR S T Y R (R R . -

(a) Flap frequency < = 1.0

Figure 2 Comparison of solutions of the coupled and decoupled equations
of motion, at CT/T =

0.10,

-18-

e




0,08

I e, pliloaitie AENPERNNISI-IW. SBOVSE ) 1
i . ! s
. : , { * ; :
-~ > oew £h ,,‘bm—,'.o‘»:lljladn: & %. - ,.,.\' ) ! 2 - b;n t .

’ —_—— de'f:oupled 1on5'}tudina1 : . j

b o= = = devoupleil lateral LN

|

i

‘ i

1

i

o

. B ¥ N
4 bar . setan pt e s W B S R T LD R PEE T TP PR
i +

P t

: )
t N N

Ve .- i RN I .

(b) Wlap frequency ¥ = 1.09

Flgure 2

Concluded,

-~19-

]

.
!

ORI S Ry T,Mq..n .




s
i

Fi

Q'OT-

i

i ’ ; ' j
S——r— U'MQ" L 0.15 H i s !
.m . & .m«/’to lo PR ) e R ¥ j
P it : - -] i

B 005 L _e- J1.5

: ¥
v . N , > 14
) o.m.; Tt 102 0 93 i 0.4
3 ¥ . ¢ tame g 1 . B * »
o g ;
IS 4 1 * 4
b, i S
- o pwos P‘-( et h at v b y N Q Q—f&u‘.—‘»—um*- »m--.n"-f-.«.. PR v»‘v?m‘ P

. ’ LR ' N ! i - : p

g . i : . : 3

Plap frequency VvV = 1,0

Calculated roots of the hover longitudinal dynamics
as a function of the tip blowlng coefficient.

=20~




S

T R N R JE L hd e e
o 4
: : o .
0002 > -—-———9-—-\0![/""0.”5 [ LN > -
——— 0.10 di.¢
—— | ave— . G.O;S i
' o ¥
: ' ’.—'*” t

- . gec
Re\ // / :

AN
\
L
P
o

~
N . 5\ i ; ’,
'\~,~ ' I -j
- "‘ R ; N . \~.~. L TN s N » ur e t.j_-_
; ; e~
i o~ . 2
; : ~—i - sec
% : B —
t 4 ¥ ~f » t

i
: ) . i )
] : R . + .
_0.0Z PO [ T | ok kn b & € 4.{.. [ s s e e B s
i . s . i

0.02 - . i Coothe e P : D

1 ! -
: I . ~41i5
Inl)\ e

~ i
. N

(Oi

..
——

AR

i i
C i - i : i
9 . °-¢’1 ‘ ..0‘{.0& O o
£ ‘ 1
L |

‘ ‘ G,.
l . . . t . i
. 16 i - ¥or b Py 4-.‘.-. [P .uiu- YT <u~my~w!  wemrst an
! ' I ]
. ¥ . . 1 ‘ d
! ‘ ¢ i B ’ '3 . ) . y
* LAY X3 TR FE T TR Yoa oy P s e e .

(b) Flap frequency ~ = 1.09

Figure 3 Continued.

ORIGINAL PAGE I8
OF POOR QUALITY

-21~

»
T T T I

Gt o o b L o Meeeanal ok




43 3 ') T ,y; ‘ 1
; —...;_...———:, Q » 1.00 ] ’ E
0602 '-s -z ; .,.%,, oy m— - S Q:‘H;,‘.O“ : PR M r u * e
] 1.5
i
e\
3
tz j
5 sec q
10
29
0 20 i
10
5
t,
2
3; s sec
2 .
1.5
"'0,.()2x : ‘- weth -
' t
0.07
m \
T
gec .,,
0.
T -vvltw»ﬁ‘&w . i—al s
. ! oo
(¢) Lift cT/q- = 0.10 ;
Figure 3 Concluded.
.,4
=22 1
i 1!




mc’,t/r » 0»1& i § H !
T 1 . |
i
e 4, |
<11
3
0 o
) L
%
8ec
3
“0002
0.02 ,
™\
T
. Bec $
1
0 10‘ ) Z 3 : 0‘.02 . '
'v V f~. I ‘.‘...,:é.q.c,
v - z- --fu~n-;un»-“ - PRt s.q.}r.u .uop,r-t o
! - . . R . i . 4
(a) Flap frequency = 1.0 y

Figure 4 Calculated roots of the hover lateral dynamics as a function
of the tip blowing coefficlent,




A

ST T TR e e e s T
L w El
*
4

0.,0% e————— g,tjw - .@.,15 .

Re )\

‘r
!
'
i i
— * & .:, PR
i
i
)
t
-4
1 *
1 M
_0002. wy b LR L t
'
.

=TT ol bttt ad
e {
“ ¥ z
| ¥
»
$
I » = . i BEANE

A ; 0

* ~ b e
ntt * Wy - - » " \ " 1
1 [l \~.~ t.é,
3 p han JE
: L ~—o12 86c
3 . s S~
. . .y
» + ] ‘ ¥ - 105
RN b e - , . Y P
. . '

t

I
i .
voae :n;n'- »1...»,1. Rep o sehfor awr s o

: i

:
b . i

& B i .

[ - . LI t‘l al

P

(b) Tlap frequency <

Pigure 4 Continued.

el
o -
o
™
.
8t
Q
.‘g~

——

*
I

o .
Ces . i : . ’ . i
L [ AR 3 v . . R

-2

P S, A

o




e

-

0,02 g mq-ﬁ 1,0(%“ .
e N 4,0

— e ¥ = 1,09
A T

4
v
o
Ll
o]

10
20

L3

20
10

} 3

1
ot

——

(¢) Lift c,l/v* = 0,10

Figure % Concluded.

25

RO SHUPA- S0 S-S ID- SO S

ra




[ | , T i A S

=
e

% "
# i R !
s » - .
) 1 i : . . !
* - M IS i
-q 6 LI TR e o Sk e ko Cew oo m oaw I s - w4 awes A e - FPm H
' ! . H o ; } :
. « % i B !
¥ ¥ j
H - G s ¥ ! r ! ' . » fH . ’ R . . I ;
: EL . 1
C ’ - A -
- * 3 z . * 4 - ! £ 3 st cEe mg o ¥ ENE L] 1. 3 !, Iy
x * -
*
c § ¥ i » { * ¥ ' 2 1
! H " I
> b s N . I PR l I3 % ¥
, : * ‘ A 1
} ! 1 " . 1 )
o.l‘, par FEFT I L S E T A S S wt:n' L N R TR N ":L Tt rd etdo " ie & e & ——nw!w y-««n&.-!nn\fuya = 1 4 ® * - ‘
- N : i
f Lo ) : ' ,
: . ¥ . L. . , }
' | | t ; i :
. . H !
* x
; ; t ! T A T !
) : i . 1 ¥ .
1 . ] . q‘
[ 1 ¥ 5 . » Y
v * 1 i L} i
. H »
f ! i i
Olaj." . : -~ -:t ] g R - én‘ L I ¢~.~ » * ru LY ) + [
: P | i |
N .
* 1. » N @ a M ‘ » v x '
N 1 i s N
¥ S
a2 F 13 + + ! r
1 ' v
¥
’ * N t ’ . !
H M *

4
0.2¢

Lo
o
-
L'tr
(@]
] . -
[+ ]
(=]
*
- - b < -
-~ —m

P " Cy/'o=

Figure 5 Lift deficlency function for rotor hub moments (o = 0.085),
- i

W

26




i
4 * » ’ .t ,,!H 2 N ; i‘
0.02 r ek '—-—-——-3-——1011/" , Q?ls * Ta . .2 T @ N & g :n f PO i
|
e )\ ~
i
,
’; ~0,02 ,
0,02 ”
|
{
:- Im )\
]
1 : :
| i -
; (a) Flap frequency < = 1.0
;
Figure 6 Calculated roots of the hover longitudinal dynamics as a function
i of the tip blowing coefficient, including the 1ift deficiency 3 ﬂ
; function, , ;j !
| 18 ;
1 PAGE
27~ ORIGINA Y

r' T T




TR Y

@l . b o R .

; ' s
0'02 r . - c‘i'h'f' =10.‘15 . - . » x ¥ ]
— e 10,10 . 1.5

Re )\ 1

— ; : :
- / 5. sec i

o - R L

. 42

* s

¥ ¥ ;" I3 I
i -, ' ; - 105
"0 0-02 L 1 ORI - : . - . eesae . . .ox v . L

¥ M »
‘ :

i

, 1

.
:
. :
0,02 p O R e

o g o

. .
8 ek Raam R 1, wme o Asa v . W me e hme s e '.‘.vjﬁ e SEC
- - .

\ : -
: i . \ % % \l .
0 ot ~0.b2 0 Co0.0s . . 0.0f -
! Tf + . v 1. E :
S L P }w«-:-ﬁ (he tt “e 9. 4 e S wéw-n.; Ao .,‘:_ , e ,..._.{-...A‘... - . ¥

p
: i ! : } ,
Pooe e . . : R P

(b) Flap frequency ¥ = 1.09

o

Figure 6 Continued., ; | 3

-28-




BT I » x t s = :

<&
P

0u02p=- -

mlopO" e

|
'|

1.09

3
b i
l
</
T
=

g -

1

. ‘.

] 1 : .
0'02- ) (X2 i b . ¥ s ..4
\ , ! .

] . M

p2 v k]

: 1

"y

.

)
o LA JUUP S

v

(e) Lift Cr/a~ = 0.10

.

I'igure 6 Concluded.

ORIGINAL PAGE 15
OF POOR QUAZS™

ORI WS Hur"“{? .

{

| 1
. 4
‘ L3

» i

T P &

L
;




} TR T e g

e G AOME 8 e » . N PO

0.02F - ———— Gy =i0ad5 -
' 0,10

———— 10,05

Srtny  Svem——
»

Re );

T

L)
4
i

"0002 e .. . Bl e i as wee s w
N

.415.

" it w‘ Rl 2 2 TR
20°

30

¥
I
b vt 1 ﬁf’n«un B

100
200

1
.
' i Voo ot ,
‘ Pl L N L T R Y (PR e Sy FEXT RN PR P S VO S NP PURTISIN) SIS S
H 1 ia‘ * . ) ! .
‘ | b . : . £
L L A ksracl sew i . } e

(a) Flap frequency ¥ =

]
405

Q
‘!

Figure 7 Calculated roots of the hover lateral dynamices as a function of
the tip blowing coefficient, including the 1ift deficiency functiion.

=30~

r’-
O N

g¢c

PAGE 18

ok

GINAL
O GOR, QUALITY




'
,
}
¢

gv:'.g»‘:, ) - : } ky )
IR R L el L TR S R IR} x » 2 ¥ LR ] o L] * + :
. : i l ‘ | :
e [ p ; ! :
0,024 . ,____1__, L’I/m ,.,0,45, oo e J‘,. T B Ve me ame
Re i * i i 2 i
b “ " 3 2 :
3
1
. t
. N 5 2
* ‘ , 10 sec
' 20 §
. 0 e ! 20 .
- ; 10 :
. [ i
e 5 ‘
. N , by ;”
o D K
* — - e Foped ----’Q~ ’ EER U] Sec »t
; : 2 -? }
! ;‘ ' L e . Vo e H . o ,1."5‘ i
- ! : N i ; ‘
! P ot i :
—0».02. h— n.m I:a— LR LY N ?- 3 wll-"l" LR X i o L L L e :-A» T :- AR AL r—:v-r-:'r 4 L Sl L IR L]
’ i . : . ) . R '_;b ‘ ' R * 3
: . . ! [T T TR Y X ».' . | 1 )b' j f
0:02 R L TETYE RN PR M ; . g T 1 . s
o Do 415 s
e #'50" - sec E
. ' S w160 ;
- N\ 4 200 |
O ol 0.2 L 1 0.03 [ O40h . 0.5
. N Rty K LD DI RSN i A N ',
i ¥ R : . !;,. :f‘ "Cr ) 1 ' g : { . :
N 5 u{d; ‘!,.‘*»-{ - s « Yomma } n4-'uq Hhru «.—; -;-r .-.’-4‘..-&’ w—~t e """"i‘i’" ‘1.. By T, mx» Y .....u?—u'. rrasn i (e -; o
1 b : A TS & § ' ' . ! :
- ‘~ :‘.. I et a0 e 4..: Vs A . i o ey PR i
(b) TFlap frequency v = 1.09 ;
it
Figure 7 Continued. {;%
S
-31- ORIGINAL PASI?TQY N
'OE POOR QU I

: ki




sec

10 ‘
20 :

20 ]

15

. o ~-n20, . L
e - o T

| ‘ ' H . ! . 430 :
H , ! . -13 sec

- cwre s N I O R A '.,‘59' ¥

L NN I 4100 -

0 AR S WA\ ¥ .
- 4 > T i T T o st '
; ! : { . -

LI 0401 , Oioza 0403 0ok Qo5
RS ._i,‘:r‘t.t A : b
W R R ek J“u.uf: averdt - Y i wuuvz(-" e S SRR YT TRR B PR »m.-u-;,.xu- sb et ir cewnd gves
' P R { .

40 s e : 3

| () Lift Cr/a~ = 0.10

* Figure 7 Concluded,




— T ——— e - " 1
+ LX R H &
'
i
. f‘ \ C ;
0.06 P * @ ¥ F M.as l:‘y “. 4 TR i e
LI
.
e . : ,
.
¥ ¥
0.0 e
1
!
M L]
N A
)
u i i !
_1 ' ; .
. ¥
(n~sec) 4 ! . ‘
H
i
0.02 b ) e ¥ 1.?- t Fak- we g e
¥
1 b
SO ,
i . ! : ! . H
Q02 b e g l RPN S TSa. P - f . : word imrd . T §
. . d , .
' i . ' y o f ;
3
! } t v 1
L i ie E . o e
! . . '
: ' i . '
-3 : DR » ' b
' : )
_O;W o # TENTe emgsh ' .;« . ‘ “ praans » LA mx{h.;&h:‘- SR
. ; i :
= : . ) . " s ' B b
' ] \ : : : : b
® - '3 .! . .., . . i - PERY { i B z‘ »
) ‘ i ! § { B
[ [P e $ . - HE L L { !‘ ias ‘- P g
4 * by H ) + ¢
[ A - .
: '
.;0;66 : g } ] . f e 2, . .
. 1
L4 ' ) ! .
4.1, oot 002 oy O3 i OB - O
1 ' ! 4 . : :
! ' 3 }t ! } ¥
H fo. .r 24 3 . » - L3 i . , Ao 3 EY ' i y o=
: L . !
. . ! i . 4 i H

(a) Plap frequency D= 1.0 (negligible effect of the 1ift deficiency function).

Filgure 8 Speed stabllity derivative Mu as a function of C,I./q‘

~33=

POOR

and C/“‘t .

4+ )
PAGE
g3

AU

¥~




9

0.06.

0.0h

! ,
heoe

N f .
0, O 4 ! §
o . °'k4-. 0.p2 - 0.03 0. DiF 005
N is ,,.i,.,‘ i ~Ppt i ; ' i ! r
. i + H I

{

]

3
LSRR TN
EIEY

(b) Flap frequency <= 1.09 (with and without 1ift deficiency function).

Figure 8

Concluded.

~34—




T LT T gy

e g g T g s i v g - T i

. 015 L : ¥=1
-z
positive cpeed ' Nz ~

. stability ; /

0.10p

CT/ g -/ negative speed ’
” stability '

0.05,_ . | O A /./ ,‘: P e aEa i .
o 1 ! . 4 i 4

Figure 9 Boundary for zero speed stability ( o = 0.085).

ORIGINAL PAGE IS
OF POOR QUALITY! —35-

1
i
i
i
4
y
§




[ aaa P ST

-

= T T RS vt F bl
i
0,064 : e e ‘
' H
e
3
3
000"‘ 8
b
M o ’
u 1
0.02F - . e e smmena s ae

¥
. 4 .; '
! . :
“ . [ F)
| * { :
“0.02F e e L%“ ; - I B . e
! »
co4o ] : o p
i ! ! {
- ,» v s 4 '
! : : o
0.0 k. . ol e ’ e ey
. o i ' ! !
..’. . . ! . ) {
R ! N . 13 .
- + > ! ! AE - ‘ ,.: ¥ ‘ﬁ BN : B .‘ * \A: ..w?;- X FTO TR
N 1 . : ; { .
1 ] "J . ‘! : : Y . i
‘
-Q.‘Qé —— . . & — T Jr ] e ﬁ,L ' . e e b
o * 0,01 v . 0502 O.p Oom ' 0.0
H . e i X . AR C Ay - ®* - . = .
. X : N of S R I ; '
H { PR L i - ‘ s s . doe 1 ' .
N . ' } : } 3
' . ! * ] ] v

(a) Flap frequency ¥ = 1.0 (negligible effect of the 1ift deficlency function)

Figure 10 OSpeed stability derivative M as a function of C, /o~ and

with piteh/flap coupling Kp ¥ 0.5,

-36~

9‘%'

ORIGINAL PAGE IS
OF POOR QUALITY

D T

e i




D e R S AL

0,06

0.04

-0.02

~0406

(b) Flap frequency = 1.09 (with and without 1ift deficiency function) 5 :

Figure 10 Concluded.

~-37-

5 IS
ORIGINAL PAGE




e WY e gy - f(—'-—-v-- < ) \j‘_ e "“—"k ™ ™ 4 s e l'm' - —_ j

¥ " ;
' : i ' 3
0015' e Hee vom pr @ 2y B A sk é "‘;1‘.00 - ’Q/n‘l‘lw bz 0w
[ o . Pl
» [ * ” }
positive dpeed ‘ . Y /:/ Mf =0 P
7 stabAlity / | P ‘
0.10 aad * - :a; k3 g.: oo -: !'!%’K!' l! ’;*"' L2 ’
. P A g , H .
- ' + ' / !/ . ‘ N | ‘
o ‘I‘/‘r e v o negative spaed . y ]
, | L/ . stabllity i
, /3 . ‘ |
0.05«— PR \:m« N 13 q% ‘ /( L I l‘%iﬂ} orrh YT he - ; .3 L Y o vty x¢ ; 2 ‘A’:
Ce L . i Yy ’
i RN N
‘ : :
I3 , 3 e :’ & i ‘ ey ] » }
b R | : A o
SN S
1 O i TS SS—— i S
P 1 ¥ 5 559«‘{9[1 \ * Odtoz C . O.;oa O.U’ ) [] ¥ ::9:p5 ’ ) ‘
.: , '. - #t ¥ ! ‘ *
H Ty M-‘ ‘ » - ! : (AP |
| . i 1
! TR : : 4
9
Figure 11 Boundary for zero speed stability, with pitch/flap coupling
Kp = 0,5 (o = 0,085). ;
{
3}
A
-38~




o : ‘ T T X E S «»:L--m i ‘
|
|

I Report No. - 2. Governmant Accession No 3. Reciplent’s Catalog No,
NASA TM=78,443 , i
A, Title and Subtitle ' 6. Report Data :
CALCULATED HOVERING HELICOPTER FLIGHT DYNAMICS ; ~ , !
WITH A CIRCULATION CONTROLLED ROTOR 8. Performing Organization Coda
7. Author(s) ' ' 4 8, Performing Organization Rupott No.
Wayne Johnson and Inderjit Chopra% A=7227
, — 10, Work Unit No.
9. Parforming Qrganization Name and Address 505~10=22 [
Ames Research Centar, NASA, and Acromechanics T Comect of Gramt Now
Laboratory, U.S, Army Aviation R&D Command, Ames |
. N * ™ £ [
Resedreh Center, Moffett TFleld, leif. 9403) AT ST R Pt o 1
12. Sponsoring Agency Neme end Address  Natlonal Aeronauties and Technlcal Memorandum )
Space Adminigtration, Washington, D.C. 20546, and 14. Sponsoring Agency Code
U.S, Army Aviation R&D Command, Ames Research Center,
 Moffere Fleld, Colif. 94035 :

18. Supplementary Notes

#*NRC Postdoctoral Research Assoclate, Ames Research Center,; NASA.

16. Abstract

The flight dynamics of a hovering helicopter with a circulation
controlled rotor are analyzed, The influence of the rotor blowing coef-
fiedlent on the caleulated roots of the longltudinal and lateral motion
is examined for a range of values of the rotor lift and the blade flap
frequency. The control characteristics of a helicopter with a circulation
controlled rotor are discussed, The principal effect of the blowing ds a
reduction in the rotor speed gtability derivative. Above a critical
level of blowing coefficlent, which depends on the flap frequency and rotor
lift, negative epeed stability i1s produced and the dynamlc characteristics
of the helicopter are radically altered, The handling qualities of a
helicopter with negative speed stability are probably unacceptable without
a stabllity augmentation system,

17. Key Words {Suagested by Authoris}) 18, Oistribution Statement

Circulation controlled rotor Unlimited
Hellcopter £light dynamics

STAR Category = 01

19, Security Classif, {of this report} 20. Security Classif, (of this page) 21. No. of Pages 22, Price*
Unclassified Unclassified 39 $4.00

*For sale by the National Technical [nforiation Service, Springfield, Virginia . 22161

2




	0041A02.tif
	0041A03.tif
	0041A04.tif
	0041A05.tif
	0041A06.tif
	0041A07.tif
	0041A08.tif
	0041A09.tif
	0041A10.tif
	0041A11.tif
	0041A12.tif
	0041A13.tif
	0041A14.tif
	0041B01.tif
	0041B02.tif
	0041B03.tif
	0041B04.tif
	0041B05.tif
	0041B06.tif
	0041B07.tif
	0041B08.tif
	0041B09.tif
	0041B10.tif
	0041B11.tif
	0041B12.tif
	0041B13.tif
	0041B14.tif
	0041C01.tif
	0041C02.tif
	0041C03.tif
	0041C04.tif
	0041C05.tif
	0041C06.tif
	0041C07.tif
	0041C08.tif
	0041C09.tif
	0041C10.tif
	0041C11.tif
	0041C12.tif
	0041C13.tif

