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An analysis is presented of the longitudinal dynmic stabilit
characteristics in hovering and in level low-speed flight (\ < .12),
of the Hiller 7-foot diameter ducted fan flying platform., In addition,
several configuration variations were investigated, including duct
section and chord, number of propeller blades, propeller blade settirg,
and clearance between tips of propellers and inside of duct. The equations
of motion are developed using standard methods. Time histories, obtained
with an analog computer, and the resulting stability parameters are pre-
sented graphically. The present gyrobar stabilizer system provides
sufficient damping in hovering flight but will not overcome the divergent
motion in forward flight. For this reason, the dynamic characteristics
deteriorate with increasing speed. This is primarily due to the static
(angle-of-attack) instability which occurs at higher speeds.

\
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1. INTRODUCTION

The use of a ducted propeller as a man carrying vehicle has been
considered for the past few years by the Military., Various theoretical
and experimental programs have boen initiated to investigate the per-
formance and stability and control characteristics of such a vehicle.
This contractor was awarded a contract by the Office of Naval Research
in 195, Nonr 1357(00), to determine in part the flight characteristics
of a personnel flying ducted propeller that was kinestheticly controlled.
This means of control was conceived by Zimmerman of the NACA in 1952
(Ref. 1), It makes use of the same instinctive reactions a person uses
to stand and walk. The pilot standing on the platform acts unconciously
as an autopilot in counteracting any disturbance that might occur and
for steady flight he simply shifts his weight by leaning in the direction
of desired motion. This contractor has completed several phases of the
subject contrast in which stability and control analyses and flight test
programs have been conducted on a S-foot platform. The stability and
control results of these various phases have indicated that the S-foot
platform can be controlled kinesthetically in hovering and low-speed
forward flight in calm air but that problems arise in windy and gusty
conditions, (see Ref. 2).

In order to improve the flight characteristics, a mechanical gyrobar
stabilizer was developed which automatically applies corrective control
application in both pitch and roll. This stabilizer, 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 paddle to give aerodynamic damping. These
stabilizer bars, excited by gyroscopic moments, actuate a set of pitch
and roll vanes mounted below the platform. Figure 1-B shows the mechanical
operation of the system for the case of the duct pitched down at the nose.
The dash 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 wind 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 attsack, propeller blade pitch settings and advance ratios
(tunnel airspeed/propeller tip speed). Measurements were made of total
1ift, propulsive force, pitching moment, and power. Since the original
S-foot platform was underpowered it was redesigned into a 7-foot diameter
vehicle capable of developing higher thrust.




In this report a dynamic stability analysis is performed for the
T-foot platform, shown in Figure 2, with and without the gyrobar stabilizer
system and wvith various configuration changes,such as cuct section and
chord, number of propéller blades, propeller blade pitch setting, and
clearance between tips of propellers and inside of duct. The stability
derivatives used in the analysis are obtained from the wind tunnel tests
conducted by Hiller Aircraft Corporation at David Taylor Model Basin
during the period of June-September 1958; the results of those tests have
been published in Reference 3.

Solutions to the stability equations are obtained on m analog
computer with a pilot control step input and a horizontal gust pulse
input as alternate excitation functions. These solutions yleld
stability characteristics, such as period of oscillation, damping factor,
and percent overshoot. In addition, the stability characteristics for
the ship are examined with the aid of vector diagrams and stability
boundary charts.




2. LIST OF SYMBOLS

a_  Liftecurve slope of gyrobar paddle, rad”}

a_  Lift-curve slope of propeller blade, rad”l

a Lift-curve slope of slipstreaa vane, x-ad'1

A Planform area of one gyrobar paddle, ft.2

A Planform area of one slipstreat control vane, tt2
(there are 2 vanes each for pitch and roll)

b Total number of propeller blades

¢ Mean chord of propeller blade, ft

CG Center of gravity of platform and pilot

F  Propulsive force, positive forward, lbs (see Sketch 1)

g OCravitational acceleration, (32.2 ft/secz)

B¢ Total moment of inertia in pitch of platform and pilot
about center of gravity, 1b ft aec2

I Total moment of inertia of one gyrobar about its pivot, 1b ft sec2

kF Propulsive force coefficient,
p(SR)"mR

L
k Lift coefficient, —
p(R)" R

| A
Pitching moment coefficient, ——2—3-‘
L p(2R)"mR

Speed stability derivative in forward flight, ——E—FMU
L p(R) R

=
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KQ

Speed stability derivative in hovering, —
p(QR)" 8
Argla-of-attack stability derivative in forward flight, -—2:—-3
p(RR)" &

M

8
Gyrobar control effectiveness, =gy
p(2R)" "R

M
Rotary damping in pitch, o ) 86C
p(R)" M

W
p(RR)“ R

Specific damping (damping/critical damping) of gyrobar

1 2 -1
Gyrobar damping term, x¥ oR a (2R _)A , sec

I )

g g £ 8
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Axdal distance from the center of gravity (positive in
direction of slipstream), It

Distance from shroud trailing edge to center of gravity, ft
(see Sketch 2)

Distance from shroud leading edge to center of gravity, ft
(see Sketch 2)

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

Distance from aserodynamic center of slipstreas vane to
shroud trailing edge, ft (see Sketch 2)

Total 1ift, 1b (see Sketch 1)
Pitching moment about center of gravity, lb ft (see Sketch 1)

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

Power required, 1b ft/sec
Propeller radius, ft
Radius of center of 1ift of gyrobar paddle, ft

Time, sec

Perturbation velocities along the x and z axes, ft/sec (see Sketch 1)
Perturbation velocities divided by equilibrium forward velocity
Perturbation velocity divided by tip speed

Average axial velocity in the duct, ft/sec

Forward flight velocity, ft/sec

Gross weight, 1b

Stability axes, fixed to the platform (see Sketch 1)
Forces in x and 2z directions, 1b

Propeller blade pitch setting at 0.7 radius station, deg




3 e+

Platform angle of attack, zero if platform center line (propeller
axis) is perpendicular to flight velocity, positive if platform
is tilted to the rear, (see Sketch 1)

In steady level flight y is also angle between vertical and
propeller axis

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

Forvard flight efficiency, s—wy
Perturbation in platform attitude, rad (see Sketch 1)
v
Advance ratio, ™
Average duct axial velocity divided by forward flight velocity

Density of air, assumed 0,00238 alugu/!‘t.3

Solidity of the propellers, %‘%

W
Mass coefficient, v, 86C
go(2R) R

Propeller blade azimuth angle measured from rear position in
direction of rotation, rad

Propeller shaft angular velocity, sec”!

-~d

Subscripts
th Quarter=-chord of duct
u, w, 6, etc, indicate 5%, 3’;, 3%, etc.

Superscript dot indicates the time rate of change of the variable



CONFIGURATION NOTATION

D, Duct No. 1, Modified NACA 6421 profile (see Table 1)

D, Duct No. 2, NACA 0018 profile (see Table 2)

D, Duct No. 3, Modified lemniscate profile (see Table 3)

Db Duct Xo. L, Modified NACA 6421 profile, 0.6 chord of D, (see Table L)

HB  Indicates presence of simulated platform engines and pilot on
wind-tunnel model

P, 2-bladed twisted, contra-rotating propellers (see Tables S and 6)
!’3 3-bladed twisted, contra-rotating propellers (see Tables 5 and 6)

4R  Indicates that average clearance (0,0038R) between duct and
propeller tips has been doubled

vo Indicates presence of exit vanes at zero deflection angle with
duct axis



3. THE BQUATIONS OF MOTION OF THY. PLATPORM

For the investigation of the dynamic characteristics we use a right~
handed system of axes which is fixed to the platform and has its origin
at the C0 of the manned aircraft. This system of axes, generally referred
to as "body axes”, is oriented in such a way that the positive x-axis
falls in the direction of the initial, undisturbad flight velocity. For
the investigation of the longitudinal dynamics in forward flight both the
x- and z-axis lie in the longitudinal plane of symmetry where the positive
direction of z is down, see Sketch 1.

The undisturbed flight condition is characterized by the velocity V
and the attitude y of the platform with reference to the vertical, By
definition, vy is positive if the ship is tilted to the rear. In forward
flight the platfora must be tilted farward, therefore normal forward
flight occurs at negative y-values. For level forward flight the attitude
or pitch angle y is identical with the platform angle of attack.

The three degrees of freedom considered are:

u translational perturbation velocity in direction of x
w  translational perturbation velocity in direction of 2
@ angular disturbance in the attitude of the platform

The corresponding equations of motion are:

LX=0
Yzeo0
YMeo0

By definition, the x-axis is given by the direction of the initial un-
disturbed flight. Therefore, the translational velocity disturbance u changes
the magnitude of the relative speed but not the angle of attack of the plat-
form. On the other hand, provided that the disturbances are small, the trans-
lational disturbance w changes the platform angle of attack but not the magni-
tude of thc relative velocity, As it is convenient to introduce the platform
advance ratio \ = V/QR, we can summarize the aerodynamic effects of the dis-
turbances u an w as follows:

u results in a change d\ of the advance ratio
d\ = u/QR

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




a) STEADY STATE FLIGHT COMDITION
(Level Flight)

b) DISTUREED FLIGHT COMDITION

GROUND

Vertical

All quantities shown
are positive.

SKETCH 1
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The angular attitude disturbance 0, as such, does not affect the aero-
dynanic forces. It will be shown later, however, that its rate of change
6, (6 = pitching velocity) has a pronounced effect on both the X-force
and the pitching moment M.

3.1 Hover Flight

As there is no direction of undisturbed flight in hovering, the choice
of the direction of axes becomes somevhat arbitrary. For convenience, ve
choose as z-axis the propeller axis, positive down; and as x-axis the normal
to the z-axis in the longitudinal plane of symmetry, positive in the direction
of conventional forward flight., As discussed previously, the system of axes
is fixed to the aircraft. Por symmetry reasons, Xv o W 0 and the three

equations of motions are no longer coupled. As any translational disturbance
in the direction of z is damped (2w< 0), we can restrict ourselves in hovering

to the degrees of freedom u and 0, i.e., to the equations for the equilibrium
of X-forces and pitching moments: (see also Ref. L)

w -
qu-gﬁ-woxbé 0

Huutﬂéé-Ia =0 (1)

where
W is the gross weight of ship
I is the total moment of inertia in pitch about the CG of the aircraft

xu, Xé, Mu, Ké are the partial derivatives of the X-force and pitching

moment with respect to u and 6.

The gyrobar stabilizer system, with the longitudinal component of the gyrobar
angular deflection 6, 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 is (see Ref. 5)

0+K+8=0 (2)
where K 18 the specific damping of the gyrobar and @ 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 frequencies of 3
radians per second or less. The gyrobars, by actuating vanes in the pro-
peller slipstream, add aerodynamic feedback terms 156 and H56 to the platform
equations,

10
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Thus, the platform with stabilizer is charactarized by the following
set of equations:

V.
Hu-iu-w‘X$0X§-0
MU ¢ nbé -10 LA -0

O+ b =0 (3)

In order to facilitate handling of the non-dimensional aerodynamic
stability derivatives that will be obteined from the wind tunnel tests
of Reference 3, it is convenient to non-dimensionalize the equations.

This will be accomplished by dividing all forces by p(QR)ztﬁ? and all
moments by p(aa)zraj. In so doing, the set of equations becomes

5u-rrnko‘k R Hb'
de Q- kb e 6 «0
b3 ety - kb e gy

O+ K6 + 5 -0 (L)

vhere u has been made non-dimensional by dividing by the propeller tip

speed, i.e,, U = S-Zu§

3.2 Forward Flight

The equations of motion in the longitudinal plane for forward flight
express the equilibrium of forces in the x and 2z directions and of pitch-

ing moments about the center of gravity. For level flight these equations
are,

W . ¢

Xu--u+Xw-W+X0+X8=0

u g W 6 6

Zu#Zw-"-lw+-Vé =0

g
Mou+Muwe Méé -T16+ Mbﬁ -0
& + Kb + 6 -0 (5)
11



The last of these equations is again the simplified equation cf motion
for the gyrobar stabilizer.

Non-dimensionalized as in hovering, the equations become

da
kK, Ot qr*tk, PekO0+k ek 65=0
AR A AR "x° “x(5

dw
k, 3¢k, Q-2 ¢o .0
2 Zg at
&“uou%eo%é-k.!éok"o =0

6

O ¢ Ke6 ¢ b -0 (6)

vhere u and w have been made non-dimensional by dividing by the forward

velocity, i.e., U = %, Ve ;.

Bquations (L) and (6) now represent the equations of motion in the
longitudinal plane for a L-degree of {reedom system symbolizing the plat-
form with the gyrobar stabilizer. Note that in the hovering case the
number of degrees of freedom 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




L. AZRODYNAMIC STABILITY DERIVATIVES

In this section, expressions will be presented for the aerodynamic
stability derivatives required in the solution of the equations of motion.
The derivatives are divided into two groups; derivatives obtained directly
from the wvind tunnel data of Reference 3 and those for which mathematical
expressions involving the data are to be developed.

The derivatives of the first group involve only the aerodynamic forces
and the pitching moment of the platform and are easily found, from Sketch 1,
to be

ol
xu ™| F\

1
xv'v(L’FY)

1
zu " m Lx
1
-9l

1l
L Y

1
L L (7)

These terms are assumed constant for the duration of a disturbance, their
values being those occuring in the initial equilibrium condition.

Equations (7) are non-dimensionalized and the resulting coefficients
for use in equations (L) and (6) become

% "'
g = o,

k, =k, ¢
X L kF

13
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wvhere the terms on the right are obtained directly from the wind tunnel
data curves. It should he noted that in the wind tunnel data curves,
Reference 3, the platform angle of attack a is by definition positive if
the platform is tilted forward, i. 6., v » -a.

The derivatives of the second group are the damping terms, kxb and kxb’
and the gyrobar feedback terms, kx and k . The latter represent the forces

0

and moments, respectively, generatod by the control vanes due to the
automatic control input 6. In the following paragraph the damping terms
kx and kH will be derived.

) ¢

A pitching velocity © about the CG of the aircraft affects the equi-
1ibrium of forces and moments due to
a) the change of momentum of the fluid at the duct inlet

b) the Coriolis forces generated by the fluid during its
passage through the duct

c) forces caused by changes in the angle of attack of propeller
blade elements.

The first two are mass forces, the latter is of an aerodynamic nature.

Change of Momentum at Duct Inlet

If v denotes the mean axial velocity of the fluid through the duct
(assumed to be cylincrical), the mass flow per second amounts to pnﬂzv .

The change in velocity due to a pitching velocity ® at the duct inlet is
(see Sketch 2). The force generated by this momentum change is

X, =~ e v.h 8 (9)

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

. ml 2
My PRV & 6 (10)
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SKETCH 2

b) Coriolis Forces

The elemental Coriolis force exerted by the duct flow on the ring
of depth d¢ is given by twice the product of the axial velocity ) the

pitching velocity ® and the mass dm contained within the ring at any
mtmt, i.'.,

s “ 2
: dX, = -2v 0 dn = - 2v_GomR“d¢
Integration over the shroud gives

[/
(o}
2 2
| X, -2v.¢er ![ d¢ = - 2v om zzé (1)
1

| The pitching moment generated by the force dx2 is
' dM = d12 4

2v_dor?
‘ '-vapnﬁtdt

Integration over the shroud length gives

| 15
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¢) Aerodynamic Propeller Forces

‘i For the calculation of the serodymamic forces due to a pitching
velocity O, we replace the two contra=rotating propellers by a hypothetical

! single propeller having the sana total number of blades. It is further
assumed that the propeller oscillates about an axis which passes through
its center, i.e., the translational velocity due to a pitching velocity @
about the CG is neglected. As the ducts used are relatively short, for a
first approximation it may be assumed that the propeller blade angle of

l attack changes are identical with those of an open propeller.

For a blade element dr at a radius r and an azimuth position Y the
change in angle of attack due to pitching velocity O is récos?/r2
®cos ¥+ (0/2). The resulting elemental pitching moment amounts to

.

4 ay = - c(Qr)zr 02 . g cos’y dr

t\ For a total of b number of blades, integration over raZ’'us and azimuth
¥ gives

h[. 2n R

|l HJ--zl?bcgnpgﬁ JJcoszvrdedr

- - 1]-'5- bcpapRhQO
- 113 Opap(QR)thé (13)

‘ Surmation of the various components finally leads to the following expressions

e - o
\ Xé pmR va(el + 282)
2
= - pmv (¢ ¢+ ¢2)

Mé - . pnﬁzvatoz + 1}6 Opap(QR)fﬂh} (1)

I 16
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In non-dimensional form, the above equations simplify to
kx o v.( lo . 82)
¢ (R)?

2
v ! oa R
H‘o"“}‘[‘ﬁg"’ ] )

If the moan axial velocity A is not known, its value can be calculated
from momentum theory, which states that for hovering flight

Thrust = pmzv.2

W
i.e., -'\/ 16
e V‘ p? ( )

For forward flight conditions it is convenient to write

v uV (17)

Where u is a non-dimensional quantity which can again be calculated from
momentum theory, (see Ref. 6). From this reference the equation in u may
be written:

L 1.2
wl-f epfy

2 2

2
-sin"y) s p L

2 1
fisiny KC

. l]';' fiz ainzy (18)

2k

Thus, with C = —F and an internal drag coefficient f, = .08, as suggested
A

i
in the above reference, the equation becomes

2
Kk

28,9216 - sin®y) + w2(.08 siny) - L - o0 siny = 0 (19)

\

For small \, it is found possible to ignore the pz term and, hence, obtain
the following approximate equation

17
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kL"’ N
Ll e PR (20)

vhere the values of kL, y and )\ are obtained from the wind tunnel test
data (R.f. 3)0

The gyrobar feedback terms, k‘ and k result from the aerodynamic
8

Bt
force and moment exerted on the vanes which are actuated by the gyrobar.
It should be noted that by definition the vane displacement = nb, vhere

4 positive gyrobar deflection 6 generates a positive X-force and a positive
pitching moment M.

Thus, 2
kx ) A'Av(v.‘) n
6 (QR)"nR
2
A'N'(V.) n(’, + 33) & * 83
- - (21)
’546 P "16 e

Bquations (8), (15) and (21) represent all the aerodynamic stability
derivatives required for the solution of the equations of motion (eqs. L
and 6). The physical dimensions and mass properties of the 7-foot platform,
also necessary to tha solution, will, of course, depend upon the exact
configuration chosen for the dynamic analysis. Several configurations will
be studied in this report and their selection will be considered in the
next section.

18
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S« SELECTION OF CONFIGURATIONS

For the present study, configurations exhibiting a combination of
small aerodynamic moments in forward flight equilibriws coupled with
high efficiencies in both hovering and forward flight are of primary
interest. On this basis, a selection of configurations to be analyzed
vill be made using the wind tunnel date of Reference 3.

Wind tunnel and static tests were conducted on four ducts of 2.0
foot diameter in combination with three different sets of contra-rotating
adjustable-pitch propellers. In addition, vanes mounted in the slipstream
and centerbodies of the type used in flying platforms were investigated.
A more detailed description of the model and components is given in Tables
1 through 6.

The model vas tested at advance ratios of 0, 0,05, 0.10 and 0.15 for
various tilt angles and propeller blade settings sufficient to cover the
maximum efficiency conditions for each configuration. Measurements were
made of the total 1ift, propulsive force, pitching moment and power and
the data are presented in the form of coefficients based on propeller tip
speed, duct area and propeller radius.

In order to correctly represent the manned 7-foot platform, it wvas
necessary to spply corrections to the data. The vanes and the center-
bodies mentioned above were investigated only for one duct and were not
tested simultaneously., Therefore, corrections in the force and moment
coefficients were made to all configurations for simulation of the pilot
and engines of the platform and for the slipstrea= vanes at zero deflec-
tion angle, when applicable. The corrections applied for pilot and engines
(without vanes) were

A0 AkL--.OOOS 8ky = 0 8k, =0
e/h
.05 -.0005 -.00025 0004
.10 -.0005 -.00075 0008
.15 -.0005 -.0010 .0006

The corrections for pilot and engines and slipstream vanes at zero
deflection angle were
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A=0 ak, = -.0010 8k, = 0 Ak" =0

L 4
t,
.05 'omzs .owlzs cm
.10 -.0005 -.00275 -.0009
015 omls ‘0&10 'cml

A correction was also applied to the data plots of moment versus
advance ratio due to the presence of extraneous measured moments at zero
advance ratio. These moment curves were reduced by a constant amdunt equal
to the value measured at zero advance ratio. The hovering efficiency, or
figure of merit, for the corrected configurations is listed in Table 7 ard
the corrected equilibrium plots of forward flight afficiency, tilt angle,
1ift and moment coefficients versus advance ratio are shown in Figures 3
through 18.

After comparing the corrected data, it was decided to investigate
the dynamic responses of all four ducts with primary emphasis of study
upon the open 'bell=mouth' Duct 3, because it developed the highest
efficiencies in hovering and in forward flight. The three-bladed
propeller is considered throughout the program, except for one configu-
ration of Duct 3 with a two-bladed proreller. This choice was determined
by the questionable reliability of the two-bladed propeller test data and
the sparseness of data on the untwisted, constant chord propeller.

Several blade pitch settings have been selected for each configuration,
as no single pitch setting is optimum in regard to both efficiencies in
hovering and forward flight and aerodynamic moments. In general, maximum
efficiency in hovering occurs at a pitch setting of approximately 15 to 18°
at 0,7 radius station. Maximum efficiency in forward flight occurs at the
lower pitch settings, and minimum moments at higher pitch settings.

The configurations selected for dynamic studies are

1) Duct 3: modified lemniscate or ‘bell-mouth' section with
3-bladed propeller at blade pitch settings of 12, 16 and

2b°, with and without gyrobar stabilizer. Notation -
DBPJHB and D3P3HB Vo
2) Duct 3 with 3-bladed propeller but with twice the normal

clearance between propeller tips and inner duct surface
(normal clearance = .0038R) at blade pitch settings of

12 and 18°. Notation - D,P,HB 4R
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3) Duct 3 with 2-bladed propeller at blade pitch setting of
o
127, Notation - DJPZHB

L) Duct 1: modified NACA 6421 section with 3-bladed propeller
at blade pitch settings of 12 and 18°, and with gyrobar
stabilizer at blade pitch setting of 12°, Motation - DIPJHB

and DIPBHB |/

S) Duet 21 NACA 0018 section with 3-bladed propeller at blade

pitch settings of 12 and 18°, Notation - D,PB

6) Duct L: of same section as Duct 1 but with 0,6 chord of
Duct 1 with 3-bladed propeller at blade pitch settings
of 12 and 18°. Notation - D, P5HB

7) Unducted 3-bladed propeller at blade pitch settings of

12 and 18°, Notation - P3HB

The physical dimensions and mass properties of the 7-foot platform for
the above configurations are listed in Table 8. The 1lift coefficient, tilt

y,

angle, and the derivatives kLy L 'ar'zy 'T?XJQi , and kpx were
Y

obtained from the corrected wind tunnel data for the configurations listed
above, at equilibrium conditions (kF = 0) for 3 or L advance ratios. It

should be noted that the accuracy of the derivatives has suffered from the
limited number of test points (3 or L), the accuracy of the test data

(2 5 to 10%), 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 25% shroud chord position, so the following relations are necessary
to obtain the moment coefficients about the center of gravity of the platform:

7 (%) ‘a) [} 5+ )] er

[% '.2562 + 81) ] cos y (22)

.25¢,

252,

2l
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Y Y .25¢, Yl.2se, ( )
e ) .
.« % s, _K |.25!2 el)‘ cos v
. k'Yl £ 125, + &) | cos ¥ (23)
25!2 - ’

We now have all the information necessary to obtain the aerodynmic
stability coefficients (Bqs. 8, 15 and 21) and to perform the dynamic
stability analysis. Table 9 1lists all the configurations selected, the
flight conditions, and the corresponding numerical values of the coefficients
and inputs for the equations of motion, with a case number assigned to each
situation investigated.

It was also decided to study Ducts 1 and 3 in more detail by varying
the following mass and aerodynamic narameters from their true values,
These variations, as noted in Table 9 are:

1) & 20X in gross weight

2) & 50% in pitching moment of inertia

3) 15.5% decrease (low CG) and 19.5% increase (high (G)
in the height of the center of gravity above the duct
1lip, corresponding to the practical limits of the
height of the pilot stand on the platform

L) % 50% in rotary damping coefficient

5) & S0% in speed stahility coefficient
6) + S0% in angle-of-attack stability coefficient
Responses to either a pilot control step input in nose-down moment of
25 ft-1bs or a horizontal gust velocity pulse input of S0 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 secttion,
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6. DISCUSSION OF RESULTS

The equations of motion of the flying platfora were sclved at
Tlectronic Associates Computation Center in lLos Angeles on their ex-
panded 16-31R analog computer. An X-Y Plotter, 10 x 15 inch, was used
to record the time history of the pitch angle, and a Six-Channel Brush

Recorder was utilized to record the time histories of 9, g%, g, g% and &

in the hovering condition and 6, 3%, 8, §%, 9, and 6 1n level forvard
flight. The time histories as obtained by the X-Y plotter are presented
in Figures 19 through 74 with the characteristics of the most unstable
mode in the time histories given in Figures 75 through 96. These charac-
teristics include the damping tactor (defined as the real part of the root
of the most unstable mode, with the sign changed), period of oscillation,
and percent overshoot. The period cannot be given, of course, if the
motion is aperiodic, and the percent overshoot is not given if the motion
is unstable.

Duct 3, simulating the present full-scale ship, has been studied in
most detail, In the hovering condition (Fig. 75), it is seen that a
definite unstable oscillation exists with small increases in the damping
factor and period at the higher pitch settings. Also shown in this figure
are the increase in damping and period with increase in propeller tip
clearance, and the decrease in damping with the two-bladed propeller. As
the advance ratio increases (Fig. 76), the characteristic motion of Duct 3
soon becomes divergent., The effect of increasing the gross weight, with
constant moment of inertia and center of gravity location, is to decrease
the damping in both hovering and 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 damping in hovering and at \ = 0,08
(Fig. 78); raising the center of gravity location produces an increase in
damping factor and period of oscillation in hovering and a decrease in the
damping factor at \ = 0,08 (Fig. 79). Figure £0 shows the linear increase
in the damping factor with increasing kMé' 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. 81 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, 8L and 85 illustrate the stability characteristics for Duct 3
at pitch settings p = 12, 18, and 2l degrees, respectively. In general, the
damping increases and the percent overshoot decreases with increasing gyrobar
linkage ratio, the period decreasing slightly before sharply increasing. The
discontinuity in period and in the slope of the damping factor, as seen in
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Pigures 83 and 65 is due to the shifting from one mode of oscillation to
another, as determined by the definition of damping factor. Much variation
in the stability characteristics is attained with the different propeller

pitch settings: the smallest overshoot is attained with § = 12°, the maximum
damping is obtained for § = 12° when K2 = 1,25 and n = 1.2k, for p = 18°

when K2 = 2.00 and n > 1.5, for p = 2L° vhen X2 = 0,75 and n = 0.97. In
forvard flight, the stability characteristics were studied only for Duct 3

at 8 = 12° and \ = 0.08 since the stabilizer will not overcome the divergent
motion. It is seen in Pigure 86 that the damping factor increases with
either an increase in linkage ratio or a decrease in gyrobar specific damping.

Duct 1, of modified NACA 6L21 section, has also been studied in some
detail for possible improvement in the platform stability characteristics
at the expense of a loss in static 1ifting efficiency. A comparison of
Figures 87 and 88 with Figures 75 and 76 shows that an increase in damping
is accomplished with Duct 1 in comparison to Duct 3 in hovering and at low
advance ratios for the same propeller pitch setting, while a decrease occurs
at the higher advance ratios. It is also seen that the improvement occurs
over a large range of \'s as the pitch setting increases. Figures 89 and 90
show the same general effects as for Duct 3 (Pigs. 77 and 78), in varying
the gross weight and moment of inertia. Raising the center of gravity
increases the dawpiig factor both in hovering and at A\ = 0,08 over the
practical range of CG travel (see Fig. 91). Variations in the rotary damp-
ing, speed stability, and angle-of-attack stability derivatives indicate
the same general trends for Duct 1 (Figs. 92, 93 and 9L) as for Duct 3
(Figs. £0, 81 and 82), with the exception of the damping factor remaining
independent of changes in the speed stability derivative at A = 0,08, It
should be noted, when comparing Ducts 1 and 3 for the effects of W, I, CG,

- or , and , that the magnitude of the damping factor was
K"‘é k"ﬁ k”ﬁ '319

smaller and the period larger for Duct 1 in hovering. .t A = 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 2° (Fig. 85); the overshoot for the two ducts is approx-
imately the same at p = 12° (see Figs 83 and 95).

The remaining configurations, Duct 2 of NACA 0018 section, Duct L 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 configuraticns
(see Fig. 87) are increased in comparison to Duct 3 (Fig. 75); the order of
damping obtained (maximum damping first) is Duct L, 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, 88 and 96).
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In order to get a better feeling for the various modes of motion
involved and to understand the effect of speed and the gyrobar stabilizer
on these modes, the roots of the frequency equation were calculated for
selected cases. The results are summarized in the following table, which
shows the various modes of motion of the platform withort and with gyrobar.
The uncoupled, damped vertical motion in hovering has been omittea. ror
clarification it is stated that

convergence means a negative real root
divergence means a positive real root

damped oscillation means a conjugate complex root
with a negative real part

undamped oscillation means a conjugate complex root
with a positive real part

Configuration
“light Regime witho.' -vrohar with gyrobar
hovering 1) convergence damped oscillation
AN=0
2) undamped oscillation damped oscillation

forward f1light]l) small -ositive real root indicating onset of di“argence

A\ = 0.0L (not affected by gyrobar)
2) convergence damped oszillation
3) undamped oscillation damped oscillation

forward flight]1l) critical divergence, not affected by gyrobar
\ = 0,08
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 signal lags and that, therefore, the maximum asutomatic control
application occurs, timewise, between the maximum of the perturbation
anzle O and the maximum of the pitching velocity ¢. This means that in

an oscillatcry mode the gyrobar applies both a control input in phase with
the attitude and in phase vith the rate of change of attitude and fulfills
a sinilar function as a combined attitude and rate gyro. However, the
gyrobar is not capable of coping with a divergence. As a matter of fact,
in the two divergent cases listed in the table, the addition of the gyrobar
to the platform had practically no effect vhatsoever on the positive real
root of the frequency equation, For this reason, the platform with and
without gyrobar, develops at higher speed a very critical divergence shich
is primarily caused by static instability.

6.1 Graphical Representation of Equilibrium of Pitching Moments

The table in section 6. shows that in the lower speed range investigated
(\ from O to approximately 0.0L) the dominant mode of motion is an oscil-
lation which may be either increasing or decreasing. As any convergences
or secondary oscillations (the latter happen to be damped) die out after a
certain time, there exists in each of these cases one dominant, oscillatory
mode which can be conveniently represented by a vector diagram,

There is a separate vector diagram for each equation of motion involved,
where each term in the equation is represented by a vector characterized by
its length and phase relationship. All vectors rotate with the same angular
velocity, namely the frequency of the oscillatory mode. 'We restrict our-
selves here to the vector presentation of the pitching moment equation, the
reason being that the moment derivatives are the quantities which have a
major effect on the flight characteristics of the platform. For convenience
the © vector in these vector diagrams has been plotted horizontally, positive
to the right (see Figs. 97, 9€ and 100).

These figures refer to the dominant oscillatory modes listed in the
table mentioned above. They represent the undamped oscillation of the
platform without stabilizer at hovering and A\ = 0.04, respectively, and the
damped hovering oscillation of the platform with gyrobar. Figures 97 and 98
refer to an increasing oscillation and Figure 100 to a decreasing oscillation.
It may be worthwhile mentioning that in the former case the phase angle

between a vector and its derivative is < 900, in the latter case this angle
is > 90° (see also Ref. 7).

These vector diagrams shcw the dominant roll of the Hu 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 diue to the pitch damping is in counterphase with the
moment due to the perturdation velocity u.
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If a diver; ence occurs, the oscillatory mode loses its significance
and the presentation of oscillatory forces and moments in a vector diagran
becomes meaninglecas. Therefore, in Figures 99, 101 and 102 the sign and
magnitude of the pitching moment components in a divergence have been
plotted. These figures refer to the high speed (\ = 0,08) divergence of
the platform without gyrobar, to the onset of the diveryence of the plat-
form with gyrobar at \ = 0,04 and finally, to the high speed (A = 0,08)
divergence of the platform with gyrobar. All moments shown in the graphs
increase, of course, with time. As the exponential function is the same
for all quantities involved, this increase can, as in the vector presen-
tation of the oscillatory modes, be disregarded,

Por the high speed flight conditions at \ = 0,08 (Figs. 99 and 102),
more or less all quantities are of the same order of magnitude and there
is no dominant term. The picture changes, however,at the onset of the
divergence presented in Figure 101. There,the moment of inertia, the
pitch damping and the control moment due to automatic vane deflection
become less important and the dominant opposing juantities are the aero-
dynamic pitching moments due to changes in angle of attack and speed.

6.2 Stability Boundaries

In the following section Routh's stability cirteria have been used
to show the effect of the principal stability derivatives on the dynamic
stability., Stability boundaries as functions of speed stability and static
(ar:;le-of-attack) stability are presented in Figures 103 through 105, These
figures refer to the configurations previously described. Similar curves
showing the effect of static stability and damping in pitch are shown in
Figures 106 through 108. In each figure two curves are plotted. The solid
lines refer to the platform without gyrobar and the broken lines to the
platform with gyrobar stabilizer. Also shown as two distinctive points in
each figure are the actual stability derivatives of the present platform,
again with and without gyrobar. It should be noted that the difference in
the speed stability derivative of these two configurations is caused by the
slipstream control vanes which are assumed not to be present in the con-
figuration without gyrobar, These vanes result in a negative contribution
to the speed stability derivative ky or ky y respectively. As this effect

't ‘a

£ the vanes increases with the flight velocity, it is least pronounced in
hovering, Figure 103, where the actual platform configurations have zero
attitude stability. The attitude stability derivative kH used in hovering,
]
Figure 103, is defined as

Mg "

ERYLL)
i (QR)p
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vhere sM/390 is the rate of change of the pitching moment with the ;latfern
attitude in pitch. A positive k“ value means static instability and vice
)

versa. It should be realized that such an attitude stability cannot be
obtained by aerodynamic means but requires some type of attitude gyro. As
can be seen from Pigure 103, the gyrobar has the tendency to shift the
stability boundaries towards attitude instability, i.e., to positive
1% values,

(0

With increasing speed, Figures 10y and 105, the actual platform
becomes more and more statically unstable and at an advance ratio of .
\ = 0,08 both versions (with md without gyrobar) lie in the unstable
range. Lynamic stability generally requires a high degree of static
stability with the exception of a hyrothetical platform equipped with
gyrobar which at high advance ratios also has a certain stable range for
a small static instability combined with relatively large positive speed
stability derivatives, Figure 105,

With regard to the curves in Figures 106 through 108, it can be
stated that in all cases a proper combination of attitude or static
stability (l&, , k"!: 0) and effective pitch damping (lv.H¢< 0) results in

L

a stable condition. It appears therefore, that dynamic stability pri-
marily depends on appropriate attitude stability (hovering) or angle-of-
attack stability (forward flight) which, unfortunately, is difficult to
obtain without "black boxes".
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7. CONCLUSIONS

The analysis carried out in this report indicates the effects of
possible configuration changes upon the dynamic stability characteristics
of the present 7-foot flying platform, The following conclusions are
subject to the limitations on the quantity and accuracy of wind tunnel

p test data available:

1) The stability characteristics of the unstabilized platform
with the present duct shape (Duct 3) are undesirable; the
motion is described by an unstable oscillation in hovering
flight condition, and by divergence in forward flight. Wwhile

[ the maximum damping factor occurs at different pitch settings

as the advance ratio varies, a pitch setting of roughly 18°
. appears to give the best overall damping characteristics over
[ I the investigated speed range.

| 2) The gyrobar stabilizer system provides zufficient damping in
hovering. In forward flight, the system will not stabilize
i I the divargent motion due to the positive angle-of-attack

stability derivative (static instability).

3) Duct l, of modified NACA 6421 section, was selected for a

i detailed comparison with Duct 3. While some improvement in

J ' damping in hovering and at low advance ratios is noted, the
characteristic instability remains and the static lifting

efficiency is considerably less.

| L) Duct 2, of NACA 0018 section, Duct L of same section as Duct 1
but with 0.6 of the chord, and the unshrouded propeller con-
figurations are all accompanied by stability characteristics

. similar to those of Duct 1.
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TAHE 1

DUCT 1 ORDINATES AND OlIlltlinﬂl
MODIPIED NACA 6421 BRCTION
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TARE 2

DUCT 2 ORDINATES AND ORIENTATION
NACA 0018 SECTION
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TARLE 3

DUCT 3 ORDINATES AND ORIENTATION
0° MODIFIED LEMNISCATE CURVE
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TABLE 4

DUCT L ORDINATES AMD ORIENTATION
MODIFIED NACA 6421 SECTION

L° (Ret.)

X~ [ Y
Parallel to
0 Propeller Axis
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TAHLE 5

PHYSICAL CHARACTERISTICS OF MODEL

buct 1 2 3 L
L Minimum Inside Radius, ft. 1.00 1,00 1,00 1.00
1 Minimu Inside Area, sq. ft. 3.1k 3.1 3. 3.4
Chord Length, ft. 50 50 o0 X0
Afrfoil Section NACA 6421  NACA 0018 Lomniscate  NACA 6L21
(Mod. ) (Mod,) (Mod, )
Propeller Position, in. Sel)e S.13e 2.;9{33.08; 3.08e

Propeller Tip Clearance, in. Ol .037 Fore Prop. +OL6; .088 039
076 Aft Prop.

sormal looation of rear propeller reference line
(see Table 6) from duct leading edge.

EXIT VANE
' Number of vanes 2
Chord, ft. .20
Span, ft. 1,29
Total Area, 8q. ft. 52
Arfoil Section Symmetrical 15%
Thickness Ratio




TAHE 5 (cont.)
'F PHYSICAL CHARACTERISTICS OF MODEL
' SEXTERBODY
ﬂ Diameter, ft,
£l Electric Motor Housing and Dummy ol
| Tranemission o0
Hubs and Spinner o33
; | Total Length for Basic Model, ft, 2,83
' Total Length with Dummy of Electric L6
y ‘ Motor Housing, ft,
Dummy Engines (See Pigure 1C)

PROPELLERS (Contra-Rotating)

No. of Blades/Propeller 2 Twisted 3 Twisted J Untwisted

! Section RAF=6 RAF-6 RAP-6

' t/oc at ,TR 12 .12 012
0 7ps 1ns 1.1 1.1 1,46

|
Taper (cl.OR to °.2R) 55 .55 55

| Maximum Radius, ft. 998 0998 996

| Soladity 118 77 .232

| Blade Pitch Angle, deg, Variable Variable Variable
Distance between 1,50 1,50 1.50
Propeller Planes, in,
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PLAN VIEW 7 hag, Sectim
LLRD Reference Line
| (Rer) 620 Leading Edge
' / | l
4[{}:4 : +-§' f-—f!— l IL ,
T \ B
Trailing Edge
SIDE VIEW

Blade sections from 20§ station to 100% station inclusive are RAF-6 airfoils
of 12% thickness ratio,

Hlade Station, &R 2 k| ] 50 60 70 80 9% 100
Blade Chord, in, 1.5‘4 10136 1037 1029 1,20 1.11 1003 0913 986

Blade Twist, deg. | 42,50 28,30 21,20 17,00 14.18 12,13 10,61 9,45 8,50

Untwisted, constant chord blade fabricated using the blade chard and
twist at the 30 percent radius station of the twisted blade,




Confimatton

| D 3P3HB

| n3p3ma Y

D3P3HB 4R
DJPZHB

DIPSHB

LIPBHB VO

TABLE 7

HOVERING EFFICITNCIES

&

12
18
2l

12
18
2

12
18

12
18

12
18

12
18

12
18

12
18

12
18

Figure of Merit, ;'v'

W
Zpﬂz

0.96
1003

1,05

0.93
1.00
1.02

1.00
0.98

0.95
OQPB

0.65
0.71

0.62
0.68

0.65
0.75

0.684
0.63

0.66
0.62
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TARLE 8
PHYSICAL CHARACTERISTICS OF 7-FOUT PLATFORM

L 5.16 per rad
a, * b.3 per rad
2
Av * 3,19 ft
2
g = 32.2 ft/sec

I = 177 slug-rt° for Dys Dy Dy, D, and L6 slug-rt° for P.S

3
bH " 3.03 rt

1,28 ft for D,, Dz, D3 and 1.98 ft for Db

and 1,05 ft for Du

" 1

£2 1,75 £t for Dl’ D?’ 33

IJ = 0,25 ft
R =3.5% 1t

W = 95 lbs for Dy» Dy, DJ, D, and 509 1bs for P3S,open propeller

(Pilot weight is 180 lbs for all configurations)

o = 0,177 for P3, 0.129 for P2



EXPLANATIONS TO TABLE 9

1) a and b are the coefficients of the ® and & terms in the gyrobar
equation of motion and are either both equal to 1 or both equal
to 0, indicating presence or absence of the gyrobar stabilizer.

2) I, and I, are the respective inputs to the first and second equations

of equation groups (L) and (€), I3 is the input to the third equation

of equations (6). The input to the gyrobar equation is 0 in all

- oases. The letter g after the magnitude of I denotes a rectangular
| pulse input beginning at t = O and ending at t = 1; while, in the

- ahsence of g, a step input is denoted.

e et EXLR e Rt

I 3) The notes refer to the variations in the following mass and aero-
dynamic parameters from their true values.

! 1.) ¢ 20% in gross weight

| 2.) + 50% in pitching moment of inertia

3.) 165.5% decresse (low CG) and 19.5% increase (high CG) in the
height of the center of gravity above the duct lip, correspond-
ing to the practical 1limits of the height of the pilot stand on
the platform.

L.) ¢+ 50% in rotary damping coefficient
S.) ¢+ 5% in speed stability coefficient
I 6.) + S0% in angle of attack stability coefficient

- ——
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