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SUMMARY

Results are presented of experiments conducted to measure the dynamic sta-
bility characteristics of a quad configuration, ducted-propeller, dynami-
cally similar model, V/STOL aircraft near hover, The data presented
include longitudinal and lateral transient response characteristics of the
dynamic model., Also included is a comparison with full-scale duct charac-
teristics of the 1lift, drag, and pitching moment characteristics of an
isclated duct from the model.

The model employed in the experiments is a generalized research model
which was arranged to represent closely the Bell X-22A V/STOL aircraft,

The data presented in this report represent the first phase of a three-
phase investigation of the dynamic stability of this type of V/STOL air-
craft. The other two phases pertain to the longitudinal and lateral/
directional characteristics at four low-speed and high-duct-incidence trim
conditions,
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INTRODUCTION

A series of experiments to determine the dynamic stability characteristics
of a quad configuration, four-duct V/STOL aircraft near hover were con-
ducted on the Princeton Dynamic Model Track. The results presented in
this report are for Phase I of a three-phase investigation and consist of
measurements of the longitudinal and lateral hovering stability character=-
istics. Succeeding reports will pertain to Phase II, the longitudinal
dynamics of the same configuration at four forward-speed trim conditions,
and Phase III, the lateral/directional dynamics at the same trim con-
ditions.

The dynamic model employed in these tests is shown in Figure 1. The model
was designed as a general research model with variable geometry and a
lifting system configuration such that a variety of quad V/STOL configu-
rations could be simulated. In the configuration selected for the tests
described here, the model closely resembles a 0.l45-scale dynamic model of
the Bell X-22A V/STOL research aircraft. The model differs from the actual
aircraft (as given in Reference 1) in certain minor details, which are
described in the section Description of Apparatus under Model.

The test program consisted of two parts. In the first part, the 1lift,
drag, and pitching moment acting on an isolated duct from the model were
measured as a function of advance ratio and duct angle of attack. These
static data are presented in comparison with full-scale duct data. The
experiments were conducted to determine the nature and magnitude of possi-
ble scale effects on the duct. Comparison of these data did not indicate
any appreciable scale effect present on the model duct. The second part,
comprising the majority of the experiments in Phase I, was concerned with
the measurement of the transient response characteristics of the dynamic
model in various degrees of freedom, both laterally and longitudinally,
with initial conditions of hovering flight. To enhance the usefulness of
the data, responses of the model with various levels of rate feedback are
presented along with the transient response characteristics of the basic
model. Also, data are presented in various degrees of freedom to assist
in analysis of the data for stability derivatives. A summary of the
transient response test conditions is presented in Table I.

All data are presented in model scale, and they may be interpreted in
terms of the full-scale vehicle (which the model closely resembles) using
the conversion factors given in Table II.



DESCRIPTION OF APPARATUS

TEST FACILITY

The Princeton University Dynamic Model Track is a facility designed ex-
pressly for the study of the dynamic motions of helicopter and V/STOL
models at equivalent flight speeds of up to 60 knots (for a one-tenth
scale model). Basic components of the facility include a servo-driven
carriage riding on a track 750 feet long, located in a building with a
cross section of 30 by 30 feet; the carriage has an acceleration potential
of 0.6g and a maximum speed of 4O feet per second. A detailed description
cf the facility and the testing techniques employed may be found in
Reference 2.

A model can be attached to the carriage by one of several booms. The
mount used to conduct longitudinal investigations is shown in Figure 1.
This mount permits relative displacements of the model with respect to the
carriage in horizontal and vertical directions. The model is supported on
a three-axis gimbal system that allows selection of any or all of the
three angular degrees cf freedom. Horizontal relative motion of the model
with respect to the carriage is sensed and used to command the carriage to
fcllow the model in a closed-loop fashion. Similarly, vertical displace-
ment of the model with respect tc the carriage commands the boom to move
vertically. This servo operation of the carriage allows the model to fly
"free", with no restraints on the dynamic motions being investigated.

This methcod of testing may be considered to be similar to dynamic flight
testing, but considerably more control over the experiment is possible.

The dynamic tests conducted for this program were two- and three-degree-
of-freedom motions. For the longitudinal tests, the model was mounted as
shown in Figure 1; the tran:c 1t response in two degrees of freedom,
fuselage pitch angle and horizontal velocity, was measured. The lateral/
directional hovering experiments were conducted by rotating the model
about the yaw axis 90 degrees, such that side velocity of the model corre-
sponded to motion of the carriage down the track. Two-degree-of-freedom
(roll and side velocity) and three-degree-of-freedom (roll, yaw, and side
velocity) motions were measured. Since the model motions were in general
quite unstable, no predetermined inputs were used to excite the motions.

MODEL

A photograph of the model on the dynamic testing apparatus is shown in
Figure 2, and a three-view drawing is presented in Figure 3. The model's
pertinent dimensions and inertia characteristics are listed in Table IIT.
The model was designed as a general research model for investigation of
the dynamic stability characteristics of various quad configuration V/STOL
aircraft as described in Reference 3.
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This dynamic model is powered by a 200-volt, 400-cycle, 3-phase electric
motor. The motor drives the four ducted propellers through a central
transmission and various right-angle gearboxes. The aerodynamic shape of
the model is obtained through the use of a Fiberglas skin with Styrofoam
stiffeners. The propeller blades are made with a plastic foam core and
Fiberglas skin. The geometric characteristics of the propeller are shown
in Figure L4, and the duct geometry and elevon are shown in Figures 5 and
6. The duct shape is identical to that of the Bell X-22A aircraft.

Model zontrol positions are set from a control console on the carriage.
The blade pitch angles of each of the four propellers are electrically
contvrollable. Also, the deflection angles of the elevons are electrically
controllable. All of these control systems are closed-loop position
controls and are used as such in the portions of the experiments involving
feedback to alter the transient motions of the model. The dynamic charac-
teristics of these feedback loops are such that the time response of the
control is negligible in the frequency range of interest. Although the
control servo loops are nonlinear, using polarized relays for power
amplification, they can be characterized as having a closed-loop natural
frequency of approximately 10 cycles per second with a damping ratio of
approximately seven-tenths. The servo gear ratios were selected so that
the rate limits arising from the rpm limitations of the control drive
motors were equal to or greater than scaled rate limits determined from
full-scale Bell X-22A values.

This research model differs from the Bell X-22A in the following
particulars:

1. The elevon on the model differs from that on the full-scale
aircraft. The model elevon has no movable surface forward of the
hinge line, and its hinge line is located below the trailing edge
of the duct as shown in Figure 6. While these differences would
affect the control effectiveness and the control loads, they
would not be expected to have any significant effect on the
dynamic motions.

2. The duct rotation point is at a different location on the model
(84 percent c) than on the full-scale aircraft (55 percent c).

With the ducts at GO degrees incidence, the propeller hubs and
the cg on the model are at the same location relative to fuselage
reference points as on tne full-scale aircraft.

3. The vertical tail is smaller on the model than on the full-scale
vehicle as shown in Figure 3. This difference in vertical tail
area would not have a significant eff:cl on the hovering dynamic
stability characteristics.



This model was planned as a general research model; numerous other quad
configuration layouts can be simulated through the use of interchangeable
parts as described in Reference 3. No attempt was made in the design
stage to simulate the X-22A precisely. However, the modifications de-
scribed above will not result in appreciable differences in the model
dynamic stability characteristics.



EXPERIMENTAL RESULTS AND DISCUSSION

The experimental program consisted of two parts:

1. Measurement of the static forces and moment acting on an
isolated duct.

2. Measurement of the transient response characteristics of the
complete vehicle in various longitudinal and lateral degrees
of freedom near hover.

STATIC DATA - Isolated Duct

The 1lift, drag, and pitching moment characteristics of an isolated ducted
propeller from the model were measured as a function of angle of attack
and advance ratio at a fixed blade angle of 19.1 degrees. The axis system
used for the reduction of the isolated ducted propeller static tests is
shown in Figure 7; the moment center location is identical tc that of
Reference 4., The measured forces and moments were then compared to the
full-scale duct measurements of Reference !i to determine the importance
of Reynolds number effect on the aerodynamic characteristics of this
particular duct. The results of this comparison are shown in Figure 8.
Data were taken on the basic duct as well as on a modified duct with a
circular duct inlet slat. The circular slat had no noticeable effect on
the duct aerodynamics; therefore, data with the slat are not included.

There is considerable scatter in the lift and pitching moment data measured
on the full-scale duct at the lowest advance ratic (J equal to 0.14) for
angles of attack greater than 60 degrees. The model data generally fall
among the scatter of the full-scale data in these ranges. No consistent
differences appear in the data; therefore, the model duct is considered to
be a good representation of the full-scale duct for the test conditicns of
interest.

DYNAMIC TESTS - Complete Model

The model Reference Stations and the location of the model cg-axes systems
for the dynamic tests are given in Figure 9. Figures 10 and 11 show
pictorially the axes systems for the longitudinal and the lateral/
directional dynamic tests respectively.

The test conditions examined in the transient response tests are given in
Table I. In the longitudinal tests,one-degree-of-freedom experiments were
conducted both with and without stability augmentation. The two-degree-
of-freedom longitudinal experiments were conducted only without stability
augmentation, and inputs were not necessary to excite the transient motion
since the instability of the basic motion was easily excited by random
disturbances. The longitudinal transient response time histories are
presented in Figures 12 through 37.



Three longitudinal hovering test conditions representing different blade
angle and propeller rpm settings were investigated. Two of the test con-
ditions utilize different combinations of blade angle and rpm to produce
the same total thrust (vertical force equal to the weight of the model):
B.7sa equal to 25.8 degrees, rpm equal to 7000; and B,yss equal to 29.2
degrees, rpm equal to 6400, These two test conditions were selected for
comparison of experimental results with theoretical prediction of the
hovering dynamics. Comparison of test results for these two blade angle
and rpm combinations (producing the same thrust) will show the importance
of matching the full-scale blade angle in conducting model tests. The
third test condition ugses another combination of blade angle and rpm,
resulting in lower total thrust than the previous cases: B ,sa equal to
25.8 degrees, rpm equal to 6400 {vertical force equal to less than the
total weight of the model in corder to match a desired equivalent full-
scale gross weight). Operation at 6400 rpm and a propeller blade angie
of 25.8 degrees produces a hover thrust of U43.1 pdunds, as contrasted with
51.5 pounds under the other two test conditions. The lower value of
thrust corresponds to a scaled gross weight of 14,000 pounds for the

Bell X-22A.

The lateral/directional dynamic tests were somewhat more extensive,
encompassing the measurement of the transient response characteristics
with various levels of roll rate feedback. The dynamic model incorporates
features that permit longitudinal and lateral differential blade angle
changes proporticnal to pitch and roll rate, respectively. The addition
of feedback is a valuable aid in analyzing the transient motions for sta-
bility derivatives of a vehicle with unstable dynamic characteristics.

The lateral/directional dynamic test data are presented in Figures 38
through 69. Lateral/directional data were taken with yaw angle fixed as
well as yaw angle free to determine what variations, if any, exist between
the roll, side velocity response and the roll, yaw, side velocity re-
sponse. Differences would be indicative of coupling between the roll,
side velocity motion and the yaw freedom. One run is also presented in
Figure 69 to show the roll, side velocity and vertical velocity motion.

In addition to the two- and three-degree-of-freedom measurements, various
single-degree-of-freedom measurements were made to evaluate the angular
damping derivatives in hover; these measurements are shown in Figures 38
through 51 and 52 through 63. Mechanical springs were added to the model
about cne axis at a time to provide a linear restoring moment such that
the angular, single-degree-of-freedom motions of the model were oscil-
latcry. Experiments of this kind produce the time histories that are more
readily analyzed for angular damping derivatives. The spring constant and
model inertia, noted in Table III , were selected to provide a natural
frequency of these single-degree-of-freedom, second-order systems that
would be near the frequency of the transient response of the model in
three degrees of freedom. Data are presented for the model motor running
and for the model motor off, with rpm equal to zero. The model motor off
runs are used to determine the mechanical damping arising from gimbal
bearing friction. The mechanical damping determined from the runs with
the model motor off should be subtracted from the model-motor-running data

6



to determine the aercdynamic damping. In general, it may be noted that the
mechanical damping is very small compared to the aerodynamic damping.

The general nature of the dynamic data indicates unstable oscillations of
similar character in the longitudinal and lateral degrees of freedom, as
would be expected from the general layout of the vehicle. The unstable
oscillation is characteristic of V/STOL vehicles of mc:t types in hovering
flight. The model has a period of about four seconds in both the lateral
and longitudinal mecdes.
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TABLE II. SCALE FACTORS FOR DYNAMIC MODEL SIMILARITY

Multiply full-scale property by scale factor to obtain model property.
For A, = 0.1453

Linear dimension AL 0.1453
Area N 2.112 x 10~2
Volume, mass, force 3.071 x 103
Moment 4,463 x 10-*
Moment of inertia 6.487 x 10-°
Linear velocity W 4 0.3812
Linear acceleration 1.000
Argular velocity s e 2.623
Angular acceleration AL 0.1453
Time N 0.3812
Frequency k. 2.623
Reynolds number s 5.541 x 10~2
Mach number P 0.3812

model linear dimension
full-scale linear dimension

where A, =

13




TABLE III. MODEL GEOMETRIC AND INERTIA CHARACTERISTICS
Model cg located at pivot axis for all tests
Model Equivalent Full Scale
W =551 W = 16,770 1b
I, = 1.41 slug-ft’ I, = 21,750 slug-ft°
I, = 2.05 slug-ft? I, = 31,600 slug-ft®
I, = 2.97 slug-ft’ I, = 45,800 slug-ft’
e ™ 0 Ixz = 0
N = 6.1° nose down from M = 6.1° nose down from
fuselage reference line fuselage reference line
Pivot axis located at cg located at
WL 20.20 WL 139
FS 45.30 FS 312
x, =214 221P (one-degree-of-freedom, ® runs only)
6m rad
X = 9. feib (one-degree-of-freedom, ® runs only)
Om rad
ky = 7.7 £l (one-degree-of-freedom, ¥ runs only)
m " raa .
(==

14



Figure 1. Photograph of Princeton Dvnamic Model Track
Showing Model Mounted on Longitudinal
Dvnamic Testing Apparatus,
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Ké = 0.044 sec .
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Figure 19.

B.7SR = 25.8°, rpm = 6400.
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Longitudinal Transient Response.
Ké = 0.044 sec .

B 75R ™ 25.8°, rpm = zero.
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One Degree of Freedom, 6.
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Longitudinal Transient Response.
No Stability Augmentation.
= 25.6°, rpm = zero.

One Degree of Freedom, 0.
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No Stability Augmentation.

B g ™ 29.2%5 rpm = 6400.
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O-Uf. No Stability Augmentation.

= Q ° =
75R 29.2°, rpm = 6400.
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APPENDIX
RQUATIONS OF MOTION

Linearized equations of motion, applicable to the analysis of various ex-
rerimentelly measured responses, are presented in this appendix.

The longitudinal equations of motion
motion of an aircraft from initially

system (Reference 5) are:

u - X,u

_wa+89

- = o n n ‘ K
w wa Zuu LOG

MW b M+ Mot

~

Two derivatives Xé and aé that are

M8 - 6

B

that describe
level flight,

t

the small perturbation
using a stability axis

usually small are neglected,

Since all of the transient recponses were measured and are presented in
terms of space-fixed variables, it is ccnvenient to transform equations
(1) to a space-fixed system, (Figure 70) with the Xp axis parallel to the

horizon, by the following transformations:

u

E)
'l

()

the condition of initially level flight.

(3)

where NO is equal to zerc from
5
Substituting relationships (2) into equations (1), the following equations
result:
. - = (¢ -
0 qur war + (g XMUOf) 0
M iy Ly d - ;i - r
We = AW G éonf e
B - (M. + M. B - - - My -
e (r».e ijof\ e MWU,)fB Mg = MW - Mowg
fr7




Because of certain features of the model and the apparatus, two modifi-
cations to these equations are necessary such that they will apply to all
test conditions,

e

There are two linkages required to attach the model to the servo
transducers and mounting system used for this type ct testing.

These supports provide the horizontal and vertical translat -nal
degrees of freedom and contribute additional masses my, ari m,

that "fly" along with the model and,therefore, must alsc be
accelerated by the model. The two linkages are relatively 11
in weight compared to the "flying" weight of the model but @ ~er-
theless should be accounted for by additioral mass terms in the
equations of motion. Generally, the arrangement and weights of
these two supports are such that the mass accelerated by the
model in the horizontal direction is larger than that accelerated
in the vertical direction. If m, is the total mass of the

model resting on the pivot axis (Figure 71), then the total
lifted mass of the model m when "flying" is equal to m, plus

the mass of the vertical link m, or m = my + m,. Similarly,
the total accelerated mass in the horizontal direction (mt) is
equal to mp +m, +m or m+m. This dynamic model -mount

characteristic requires the modification of all terms in the
horizontal force equation, except the acceleration term, by a
mass ratio defined as m/mt and equal to 0.936 in value.

In certain of the tests (single-degree-cf-freedom only) a
mechanical spring was added about the model pitch axis to provide
a restoring moment which produces an oscillatory motion of the
model. In these experiments, the following term should be added:

oM, = - =% (L)

In the experiments where a spring was employed, the value of the
spring constant, ke , 1is given in Table III.
m

Adding the necessary terms to account for these three effects, the com-
plete equations of motion that apply to the measured transients obtaired.
in this facility are:

6 - (M +mnrof) 8 +<

. m m m
U, = =— X u. - = X w +—(g-XUo)9=O
f mt uf mt w mt w Op

We = waf - Zuuf - ZwUOf 6 =0
k

°n U, |8 M. v A (5)
-I_y- Mwof = Mg = HMawg = Mope = 0

b
o
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For the restricted degree of freedom tests, then the following reduced
sets of equations apply.

l.

In two degrees of freedom, with ke = O:
m

a. 6, up (wf = 0)
L m m -—
U, - ﬁ; Xaup * ﬁ; (g - Xonf) 8 =0

A (M5 + ’%’:Uof) G Mwuof 8 - Myu, = O (6)

wf-waf-ZwUOfe=O
0 - (Mé + M,;,Uof) 8 - VVU% o - r-;;,\}f - My =0 (7)

In the single-degree-of-freedom experiments, with the mechanical
spring and Up = 0, We = 0, the equation that applies is:

. . (% )
e - (Mé + W’Uof)e +(T}’7" - Monf 8 =0 (8)

In the experiments where feedback is used, a term N%Bplrc ABH,CH
H

should be added to the right hand side of the pitching moment
equation,and then the equation governing A4f is:

8By rcn = K 8 (9)

By substitution of these expressions into the pitching moment
equation, an effective pitch damping is obtained:

Mg = Mg + Kg Mpg o (10)
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The lateral/directicnal equations of motion that describe the small pertur-
bation motion of an aircraft from initially level flight are (Reference 5):

V-Yv+UjcosTNr-g@+U;sinTMp=0
-va-er+f>-Lpp=0
-Nyv-r-Nr-Np=0 (11)

These equations are written with respect to principal axes, inclined nose
down from the horizon by an angle T (Figure 9).

The gimbal mount supporting the mocdel provides roll freedom about the_
principal body axis (X”), and yaw freedom about a space-fixed axis (Zf)

as shown in Figure 11. It is not possible to provide body-axis freedom

about the X" and 2" axes with a simple geometric linkage. For small
disturbances from initially level flight, the difference between the

equations of motion in principal axes (X, 2" ) and gimbal axes (X", Zf)

is of second order. Reference 6 may be consulted for further detail.
The relationships between the principal axis angular rates (p,r) and the

gimbal axis rates (é,'{') are:

p=9

r=icos¢z?" (12)

As in the longitudinal case, it is convenient to transform the lateral
velocity to a space-fixed system to correspond to the manner in which the
date is presented. The transformation equation is:

v=v-UofcosT\Y-UofsinT\¢ (13)

f

Substituting the relationships (12) and (13) into (11),

]
(@]

v -va

= + Y Uof cos MY - (g - Y, Uof sin M) ¢

f

[
o

_ - & "- L]
Lva Lr +LvUofcosTlY+¢ Lp¢+LvUo£sinT\¢

Uo

f‘cos'ﬂ'i’-Npé+NVUOf$inTI¢=O

(14)
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At in the case of the longitudinal equations, twe modifications to these
equations are nccessary such that they will apply to all test conditions.

1. The linkage arrangement aszociated with the model mountirny system
descrived previously Is accounted for by a factor m/mt in the
sidef'orce equat.ion as in the horizeontal force equation in the
tongitudinal case (Figure 71).

>, Mechanical springs were added about the model roll axis and the
molel yaw axis to produce oscillatory motions in the single-
degree-uf-freedom testz, The following terms should be added
tor thes: teotse.

K

ATI == - —-oin
om T
¥
y
AN, 5 - =-—— (199
Ym IZ

The values ¢ th> spriyye @ nstants are given in Table ITI.

wWith thecr modifiicat ions, the equations ct motion that apply to the
expariments are

. m m n )
_ . L mra T Y o B Y Q -
Ve y T i fer bof coe T . (g 5 dof sinM) ¢ =0
e e S
LyVe z'Y Al Ucf cos MY +9 Ip ¢
k
0 )
\T YU sinlf =0
b i 4 /!
i A y
- how. =% =W, ¥ + Hy 1, ecs T - _?E ¥
S ' £ .
= . (16)

S lp #+ N, Uy stn T8

a1




For the restricted degree of freedom tests, the following reduced s»t of

equations apply.

1. In two degrees of freedaom, with k =k, = 0:
Yoo %
8. Vg, ¢ (Y =0)
. m »
Vo == Yv, -2 (g~-Y, U sinT) ¢ =0
f mtVf VOf
- L,v, + B - é + U. sinT ¢ =0
LoV Lp @ + Ly Ug_
b, ¢, Y (v, =0)
f
_ L ] ..- A . -
Lr Y + L, UOf cos Y +9 Lp 2+ LV U, sin me
-Y-NrY+NVUOfcos'ﬂ‘Y-Np¢+NVUofsinn¢=
c. Vf,Y(¢=O)
V. -2 yYv.+Y U_ cos MY =0
f mtVf VOf
- vaf -Y-N Y 4N, Uof cos MY =0
2. In the single-degree-of-freedom experiments with mechanical

springs, the equaticuns o

a. ¢(Y=O,vf=0)

k
- . &
¢ Lp¢+<Ix +LVUOf
b Y(¢=O,vf=0)

f motion are

sin ﬂ> P9 =0
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3. In the lateral/directional experiments with feedback, a term
Lpg 08, ,, ., should be added to the right hand side of the
ROLL

rolling momert equationyand a term NAé 46  should be added to

the right nand side of the yawing moment equation., The equations
governing AR,  and A6 are

8B oL =K O

A6 (22)

s

As in the longitudinal case, tie effect of these feedbacks may be
considered as incr=ments to the Jdamping derivatives

L =L +K.L
P P ¢ ABROLL

(23)

-

I‘:NI‘ +K‘i’ NA5

The above equations apply to the hovering case as well as forward flight,
In hover,U, 1is equal to zero. Also, in hovering flight and from symmetry
&

considerations, it would be expected that X, 6 and Z, are equal to zero,




SPACE-FIXED AXIS

R Up =Ly, +uy
\ -
8/ T~
- -~ Horizon
~
Uof uf Wf \Pilg.

/
~ Q .
Zg
STABILITY AXIS
\f/,,,/ Perturbed orientation
x of axis U= Uo* Y
8
— — _ __Horizop

= | ijl— j{w;’ o
0 ~‘ug
// W !a&

Initial orientations
of oxis

(body fixed; inilially aligned with freestream
velocity ot forward speeds or with horizon in hover)

Figure 70. Definitions of Space-Fixed and Stability Axis

Systems.
Variables are Shown in Their Positive Sense.
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