AD622578

e

AD

USAAVLABS TECHNICAL REPORT 65-24

STUDY OF SIZE EFFECTS ON VIOL
HANDLING QUALITIES CRITERIA

Lockheed Report No. 18408

‘{)I"MTT\-.
4 S vy * [ A "{ .' h
! v "4' ‘f fnr "
Hul'd C . ‘e '(”)
J. F. Johnston , 3 TV Mierery.,
ll Ho culver :“"s '60 -
| 0-75 |

C. F. Friend | fo

September 1965

U. S. ARMY AVIATION MATERIEL LABORATORIES

FORT EUSTIS, VIRGINIA

CONTRACT DA 44-177-AMC-236(T)
LOCKHEED-CALIFORNIA COMPANY




DDC Availability Notice

Qualified requesters may obtain copies of this report from DDC.

This report has been furnished to the Department of Commerce for sale

to the public.

Disclaimer

The findings in this report are not tc be construed as an official
Department of the Army position, unless so designated by other

authorized documents.

When Government drawings, specifications, or other data are used for

any purpose other than in connection with a definitely related Goveru-

ment procurement operation, the United States Government thereby in-

curs no responsibility nor any obligation whatsoever; and the fact i
that the Govermment may have formulated, furnished, or in any wey l
supplied the said drawings, specifications, or other data is not to

be regarded Ly implication or otherwise as in any manner licensing the

holder or any other person or corporation, or conveying any rights or

permission, to manufacture, use, or sell any patented invention that may

in sny way be related thereto.

Disposition I struction

Destrcy this report when it is no longer needed. Do not return it to .

the originator.

L

1' "% P WA e o m’ﬂ ?w“

- v ) P

%




»&&

DEPARTMENT OF THE ARMY

U S ARMY AVIATION MATERIEL LABORATORIES
FORT EUSTIS. VIRGINIA 23604

The following report has been reviewed by the U, S, Army
Aviation Materiel Laboratories and is considered to be
technically sound.

Definition of handling qualities criteria, from minima
acceptable to optima desired, becomes increasingly impor-
tant as aircraft become larger and more complex and ex-
pensive. The questions are of particular conrern in VTOL
aircraft, where weight and energy penalties associated with
control demands in hovering and low-speed flight generally
represent greater sacrifices in range-payload capabilities
than on other vehicles.

This report is intended to clarify fundamental relationships
involving size, design, and handling qualities and thereby
to provide a rational framework within which work may pro-
ceed on specific design and mission analyses.

Comments, in the form of criticisras or elaborations of the
information presented, are invited.
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ABSTRACT

A fundamental study is presented of the effects of vehicle size on
handling qualities of jet and helicopter=-type VIUL aircraft at hover
and low speeds, size being defined by the characteristic linear dimen-
siocn. The effects of size on vehicle handling qualities capability
and pilot-vehicle compatibility are developed. Consideration is given
to the pilot as an adaptive nonlinear servo.

The study indicates:

1. Control power/inertia and damping/inertia tend to decrease
with size.

2. Except for tall rotor helicopters in yaw, final angular rates
are relatively invariant with size.

3. Characteristic time to reach final angular rate increases with
size.

L., Linear accelerations and motions are nearly invariant with size.

5. Effects of external disturbances and trim changes with speed on

Jet VIOL vehicles decrease at least as rapidly as control power/
inertia.
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PREFACE

This report describes and presents essz=ntial elements and conclusions of
work called for under Contract DA LL-177-AMC-236(T), Study of Effect
of Size on VIOL Handling Qualities Criteria. This effort was accom-
plished during the period 30 June through 30 November 1964 by Lockheed-
California Company for the United State:; Army Aviation Masteriel
leboratories, Fort Eustis, Virginia. The study was conducted by
Messrs. J. F. Johnston, I. H. Culver, znd C. F. Friend of Lockheed.

Mr. R. R. Piper was *the authorized representative of the United States
Army Contracting Officer for this work. Assistance has been provided
during this period by the VIOL Brancli, Flight Mechanics and Technology
Division, of the NASA Langley Research Center.
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SYMBOLS

In order to provid~ a common basis for describing characteristics relating
to VIOL handling ¢ lities criteria, the follocwing terminology and def-
initions are provided. Symbols and definitions are in accordance with
those given in "Le*ter Symbols for Aeronsutical Science" (Reference 1)
prepared in collaboration with the National Advisory Committee on
Aeronautics (currently National Aeronautics and Space Administration),
Institute of Aeronautical Science, and American Rocket Society (IAS

and ARS are currently the American Institute of Aeronautics and
Astronautics), and sponsored by the American Society of Mechanical
Engineers.

The characteristic dimension, considering the nature of this study as a
similitude analysis, is designated 1. Objects, such as vehicles, are
located by coordinates x, y, and z measured from x, y, and z axes of &
point on the earth's average surface. Vehicle attitude is designated by
angles 0,¢, and ¥ with respect to earth reference axes and vehicle ref-
erence axes. Velocitles and asccelerations are indicated by dot and
double dot superscripts to the basic coordinates and angles (x, y, z, 6,
¢, vand X, y, 2z, 6, ¢, §). Errors introduced by using earth axes in
lieu of wind and inertia axes in determination of forces and moments on
vehicles is neglected on the basis that such errors will be common to all
vehicles.

Differences or changes in quantities are indicated by the prefix A.
Position, velocity, and acceleration errors are designated by the sub-
seript ¢. Positlon, velocity, and acceleration at pilots eye are noted
by the subscript e. Position, velocity, and acceleration perceived by
the pilot's sensory system and’ errors pertinent to perception are indi-
cated by the subscript p. Thus the error in distance parallel to the
x axis to an object perceived by the pilot would be X

p

L+




Symbol

(9]

ol

Roter disk area

Roto:r blade 1lift curve slope
Jet inlet or exhaust area
Wing span

Numbter of btlades

Vehicle angular damping

Vehic.e drag coefficient

Vehicle vertical drag coefficient

Vehicle horizontal damping
Vehicle moment coefficient
Vehicle vertical damping
Rotor blade chord

Wing mean aerodynamic chord
Derivative

Jet inlet or exhaust diameter
Equivalent rotor hinge offset
Force

Control force

Herizontal control force
Vertical control force
Horizontal force

Vertical force

Acceleration of gravity

x1

none
ft.1b.sec./rad.
none

none
1b.sec./ft.
none

1b.sec./ft.

lb.
1b.
1b.
1b.
1b.
1b.

f‘t./sec.2

ca————
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Symbol

Height above ground

Vertical offset of rotor

Equivalent vertical offset of rotor
Moment of inertia for axis noted
Gyro polar moment of inertia

Rotor polar moment of inertia
Constants

Rotor stiffness

Characteristic length

Moment applied to vehicle
Aerodynamic moment applied to rotor
Control moment applied to vehicle

Damping moment applied to vehicle

Gyroscope precessional moment applied

to rotor
Dynamlc pressure

Rotor radius

Radius to rotor blade center of gravity

Radius of rotor blade element
Wing area

Thrust

Time

Velocity

Entry velocity

xii

Units
ft.

ft.

ft.
ft.1b.sec.?
ft.1b.sec.c
ft.l'b.sec.2
none
ft.1b./rad.
ft.

ft.1b.
ft.1lb.
ft.1b.

ft.1lb.

ft.1b.
1b./rt.2
£t.
£t.

ft.

1b.
sec.
ft./sec.

ft./sec.
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Gust velocity

Vehicle horizontal velocity

Jet velocity

Vehicle vertical velocity

Induced velocity through rotor
Vehicle weight

Rctor weight

Earth axes or vehicle axes coordinates

Distance from vertical thrust axis to
vehicle center of gravity

Angle of attack

Rotor blade angle of attack

Rotor blade coning angle

Rotor blade profile drag coefficient
Increment

Vehicle pitch angle

Rotor blade cyclic pitch angle

Rotor blade tip collective pitch angle
Roctor tilt angle

Vehicle pitch angular displacement in
1 second

Inflow ratio, (V sina- v)/QR
Rotor tip speed ratio, (V cos @)/ QR

Air mass density

xiii

Units
£t./sec.
ft./sec.
£t./sec.
ft./sec.
ft./sec.
1b.
1b.
ft.

ft.

red.
rad.
rad.
none
none
rad.
rad.
rad.
rad.

rad.

rad.
rad.

lb.sece/fth
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Vehicle response time

Vehicle response time for horizontal
motion

Vehicle response time for vertical
motion

Roll angle

Desired roll angular velocity

Rotor tip inflow angle, v/ QR

Roll angular displacement in 1 second
Roll angular displacement in 1/2 second
Yaw angle

Desired yaw angular velocity

Yaw angular displacement in 1 second
Rotor angular velocity

Frequency

Single dot indicates velocity

X, ¥5 2, 6, § ¢

Double dot indicates accelerations

X, ¥y 2 6 & ¥

Subscrigts
H

J

| P T anen i et
#L e

Horizontal
Jet

Vertical

Units
sec.
sec.
sec.
rad.
rad./sec.
rad.
rad.
rad.
rad.
red./sec.
rad.
rad./sec.
rad./sec.




SUMMARY

This report is a fundamental study of the effects of vehicle size on the
handling qualities of Jjet and helicopter type VIOL aircraft at hover

and low speeds. Size in this connection refers to the size of a char-
acteristic linear dimension. The basic handling quality characteristics
are defined in terms of the ratios of control power to inertia (initial
vehicle acceleration response to control input) and of the vehicle damp-
ing to inertia. The final response rate is the ratio of the control
power to the damping.

Based on existing design trends, it is found that the angular control
power/inertia and damping/inertia of these vehicles tend to decrease
with increasing size, while the final angular rates obtainable tend to
be reiatively invariant with size. An exception is helicopter yav rate
due to tail rotor, which decreases with increasing size. The character-
istic time to reach the final angular rate increases with size.

Linear accelerations and motions due to control inputs were found to be
nearly invariant with size, including vertical and horizontal vehicle
accelerations and pilot linear accelerations due to vehicle angular
accelerations. This result indicates that mission capability (the
ability of the vehicle to perform maneuvers essential to the assigned
task) is not diminished appreciably by the reduced angular acceleration
capability with increasing size.

The effects of external disturbances and trim changes with speed on Jjet
VIOL vehicles were found to decrease at least as rapidly ss the control
power/inertia with increasing size. This will result in increasing
angular accuracy with increasing size in the presence of disturbances.
For helicopters, the rotor tilt response rate to external disturbances
is invariant with size, but airframe angular accelerations decrease with
gize, again indicating increasing angular accuracy with increasing size
in the presence or disturbances.

The effects of size on pilot-vehicle compatibility are developed by con-
sideration of the pilot as an adaptive nonlinear servo as suggested by
other investigators. It is indicated that the pilot, having a rela-
tively fixed perception-reaction time, will have the most trouble flying
very small vehicles or others having excessive control pover/inertia,
and that his angular accuracy will tend to increase with increasing
vehicle size. Some simplified relations are alsov developed to show
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pilot and servo system limitations in providing vehicle damping, and
their relationship to vehicle size. These considerations also reinforce
other investigato:s' conclusions that complete blind operation of VIOL
aircraft, including takeoff and landing, is possible with data presenta-
tion that minimizes the pilot's perception-~eaction time.

It is suggested that research be continued with present variable-
stability VTOL research vehicles, both jet and helicopter, using special
control systems to synthesize the acceleration response to disturbances
and trim changes with speed of any size vehicle from very small to very
large. Control power and damping criteria can then be determined exper-
imentally as a function of size. Areas in which simulation is not
complete are also discussed.




|G Ay

CONCLUSIONS

On the basis of a study of the variation with size of jet and helicopter
VIOL aircraft angular and linear acceleration and damping capability,
response to disturbances, and the pilot function, it is concluded that:

1.

Angular control power/inertia and damping/inertia decrease with
increasing size, while the final angular rates for a given con-
trol deflecticn are relatively invariant with size. Yaw rate
of a tail-rotor type helicopter, however, decreases with size
(Table 1).

Linear accelerations and motions due to control inputs are
relatively invariant with size (Table 1),

Vehicle angular accelerations due to external disturbances de-
crease with increasing size (Table 1).

Mission capabiiity (ability to perform maneuvers essential to
accomplishment of assigned task) is not diminished appreciably
by these inherent variations with size; however, the physical
size of large vehicles will limit them to larger holes and
channels than those in which smaller vehicles can fly.

Angular accuracy in the presence of disturbances improves with
increasing size. Anguiar accuracy is not greatly improved by
augmenting vehicle damping unless the inertia/damping value
provided (the reciprocal of the damping gain) is less than the
pilot's perception-reaction time.

Development of handling quality criteria (requirements or reg-
ulations) including effects of size is dependent on obtaining
quantitative limitations on the pilot and servo functions in
providing damping. These limitations can be expressed in terms
of pilot or servo system lag time as observed by other
investigators.

The amount of damping available from thrust modulstion involving

engine or lift fan speed variations tends to be limited by the
time lag in varying thrust which increases with engine size.
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Methodology for investigation of the effects of size on han-
dling qualities developed herein and by others appears to be
applicable to related fields such as development of data pres-
entation for the pilct, flight control systems, methods to
reduce learning time and error susceptibility, etc.

Variable-stability VITOL research vehicles can be adjusted to
represent the major effects of size for experimental determina-

tion of the variation of desirable handling qualities criteria
with size.




TABIE 1

EFFECT COF SIZE ON VEHICLE BASIC HANDLING CAPABILIT"

VEHICLE

JET VIOL

Longitudinal and Lateral

Axis (Pitch and Roll)
Vertical Vertical
(Yaw) Jets Located Jets located (Yaw)
Capability Proportional to | Proportional to
Jet Diameter Vehicle Size
Control Pcwer "\ Ft/Sec2 Constant Constant Constant 1/(Kl + 1?7) (L)
Mase Constant (5
1
Danping 1/Sec K+ 1/L K+1/L Constant (8) | 1/(k, + L?) (4)
Mass }Linear Motions Constant(8) Constant (8)| X+ 1/L
Constant (5)
1
Response Time ) Sec 1/(x + 1/ Constant (8) Constant (8) K+ 12 ()
Constant(8] 1/(X + 1/L) 1/(k + 1/L)
Constant (5)
']
Angular Control Power Rad/Sec® | 1/L 1/L 1/ /(KL + 1%) (u)
Inertia
1/L (5)
Damp1 1/sec 1/L 1/L 1/L 1/(kg + L?) (4)
Inertia
Coustant (5)
Angular Response Time Sec L L L Ke + L% (&)
Constant (5)
Angular Velocity Rad/Sec Constant Constant Constant 1/L
2 2 3 2 3/2
Angular Acceleration Caused Rad/Sec 1/L L+K,/L -+ L /(KL + L77°) ()
by a Wind or Qust Ft/Sec Ké/ xil Xé/ xiol 6
/L (5}
Control Displacement to Counter Rad - - - Constant
a Wind or Qust
Acceleration Caused by Rad/Sec® - ik 1/L -
Engine Fallure
5

L e
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[DLING CAPABILIT”

Vertical
(Yaw)
1
+ 12) (4)
ant (5)
b))
ant (5)

i (1) !

ant (5)

Le 32 ()

(5)
bW
it (5)
3 (4)
nt (5)
JL
Ce 132y
/L (5)
nt

TABLE 1

EFFECT OF SIZE CN VEHICLE BASIC HANDLING CAPABILITIES

JET VTOL HELICOPTERS
Longituiinal ana Lateral Longitudinal and lateral
(Piteh and Roll) (Pitch and Roll)
‘al Vertical
Jets Located Jets locateu (Yaw)
Proportional to | Proportional to Articulated Rigid
Jet Diameter Vehicle Size Rotor Rotor
1 1 1
.at Constant Constant l/(Kl + 12) (1) 1/(1{l + L<) (4) l/(Kl + 12)
Constant (5) Constant (5) Consta
1 1 !
L K+ 1/L Constant (8) 1/(k, * 1?) (4) Ky + K2 + KL+ 1? () Ky + K,L7 + KL +
t(8) constant (8)| k+ 1/L
Constant (5) K3 +K, o+ K5 + L2 (5) K3 + K o+ K5 + L2
1 1 1
1/% Constant (8) Constant (L) K, o+ 12 (8) | /(K + K127 + KL + %) (L) 1/(x? + KL + K,
.t(8] 1/(k + 1/L) 1/(x + 1/L) ’ - ’
Constant (5) 1/(1(3 + K, + KS + Le) (5) 1/(1(3 + K, + Ks +
1/L 1/L (kL + 22 (6) | /1 + K12 (1) | /L + Ko/1°
5 Ko/ Kg
1/L (5)
1
1/L 1/L 1/(Kkg + 7 () | 3/1 ¢ Kg/1P (1) | 1/L + kg/1
Constant (%)
1
L L Kg + L? (4) L2/(K8 + L) (1) LQ/(KB + L)
Constant (5)
1t Constant Constant 1/L Constant Constar
Ky/L + xu/r:‘g x9/x.2 +Ko/L | /(KL o+ ) @ | e Kg/1° (6) 1 1/L + Kg/L2
1/L (s)
- - Constant Constant Constar
i /L - - -
1 ~ — — —
- g it - C o e ——— s WP SR N e v v o o - e e o
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HELICCPTERS

Longitudinel and lateral
(Pitch and Roll)

Rigid t't‘ ~ulated Rigid
Rotor " Potor Rotor
‘ 1
? (4) | 1/(xy + 1) (4)
onstant I Constant (5) Constant (5)
s / ?
KL + L ?KsL* L (&) K, +th’}‘ *+ KoL+ L (&)
2 : 2 . 2 f
+ L ts*L (5} x3 K, + Kg + L (5)
2y 95 2 . 3 .2
+ KL+ YV KL L) (4) Ky + KLZ 4 KL+ 17)  (b)
: 2 2
KoL) KoL) ) [ K ek ek o) (5)
! (1) | /L« r.a/xf (7)
3 (1Y | 1/L + xe/L9 (1)
1 (1) | 1%/(kg + 1) (1
b
mstant Constant Constant
6) | 1/1 + xs/.,9 (€)
netant cn:tant Constant

______ MT

(1)
(2)
(3)

(%)

(5)
(6)
(7)

(8)

For translat:onal motions.
L 18 the characteristic length.

Independent of rotor disk loading
unless otherwise noted.

Rotor disk loading proportional to
size.

Rotor disk loading constant .
Rotor precession velocity invariant.

proportional tc equivalent hinge
oIfset.

For hovering




RECOMMENDATIONS

This brief fundamental study has indicated a number of areas for further
research and a methodology for guiding and interpreting such research.
It is recommended that:

1. The primary effects of size (control power/inertia, damping/
inertia, and response to external disturbances) be simulated
on existing variable-stability jet and helicopter VIOL air-
craft by methods indicated herein for experimental determina-
tion of desirable and minimum handling qualities criteria as a
function of vehicle size. Although some experimental data have
been obtained showing the effects of external disturbances
(expecially aerodynamic moment derivatives/inertia as described
in Apvendix IV), muck more is required to properly define cri-
teria for regulations covering a broad spectrum of aircraft.
Particularly, information is lacking on the effect of aero-
dynamic moments with respect to verticel velocity/inertia and
the effect of higher wind and gust velocities (higher than 25
knots). In addition, the effect of physical size in such terms
as distance to visible extremities, pilot distance to center of
gravity, etc., should be investigated.

2. Applications and extensions of the method of examining the
pilot function as an adaptive servo limited by his (variable)
time lag should be further developed by investigators in the
various fields to which it may be applicable. These include
vehicle handling quality criteria (regulations), including
effect of size, data presentation, IFR flight, learning time,
error susceptibility, etc.

a. Research should be conduc.ed on the magnitude and variation
or the pilot time constant and adaptive lag under a wide
variety nf simulated flight conditions and vehicle char-
acteristics, including size effects.

b. Adequacy of data presentation should be eveluated by its
effectiveness in reducing pilot time constant and adaptive
lag under multiaxis control conditions.

c. An integrated IFR data presentation should be developed to
rermit blind takeoffs and landings of VIOL aircraft.




INTRODUCTION

Evaluation of theoretical and experimental documentary material relative
to current VIOL handling qualities criteria, References 2, 3, and U4,

has shown evidence of the need for further investigation of the appli-
cability of these criteria. A particular area of interest is the effect
of vehicle size on the criteria. Provisional AGARD recommendations
(Reference 3) for V/STOL aircraft in general and U.S. Military Speci-
fication MIL-H-8501A for helicopters are based on the assumption that
the linear displacement of the vehicle extremity (wing tip, nose, or
tail) resulting from rotational motion commanded by a unit of control
input in a unit time should be constant (irrespective of vehicle size).
Other authorities, References 5 and 6, contend that this assumption is
not valid and suggest other criteria such as the maintenance of constant
angular velocity for a unit of pilot applied control force and unit time.

The object of the present work performed under Contract DA 4l4-177-AMC-
236(T) 1is to investigate these and other effects of size on vehicle
handling qualities criteria using dimensiongl analysis, laws of simili-
tude, basic aerodynamics, and human factors relationships. Comparison
is made of various handling criteria. Determination is made of the
effect of these criteria on the operational and/or design implications
with respect to vehicles of various sizes up to 100,000 pounds gross
weight.

Principel handling qualities requirements or recammendations of pub-
lished References 2, 3, 4, and 5 are summarized in Table 2. In order

to compsare these criteria effectively, it is necessary to transform
parameters cf same of these references to parameters common to all four.
Demping/inertia and control power/inertia were selected as common basic
parameters because these terms are readily comprehensible. These param-
eters are directly related to other characteristics such as response
time, angular acceleration, angular rate. Effects of control power/
inertia and damping/inertia on operation and design can easily be
determined.

Figures 1, 2, and 3 show damping/inertia values determined fram Refer-
ences 2, 3, 4, and 5 for typical VTOL vehicles of various gross weights.
Instrument flight (IFR) visual flight (VFR), and emergency (single fail-
ure of engine, power control system, or stability augmentation system)
conditions are represented where ar;licable in Figures 1, 2, and 3,




TABLE 2

PRINCIPAL HANDLING QUALITIES CRITERIA FOR VIOL VEHICLES (1)

MI1-H-8501A, Ref. 2 AGARD 408, Ref, 3 TN D-1328, Ref. «
; Source (2) (s 1)
Condition Control Dumping Control Damping Control .
.2k
0 z——i——-—r
,10 g1 173 .7
3 IPR 9lam ¢ 2 151, (W + 1000) ¢ 2 15T, (6)
§ M/Tz2 .6
£ 'lh '7 c ’
w | VFR 02—3————7— cz81 (6 (6) (9) ¢/1 -
g Y (W + 20003 y ) M/1 € 2.2 /
BERGENCY  (3) (6) (6) ol;ﬁ‘m czer’T (6)
’
2k
-4 .».—2:-——7-
‘gt-—-}—'ﬂ-m 1 (w + 1000) 3
R (W + 1000) ¢ 22517 caost T (6)
. X ‘1! 0.175 X
‘ s' °¢3"9’ 6‘ - 1
s 0.349, &, = 1
L1
IS z__l.z.__T,..
3 n/T21.8
§ vrR P+ 2000) ¢z 817 (6) (6) ¢ (o) | e/1-
K| é <0.349, 8, =1 /I s 4.0
DERCENCY (3) (6) (6) , C=z2 181" (20) | ¢/t -
9 €07 X | M/Is(6)
¢ s 0.349, E, =1
6
40 2 —-Z‘.L—T
1 13
¥,50.873, 6_ =1 (W + 1000)
1 :
: L o ; oo
g | wm () | czemr’ (6) (6) ¢ (9) | e/t
A ¥ < 0,873, t.=1 uc/r s (6)
M /T > 0.25
EMERGENCY  (3) (6) (6) v -—L———T“‘ caur T| © (10) | o/1
1w+ 1000)Y3 .0

. A

(¢

6)

6)

(s

(1




L VEHICLES (1)

1 D-1328, Ref. b Jdurry & Matt., Ref, 5
- (11)

0l (8) Control Damping

R (1) Expressions define the control pover
6, = 0.349 (s) Tp = 05 (s) and damping required to produce ve~
) (6) hicle motion with full control

. (obviously control power required for
0.175¢ 0 s 0.699 0.1s7 =10 equilibrium tris is additional to
these criteris), unless noted.

o (9) | ¢/T=0.5 (9) (6) (6) (2) Por hover.
' (3) Yor safe operation including landing.

(8) ¢ =192/(w + 1000)*/3 starting at
. (6) (6) (6) X =y =4 =0 wvwith 35 KN critical
wind.

(5) 0 % g Conversion.
ép = 0-611 o= 0k (6) Unspecifiea. .
(7 30"5*530““620“1)'&20

© 0.367 < é $0.916 0.1s7S1.0

(8) ¢/t for w1 = arDEN.
(9) Cooper Pilot Rating = 3.5.
(10) Cooper Pilot Rating = 6.5.

2 <C ion, Mod-
©(9) | /1 =2.0 (9) (6) (6) () 5%::05;;'.‘)3,‘5, < Fonverston

(12) A1) expressions were taken directly
from the sources listed except angles
are expressed in redisms to provide

consistency.
(20){ ¢/1 =20 (10) (6) (6)
dp = 1.570 (2) | 1= 0.5 (2)
© 1.066 = b £ 2,617 0.1s T 51.5
(9) ¢/t = 0.7 (9) (6) (6)
(i) | ¢/1 =7 (10) (6) (6)
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respectively. Figures 4 through 9 indicate control power/inertia.values
computed from References 2, 3, 4, and 5 for maximum control deflection
applied to typical VIOL vehicles of various gross weights. Corresponding
conditions for Figures L through 6 and T through 9 are based on zero and
0.2-second system time lag, respectively. Figures 4 and 7 correspond to
IFR, 5 and 8 to VFR, and 6 and 9 to emergency conditions. Curves shown
in Figures 1 through 9 show only minimum acceptable values except for
Reference 4 damping and Reference 5 control power and damping, which
represent "desired"characteristics.

Maximum values of control power/inertie are shown for zero time lag in
Figures 10 and 11, and for 0.2-second time lag in Figures 12 and 13.

IFR conditions are shown in Figures 10 and 12, and VFR and emergency
conditions in Figures 11 and 13, with maximum control deflection applied
to typical aircraft. Maximum values are not specified for some axes and
conditions. It is cautioned that maximum and minimum values of control
power/inertia shown in Figures 4 through 13 correspond to minimum or
desired damping/inertia values. It is usually necessary to increase the
minimum and maximm values of control power/inertia to maintain the same
handling qualities rsting if larger values than minimum or desired
damping/inertia are used. Maximum demping/inertia values are not speci-
fied in References 2 through 4. The maximum value of damping/inertia
corresponding to the response times given in Reference 5 is 10.0 for
each axis. The minimm values are 1.0 for pitch and roll, and 0.667 for
yaw.

Damping/inertia and control power/inertia values of Figures 1 through 13
were transformed from requirements of References 2, 3, and 5 as described
in Appendix I. Inertia moments used in computing damping/inertia were
determined from Appendix II, Figure 23, which i1s representative of typ-
ical VIOL (and non-VIOL vehicles). Control power/inertis values given

in Figures 4 through 13 do not include requirements for trim or gyro-
scopic effects zero and 0.2-second system time lag were used in calcu-
lating the control power/inertia from requirements given in terms of
gpecified angular displacements in specified time.

References 2 througb 5 include only the portion of control power concerned
with maneuvers. Aduitional control power must be provided as necessary
to maintain trim or force and moment equilibrium as required by char-
acteristics peculiar to the vehicle. Control power essential to the
minimization of motion caused by disturbances may be included in the
requirements; however, separate analyses should be made of control power
required for maneuvering and the control power required to handle dis-
turbances. The larger of the two is then used.

Additional recommendations regarding handling qualities, less formal than
References 2, 3, 4, and 5, have been proposed. Reference 2 is reviewed
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in References 7 and 8 with consideration of requirements for weapons
helicopters. Reference 7 suggests review of stwbility and control re-
quirements obtained from extreme maneuvers and the specification of
maneuver load factor criteria. It is believed that such material would
ve handled more appropriately as special requirements specified by the
procuring agency.

Reference 8 recommends normel accelerations and minimum angular rate
ceriteria for armed helicopters in nap-of-the-earth operation. The min-~
imum angular rates specified are in excess of maximum angular rates
measured in nap-of-the-earth flight tests in order to sllow for unex-
pected situations. If limited control travels are used with linear
characteristics, oversensitivity may result as compared to maximum angu-
lar rates per inch of Reference 2. Further study is indicated.

Reference 9 indicates that current handling qualities criteria are topi-
cally adequate but require more effort in quantifying requirements. This
report also points out the need for caution in application of some re-

quirements and full consideration of underlying factors in interpretation.

Reference 10 reviews the state of the art with respect to instrument
flight operation. This document indicates that instrument flight with
helicopters at the current stage of investigations is feasible for de-
scent angles of less than 12 degrees and for speeds of more than 25
knots. Further development including inventions of greatly improved
instrument display systems and radical betterment of flying qualities
(including reduction of inherent instabilities such as the vortex ring
state encountered in moderate descent rates near zero forward speed)
is essential to near vertical descents during minimum visibility condi-
tions. Criteria for instrument flight with other VIOL types are not
aveilable.

A comprehensive review was made of Reference 3 by the AGARD Technical
Assistance Group, Reference 11. Differences in desired damping/inertia
and control power/inertia values computed from Reference 3 and desired
values obtained from flight tests of the X-14A and P-1127 aircraft are
presented. Many other ltems are included in the recommendations.

Nearly all of the work on VIOL handling qualities, including current
specifications, Reference 2, 3, L, and 5, is based on vehicle systems

in which the control power is proportional to control displacement and
the damping is proportional to angular velocity. Although some work has
been done with vehicles having more sophisticated systems, such as de-
vices which provide vehicle angular displacement as a function of control
movement and damping related to acceleration, these systems are con-
sidered beyond the scope of this investigation.
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This paper is intended to be a broad fundamental study aimed primarily
at effects of size, but necessarily including some studies of pilot-
vehicle relationships. It is not intended to arrive at definite wvalues,
but to study means of accounting for vehicle differences from criterisa
obtained for specific vehicles. The approach taken is to review first
the variation of inherent cspabilities of both jet and helicopter VTOL
vehicles with size, then to study how these fit both the pilot and the
mission.
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EFFECT OF SIZE ON FLIGHT HANDLING CAPABILITY

The basic handling qualities characteristics to be considered are:

Iinear acceleration, ¥, ¥, % (equal to force/mass, F/m, feet/
seconds?).

Linear rate damping/mass, Fv/m, (l/seconds).

Angular acceleration 3 6, #, U, (equal to the control power/inertia,
MC/I, radians/second?).

Angular rate demping/inertis, C/I, (1/seconds).

Angular rate time constant, I/C, (time to obtain 63 percent of the
final anguler rate, seconds). This is the reciprocal of the
demping/inertia.

Finsl angular rate, MC/C, (redians/second).

The various handling qualities criteria are stated in terms of one oxr
more of the above characteristics. Such factors as natlural frequency
occurring in the pilot's frequency band or time lags in control response
of the vehicle are properties of a particular design,and the variation
with size can also be handled by the similitude approach.

To determine the inherent variation of these two basic handling qualities
characteristics with vehicle size it is first necessary to state the
basic characteristic associated with size variation: that is, vehicle
welght 1s generally proportional to the cube of & characteristic dimen-
sion, as shown in Appendix II, Figures 17 and 18:

W~ LS.

This is a statement that the vehicle densities are relatively invariant.
An associated statement is that the wing loading or disc loading tends
to increase with size,Appendix II, Figure 22:

Yoo

L2

This is the vsriat.on that satisfies the ancient square-cube lsw wnile
achieving operationally feasible vehicles of large size. Vehicles of
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given planform family will generally follow these relations. The con-
stant of proportionality will vary for radical changes in planform.

The vehicle inertla is I-WL% where L is the characteristic dimension
appropriate to the axis about which the inertia is computed. Inasmuch
as W~13, this leads to I~1I°, which is essentially in agreement with
Appendix II, Figure 23.

It is recognized that vehicles can have significantly different varia-
tions of weight and moments of inertia with the major dimensions, par-
ticularly for special purpose vehicles. Other characteristics too may
not closely fit assumed functions of size. In general such deviations
merely change constants or proportionality and the trends will be cuiy
slightly affected.

JET VIOL

Control Power

The linear acceleration of VIOL vehicles is controliled by variation or

ilting of the propulsive thrust. The propulsive thrust obviously must
be larger than the weight of the vehicle in order to permit upward ac-
celeration and to allow horizontal acceleration without downward accel-
eration. The acceleration is equal to the force/mass vhich tends to be
constant for vehicles of the same type.

%, ¥, £~F,/m~constant (i.e., independent of size).

The angulsr control power of jet lift VIOL is obtained from thrust modu-
lation for engines mounted near the extremities or fram bleed air nozzles
at the extremities for engines mounted near the center. In either case
the force for control is obtained by increasing the equivalent installed
thrust over that required for lift. If the force available for control
is a given percentage of the installed thrust, T, and T~W, then

M, ~ TL ~ WL ~ L*

and
4
Me L1
I L5 L

This result indicates that the control power/inertia ratio tends to de-
crease with increasing size, or conversely, that increasingly higher
percentages of the installed power rust be diverted to the controls if a
constant controli power/inertia is required. The consequent effect of
reduction in control power/inertia with increasing size is discussed
v.nder the heading PILOT-VEHICLE COMPATIBILITY and in Appendix IV.
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Representative values of control power/inertia for X-14A jet VIOL re-
search aircraft (Reference 4) are 0.6, 1.8, and 0.5 radian per second
squared for pitch, roll, and yaw, respectively.

Damping and Response Time

The rate dampiag of the linear motions of jet VIOL aircraft is attrib-
uted to the change of momentum of the jets and to the aerodynamic drag
with velocity:

Vertical Darping,

oy = dFy/dVy = d [mj(VJ - Vy) - SCD/Z]/dV =my- VSO
T =mj(VJ-VV)=w
Cy/m = [-w/ (v 5" v,) - pvvscDV] /(W/g)
Cy/m = -g/(Vy - Vy) -g pvvscDV/w
C V/m ~K + 1/L
Cv/m = -g/Vj for hover (vvzo).
Horizontal Damping,
¢y = dF,/aV =ad [-m A va2 scD/e] [avy = m 5 " PVSC,

Q
)

-g/(V 5 VV) -g vasc D/w

CH/m ~ K + 1/L

Q
B

-g/V‘j for hover.

The response times for the linear motions are tlien:

Vertical Translations,
v = m/e, =Wy - V) e [w + pv SCDV - Vv)}

v~ /(K 1/1)

v VJ/g for hover.

Horizontal Translation,

w(\/J - VV)/g [w + pVySCH (VJ - VH)]
Ty~ 1/(K + 1/L)

/
K Vj for hover.

T

i

T
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Exhoust velocities range from 500 feet per second for & representative
fan to above 2000 feet per second for a pure Jet The correspondlng
damping range is -O. 06l to -0.016 per second and the response time varies
from 15.6 6 62.1 seconds.

Since the aerodynamic angular rate damping of a hovering jet VIOL is.
»negllgible, the force foi damping must also be supplled from the éngines.
If the forces available for damping are & glven perccntage of the in-
stalled thrust,

c=M T sk
8 é
and
¢ o1

TTET
This result inuicates that the damping/inertia tends to decrease with
increasing size unleSb the force available for damplng, i.e., the in-
stalled thrust, is increased. Typical damplng/lnertia values for the

X-1"A. jet VIOL research vehicle (Reference 4) are -0.5, -2.0, and =0.7T
rer second for pitch, roll, and yaw, respcctively.

The response time to reach 63% of final angular rate is the reciprocal
of the damping/inertia,

= 1/¢ ~L.

Typical sngular response times for X-14A are 2.0, 0.5, and 1.4t seconds
for yitch, roll, and yaw, respectively.

Angulsr Rate

McCll
The final angular rate is 0= T/1°1 Ai'vconstant.

That is, if fixed percencages of the installed thrust are diverted to
control power &nd to damping; the rinal angular rate is independent of
size. Note that if the fraction diverted to control power is greater
then the fra:tion diverted to damping, the final angular rate is indef-
initely high. Similarly, a response time constant I/C can only be
specified for rates at which the control input does not over-saturate
the damping system.

HEL1C JPTERS
In addition to the basic assumption that +he disk loading is proportional

to size (W~ LJ) rerations ure shown in the following for helicopters
whersin the disk loeding is constant, independent of size (W-Le). It




is also considered ‘that the tip: speed (QR) will be constant because of
Mach limitations. The blade lift coefficienz'for -optimum. design is
independent. of size, therefore the blade loading (W/bcR) 1§ -dssumed: to
be constant. The following discussion concerns both the articulated and

rigid rotor and 8yTro stgbilization.

Tfansiatibh'Charaétefisticén:»dontroiiPOWer

Thr ~ontrol power for producing acceleration. for horlzontal .or vertical.

transletion of the helicopter near hover is derived a5’ follows: for -a functlon

of coruscctive pitch The analysms is ‘based: on a constanﬁ chord, 1deally
twisted bladey kowever, the effects on. size will be similar for moderste
variations of blade: geometry,. Reference 12, pages 58 and 60

iy = (p/4) (QR)? abeR(8y - v/QR) = 2.pHv2 = W

at/ar =k p Av, QR = constant; W/bcR = constant

¥, - an/dey, = &l e R)2 #beR(6y, = v/QR))/d8,

¥, (p/1) (93)2 sber/ [ + (1/16) Q RabcR/A(W/EpA)

w2y,

For tre .control power[mass, , ]
Fo/m =2 g/ [(8 ¥/a RebeR) + (W/E.’pA)l/a] I

r/n - 1/(c + W3);

for disk loading proportional to siZe‘(W“~I§)4
Fo/m ~1/(kp + 1M/?),

for constant disk loading (W~L2),

Fo/m = constant.

Short-time vertical acceleration increments of lg to 1.5g, converting
gome rotor energ - to 1ift, are availlable in helicopters in the 4000~

pound class. This tends to decrease slowly with increasing disk loading.

Translation Characteristics - Damping and Response Time

The vertical damping/mass and response are derived as follows as a func-
tion of vertical velocity. The analysis is based on a constent chord,
ideally twisted blade, Reference 12, page 129:

(p/4) (2R)® abeR [, - v/QR - v,/QR] = W
2 pA(v2 + V), dv/av, = [(dT/dVVZpA)- v}/(ev + Vi)
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Cv/m = gdT/aVyW = -(p/4)Q RabeR(L + dv/avy)
-g(p/4) 2 RabeR [2p Av + 2p AVy]
[ip &v + 2p AV, + (p/4)S2 RabeR] W

Cv/m = -g/[8W/pQ RabeR + (W/2p A)l/e] asVy—-o0
Cyfm ~ ~1/(K, + WL/2/L),

Cv/m =

then for

Disk loading proportional to size,
Cy/m ~ -1/(Ky + 14/2), Ty ~ Ky + 1}/,
Constant disk loading,

Cv/m = constant, Ty ~ constant.

That is, the veitical damping/mass is independent of size for constant
disk loading, and decreases slowly with size if the disk loading is
increasing. The vertical damping/mass for a typical 4000=pound heli-
copter is -0.5 per second.

The rotor damping in horizontal translation is obtained from the equa-
tion for the horizontal force H (Reference 12, p. 198).

2 2
26a £).¥:1 Mg aobl e

- 512 Sp 1 M B& 800 P&,
H= (P/u)(QR) abcR (a + 3 + pAO + 5 + 5 - 5 + 5 )

where 8y and bl are negligible near hover, 6 is constant, and

v=(W2p A)l/2 near hover.

Horizontal damping/mass and response time ere:

~gdH/av W = -gdH/dp S RW 5
a

CH/m
cy/m = ~g(p/4) (QR)abcR(g-naf —2)

Where 6 = o *+ A and a_ = B ~ WR/W(QR)®~ I (Reference 12, pages
141-143) for near hovering,

Cy/m~= (K, + Khwl/z/L + KSW/L‘2 + 1°)

b 2 \
™~ l/(K3 + ka*/ /L + KSW/L‘? + 18);

e i

[




¢

3, ST
Disk loading proportional to size, . _ i

Cy/m ~ - (K3+KhI,l/2+KL+I§1 J. ¥k Ll/2+K5L+L2);

p] S
Disk loading constant, T B

I {:1“:3”‘) 5{ +L2) .

L = ‘
The typical helicopter translation@.si &  .«/maes is about -0.01 per
second for horizontal motions. The hdri'/qjﬁ}\damping increases rapidly
with size for helicopters. I -

~ - o 2’:?’ 71.
Cy/m (1<3+KlL : K5+L)?‘ g

¥

Yaw - Control Power

The yaw control power/inertia of & tail rotor helicopter in hovering is

(lT"L):
M,/I = lT(dT/th)/I
M /T ~ 1/ (kg + W/ 2/1)1?
2
M /T ~ 1/ (kL + WH?)
For disk loading proportional to size (W—~L3),
M/T~T/(K L + 13/2y,
6
For constant disk loading (W~I°),
M,/I~1/L.
The control power/inertia decreases rapldly with size.

Yaw - Damning and Response Time

The yaw demping/inertia and response time are:}
O/T = 1(ar/a)/1 = 1 (aT/av)(av/a§)/1 = 12, (an/av) /1
where V = lod and dv/d¢ = 1.
From the previous dT/d%,
¢/1 ~-1%/(Kg + w2 /)12 - -1/ (Kg + w2/
Disk loading proportional to size,

o
C/I""l,/(Ké + Ll/g), T ~ K6 + Ll/“;
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Disk loading constant,

¢/I = constant, v = constant.

Yaw - Angular Rate

The final angular rate of yaw isg

b =M /c~(Ks + Wl/e/L)/(K6L + WH/2) ,%

The finsl angular rate decreases with size for either disk loading:
§ ~1/L.

The yaw control power/inertia, damping/inertia, and response time for a
typical 4000=pound helicopter (without suxiliary damping) are 2.2 ra-
dians per second squared, 1.08 per second and 0.93 second, respectively.
A yaw control power/inertia for yaw rate and response time recommended
in Reference 5 is 3.14 radians per second squared. A yaw response time
of 0.5 second is recommended in Reference 5, indicating a need for
auxiliary demping if precise control is desired.

Pitch & Roll =~ Control Power, Articulated Rotor With Offset Flapping Hinge

The control power of the articulated rotor in pi’ech or roll is ¢

= 2
M, = Thep + (Wo/2g) RR @ (e/R) 6p

with T = W, h"‘L, Bé = ConSt&n‘t, WR ~ W, R~R ~ L, QR = Constan't,

2
e ~R, and T ~ WL ; then
M /T ~ 1[5+ Kg/1?  for W ~ 12 or W ~ I3, independent
of disk loading. The control power/inertia will decrease with increasing
g*2¢ unless the rotor height or hinge offset i8 increased disporportion-

avely to the size.

Pitch & Roll - Control Power, Rigid Rotor

The control power of the rigid rotor per unit of feathering angle is:

M. = THOC + K

Cc

QQ§
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The rotor stiffnese may be stated in terms of an equivalent flspping
‘hinge offset e:
W, R Wo
Kp——B—— 22e=-BRrE¥ @°
2g
Assuming Wﬁ/w = constant, F/R = constant, S?eR - constant and e/R
constant, 5

Kp~W~L3, T ~ WL

M The, K8 WL WK
and 3= = T al—
WL

L"ll—-‘

q%ﬁ

vhere Ky is a constant, independent of disk loading (W ~ L3 orW ~ L?),
but proportional to the equivalent hinge offset ratio.

The genersl form of the control power/inertiw relation is the same fbr
both rigid rotors and articulated rotors having offset flapping hinges,
in practice, however, the rigid rotor obtains large equivalent hinge
offsets more easily than the flapping rotor.

Pitch & Roll -' Damping snd Response Time, Articulated Rotor Without
Hinge Of'fset

In the simple srticulated rotor, damping of body n»tions arises from the
rotor lag in following body angular rates. The damping moment is:

Md = TH A.GR.
The lag AGR is that »required to precess the rotor by aerodynamic moments
to fcllow the body-stiuft angular rates:

_Jgile
Aty My
where aerodynamic precessing moment per unit of feathering angle
My ~b @2 B ¢ ~ (beR) (22RR,
but
beR ~ W (Blade loading constant),
Q °R2 = constant (Tip speed constant);

therefore, MA ~ WR ~ WL.
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Assuming that the rotor weight is a nearly invariant fraction of the
gross weight, the rotor polar moment of inertia is:

I ~ WR® ~ WL
2
JgSt ~ WL'/L ~ WL
and
ﬁgﬁ ~ fgiz~ 1 constant;
6 My WL~ ’
therefore,
M

- S = P Smmm——— py =

The response time

T=l~Lo

. C

That is, the damping/inertia decreases with increasing size, and the
characteristic response time increases with increasing size.

Pitch and Roll - Damping and Response Time, Rigid Rotor or Offset Hinge
Articulated Rotor '

For the rotor without stabilizing gyroscope, damping of body motionms,
like that of the simple articulated rotor, arises from the rotor lag in
following angolaz rates:

W
- - R prr &
My = TGy + K3 A8, or My = TAey + 5] RESE £ a6 .

As for the simple articulated rotor, zseR/é is also invariant with size
in the rigid or offset-hinge articulated rotor without control gyro.

Therefore,
Ma R pmf
= e~ + = —— =
C 3 Th Kﬁ’ or C =Th + oe R R
Th + Kp WL + WKB 1 Ke
and C/I ~ —5—= ~ 5~ ~ Tt
WL L

independent of disk loading and where Kg is a constant. Inasmuch as the
control power and the damping very in the same manner, the final angular
rate is invariant with size, The response time

L2

L+ K8 :
That is, the damping/inerti“ decreases with increasing size and the re-
sponse time increases with increasing size. These variations with size

r= I/C~
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are more rgpid where large equivalent hinge offsets are used. However,
the use of equivalent hinge offsets provides significantly more damping
or lower response time within the foreseeable range of helicopter size.

Pitch & Roll - Damping and Response Time With Control Gyro

For the rigid rotor with control gyro, the damping is-determined by the
lag in control gyro attitude behind the body and shaft attitude. If the
precessional moment on the control gyro is proportional to the moment M
on the main rotor, M = Kp AGR, and M ~ MG = JG 20,

J 6

G. WL L 2
A~ —— ~ = ~ = (assuming J, ~ J_ ~ WL7),

R KB WK8 K8 G R
then
' 2

g=Md~ThA6R+KPAGR~WL/K8+WL~l+£
I éI éI WL2 Ka L’

independent of disk loading and where K8 is a constant.

The response time

K8L

T = I/C N Sme— e
kg
That is, the damping/inertia will tend to decrease and the response time
to increase as the size is increased when a control gyro is incorporated
with the rigid rotor. From this it mey also be seen that within reason-

gble limits the use of the control gyro and rigid rotor or hinge offset
allows the damping and response time to be tailored arbitrarily.

Pitch& Roll - Angular Rate

For either the rigid or articulated rotor, the steady angular rate per
unit of feathering angle is:

6 M
Oc JRQ
It has been shown that

My ~ W

IR

therefore,

Q ~ IN;

= =—m— ~ -— = constant and independent of disk loading.

37

o

SO < TR T sttt N

4




FURRA

Thus the angular rate obtainagble is invariant with size, although it has
previously been shown that the characteristic time to reach the angular
rate increases with size.

Pitch & Roll.- Relative Msgnitude of Equivalent Hinge Offset Terms

In the foregoing discussions of control power and demping, the terms
involving the constant KS are assoclated with the equivalent hinge off-
set ¢/R, and the other terms are associated with the rotor vertical
offset h/R from the vehicle center of gravity. In general, the control
pover and damping due to vertical offset vary inversely as the first
power of the size, whereas those due to equivaelent hinge offset vary
inversely as the square of the size. The net size variation then depends
on the relative magnitudes of the vertical and hinge offset contributions
to the control power and damping.

Referring to the equation for control power, the contributions are
equal if

W
- _REo%e .
R 2g R

Inasmuch as

__Eﬂ;é = Bo’ the blade coning angle,

wR'ﬁsz .
then the contributions are equal if

g - h

R 2 Bo R
For a helicopter in the 4000-pound class, typical values are h/R = 0.25
and B, = 0.038 radians. Then the contributions are equal if e/R = 0.019.

For e/R = 0.10, the K8’ or hinge offset, terms are predominant (by a
factor of .l/.Ol9 = 5.2) in the size effect variations at this size.

The hinge offset terms reduce relative to the vertical offset terms as
the size increases, inasmuch as the coning angle ﬁo increases with size;
from the above equation for pb, it is seen that

Bo ~ L

if the rotor weight fraction and tip speed are invariant with size. Thus
it sy be seen that for e/R = 0.10, the contributions will be equal at a
size such that p_. is 5.2 times as great; i.e., when the linear dimensions
are approximately 5 times as great and the weight is about 125 times as
great (gross weight = 500,000 pounds) as that of the 4000-pound vehicle.
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EFFECT OF SIZE ON CONTROL KEQUIREMENTS

FFFECT OF DISTURBANCES, JET VIOL

Wind and Gusts

Winds or gusts produce moments of the form
AM = Cm qSe
2 .2 3 :
AM ~ pV gL L ~1”, since p = constant, Vg = constant.

The resulting angular acceleration 1s:
. AM I3 1

L i L e I

I LS I?
indicating that the disturbing effects of winds or gusts decrease rapidly
with increasing size, The dlsturbing effects of winds or gusts are most
critical in roll and yaw for lateral gusts or lateral translation, and in
pitch for gusts from the rear or for backward transiation. These dis-
turbances are appreciable contributors to control power and damping require-
ments for small vehicles, but relatively minor for large vehicles.

Interaction between the winds or gusts and the lifting jet inlets and
exhausts creates pressure patterns on the upper and lower sldes of the
vehicle which produce moments tending to 1ift the upstream side of the
vehicle for center-mounted Jjets. Assuming the significant pressure-
pattern ares does not extend beyond the vehicle planform, the pitch or
roll moments produced are of the form

AM~AD, or AM~AL
3 I

depending on arrangement of jet inlets and exhausts (i.e.,whether inlets
and exhausts are located in proportion to the jet diameter or vehicle
cheracteristic length, such as with tip-mounted jets).

Where A, 1s equivalent jet nozzle area,

J

D, is equivalent jet nczzle diameter,

J
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The precise point of application cf force resulting from jet-induced
pressures acting on vehicle requires more complete configuration analysis
as contained in Reference 13.

The jet area is proportional to the weight of the vehicle, inasmuch as
the thrust (which is proportionsl to weight) is:

2

T = p,AV
7%
where pj is density of jet exhaust,

V., is velocity of jet exhaust,

J
and pj and Vﬁ are relatively invariant.
Therefore, T~ W ~ A

J
and D, ~ a2 /2 32,
J J
Therefore, AM ~ AJDJ ~W Wl/e ~ LBLB/2 ~ L9/‘c'> for M ~ A,ij

AM ~ AL~ W W3 o 3n~ 1 for M~ AL -

The pitch or roll accelerations produced by this jet interference (for
center-mounted jets)are of the form

_an PP

b = for AM ~A D,
AM Ll* 1

é=——-~-—§-~-— for AM ~ A L.
I L J

It may be seen that accelerations due to jet interference reduce slowly
with increasing size.

In sumary, ther, the control power/inertia, M/I required to balance gust-
induced disturbances, decreases with increasing vehicle size, With jet
inlets and exhausts located in proportion to the length, the variation is
of the form

1)




RS

where K. is & constant associated with gust-induced aerodynamic moments
acting 8n the vehicle in the absence of jet interference, and iz a
constant associsted with the jet interference. Inasmich as the gvailable
control power hes been shown to vary inherently as l/Ib it is obvious that
the control power required to offset gusts decreases more rapidly than the
irherently available control power as size increases.

With near center-mounted engines having inlets and exits located propor-
tional to jet diameter, the variation is of the form

K
I L L

where is define? as sbove and Kj, is associeted with the moments due

to jet interference of engines having inlets and exits located propor-
tional to jet diameter. Inasmuch as the lifting pressures at the extrem-
ities due to Jet interference near the center must be small, it can be
concluded that Kj; is small with respect to Kjqo, or at the most no larger
than Kg. It cen therefore be concluded that in this case also the control
power required to orfset gusts decreases more rapidly than the inherently
available control power as size increaces.

Engine Failure

Assuming simiiar engine placement and the same number of engines as size
increases, the moment due to engine failure is:

AM~ Tx ~WL~Lh where x ~ L
cg cg

AM~ Tx ~L3L3/2~L9/2wherex ~D'*'L3/2
cg cg J

and the acceleration is:

L
I Y L g

5/2
AM L 1 o ~p ~132

é = ~ )

depending on whether the engines are located with respect to the center
of gravity as a function of vehicle geometry or alternately as limited by
engine diameter.
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Ground Effect

The jet VIOL experiences & variation of vertical force with height in
close proximity to the ground. As the height above the ground decreases,
the vertical 1lift has been observed to increase for vehicles having jets
located near the extremities and to decrease for jets arranged near the
center. The decreasing force is explained by the reduction of pressure
on the vehicle lower surface caused by the jet exhaust and entrained air
having to increase velocity when the cross-sectional area of the flow
becomes confined by reduction of height above the ground indicated in
Figure 14. The increasing lift is caused by a portion of the radial
ground flow from the Jets being deflected upward as the jet streams from
opposing sides meet near the center of vehicle as shown in Figure 15.

The following are accepted in considering this phenomenon:

V3 is independent of size and 1s constant even when spreading out
aiong the ground (as flow spreads radially the depth of flow is
decreased) except as modified by air entrainment and friction.

2

M,j~w~vjAj~ij .

Experiments indicate that the pressure on the lower surface is the same
for vehicles having peripheral jets and the same geometry (particularly
height/length) and jet velocity. The variation of lift force per unit of
height[mass is derived through consideration of jet momentum and radial
spreading of the opposing jets after striking the ground, Figure 15. The
Jet streams continue to expand radially in the vertical plane following
the confluence midway between the jets.

F, ~ myv, [L/2 7 (b/2 + h)] and mv, ~ W

sz/mdh ~ v L/m (b + 2h) W~ 1/(1 + h/L).
The 1lift force per unit height[mass is constant for equal height/length

values. The 1ift force per unit height/mass 1is increasing as height
decreases, thereby stabilizing the vertical motion near the ground.

Tests show that entrainment of air by the 1ift jets is a primary effect
for vehicles with center~mounted propulsion systems. The radial flow of
the jet exhaust along the ground draws air under the vehicle lower sur-
faces as shown in Figure 1. The volume entrained is proportional to
planform area and velocity:

Volume per unit time or V, S~V L2.

J J

L2
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Figure 14 - Ground Effect, Center Mounted Jet




Figure 15 - Ground Effects, Tip Mounted Jets




- I Y T I R e i 2 TR g

g wa:,%‘
i e o

n
\" e

sr,
bt aaiiag
b .«

S5 o
%:{}a X lf}‘ﬂ*’ ’X‘g .:‘.‘

Since the entrained air 1s drawn from around the periphery of the plan-

form the flow area, A, and the mean entry velocity, Vé,may be expressed
A ~ph~T° i

V, = (Volume £1ow>/A ~ V,5/ph ~ VJLQ/LQ = constant,
independent of vehicle size for constant geometric height (h/L).

AT

The change of lift force per unit of height/mass 1is:

aF/ndh ~ (-8/m) AV %/an ~ (-g8/W) V,%%/p%

and W ~ L3
aF/udh ~ (1%/17) (1°/:%1) ~ 1/22 .

The lift force per unit of height/mags for the center-mounted jets
decreases with the square of the size. It should be noted that since

1ift is decreasing as height is decreased, the effect is destabilizing %g

the vertical motion. 3
4.

The jet VIOL vehicle also experiences an unstable moment variation with 3 :

attitude change when in proximity to the ground. This moment is associated §Tg
with the same phenomena =g afTect the 1lift variation with height, but 1is . B
destabilizing whether c.'.:ed by air entrainment in the radial ground flow
from center-mounted jets or by impingement ncar center of the jet flows
from tip-mounted jets.

Consider a vehicle with center-mounted jets, If the vehicle rolls through
a small angle ¢, the effective height is reduced on the low side and
increased on the high side, causing a difference in the entrainment flow
between the two sides.

2 2h

The unstable moment is:

AM 2
Py ~AVe Sb~AVe

and the acceleration varies as

23 ~ 3,

. A o o -

v 3
e/¢~ AM~L 1

cnm— e cume .
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Thus the unstable tendency due to entrainment decreases rapidly with
increasing size.

With tip-mounted jets, a small roll angle results in an increase in in-
ward flow momentum from the jet pointing inboard, and a corresponding
decrease of inward flow momentum from the jet pointing outboard. The
equal-momentum point at which the impinging jets turn upward is displaced
toward the high wing by an amount

Ay = h¢ 4-KDB¢.

The proportion of the total momentum striking the wing is approximately

F= mJVJ e/2m (h +1v/2).

The moment per unit roll angle is

M=FA.Y;~vaJ c(h+KDi)~WL (L + t%)
¢ & ~ 2n (h +1b/2) T
%~Lh+KLh'5

$_M_ 1, _K

¢ ¢I L 0.5 °

The angular accelerations due to impingement of jet flows from tip-mounted
engines decrease with increasing size.

EFFECT OF DISTURBANCES, HELICOPTERS

Yaw

The yaw angular acceleration produced by a sudden wind or gust on a hover-
ing helicopter is:

= AM/I = 1(ar/av ) V /T ~ TH/(Kg + w271y w2
¥ ~1/1 (kg + 1Y2) for w13

¥ ~1/L for W~ L2

where Vg is constant and dT/dVé is similar to dT/dVV, derived previously.
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The tail rotor collective pitch control 64 reqﬁired to counter this
disturbance is:

1/2 l/2
o, = AM/M ~ [1/1 (K, + iH?) v 1/12/uxg + 14/2)]
0y~ V8 = constant for W ~ I° or W~ 3. ’

Pitch and Roll

The pitech and roll angular accelerations caused by a horizontal wind or
gust ere derived as follcws. The moment on the main rotor is based on a
constant chord, ideally twisted blade with uniform downwash. Results are
similar for blades having moderately different geometiy:

2
AM fR f (p/2) (ar + Vgsin W)2 abe(r sin ¥)
0 o

[(e,R/r) + g sin¥ - v/(2r + v sin ¥ )] ara ¥/2n

AM

(p/4) (2R)® aber® [0 -0, + o, (3u2 + 2)/Bug g

Where T = (p/U4) (@ R)2 ebcR (Ot - ¢t) = W from Reference 12, page 58,

6

o = 0, and pg = constant, then the initial rotor precession rate is:

6 = AM/JRQ~WR|.J.8/WR2§2 = constant.

The initial precession rate is invariant with size or rotor type (rigid
or articulated).

The cylic pitch required to counter the precessional moment caused by a
horizontal wind or gust (setting AM = 0) is:

6, = 8oy 1 /(3s +2).

Since ay, is independent of size or rotor type (see page 17) and M, is
likewise the same for a given gust, the cyclic pitch required to counter
the gust is identical.

o p———— .

Since M, >» Kp, the rotor angular tiit is nearly the same for both
articulated and rigid rotor if the shaft and swash plate are fixed because
the tilt of the rotor changes the cylic pitcn of both rotors in the same
manner. However, the swash plate and shaft of the unstabiliz=d rotor are
not fixed and follow the motions of the rotor in continuing to precess.
The gyro stabilizer fixes the swash plate,providing corrective cyelic
pitch. It is necessary for the pilot of the vehicle with unstabilized

%
* b
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rotor to apply all of ti:= gust correction. The attendant lags in pilot
input will increase the disturbted motion of the unstabilized rotor with
respect to the motion of the stabil.zed rotor.

Although the initial rotor precession rate in response to a disturbance
is invariant with size, the fuselage angular acceleration decreases with
jnereasing size. This may be seen by noting that at any given rotor tilt,

1, 58

i+-—2 .
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PIIOT-VEHICLE COMPATIBILITY

Pilot Characteristics

Inasmuch as the pilot characteristics are inherently involved in flying
qualities criteria, certain basic assumptions as te the pilot characteris-
tics ghould be made in considering size effect (these assumptions are

not new and are frequently considered by other investigators, as reported
in Reference 19):

1. The pllot is experienced in the type.
2. The pilot is an adaptive servo.

3. For motions larger than the minimum perceptible the pilot is a
semilinear servo with appropriate phasing for the vehicle.

4, A requirement that the pilot augment the damping of the vehicle
(by providing lead phasing, or anticipatory control) increases
the learning time and the susceptibility to error.

a. The error susceptibility increases as the time available for
correction decreases: that is, as the pilot-vehicle motion
frequency increases.

b. The pilot is unable to provide damping for vehicle motion
frequencies (in radians/second) in the order of w ~ 1/t ,
the inverse of the pilot perception-reaction time.

5. For motion magnitude of the order of the pilot's minimum percep-
tion the pilot's response is nonlinear,

6. For small motions the pilot adapts to find a control input which
glves a vehicle motion response that is of the order of magnitude
of the pilot's minimum perception level.

to which two corollaries may be added:
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T. The type of control deflection giving minimal response is
generally an impulsive (force-time or deflection-time integral)
type of control.

8. If the minimum contrcl pulse provides excessive response, the
pilot will be unable to avold a continued oscillation.

Size Effect on Pilot-Vehicle Dynamic Stability

The above-stated pilot characteristics, in combination with the previous
discussions of the control power/inertia and disturbance susceptibility
variations with size, would indicate that very small VIOL vehicles might
be difficult to fly. The smaller vehicles inherently have high control
power relative to thelr inertia, and require this control power to offset
external disturbances. This characteristic implies that the minimuim con-
trol input available to the pilot may be excessive, leading to his over-
correcting observed angular rates and being unable to reduce them to less
than his perception level. This characteristic will be aggravated by
friction in the control system, which tends both to increase the overe
correction and to introduce lag in the control application.

The time to achieve a perceptible angular rate 6_ due to a disturbance or
control input is: P

For the jet VTOL aircraft, 6 ~1/L. Therefore t-—é' L. The time will
increase even more rapidly with size for other vehicles (as seen by the
equations for acceleration in Table 1). This indicates that the time
available to the pilot to perceive and react to an angular rate incre-
ment is less with small vehicle size. Thus the possibility of pilot-
coupled oscillations tends tc be greater in smaller vehicles.

Such a tendency toward difficulty in flying has been observed in some
one-man helicopters. Another instance was observed during flight testing
of a 2-place rigid rotor helicopter, in which an experimentel control
hookup resulted in a stable but lightly damped mode of body pitching
opposite rotor pitch at about 0.7 cps, or w= 4,5 rad/sec. This corre-
sponds to t = 1/w = 0.22 sec., indicating that the characteristic time
might be less than the pilot's perception-reaction time, The pilot found
that any attempt to control or damp this mode resulted in unstable pilot-
coupled vehicle oscillations that could only be stopped by freezing the
controls and thereafter not responding to this mode. This experiment

was repeated several times with the same result. The structural coupling
that caused the low damping of this mode was then removed.
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Limitations in Providing Damping

The limitations of the pilot function in providing damping may be examined
quantitatively in terms of a linear damper servo mechanism, Flight experi-
ence with these systems has shown that the allowable damper gain is limited
by the occurrerce of sustained oscillations at a frequency corresponding
to that at which the phase lag of the damper system just exceeded 90O de-
grees., The criterion for stability of the system is that the gain C/I

at the frequency for 90-degree system lag be less than that frequency in
radians per second., This follows from the fact that at 90 + ¢ degrees

lag, the "damper" acts as a spring with negative damping. The equivalent
spring constant K 6 is determined from X_ = (cé) $=00° = (Cwh) b=90°*

Therefore Ke/I = (Cu/I)¢=9oo. But Ke/I = w°, the square of the oscilla-
tion frequency producible by the damper gain. Therefore if
2
(-] (] o o th h -
(Cw/I)¢=9O > W gogoos BLving (C/I)¢=9O > Wy_goe » then the damper sys

tem gain is high enough to produce an unstable oscillation at the
frequency for 90-degree system lag. The criterion for stability is then

(C/T)ggoo < “pago® -

This criterion assumes thet the vehicle frequency without servo is negli-
glble relative to w, _ 0° The allowable gain decreases rapidly as the
vehicle basic frequé%é? approaches the servo system 90-degree lag fre-
quency, becoming zero when the two frequencies are equal.
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In terms of the pilot, it may be assumed that, for normal control in-

volving only small control motions, w = 1/t_ = 4 rad/sec. This
P¢=9Oo P

) relation implies that the pilot's contribution to damping a vehicle

: cannot exceed (AC/I) = 4 radians/second and that this contribution

' must be decreased as the vehicle basic frequency approaches k4 radians/

second, or if there are additional sources of phase lag in the control

system. In the vehicle frequency range from L4 to about 9 radians/second,

the pilot inputs can be expected to be dynamically destabilizing if the

pilot assumes he must control these motions. Experience has led to

recommendations such ac shown in Reference 5, Figure 8,requiring high

damping ratios for any vehicle modes in this frequency range.

The foregoing discussion also indicates that care must be used in the
design of servo systems for augmenting VIOL vehicle damping to avoid
damaging lags that would unduly limit the allcwable gain. Typical servo
damper systems for fighter aircraft have 90° lag frequencies of 20
radians/second and higher, indicating that gains as high as C/I = 20 are
easily available if within the limits of control power allocated to
damping.




In view of the damper gains of order C/I = 20 available in conventioaal
aircraft, it appears that dsmper gains of order C/I = 2 to 2.5, corre-
sponding to time constants of 0.5 to 0.4t second as proposed by Curry
and Mathews (Reference 5), are entirely feasible. This requires a
system with a 90° lag frequency greater than 2.5 rad/sec, or 0.% cps.
For the helicopter this minimum system frequency would probably require
a rotor rotational frequency definitely greater than 2.5 rad/sec, say 5
rad/sec. At 700 fps tip speed, this would imply a rctor no larger than
R = T00/5 = 140 ft., or 280 ft. diameter. Therefore it does not appear
to be a limitation for helicopters in the near future.

Y

With respect to damper gains for Jet VIOL aircraft, those using thrust
modulation will be limited in sllowable gain by the time constant of the
1lift engines. This limitation applies to height and/or attitude control
for all jet or fan 1lift VIOL craft using engine or fan speed to control
1ift and/or attitude. A typical jet engine in the 2000-pound thrust
class may have a first-order time constant of about 0.25 second. The
inverse of the time constant is the circular frequency Wa at which the
lag is 45 degrees, in this case w_ = 4 red/sec. In view of other lags
in the system, it may be assumed %hat the frequency for 90-degree phase
lag will be not greater than wgpe = 2we, in this case about 8 rad/sec..
This resuit would indicate a maximm vertical damping gain Cv/m somevhat
less than 8 for engines in this size class. For an engine of twice the
diameter (8000-pound thrust), the time constant is twice as great, indi-
cating a maximum vertical damping gain C,/m less than k4.

If the same thrust modulation 1s also used for attitude control, the
meximm angular demping gain C/I is related to the height damping gain
Cv/m by the square of the ratio of the engine distance [ from the
applicable axis to the ve?icle radius of gyration k aboug that axis.

That is, C/I = (Cy/m) 2 %) - This relation would indicate that engines

placed further out than the vehicle radius of gyration could provide a
higher angular damping than linear damping, and that engines inside the
vehicle radius of gyration would provide a low damping ratio. For ex-
ample, 1ift engines in wing tip pods could be expected to provide a
reasonable value of C/I in roll, but poor C/I in pitch, since the engines
are further out laterally than the roll radius of gyration, but the fore-
and-aft spread of the engines is small relative to the pitch radius of
gyration. It has been cuown in the JET VIOL section of EFFECT OF SIZE
ON HANDLING CAPABILITY that damping/inertia of jet VTOL aircraft is
decreased with increased size.

Accuracy of Control

The question of accuracy of maneuvering is related to veh'cle size in
terms of both dynamic stability of the pilot-vehicle combination and of
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vehicle susceptibility to external disturbances. Accuracy is partic-
w.arly involved in hovering/flying near obstacles, aiming or firing
guns, and in IFR flight.

Aiming or firing and IFR flight are examples of maneuvers requiring
angular accuracy. This accuracy is reduceda by response to external dis-
turbances and by excessive response to controls, and is increased by
increased damping. On this basis it would appear that very small vehi-
cles, having excessive control power (poor pilot-vehicle compatibility)
and gust sensitivity would be relatively less accurate than larger ve-
hicles having better compatibility and less gust sensitivity. In vehi-
cles large enough for satisfactory pllot-vehicle compatibility, the
effects of reducing gust sensitivity tend to incresse accuracy with
increasing size. On the other hand the reducing inherent damping with
size tends to reduce accuracy.

In the absence of external disturbances, the maximum angular error occurs
if the angular error and error rate reach their respective perception
thresholds at the same time. The maximum angular error is:

0 =0 + 6 T
“max. Y K13 ‘0 P

where Ky will have a value between 1 and about 2, depending on the mag-
nitude o% the corrective control impulse which is applied at time T
after the threshold error occurs. The accuracy in the absence of dgs-
turbances then depends primarily on the perception accuracy and is inde-
pendent of size, unless the size can be used to increase the perception
accuracy.

In the presence of external disturbances giving displacements appreciably
larger than ithe threshold, the angular displacement at the time Tp at
which the pilot takes corrective action is:

*T. T,
eTp = @W/1) [rp 7, - 7,2 (1-e p/™)] = (aM/1) £(r,)
where 7, is the vehicle time constant, and ASM/I is the step disturbance
megnitude relative to the vehicle inertia; i.e., the initial angular ac-
crreration. The total excursion is expected to be not much greater than
6T » inasmuch as the corrective impulse is assumed to be applied at time

p

Tp and to be properly sized to correct and return the vehicle. The value

BT ig therefore reasonably proportional to the maximum excursion.

I
The factor in brackets, f(r,), is plotted on Figure 16 as a function of
vehicle time constant t_, for two values of the pilot time constant +_.

These values are Tp = 0.25 sec., representative of normal small-deflgction
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control, andr, = 0.5 sec., representative of large control deflections
or of poor mo%&on cues and visual cues by which to control. It is ap-
parent from these plots that little reduction of the excursion magnitude
is obtained from the vehicle damping if the vehicle time constant Ty 18
greater than the pilot time constant o
On the other hand, large reductions in the excursion megnitude are ob-
tainable if v, is made less than T,; that is, if the vehicle damping is
made larger tgan that which the pifot can supply. It is of interest
that conventional aircraft have time constants less than that of the
pilot and generally require no auxiliasry damping, whereas VIOL vehicles
(except the rigid rotor with stabilizing .gyro) have time constants
greater than that of the pilot and benefit from additional damping.

The effects of size on the angular accuracy in the presence of gust dis-
turbances may be evaluated from the variations of AM/I and of £(r,)

with size. The initial acceleration AM/I has been shown to decrease
with increasing size as a function between first and seccnd power. The
vehicle time constant has been shown to increase with the first power of
size. A reasonsble curve fit indicates that £(r,) ~ K_ O-l fram v, = .25
to Ty = 1.0. Therefore, v

- ~AM
emax. GTP I f(Tv)

M L » vhere K., , K._. depend on configuration,
K,,L + K 12 147 15
14 15

1 1
f(Tv) ~ T -~ L )

v

then 1
o . L’ - 1
max. 2 .9 1.9 °

Therefore, it is concluded that the maximum angular error due to a dis-
turbance decreases with size, and is not significantly reduced by augment-
ing the vehicle damping unless the augmented damping is greater than that
vhich the pilot can supply. Exceptions to this statement follow:

1. In the case of very large disturbances such as those caused by
failure of an offset 1lift engine, there is an additional pilot
lag associated with the pilot's adaptive mechanism: he must
adapt suddenly from use of small control inputs to much larger
inputs, and this createss an appreciable additional lag which
may be called the adaptive lag. The total pilot lag in applying
sufficient control in such cases may vary from C.5 sec. to 1.0
sec. In this case augmented damping will be of great benefit
in reducing the vehicle response.
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2. In normali operation, vehicle damping of the same order as or
greater than that otherwise supplied by the pilot relieves the
pilot work load, permitting more attention to mission and re-
ducing susceptibility to error due to fatigue.

IFR Control

The outstanding characteristic of flight by reference to instruments is
the lack of the instantaneous attitude and position information which is
available by direct or peripheral vision under visual flight conditions
(as noted by the authors and other observers). The use of his peripheral
vision under VFR conditions allows the pilot to maintain quick reactions
for flight control while conducting other tasks. The VFR reaction time
is necessarily slowed under IFR conditions by the fact that

1. A minimum of two instruments - artificial horizon and direction
gyro - is usually required for attitude control, and a third,
the turn/bank, is also scanned. Time is lost in shifting a.nd
focusing on each instrument in turn.

2. Some percentage of the time i1s unavailable for attitude and po-
sition control while scanning engine condition instruments, etc.

3. In the VIOL mode, three-axis linear position information and
control assume equal importance with attitude infomtion and
control. If past practice were followed, at least two instru-
ménts would be added for this purpose, meking it necessary to
scan at least four essential instruments to control the aircéraft.
Assuming that 80 percent of the time is devoted to the four es-
sential instruments, each instrument would get 20-percent atten-
tion. This fact indicates that the pilot's perception-reaction
time may be increased nearly fivefold relative to VFR by the
mode of iiformation presentation.

From previous discussions, large increases in pilot reaction time indi-
cate comresponding decreases in his ability to provide vehicle damping
and increases in the vehicle attitude errors due to external disturbances.
In the VTOL mode, the corresponding linear position and velocity errors
would be unacceptable. This decrement in capability can be compensated
for by vehicle damping, which in the VIOL mode may need to include linear
damping in height and horizontal translation as well as angular damping
in pitch and roll.

An interesting alternative suggested by other investigators (such as
those given in Reference 10) is the possibility of providing all attitude
and position information in one presentation. This may be a head-up
presentation involving projection of a simulated ground with landing
target, or an instrument presentation on one dial requiring no eye shift-
ing. The pilot IFR reaction times may be shortened to the order of VFR
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times, and accuracy could conceivably be increased. Thus it appears
that completely blind takeoffs and landings would be practicable with
the proper form of data presentation to the pilot. Emphasis should be
given toward development to this end.

The effect of size in IFR operation is most apparent in the response to
external disturbances. In conventional aircraft, pilots report that
large transport aircraft are easier to fly IFR than light planes because
of their slower response to disturbances. This slow response makes long
pilot reaction times more acceptable, and is presumably one of the rea-
sons why good data presentation for the pilot has not been adopted. More
importantly, however, conventional aircraft have not required fast re-
actions for damping about any axis, or for control about any axis other
than roll.

Hovering

The task of hovering normally involves small control motions wherein
maximm control power is not involved unless the vehicle is highly sus-
ceptible to external disturbances or has attitude instebility in ground
effect. If maximum control power requirements are determined from ve-
hicle flight tests in hover and low-speed maneuvers, care should be taken
in attempting to apply these requirements to vehicles of other sizes in
view of the rapid variation of vehicle susceptibility to trim changes,
external disturbances, and attitude instability with vehicle size.

Control power requirements in the absence of two of these effects (gusts
and ground effect instability) can be investigated by use of varisble-
stability aircraft which can be adjusted to cancel vehicle angular accel-
erations, due to any causes other than pilot irmuts. If adequate alrspeed
sensors are available, trim changes due to speel can also be canceled.

More important to the experimental investigation of the effects of size
on handling qualities criteria, however, is the fact that such a variable-
stability VIOL research vehicle can be adjusted to represent the accel-
eration response to disturbances and the trim changes with speed of any
size vehicle from very small to very large. Control power and damping
criteria appropriate to these characteristics can then be determined.

Some of these data are provided in Appendix IV.

It 1s recommended that such experimental investigations of the effects

of size on handling qualities criteria be conducted before definitive
criteria are adopted. The NASA Ames X-14A VTOL research vehicle and the
NASA Langley variable-stability helicopter are adaptable to this research.
With each change in simulated vehicle size, sufficient flight time should
be allowed for the pilot to adapt to the "feel" of the vehicle before
quantitative evaluation i1s undertaken.
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Pilot Acceleration Effects

It has been shown that the vehicle angular accelerations due to control
inputs decrease linearly with increasing vehicle size,

6~1/L .

© riag A o € e Vi S ¥

Since the pilot distance from the vehicle center of gravity is propor-

tional to size (Appendix II), his linear acceleration due to an angular
contrel input,

Zp ~ 8L = constant,

is !ndependent of size. This initial linear acceleration of the pilot
will not be properly simulated in a fixed-size research vehicle.simila~
tion of size effects, nor will pilot linear accelerations duo to exberml
disturbances. The ratio between linear accelera.tiom due to,, eontrol

inputs and those due to external angular disturbances:will; Wvor,
preserved.

Effect of size on the centrifugal acceleration appligd to the pilot by
vehicle rotation velocity is derived as follows. It.has been shown that
the angular velocity is:

Jet VIOL aircraft
6, ¢, U = constant
Helicopters
8, ¢ = constant
‘j‘ ~ 1/ L .
Then using the relation that pilot's distance to the vehicle center of
gravity is proportional to characteristic length, his centrifugal ac-
celeration due to angular rate is:
Jet VIOL aircraft
% ~6°L ~1L
# ~{°L ~ L
g~ ~1 .
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Helicopters

% ~6°L ~ L
# ~ 0L ~1/1

Optical Effects

The large VIOL vehicle hovers with the pilot higher off the ground than
does the small vehicle. The pilot's accuracy in perceiving position and
velocity is diminished in proportion to his height, but remains in pro-
portion to the vehicle size. Inasmmuch as he will tend to maintain his
clearance of any near obstacles in proportion to vehicle size, his rela-
tive accuracy is independent of size. A noticeable effect of larger
g.ze, however, is that greater time is used in acquiring a perceptible
velocity or position error following a given attitude change. This
lengthening of the time scale with increasing size eases the pilot task
in hovering, Jjust as has been observed for the size effect in IFR flight.

It should be noted that optical effects associated with size occus only
in relatively close proximity to ground or obstacles. At distances be-
yond about twice the vehicle characteristic dimension, judgement of dis-
tance and speed is based on binocular vision, apparent size of famliliar
objects, perspective effects, etc.

MISSION-ORIENTED CONTROL REQUIREMENTS

The most obvious limitations of increased size are associated with flight
near obstacles. The large vehicle cannot land in all the same clearings
avallable to the smaller vehicle, nor can it i1ly in all the same channels.
For a given twisting channel that both can fly through, the larger ve-
hicle must fly slower because its turns are necessarily sharper than
those of the smaller vehicle. The larger vehicle must also fly slower

in contact flight with severely restricted visibility, inasmuch as the
vehicle extends to a larger percentage of the visible field.

The Jet VIOL, because of its limited hover time, has no mission at low
speeds other than to take off and accelerate to flight speed, then to
convert to hover and land at the end of its flight. Typical maneuvers
associated with these tasks are discussed in References 8 and 14. The
associated control power requirements are relatively low. Because of
its higher wing loading, the large vehicle covers a greater speed range
from the stall speed to hover,

Aq~g ~L
~ AV~ WL -




Since linear deceleration or acceleration is invariant with size
At ~ AV ~ AL

The deceleration time (and distance) increase with size. The trim
changes are proportional to

aM=  qS¢ ~ LL°L - o

and
aM_ 1,
1 I L

The control power/inertia required to trim center of gravity changes to
allow for expendable load items such as fuel and military items, and to
give some flexibility in loading the aircraft (based on center of grav-

ity limits as a constant percentaege of characteristic length as is nor-
mal practice)is: ' ‘

These relations show that the control power/inertia required to balance
trim changes decreases with increasins size and (in the case of speed
changes) inat the time available to compensate for these reduced trim

changes 1s greater. These variations are in balance with the variation
of capability with size.

Helicopters, berause of their greater hovering efficiency, have a number
of missions in the hover and low-seed range. These may vary from pole

setting, winch rescue and sonar dipping to "pop-out" combat from behind
cover.

The "pop-out" maneuver is likely to require maximum control power, inas-
much as the pilot wants to appear and disappear as rapidly as possible.
The vertical pop-up involves 1lift control power, FcV/m, vhich for a
fixed increment of collective pitch decreases only slowly with size
(page 35), but which is independent of size for a fixed increment of
blade 1ift coefficient or fixed percentage increment of power. It 1is
therefore expected that the vertical acceleration capability will not
vary appreciably with size.

Horizontal accelerations for popping out laterally are produced by tilt-
ing the rotor laterally, the acceleration being § = g sin ¢p. The rate
of rotor tilt per unit of feathering angle is:
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from which it may be said that, to the first approximation, the lateral
acceleration is also independent of size so long as the droop stops are
not hit because of lag in fuselage roll response behind the rotor. The
lag is due to the fact that the rotor, being hinged or flexible, tilts

more rapidly than the fuselage.

It should be noted that there is a small lag in development rotor roll
rate not shown by the usual gyro precessional equation. This lag is of
order T = 1/Q and can therefore be safely neglected in these discussions;
this lag does, however, increase linearly with rotor size, since § ~ 1/L.

Inasmuch as the initial lateral acceleration is nearly independent of
size, and the lateral acceleration occurring after the rotor-fuselege
tilt is developed is also independent of size, it may be concluded that
the capability to perform a given lateral translation maneuver (in feet
of lateral movement) is nearly independent of size. The "pop-out"
maneuver, however, normally requires a motion of about one rotor diameter,
g0 that the time required increases with size.

In general, then, linear acceleration capabilities of the helicopter are
nearly invariant with size although the angular acceleration capability
decreases with size. Inasmuch as mission capability depends primarily
on linear capability, it appears that mission capability is nearly in-
variant with size except for those cases in which the size itself is the
limiting factor.
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APPENDIX I
DAMPING AND CONTROL POWER DERIVATION

The damping/inertia value shown in Figures 1, 2, and 3 of the Introduc-
tion to this report were computed from the equations of Table 2 and
moments of inertia for the indicated axis and weight given in Appendix
IT, Figure 23.

The control power/inertia values shown in Figures 4 through 13 of the
Introduction were calculated from damping/inertie (above) and the
angular displacement and time given in Table 2 corresponding to axis
and weight indicated. The following equations were used:

For zero system time lag =~
M/1 = ec/T [t - (1/0) - e7t/1)]

For 0-2 second system time lag -
Mo/T = 0¢/T {t-0.2-(z/c) 1 - o(0-2-t) C/I]}.

Whe.e angular rate is specified in Table 2, the control power/inertia
ratio was obtained from the expression:

Mc/I = 6c/1T.

The damping/inertii determined from the criteria of Reference 5 was
computed on the following basis:

¢/ = /(T - -rL)
where
T is the response time given in Reference 5,

and

T, 1is the system time lag.

L
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The final angular rate used in computing the control power/ inertia
from Reference 5 was assumed to be the product of the limit control
force for hover specified in Figure 4, Reference 5 and the maximum
steady state angular velocity per unit control force specified in
Figure 5, Reference 5. It is recognized that the control system lag
generally increases with size and, consequently, the damping and
control power must increase with size to maintain constant response
time and constant angular velocity relation. Since system time lag
varies with configuration as well as size, the constant values shown
in Figures 1, 4, 7, 10 and 12 may be misleading. Curves are shown in
Figure 4 and 10 for zero system time lag and Figures T and 12 for 0.2
second time lag.
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APPENDIX II
VEHICLE CHARACTERISTICS

The characteristics of non-VTOL and VIOL flying vehicles, including
helicopters, are given as a function of gross weight in the following

figures:

Pigure
17
18
19
20
21
22

e3

Span

Length

Distance from pilot's eye to vehicle center of gravity
Distance from pilot's eye to ground (vehicle on ground)
Distance from pillot's eye to vehicle forward extremity
Wing Ioading and Disc Loading

Moments of Inertis

The symbols in the figures represent the following vehicles:

Qo DO DOV

Non-VTOL VTOL

T-37C ¢V B2 O Xc-1k2a
F-104G 7 cu-1c O x-19a
F-4B D 2694 O Xv-ha
Super DC-3 O Hu-1B O xv-5a
DC-6 O OH-5 <3 p-1127
DC-T7 G xH-51 C> BALZAC
DC-8 g s-60
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The trend lines drawn through the data for span and for length are in
agreement with trends shown in Reference 9, Page 15, and Reference 15,
Page 19. The lines drawn for moment of inertia data were taken from
Reference 15, Page 19.
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1. Pilot's Perception\ .

4
i

The sensory 1nformation +he pilot uses to direct the vehicles under -dis-
cussion is primarily visual although many other ¢lues are helpful ‘The
threshold of the ability to Jjudge velocity relative to distance of the

observer from the moving object is described in Reference. 16, Figure 10,

as & function of the visual angle subtended by the target. The figure ;
s sh‘"s that the minimum perceptible rate lies between O. 15 and 0.30 feet -
_per second ner foot when the included -angle is between 20 and 130 degrees.

Thd cbility to” estimate distance based on the known size of the object

i§ shown in Reference 16, .Figure 9. These data indicate that the error i

in estimating distance is between 15 percént less and 20  percent more

- than the actual distance, ‘if the data on the 30: inch.Mercury'balloon .are.

ignored (these data are within the tolerance below LOO feet). Obviously
the minimum vehicle clearance with obstacles must provide for this error. >

figures 17, 19, 20, and 21 of Appendix II show the distance from pilot's

tance from eye to most forward vehicle extremity, respectively, as a
function of vehicle gross: weighte It may be seen from Figure 21 that
distance from the eye¢ to the forward\extremity -and the perception error
are . benerally independent of vehicle size. The rearward distance to the
eye is not given because vision is usually limited.in this direction.

‘Reaxward obstacle distance can be maintained by selecting an operating

site large enough for rearward clearance if proximity to forward obstacle
is retained. Distance from the pilot's -eyz to the lateral extremity is:
half the span shown in Figure 17, Appendix II. The latter distance and
accompanying perceptive error increase with vehicle weight.

-

The U. S. militery helicon%er specification (Reference 2, Sectiuns 3:2.13; .
3.2.14, 3.2.18, 3.3:19, and 3.6.1.1) specified inécreased longitudinal end
lateral control power and damping for instrument flight conditions.. These
requirements vere esteblished from 2light tests of instrument approaches.

Tt is noted that ‘nese tests BhOWed satisfactory descents up t0 approxi<

mately 12 degrees using only non-VIoL eirplane tyge instrumenﬁation and

speeds of 30 to 60 knots. Deficiencies in both inbtrumentation and
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handling qualities prevented obtainment of data for descents steeper
than 12 degrees, transition to steep descent, and terminal near vertical

descent (References 17, and 18). Analysis developed herein (pp. 59 and 60)

indicates that the major deterrent to IFR flight is the long pilot re-
action time associated with present methods and type of data presentation
to the pilot.

2. Pilot Response Time

The time for a normsl human pilot to respond to general stimuli {combined
visual, aural, body pressure, etc.) is given in Reference 19, page 15,

as 0.3 to 0.5 second. It is shown in Reference 16, page 321, Figure 11,
that the response to purely visusl observations (observer fixed) of
angular motion between objects is considerably slower for the rates

shown. Unfortunately the maximum rate is only 1.6 milliradians per sec-
ond (0.1 degree per second), which réquires & second for motion identifi-
cation. Extrapolation of these data indicates that a response time of
0.5 second may be reached for angular rates between approximately 2 .and
3 milliradians per second. No information could be obtained on time to
identify a linear distance or motion.

For the purposes of this study it is assumed that perception-reaction
timeés as short as 0.25 second are applicable for normal small-deflection
control situations with experienced pilots. Additional lags are associ-
ated with larger control deflections and with adaptation 6 changed
conditicas.

Fundamental data on human perception and response are incomplete and
appear to lack a broad statistical base. Additional information in this
area is esgential to the ultimste esteblishment of flying qualities
criteria.

3. Vertical Velocity Control

The sbility of the human operator to control vertical velocity hes been
delermined experimentally to be a function of the vehicle delay or re-
sponse time and the linear velocity demping as indicated by Reference 20.
In order to operate without vertical damping it is necessary to reduce
the control response time (time to reach 63 percent of acceleration
commanded) to 0.2 second. Systems having control lags of larger than
0.4t second do not provide a satisfactory Cooper pilot's rating even with
demping. Similar reletions are developed analytically herein, as dis-
cussed in the section on pilot-vehicle compatibility.
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APPENDIX IV

EXPERIMENTAL DATA ON DAMPING AND CONTROI, POWER

A means of estaeblishing general handling qualities criteria is by deter-
mination of parameters which provide vehicle motion characteristics with
respect to control displacement identical to those of vehicles which
have satisfactory qualities for the mission to which the criteria are to
be applied. Control power/inertia in terms of control displacement,
damping/inertia, derivatives of aerodynemic moments/inertia, derivatives
of aerodynamic force/mass, control system time characteristics, and
external disturbances are parsmeters which can define motion of the ve-
hicle with respect to control input or externel disturbances. These
parameters will be used to describe handling qualities in the following
discussion for the reasons given in the Intrcduction.

MINIMUM DAMPING/INERTIA RATIO

Flight tests of the X-14A and P-1127 VTOL airplanes, and the NASA Langley
variasble stability helicopter have demonstrated that VIOL vehicles can
be flown satisfactorily without damping provided that nearly zero aero-
dynamic derivatives are provided inherently or artificially (as was the
case on the helicopter). Additional tests, References 21, 22, 23 and
2k, of several varisble-stability helicopters and a fixed-base flight
simuleator have shown that the damping/inertia for a given pilot rating
is a function of aserodynamic characteristics for hover and low speed
flight. The above functions are illustrated graphically in Figure 2k
for normal flight conditions with a Cooper pilot rating of 3.5 and in
Figure 25 for emergency conditions with a rating of 6.5. The control
forces and senstivities were adjusted to be near-optimum for minimum
damping/inertia. Other control system characteristics, time lags, dead
bands, etc., were considered as having been reduced to a level of
insignificance.

The data shown in Figures 24 and 25 are believed to be unaffected by the
15-knot wind and turbulence simulated in the tests, as indicated by re-
marks in Reference 4, page 4, (NASA personnel indicate tests have been
made of X-14A in winds up to 25 knots without changes in pilot ratings)
and comparison of results at other wind velocities, including zero, in
Reference 24, Figure 12. It may be noted that the Reference 2k data
show an increasing effect of wind and turbulence gbove 15 knots. Hence
the data of Figures 24 and 25 are considered satisfactory maneuver
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criteria, adequeté for winds up to 15 knots. plus gusts up to at least
21 knots.

The damping/inertia of Figures 24 and 25 are strongly influenced by the
aerodynemic derivative with respect to velocity/inertie and to a lesser
extent by serodjnamic force derivative with respect to velocity/mass.
The latter quantity reduces the required damping since aerodynamic force,
in this case drag, actually is a damping force. The moment derivative,
on the other hand, increases the required damping since the pilot's task
is increased by heving to cope with an uncommended attitude change.

It is surprising that the damping/inertia requirements for the pitch
axis (Figures 2% and 25) are higher than for roll and yaw. This differ-
ence may be caused by interaction of other unspecified aerodynamic
derivatives or variations in pilot's ratings. It is caubioned that the
date from Reference 24 are from a tixed base simulator, therefore lack
motion cues.

It is believed that the relationships shown in Figures 24 and 25 are
independent of size. However, the moment derivative with respect to
velocity/inertia for geometrically similar vehicles is being reduced
rapidly with size:

My/T ~ 317 ~ l/L2 .

Hence the minimum damping/inertia may also be reduced with size until
minimum values are reached.

DESIRED CONTROL POWER/INERTIA RATIO

Desired control power/inertia corresponding to minimum or near-minimum
values of damping/inertia appears to be a function of the damping/inertia
as indicated by flight and simulation tests for hover and low speeds,
References 4, 17, 21, 22, 23, and 24. The test date and trends from
these tests are shown in Figure 26 for normal operations corresponding
to a Cooper rating of 3.5 and Figure 27 for an emergency condition with
a rating of 6.5. Most of these data were obtained simultaneously with
values illustrated in Figures 24 and 25, therefore are subject to the
remarks given in the previous section. The points teken from tests not
having data shown in Figures 24 and 25, however, appear to satisfy the
same qualifications.

The trend lines shown in Figures 26 and 27 indicate that the desired
control power/inertia increases in proportion to increase of demping/
inertis,tending to maintain angular displacements constant for short
time control inputs (these trends do not appear to maintain consteit
anguler accelerations or rates) as would be expected. The test data
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points do not show significant deviation from +he trend lines with
respect to vehicle :size (unfortunately the variation in size is insuf-
ficient to be conclusive), type (jet VIOL, and single and tandem rotor
helicoptors are represented), or axis. ‘

In general the plots of control power/inertia versus demping/inertia
from which desired control power/inertia in Figures 26and 27 were chtained,
indicate that desired values may be varied plus or minus ten percent
without appreciably reducing: the Cooper ratings. Vehicles designed to
have more control power/inertia than that ccrresponding to minimum

'damping/inertig given in Figures 24 and 25 (as may be the case for com-

bat type vehicles in order to achieve more agility) should be provided
with higher damping/inertia corresponding to the values in Figures 26
and 27. This will insure good handling qualities and prevent oversen-
sitivity. Higher angular accelerations and rates will be available
because desired control powér/inertia increases more rapidly than the
damping/inertia while providing satisfactory damping.

Since thé minimum damping/inertia tends to te reduced with size down to
ultimate values (as shown in a previous section) and the control power/
inertia is proportional to damping/inertia, tk: comtrol power/inertia
should also diminish with size until minimum values are reached. No
flight test data are available on the effect of winds and gusts above
25 knots. Limited simulator daeta with winds and gusts ebove 25 knots
are -shown in Reference 24, Figure 12.
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