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FOREWORD -

This report is one of a series prepared by The Boeing Vertol
Company, Philadelphia, Pennsylvania for the National Aeronautics
and Space Administration, Ames Research Center, Moffett Field,
California under contract NASZ—6598. The studies reported

under Volumes I through IV and VIII through X were jointly
funded by NASA and the U.S. Army Air Mobility Research and
Development Laboratory, Ames Directorate. Volumes V through
VII were funded by the U. S. Air Force Flight Dynamics Labora-

tory, Wright Patterson Air Force Base, Ohio.

This contract wés administered by the National Aeronautics and
Space Administration. Mr. Richard J. Abbott was the Contract
Administrator, Mr. Gary B. Churchill, Tilt Rotor Research
Aircraft Project Office, was the Technical Monitor, and coordi-
nation and liaison with the U. S. Air Force Flight Dynamics
Laboratory was through Mr. D. Fraga. The Boeing Vertol Company
Project Engineer for the work presented in this report was

Mr. H. Rosenstein.

The complete list of reports published under this contract is
as follows:
» Volume I -- Conceptual Design of Useful Military
and/or Commercial Aircraft, NASA CR-114437
Volume II -- Preliminary Design of Research Aircraft,

NASA CR-114438
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Volume III -- Overall Research Aircraft Project Plan,
Schedules, and Estimated Cost, NASA
CR-114439

Volume IV -- Wind Tunnel Investigation Plan for a
Full Scale Tilt Rotor Research Aircraft,
CR-114440 |

Volume V -- Definition of Stowed Rotor Research
Aircraft, NASA CR-114598

Volume VI -- Preliminary Design of a Composite Wing
for Tilt Rotor Aircraft, NASA CR-114599

Volume VII -- Tilt Rotor Flight Control Program
Feedback Studies, NASA CR-114600

, Volume VIII -- Mathematical Model for a Real Time
Simulation of a Tilt Rotor Aircraft
(Boeing Vertol Model 222), NASA CR-114601

Volume IX -- Piloted Simulator Evaluation of the
Boeing Vertol Model 222 Tilt Rotor
Aircraft, NASA CR-114602

Volume X -- Performance and Stability Test of a
1/4.622 Froude Scaled Boeing Vertol
Model 222 Tilt Rotor Aircraft (Phase I),

NASA CR-114603
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SUMMARY

This report documents the development of a real time mathemati-
cal model of a tilt rotor aircraft. This mathematical model is
to be used in conjunction with the NASA Flight Simulator for
Advanced Aircraft (FSAA) at Ames Research Center for evalua-
tion of aircraft performance and handling qualities. In addi-
tion to developing the mathematical model, a parallel program-
ming effort was conducted utilizing Boeing-Vertol's Hybrid
Simulation Laboratory for the purpose of developing and evalua-

ting model simplification.

The mathematical model is an eleven degree of freedom total
force model. This model includes the basic six degree of free-
dom rigid body outer loop equations written about the instanta-

neous center of gravity with the inertial and aerodynamic terms

included. The rotor is treated as a point source of forces

and moments with appropriate response time lags and actuator
dynamics. The wing has one vertical bending and one wing tor-
sion degree of freedom. These structural degrees of freedom are
treated on a "quasistatic"basis; 1i.e., the natural frequencies
of vibration of the structure are much higher than the frequen-
cies of the rigid body motion, and the coupling is in the aero-
dynamic terms. Each nacelle has an independent pitch degree

of freedom about the wing pivot. The aerodynamics of the wing,

tail, rotors, landing gear and fuselage are included. Wing
and tail mutual interference effects and turbine engine per-

formance and dynamic responses are represented.
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The control system elements represented include pilot command
(longitudinal and lateral stick, pedals, nacelle position and
rate, power), three-axis stability augmentation systems (SAS),
thrust management system (includes rotor constant speed goven-
or) and a load alleviation system (LAS). The LAS system in-
corporates feedback to rotor cyclic and collective pitch for
purposes of improving sﬁability, blade load reduction, gust
alleviation and increased damping of aeroelastic modes.

Control system actuator dynamics are represented by appropriate

second order systems.

The mathematical model was programmed on Boeing's hybrid
computer. This program was real time and was used to evaluate
model simplification and also to develop and optimize stability

augmentation, control, and load alleviation systems.

The mathematical model was written to make it as flexible and
as general as possible while still retaining the real time
execution capability. This program is a valuable design tool
for control system design, SAS optimization, and flying quali-
ties evaluations and improvements. The model is capable of
operating in all modes of V/STOL flight (forwards, backwards,
and sidewards) with no restrictions. This mathematical model
represents the Model 222 tilt rotor configuration as proposed
in Boeing's 'Study of V/STOL Tilt Rotor Research Aircraft

Program (Phase II)", dated January 1973.
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Symbol

AR

ANF(u+

A
PM (u+
A
SF (u+4v)

AT(u+4v)

Rotor disc ar

Aspect ratio

D Coefficients of curve fit equation for wing
(u+5V) dgrag coefficient as a function of angle of

NOMENCLATURE

Definition

ea (per rotor)

attack and surface deflection

4 )Coefficients of curve fit equation for
Vinormal force coefficient with zero cyclic

pitch

p Coefficients of curve fit equation for
(u+4v) rotor power coefficient with zero cyclic

pitch

4v)

zero cyclic p

cyclic pitch
Coefficients
rotor thrust
pitch

Coefficients

YM
(U+4V) rotor yawing

Alc
Aic

Alc

-
a
a

(ag/a)

pitch

Lateral cycli

itch

of curve fit equation
coefficient with zern

of curve fit equation
coefficient with zero

c angle in rotor wind

Lateral cyclic angle in swashplate

Coefficients of curve fit equation for
rotor pitching moment coefficient with

Coefficients of curve fit equation for
rotor side force coefficient with zero

for
cyclic

for
cyclic

axes

axes

Lateral cyclic angle in swashplate axes
resolved through swashplate phase angle

Speed of sound or acceleration

Acceleration

Ratio of lift curve slope in ground

effect to lif
ground effect

t curve slope out of

XV

ft/sec

Units
ft2
N.D.

deg
deg

deg

or ft/sec2

ft/sec2
ND



Symbol

NOMENCLATURE

Definition

Percent brake pedal deflection

Aircraft butt line

Longitudinal cyclic angle in rotor
wind axes

Longitudinal cyclic angle in swashplate

axes

Longitudinal cyclic angle in swashplate
axes resolved through swashplate phase angle

Span of lifting surface (wing, tail,etc.)

Chord

D
as
Drag coefficient at zero lift

Drag coefficient

Drag coefficient increment

Drag coefficient referred

to rotor slipstream dynamic pressure =
D/qgS

Lift coefficient = L/gg

Averadge lift coefficient

Lift coefficient increment

Lift coefficient referred to rotor
slipstream dynamic pressure = L/qgS

Lift curve slope
Lift increment due to flap deflection

Rolling moment coefficient = L/q bS

Rolling moment coefficient referred to
rotor slipstream dynamic pressure =

L/quS

Xvi

Units
N.D.
inches

deg

deg

deg

feet

ft,
ND

ND

ND

ND

ND

ND

ND

ND

1/rad
1/deg

ND

ND



NOMENCLATURE

Definition
Pitching moment coefficient = M/qSC

Wing pitching moment coefficient as a
function of flap deflection; pitching

moment coefficient of fuselage or nacelles

at zero angle of attack

Pitching moment coefficient increment

Pitching moment coefficient referred
to rotor slipstream dynamic pressure =

M/qgSC

Change in wing/body pitching moment
coefficient as a function of flaperon
deflection

Yawing moment coefficient = N/qSb

Yawing moment coefficient of fuselage
or nacelles at zero angle of attack

Yawing moment coefficient referred to
rotor slipstream dynamic pressure =

N/qgSb

Rotor normal force coefficient
= NF/pmn§?R"

Rotor normal force coefficient with
zero cyclic pitch
550RHP

Rotor power coefficient =
p3R®

Rotor power coefficient with zero cyclic
pitch

Rotor hub ?itching moment coefficient
= PM/PTRZR

Rotor hub pitching moment coefficient
with zero cyclic pitch

Rotor side force coefficient =
SF/pm02RY

xvii

Units
ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND
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Sxmbol

(D/T)

NF].—»4

D
PM; .7

SF 1 eg

NOMENCLATURE

Definition

Rotor side force coefficient with
zero cyclic pitch

Rotor thrust coefficient = T/anZR"

Rotor thrust coefficient with zero
cyclic pitch

Rotor thrust coefficient referred to
rotor slipstream dynamic pressure =

T/qgA
Side force coefficient = Y/gS

Rotor yawing moment coefficient n/pmRiR®

Rotor yawing moment coefficient with
zero cyclic pitch

Lift curve slope of vertical tail

Coefficient of equation that defines
pitching moment coefficient as a function
of flap deflection

Coefficient of equation that defines pitch-
ing moment coefficient as a function of
flap deflection

Coefficient of equation that defines

pitching moment coefficient as a function
of flap deflection

Rotor diameter

Aircraft download to thrust ratio

Coefficients in the equation for the change
in normal force coefficient with lateral
cyclic angle

Coefficients in the equation for the change

in hub pitching moment coefficient with
lateral cyclic angle

Coefficients in the equation for the change

in side force coefficient with lateral
cyclic angle

xviii

Units

ND

ND

ND

ND

ND
ND

1/rad

ND

1/rad

1/rad?

ft.
ND
1/deg

1/deg

1/deg



Sngol

Dst,

D
Y™y07
dC./dA)

dCyp/dBlc
dCpm/dA1c
dCPM/dBlc
dCPM/dQ
dCgp/dA; 4
dCSF/dBlC
dCypm/dA]
dCym/dBilc
dCyy/dR
dcy /dcy,
do/daé

EI

EI

NOMENCLATURE

Definition

Damping coefficients of the landing
gear oleo struts

Coefficients in the equation for the
change in hub yawing moment coeffi-
cient with lateral cyclic angle

Change in rormal force coefficient with
lateral cyclic angle

Change in normal force coefficient with
longttudinal cyclic angle

Change in hub pitching moment coefficient

with lateral cyclic angle

Change in hub pitching moment

coefficient with longitudinal cyclic angle

Change in hub pitching moment coefficient

with pitch rate

Change in side force coefficient
with lateral cyclic angle

Change in side force coefficient
with longitudinal cyclic angle

Change in hub yawing moment coefficient
with lateral cyclic angle

Change in hub yawing moment coefficient
with longitudinal cyclic angle

Change in hub yawing moment coefficient
with yaw rate

Change in wing pitching moment with
lift coefficient

Change in fuselage sidewash angle with
sideslip angle

Product of modulus of elasticity
and moment of inertia

Product of modulus of elasticity and
moment of inertia at wing root

Xix

Units

1b/ft/sec

1/deg

1/deg

1/deg

1/deg

1/deg

1/rad/sec

1/deg

1/deg

1/deg

l/deg

1/rad/sec

ND

ND

1b-in?

1b-in?



Sxmbol

ENF

E
PML»7

E
SF1$4

™y .7

FPR

FR1

NOMENCLATURE

Definition
Coefficients in the equation for the
change in normal force coefficient with
longitudinal cyclic angle
Coefficients in the equation for the
change in hub pitching moment coeffi-
cient with longitudinal cyclic angle
Coefficients in the equation for the
change in side force coefficient with
longitudinal cyclic angle
Coefficients in the equation for the

change in hub yawing moment coeffi-
cient with longitudinal cyclic angle

Oswald efficiency of wing or tail
Generalized force or force on nacelle
Lateral-directional SAS function
Lateral-directional SAS function
Lateral-directional SAS function
Lateral-directional SAS function
Lateral-directional SAS function

Lateral-directional SAS function

Lateral-directional SAS function

Aerodynamic force on nacelle

Landing gear oleo strut vertical force
Landing gear oleo strut lateral force
Longitudinal generalized force

Lateral generalized force

Vertical generalized force

Landing gear oleo strut longitudinal
force

XX

Units

1/deg

1l/deg

1/deg

1/deg

ND

1b

1b
1b

1b
1b
1b

1b

1b



NOMENCLATURE

Definition Units
Leading edge umbrella drag ft2
Multiplier on rotor normal force ND
Multiplier on rotor power ND
Multiplier on rotor hub pitching moment ND
Multiplier on rotor torque ND
Multiplier on rotor side force ND
Multiplier on rotor thrust ND
Multiplier on rotor hub yawing moment ND
Generalized moment ft-1b
Ground effect factor:[l“iégk% ND
Load alleviation system gain - change deg/deg
in lateral cyclic with angle of attack
Load alleviation system gain - change deg/deg
in lateral cyclic with angle of sideslip
Load alleviation system gain - change deg/deg
in longitudinal cyclic with angle of
attack
Governor gain deg/sec/rad/sec
Governor gain deg/sec/ rad/sec
Governor gain deg/sec/deg
Lateral directional SAS gain inches/rad/sec
Lateral directional SAS gain inches/rad/sec
Lateral directional SAS gain inches/inch
Longitudinal SAS gain deg/rad/sec
Lateral directional SAS gain inches/rad/sec

XXi



Sxmbol

HP

Hpm (u+4v)

]
Hw'FUEL

w'NF

HI
W' w

NOMENCLATURE

: Definition
Lateral directonal SAS gain
Lateral directional SAS gain
Lateral directional SAS gain
Lateral directional SAS gain
Lateral directional SAS gain
Longitudinal SAS gain
Longitudinal SAS gain
Governor throttle gain
Longitudinal SAS gain

Lateral-directional SAS gain

~Lateral directional SAS gain

Lateral directional SAS gain

Gravitational constant

Height
Horsepower

Coefficients in the equation
for the change in hub pitching
moment with pitch rate

Horizontal distance between wing mass
element center of gravity and fuel
center of gravity

Horizontal distance between wing mass
element center of gravity and fixed
nacelle center of gravity

Horizontal distance between wing mass

element center of gravity and fixed
nacelle center of gravity

Xxxii

inches/rad/sec
inches/rad/sec
inches/rad
inches/rad
inches/inch
deg/inch
deg/inch
deg/inch
deg/rad/sec
inches/rad/sec
inch/inch
inch/inch

ft/sec?
£t

ft

ft

ft



NOMENCLATURE

Symbol Definition Units

h Height or angular momentum ft or lb-ft-sec

N

heg Angular momentum of nacelle about lb-ft-sec
aircraft center of gravity

hp Distance from wing pivot plane to ft
fuselage mass element center of
gravity

hp Height of pivot above wing chord line
or angular momentum of nacelle about the
pivot

hp Landing gear oleo strut deflection ft
during ground contact

hy, Distance from wing pivot plane to ft

wing mass element center of gravity

hg, Angular momentum of an element of lb-ft-sec
mass about its own center of gravity
hl Wing vertical bending deflection ft
h/D Rotor hub height to rotor diameter ND
ratio
hg Distance from aircraft center of gravity ft
bottom of right main gear following a
positive pitch rotation
h Distance from aircraft center of gravity £t
¢ to bottom of right main gear following
a positive roll
1 Mass moment of inertia slug-ft?
Iyx Vehicle mass roll moment of inertia slug-ft2
about center of gravity
ng Mass roll moment of inertia of aircraft sIug-ft?
o components about their own center of
gravity
F
Ixi ) Mass roll moment of inertia of fuselage slug-ft?

mass element about its center of gravity

xxiii



Sxmbol

1 (W)
XX

Il
XX

Yy
Yy

T (F)

1 (W)
Yy

Il
Yy

Xz
Xz

1 (F)
Xz

I (W)
Xz

Il
Xz

NOMENCLATURE

Definition

Mass roll moment of inertia of wing

mass element about its center of
gravity

Mass roll moment of inertia of the
tilting portion of each nacelle
about its center of gravity

Vehicle mass pitch moment of inertia
about center of gravity

Mass pitch moment of inertia of
aircraft components about their own
center of gravity

Mass pitch moment of inertia of
fuselage mass element about its center
of gravity

Mass pitch moment of inertia of
wing mass element about its center
of gravity

Mass pitch moment of inertia of
the tilting portion of each nacelle
about its center of gravity

Vehicle mass product of inertia
about center of gravity

Mass product of 1nertia of atrcraft
components about their own center of
gravity

Mass product of inertia of fuselage
mass element about 1its center of

gravity

Mass product of inertia of wing
mass element about its center of
gravity

Mass product of inertia of the

tilting portion of each nacelle
about 1ts center of gravity

XXiv

Units

slug-ft2
slug-ft2

slug-ft?

slug-ft?
slug-ft?
slug-£ft?
slug-ft?

slug-ft?

slug-£ft?
slug-£ft?
slug-ft?

slug-ft?



Symbol

22z

224

1 (F)
zz

I (W)
22

I
A

Y -

o

XX

YM (u+4v)

NOMENCLATURE

Definition

Vehicle mass yaw moment of inertia
about center of gravity

Mass yaw moment of inertia of aircraft

components about their own center of
gravity

Mass yaw moment of inertia of fuselage

mass element about its center of gravity

Mass yaw moment of inertia of wing

mass element about its center of gravity

Mass yaw moment of inertia of the
tilting portion of each nacelle about
its center of gravity

Incidence angle
Unit vector in i direction

Dummy inertia = (Izz-Iyy)

Coefficients of curve fit equaticon
for rotor hub moment with hub yaw rate

(r,.-I_.)

Dummy inertia xx Y22
( )

Dummy inertia I -I
YY XX

Unit vector in j direction
Wing slipstream correction factor
Coefficients of curve fit equation for

wing download as a function of rotor
height/diameter ratio

Coefficients of curve fit equation for

wing pitching moment as a function of
rotor height/diameter ratio

Multiplier on slipstream rolling
moment coefficient

Multiplier on slipstream yawing moment
coefficient

XXV

Units
slug-ft?

slug—ft2

slug-ft?

slug-£ft?

slug—ft2

deg or rad

slug-ft?

slug-ft?

slug-ft?

ND

ND

ND

ND

ND
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NOMENCLATURE

Definition
Landing gear spring constants

Coefficients for wing bending
equations

Multiplier on longitudinal cyclic
pitch available from longitudinal

stick

Ratio between longitudinal stick
motion and elevator deflection

Multiplier on longitudinal cyclic

pitch available from pedal displacement

Ratio between pedal and rudder
deflection

Multiplier on longitudinal cyclic
pitch and differenttal collective
available from lateral stick

Provision for lateral cyclic pitch
on lateral stick

Wing stiffness

Coefficient of fuselage drag
coefficient equation to account
for drag due to sideslip

Coefficient of fuselage drag
coefficient equation

Coefficient of fuselage drag coeffi-
cient equation

Coefficient of fuselage lift coeffi-
cient equation

Coefficient of fuselage lift coeffi-
cient equation

Coefficient of fuselage pitching
moment coefficient equation

XxXvi

Units

lb/ft

inch/inch

deg/inch

inch/inch

deg/inch

inch/inch

deg/deg

ft-1b/rad

l/rad3

l/rad2

1/rad
1l/rad
l/rad2

l/rad



Kio

K20
K21
K22

K390

31

32

34

35

36

37

38

39

NOMENCLATURE

Definition

Coefficient of fuselage pitching

moment coefficient equation

Coefficient
coefficient

Coefficient
coefficient

Coefficient
coefficient

Coefficient
coefficient

of fuselage side force

equation

of fuselage side force

equation

of fuselage yawing moment

equation

of fuselage yawing moment

equation

Wing/body interference effects on CLB

Wing planforﬁ effects on CL

Wing planform and lift

Coefficient
equation

Coefficient

of nacelle

of nacelle

cient equation

Coefficient

of nacelle

cient equation

Coefficient
coefficient

Coefficient
coefficient

Coefficient
coefficient

Coefficient
coefficient

Coefficient
coefficient

Coefficient
coefficient

of nacelle
equation

of nacelle
equation

of nacelle
equation

of nacelle
equation

of nacelle
equation

of nacelle
equation

Xxvii

]
effects on CHB

drag coefficient

drag coeffi-
lift coeffi-
pitching moment
pitching moment
side force

side force
yawing moment

yawing moment

Units

1/rad
1/rad
1l/rad
1l/rad
1l/rad

1/rad
l/rad
1/rad

1/rad

1/rad
1/rad
1l/rad
l/rad2
1/rad

l/rad2
1l/rad

l/rad2



a

M/T

NOMENCLATURE

Definition

Coefficient of nacelle yawing moment
coefficient equation

Coefficient of nacelle yawing moment
coefficient equation

" Coefficient of fuselage 1lift

coefficient equation

Unit vector in k direction

Rolling moment or nacelle shaft length
Rolling Moment

Distance from nacelle pivot to
nacelle center of gravity

Horizontal distance from nacelle
pivot to noted aircraft component

center of gravity position - positive
forward from .pivot
Horizontal distance from horizontal

tail quarter chord to wing aerodynamic
center

Horizontal distance from pivot to
center of gravity of fuselage mass
element

Wing root lift/foot

Horizontal distance from pivot to
center of gravity of pilots station -
positive forward from pivot

Horizontal distance from pivot to
wing mass element center of gravity

Pitching moment
Pitching moment
Pitching moment/rotor thrust

Aircraft total mass

xxviii

Units

1/rad

l/rad

ND

ft-1b ,ft

ft-1b

ft

ft

ft

ft

1b/ft :

ft

ft-1b
ft-1b
ft-1b/1b

slugs



IND

Nig IND

Nyp

N*
II

PC

pN

PR

NOMENCLATURE

Definition

Mass of fuselage mass element
Mass of one nacelle

Mass of wing mass element
Yawing moment

Yawing moment

Rotor normal force

Engine gas generator speed
Engine gas generator indicator

Engine gas generator speed at sea
level standard, static conditions

Referred engine gas generator speed
indicator

Engine power turbine speed

Engine power turbine speed at
sea level standard static conditions

Body axes roll rate

Horizontal distance from wing
leading edge to pivot location

Nacelle axes roll rate

Nacelle wind axes roll rate

Body axes roll rate

Body axes pitch rate or rotor torque
Torque indicator

Maximum engine torque available

Nacelle axes pitch rate

Nacelle wind axes pitch rate

XXViX

slugs
slugs
slugs
ft-1b
ft-1b
1b

rev/min

rev/min

rad/sec

ft.

rad/sec

rad/sec

rad/sec

rad/sec or 1lb-ft

ND
1b-ft
rad/sec

rad/sec



Symbol
Q*

ds

SF
SHP

SHP*

T

TEA

(T1ge/TogE’

T1+T3

NOMENCLATURE

Definition Units

Engine torque at sea level standard 1b-ft
static condition

Body axes pitch rate or freestream rad/sec or lb/ft2
dynamic pressure

Dynamic pressure based on rotor 1b/ft2
slipstream = (q +T/A)

Body axes yaw rate or rotor resultant rad/sec or
force or rotor radius l1b or ft

Rotor horsepower --

Nacelle axes yaw rate rad/sec
Nacelle wind axes yaw rate rad/sec
Body axes yaw rate rad/sec

Radius vector -

Landing gear tire radius ft.
Surface area ft?
Rotor side force 1b

Shaft horsepower -

Engine shaft horsepower at sea level
standard static conditions

Rotor thrust 1b
Engine referred turbine inlet degrees
temperature

Ratio of the rotor thrust in ground -
effect to the thrust out of ground
effect

Coefficients of curve fit equations ND
for rotor/rotor interference

Time sec

- XXX



Symbol

W.L.
W

WDTIND

NOMENCLATURE

Definition

Body axes longitudinal component of
velocity at aircraft center of gravity
or rotor hub, wing, horizontal and
vertical tail velocities referred to
rotor shaft and local surface chord axes
respectively.

Body axes longitudinal component of

velocity at rotor hub and wing aerodynamic

center

Body axes longitudinal component of
velocity at pilots station

Total velocity

Rotor tip speed

Resultant flow through rotor disc
Non-dimensional rotor forward velocity

Total Velocity Vector

Body axes lateral component of velocity
at alrcraft center of gravity or rotor
hub wing, horizontal and vertial tail

velocities referred to rotor shaft and
local surface chord axes respectively

Body axes lateral component of velocity
at rotor hub and wing aerodynamic center

Rotor induced velocity

Body axes lateral component of velocity
at pilots station.

Non-dimensional rotor induced velocity
Fuselage water line position

Weight of aircraft components

Fuel flow indicator

Body axes vertical component of velocity
at aircraft center of gravity or rotor

XXX1

Units

ft/sec

ft/sec

ft/sec

ft/sec

ft/sec
ft/sec

N.D.

ft/sec

ft/sec

ft/sec

ft/sec

N.D.

inches

1b.

ft/sec



NOMENCLATURE

Symbol Definition

hub, wing, horizontal and vertical tail
velocities referred to rotor shaft and

local surface chord axes respectively

w' Body axes vertical component of veloc-
ity at rotor hub and wing aerodynamic
center

won Body axes vertical component of veloc-

ity at pilots station.

Xsubscript Longitudinal distance,'measured positive
forward from nacelle pivot along body axes

AxsubscriptLongitudinal force, measured positive for-
ward along body axes

X ero Total longitudinal aerodynamic force at
center of gravity measured positive for-
ward along body axes.

Longitudinal force, measured positive

sprscript
X sﬁb:crigt forward along body axes.
*
XNorth Longitudinal ground track velocity
Y ubscript Lateral distance, measured positive

along right wing along body axes

AYsubscriptLateral force, measured positive
along right wing in body axes

Yiero Total lateral aerodynamic force at center

of gravity measured positive along right
wing in body axes

sprscript Lateral force, measured positive along
subscript right wing in body axes

[ ]
Ypast Lateral ground track velocity

Zsubscript Vertical Qistance, measured positive down
nacelle pivot along body axes

AzsubscriptVertical force, measured positive down
along body axes

2 ero Total vertical aerodynamic force at center

Xxxxii

Units

ft/sec

ft.

1b.

lb.

1b.

ft/sec

ft.

1b.

1b.

1b.

ft/sec

ft.

1b.

1b.



Symbol

z;sprscript
subscript
4

down

2z

NOMENCLATURE

Definition

of gravity, measured positive down along
body axes.

Vertical force, measured positive down
along body axes

Vertical ground track velocity

Vertical distance from nacelle pivot to
center of gravity of aircraft component,
positive down from nacelle pivot along
body axes.

Angle of attack
Angle of sideslip

Vertical distance between wing fuel center
of gravity and wing mass element center of

gravity

Vertical distance between fixed nacelle
center of gravity and wing mass element
center of gravity.

Vertical distance between wing center of

gravity and wing mass element center of
gravity.

Control element (surface or stick) angul-
ar or linear displacement

Vertical distance between cargo center of
gravity and fuselage mass element center
of gravity

Vertical distance between crew center of

gravity and fuselage mass element center
of gravity

Vertical distance between fuselage center
of gravity and fuselage mass element center
of. gravity.

Vertical distance between horizontal tail
center of gravity and fuselage mass ele-
ment center of gravity

Xxxiii

Units

1b.

ft/sec

ft.

rad

rad

ft.

ft.

ft.

deg.
or in.

ft.

ft.

ft.

ft.



Symbol

VT

iLR

iRL

Cwl+cw4

w'fuel

w'NF

NOMENCLATURE

Definition

Vertical distance between vertical tail
center of gravity and fuselage mass
element center of gravity

Wing or rotor downwash angle

Wing downwash angle at zero wing angle
of attach

Rotor/rotor interference angle, left
rotor on right rotor

Rotor/rotor interference angle, right
rotor on left rotor

Wing on rotor interference

Rotor sideslip angle or damping ratio
Wing damping ratio

Horizontal distance between wing fuel
center of gravity and wing mass element
center of gravity

Horizontal distance between fixed nacelle
center of gravity and wing mass element
center of gravity

Horizontal distance between wing center
of gravity and wing mass element center
of gravity

Horizontal distance between cargo center

of gravity and fuselage mass element
center of gravity

Horizontal distance between crew center
of gravity and fuselage mass element
center of gravity

Horizontal distance between fuselage
center of gravity and fuselage mass

XXX1iv

UNITS

ft.

rad
rad
rad
rad
rad
rad

orN.D.
N.D.

ft.

ft.

ft.

ft.

ft.

ft



Symbol NOMENCLATURE Units

Definition

element center of gravity

Ny Horizecntal tail efficiency N.D.
nt Horizental distance between horizontal 1b.
HT tail center of gravity and fuselage mass

element center of gravity.

nVT Vertical tail efficiency factor N.D.
Q& Horizontal distance between vertical ft.
T tail center of gravity and fuselage mass

element center of gravity

Transmission efficiency N.D.
TR '
) Aircraft pitch or Euler angle or temper- rad
ature ratio or
N.D.
et Wing twist angle rad
80.75 Rotor collective pitch angle at three deg.
guarter radius
A Angle between the rotor shaft and a line rad
drawn through the nacelle center of
gravity from the pivot.
Rotor advance ratio = V/QR N.D.
u
s Tire sliding coefficient of friction when N.D.
sliding sidewards (for concrete)
T Tire rolling coefficient of friction N.D.
(for concrete)
Y Coefficient of rolling friction for N.D.
1

brakes

QUJ*EP4Terms of wing immersed area calculation —

T 3.14159 T
p Ambjent air density slug/ft3
g Fuselage sidewash angle rad -

XXXV



Szmbol

|20

€

wl

w

w3

NOMENCLATURE

Definition
Ambient density ratio

Angle between freestream velocity and
rotor resultant force

Engine response time constant

Engine response time constant

Horizontal tail effectiveness

Load alleviation system time constant

Vertical tail effectiviness

Lateral directional SAS time constant

Lateral directional SAS time constant

Lateral directional SAS time constant

Lateral directional SAS time constant

Lateral directional SAS time constant

Lateral directional SAS time constant

Rotor thrust response time constant
Rotor thrust response time constant
Aircraft roll angle or Euler angle
Rotor swashplate phase angle
Functions in wing vertical bending equations
Rotor wake skew angle

Aircraft yaw angle or Euler angle
Rotor or engine rotational speed
Rotational speed vector

Natural freguency

Wing natural frequency

XXXVi

Units

N.D.

rad

sec.
sec.
rad/rad
sec
rad/rad
sec

sec

sec

sec

sec

sec

sec

sec

rad

rad

rad
rad
rad/sec
rad/sec
rad/sec

rad/sec



Subscripts
A

AC

ACT

AERO

CG
CR
c/4

DUM

EFF

FAC

FUEL

FUELCG

FUS

GLAS

GYRO

HL

Available

Aerodynamic center
Actuator

Aerodynamic force
Aileron

Longitudinal stick
Cargo

Center of gravity

Crew

Quarter chord

Dummy variable

Engine

Effective

Elevator or effective
Fuselage

Fuselage aerodynamic center
Fuel in wing

Fuel center of gravity
Fuselage

Fuselage less landing gear
Flap

Load alleviation system
Gyroscopic

Ground or gust

Left rotor hub

XxxXvii



Subscripts

HR Right rotor hub

HT Horizontal tail

HTCG Horizontal tail center of gravity
IGE In ground effect

i Immersed

L Left wing or rotor

LAS Load alleviation system

LE Left engine

LG Landing gear

L-L Rotor lead-lag

LN Left nacelle

LR Left rotor

LRH Left rotor hub

LT Left wing tip

LW Left wing

Lwo Left wing referred to freestream
MAX Maximum

N Nacelle or natural frequency

NF Fixed portion of nacelle

NFC3 Fixed portion of nacelle center of gravity
NL Left nacelle

NR Right nacelle

NT Tilting portion of nacelle

n Landing gear index, n=1 left gear, n=2

right gear, n=3 nose gear

xxxviii



Subscripts
OGE Out of ground effect

P Power, nacelle pivot, or rotor polar moment
of inertia

POWER Power

PA Pilot station

R Right wing, rotor or rudder pedal
RE Right engine

REQ Required

RIGID Rigid

RN Right nacelle

RR Right rotor

RRH Right rotor hub

RT Right wing tip

RUD Ruader

RW Right wing

RWO Right wing referred to freestream
S Rotor shaft, side, or lateral stick
SP Spoiler

STALL Stall

T Tail, total or wing tip

TH Throttle

VT Vertical tail

VTCG Vertical tail center of gravity
W Wing

WAC Wing aerodynamic center

WCG Wing center of gravity

Xxxix



SubscriEts

Along the lonitudinal body axes, poéitive

X
forward
y Along the lateral body axes, positive out
right wing
z Along the vertical body axes, positive
down
Denotes a vecfor gquantity
Superscripts
(c) Referes to cargo or payload weight
(CR) Refers to ailrcraft crew weight
F Fuselage
F' Fuselage less landing gear
HT Horizontal tail
(HT) Refers to horizontal ﬁail vt ight component
IGE In ground effect
LW Left wing
N Nacelle
NL Left wing tip at pivot
NR Right wing tip at pivot
(p) Roll axes
(q) Pitch axes
RW Right wing
(r) Yaw axes ‘
T Total of horizontal and verifical\tail
VT Vertical tail
(VT) Referes to vertical tail weight coryonent
W Wing

x1 \\



Superscripts

(W' pyeL)

(We'

' )

W'

NOTES

)

)

Refers to wing fuel weight

Refers to fuselage weight component
Refers to weight of fixed portion of nacelle
Refers to wing weight component

First derivative with respect to time; repre=~
sents velocity

Second derivative with respect to time; repre-
sents acceleration

Denotes an interim calculation or coeffiecient
in local wind axes
Denotes an interim calculation

Denotes average value

Denotes interim calculation or calculation
in freestream wind axes

Denotes an interim calculation
Denotes an interim calculation

Denotes an interim calculation

Absolute values

1. Some symbols not defined in this section,
but used in this report, are defined in
the section of the report they are used.

2. Alternate definitions, where applicable,
for each symbol are given. Select the

appropiate definition for each particular
section

3. All distances are measured with respect to
the nacelle pivot. Distances are positive
forward, down and to the right of the pivot.
Forces are positive forward, down, and to

the right.

4. A or & preceeding a symbol generally denotes
an incremental change.

x1i



1.0 INTRODUCTION

Piloted simulation is a useful and important tool in the
design, development and test of new flight vehicles. Figure

1.1 shows a summary of some of these uses as they could be

applied to the Model 222 tilt rotor aircraft.

As part of Contract NAS2-6598 Boeing Vertol developed a com-
plex mathematical model of the Model 222 tilt rotor, intended
primarily for use with the NASA Flight Simulator for Advanced
Aircraft (FSAA) at Ames Research Center. The purpose of this
report is to document the development of that mathematical

model and to substantiate the methods which were uniquely de-

veloped for this purpose.



e Evaluation of Tilt Rotor Handling Qualities
e Stability and Control
e Control System Optimization
e Evaluation of Man-in-the-Loop System Compatibility

e Evaluation of Malfunction Effects

e Evaluation of Tilt Rotor Performance
e iManeuver Capability

e VTOL and STOL Takeoff and Landing Capability

@ As a Tool to Evaluate Configuration Changes
e Changes in Cockpit Layout
e Changes in Tail Size
e Changes in Geoﬁetry
e Changes in SAS Configuration

e Changes in Elastic Characteristics

e As a Flight Test Support Tool
e Development of Emergency Techniques

e Familiarization of Flight Crews with Aircraft
Characteristics Prior to Flight

e Correlation Studies

e Exploration of Flight-Discovered Phenomena

Figure No. 1.1. Summary of Uses for Piloted Simulation
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2.0 GENERAL DESCRIPTION OF SIMULATION

The objective of this program was to develop a real time simu-
lation program for a ti%t rotor aircraft to be used at the NASA-
Ames simulation facility in conjunction with the Flight Simu-
lator for Advanced Aircraft (FSAA) for evaluation of tilt rotor
aircraft performance and handling characteristics throughout

the flight envelope and identifying problem areas within the

envelope.

The mathematical model developed under this contract includes
the basic 6 degree of rigid body freedom outer loop equations
written about the instantaneous center of gravity with all
inertial and aerodynamic coupling terms included. Euler angles

are used to properly orient the aircraft in space.

ﬁotor forces and moments are input to the equations from
curve-fit data. The rotor data bank applies to the Boeing
Model 222 tilt rotor. Calculation of the rotor forces and
moments on-line for real time simulation is not practical
because of the complexity of the programs required to represent
the lag-flap coupling effects of the soft-in-plane hingless
rotor. Analytical studies show that the lag-flap coupling has
a large effect upon the phasing of the hub forces and moments
of the rotor thereby altering the direct rotor effects on air-
craft stability significantly. The rotor rotational degree

of freedom is included to represent the effects of rotor inertia
which are included in the representation of the thrust manage-

ment system.
2.0-1



The effects of rotor-on-wing, wing-on-rotor, and rotor-on-
horizontal tail are included in this program. The effects of
rbtor-on-wing are represented by calculation of the slipstream
gngle_of attack of the portions of Fhe aircraft operating in
the rotor slipstream by momentum methods and resolving the
associated forces and moments to body axes. Correlation with
test data are shown in Section 6.5.2 to verify these inter-

ference effects. The effects of the rotor slipstream on the

horizontal tail downwash are also calculated by momentum methods .

The angle through which the flow through the rotor is turned
is assumed to represent the change in tail downwash. Provi-
sions are made to incorporate the upwash effects of the wing
on the rotor. Lifting line theory should be used to compute

these effects.

The effects on lateral/directional parameters caused by rotor
wake skew on the wing are included by computing the change in

immersed wing area during sidewards flight and sideslips.

Structural dynamics effects included consist of the first mode
wing vertical bending and the first wing torsion mode. These
wing structural modes have been included on a "quasistatic"
basis; i.e. the natural frequencies of vibration of the struc-
ture are much higher than the frequencies of the rigid body

motion, and the coupling is in the aerodynamic terms.

The aerodynamics of the fuselage, empennage, nacelles, wings
and rotors are included in detail. The aerodynamics of the
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wing and rotors are written separately for the left and right
sides. The effects of the wing leading edge umbrellas are in-
cluded, with provisions for the diéect effects of wing down-
load and pitching moment with the umbrellas open in slow flight.
Ground effects are considered on the rotors, wing and horizon-
tal tail. The effects of Mach number on the airplane are
treated by application of the Prandtl-Glauert rule. The

effects of Mach number on the rotor data have been included

in the curve fit equations.

The control system elements represented include pilot command,
three axis stability augmentation systems, a load alleviation
system (LAS) and a thrust management system. Control system
actuator dynamics are represented by appropriate first order
and second order lags. The systems are assumed to be "tight"

in that thresholds, biases and hysteresis loops are neglected.

Turbine engine performance with appropriate dynamic responses
are included. Engine power is computed for the range of flight
condition necessary to cover the flight envelope. A relative-
ly simple engine dynamic response model modulates the power

output in response to pilot control of throttle position.

Landing gear is represented by a spring-damper system without

complex calculation of oleo strut response.

The effects of rotor tilt angle on the aircraft center of gravity

and inertia are included. Forces and moments resulting from
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acceleration of the nacelles during tilting maneuvers are

calculated in the program.

An airframe representation/preprocessor calculation is included
that enables the user to input the location of major structural
elements of the aircraft in terms of water line, butt line and
station line location. All lengths and inertias required by

the equation are then calculated. This feature enables the user
to guickly change the location of major elements to assess their
impact on vehicle response. The rest of the input data regquired
has been kept to a minimum to augment the programs' usefulness.
Provisions have been include§ to provide a very flexible de-

f
sign tool which enables the 'astute user to perform a wide

variety of studies. Figurclz-l summarizes the salient features
'
of the mathematical model j:scribed in this document. It

should be emphasized that phis model has full flight envelope

capability. /
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® Full Flight Envelope Capability with Total Force

Representation

® 6 Rigid Body Degrees of Freedom

® - Independent Nacelle Pitch Degree of Freedom

° 2 Elastic Degrees of Freedom

e 1 Rotor Rotational Degree of Freedom

L Includes the Aerodynamics of:

Rotors

Wings

Rotor/Wing & Wing/Rotor Interference
Fuselage

Landing Gear

Tail Surfaces

Engines

1 Control System Elements:

Pilot Command

SAS

Load Alleviation System (LAS)
Thrust and Power Management System

L] Aercelastic Representation

Wing Vertical Bending
Wing Torsion

Figure 2.1, Salient Features of Math Model!
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3.0 SIGN CONVENTIONS

Standard aircraft sign conventions have been used throughout

this report. Sign conventions are as follows:

Positive X axis forward

Positive Y axis outward along the right wing.

Positive 2 axis downward perpendicular to the XY plane.
Lift is positive along the negative Z axis.

Pitching moment is positive nose-up about the Y axis.
Sideforce is positive outward in the direction of the
positive Y axis.

Yawing moment is positive nose-right.

Rolling moment is positive right wing down.

Positive elevator deflection is trailing edge down
Positive rudder deflection is rudder-trailing-edge-left.

Positive aileron deflection is right-flaperon-trailing-
edge-down.

Positive spoiler deflection is left-hand-spoiler-deflec-
ted-upward.

Positive deflection of the pilot's stick and rudder pedals
yields positive aircraft pitch, roll, and yaw moments
from negative control deflections.

Rotor sign conventions are illustrated in Section 7.0

Special sign convention used in the derivations are noted in
: .

the appropriate section.
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4.0 MODEL 222 TILT ROTdR AIRCRAFT DESCRIPTION

The quing Model 222 Tilt Rotor Research Aircraft, shown in
Figure 4.1 wuses two 26-foot diameter soft in-plane hingeless
rotors of the same design that has already been demonstrated

in the NASA/Ames 40 by 80-foot tunnel. The soft in-plane

rotor is mechanically simple and provides excellent flying
qualities characteristics as well as freedom from aeroelastic
problems. It is service proven on the FAA certified BO-105
helicopter. For transition,the rotors tilt from hover position
(rotor disk horizontal) to cruise position (rotor disk verti-
cal). In£ermediate nacelle positions provide optimum per-

formance capability for climb, descent and for STOL operations.

The Model 222 is powered by two modified Lycoming T53-L-13B
turboshaft engines mounted in fixed (nontilting) nacelles at
each wing tip. The rotors are interconnected by a cross shaft
for single engine operation. The engine power available yields

excellent single engine and temperature-altitude performance.

Fuselage and empennage are production (MU-2J) components,
modified to accept the Model 222 wing and two production (OV-10)
ejection seats. The retractable tricycle landing gear is also
the existing MU-2J gear modified to provide increésed energy

absorption.

Collective and cyclic pitch of the rotors, together with
nacelle tilt, provide high control power in hover. In the
cruise mode, control is by conventional airplane elevators,
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rudder, flaperons and spoilers. Leading-edge "umbrella" flaps
and large deflection trailing-edge flaps reduce déwnload and
ground effect turbulences in hover. Operation of flaps, umbrel-
las and elevator as well as phasing out of the rotor controls

is mechanically programmed with nacelle tilt to relieve pilot

workload. #

A limited-authority stability augmentation system includes
feedback from angle-of-attack, yaw angle, and dynamic pressure.
In cruise flight it feeds back two;axes of cyclic pitch to the
rotor control. This provides increased static stability and
reduces blade loads to increase fatigue margins. The feedback
system is not required for either stability or structural in-
tegrity. This system permits easyvvariation of the stability

characteristics of the aircraft,
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5.0 EQUATIONS OF MOTION

This section presents the derivation of the airframe equations
of motion and the simplifications that were made in order to
obtain the final equations as presented in Appendix E. The
treatment accounts for all six rigid-body degrees-of-freedom
including the effects of the tilting nacelles and rotors. The
principal features of the derivation are:
e Assumption of X-Z plane of symmetry
® The basic equations are derived about the instantaneous
center of gravity of the aircraft since the center
of gravity is strongly dependent on nacelle incidence.
e Rotor and engine gyroscopic terms are included
e The wing elastic degrees of freedom do not couple
inertially. The coupling occurs through the
aerodynamic terms in the equations as discussed
in Section 12.
e Wing aeroelastic effects are not included in the

center of gravity calculations.

5.1 AXES SYSTEM

A set of right-handed orthogonal axes OXYZ is placed at the
center of mass of the aircraft and is fixed ih the aircraft
such that OX lies in the lateral plane of symmetry and is
positive forward parallel to the fuselage water line zero.

The remaining axes are placed as shown in Figure 5.1l.

The orientation of the aircraft is defined with respect to a
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set of earth-fixed axes C X'Y'Z'. With the axes OXYZ initially
parallel to C X'Y'Z', the aircraft is yawed to the right about
O through an angle y, then pitched up about 02 through the

angle 6 and finally rolled right about OX through the angle ¢.

If V and Q are the aircraft velocity and angular velocity
vectors relative to the earth-fixed axes, the projections of
these vectors on the moving axes are U, V, and W, for the
components along OX, OY and 0Z, and P, Q and R for the angular

velocity components.

Thus

<
]

ul + vi + (5.1)

wk
~ A~ &
Pi + Qj + Rk

Q (5.2)

A A
where the unit vectors i, j and k lie along OX, OY and OZ.

5.2 AIRCRAFT GROUND TRACK

The components of V relative to the earth-fixed axes are

obtained in terms of U, V, W and v,0,¢ as, (See Reference 10 ),

ax! . . .

3% = U cos 8 cos ¢y + V(sin ¢ sin 6 cOs y - COS ¢ Sin V)
+ W (cos ¢ sin 6 cos y + sin 6 sin )

day' } . . .

dcg = U cos 8 sin ¢ + V(sin ¢ sin 6 sin y + cos ¢ cOs ¥)
+ W (cos ¢ sin © sin y. - sin ¢ cos V) (5.3)

dazt ) .

gt = °~U sin 6 + Vsin ¢ cos 8 + Wcos ¢ cos ©

Integration of these equations gives the aircraft ground track.

A further relationship may be obtained between the rate of
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»
change of the Euler angles (¢,6,4) and the camponents of the

angular velocity in the moving axes system, Viz,

} = (Rcos ¢ + Qsin ¢)sec 8
§ = Q cos ¢ - Rsin ¢ (5.4)
$ =P + &sin 8

5.3 FORCE EQUATION

The total external force, F, acting at the aircraft center

of mass is given by

_ _d _ - |8¥
F = It (mV) —ln[gg + QX i] (5.5)

sV
where m is the mass of the aircraft and 3% is the rate

of change of V with respect to the moving reference frame
OXYZ i.e.

GZ A A A
ST =ULl+V]+wk (5.6)

If F has components Fy, Fy and F, along the respective axes

then
A A & 2 2 A gt 2 %
F=Fyg 1+ FYi + F;, k = miU 1 + Vj + Wk +|1 ] k
P Q@ R
u VvV W
thus
Fy = m (ﬁ + QW - RV)
F, = m (V + RU - PW) : G.7)
F, =m (W + PV - QU)

The forces Fy, Fy and F, are given by
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FX = XAERO - mg sin 8

o
]

y = YaEro t M9 sin ¢ cos 6 (5.8)
F, = Zpapro + Mg cos ¢ cos 6
where Xpgpro: etc., are the components of the total aerodynamic

force acting at the aircraft center of mass.

Substituting equations (5.8) in equations (5.7), the following

equations are obtained for the aircraft accelerations,

X

U= RERO _ 4 g5in 6- QW + RV

* Y

vV = —5%59 + g cos 6 sin ¢ - RU + PW (5.9)
» Z

W= 2ER0 4 g cos 9 cos ¢ + QU - BV

5.4 MOMENT EQUATION

The derivation of the equations for the total moment acting
about the aircraft center of mass is complicated by the fact
that the center of mass changes position due to the tilting
nacelles. Thus the centers of gravity of the principal aircraft
component masses of the wings (my), fuselage (including tails)
(mg), and nacelles (my) , move with respect to the reference

axes OXYZ placed at the instantaneous overall center of gravity
of the aircraft. The equation of motion for such a mass ele-
ment will first be obtained and the total moment found by add-

ing the contributions of all the elements.

5.5 EQUATION OF MOTION FOR A MASS ELEMENT

With reference to Figure (5.1) O'xyz is a right-handed set of
axes placed at the center of gravity of the representative

mass. The axes are parallel to the set OXYZ. The mass, m,
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rotates about its own center of gravity with angular velocity
w which, in general, differs from Q the angular velocity of
the aircraft. If r is the radius vector from O to O' then the
velocity of the center of mass of the element is

sx

V=_—+Qx1«I (5.10)
5t - -

The angular momentum of this mass about O is
h=m (r xV) + ho (5.11)
where ho is the angular momentum of m about its own center of

mass and is given by

ho=1Iuw (5.12)
where_ _
I 9 Igx “Ixy “Ixz
-Iyx IYY —Iyz (5.13)
Elzx "Ly lzz

and Iy, etc., are the moments and products of inertia of the

mass about O'xyz.

The total moment, G, about the aircraft center of mass is
given by
sh

5t + @ xh (5.14)

an
¢ =3t~
Using egquations (5.10), (5.11) and (5.12) in (5.14) the

moment becomes

_ sr sx 8 sr 1 § =
g—m[ﬁx(s—t-+9_x§_)+_r_x - (—— +Q_xx_‘)-1',§€(1_m_)

+mQ x [r X (%% + QX Eﬂ + Q x(ig) (5.15)
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which reduces to

8T §2x 8Q : sQ
G = ZmQ(r. —=)+ nr x —% + M .= (r.r) -Mmrj{r. — 5,16
- —\= st - st st (“ ”) —(— dt) ( )

—om 8L (a.r) -m(z.o)(@xr) + I 3=+ 8 x('i (_»_)

ah%
IR
ahe

The only masses that possess angular velocities different from

that of the aircraft are the nacelles, which are free to pitch

di :
—ag. Thus w may be written

about O' with angular rate i
generally as
A o A A
w=PL + (Q+1IN) J+RK (5.17)
, A A A .
Now, with r = Xi + Y] + Zk, where X, ¥, and Z are the in-
stantaneous coordinates of the individual mass center relative

to the aircraft mass center, the various terms of equation

(5.16) are, in component form,

r. -6851= XX + YY 4+ 22
§%r A A A

r X 7= (YZ-2Y)i - (X2-2X) ] + (X¥-¥X)k
GQ oA A oA
=T (r.x) = (x2 + ¥2 + 22)(Pi + Q] + Rk)

69 * » [
r. 2= = xp + ¥Q + ZR

st
g.r = XP + YQ + ZR

A A o)

(r.2) (axr) = (xp+yo+xr) | (@z-RY)i- (pz-Rx) + (PY-xQ)k ]
- . A - o . e A
I %% = (IggP-IyxzR)D + Igy (TN + (TzzR-IxgP)k
2 x(Iw) = (QR I,;-QPIy;-RQIyy-RINIyy)1

A
+(QR Iy, +PQIyy + PINIyy = PQ Ixxlk

where, in the last two terms, the products of inertia Ixy and Iyz

are zero from symmetry considerations.
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Substituting the above relations into equation (5.16) and
noting that ? and ? are always zero (no lateral motion of the
individual masses) the following expressions are obtained for
the components of the moment G = ALi + AMi + ANg:

AL = P{I.. + m(¥2 + 22)] - (R+PQ)[I,, + m XZ]

AX

+ RQIIz,-Iyytm(¥?2-29)] + m YZ (R2-Q?) - IyyR iy

m (YZ-2XYR - 2XZR + 2Z3P - XY (@ - PR))

+

84 = Q [Iyg+m(x2+22)] - (R?-P?) [Ty, + mXZ]

+

PR [Iyy-Igz + m(22-X2)1 + I, Iy (5.19)

m [Xz2-XZ + 2Q(ZZ+XX)-XY (P+RQ) +YZ (PQ-R) ]

-+

AN = R [Ig +m(X2+4¥2)] - (P-RQ) [Iyg+m XZ] (5.20)

+

PQ [Iyy=Ixx * m(X2-Y2)] + IyyP iy

+m [2XKXR - YX - 2XZP - 2YZQ - YZ (Q+PR)+XY (Q2-P?)]

Summing the rolling moment equation:

L

i

Iyy P-Ixz (R+PQ) + (Izz-Iyy)RQ (5.21)
+ my (R?-Q%) (Zyr=2yL) YN *+ TN [YN(QNR'ENL)

- 2Q (Ryp =Xy ) Yy~ 2R RypZyr + XpepZwn) 2P (Zyplyg +
ZNLZNL) — (Q-PR) (XNR-XnL) YN}+ 2mgZg (PZg -

RXg) + 2MyZy (PZy - RX,)-R Igy (int, *+ ing)

where I , I _, I and I are the inertias of the aircraft
XX XZ 2z Yy

about its center of gravity, and the subscripts f, w, NL and NR

stand for fuselage, wing, left nacelle and right nacelle. The

remaining symbols are defined in the List of Symbols. Similar

expressions are obtained for the pitching moment and yawing
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moment. In the interests of brevity the remainder of the dis-

cussion will be limited to equation (5.21).

Evaluation of the terms of the rolling moment equation indicate
that this equation may be simplified considerably without a sig-
nificant change in accuracy. For example, terms containing
(XNR—XNL) may be dropped because Xyp is normally identical to

XNL* i.e. the nacelles are raised or lowered together at the

same rate. Equation (5.21) may thus be written
L=IXXP--IXZ (R+PQ) + (Izz-IYY)RQ + mNYN (XNR—ZNL) (5.22)

where the last term has been retained in consideration of the
high differential nacelle accelerations encountered during hover

maneuvers.

From the relationships presented in Appendix C the last term

of equatioh (5.22) may be rewritten as
—.Q.mNYN {.iNR cos (iNR"‘A) + lﬁL sin (iNL"X)
-iZp sin (iyg=2) - Iy cos (ipgp=M)] (5.23)
which may be approximated to
-R.mNYN [-iNR cOs (lNR"‘A) - .iNL cos (iNL")\)] (5 .24)

since the nacelle rates appear as squared terms.

similar treatment of the pitching moment and yawing moment
equations results in the following final form of the moment

equations.
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LaERO = IXXP-IXZ(R+PQ) + (IZZ—IYY)RQ

"‘.Q.mNYN [iNR cos (lNR"A) - .J.-NL cOoSs (iNL-A)]
MAERO = Iyy,é - Ixz (RZ-PZ) + (IXX—IZZ_)PR
* N . . .
+ fyr {Iyyo + amy [Xg cos (iyg=A) - Zg sin (J.NR-)\)]}(S.25)

N
+ INL {Iyyo + my {XL cos (iNL"‘}\) - ZL sin (iNL—A)]}

aERo = Izz R-Ixg (B-RQ) + (Tyy~Ixy)PQ

+ amyYy [Iyg sin (iygg=2) - Iy sin (iyp-M1
where tne moments Lagprov Mpgroand NpERO represent the sum of
the aerodynamic moments and rotor/engine gyroscopic moments
about the aircraft center of mass. Igyo is the nacelle pitch
inertia referred to the nacelle-fixed axes system described in
Appendix C. Equations for the airqraft inertias are also

presented in that Appendix. -

5.6 EQUATIONS OF MOTION FOR NACELLES

The equation of motion for a nacelle is required in orxder to
obtain the moment exerted by the nacelle on the wing tip at
the pivot. This moment is then used in the equations for wing

twist.

The angular momentum of a nacelle about its pivot point is

given by
= - +
hy = (£rp) x m¥ *+ By
= m, (rxV) + hg = mprp X v (5.26)
where X is the radius vector from aircraft c.g. to nacelle
clg.
A% is the velocity of the nacelle c.g.
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h is the angular momentum of the nacelle about its
own c.g.

my is the nacelle mass

and ¢ is the radius vector from aircraft c.g. to
nacelle pivot

The term m; (rxV) + b, is the angular momentum of the nacelle
about the aircraft c.g. (= EEG)

, N

i.e. hp = heg - my(rp x V)
The moment about the pivot is

dhp dhn da N
Gp = —g¢ = ~dt ~ ™n e p ¥ ¥) = Gcg ~ AC (5.27)
N

Since the quantity §cg has already been obtained (equations

(5.18), (5.19) and (5.20”,only the remaining term needs to be

evaluated.

AG = my é% (rpxV) = mN{EEE x V+rpx %% + 2(rp X zﬂ

s L r
°Ip x ( + Qxr| + L, x S (= + axr
{ 5t Ze ( 3t __) (5.28)

(34
8r

+_ﬂ_x[r X{—= + E.)]
st

Expansion of these terms results in the followxng expression

lb \—/

]

AG + Q _E R .a)+ 6°x + ° ( )
_: r. - r X - r.r
= { * “(‘ st ) (5t ) = 7 ez 58— P
s S Sx
+ 0 f—=. -2 = (r_. Q)
( ét) - (Gt 'P) st P T
+xp (i_- n) - (p.2) (gxg)}

We require only the ? component of this vector in order to

obtain the nacelle pivot pitching moment.

The components of the vectors ps and Q are

5.0-11



LA A A A A A
= Kpi o+ Yyl + 2k = - Xggl + Yy - Zegk

p p

P
_ A A Q
r = XNi + YNl + ZN—
A A A
Q@ =P1 + Q) ¢+ Rk
) A sx 8x ) .
Noting that the J components of EEE, Ei are zero (since Yy 18

a constant} the above expression yields

A = mN{iNzCG—iNxCG ¥ ZogXy *+ InXcg + PQ YyIy (5.30)
- RQ XNYN]
Combining this equation with Equation (5.19) and using the
transformations given in Appendix C, the final equation for
the right-hand nacelle pivot actuator pitching moment becomes,
after some simplification,

m Mg (o
Mygn=—1 IN + 22m 1- X -22m ‘l——-I\l Q-PR cos 2 (iyg-})
HINR NR yyo N m N m v NR

N
+(R2-P2)sin (iyg~)) Cos (iNR-Aﬂ - (R?-P2) Izz, Sin igyr ©os inR
i mN , . R
- Iyyo Q + £ Tn- XAEROS1N (lNR"}\) + ZAERO cos (lNR-)\)

- amyYy {(ﬁ—PQ) sin (iyr-A) - (é + RQ) cos (iNR'X)}

M (5.31)
NRAERO

where M includes the moment resulting from nacelle aero-
NRAERO

dynamic loads and the rotor gyroscopic moments. The terms
X __and Z are, respectively, the total aircraft aerody-
AERO AERO

namic X and 72 forces.

The corresponding eqguation for the left nacelle actuator moment
is obtained by substituting -Yjn=Yy ard changing the R subscript

to L.
5.0—12



5.7 DETERMINATION OF ROTOR GYROSCOPIC MOMENTS

The gyroscopic moments are most readily obtained as follows.
A set of axes O"x'y'z' is taken at the rotor hub (rotor c.g.)

parallel to the nacelle-fixed set of axes Ox Associated

oYo%0"
: 4 N . ' ' A N
with each axis are the corresponding unit vectors i' J' and

£'. The angular velocity of the rotor with respect to these

axes 1s the vector

w = QRg_' . (5'32)

where Qp is the rotor rotational speed.

The angular momentum of the rotor with respect to its c.g. is

l’_lo = IRE (5.33)

wnere Iz is the inertia matrix I

qu
IRY'
IRzl
the off-diagonal terms being zero since the axes O"x'y'z' are

principal axes of inertia of the rotor and hub.

In component form tne angular momentum of the rotor is
Al

ho = Ig, %l = Ipfpi' , (5.34)

Witn respect to the inertial axes OXYZ, the components of

Eo are

A
E.O = IRQRCOS iNi - IRQRsin iN& (5 -35)

The hub moment is therefore given by

gHUB = (ih—_.‘c'_). = _61;1_‘0. + & X k_l_o (5 -36)
5t 5t
where Q = Pi + Qi + Rg (5.37)
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Substitution of equations (5.35) and (5.37) into equation
(5.36) results in the following equations for the rotor gyro-

scopic moments.

Lger = IRéR cOs iN - IR‘QR (iN+Q) sin lN (5 o 38)
ngro = IRPQy sin iy + IRRQR cos iy (5.39)
Ngyro = —IRéR sin iN - IRQR (J"N+Q) cos lN (5. 40)

The above terms appear in the Computer Representation
(Appendix E) as additions to the rotor aerodynamic forces and

moments.
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6.0 AIRFRAME AERODYNAMICS

This section presents the mathematical equations and repre-
sentations of the aerodynamic data for the aircraft without
rotors. The contribution of the rotors is described in
Section 7. The overall airframe aerodynamics are obtained
from the following components:

{a) Fuselage

(b) Wings

(c) Horizonta; Tail

(d) Vertical Tail

(e) Nacelles
The data and equations for each of the aerodynamic components
are discussed below, together with the substantiating methods.
The aerodynamic data are presented in local wind axes. Reso-
lution to aircraft body axes is accomplished as described in
the mathematical model (Appendix E). Where required, the
equations have been written so as to be applicable over the
entire range of angle of attack + 180 degrees.
6.1 FUSELAGE
The aerodynamic lift, drag and pitching moment coefficients of
the fuselage were estimated using the methods of Reference i .
The forces and moments are referred to the point on the fuse-
lage corresponding to the wing quarter chord position. This
reference point was selected in order to minimize the number

of force and moment transfer equations in the mathematical
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model.

fuselage loads.

The equations for

Lift:

Drag:

Side Force:

Pitching Moment:

Yawing Moment:

Rolling Moment:

where op

Bp

and ACDLF’ ACMLC,
3 3

drag and pitching

tended.

Wing-to-body carryover effects have been included in

the fuselage forces and moments are:
CLp = K42 + K3SinapCosap + K4SinapCosap]|
SinaFCOSaF]
Che = Cpn_ (1 + Ko|Bp|3)+K, (Si 2y K
pr = Cpog olBF 2 (SinapCosap) 1
| SinapCosap|+ ACDLG
Cyp = K7 SingpCosfp + Kg Sin8pCosBp|SingpCosep|
SinapCosag| + ACM;
Cnp = CNgp + KoSinBpCosgp + K10SinBpCosBp |SinBpCosBy |
ch =0
L
- F
Tan l(g};CLF > etc.
L oVpys Su
2
- \V; ] Mp ¢
Tan + CMn = 5 etc.
F

are the landing gear contributions to fuselage

moment coefficients, when the landing gear is ex-

The fuselage forces and moments are then resolved into body

axes at the aircraft C.G.
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6.2 NACELLES

The forces and moments acting on the nacelles were estimated

using the cross-flow methodsof Reference 12 . For convenience

the resulting forces and moments are referred to the rotor hub,

so that they may be added directly to the rotor forces and

moments.

moments

The nacelle forces and moments in nacelle

1
AXy
AY!

N

t

AZN

NG

N

AMI:I

'
ANN

The following equations are for the forces and

on two nacelles:

K32 sin aN cos “N

Cp  + Kiglay!l + K31 ay?
Ox

Cuy  * K34 sin ay cos ay + K3s sin oycos ay|sin aycos ayl

Ky Sin By cos By + Ky sin gy cos By|Sin By cos By

CNON + K3gsinBycosBy + K3gsinBy cos By|singy cos By

o)

Qy Sy l-C cos ay + C
N PW' Dy N Ly

s, [C cos B, - C
IN Pwityy N = Dy

dN Sw[-CLN cos ay — Cpy COS BN

siln O.N

sin BN]

axes are:

- C sin B, COS « ]i
YN N N2

1

2
sin ay —Cyy sin BysSin “N]%

W . . 1
9y Sw bw[—(bw, CMN sin By COS oy ~ CNN sin ayl3

1
dy swcw[cMN cos B.13

dy waw[CNN cos a - (E;) C
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6.3 HORIZONTAL TAIL

Aerodynamics of the horizontal tail were obtained using the
methods of Reference 1 ' in combination with test data. The

horizontal tail includes a plain elevator.

The angle of attack of the horizontal tail, including inter-

ference effects, for zero elevator deflection, is

-1llw .
GHT = Tan [IT;E,IT]_ e + lHT

where ¢ is the total downwash at the tail due to wing, rotor

and ground effects and iyp is the tail incidence angle.

The effect of elevator deflection on the effective tail angle

of attack is introduced through the elevator effectiveness
parameter, tygr, which is a function of the elevator and horizon-
tal tail areas. Thus the effective horizontal tail angle of

attack is

a = q + Tymd
eyt HT HT e

where &g is the elevator deflection.

The tail downwash angle, e, depends on wing angle of attack and
on rotor slipstream deflection. At a given rotor angle of attack,
the slipstream deflection is a function of rotor thrust coeffi-
cient, CTS, where the coefficient is based on the slipstream
dynamic pressure. Figure 6.1 presents data on downwash angles
measured during tests on a tilt rotor wind tunnel model (Refer-
ence 7). As can be seen, the downwash at low values of thrust

coefficient is the same as the value of the power-off wing
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Figure 6.1. Variation of Horizénta/ Tail Downwash Angle with Thrust Coefficient

downwash (CTS=0). Above values of CTS in the neighborhood of
CTS=.5 the downwash increases with increasing thrust coeffi-
cient. The values in the increasing portion of ¢ v Crg were
found to correspond approximately to the slipstream deflection

angle €p* Therefore, the approach adopted in the mathematical
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?
model was to test if the rotor slipstream downwash (Ep) ex-
ceeded the wing downwash and, if so, to use the computed slip-

stream downwash value as the tail downwash angle. Otherwise

the wing downwash value was used.

Thus if ‘
- de (5 - W )
+ == £
E:p 2. €o do (O'W AC 52
then e = EE(l—GEF)
/l—M2
otherwise
de = W (L-GEF)
€ = 3 + = (ay — fpc 77 )| V07—
o do w U /l_Mz

In these expressions ey is the wing downwash angle at zero

wing angle-of-attack, %& is the downwash derivative, &pc is

the distance from the wing to the tail aerodynamic centers, and

Lac W is the familiar downwash lag term. In general, the
U2
quantities e; and de depend on the average of the left and
da '
right flaperon deflections. The effect of differential deflec-

tion of aileron/spoiler in producing an asymmetrical downwash
field at the horizontal tail was not included because of the

small contribution this makes to total aircraft rolling moment.

The term (L-GEF) in the above equations is the ground effect

factor. This quantity was obtained from Reference 10 and is a

function of the wing span and height of the horizontal tail
above the ground. This factor, when multiplied by the downwash
which would be found out of ground effect, yields the downwash
in ground effect. Ground effect is discussed in more detail

in Section 10.
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The lift and drag forces acting on the horizontal tail are

required over the complete range of angle of attack =-180° to

+180°, since the tilt rotor can fly backwards. The following sketch
shows the schematic variation of lift and drag coefficients

over this range plotted as a function of the effective horizon-

tal tail angle of attack, Aeym .

CL

Cp

A
The angle of attack for C is denoted by a and is
g LHTyax Y OHT4
the value of the effective angle of attack at the stall less
2 degrees 1i.e.

A
0"HT..,. = (aHTSTALL -2°) + THT5e



Similarly the angle of attack for stall at negative angles of

attack is

@ ( 2°) + typs
o = - —<
HT. aHTSTALL ¢ T HT e

The slope of the lift curve within this range of positive and
negative angles of attack is given by
C = C i
Lo LaHT( a
v1-M2
where ag/a is the ratio of tail lift-curve slopes in and out
of ground effect, and Y1-M? is the Prandtl-Glauert correction

factor for the effect of Mach number on lift-curve slope.

Within this region on the lift curve the value of lift coeffi-

cient is given by CL = Cp_ @ and the corresponding drag
NT a eHT

coefficient by .
2CLHT
c = C +
DHT DOHT TR HT

After stall angle of attack is passed the lift is assumed to

fall linearly to zero at ag =%90°.
In these regions the 1lift is given by

CL *

A
= + (+90-
a CpL, ot (290-dgyy)

(+90-ayp, )
where the appropriate signs are taken depending on the sign

of Oy -

The corresponding drag is obtained by assuming a linear varia-
tion of drag from the value at CLMAX to a value of Cp = 1.1

(flat plate normal to stream) at aeHT = 90°. Thus
6.0-8



A
Lur = CL, YHT4

STALL
c = C + 2c2
D D L
HTgTALL Onr HTgraLL
ﬂARHT
and
A
CD = CD + (Cl.e = ayp )(l.l-CD )
HT HTgmaLL ~ HT + HTgpaALL

(+90-aHT4)
If the effective angle of attack of the horizontal tail exceeds
+90° the tail will point trailing-edge first into the relative
wind. Under this condition early stalling is precipitated
because of the sharp "leading edge" and blunt "trailing edge".
In order to represent this, it was assumed that the attainable
CLyax of the tail under these conditions is half that occurring>

in normal £light.

Thus if 90° < a < (180 - 1 &ym )
eHT —_— ( 7 HT-

A

1
or (-180 + 5 GHT+) i-aeHT < =90°

then
A - [-]
‘ CLHT = .SCLO!. “HT_ (aeHTt 90°)
(90°- L ayp_)
or CLHT = .SCLG. QHT+ (“eHT + 900)
(-90 + 1 a )
> HT4
The corresponding drag coefficients are:
1 A .
for 90° « %oy < (180 - 5 aHT_)'
A
C = 0.5 C a
L L HT
HTgraLL @ -
2c? + C
L D
oy = HTgraLL OHT
STALL AR g
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A
- (-]
which gives C, = Cp 4 (ogpp * 0.5 agp_~180
HT HIsTALL 0.5 agT_-90°

l A
and for (-180 + = < -90°;
( 3 our,) < ey © 7

A
CL = 0.5 CL_, oHT
HTgpaLL « +
2C#, + Cp
C = HT (0]
D
HTSTALL STALL HT
TTARHT
A
0 -
HT HTgraLL (SA T90°)

In the range (180—.53HT_) < Yepp L 180° when the tail has

unstalled
C = C (a - 180°)
Lyt Ly " CHT
_ 2C2
Coyr = CPoyp * _ LT
1 ARHT

and similarly for the range -180° < Gy < (-180 + .5 3HT+)

= + o
Cryp = CL, (dgym + 180 )
2C2
= L
Cogp CDOHT + HT
TTARHT

The above equations define the variation of tail 1lift and drag
over the entire range of angle of attack. The tail pitching
moment is not computed since it makes only a small contribu-

tion to the total aircraft pitching moment.

6.4 VERTICAL TAIL

The aerodynamic forces and moments acting on the vertical tail
were estimated using the methods of Reference 1. The angle

of attack of the vertical tail is given by
6.0-10
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O =~ Tan-l{vVT + B (%%)
-7
Yal Wiy

where uygp, vyp and wyp are the components of velocity at the
vertical tail aerodynamic center as given in Appendix C. The
term gp (92) is the sidewash correction for the presence of

dg
the fuselage.

As in the treatment of the horizontal tail, the effect of
rudder deflection is obtained using a rudder effectiveness
parameter tyn. Thus the effective angle of attack of the

vertical tail when the rudder is deflected is

a + 1 §
eVT vT

VT "RUD

The treatment of the vertical tail aerodynamics through the
complete angle of attack range -180° to +180° then follows
the same lines as that for the horizontal tail aerodynamics

previously described.

The vertical tail forces and moments in body axes are then

obtained from:

VT - .
XAERO = dSyTuvT [‘CDVT cos (Byr=o)cos (agp-ipr)

- Cy sin(BVT-o)cos(aHT—iHTﬂ
VT
VT - .
Ypgro = 9Syriyr [CYVT°°S(BVT’°)’CDVT51n(BVT'°ﬂ
vT _ ) . . .
ZAERO = qSVTnVT[}CDVTcos(BVT—c)51n(aHT-lHT)—CYVTSLn(BVT—c)

Sln(“HT_lHT)]
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VT VT VT
agro = %aEro Xce ¥vr! * *aERo (Zyr=2¢q)

VT VT

Nagro = ~Yagro (Xcg~Xvt)
VT VT

LAERO = - YAERO (ZvT-ZCG)

6.5 WING AERODYNAMICS

The treatment of the wing aerodynamics is the most complex of

all the components. Because wing flexibility must be repre-
sented, each wing panel required a separate treatment. The
approach adopted for simulation purposes was first to obtain

the aerodynamic forces and moﬁents on the complete wing con-
sidered as rigid and uninfluenced by slipstream interference
effects. With this data as a basis the effects of elastic
deflection were introduced as an increment in the effective angle
of attack of each wing panel and the rotor slipstream inter-
ference was then calculated. This approach is described in

detail below.

6.5.1 BASIC WING AERODYNAMICS

The basic wing 1lift, drag and pitching moment coefficients for
the wing in the presence of the fuselage rotors-off, were
calculated using the methods of Reference 1 . This data is
applicable to low speed flight. Corrections for Mach number
effects are introduced through the Prandtl-Glauert factoxr
/1-42. Beyond stall angle of attack, the lift, drag and

pitching moment curves are extended linearly to +90°
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angle of attack in order to provide a representation of wing
behavior at low transition speeds when wing angles of attack
approach 90°., The data was calculated for the complete range

of flaperon settings.

The. complete wing basic lift, drag and pitching moment data
also applies to each individual wing panel provided the data
is obtained at the appropriate panel angle of attack. This
approximation is acceptable if the angles of attack of each
wing panel are not substantially different. This condition is

normally fulfilled.

In addition to the above data, the effects of spoiler deflection
on panel lift, drag and pitching moment are required. These

were estimated using the data of Reference 1l . As can be seen

from the equations presented in Appendix E the spoiler effective-
ness is strongly dependent upon flaperon deflection, a result

of the spoilers being slot-lip spoilers.

6.5.2 ROTOR SLIPSTREAM INTERFERENCE

Before the basic wing aerodynamic data can be utilized in the
calculation of the wing forces, the effects of the rotor slip-
stream must be calculated. The calculation procedure presented
here has been developed and used at Boeing for some years, and
gives acceptable agreement with wind tunnel test data on a wide

variety of both tilt rotor and tilt wing configurations.

The method uses momentum theory to obtain the direction and
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|
speed of the rotor slipstream in the neighborhood of the wing.
From this the effective angle of attack of that part of the
wing that is immersed in the slipstream is calculated. The
lift, drag and pitching moment on the wing are then calculated
for this angle of attack as if the entire wing were immersed.
The area of the wing immersed in the slipstream is now computed
and, using the ratio of the immersed to total wing area, the

forces acting on the immersed portion are approximated.

At the angle of attack of the wing outside the slipstream, the
wing forces and moments are obtained from the basic wing data
as if no slipstream effects were present. These forces are
then scaled by the ratio of unimmersed to total wing areas to
obtain approximately the forces acting on the unimmersed wing.
The sum of the approximations to immersed and unimmersed wing
forces is now formed. This sum is then multiplied by a correc-

tion factor to obtain the final forces.

This correction factor is obtained from a consideration of the
mass flows associated with the rotor-wing combination. 1In

the following outline of the method only one rotor is considered.

From the following sketch, which shows the forces acting on

the rotor, the inclination of
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the resultant force on the rotor to the freestream direction
is given by

TR = ¢g *+ Tan~1 (P-I,I-?—‘)

The resultant force on the rotor is

R = VT2 + NFZ2 + SF?
where T, NF and SF are the thrust, normal force and sideforce,
respectively.
The mass flow through the disc is
m=p AV'
where A is the disc area and V' is obtained from the induced

velocity triangle at the disc plane.

V! = /CVO + v; cos t)2 + (af sin 1)°%
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The resultant'force on the rotor is related to the mass flow
by (Glauert's assumption)
R=2mvy = 20A V' vj
From these equations the following quartic equation is obtained
for the induced velocity at the disc.

vi + 2v,v} cos t +VviVi=1

where the nondimensional notations
Vi V
i v o)

<
.

n
¥

have been introduced.

This equation is then solved for v and the direction of the

slipstream just behind the rotor disc is calculated from

¢ = ran L [V#sin T ]
VaCOSs r+V4

The rotor thrust ccefficient CTS is defined as

T
Cp = (51
Ts (q + §)A NOTE: Because the rotor diameter
to wingchord is large the
: _ _ slipstream is considered
with T = R cos (v - op) to be uncontracted in the
1 ) 1., vicinity of the wing.

and g = 7 oV = 7 ViR
then CT, = cos (1-aR)

Z
cos(t-ag)+ V
4

The aspect ratio of the slipstream-immersed wing area is given

by
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where S; is the immersed area calculated by the method de-

scribed in Appendix D, and c is the wing chord.

The lift on the wing, if the slipstream were absent, is obtained
by calculating the effective angle of attack of the wing out-
side the slipstream from

. =1 wW
ag = Sin - + 08¢
/u;+w2

W

where Wy U, are the velocites at the wing aerodynamic center

w
and et is the elastic twist at the point. The lift coefficient
(CE) for this angle of attack is obtained from the aerodynamic

data for the appropriate flaperon/spoiler deflection.

Similarly the lift (C') and drag () coefficients of the wing
in the slipstream (assuming wing is completely immersed) are
obtained from the aerodynamic data at the angle of attack

O.s— O.O-E

The total lift coefficient of the wing with slipstream is

therefore
= w'|S; " - ot : * - _Si
CLs KA[1} (CL cos ¢ CD sin e)+ CL (1 CTs)(l ?rﬂ
where c _ L
Lg " gq_8
s dgSy

in which g4 is the nominal slipstream dynamic pressure, defined

byqs=q+§

The factor Ki is a correction factor to account for the fact

that the lift-sharing between the immersed and unimmersed portions
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of the wing is not simply proportional to the respective areas.

From considerations of the mass flows associated with the

wing-rotor combination the factor KA was obtained in the form

CL .
K! Ve + %1 va
A = CL
a
Vi + V&

where, from wing theory,

1

el = 1 + CL 1l - 1
o 1= ol
CL AR ; AR

o T

The drag and pitching moments for the wing with slipstream are

obtained similarly and are given by:
S; S
K'{-JE (C" sin e + CB cos g) + CB (l—CT )(l-—i l

CDS A S L S S j

Sy . Si

The rolling moment and yawing moment coefficients for the

l_CTS c* - C*
2by LLW LRW

wing are given by

Cog = (Kap* Kp1 Cp) (1=Cp ) EBp* Yac
+ AC
¥SpOWER
C = K C,2(1-Cc,, )B + ¥ (l—CTS) * *
ng 22 "L Ts"'F AC 2by “Prw ~ L’
+AC
s
POWER

where the increment in rolling moment due to power is

ac = 2 (L. -(-epoct . |[1-3 (E—l—)
LSpowrr O {{LSLW Tg f'LWM 2 \'s LW]

- 1 Si
-|C - (1-¢,, ) C -5 | ==
[LSRN Ts ﬂm% : ( S]RW]}

and the increment in yawing moment is
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1 - 1 Si)
AC = C - (1-C_ )c* -= (=
n 4 {[ DSRW Tg DRW][ 2 (s RWJ

SPOWER
S.
= 11
-lcp - (1-Cp.)CX 1--(——)
[ SLw 5" Drw || 2VS/ 1w

Figure 6.2 shows a correlation between the wing-in-slipstream
method described above and experimental results for the Boeing
Model 160 tilt rotor aircraft. As may be seen tﬁe simple
treatment gives acceptable predictions of wing forces and

moments.
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Figure 6.2. Correlation of Theory with Test for Predictions of Slipstream Forces and Moments
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7.0 ROTOR AERODYNAMICS

The rotor aerodynamics as used in the mathematical model are
described in this section. Also presented are the methods used
to compute the rotor aerodynamics, a discussion on wing upwash
as it effects the rotor, and a description of the technique
used to account for rotor on rotor interference in skewed
flight. In addition, correlation of the methods described in
tnis section with test data for soft-in-plane hingeless rotors
dre presented. Calculation of the Model 222 rotor forces and
moments was not practicable because of the complexity and size
of the programs required to represent the lag-flap coupling
effects of the rotor. In this math;matical model, the rotor
forces and moments are input from a series of curve plot fit
equations. These equations were generated by computing rotor
data using the computer programs discussed in Section 7.2, and
then a least squares curve fit program was used to obtain

the curve fit equations. The rotor forces and moments used in
the mathematical model include the six basic forces and moments
(thrust, power, normal force, side force, pitching moment, yaw-
ing moment), hub pitching and yawing moments due to aircraft

pitch and yaw rate, and changes to the six basic forces and

moments due to cyclic pitch application.

7.1 FORMAT AND RANGE OF DATA

Rotor forces and moments are functions of thirteen variables.
In order to reduce the size of the data bank, these variables
were combined and non-dimensionalized. Each rotor force and
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moment can be written as:

F =£(V, V¢, 8g.75 or T, a, B, P, Q, R, Ay, By, PE, Qﬁ, Rﬁ)
(7-1)

where \' = Forward speed

Vi = Rotor tip speed

80.75 = Collective pitch at the .75 radius

T = Rotof thrust

o = Rotor angle of attack

B = Rotor sideslip angle

P = Body axis roll rate

Q = Body axis pitch rate

R = Body axis yaw rate

A = Longitudinal cyclic pitch

B, = Lateral cyclic pitch

Pg = Rotor wind axis roll rate

Q; = Rotor wind axis pitch rate

RE = Rotor wind axis yaw rate

Forward speed and tip speed were combined to form rotor advance
ratio and collective pitch or thrust wére retained. Rotor
angles of attack and sideslip and body axis roll, pitch and

yaw rates were combined into a resultant angle of attack.
Longitudinal and lateral cyclic pitch angles are retained. By
combining the thirteen variables in this manner, Equation 7-1
can be expressed as:

R R _R
F=£f(u, 6 95 OF Cqp, aR)+[AF=f(Al,Bl)]+[AFFf(PN:QNIRN)] (7-2)

where u = rotor advance ratio

ag = rotor resultant angle of attack
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By using this functional relationship, basic rotor forces and
moments can be written as functions of three variables plus
increments due to cyclic pitch control application and wind
axis pitch roll and yaw rates at the rotor hub. This is the
format used in the mathematical model. 1In addition, the rotor
forces and moments are non-dimensionalized by dividing forces

by (pnR2V¢2), moments by (pnR2V¢2R), and power by (pnR2V.3).

- Taw~ NV +we
@ = v

Wp

X

NOTE: g K Nmr, Wr ARE ROTOR HUB
VELOCITIES IN SHRFT AXES

Pos/TIVE DIRECTIONS

ARE S Hown *
of
e .
cgnﬂg L= TAN '(ﬂ]
s W
et

NACELLE PIVET LINE

Yz
The above sketch shows a rotor under condition of combined

angle of attack (ap . ) and sideslip (B). The resultant

angle of attack (ag) is the angle between the "up" component
of velocity at the rotor hub and the total velocity (Vg) at
the hub. The velocity components that define this resultant

angle are the rotor hub velocities resolved to shaft axes and
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derived in Appendix C. They include body axes pitch, roll

and yaw rates. Other functional relationships that define

the rotor resultant angle of attack are shown in Appendix D.
Also shown on the sketch is the rotor sideslip angle (3).

This angle represents the inclination of the plane containing
the resultant velocity. Rotor wind axis forces énd moments are
defined relative to this plane. Since the resultant angle is
defined from 0 through 180° the inclination of the rotor
sideslip éngle (z) determines the signs of the rotor forces

and moments when they are resolved back to body axes.
$

After the functional format for the rotor data was established,
the ranges of the variables were established. Discrete speeds
and rotor rpm conditions were selected. A range of rotor
resolved angles of attack and thyust levels were selected at
each combination. These conditions were carefully selected

to cover the total operating envelope of the Model 222. The

ranges of the rotor data are shown in Table 7.1,

c
7.2 PROGRAMS USED TO COMPUTE ROTOR DATA

Rotor data used in the mathematical model were predicted from
Boeing-developed computer programs. Hover and cruise per-
formance (thrust-power) were obtained from a propeller per-
formance analysis computer program (B-92). This analysis
establishes a radial distribution of induced velocity based
on a prescribed wake contraction schedule to calculate rotor

induced and total power coefficients at specified thrust or
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TABLE 7,1 RANGE OF ROTOR DATA

Resultant Angle

Total Velocity Rotor Speed of Attack Range Rotor Thrust

(V) ~ KTS (rpm) (aR) ~deg (T) ~ Lb
0 55} 0 - 180° 500 +~ 7000
45 551 0 > 180° 500 - 7000
60 551 0 —» 180° N 2000 ~ 6500
90 551 0 —~ 180° 2000 ~ 6500
120 400 0 ~ 45° 500 + 2600
142 386 0o -+~ 20° -700 ~ 3500
160 386 0o -~ .20° -500 + 4750
200 386 o > 20° -500 + 6000
240 386 0o -+ 20° 0~ 3700
280 386 o » 20° 0+ 3800
320 386 o + 20° 0~ 4800
360 386 o + 20° 0+ 3500




thrust coefficients. The radial airload distribution is also
defined. A detailed description of this program is given in

Reference 4.

Transition performance data, in-plane forces and moments and
cyclic pitch effectiveness throughout the flight envelope

were estimated using computer program D88 (Reference 5).

The D-88 computer program is an aeroelastic analysis for the
study of aerodynamic, dynamic, and structural characteristics

of current and advanced rotor and prop/rotor concepts. Air-
ljoads are calculated considering the effects of section geometry,
compressibility and non-uniform inflow. An iterative process
petween the airloads and coupled flap-pitch dynamic response
establishes blade accelerations which in turn are used to
.compute hub loads and rotgr aerodynamic performance.

The rotor analysis is based on the idealization of a continuous,
elastic, non-uniform beam into one composed of lumped discrete
masses connected by weightless elastic sections. Associated
with each mass is a flat rigid airfoil segment, with the mass
center located at the midpoint. The aerodynamic loads generated

by each segment are assumed to act:at the mass center.

The effects of non-uniform inflow are included by considering
a discontinuous constant circulation along part of the rotor
blade, of sufficient strength to maintain the desired thrust.

A vortex is assumed to trail from the inboard and outboard

7.0-6



circulation discontinuities, of equal and opposite strength.
By summing the effects of all the vortices on a given blade
around the azimuth the non-uniform indﬁced flow for each blade
at every dynamic bay is determined.; Total velocity at each
point in the blade is computed by vector addition of the velo-

city components.

The local angle of attack of each blade element is then computed
at every blade station for specified azimuth angles and the
aerodynanic coefficients (Cy, Cp, Cy) are looked up from tables
of coefficients as a function of Mach number. From these co-
efficients the airloads are computed. The vertical, tangential
and pitching aerodynamic loads are then harmonically analyzed
into 10 harmonics and act as the forcing functions for each

blade section.

To obtain a thrust matcﬁ, an iteration process is performed
on the airloads until a steady collective pitch angle is ob-
tained which corresponds to the desired thrust. To perform
the dynamic analysis, the lumped mass and elastic bay elements
of the idealized rotor blade are transformed into a sequence
of transfer matrix products, by means of the Associated Matrix
Method. This method replaces each blade element by an equiva-
lent "transfer matrix" that transfers the dynamic system
variables, shear, moment, deflection and slope, inboard across
the element. Therefore, multiplying the system variables out-

board of the element by the transfer matrix gives the variables
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inboard of the element. The whole mass, elastic blade
idealization is then reduced tc a sequence of transfer matrix

products.

In-plane elastic rotor derivatives (both static and rate) in
axial flow were calculaced using computer program C-41

(Reference 2).

Dynamic derivatives for a rotor system are defined taking account
of the modal behavior of the blades in two general flap-lag
modes. These derivatives are given as matrix arrays of the
partial derivatives of rotor forces with respect to unit amounts
of elementary linear and angular motions of the hub and unit
displacements in the blade modes. These effects are separated
into inertial, damping and gyroscopic, and stiffness effects.
Thus an element mj 5 in the inertia derivative matrix is aFi/agj,
i.e., the force in the i direction due to unit acceleration

in the j direction, all other guantities being held constant.

Similarly element dij of the damping derivative matrix will
represent aFi/agj which might for appropriate (ij) be the
aggregate gyroscopic and aerodynamic pitching moment due to

unit velocity of yaw.

Similarly the elements of the stiffness derivative matrix re-
present such quantities as the normal force due to unit amount
of shaft angle of attack, and generalized forces in the blade

freedoms due to unit displacements in each of the other freedoms.
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The matrices are of order 15 x 15 maximum. The first 6 rows
and columns refer to forces in the vertical, lateral and axial
directions and moments in the yaw pitch and roll directions
due to unit acceleration, rates and displacements in each of
the directions. These are the only numbers present if the
rotor blades are assumed rigid. Three additional rows and
columns are added for each blade mode considered. A limit of
two blade modes is currently applied. The final three rows

are for cyclic and collective pitch.

These derivative matrices provide a ready means for evaluating
the contribution of the rotor to the coefficients of the air-
craft dynamic equations. This program also provides the in-

plane elastic rotor derivatives.

Elastic rotor rate derivatives in transition were estimated
using computer program C-49 (Reference 3 ). This program
evaluates hub force and moment derivatives for shaft angles
varying from cruise to hover conditions. Dynamic derivatives
suitable for transient analysis are computed. The dynamic
derivatives are the partial differentials of hub forces and
moments with respect to hub positions rates and accelerations
and include inertial and gyroscopic effects as well as aerody-
namic effects. For the static derivatives a constant shaft
angle to the relative wind is assumed and the resulting blade
motion computed. The effects of blade aerodynamic and inertia

and gyroscopic forces are combined to give the hub derivatives
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due to constant shaft angle and constant rate of change of

shaft angle.

The output rotor forces and moments of these programs are in

rotor wind axis.

7.3 ROTOR SIGN CONVENTION

The rotor sign conventions as used .in this mathematical model
are shown in Figure 7.1 . Positive directions of all rotor

forces, moments and cyclic pitch angles are noted.

7.4 CURVE FIT FORMJAT

The rotor data generated for the Model 222 mathematical model
was curve fit at each advance ratio. A curve fit which is
third order in angle of attack and second order in thrust co-
efficient or collective pitch was found to yield the most
accurate results. The curve fits have the following general

form.
3

u v
! | A@+av)e Cr

Il 100

CF=

v=0 u=0

The double summation is expanded starting with the inner
quantity i.e. set v and expand u from 0 to 3. Repeat until
the summations are satisfied. The expansion of the generalized

form is

Cp = Ag + Aja + Aga? + Aza?
2 3
+ (A4 + Asa + A6a + A7a )?T
2 3 2
+ (A8 + Aga + Ajgac + Ao )CT
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All of the rotor forces and moments are curve fit in this
format. The coefficients of the equation were obtained from
a least squares fit of the computed rotor data. The criteria
used to determine the final coefficients was to have not more
than a 5% difference between the curve fit equations and the
computed rotor data at the nominal aircraft trim condition.

In general this criteria was met.

7.5 EFFECT OF WING UPWASH ON ROTOR PERFORMANCE

The rotor operates in the upwash field associated with the
lifting wing. Thus, the rotor behaves as if it were operating
at an increased angle of attack. The effective upwash angles
were calculated using lifting line theory. In the mathematical
model the upwash angles are input in the form of a table of
upwash angles as a function of wing lift coefficient, and

nacelle incidence angle.

7.6 ROTOR/ROTOR INTERFERENCE

In order to obtain the correct lateral stick gradient when
flying sidewards or at large sideslip angles, a calculation
for rotor-on-rotor interference is included in the mathematical

model. In Reference 11, the wake skew angle is defined as in

the sketch below E?r a lifting rotor.
Y

X ~ WAKE SKEW ANGLE
€ ~ ROTOR DOWAN WASH PMNGLE
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Also presented in this reference are contour charts of the
hormal component of induced velocity near a rotor with a
triangular disc loading for six different skew angles in the
range from 0° to 90°. For the Model 222 geometry, a curve of
normal induced velocity/average induced velocity as a function
of skew angle Was obtained. For the case of the Model 222
flying sidewards, the downwind rotor is assumed to be operat-
ing at a lower angle of attack than the upwind rotor, and will
therefore generate different forces and moments. The downwash
angle is calculated from the normal component of induced velo-
city. The rotor/rotor interference is washed out as a func-
tion of nacelle angle and sideslip angle such that there is

no interference in the high transition speed and cruise modes.
The equations derived are shown in Appendix E , under the

rotor/rotor interference section.

7.7 ISOLATED ROTOR AERODYNAMICS

The equations utilized to represent the isolated rotor aerody-

namics are presented below. These equations are then resolved
into body axis forces and moments to be used in the equation

of motion.

7.7.1 Thrust (1)

C*R = [CTORRcos AlCR cos BlCR]
2 3

where Crp .. = D)

[Ag a% eV _ ]
v=0 u=0 (u+4v) RR 0.75

(l)In the equations that follow, subscript RR denotes right
rotor. The left rotor is identical provided due regard
is paid to sign convention and azimuth reference.
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A\
A = function of (u=——) and is obtained
T (u+4v) " Vi

from Appendix F
AlCR = Lateral cyclic pitch

BlCR = Longitudinal cyclic pitch

6g.75= Blade pitch angle at 75% blade radius

- e +u Z
s = Tan VAR * (WRRTYRRSwRR' )+ s
URR J LR

RR
u ‘ \/ = i j
RR,VRR, RR rotor shaft axis velocity components

EWRR = Wing upwash angle

€irR = Rotor/rotor interference angle

The effect of close proximity to the ground is accounted for
by use of the following relationships

TIGE)
TOGE | RR

C = c!
TRR TRR

T
where ( IGE
ToGE

of ground effect.

)is defined in Section 10 under the discussion

7.7.2 Power
% 3
c = C = ¥ A, (utdv)appd CpV
PRR Porr  v=0 u=0[ P R TRR

where: Ap(u+4v) may be obtained from Appendix F as a

function of uRrp

7.7.3 Normal Force

dCNF ' dCNF
Cyr.. =~ COnF + ax“‘BE At s Bic
NERR ORR iCR R 1Cg R
2 3 % r
where: CNF = z z ANF (u+ 4V) ORR Cli\RR
ORR v=0 u=0 )
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ANF(u+4v)= Function of urg and may be obtained from Appendix F.

dcyp

—RR = pyp Cp _ + Dy uRR + DNF.MRR * DNF
dA1icy 1 Trr 2 3 4
dcyp

—RR =g . C + Eyp Mip + Eyp Hpp + B
e, NF) g * PN RR T OENFSMRR TN

The coefficients in the above 2 equations may be obtained from

Appendix F.

7.7.4 Side Force

dc dc
= SFRR SFRR
Coppp = Csr..o t 33— Bicg T 33— Bic
RR ORR dAlCR R dBlCR R
2 3 u v
where: CSFO = Z Z ASF (u+4v) ORR CT,RR
RR v=0 u=0

Agp (u+4v)=function of ugp and may be obtained from Appendix F.

ac
Bl Pgr, Cp_ .7 Pgr ber * Por.¥rr T Psr
dA1cy 1 *RR' 2 3 4
dCgy

RR 2
R _ g . + Eooo 2. + Epp How + E
Ty, SF, “Trp SF,"RR SF3*RR SF,

The coefficients in the above 2 equations may be obtained from

Appendix F.

7.7.5 Hub Pitching Moment

Chugy = Spu, T “Critgz A, * Ptz Bic, * “CRlizR Qg
2 3 |
v
where: c = ) Y ola. (u+dv)al c!
PM " yio uio | PM RR Tgy

Apy (u+t4v) = function of ugg and may be obtained from Appendix F.
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acp,
_RR f % Hyy (a44v) oy Cho
aQ ho uko | e RR CTpg

HPM(u+4v)= function of upp and may be obtained from Appendix F

R N N

QNrR = Onr €08 fgr * Ryr o Sin fmr
N *

Qvr = Q@ F Ing

N

Ryr =—R cos iNR - P sin iNR

SHR = right'rotor sideslip angle
iyr = right nacelle velocity
iyr = right nacelle angle
dc
__RR Dpm. Cr._ * Ppu. *“rr * PeM,*RR * PeM (ugps+35)
dAlcy 1 °RR 2 3 4
= 2 =
= Dpy; Crgg * DpMgh RR * PRMgHRR * PRyy (vgr>+35)
dCppm
___ BR = Epy Cp _ + Epy u’rr * EpM,MRR * EpM (iggr<.-35)
dBic, 1 “RR 2 3 4
= E C + Epy M2pp + Epy M., * E (u_._>.35)
PMl TRR PMS RR PM6 RR PM—, RR

Values for the coefficients in the above 2 sets of equations

may be found in Appendix F.

7.7.6 Hub Yawing Moment

Cym.. = CymM + — XA t — BR By, * ——— Rr
RR orr  dRic, R aB)c R drR
2 3
u v
where: C = A a c
YMORR Vzo uzo[ YM (g+4v) RR TRR]

AYM(u+4v) is a function of wupp and may be obtained from Appendix
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dc 2
_RR ¥ 3 aldc v
L Yil (y+4y) RR T 0

JYM(u+4v) is a function of upp and may be obtained from Appendix

F *
R N .
R = Ryg ©°8 Zyg ~ Oyr SIP SyR
N , ) .
RNR = ~R cos 1yr ~ P sin 1iyg
N .
Unr = @t Inr
tgr = Right rotor sideslip angle
igr = Right nacelle velocity
iygr = Right nacelle angle
dCYM .
— —BR o pymiCr. .+ Dym2w?RR * DyM3“RR *t Dym4 (Wrr<-35)
d‘AlCR RR — :
- 2
DyyiCr  + PymsPRr * PyMe¥Rrr T Dyy7 (Hgr>*33)
dCypy
RR _ 2 X
= + + . ; AU .
dB)c, By Cr Eym2" “rr Eyma¥rr-t Bymyq Rp3-35]
= 2
EYMICTRR + Eyyst?rr * EymePrr * FEm7 RR 35

Values for the coefficients in the above 2 sets of equations

may be found in Appendix F.

Notes: (1) Application of rotor equations for left rotor follow
similar format with subscript "RR" changed to "LR".

(2) When solving equations with double summations for
values of p not given in tables, solve equations
for the two values of i closest to the value de-
sired and then interpolate linearly for exact
value of yu.
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7.8 CORRELATIONS OF ROTOR PREDICTION METHODS WITH TEST DATA

This section presents the results of correlation studies that
were conducted to verify the adequacy of the rotor prediction
methods used for the Model 222 tilt rotor. In general, pre-
diction of trends is excellent with guite good agreement in

absolute magnitudes.

7.8.1 Model 213 Four Blade Hingeless Rotor Correlation

Figure 7.2 presents correlation with rotor derivatives
measured on a 1/9 scale dynamically similar model of a tilt/
stowed rotor conversion model. In this test the rotor hub
forces and moments were carefully measured over a range of RPM
in which the lead-lag modal frequency progressed from less
than 1 per rev at 900 RPM to values significantly greater than
1 per rev as the rotor was feathered. The measured values
confirm the predicted behavior trend and the gquantitative

correlation is also excellent.

7.8.2 Correlation with Model 222 26-Foot DiameteX Rotor

Test in NASA-Ames 40 Xx 80-Foot Tunnel

Figure 7.3 shows the schematic of the windmilling test stand
and its instrumentation. Test data were obtained from strain
gages mounted on the outer portion of the wing as shown, and

calibrated to measure normal force, pitching moment and yawing
moment. Comparison with test data was made by calculating the
moments about the wing strain gage locations using forces and

moments predicted by the C~41 program. The results of this

7.0-18



0 el A A A ——d ".‘1‘

0 200 400 600 800 1000 0

RPM

-.1 > 0
0 200 400 600 800 1000 0

RPM

Test Points @
Theoretigal ngdictions
— — — — R1gid Blades
——.-—— Flap Only

Flap & Lead Lag

200

400

RPM

600

800 1000

200 400 600 800
RPM
Definitions
Normal Force = 1/2pwR2V2Cy,*

Side Force = 1/2pwR2V2Cy -a
Pitching Moment
Yawing Moment = an3V2Cna-a

pwR3V2C -

Figure 7.2. Model 213 1/9 Scale Conversion Model — 85 Ft/Sec Derivative Variation with RPM

7.0-19



) ¥ - ) T [
[ CENTER v
lr P 54.62
\ WING TIP
P._ 5167 GAGES I
, 150.62"
166.0"
200.0"
| CENTER
. OF WING ROOT
|
C | 1 ; >
I \‘v WING 1/4 CHORD
31.45" 62.3" 'I
Y TUNNEL FLOOR
‘ﬁx_
- a1 WIND TUNNEL BALANCE
49.39" DATA REFERENCE CENTER

Figure 7.3. 26 Ft. Rotor Test Stand in NASA’s 40" x 80° Tunnel

7.0-20



comparison for alpha derivatives are given in Figure 7.4

and for cyclic pitch derivatives in Figures 7.5 and 7.6

The analysis did not attempt to account for force and moment
contributions from nacelle and wing aerodynamic interference.
Nevertheless, quite good correlation is observed. These plots
also show the values of derivatives predicted by several

other programs. These include D-88 program which accounts for
compressible non-linear downwash and L-22 which uses linear
airfoil theory and uncoupled flap-lag freedoms. C-49 accounts
for unsteady aerodynamics while C-41 uses a linear representa-
tion. C-41 and C-49 use a modal representation of blade free-
doms (2 coupled flap-lag modes) while D-88 and L-22 make use

of a finite element discrete mass representation.

The rotor derivative data was also compared with C-41 using

a total unresolved moment approach. Total moments about the
center of the wing tip gages and the reference azimuth posi-
tion (orientation of the moment vector in the rotor disc plane)
were calculated from the C-41 hub forces and moments and
compared with test results (Figure 7.7 ). The interesting
conclusion which is not apparent from the resolved forces and
moments is that the total moment is predicted well but there

are slight differences in the reference azimuth position.

7.8.3 Correlation witn Jodel 222 1/4.622 Scale Model bData

The subject model is a dynamically similar version of the M222.

The test data presented in Figures 7.8 and 7.9 were taken
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with the model mounted on a pedestal in the tunnel. The rotors
were given angles of attack to the free stream by pitching the
complete model with zero sideslip angle and yawing the model

at zero angle of attack. The yawing data contains minimal

wing induced flow effects and comparison with the pitch data
indicates the importance of induced flow on the rotor forces
and moments. Forces and moments were computed for the iso-
lated rotor and it is seen from Figure 7.8 that correlation
with test data is excellent when wing induced effects are
small; in Figure 7.9 wing effects introduce perceptible shifts

which increase with dynamic pressure.
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8.0 CONTROL SYSTEM DESCRIPTION

This section describes the control system, stability augmenta-
tion systems, load alleviation system and thrust management
system utilized in the mathematical model. A more complete

description is given in Reference 8.

8.1 CONTROL AERODYNAMIC CONFIGURATION

Control of the Model 222 aircraft is accomplished by utiliza-
tion of longitudinal cyclic, differential longitudinal cyclic,
collective and differential collective pitch, and differential
nacelle tilt control in conjunction with the airplane control
surfaces. The airplane control surfaces consist of conventional
elevator and rudder and a flaperon and spoiler arrangementQ

The primary controls in each axis for each regime of‘flight are

shown in Table 8.1,

The rotor controls provide a major portion of the control
capability from hover through the low transition speed range,
but airplane surface controls are operative in all regimes of
flight, including hover. The rotor controls are phased out
during transition as nacelle incidence decreases, speéd in-

creases, and the surface controls become more effective.

8.2 LONGITUDINAL CONTROL

Longitudinal control in hover is provided by longitudinal cyclic
pitch. This is phased out through transition as the elevator
becomes more effective. The elevator provides longitudinal

control in the cruilse mode.

8.0—-1



TABLE 8,1 FLIGHT CONTROL MIXING

FLIGHT MODE PRIMARY CONTROLS

Helicopter (Hover)

Pitch Longitudinal Cyclic
Roll Differential Collective
Yaw Differential Longitudinal

Cyclic and Differential
Nacelle Tilt

#“Height Control Collective/Engine Power
Transition

Pitch Longitudinal Cyclic and Elevator

Roll Differential Collective, Differ-

ential Longitudincal Cyclic,
Differential Nacelle Tilt,
Aileron and Spoiler

Yaw Differential Longitudinal
cyclic, Differential Nacelle
Tilt, and Rudder

Airplane
Pitch Elevator
Roll Aileron and Spoiler
Yaw Rudder
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8.3 LATERAL CONTROL

Lateral control in hover is provided by differential collec-
tive pitch, together with differential engine fuel flow (power).
The differential engine power is perided to ensure maintain-
ing roll control in the event of a éross shaft failure. It
also serves to minimize the cross shaft torque. In transition,
differential collective and differential cyclic are scheduled

as a function of nacelle tilt.

When differential cyclic pitch is commanded the nacelles are
also actuated to tilt differentially, thereby increasing the
thrust vectoring effect of the cyclic pitch. Differential
deflection of the nacelles is +1.55 degrees per degree of
cyclic plus approximately +0.20 degrees of differential nacelle
tilt due to elasticity cf wing and nacelles. This results

in a large increase in control power as compared to the control
power available from cyclic alone. The control ;uwer require-
ments may, therefore, be met with modest amounts of cyclic
control resulting in low blade stresses and long rotor fatigue
life. Collective pitch is also scheduled with nacelle tilt

so that when the nacelles are tilted differentially, pitch is
increased on the rotor whose disc is tilted down, and decreased
on the rotor which is tilted up. This maintains the thrust
approximately equal on the two rotors, ensuring that thrust
vectoring rather than differential thrust is achieved by the

differential cyclic pitch and differential nacelle tilt.
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The wing has full span flaps and spoilers mounted on the
trailing edge. The flaps are single slotted of 30 percent
chord with a fixed hinge point 14.6 percent below the wing
chord line. The flaps act as flaperons for roll control and
deflect downward only by a maximum of 20 degrees from the
nominal flap setting. Maximum incremental lift from the flaps
is attained at approximately 35 degrees deflection and the
maximum rolling moment occurs at the same time, so the flaperon
deflection for roll control is limited to a maximum total flap
deflection of 35 degrees. If, for example, the flaps are
symmetrically deflected 30 degrees, only 5 degrees additional
deflection is utilized for roll control. Full span spoilers

of 12.7 percent chord are located forward of the flaps and
hinged to the rear spar. The spoilers are "slot-lipped", i.e.,
they open up the slot forward of the flap with the flaps ex-
tended resulting in a large increase in roll control as compared
to the control power with flaps closed. Maximum deflection of
the spoilers for roll control is 45 degrees from the closed

position.

Maximum spoiler rolling moment coefficient is also attained
with flaps deflected approximately 35 degrees. Spoiler
effectiveness with the flaps retracted is approximately one-
third that attainable with the flaps extended. Spoiler rolling
moment is further reduced at high speed by limiting the spoiler
actuator force capability, thereby restricting the spoiler
extension at speeds above 175 knots.
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The spoilers and flaps are also used in conjunction with down-
load alleviation devices referred to as umbrellas mounted on
the leading edge of ihe wing for download relief in the bhoveas
and low-speed xanac s oshrellas are 18.6 percent chord

on the upper and lcuer <ing surfaces: Maxiwmum deflections of
the surfaces for downlead slleviation are: flaps 70 degrees,

- spoilers 110 degrzes focw - nsed, and nmorellss aft-edge-of-
the -upper surface up tr 20 dagreas from vertical apd aft-edge-~

of-lower~surface down to 10 degrees from vertical., The umbrel-
g

las and spoilers retract at 50 knots automatically.

8.4 DIRECTIONAL CONTROL

Directional control in hover is provided by differential longi-
tudinal cyclic pitch, which, as discussed above under lateral
control, also actuates differential nacelle tilt to amplify

the thrust vectoring effect of the cyclic pitch.

In transition, the differential cyclic and its associated nacelle
tilt are phaéed out as the rudder becomes more effective. This
results in near zero initial roll acceleration in response to

a yaw input.

8.5 THRUST/COLLECTIVE CONTROL

In hover, forward motion of the thrust/collective lever mechanic-
ally commands both increased collective pitch and increased
power. The governor provides a fine adjustment to the collec-
tive pitch to maintain rpm. Over travel of the pilot's lever,
beyond the normal max power position, provides a collective
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pitch landing flare capability. The over travel is entered
by going through a "gate",which shuts down the rotor governor
and leaves the pilot's lever directly connected to collective

pitch, just like a helicopter collective pitch lever.

The collective pitch is also scheduled through transition as
a function of nacelle incidence, minimizing the adjustment
needed from the governor and also providing the pitch variation

with differential nacelle tilt required for roll and yaw control.

In cruise the mechanical interconnection of the thrust/collec-
tive lever with collective pitch is phased out completely so
that a pure power demand system with governed pitch, like a

conventional fixed wing airplane, is provided. The control

system block diagrams are shown in Appendix E.

8.6 CONTROL FEEL |

Control force gradient variation with dynamic pressure prevents
excessive sensitivity of control at high speed. In the model
222, the force gradients of the primary controls (longitudinal
and lateral stick, and pedals) are varied linearly with dynamic
pressure. The rudder and elevator deflections vary linearly
with pilot's rudder pedal and longitudinal stick travel. Ail-
eron deflection is programmed linearly and spoiler deflection
nonlinearly with lateral stick deflection, to provide near-linear
rolling moment effectiveness to near cruise speed. As mentioned
earlier, spoiler deflection ig limited at high speed by limiting
the actuator capacity. The control force breakout forces and

gradients are shown in Appendix F.
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8.7 STABILITY AUGMENTATION SYSTEMS

Stability augmentation systems are provided to enhance aircraft
flying gqualities. The system consists of longitudinal, lateral
and direction SAS. The longitudinal stability augmentation
system incorporates a pitch rate feedback and a longitudinal
stick pickoff. In addition, a lagged pitch rate signal is
incorporated to provide some degree of attitude stabilization
without the autopilot. (An autopilot is not represented in
this simulation.) These signals are shaped and put through

an authority limit. The longitudinal SAS commands longitudinal
cyclic ptich to provide the required damping in hover and
transition. It is not required in the cruise mode and is
phased out at 175 knots. The block diagram of the longitudinal

SAS is given in Appendix E.

The lateral stability augmentation system is operative in all
flight modes. It consists of roll rate feedback for increased
damping in roll, lagged roll rate feedback to provide roll
attitude stability, and a lateral stick pickoff. In addition
a sideslip feedback is incorporated to decrease the strong
dihedral effect. These feedback loops are shaped and phased
to yield good aircraft dynamic characteristics. A lateral

SAS authority limit is incorporated in the circuit. The out-
put of the lateral stability augmentation system is input to
the control system in terms of equivalent lateral stick, since
the drive actuator is in series with, and commands the same

control as, the pilots lateral stick control linkage. The
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lateral SAS never oOpposes the pilots' command. The block

diagram of this system is shown in Appendix E.

A directional stability augmentation system is provided

and operates in all flight reg%mes. The yaw channel con-
sists of yaw rate feedback for increased directional damping

in hover and low speed flight modes, lagged yaw rate feedback
to provide yaw attitude stability, and a rudder pedal pickoff
for quickening. Directional damping provided by the rotors

is quite high in the higher transition and cruise speed ranges.
No additional yaw rate damping is therefore needed in cruise.

A feedback is provided to modify the effective yawing moment
due to roll rate which exists in the basic unaugmented aircraft
configuration in the cruise speed range. The feedback gains,
and the relative phasing of these gains have been opiimized

to provide good directional dynamic response. A directional
SAS authority limit is incorporated. The SAS command is input
to the control system in terms of equivalent inches of rudder
pedal. The block diagram for the directional stability aug-

mentation system is shown in Appendix E.

The stability augmentation systems used for the simulation are
not set up to investigate individual component failures.
Modifications are required in order to do malfunction type

studies with this simulation.
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8.8 LOAD ALLEVIATION SYSTEM (LAS)

Propeller type aircraft experience significant blade loads
during exposure to skewed flow due to steady state or transient
conditions (climb, sideslip, gusts, etc). The tilt rotor
configuration can have similar problems. However, since cyclic
pitch is a basic part of the tilt rotor control system it
provides the means to significantly reduce the sensitivities

to these effects. It also can be used to reduce the destabi-
lizing moments which come from the rotors and thus improve

static stability.

An automatic load alleviation system is provided and operates
via the swashplate to reduce both transient and steady state
hub forces and moments and the destabilizing moments at the
nacelle pivot. It is not a required system for the Model 222,
but will significantly enhance the static stability and the

fatigue margins of the aircraft.

The overall objectives to be achieved through the use of
cyclic feedback control are:
e Reduce rotor hub forces and moments for both steady

state operation and gust encounter

e Improve flying gqualities of the aircraft by using
the cyclic control system to reduce pilot workload
and improve short period response by reducing de-

stabilizing forces and moments of the rotors
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e Reduce aircraft structural loads resulting from

gust turbulence

e Improve ride qualities by damping the response to

gust turbulence

The load alleviation system, as mechanized in this simulation
consists of angle of attack, angle of sideslip, and dynamic
pressure sensors which drive through appropriate gains and
filters to reduce the longitudinal and lateral moments at the
nacelle pivot. The lateral cyclic pitch used for load alle-
viation is authority limited and drives separate actuators in
each hub. The longitudinal cyclic pitch is summed in with

the longitudinal SAS. The block diagram for this system as
mechanized is shown in Appendix . This system is operative
from low transition speed (approx. 50 knots) through dive speed
and reduces the pivot moments from 50% in the 150 to 200 knot

range to 100% in all other modes of flight.

8.9 THRUST MANAGEMENT SYSTEM

The thrust and power management system for a tilt rotor air-
craft must be compatible with both the helicopter and airplane
configurations. Thrust control for the hover task, rpm control,
gust response (especially in the cruise flight regime), and
effect on aircraft flying qualities must all be considered.
Classically, helicopters have used collective pitch demand to
control thrust and fuel governing to control rpm while fixed-

wing aircraft have used fuel flow demand to control thrust and
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collective pitch governing to control rpm. Each system has
its advantages. For a tilt rotor aircraft it is desirable
from a practical viewpoint to have one type of governing for
both the helicopter and fixed-wing flight regimes. Collective

pitch governing was chosen for Model 222 for several reasons:

e It is more readily adapted to the hover flight

regime than the fuel governor is to cruise

e It has better gust response characteristics
e It is fast acting and has high accuracy
e Thrust response to pilot control can be easily

shaped with feed forward loops

e It has been demonstrated successfully in hover,

transition and cruise in the CL-84 aircraft

With collective pitch governing there are two areas in the
thrust management system to be considered: (1) style of

the collective pitch governor; and (2) the feed forward loops
for shaping pilot thrust control. The block diagram for this

system as mechanized in this simulation is shown in Appendix

E.

Several different governor configurations were considered for
The M222 in order to determine the governor system best suited
to meet the following objectives: (1) 0.3 percent steady state
error in 2.5 to 3 seconds; (2) 2 percent rpm overshoot; and
(3), satisfactory effect on aircraft flying qualities in the
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all-operational mode (i.e., all aircraft components operational
and performing as designed) and various failure modes. A single
governor reference which used the rpm signal from each rotor
and averaged them was chosen as the configuration that best
satisfied the design criteria. To achieve the required accuracy
and transient response goals, integral as well as proportional
feedback of rpm was necessary in both the hover and cruise
regimes. Governor gain is scheduled with nacelle incidence
to maintain a near optimum level of governing throughout the
flight envelope. Gains are varied linearly as the rotor rpm
is changed from 551 in hover to 386 in cruise. The second
requirement of the governor system is shaping the rotor thrust
output for a pilot throttle input. Considerations in deter-
mining the proper shaping include:

(1) throttle sensitivity;

(2) time constant to reach 63% of steady-state thrust; and

(3) allowable thrust overshoot

variable pilot's control sensitivity is employed to give the
optimum sensitivity in the hover power range yet maintain full
power control within a reasonable throttle throw (8 inches) .
Shaping of the pilot command with collective guickening is

done to improve the thrust time constant and thrust response
transient shaping so that the pilot may perform the precision
hover task with a minimum of difficulty. In the cruise regime,
shaping of the thrust output is unnecessary and is phased out

during transition.
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The thrust/collective pitch control system is designed in such
a manner that; during hover, when the pilot moves his control,
he éommands both a change in engine fuel setting and, mechanic-
ally, a change in collective setting. The governor then operates
with a time lag to trim the collective to the value required

to maintain rpm. The mechanical collective change feature is
washed out as a function of nacelle incidence so that when
nacelle incidence is decreased to zero, the pilot commands only
engine fuel. In addition, the reference setting schedule for
collective has been established to maintain equal thrust out-
put from both rotors during application of differential nacelle

tilt.

As was mentioned previously, additional details on the Model

222 control system may be obtained from Reference 8.
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9.0 ENGINE REPRESENTATION

This section describes the engine performance and dynamic
model representation that is used in the mathematical model.
The basic engine cycle performance data consists of tabulated
values of four variables: power, fuel flow, gas generator
shaft rpm, and power tarbine shaft rpm. These parameters are
a function of Mach number and turbine inlet temperature. All
data are in referred, normalized format as shown in Table 2.1.
Because of the normalized, referred format, all data are valid
for any ambient conditions. The effects on engine perform-
ance of operating at non-optimum power turbine speed are in-
cluded in this model. The referred format also facilitates
including engine thermodynamic and mechanical limits. Limita-
tions on engine cycle operation may'be input on any combination
of the following: fuel flow, torque, gas generator speed, gas
generator referred rpm or output shaft speed. A detailed
description of this routine is in Reference 9. The flow
charts which describe this routine mathematically are shown

in Appendix E.

A simplified dynamic model of the Lycoming T53-L-13 engine was
formulated for use in the tilt rotor mathematical model. This
model was coﬁpled to the output of the engine performance

program described above. The model consists basically of 2

first order lags in series with variable time constants and gains.
The output of the model is rate limited to reflect actual en-

gine performance. This simplified model gives satisfactory
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results for both large and small power transients. The block
diagram for this system is shown as part of the thrust manage-

ment system block diagram shown in AppendiXx E,

TABLE 9,1 ENGINE CYCLE DATA FORMAT

REFERRED,
VARIABLE SYMBOL NORMALIZED FORM
F F *
Thrust N N/GFN
Power SHP SHP/§/BSHP*
Gas Generator rpm N_ NI//ﬁN;
1 ]
Power Turbine rpm Nip NII//ENII
Fuel Flow We We/SVOFY
W./8 /B SHP*
Turbine Inlet T T/9
Temperature
Where: * = Max. Power Setting, Static,
Sea Level, Standard Day
6 = Ambient Temperature (°R) Divided
by 518.69°R
§ = Ambient Pressurxe (psia) Divided
by 14.696 psia
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10.0 GROQUND EFFECTS

The effects of operating near the ground on the rotors and
airframe are included in this model; The presence of the
ground on the airframe imposes a boundary condition which in-
hibits the downward flow of air normally associated with the
lifting action of the wing and tail. The reduced downwash
has three main effects;

e A reduction in the downwash angle at the tail

e An increase in the wing lift curve slope

e An increase in the tail lift curve slope
These have been accounted for by the methods given in Reference
10 appendix B-7. The data given in the reference for the
change in wing and tail 1lift curve slope has been used directly.
The equation specified for the change in downwash angle at the
tail due to ground proximity was modified for convenience.

The equation as stated is:

(8edy = bz + 4(n-H)?
£
b + 4 (h+H)?
where (As)g = the change in tail downwash angle due to ground
proximity
E = the downwash remote from ground
h = the height of the tail root guarter chord point

above the ground
H = the height of the wing root quarter chord point
above the ground

a function of wing lift and wing flap geometry

o}
H
i
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For this mathematical model, the bj in the above equation was
taken to be equal to the wing span, by. This results in a
small error in the change in horizontal tail downwash. It is,

however, sufficiently accurate for this simulation.

Ground effects on the rotor are difficult to predict analytic-
ally, especially in forward flight. Wind tunnei test data

for the Model 160 powered model, Reference ¢ Was plotted as
a thrust ratio versus effective rotor height/diameter ratio,
for two rotor advance ratios. This data, shown in Figure 10.1
was curve fit and linearly interpolated for advance ratio.

The resulting equation is as follows: - (for the right rotor.

The left rotor is identical except for subscripts)

(TIGEL - 3)2 (:1741 - .6216 u__) +(% (1.4779 ugg--4143)
TocE ) EFF
OGE R EEF R

+ 1.2479 - .8806 wgR

hrr
where (B = i + 13 +
(DLFF 2R[[sin(8 + iy )cos ¢ | .0174]

RR
hRR = = Z50WN +(LS cos iNR - XCG) sin 6
+ [(Lg sin iNR + 2pg) cos ¢ - Yy sin ¢) cos §©
= Rotor hub height above the ground
Lg = Distance from the nacelle pivot to the rotor hub
Xca = Longitudinal distance from the pivot to the CG
Zcg = Vertical distance from the pivot to the CG
8 = Aircraft pitch attitude
¢ = Aircraft roll attitude
iNR = Right rotor nacelle angle
Yy = Wing semispan
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TIGE =REJZ (.1741-.6216u )+ (h (1.4779u—.4143)
~, \ToGE Pl ErF PEFF
0
R + 1.2479 - .esoeu]
~N
53]

O
- NOTE: 1If u > 0.283;(TIGE) = 1.0
; or TOGE
9 If(%) > 1.3; (TIGE) = 1.0
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Figure 10.1. Effect of Rotor Height on Thrust Augmentation Ratio
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The equation for the effective rotor height to diameter ratio

(h/D) gpg Was derived by dividing the rotor hub height by

[sin(8+ig)cos ¢]. This yields the rotor height along the shaft.

For the cruise condition the hub height is infinite, (h/D)EgfF
is infinite and the augmentation ratio due to ground effect
is unity. Some special conditions which must be observed when

using these equations are noted in Figure 10.1.
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11.0 AIRFRAME REPRESENTATION (PREPROCESSOR)

An airframe representation/preprocessor calculation is in-
cluded in the mathematical model that enables the user to in-
put the location of major structural elements of the aircraft

in terms of water line;butt line and station line location.

All lengths, center of gravity distances and inertias used in

the equations are then calculated. This feature enables the
user to quickly change the location of major structural elements

to assess their impact on vehicle response.

In the derivation of the basic equations of motion, the aircraft
was divided into three principal mass elements. The fuselage
mass element (Mg), the wing mass element (my) and the tilting
nacelle mass element (my). The components of the three mass
elements are shown below and are available from a standard

mass properties buildup of the Model 222.

Fuselage and contents
Horizontal tail and contents

e fuselage mass Vertical tail and contents
element (mf) Crew and trapped liquids
Cargo
. I Wing and contents
e wing mass

Fuel carried in wing

element (my) | pixed nacelles and/or engines

e tilting nacelle {'Tilting nacelle (including rotors)
mass element
(my)

These three mass elements along with their respective distances

from the nacelle pivot to the center of each mass element are
used to compute the aircraft center of gravity distances with
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respect to the nacelle pivot. The equations for these center
of gravity distances, derived in Appendix C, and including

the effects of nacelle tilt are:

mele + Myly + 3 (mN) [COS (iNL'X) + cos (iNR-)‘)]

Xce = = -
Zog = MERE ;mwhw -2 (TE) [sin (iyp,-») + sin (iNR"\)]
m

The masses and distances used in these equations are defined

on the sketch below.

h
Az ruT A 'S”‘J(f—

14

Piver

+x’

m ch
(AIRCRAFT C.6)
&__

Note: Positive distances ,
are indicated by + 2
the direction of
the arrows
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The quantities required to compute mf, LEe Mgy Ryyr My, R, My,
A, hg, hy are available from an aircraft three-view drawing
and a standard mass properties buildup. The guantities & and
A (defined in the sketch) are easily obtainable from a drawing.
The mass quantities (m, my, mg, m,) are computed from a mass
properties buildup by adding up the components of each mass
element as described in the previous p;ragraph. The lengths
g, 2y hg and hy are computed by summing the weight moments
of tne components of each mass element about the nacelle pivot.
The equations for these operations have been derived and are
presented in Appendix E under the preprocessor equations.

The input data to these equations include the weight of each
component, and its location in terms of water line, fuselage
station line, and butt line. ‘

When the center of gravity distance of each mass element has
been determined, the component and total aircraft mass moments
of inertia can be computed. The equations for the total air-
craft mass moments of inertia are presented in Appendix C.

The moments of inertia of each mass element are computed by
application of the parallel axis theorem. The moments of
inertia of each component about its own center of gravity must
be known. The parallel axis theorem states:

2 2
1 [Ixxo' + mi(yi * ziﬂ
i
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N
I ¥ [I + m, (z¢ + x3ﬂ
vy = ;& LUyve; it%1 1
N
I = ] [1 + m, (x% + Y?ﬂ
zz =1 ! 22q, i i i

1

N
Ixz P [Ixzoi + mj (%333) ]

i=1

where N represents the number of component masses.

These equations have been expanded to compute the moments of
inertia of each mass element and are shown in Appendix E

under the preprocessor section. The only additional input data
required are the inertias of each component about their own
centers of gravity. These are readily available from the

mass properties buildup of the Model 222.

Other lengths required for the mathematical model are computed
in this section. The input data for these computations are in
terms of the water line, butt line and fuselage station line

jocations of the elements in guestion.
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12.0 AERO-ELASTIC REPRESENTATION

Two aero-elastic degrees of freedom are included in the tilt
rotor mathematical model. These are first mode wing vertical
bending and first mode wing torsion. The stability and con-
trol characteristics of flexible airplanes may be significantly
influenced by distortions of the structure under transient
loading conditions. When the separation in frequency between
the elastic degrees of freedom and the rigid body motions is
not large, then significant aerodynamic and inertial coupling
can occur between the two. Many of the important effects of
elastic distortion, however, can be accounted for simply by
modifying the aerodynamic equations. The assumption is made
that the changes in aerodynamic loading take place so slowly
that the structure is at all times in static equilibrium.
This is equivalent to assuming that the natural frequencies
of vibration of the structure are much higher than the fre-
quencies of the rigid body motions. Thus a change in load
produces a proportional change in the shape of the airplane,
which in turn influences the load. This is known as the
method of "quasistatic" deflections where all the coupling

occurs in the aerodynamic equations.

The wing uncoupled natural frequencies were investigated to

determine which method would be used. Table 12.1 shows the
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TABLE 12.1 WING UNCOUPLED FREQUENCIES (BLADES OFF)
CRUISE CONFIGURATION

Symmetric Mode Fregquenc
Vertical Bending 3.6 cps
Chordwise Bending 5.4 cps
Torsion 6.1 cps

Antisymmetric Mode Fregquency
Vertical Bending 11.2 cps
Chordwise Bending 9.1 cps
Torsion : 5.7 cps
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Model 222 wing uncoupled frequencies for the cruise condition
for both the symmetric and anti-symmetric modes. As can be
noted in the table, the lowest vertical bending frequency is
3.6 cps and the lowest wing torsional frequency is 5.7 cps.
The rigid body short period mode varies from approximately 0.40
cps to 1.35 cps. Since the rigid body short period modes are
separated from the elastic modes by a substantial margin, the
method of "quasistatic" deflection is used to represent the
wing bending and torsion modes, with the only coupling in the
aerodynamic terms (through angle of attack). The wing twists
and bends instantaneously when subjected to an applied load.
The assumptions made in deriving the wing bending and torsion
relationships are as follows:

* No coupling between bending and torsion modes

* Wings are cantilevered from the fuselage

e Elliptical loading assumed for the rigid untwisted wing

* pAerodynamic loads act at the wing quarter chord

* Wing elastic axis coincident with cross shaft

* Wing center of mass assumed to lie on the elastic axis

* First wing torsional mode assumed linear from tip to

root

In the mathematical model, wing twist at the tip is calculated

using the following equation:
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K, 6, = M - I Q

2
E R+ q¢Cg bw

Cmo

2
CL b ) 4et + 3TTQ,RIGID

+qc ( 14 + WAC

where: Kp Wlng tor51onal spring constant

t
oy = Wing twist angle in degrees
MACT = Nacelle actuator pitching moment
Ig = Engine inertia’
QE = Engine speed
R = Body yaw rate
q = Dynamic pressure
Cyw = Wing reference chord

b, = Wing reference span

CmO = Wing zéro lift pitching moment coefficient

dCm. /4 = Wing pitching moment slope with lift coeffi-
cient

CL = Wing 1ift curve slope

ORIGID = Wing angle of attack without twist

Assuming a linear mode shape from the wing tip to the root and
a cantilevered wing (zero twist at root), the wing twist at
the aerodynamic center location of the winé is obtained by
linear interpolation. The wing twist represents the change in
angle of attack of the wing tip and aerodynamic center and are

used in the aerodynamic equations.
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wing vertical bending deflection is also treated on a "quasi-
static" basis. The form of the equation used in the math-

ematical model for the wing tip deflection is as follows:

_ N W N = —
hy = Xy, ZaEro * ¥w, ZaEro ~ ¥wy IaEro - Xw, &1 - Kwg %wac

where: hj = Wing tip deflection

W . .

ZAERO = Wing lift

N _ . .

ZAERO = Total wing 1lift

LgERO = Nacelle rolling moment

am = Vertical acceleration of the nacelle
:WAC = Vertical acceleration of the wing aero-

dynamic center
Ky—»Ky_ = Constants for Model 222 wing
1 5

The form of the equation for the wing deflection at the aero-

dynamic center is written similarly:

= N ) - N - a -
hy Ky Zagro © Xw_ ZaEro ~ ¥w_ TaEro "~ ¥w_%r T Kw
WAC 6 7 8 9 10
The symbols represent the same quantities as the tip deflec-
tions except the quantities Kw6 to KWlO are different from

Ky to Kg.

These equations are derived in Appendix A. Since the wings

are assumed cantilevered, these equations may be written for
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the left and right sides. The equations as used in the math-

ematical model are written in Appendix E.

The wing tip and aerodynamic center vertical bending veloci-
ties are computed by dividing the change in vertical bending
deflection by the simulation time frame. The vertical bending
deflections and velocities are then added to the velocity com-
ponents at the wing tip and aerodynamic center. These velocity
components are then used in the calculation of the aerodynamic

angle of attack.

In addition to the aerodynamic coupling via angle of attack,
as discussed above, the wing tip vertical forces and moments
act as the driving functions to a set of second order equa-
tions that are forced at the wing vertical bending frequency.
This results in giving the pilot a "seat of the pants" feel
for the vibratory aspects of the wing vertical bending mode.
The equations were written in this manner to see if the pilot
could induce a P.I.O. (pilot induced oscillation) during the

piloted simulations due to wing vertical bending.
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13.0

1.

CONCLUSIONS AND RECOMMENDATIONS

Formulation of an eleven degree of freedom tilt rotor
mathematical model and setting up an in-house hybrid
simulation program using this model have been successfully
completed.
The simulation model has been successfully checked out
and validated at the Ames Research Center.
The in-house simulation model is "real time" and executes
in 40 milliseconds. The Ames simulation is also real
time with a 50 millisecond time frame. This increased
time is due to the all digital nature of the Ames simu-
lation.
It is desirable to shorten the frame time of the simula-
tion. This may be-accomplished by streamlining the fol-
lowing elements of the mathematical model:

* Slipstream aerodynamics

* Tnput aerodynamic data in body axes rather than

wind axes to eliminate axes transforms

The simulation could be improved by incorporating advances
in methodology in such areas as:

* Rotor Representation - Formulate a simplified

analytical model to adequately represent the

dynamics and aerodynamics of soft-in-plane hingeless
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rotors for all flight regimes. This would avoid the
necessity for complex time-consuming table look ups
of rotor data.

Slipstream Aerodynamics - Simplify the analytical
representation based on wind tunnel test data.
Interference Effects - Improve the prediction of the

tail downwash environment at low transition speeds.
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APPENDIX A - TREATMENT OF WING FLEXIBILITY

As described in Section 12 the large separation which exists
between the natural frequencies of vibration of the wing struc-
ture and the aircraft rigid body motions, enables the elastic
deformations of the wing structure to be calculated on a quasi-

static basis.

In the simple treatment presented below, the bending and tor-
sion modes are considered to be uncoupled. The wing is treated
as a cantilever with a built-in root end. The wing is free to
twist about the elastié axis which is assumed to coincide with
the nacelle pivot line. The center of mass of each chordwise
strip is also taken to lie on the pivot line. The unloaded

wing has neither geometric nor aerodynamic twist.

WING TWIST

Spanwise twisting of the wing takes place under the action of
the nacelle aerodynamic and inertial moments, the wing lift
distribution, and the spanwise distribution of aerodynamic
pitching moment. The nacelle aerodynamic moments consist of
rotor hub loads, transferred to the pivot, together with the
aerodynamic loads on the nacelle itself. Nacelle inertial
moments include the gyroscopic effects of the rotor drive

system.



With reference to Figure A.l , My is the moment supplied or
absorbed by the nacelle tilt actuator. If Kj is the wing

stiffness as seen by the wing tip, then
8 (A-1)

The total moment about the elastic axis due to wing aerodyna-

mics, nacelle loads and engine gyroscopic torque is
b/2

T = ‘(I) m dy + MN + ngro (A_z)

The aerodynamic moment about the elastic axis at any station
y is given by

m = mc/4 + x (A~-3)

where & is the section lift and x is the distance from the
quarter chord to the elastic axis. 1In terms of the section
aerodynamic coefficients,

m(y) = %pv%z Cn + %szcZCR X (A-4)

c/4 c

The section lift coefficient, CR, is given by

c, = k dgi (o - ao) V1~ (gy_f

b
-:kao (GR_Ep_ao“-et(y))/l—@_ (A-5)

where R is the wing root section angle of attack

€5 is the rotor induced downwash, assumed constant
spanwise
ag is the section zero-lift angle

6y is the structural twist at station y
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Figure A.1. Wing Geometry for Derivation of Flexibility



[ ool 2 . .
The factor k 11%5) is introduced so that, for the untwisted
wing, the lift distribution is elliptical. The value of k is

obtained from the rigid wing elliptical loading as

4 C
k = -"— LU. (A—s)
Qo
Thus the equation for C2 becomes, with SRIGID “R‘Eﬁao'
_ 4 i (2y\? Bk -
Cp =7 Coy [“RIGID 1-(3) +ee N (%,] (A=7)
In equation (A-4) we can write, for low angles of attack,
dCm
Cn =Cp.  *+ c/4 Cy (A-8)
c/4 o —3¢1
and therefore
m(y) = %. pV2g? Cmo +(dcmc/4 + }Ci) CR, (A-9)
' dac,

The equation for the total wing twisting moment, equation

(A-2),can now be written as,

= 1 L y2.2
T = Mactuator ¥ Moyro T 7 pvzczcmo b + 3 eV7c

dcCp b/2
__c/4 + i) [ chay (a-10)
dC,Q/ C o

Using equation (A-7), assuming a linear structural twist from

root to tip and performing the indicated integrations, the

equation for total wing twisting moment becomes

T=K 8 =M +M + pV2be2Cp, +2 oV2ce dcmc/4 + X
6 T actuator gyro 4 o 2 —ac, ¢
()
X I;OLb (3110.RIGID + 48T) (A"ll)
n

The equation for the actuator moment is given in the equations

of motion, Section 5.0.



1
Rearranging, and writing q = gg (1-Cpg) = 7 pV?

M..+M +4 1-C c<|6n -
op = N “gyro zqs( T ) [ arlg d(dzm +2) +bwcm;] (A-12)
Ko-2 dgby c2 Cp, (1-Cq )(dEm.+ X)
371' o S dCL [}

where Cp , the zero-lift wing section pitching moment coeffi-
o

cient, is a function of flap deflection:
Cmg = C1 * C28f + C38¢? (A-13)

Knowing the tip value of twist, the twist at any other span-
wise station is obtained by assuming a linear variation of

twist from zero at the root to the tip value.

WING VERTICAL BENDING

The spanwise bending moment at any spanwise station y, on the
wing is the sum of the bending moments due to wing aerodynamic
1lift, wing weight, nacelle 1lift, nacelle weight and net torque
on the nacelle. The expressions for each contribution to the

bending moments are derived below.

e Bending moment due to wing loading.

Assuming an elliptical distribution of lift the bending

moment is given by

a 72
M (y1) =] z(y)(y-yl)dy (A-14)
b}
J T [



where g)is the lift per unit length at the wing root. Intro-
ducing the spanwise variable 6=cos—l(%¥)making the required
substitutions and integrating, the bending moment at any point

y 1is:

Ma _'Q’bz l : 1 3 3
(y) = _%r_ : (sin 6-96 cos®)- ¢ sin 5 (A-15)

........

® Bending due to nacelle net vertical load.

The net vertical force on nacelle is
a
F=F - an
where F2 is the aerodynamic force and nWg is the inertial
load on the nacelle. The bending moment due to nacelle
force 1is

MN(y) = E? (l-cos 8) (a-16)

e Bending due to wing weight.

Assuming a uniform distribution of wing weight

M (yy) = -n | wly) (y-y1)dy
Y1
and w(y) = 2W/b where W is the weight of one wing panel
b/2
- W 2nW
M (yy) = 55 [ ypdy
71 (A-17)
s MY (y) = - Egg (l-cos 6 - % sin?6)

e Bending due to nacelle torque (rolling moment)

T(y) = constant = T (A-18)



Total bending moment at station y is therefore

M(y) = M3(y) + MN(y) + M¥W(y) + T (A-19)

Assuming a linear variation of EI from root to tip given by

EI(y) = EI [l—a(ZXﬂ = EI (l-a cose), (A-20)
o b o
the curvature of the wing due to bending is
%é%)) = 323 - s.ob? [(sineaeices‘ﬁ)bdwasin3él+ Fab {l-cos 8
Y Y 8EI, 1 - acos 6 | 2EI, (l-a coss
1
- 2:¥b [i—cos 6 e]— nw,,b [l—cos 8- 7 sinze]
o a cos 2EI, I -a cos 8 A
T 1
+ ET; [ {I-a cos e)J (A-21)

Double integration of this equation yields the following ex-
pression for the bending deflection of the wing at any point

y on the span:-

- Lp3 bipd nWyb®
z(y) = ¢ + — - OWND_ ¢
grEI, 'l  BEI, '2 BEIg 3
_ nWwb3 ) + Tb3 ¢ (A-22)
BEI, ¢ dEI, °
. Y ¥
where ¢; = f (sin 68 - 6 cos 08)- % sin3e ‘
L 1 5 dy [y
5 5 -acos

X y y ) .
= ¢ = -COSs

2 3 { j I- a cos edy}dy
o o
Y Y 1

o, = | I l-cos 6 - 78in?¢
4 ) l-acos § dy dy

° o




Yy y dy dy
l-a cos 6
o

and where the wing lift (2 wing panels) L=r &5 b. The function

'y

¢) through ¢g5 were obtained numerically and are presented in

Figure A.2 .

. _ W
Since L 2 ZAERO

N
AERO

N
LAERO

Fi= - g

1 Z 1 -
7 m, ZAERO = 5 My 3wac
m

%
£
i

nWy = my ap
where m, is the mass of two wing panels
m is the total aircraft mass
EWAC is the acceleration of the wing aerodynamic center
dp is the acceleration of the wing tip
and since the values of ¢] through ¢5 are constant for any given
station y on the wing we can write the final equation for wing

bending in the form

N W N -
h) = Ky, 2agro * Kw, ZaEro ~Kw,laro - Fw, 9T

- K a
Wg “WAC
where hl = -z
3
1 8EI,



on
w
©
[

=
H

W

=

o]

=l

2 o
3
K, = 'S
W
3 4EI,
— b3
K, =™ $2
4 8EIo
K = me3¢4
Ws  —gET
8EI,

This is the form given in the computer representation. The
bending deflection at the aerodynamic center and at the wing

tip are obtained using the values of ¢;> ¢g appropriate to

these stations.
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Figure A.2. Wing Bending Functions



APPENDIX B - DERIVATION OF LANDING GEAR EQUATIONS

Presented below are the'equations for landing gear forces and
moments arising from ground contact. The derivation accounts
for brake and friction forces togeéher with a simplified re-
presentation of the oleo dynamics. Nose wheel steering is

not included.

With reference to Figure B~l the distance from the center of
gravity to the bottom of the right main wheel following a
positive pitch rotation is

hg = X sin 6 - Z cos 6 - ¢ (B-1)
where X and Z are the coordinates of the hub of the wheel re-
lative to the C.G. and r is the tire radius. If the aircraft
is now rolled right, through the angle ¢, the bottom of the
right gear moves through a distance

hy = [? sin ¢ + (2Z+r) (cos ¢—l)] cos 8 (B-2)
The height of the bottom of the wheel above the ground is
therefore

h = Hgg + hg- hy (B-3)
and the oleo deflection during ground contact is given

by

hq = Hog * hg - hy (B-4)
cos ¢ cos 8

By differentiation of equation B-4 and making small angle
assumptions regarding the aircraft pitch and roll angles during
touchdown, the rate of change of oleo strut deflection is

B—1
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Figure B.1. Geometry of Landing Gear



obtained as

H
h, = _CG + XQ - YP (B-5)
cos ¢ cos 8 »

Assuming that the oleo response is that of a second order
system, the equation of motion for the landing gear is

Fg = Kgp hp + Dgp 1.1T (B~6)
where Kgp and Dgp are the equivalent spring rates and damping

for the oleo, and Fg is the force on the landing gear strut.

Tire Friction and Side Force

The friction force acting on each tire during ground contact is
resolved into a force F, along the line of intersection of the
plane of the wheel and the ground plane, positive forward, and
a side force F, at right angles to F lying in the ground plane
and positive to starboard. The friction force Fg is assumed

to be proportional to bleo force and the amount of braking
exerted by the pilot. The side force is proportional to the

oleo force.

The components of tire friction are:
= u -
FU = (UO + H1 BG) FGZW (B-7)

Fg = (B-8)

us Fgz T‘V—’-I-
where ug, u; and pg are the coefficients for rolling friction,
brake friction and sliding frictionl Bg is expressed as a
percentage of full brake pedal deflection. The signs of the
forward and sidewards velocity are introduced to properly orient

the tire forces.



The force and moment contributions of each landing gear to the

aircraft total forces and moments are, assuming small angles;

AXp = F, - Fgg_® (B-9)

oY, = an + FGZn¢ (B-10)
AZ, = Fpne - an¢ + FGzn (B-11)
AMy, = -AZpXp + 8Xp(Zp + rp 4 th) (B-12)
AL, = AZp ¥ — 0¥, (2, + X, + hyp ) (B-13)
AN, = =AX ¥, + X AY, (B-14)

where n=1,2 and 3 denote the left main gear, right main gear and

nose gear, respectively.

The total contribution of the landing gear forces to the forces

and moments at the center of gravity of the aircraft are:

3
AXLG = n_Z_l AXn
3
AYpg = 1 A¥p
n=1
3
021G = Zl AZpn
n=
3
ALy = 21 ALy
n:
3
aMpG = Zl AMp
n=
3
ANLG = zl ANn
n=



APPENDIX C - VELOCITY AND ACCELERATION TRANSFORMATIONS AND
CENTER OF GRAVITY/INERTIA EQUATIONS

C.1l Velocity Transformations

The calculation of aerodynamic forces on wings, fuselage, nacelles
and tail surfaces requires that the angle of attack and relative wind
velocity at these surfaces be known. These velocities are obtained
most conveniently in terms of the velocity of the pivot reference
point.

With reference to Figure C.l , the veldcity of a general point in the
aircraft relative to the airplane center of gravity is

- or (C-1)
V = 3t + axr
where r is the radius vector from the c.g. to the point and @ is
the angular velocity of the aircraft. Thus, expanding equation C-1,

the velocity of the pivot relative to the c.g. is

u! X, + QZp - YpR

P P

"oy - (C-2)
Vp Yp PZP + XPR
WI') = Zp + PYP - QXP

where Xp, Yp and Zp are the distances of the pivot from the c.g.,
measured positively forward, to the right and downwards, respectively.

If we measure all distances from the pivot location then Xp = -Xcg»

Yp = -Yog = 0, Zp =-Zcg and the velocity of the pivot relative to in-

ertial space can be written,

Vp =V + Vé =V + PZnog - XogR (C~3)
- ' — - -
wp—W+wp —W+QXCG ZCG

C-1
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where U, V and W are the components of the velocity of the airplane
center of gravity.

The velocity of a point in the aircraft relative to the pivot is

> .

u = + QZ - YR
v=Y+RX - PZ | (C-4)
w = é + PY - QX
where X, Y, and Z are measured from the pivot to the point. By
adding equations (C-3) and (C-4) the velocities of the following
components are obtained relative to inertial space. The indicated

distances are measured relative to the pivot.

Velocity of Horizontal Tail Aerodynamic Center

Upgp = Up + ZHTQ

m<
=]
I

War = Wp = XppQ

Velocity of Vertical Tail Aerodynamic Center

+ 2

Uyp = Yp vrQ

Wyr = Wp t XypQ

Velocity of Left Wing Aerodynamic Center - Body Axes

ulw = up + Q (Zwac * hyp., ) * YwacR

WAC

] = - - y
Yiw = ¥p T Ywact T Xwac? *t hlL
WAC

C-3



where hy/ is the elastic deflection of the left wing aerodynamic
WAC

center. The equations for the right wing are obtained by substituting

Y = -y
Ryac Luac

=h

and hy 1
Ryac Lwac

Velocity of Left Wing Aerodynamic Center-Chord Axes

In order to compute wing angle-of-attack the velocity components are
required relative to the wing chord line. If the wing chord makes an

angle i, with the body centerline then

Uy = uﬁw cos iw - wiw sin iw

Viw = Viw (C-8)

— ' ; 1 ; ;
WLW WLW cos lw + WLW sin lw

The equations for the right wing are obtained by changing the subscript.

Velocity of Left Rotor Hub - Body Axes

= 4w +RY. =L (i.. + Q) sin i

' +
YRrL P N s ‘i oh

NL 1p,

wp - PYy - Lg (JQ.NL + Q) cos iNL + hlL

WRL
where Lg is the distance from the rotor pivot point to the rotor hub

and hlL is the deflection of the wing tip. The equations for the right

hub are obtained by changing subscripts and substituting Yy = - ¥y.

c—4



Velocity of Left Rotor Hub - Shaft Axes

Since the rotor aerodynamic forces and moments are functions of the
shaft angle of attack and sideslip, the velocity components are required

relative to shaft axes.

VR, uﬁL cos iy - wﬁL sin iNL

WRI, = WRL Sin iy + wgy cos iyg,
The corresponding equations for the right hub are obtained by changing

the subscript.

C.2 Center of Gravity and Inertia Equations

Equations are required that express the overall aircraft center of
gravity position and inertias in terms of the centers of gravity and
inertias of the individual mass components. In order to do this a
fixed reference point is chosen in the aircraft defined by the inter-
section of the line joining the nacelle pivots and the vertical plane
of symmetry of the aircraft, see Figure C.l. A sét of axes PXPYPZP is
taken at this pivot reference point, parallel to the axes 0OXYZ at the
aircraft center of gravity. If the location of the aircraft center of

gravity with respect to the pivot reference axes is(Xggr Yégr 24g) and
if (1f, hf) and (zw, hw) are the x and z coordinates of the fuselage
and wing masses measured from the pivot, then the following relation-

ships are obtained between the centers of mass of the components and the

aircraft center of gravity.



Fuselage CG Relative to Aircraft CG

]
Xg = Lg - XcG

X¢ = hg = 2¢¢

Wing CG Relative to Aircraft CG

_ -
Xw = Ay xCG

_ - 4
Zy = hy = 2cg

Nacelle CG Relative to Aircraft CG

Xyr = % €0s (iyg = A) - X6
Xy, = & cos (igp = ) - Xog
ZNR = g sin (iNR - ) - zéG
Zyp, = & sin (igp - A) = Zgg

(C-11)

(C-12)

(C-13)

where ¢ is the distance from the nacelle pivot point to the nacelle

c.g., and A is the angular depression of the nacelle center of mass

below the nacelle pivot, when the nacelle is in the down position,

see Figure C.1l.

Aircraft Center of Gravity Position

By taking moments about the pivot, the aircraft center of gravity

is given by



oo Mg bgtmy fy (mN) . :
Xcg = - + & | g/ |cos(ing=r) + cos(inr-})

(C-14)

mg he + my hy z(mu

ZEG = - ‘;) [sin(iNL—A) + sin(iNR—A{]

The equations of motion (Section 5) require the first and second time
derivatives of the center of gravity position. They are as follows:

Center of Gravity Velocity Relative to Pivot Point

(W ] rnN ~
| Xog = % *;) iNRsin(iNR-A) + iNLsin(iNL-lJ
(C-15)
1 ™[, . . :
Zog = 2 —;- 1NRcos(1NR-A) + 1NLcos(1NL-A)
Center of Gravity Acceleration Relative to Pivot Point
- "’ mN © oo o2
XCG = -£ —n_l iNRsin(iNR—A) + iNLsin(iNL-A) + iNL cos
) 2
- + 1 i -
(lNL x) iygr cos (1NR A)] (C=16)
S my\ | e . @ . 02 .
Zeg = L - iygeos (igg=2) + 1NLcos(1NL—x) - igpsin

02 .
(1NL-A) = 1iygsin (1NR-A)}

Pilot Station Velocities - Body Axes

The velocities at the pilot's station are required in order to drive
the visual display. From equations (C-3) and (C-4) the components of

velocity of the pilot's station in body axes are:

Cc-7



Upp = Up * QZpp -
VPA = vP + RQPA -
wPA = wP + PYPA -

C-3 Pilot Station Acceleration

RYPA

PZPA

Qlpa

Body Axes

The pilot station acceleration is

display. These accelerations are

The velocity at the pilot's statio

+ Srp
§t

v v + Q0 X r
—PA —CG - —PA

where rpp is the vector from the a
or

and is the rate of change of

st
to the aircraft CG.

The pilot's station acceleration i

also required to drive the visual
derived here.
n is

A

ircraft CG to the pilot's station

the pilot's station with respect

S

dVpp - dVeg 4+ 4 Srpa
= = 2XCG + +
2pa — (gX EPA) _—
dt dt dt dt 3 st
8 § r § r
_ Ipa Ipa
= apg * — (@ X Ipy) + 2 X (2 X1pp) ¥ ——* 21X
st st st
8 S 2 2
= a +_£'Xr + 20 X =PA + o (r ) - Qr +‘5£PA
st st st

with & = PI + 03 + Rk
§9 sA  aA L en
I~ Pl + Q;! + R]S
= (X X. ) ) + (Y
pa T “Ypa ce’ = PA
Srpa . . A .
5t = (Xpp — Xog) L+ (Ypy
C._



and noting that Ycg and the time derivatives of Xpp, Ypa, Zpa

are always zero, the above: equation yields the pilot's station

accelerations as: -

X

AERO : 2 2
axPA = ,—'r_n—_+ (Q + PR) (ZPA -ZCG) + (Q + R )(XCG - Q.PA)
+ Yp, (PQ - R) - QQéCG - X g
ayon = YAERO+ (P - QR) (Zcg - 2Zpa) + (R + PQ) (2pa - Xcg)
m
2 2 . *
- YPA (R + P ) + 2 (PZCG - RXCG)
ZpAERO . 2 2
m
_ 2aERO
where Axeg = Tm etc.
Xpp = %pp,the distance from the pivot to the pilot's station

C.4 Aircraft Inertias

The aircraft roll inertia about the aircraft center of gravity is,

from the parallel axis theorem,

+ NL , [NR

2 2 2 2 2

where Iix' etc., are the inertias of the various components about

their individual centers of gravity.



) . . NL NR
In the case of the nacelles the inertias I_., I,, are dependent on

the nacelle tilt angle, iy. These inertias are reclated to the

inertias of the nacelle with respect to a set of nacelle-fixed axes

O"xyz placed as shown in Figure 5.1. The relationships are

N
Ixx

N
I
Yy

N
I

N
Iyxz

zz =

I

I

I

N N N . 2, . .
XX + (IZZO - IXXO) sin iy Isz sin 21N
N
YYo
N N N 2

+ (I - I ) sin iy + I sin 2i
2z, XX 2z N XZg N

N . 1 . .
xz, ©OS 2iy + 5 (Ixx Izzo) sin 2iy

O

Using equations (C-18) together with (C-13), (c-11) and (C-12),

in equation (C-17), the roll inertia becomes

XX

I

f W N N _ TN 2. . 2
xx T Ixx 21xxo + (Izzo Ixxo) (sin®iyy + sin“iyg)

N . . . . 2
IXZO (sin 21NL + sin 21NR)!+ 2 mNYN + mfhfzf
I /
mehy 2y = Melelog — Mylyleg
T '
mZnLlee T ™éNrZCe

sz[ZNRsin(iNR - A) + ZNL51n(1NL - xﬂ

C-10

(C-18)



@ - T

W N N N L 2L o2
=1 + I + 21 + - +
XX XX XX, (Izzo Ixxo) (sin NL sin lNR)

2

N . .
- IXzo (sin 21NL+&n21NR) + 2 mNYN + mfhfZf

+ mwhwzw - my [%NR sin (iNR - A) + ZNL sin (iNL - xﬂ

. . '
since the terms containing ZCG sum to zero.

Similarly
_ -t w N . .
Ixz = Ixz + IXz + Ixz (cos 21NL + cos 21NR)
1 N N . . . :
+ = (I - I sin 2i + sin 2i ) + m_¢ Z
2 XXg zzo) ( NL NR ol

+ my,Z, 8, + My [ZNR cos (igyg = A) * Zy cos (iyg - Aﬂ

= _ +f W W N - 1N

2 2
+ (ng - Izzo)(sin iyr, + sin iyg)+t I§20(31n 2iyp, + sin 2iyg)

-(mfhfzf + mwhwzw) + le [ZNL sin (lNL - )
) 2
+ ZNR sin (1NR - A)} + ZmNYN

Similar expressions are obtained for Iy, and I,, and these are

presented in Appendix E.



APPENDIX D - CALCULATION OF SLIPSTREAM-IMMERSED WING AREAS

The wing areas washed by the rotor slipstreams are required

in the calculation of wing lift and drag. These immersed
areas depend on rotor shaft inclination, wing angle of attack
and sideslip, and rotor thrust. The equations presented in
Appendix E for the immersed areas SiL and SiR were obtained

as follows.

The above sketch shows a rotor under conditions of combined

angle of attack (aT.L ) and sideslip (B). The resultant angle

of attack of the shaft is given by

-1
op = cos (cos ap, 1, COS g) (D-1)

If the rotor shaft is inclined to the fuselage centerline at

angle iy and the fuselage is at angle of attack af then

ap,. = af * iy (D-2)



The rotor "sideslip" angle, i, is defined by

= -1| Tan 8
[ Tan [mT.LJ (D'3)

and is the angle shown in the sketch.

Figure D.1 presents four views of the geometry of rotor

slipstream/wing planform interaction.

Figure D.l[a]l is a view of the plane taken through the rotorx
shaft parallel to the aircraft vertical plane of symmetry. The
line PT is the wing chord, the distances PC and hp are the
horizontal and vertical coordinates of the pivot measured from
the wing leading edge, and & is the spinner-to-pivot shaft

length.

Figure D.l[b] is a view taken normal to the rotor disc plane.
In this view, the traces of the slipstream on planes taken
through the wing leading and trailing edges parallel to the
disc plane appear as circles. This assumes that the slip-

stream is a sheared circular cylinder.

Figure D.lfc] is a section taken in the plane containing the
rotor shaft and the freestream velocity vector V_. The angle
¢ is the deflection of the slipstream relative to the free-
stream direction. Planes are taken through the wing leading
and trailing edges parallel to the rotor disc. These inter-
sect the rotor shaftline at the points O and T, and intersect
the slipstream centerline at the points O' and O". These
points enable the slipstream traces shown in (b) to be con-

structed. D-2



Figure (D,1{d]) is a view taken perpendicular to the wing
surface showing the areas washed by the slipstream. For con-
venience this view combines the immersed areas of both left
and right wings. In general, the imprint of the slipstream
on the wing will be bounded in the chordwise direction by
curved lines; however, the approximation is made that these

lines are straight.

The immersed area of the right wing panel is (assuming that

the tip is immersed),

= 1
S: = =(PM + TN)c
ig 2( )
= _21.(PR + RM + TS + SN)c (D-4)
From Figure D.l(b] PR = 00' sin g (D=5)
From Figure D,1[c] 00' = (2=OD) Tan (aR—s) (D-6)
From Figure D.,1l[a] OD = PC cos (iN—lw)—hpSin(lN—lw) (D-7)
From Figure D.1l[b] RM = R'M! =J[E§ - O'R'2 (D-8)
4
From Figure D,1l{b] O'R' = 00' cos § + OP (b-9)

From Figure D,l{a] OP = PC sin (iy- iy) + hpcos (iy-iy) (D-10)

These equations define the leading edge intersection PM. If RM
is zero or negative, the slipstream does not intersect the
leading edge and the wing is considered to be unaffected by

the slipstream.

For the trailing edge intersection, TN:

TS = 00" sin ¢ (D-11)
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00"= (& + ¢ cos (iy-iy)-OD) Tan (aRr-e)

2
SN = s'N' = D5 - o"s'?
q

o"S' = 00" cos ¢ + TT'

TT' = OP - ¢ sin (iy-iy)

If we write

then

51 = PR, 52 = RM, 53 = TS, and 54 =

, using the above equations,

SN

(D-12)

(D-13)

(D-14)

(D-15)

£1= [2-PC cos (iy-ip)+ hp sin(iy-iy)] Tan(ag-e)sin ¢
D2 . C e .
€2ij;§ -{[2~PC cos(1N-1W)+hp31n(1N—1w)]Tan(aR—e)cos 4
+ PC sinlig-iy) + hpcos (ig-ig)} (D-17)

(b-16)

The corresponding equations for £3 and §4 are obtained by re-

placing PC in (D-16) and (D-17) with (PC-c)

Thus the immersed area of the right wing panel is given

by

From the symmetry of Figure D.1l(d), SN=BS and RM=AR.

Sip =3 c (BL + &2 + E3 + &)

total immersed area of both wing panels is

Lp

s;, =% @M+ BN = Lo (2650264)=C(Ex+ £y)

(D-18)

The

(D-19)

and therefore the i1mmersed area or the lert wing 18 obtained

from

SiL = SiT - SiR

(D-20)

The above equations correspond to those presented in Appendix

E

for calculating immersed wing area.
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APPENDIX E COMPUTER REPRESENTATION

The equations derived in previous sections of this report have
been collected and written in a format to facilitate computer
programming. The‘complete set of equations which define the
Mdodel 222 simulation mathematical model are contained in this
section. The computer block diagram for the simulation is also
included. Each element of this block diagram contains an in-
dex number. Figure g, 1 lists the index number, the name of
the element, and its page number in this appendix. In addi-
tion the input and output, where appropriate, to each element

are identified by their index numbers.



INDEX PAGE
NUMBER BLOCK DIAGRAM ELEMENT NAMES NUMBER
1. |[Control Mixing, Load Alleviation System E-4

and Actuator Dynamics
2. |Stability Augmentation System E-7
3. |bensity Calculation E-9
4. |Engines and Thrust Management System E-10
5. |Rotor Control Coordinate Axis Transforms E-14
6. |Center of Gravity Calculation E-15
7. |Aerodynamic Coordinate Transforms E-16
8. |Wing Equations (Including Interference) E-19
9. |Wing A.C. to Elastic Axis Transform E-33
10. |Wing Force and Moment Resolution to Center E-34
of Gravity
11. |Horizontal and Vertical Tail Aerodynamics E-35
(Including Interference)
12. |rail Force and Moment Resolution to Center E-43
of Gravity
13. |Nacelle Aerodynamics E-44
14. |Landing Gear Eguations E-46
15. |Fuselage Aerodynamics E-49
16. |Fuselage Force and Moment Resolution to E-50
Center of Gravity (Includes Landing Gear)
17. |Wing/Rotor Interference E-51
18. |Rotor/rRotor Interference E-52
19. |Rotor Aero Input Equations E-53
20. |Rotor Equations E-54
21. |Rotor Force and Moment Resolution E-61
22. |Wing Vertical Bending E-64
23. |Wing Torsion E-66
24. |Total Force and Moment Summation About E-67
Center of Gravity
25. |Basic Equations of Motion E-68
26. |Euler Angle Calculation E-77
27. |aircraft Condition Calculation and Ground E-78
Track
28, |Gust Model E-80
29. |Preliminary Calculation (Preprocess) E-81
30. |Trim Loops E-87

Figure E.1. Block Diagram Element Index Numbers
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Rotor CLonTror CoorpinATE Axis Transrorm
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/" "
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RIGHT

” A 4 % / .
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/ y
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Wive EuAaTions (Cowr o)

CALCULATION OF [NCRETIEWTAL [|FT, DREG RND MOrswr (OLFF|C/a7TS
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PowsR.
Cren = Chex
WHIMRYE [~
2 3 o o rar Twremeosrs Cpyeq
Chropa = 2 Za [ﬁ?(uruf) O<?R CrR&]
A0 U3

Liwsmely Berdssy /3

ﬁP(,urq»g =f (/"L"’“«)

Vormpt Force

C.);:,,_‘l 3 C‘)ﬁ,m + JC.oﬂng Ficr rdC;uﬂm Birce

J ﬂlcR dao P
Waere |~
> 2 w s
CUFU e = Z Z [ﬂA}F ((—L*‘?Af) RR Crﬁg j I/vmmpf&‘ Gjﬁpﬁ
=0 =0
Liwermey Brrewese
Avecursey =T ( Mra) T
d CUF,zg

2
A P Dur, Crk e T Dyr R 1 D/DF3 /unn t D/w—",
ICre

d CuFee - Fwr, CT‘mz + Epr,_ /U‘iuz + Fpry /“th ff,qu
A Bicer

E-55



Roror FLeuptroms (Cowrmuen)

Sipe fom &
C5’fm: CSFURR t @é’ Pice + ole’gz Brcr
d Picr d Bicr
UWHERE | -

Z 3
a 't
C5Fomz = ZZ [ﬁJF(uMaf) D(RQ CTRR] Twrenann7t” Grpe
v o

uz LiwsmwaLy
Grrwern /ais

ﬁsﬁ(ufw) = *f(/blm)

JAC;F re - Dsr; Crag 1 175;,_//(72/! + DsF3 Mre rPse,
Icp

JACBSFﬂﬂ - ESﬁ CTRR f‘t’.SFL/(;R f'b’jﬂ /uRR *ESF;,,
ICr

E—56



Roror. Eouar joms (Cowrmven)

Hvi P/TCH/A)G HMorrew'7

CP”RQ = CP”ORR + iC_Pl" HICQ +4._Q,_'_"“ BICR t 4—(—‘&""&! Q”RR
d Pice d Bicz d &
WwrE -
[ 3 i 75 T
Certogy = 2 L [ﬂm(ar%j Xrr Crm—J
W0 usg
, o ) Tvnrbosrs
prt =
(wtar) /d kR CP”‘,“_ Pwo
O{CP"’ P ' O(CP”M
TR Z_— i ):Hm(ufw) D(R‘: Crﬁn d Q
d Q o u=0
LiwermLy
BWM/WC:
Hen(uvrar) = ‘F(/Lb,m)
for /(lm_ £ 035
Ol CP"fﬁ& - DI’”/‘CTM + Dpﬂl‘/lkk 7 ij/dm *0}’”4

d Brp
ﬁm/(j,,,, > 0,35, 7Tar Gwrrs Ppove Cwmir fs fowws

Dprf L= pl”fo‘

Dpr 4 Drrre

Dpr 7

h

Dfﬂa
E-57



Romor.  Fgupriows (Cowtimden)

Hot Frreme Nortom7 (Lowrimvem)

d ¢ - 2 - -
7 PR . Forr Crem +[pr1,_/Uozﬂ + Z'p,-,a/% *Eprry
d Bicr

NOTE - USE THE PBOVE EQuerow IR /Xm £0.35~

BR/LR,Q Z0.35 ! ﬁ‘p/rL = A:p”f
kpﬂs = EP’/ A

Eop, 2 Eprt ;

Hva  Ypwiwg [Torrew7

CYﬂnn. = CV"’opR t M ﬁ.ck t Mﬁ&. Bicr f-OlCrffﬂz R;
ol /q/ck ol BICR o( R

W E -

‘&
Lﬁyﬂ (W t4) :X,m Crm TaTemroL AT

Crrpeg /o i( sz.

Cﬂ’o"’ i AJ'-D u 17

F}yﬂ(uﬂw’) = o (//('ﬂp._)

Limensrty DBrrosy .

Ola(céﬂkk JZZ:' i [ '_]'yr,(ufq,,,—) O(Rﬂ C/” ] /«43

Tyrturary =71 (//"kz)

E-58



Kotor A:Q'upr/on& ( Cowfu)tlmj

Hos Yewine Morwny (Covrmwap)

erz//pe “0,35

A CY"R‘ = Dfﬂl CTR( + Dyﬂz/ctzﬂz 1 D)’I‘fj/(m rp}'ﬂq
d Pica

For /M,fa. 35

07’71. = p)’ﬂ_s’
Dyry 2 Drrre

Dyr, 2 Drrrs

For iy £ 0.38
a —
d_CY_rj_&R_ = fyﬁl CTR& ILE,fﬂL/(m 7"5”3/““ +£//1¢
61 Blcp_
for /(,(,m Z 0,35
Forny, 3 Eyns
Lyrs = Egre

Eymg = Egn

E-59



RKoror LFauatTions (Ca..f/;lL

Potor Fomce £ Moment CaccacnTion

4 V4

7; =£-‘KTEK f 7T E —rz-z
N.F. :ﬁ’RC’NFA‘ P TR ot
+ I
S Fr =f'FRC,,“ /0 TR 2,

s 2
e =f,,.5'p,‘,,, /0772 e

775 = ﬁ”“C' yree S 7 e 5-‘(2;
- 5 H*
Qz zm‘f&.‘é'f"*’ /’ TR 2,

- 5 3 .Qg)
EH&g‘f,& (’,," /a7rE L2, /5‘5‘0 or /ef/f;f@”m oo

L EFT /Za‘roﬂ Fociom's slare me ForRrrH7T

W TH SUBSCEIPTS CHANEE D,

T HE LEFT BororR RLTITUPE FoudTionN (5 AS FoLLow's:

b o™ = Zpouw * //.r cos 4, - X“) 5/ &
* [ /l,-”“" ‘we * 27“)0: A+ VY, sin /J cos &

or

E-60



Roror [Force 4L Moment Fesorurion

Hus Moments — NAacews Axes

LEesT

Ly = @ngal - If —Q.L
% cos \}:/L - Wl— i !THL
ST e rees i)

2en = ~ 77, cos o — )Z""’;w— +Lpn2, (“:V‘-fi)

1]

7. —n

Zien= Resea +TrSe

727 (o.f)g,g + 7% 5""5::

+ Tp R (psin o #rees tue)

Te cos Sum - e sin fon =~ Tp g uirp)

N
R
X

|

A
N
x

)

Nore: MNAccws Axss ARE RIGHT NANPED ITYSTEMS

E-61



Rotor Fogces £ Momenvr Resocut ion (C'oml'o(.)

Lert Tip Piver - Booy Axes@ 1P (w//v;va:u; 4;@)

, NL / . .
XAeno= <TZ.. +AXL~) €oS iy, — Siviny /N'F‘ cos J,, +SF, sin §e
’
- A er«:)
N : !
YAE!o— S, F, cos 37(1. - NFL s'"‘rHL +4 Y‘-N

N 4 , .
Zﬂlﬂo: —(T‘_ +A XLN) S;ml'N‘_ — coSc,, (NF‘ cos 'YHL +’S:.FLS"" .r'“_
-482.,))

NP 4 : . g e
%Fﬂo - (sz + AZ:A,) coscpyy TS5 iy (7121/ +4 77‘—” +Z’ );F“’)

NL p
%Fﬂo - %A’H+A%N +NF, ZS [055/4_ + S F, L .f/n.}:«
/ —
- Z.s AZLM ~lgLRer
e _ , Cw ' )
;/'95‘2" Tt m {7741# +4 7Z~ +ZS %Eﬂo T Sim by, (z.zﬁ*A’?:h/)

+IE —QELZ’

Naceiie Eauation Lnpur - LEFT

%zﬁfto = %Eﬂ * A;’z//vl +é\/,€.:os£u #S.fy5m L;—J%;)[s

GLRS INPOTS -~ L EFT

W?”Lﬂ"ﬂo = mw 7 Ls(UF‘ (,QS 5/{ ‘f'SF‘ 5/”\51&)
GLAS

77/«/L,ﬁn7w 7 77134 fZJ (-Sf-_z (06.51/4. */Uf.-L 5’”5/4)

GLps

E-62



Rotoe Force 4 Moment Pesorution (Co—.-/ 'a/)

RigHr Tip Piver — Boov Axes @Tip (w/NACELLF Ae‘u)

= (Ta+AX],) coscyy + 5im g (— NFp cos T,

/
+‘S-Fg 5/'n 5‘/‘ + AZ'N

e

Aszo

Y, —S CO‘I;R_NF-‘”,;:" ""AY'
Zntz: - (7; *—Ax )50“ ‘Nﬁ + coSs ‘N‘( NF cos ”‘
FysinY, +42,)
~MA ’
Aszo ( 2H+A zy)“’s ‘tvg TS /%lu Z }'/‘n-fd”m)

WYL = Plogy +0My + Ny Ls cos T =Sy Lg i S

'Z;AZ;N—'I_,Q_ r

P2 <L
wR . i oo / )
W = cos ape ( Zouy 44 %y +4s Yot )=sinrne (3,

+'Z;'-‘Qeni

N acece Fauarion LI nPur — Fraw 7T

%R %/l/ 4 A%ﬂ +/’V'F-A “5};1 =S5 Fp 5in ‘}’”‘—d%‘ s

7720

GLRS I1WPITS ~ RIGHT

mpnpmo - )77, Ls(Uf;q s Zp ~ 5/;.5”&)

aLps

72,«6,::: = nnm -Ls ( S/ (05 Zp * W.F 5/”fm)

E-63



Wine VErRTIcaL Benoing

Ricut Wing Tip DeFLecTion

-_ Zﬂfto -
qu = -—-—7’4—— + YN P

e Zﬂfﬁ'o .
Aewac ~ ) + ywﬁc P

NR/ 2w’ 7 % — —
L"g - K"" Zl?é'ﬂo + K“‘" Zﬁtﬁo +KW3 Yﬂ[to - /(un Qar ~ kw.f Agwac

hla = Ahn? At

Wwars; Ahig Is 746 DiFFovevcs oF by BrTweww Tips FREVIES

RPD AL s mvg TiE FRAIY

Rigwr Winve HAC DEFLECTION

/

~R/! Rw ‘P NR! - -
hrwne = Koo Zaess rK 25K, 2 k K

peee ~ Kwe Iar — Ko Peuwnc
()
2 Ah' /A
hln..mc Rwec

WHARE ;. AN g 1\ 78 DIFFIRINCE OF hipyp BETWEWW Ti&

FRAHas BUD\ Dt 15 778 TIHE FRPNS.

Force ano Mormenr ELFFecis

oo N2 z NR Iy NR/
= - “w/
ZAE@ L, Zdtn * Y, Zﬂfzo
il S ew - 2w’
Yy 1%
Zﬂ!ﬁc = = s Tpime T A z?ﬂslo
e ’
NR . | R 2 N2 z ne
Z = — ,,? + w e
Acre ‘ P RERS w3 AE#S

ForRmM

E—64




Wine \Veerica. [Lewvomws /C'o../é/)

lLerr Winvg Twe Periecrion

— 2“‘. .
q‘ r = o K/ /O
—_— _ zZ, AERe -
a‘ whAe - »7 Yqu P4 P

Z,/Vc/

WL/ Lw’
1”“_ = K., & + sz Zntto - Kws Py 'I“/«u Ur — /(w,- At

LaddiV / 7

[.]

h’L = A hlL/ At
Wwmme: Al IS 75 pixemawcy oF b BETWEDW Time FRI&S
PRD Dt 1S 7MY TiYE FRRITE

Lerr Wing #.C Prriscrion

4 v 24 _ —_
h/uuﬂz = kwo 24’/0 *k“’7 Zli)‘o "(/WI ;(;;/ "é/wy ar —kM LA:
° ;

Nitwme = AP /Bt

WaarRss B iy o 1S TWE OIFERINCE OF hiy e BETWEW 7774
FROr188 A2 QT 1S 756 Tiprd FRRME

Forcg Anve Momenr Errecrs

% NL * NL - NL 2 ML/

Z/)Eto = -Z rt;n “ Zﬂ‘lo - Y ZAsoo + i, Zﬂe‘ﬂo

20w ° 2 Lo v —ew’
Z-ﬂata - - Z }:Jz sz Zlu‘h - w“'l Zﬁ;‘. * sz anb
A2 VL ' b 2 g N/
: pEre = T z 3:.13 Wiy ‘;(Aﬂ!o - WUJ "2;:@ + Lug &R

Ne
o
F 21 ZAElo ’

Zyeee ¥ D

AEko 1

E—65



W inG TorsioN

Lerr WinGg T wist @& TIP

KD{ 8,,.= Mmmr - I L v

* ;5“" Cw bu KMa // 7-“")

P/[ch/d X A< )
+ // [7313) 72_)‘“«4 Cw dé'l— “) /zw 3172/"”

KiaHT Wine Twist @ T/P_

= Moeacr Ly R

z
* 250 S0 Crree)

a,(.muc/ [,‘I;w
+ (/ 4 7::;)7‘15;“, . Xw ) zm +37 XI«:&B:)

Ks, &

£Row

2
_V\_/_HE_Z_E_-_: (Ma: C'/*‘CZS} *Cs’g‘;
— Ywﬂc
9{& whc Y Q{LW
N
\/wﬂf—
éfﬁu/lc - Yns gfﬂw
No7e: L F  umBRewAs AfE opaw [ SET  TEAMS ZoN TANING

77), (/- Cr;) EFQuAt To ZERO

E—66



T oraL Fomcek anvo Momens Surmmation ABeur C. G

Lw gw T

X = X + X + X7+ x + X + Xy,

AERO AfRo AERe AERro AfRo AFmo

Yieeo = Yamo t o e NE 4 S N+ Yo

AERo Ageo Aees v Tpeeo Afmo A€Ro

NL F rw
ZAE‘to - ZA", + 2 Z‘pﬁ. + ZA:A. + ZA-A. + ZAE!o

?2 ___z,ut.+z~n +2,F+:('W+ka7’

ERo A&ko Asro AgRro
mt

NE
+ YN (Zn:to 45u)+2(6 ( Aslo ﬂElo

— Ve ~e F o 7
%Fta - % * Mopne * Wlfto + %, 4 7”4:&.

Fho 7

NL Nb ~NR
x G (Zﬂrno + 4:1) lfﬂo XAEAo

”A;’a = ” “ + ”

£ w r

7 AEro * ;&a. * %a. * %a.
N ;vl NE ~e
{X ) - XfG ( yﬂn. * yﬂflo

E-67



e e R - . e

NN ek e s AL AR

- 4t A Srlgs e {3 [ PR
L «A S

NomMENce ATuts

,g , by FusceAskF mMASs coNTER . r o Pivos FUSE cENTER AXES,

12

//L 4 ~ WiNa ” '

~ NPcELLE Pivor ro ~NACELE &G LPISTANVCE

A o ANGLE BETWEEN NACELLE sHAFT Axis ANO 75
£ E Ao Pbr Rxis,

s ~ ANIASS oF FuSELRGE

wi,, ~ N Ass oF BoTH WINGS

m,, ~ Mass oF ownE NAceieE

o WACELL F SHAFT 7o Fus&eRce X-AXIS ANGLE

/xi:)) I;fi é{‘f/, I 4 ﬁ- HNSELAGE JA/éz 715 ABoa7s 175 <G,

WA / ’7(;/ , ,(:,',)1 by __ Wong INERTIAS ABoar THEIR . &,

7/
Ix/x P 7 y —ng, ‘Z:\’Z ~ MorenTS "FINIK'T//? o oNE NAcELLE
ABou+ (75 <£.G,
F’i/ o Fuscincs Bopy Axis ANGuc AR RATES
U VW = FasEeRcE Bosy Hxls LinER PATES
IP ~ Poror PoLAR MOMENT pfF |NERTIA

(. —~ Eoror SPEED | ANGuLAR

Rawno ;Ymo,' st“ Torac ASRODYNAMIC FORCKS Jw TMr BaOY AXIS.

SuBscrIPTS

R~ RIGHT
L ~ LEFT
w =~ WING

£ ~ FusSELAGE .
E-68



BAsic EGuATloNS oFr MoTion

PreLimingaRY CALCUL ATIONS

Fusciase C.G. w.r.4. Alc CG.

Xp= 4 - Xea
Z;" A_p—ZCG

Winve C.6 wrt A/C C.6G

Xo= A, - Xeg
Zw= Aw - ZCG

Nacewe £ G 's wr it Afc C.G

Xg"" /445/'&x‘>‘) - Xea
2‘2 = "/Sr'n /"Me."x) - an
X, = A cosena-)= Xea

Z/. = _/-f"" /‘;V"'>‘> - an

E-—-69



Peecirinaey CALCwlATIONS

- I'~neErTiAa  TERMS

= 1(1) (f)
£y

- 57 e 21

7
_ (& PR z. ..
Jxx r%lm‘ * (];’2 _I"")("'.” ‘he T 5 ‘M-)
- _Z-x; /Jl'n Z‘;ﬂt f‘Jl’an;VL)-l- Zm” ’)’/{VZ
# oy hp Zp oo by B
—-/M” [Zﬁ Fim (Z;Vl' )) + Zl_ S/ [(;v“-))]
’ (4 4) , .y ..
J;x = f(‘z;'t ‘)”Z/}/ )/' (Ixx“I;Z-)(S’." <A/A+5;"‘A/<)
+_Z;; (5,'—. Z2s,, *5in Z:,'VL) + £y, };z
- (M;A;Z_; T w1, AUZLJ)
+ B, [Z,e 5im (z,\'m—X) AP >«)]

A _(5) () — — . : Do
IXZ = JXE‘ +J’X2‘ + ZL(JX/K— J—ae}(sln ZCA,‘-{';I»‘ Zéﬂ‘)

+ I (cas Cife+ 052y, )+ (mp,g Zo+m, 4, Zw)
+ Wy j[ZR cos c;,g—A) + Z, cos(c'”L—-)\)l

E-70



TwneerTia TEemMs

y |
Lyy = I7; e (B + 1 By Jrm (BN A2

T /[Xz ces /“4(’))" Ly 57 ("”ﬁ’)) ]
+ ™, /[X‘,_ {o.s(a'm-y—z‘ sin (",w_—k)]

5 - (5 I I
(5= Ty ) os 250 ens 25)
- zI, ($im Zespe + 552 260, ) + g (4 X + 4 2 )
+ (- A K + b2, )
g [ XgcosCiue-N)# B sin (=) + X cosLoue-D)
r 2 5o liw-N) |

/

ng/= Ix;{)’* Ixe(w)‘* £ (Ix;‘ I,Zé)(s”" Ceye *5im Z‘/;fl—)
+ I;e ((o.s Zen +cas€.c'”,_)
- My, j[Xg 5""(‘;\/;!‘/\)‘/")(4 S/ ‘/'VL"'A)]

+ m;hfx.p + Mo he Xu



T weeria T=€rs

Tes = Z 1+ (20 L) (5 hee v )
v T (sim Zag #5i026u) + 2oy Yoo
vy Xp o Lo X
by A Xe cos(q=2) + X cos (nm ») ]

g’y
% (I( ) ) + (J‘xx —Iil'a)(s e ‘NA"'" - ‘/vc)
(5,», Zenp +.r,,Z¢,,,L) -Z w1, sz
+ M‘F’é X-F + ”’w'{;XW
+ o, j[Xg eo.s(c',m-X) + X, cos (‘;vc'>‘>]

0= T IS (- T ) (it 5im 2

xé

+ IX;_ [cos Z—‘.MQ‘*'G"’Z‘.NL > + »1p l'«F XF*’WL"‘VX‘“
— j”";v [Xg S/a /tbz—k) + XL Srn (:,g,,_-— A)]



BASIC EauAaTiens -— FINAL SIMPLIFICAT ION

Rowul. EauaATtion

Ixx f;= _’J;x r'§ + I)‘-(EP) (V: + Pf)
oy Y [ Con cos(ue- D - cosloy->) ]

+ ;f;EEo

Piten EquaTion
. @y v
I77i= "3—711,9" -ng(F—r)

- <, [17'7 +/,,,~[—Z‘s;~(s}.,4—>.) +X¢.=°S("m-/\):(§
+ 77

AEpo

YAW Ea@uATioN

IZZ;"’_ —IiiFZ'_(r}—P> Ii';)
'j'"u %{‘.:m S"“/"NA'))' ;:4‘ 5'."{‘./*/‘-— >‘>}
+ 77

AERO



BASIC E @uATIONS

Riant N Acete 44‘7«47‘0: Frorewma Momenr EF auATionN

2 [Ty v bt (- 2]

NRACT

e oy (- )] prees2lien) + 7
() sin lig)) <o Conp= ) ]
(P Ts im e cosin ] - Tirf
+ /—,”;,3'[)(”,, i (one=N) + Zopen <03 ‘ivfx)]
- OV, Z( (;-pi)[ sinl ve-3)]
- (7 g Jeos Co N

+ A7

NRAERC

Note: The abeve e/uq'/fon must be calcu)ateod

-po» (VSR 7 -Aor;/on Ca /.-,a /a A‘oh e_:_{.’_

E-74



Basic EauA‘rloNS

Lerr MNAceiee Actruator PitcHineg Moment EouaTion

Muder = = b Tyy+ 47wl 1= 2]
- (- B[ preeszlin-N) +§
# (rof) sinlin-N) coslon-)) ]
~ (PP Lo simineoscn |~ Loy g
# L2 X sialin-N) +Zagms <=5 (iue-))]
+ LoV § (5 -pp )| - i) ]
- (F *’f—)[“”[‘;w.')\)]}

+ ”Z/t RERO

/\/OTE'.‘ 7 he a‘cn’ Cruarion spush Fe  calea /..;[a/
7

./:r wi—v/ #o -3, o Ca /ca. /- x"h eae Y . .



iy

/- v em s e O g ne s -
o : e e e 8w
JlE A M [ 24" P AN v A »; : .
.. L2
~ L endOX o

| ineAe Eouations oF Motion

I X o, A

T = @ _’%" % ).« &, F ) Ty
V= YAere
\/ 1% ] + 549565;’,%_ P“('I'Fw
L) = ZAeRro

po +;cosecos¢ +lzé/- /97/



EFuree Anvaie ChrcuiATion - ;4, &, ;5 SYS T&A

%* ("605¢+f_)’/ln%)/4059
és fca.slé-— V'.f/nsé
&s /:: 7> %J’r‘r) &

E-77



ﬁ/ZCRﬂFT [awa/rwzv (ﬂLCuLﬂTIGNS

6’ Roun O TR Ack

Norrw warpe VEtocirvy

Xony,~ U CosECos ) + YV (5indsinOcos
CCos i )
t W (cos fsin@cos b in §sin ;ﬁ)
LErsrwatp  ViEzoe! Ty
G = Ucos Osinf 4V (ainf3in@sie thv cor cos )
v (cossin@sinth - sindcos )

paw»v wWALD \/Ewa tdd

= — U 550+ Vsin ¢44959+N/co; ¢(ose

Pownw

E-78



RIRCRAFT CowpiTioN) cplcutpTionss (CowTmlen)

Prleor STmrioN Aecorarprions (5opv /4xc—:5)

Arpo = x:;-—eg -~ /f *f")/Zm’Z{a)
+/;+’)/ - oa ) * ’?4(,7—")

- Z}Z(a - Xea

Aype = y”” F' 4 )(Zéa m) (# +F/)Mv )%G>
(HF)*Z(F = i)

Aera~ ZAEM +(f f”)(xca. ’e’n) (f’ ""f)(g 2/’4)
12 (P*;—") *Z;Xca =

Piror STATION VELOCITIES KBapv /}x&‘s)

Uen™ Up + 220~ © Yy

Vop= Yo +r, /"’ZPA

Wiy = Wot PYpy - /‘l

E-79



Gusr NMovosL

The Gust Mode! Fo bo wsedd cwitd +ha
simnladion wil! comsist of:
NASH - AMIES propran 11 st 1oy b NAPS -Zo
The oud pad of Ahis pregeam s . A
formr o f gus b componen b fhad il be
ae Lo the  imertial compoments of
lhe basic é/n'm,//tn) e /SN o Jpractice,
the [olloming 7q.¢/.-¢,, it/ be  used
oo flrmnlobing Hho aput S bl we el e
coordimate fransiforms ete
U = Uy 4? P P;’?
> = 23 & = a"%}
W = 2«/’+7«/], £ - ,é’f/é],
The primed Aerms adee are cAiriced [ois
Ao basic cpuadions.
A devadivms Ao pomemcltive  iu Ll
Vorbol  mposadoons has  basn  vesirted oA LA

Sime  fori Lo sike of sine /'ax//.

E-80



PRE LIMINARY CALCULATIONS ( PREPROCESS)
CEUTFR OF GRAVITY CALLULATIONS

= L [wé FWor + Wayr YWyr + Wy + Wayr +Wea +Weun HM;]

32.174
v = L (wwr
32174\ 2
me < [Waf'w/ﬂ'*wvr"'wcn*‘uj
32 174
'
- / ] ’ ’
w
t mMy*= 3217 [w,nwnm + w:]

" [(st,, -(Fs),. /2’

! ‘
Ly - [ (FS)p ‘(FS),,WJ i

. J
ﬂur = [(F,S)p ~(F‘S)UTCG'];Z
L= [E) =S en 75

- [(Fs),- (FS)C] T

/ [ ? ’ ’ ' 4 ! ' !
2 e LW L+ Wiy Ay + Wy Lo + Wee dppt W 1]
j; + (32.174) ?XF wr Xnr vr Avr ) c Xe

Ly =[S~ F3)] 5
R poe = (€3 ~(FSDron | 75
Lo =[50 F3)r] /7
Y — [w;, L+ Wi Lrun + Wor Lo |

w =”7w (32.174)

E-81

~\



\ PRELIMINARY CRLCULBTIows (CowT’'D.)

3¢ =[(WL)P ~We)p

é;ﬂ‘ _.[ (wL)p —(WL)HrM]/—é__
Fvr =[ Wejp —(wL)‘”C{]’—‘;:

Zpp = | Wi)p = WL |15
}'c :[(WL)p - (WL)(]/JZ
he =(32"721'ﬂ¢) [Wlf Zv'p + W7 }lrlf -rW;;r}'y; tWeg Zpp + We };]
PRI - (we),, [ L
3y [\ULJP wL), o
ylﬁ‘uel: [LWL_)P - (WL)FUM.] /-é:
o= [ W), -(we) ]—’-
il Z e Ve sz

/ L .
= w W + W
by (32.474) m,y !: wyw tWre Gra "F}"’]

Xom = [F30p ~FS)unc | 75
Yone = [ BLuy, | 75
Zupe s | WL Wil | £
Yo = [(BL)”]/’/z‘

E-82

&l



- PRELIMINPRY CALCULATIonS (Com7’D)

Xy, - [(Fs)p ~E300r] 7%
Zyr [(WL) o WL),,Z{,LZ
X = [ESh - FShur|iz

Zy = [(WL)r ‘(“/L)vrj/_é_—

A= 3. 14859 R?

o [t
Ker = Xei = [(F5)P - (Fj)GJILz
Zs, ° Za ™ [UUL)P ~(WL)G'L]I_.L9_

Yoo = [(BU] 7%

YC:: = =Y
Yes = O
Ym 2 [(BL)M] /%_ 3 POSITIVE FOR PIOT [N RIGH7 SERT

Xoc * [(F 5)p '(FS);,,-_]/Ji
Z tne * [(Wp ~WLgp |

E-83



PRELIFINVA RY

CRLLCVLARBTIONS

(Cow7’0)

X< [ = o] 75

Zos s (WL -WLes |5
Xas = [(F3Dr = (F3)5s [ 5
Yor = [ (BL)ur, | 75
Yur = [(BLwreq | 7%
Y- [ B[

Yoo = [ B, | 75

TNERTIA CRLCULRATIONS

Tor = Ao L7

Se = he 3%

Nwr =Re = Lr
o = he = yur
Mr = Le-Lur
Sur = he ~ s
New = L =L
Sca = he ™ 2Zpa

E-84



PRELIMINARY _CALCULATIoNS (Con'T ‘D)

ne = ,a/: -Ae

e = hy "3'0

- (W) wr) ( 7) , ,
32.174

t whr (n't st +w97<!"+§”
3_““'2'17‘, VY4 Ve 32174 }7&7 vr

+ !(f’cﬂ ( 11.*_ 5/7_ + “,I ( ’zféll)
32,74 32.17¢

#) (uJo') (w7
.Z = X X, I X,

(”T) @0 (L) / rx3
Flax, +Lng +Ine * Wt STT 4 u/ﬁn(S"pra

twir §7 f W ¢+ We g’ "

€ <

3274 VT 3q.a74 0% 32.4%

* Wer) w7 wr) R . .
T2z = Iz, tIzz, *1z2, + 13, *IH + We f)f '/'__b(_/’,g;_( ,sz;)
32474 32474 \/#7 W
+ Wyr n’* ,7 ,7’7-
32474 197 32 :74 <R 32 ,74
) _ we) w7) w7) ©cR)
I“,) = Iyp, * Ixz, fIXto + Ixz, ffxt + W Ve 510,
32.174
S+ Miz n sl W g,
32 /7‘/ 32. Y 37,74 RIR
+ We
32,174 e 8
H:Ulu = XW— /e;)
I d
A, = }u/

’
H :u’p‘,,,_ = Ry -Levn

U]

/
Avssn

he - }Ipun

E-85

IaVal



PRFL/I‘IM/HE:/ CﬂLCULAT/onJS (Cow7'n)

)

Hn’u'pp =1w '_,e‘,;:

’ 4
Aywe= hu™ Yur
W) _ (wrwn) (W/vf) , ;2 , 2
1, Iy, 77., * Ly + Iy, Ww_ ( Hay t B, )
+ u/',tun /'/
32,17y

{ - W Wirvn) ’
1 w) = Ix .) Ixx Ful waﬂﬂ) u (Aw"‘, ¥ Yw)

1
r Wra Aw,_.mf-YFm) + = 74(Aw‘,p+ Ym’})

32.174
w) wy) W o) ¢
I3 = T2z, # Las, U # Ie:}.”’) (h”" -fY)
32.174

/ 2 2 2
+ W Fra (Hw'pan. + YFm) + W wr ,4-/ Yﬂf)

32.174 32.174

W) we) (lUFun.) (.u)ll’.) ’ ,
IX% IX% IX IX% 3—?—;—'%4 Hw’,d Aw',‘,

I

7 WEQ me Aw 'Foén + W”’ /'/y wF W"[F
32,174 32,174



MATH Meooer Trim LooPs - Sreaey FrigHT

TITNnimaLzE U, I8 9} L,)_Q_I F, ;}r AT pEsirep

FLigHT CONDITION,
CLOSE THE FollowIiNGg TRIM FEEPRBACK LooPS
To TRINM MATH MoPEL FoR FLIGHT,

‘.mrzrﬁ an()obl‘ + Kna

b= - Ky [Vt - Ky D

W= Ky [wdt + Ky, W

- Ky, [[polh - Koy

- Ky J Frdt - K., ~

Sp 7 K [iet - K g

e = Ky [[re Ll + Ky [y
= Koy [ttt Ky, [l M

K75 fé,?,ob/ + K, Z»e..m

D
' '

\

Q
3?
A

Norg: l.) Hoio INTESRATED VALUE WHEN GOING 7o FLIGHT.
2) START sEcono TRIM FloM FIlRST T&AN \ALUES,
3) Derarrmine K'S FxPERIMENTALLY 70 AMINMIZE TRM TIME
) TRIm WTH AL ACTUNTom DYNAMKS | SRS, ANS
GOVERNOR IN OPFRATING COoNDITION 7O INSURE .
PROPER CockP17 CoNTRM ANEO COLe&cTrIvE POSITIONS.
.

5) épokﬂl = é~~ - Zp.u', ; 5('/-3.0“.' a# %’Iir‘/g/c'

€ TR /M TR™

E-87




MAarn Mooe. Trm Loor opriens

') Whean 5/9e<;‘F7;”J ‘.NRFF ] ;Orm S

& - K

777,

at + KA

Note: Th;s a,oJl-» will be conemien /7 u;co/

i Crui e /'/74-/ WAOA- the na:r//(; are
Aowmn anol Locked

E-88



APPENDIX F MATHEMATICAL MODEL INPUT DATA

Presented in this section is the input data for the mathema-
tical model. A general description of the Model 222 tilt
rotor was given in Section 4.0. Model 222 dimensional data
and control surface deflections and travels are given on the
following pages. Weight, balance and moment of inertia data
for five nominal design operating conditions are defined in
Figure F.1l . Center of gravity envelopes for the condition of
nacelle incidence zero (cruise configuration) and nacelle
incidence 90 degrees (hover configuration) are illustrated in
Figure F.2. The mathematical model input data are given in
dection F.l to F.5 and are referenced by page number to the

equations presented in Appendix E.



MODEL 222 DIMENSIONAL DATA

WING
AREA (THEO.) 200 FT 2
ASPECT RATIO 5.61
SPAN (BETWEEN ROTOR £) 33.42 FT
TAPER RATIO 1.00
CHORDS :
ROOT 71.8 IN
TIP 71.8 IN
MEAN AERODYNAMIC 71.8 IN
SWEEPBACK 0 DEGREES
DIHEDRAL 0 DEGREES
INCIDENCE
ROOT 2.0 DEGREES
TIP 2.0 DEGREES

AIRFOIL SECTION

ROOT NACA 63,221 (MODIFIED)
TIP NACA 634221 (MODIFIED)
FUSELAGE
LENGTH 38.83 FT
DEPTH (NOT INCLUDING SPONSONS)  5.45 FT

WIDTH (NOT INCLUDING SPONSONS) 5.45 FT

WETTED AREA (INCLUDING SPONSONS) 582 FT2



MODEL 222 DIMENSIONAL DATA (Continued)

NACELLES

ENGINE
LENGTH 5.58 FT
DEPTH 2,37 FT
WIDTH 2,37 FT
WETTED AREA (PER NACELLE) 21 FT?

TILTING
LENGTH 3.70 FT
DEPTH 3.35 FT
WIDTH 2,37 FT
WETTED AREA (PER NACELLE) - 22 FT2

HORIZONTAL TAIL

AREA (EXPOSED) 46.3 FT?
AREA (THEO) 58.3 FT?
SPAN 15.75 FT
ASPECT RATIO 4.26
TAPER RATIO - .379
DISTANCE (c/4)y to (c/4)yn 20.29 FT
CHORDS
ROOT §6.0 IN
TIP 25.0 IN
MEAN AERODYNAMIC 48.0 IN
SWEEPBACK AT 0 PERCENT CHORD 140 51
DIHEDRAL 0 DEGREES
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MODEL 222 DIMENSIONAL DATA (Continued)

INCIDENCE
ROOT 0 DEGREES
TIP 0 DEGREES

AIRFOIL SECTION
ROOT NACA 64A010 (MODIFIED

TIP i NACA 64A010 (MODIFIED)

VERTICAL TAIL - '

AREA (EXPOSED, EXCLUDES DORSAL) 35.5 FT2
AREA (REFERENCE) 43,3 FT?
SPAN (REFERENCE) 8.14 FT
ASPECT RATIO 1.53
TAPER RATIO _ .303
DISTANCE (c/4) to (c/4)yq 18.88 FT
CHORDS (REFERENCE)

ROOT 8.17 FT

TIP | 2.48 FT

MEAN AERODYNAMIC 5.83 FT
SWEEPBACK AT 0 PERCENT CHORD 46° 28"
AIRFOIL SECTION NACA 64A008

CONTROL SURFACES

FLAPERON
AREA (AFT OF HINGE) 52.5 FT
SPAN (LENGTH EACH SIDE) 151.56 IN
CHORD (% OF WING CHORD) 30
SWEEPBACK OF HINGE LINE 0°
SPOILERS
AREA 19.15 FT2



CONTROL SURFACE DEFLECTIONS AND CONTROL TRAVELS

control Surface Deflections (Positive deflection is trailing
edge down unless indicated otherwise)

Elevator +20° (Pilot Stick Command-
Deflection From Scheduled
Elevator Position)
Flaperon (Flap Mode) +70°, =-0° '
(Aileron Mode) +20°, -0° (Flaperon Used for
Roll Ccontrol to a Maximum of 35°
combined Flap + Aileron Mode
Deflection)
Rudder +20°
Spoiler (Roll Control) 45° (T.E. Up)
(Max. Download
Alleviation in
Hover) 110° (T.E. Up)
Umbrella Upper Surface Aft Edge 20° From Vertical
Lower Surface Aft Edge 10° From Vertical

Rotor Control Authorities

Longitudinal Cyclic +2.5° for Pitch Trim Plus
Maneuver
+2.7° for Combined SAS + Lbad
Alleviation

Differential Longi- +4.5° Maximum for Roll command

tudinal Cyclic : (Functlon of Nacelle Incidence)

Maximum Longitudinal Cyclic

for Combined Inputs *7e

Collective Pitch 0° to 56.5° (at .75R)

Differential Collective +3 0° Maximum for Yaw Command
+4.8° for Maximum Roll Command

Lateral Cyclic (Functlon or Nacelle 1nc1dence)
+2 7° for Rotor lLoad Alleviation

Nacelle Deflection Authorities

Nacelle Tilt 0° to 105°
Differential Nacelle 1.55° Per Degree Differential

Tilt Longitudinal Cyclic

Pilot Control Movements

Stick - Longitudinal +6 Inches
- Lateral +5 Inches
Rudder Pedals +2.5 Inches
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F.l1 CONTROL SYSTEM INPUT DATA

The input data for the control systém, SAS, thrust management,
and load alleviation system are in this section, and are
referenced by page number to the equations presented in

Appendix E. Figures F.3 to F.l4present the scheduled function.

F.l.l Control System Input Data(l)

Control Mixing (Page E.4)

Kspup = -8 deg/inch
K, = 1.0

Kés = 1.0

Kgy = 1.0

Kde = -3,33 deg/inch
Kgig =0

Actuator Dynamics

20 rad/sec

]

WN
;z = 1.0

Lead-lag Dynamics

wp - = 35.5 rad/sec

z = ,18

Scheduled Functions - Refer to Graphs

a) Scheduled Longitudinal Cyclic vs Nacelle Incidence

(1) Gainsand time constants not shown on these pages are
noted on the block diagrams.



b) Cyclic Gain vs Nacelle Incidence (Pedals)
¢) Differential Collective Gain vs Nacelle Incidence (Pedals)

d) Differential Collective Gain vs Nacelle Incidence
(Lateral Stick)

e) Longitudinal Cyclic Gain vs Nacelle Incidence
(Long. Stick)

f) Lateral Cyclic Gain vs Nacelle Incidence
g) Elevator Deflection vs Nacelle Incidence

h) Scheduled Lateral Cyclic vs Nacelle Incidence

Load Alleviation System (LAS) (Page E.5)

LAS Functions

Gp, GAlB' GAla vs Dynamic Pressure

[+

Nacelle and Airplane Controls (Page E.6)

Nacelle Actuator Dynamics

= 10 rad/sec

YNR ~ “NL

= 1.0

ENL = °NR

Scheduled Functions

a) Scheduled Flap Angle vs Nacelle Incidence
b) Flaperon vs Lateral Stick
c) Spoiler Deflection vs Lateral Stick

d) Spoiler Actuator Limit

Stability Augmentation System (Page E.7 and E.8)

Gains, time constants and scheduled functions noted on

block diagrams. F—12



Roll SAS Authoritiy Limit = +2 inchés

Yaw SAS Authority Limit + 1 inch

Pitch SAS Authority Limit + 2.7°

Thrust Management System (Page E.13)

(N N ) = ,8865
11/ IIMax® REF

QpgF = 57.6923 rad/sec
Y]TR = 1.0

Ip = 564 slug-£ft?

Ggy = 2.5 deg/sec / rad/sec
Ggy = 2.66 deg/rad/sec

Ggz = .05 deg/sec/deg

Scheduled Functions

a) Turbine Inlet Temperature vs Throttle Position
b) tp vs (AHP)

c) 1¢8/V/8 vs SHP

d) Output Gain Ratio vs Power Output

e) Governor Gain Schedule

f) RPM Select Schedule

g) Throttle Collective Gain Schedule

h) Incremental Collective Schedule

i) Variable Authority Limit

Rotor Control Coordinate Axis Transforms (Page E.14)

¢p = -12 degrees
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DEGREES CUMMULATIVE CYCLIC
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Figure F.5. Longitudinal Cyclic for Pitch Control Gain vs Nacelle Incidence
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Figure F.12. Engine Characteristics Lycoming T53-L13 Engine
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Figure F.13. Thrust Management System-Scheduled Parameters
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F.2 ENGINE INPUT DATA

The input data for the engine performance subroutine is given
in this section, and are referenced by page number to the
equation presented in Appendix E. Plotted data are shown

in Figures F.1l5 to F.18.

F.2.1 Turbine Engine Performance Input Data

Engine Performance Data (Pages E.10, E.ll and E.1l2)

SHP* = 1550
WDTIND = 1.0
N1IND = 1.0
N16IND = 0
QIND = 1.0

® L]
wMAx/w* = 1.11

Np /N8 = 1.04

(Np/ve1/N¥)Imax = O
Quax/Q* = 1.446

N /N%:_ = 1.128
IIyay’ 11

N* = 25425 RPM

*
I
(NII/NIIMAX)REF = ,8865

QpEF = 57.6923
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Tabular Engine Cycle Input Data

a) Values of Referred Horsepower

b) Values of Referred Fuel Flow

c) Values of Referred Gas Generator Speed

d) Values of Referred Power Turbine Speed

F-27
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Figure F.15. Turbine Engine Performance - Engine Cycle 1.78
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REFERRED FUEL FLOW - Wf/§,/g /SHP*
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Figure F.16. Turbine Engine Performance - Engine Cycle 1,78

F-31

T 1 T
NOTES: SHP* = 1,550
N * = 25,425
* =
N 20,400
,//j;;L MACH NO.'S
/
Jblsoo 1800 2000 2200 2400 2600

2800



REFERRED GAS GENERATOR SPEED - NI/VQ_/NI*
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Figure F.17. Turbine Engine Performance - Engine Cycle 1.78
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REFERRED POWER TURBINE SPEED - Nyy/v@ /Npr*

1.0

| | I

NOTES: SHP* = 1,550 .0
NI** = 25,225 1//////.2

N = 20,400 / 4

II .
2

/.8

o/ [
7/
of

0
-%600. 1800 2000 2200 2400 2600 2800

REFERRED TURBINE TEMPERATURE - T/§

Figure F.18. Turbine Engine Performance - Engine Cycle 1.78
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F.3 ROTOR AERODYNAMIC INPUT DATA

The input data for the rotor aerodynamics are given in this
section, and are referenced by page number to the equations
presented in Appendix E. Tabulated coefficients of the curve

fit equations are shown in Figures F.1l9 to F.27.

F.3.1 Rotor Aerodynamic Input Data

Rotor Thrust (Page E.54)

T, = .10
T, = .10
R = 13 Ft.

Rotor Force and Moment Calculations (Page E.60)

frr = fpp = 1.0
fypr = fapp = 140
fsrr = fsp = 1.0
fpur = fpu, = 1-0
fyur = fyyp = 1-0
fgr = fg = 10
fpr = fp, = 1.0
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-.024 Eym, = 0025
-.002703 Coeff. of Eyy; = --0013888 | Coeff of
-.000346 aCyr 1 Eyy; = -000336
.00039 5— ~DEc Eym, = ~+000187 dCym 1
1C Eyme = -.0000723 | 3B~ DEG
Eyyg = --0006354
006 Eyy, = —+0000098
.0012318 % Coeff. of
.000033 dCyr 1
.0000268 | JA;; "~ DEG Dyy, = =.0025 i
D = -.0009883
YM .
DYM§ = ,000089 Coeff of
D = -.0002866 ac
M Y™ 1
-0025 Coeff. of Dymd = -.0001503 ¢ FA—"PEG
.0011896 et Dyy> = -.0004564 1c
.00001246| 9Csr 1 Dym8 = -.0001993
.00001669| dB,_ " DEG 7 -
.025
0025356 ngff' of
.0002264 SF 1
.000044 dA,. DEG
.0025
.0014304
.0003029 &Coeff. of
.0002938 dce.. .
.0001367 __PM 1
.0004888 dB,. DEG
.0001767
.0015 i
.0010726 | coeff. of
.0001564
0001762 ¢ 9Cpm 1
.0000966 dAIE DEG
.000571
.0000422 |

Figure F.27. Constants for Cyclic Pitch Effectiveness in Rotor Equations



F.4 AIRFRAME AERODYNAMIC INPUT DATA

The input data for the airframe aerodynamic data are given in
this section and are referenced by page number to the equations
presented in Appendix E. Plotted aerodynamic data are pre-

sented in Figures F.28 to F.30 .

F.4.1 Input Data

PAGE PAGE
. = 3. E.43 = 1.0
E.21 ¢y =3 94 1l/rad Ny
= 1.0 -
E.28 cCp,. = 1.232 v
* ay < :5236RAD/>.5236RAD
E.31 Kzg = -.0975/RAD E. 44 c = .001821/-.016179
Koy = -.0916/RAD DON /
Kpp = .015 K3g = -04773/-.2034
Kg = 1.0 K3; = .16086/-.071138
K, = 1.0 K3z = .1087
E.32 feu = 60 ft? c = 0
D/T = .05 KMON - 0
Kpi/T = 0.0 K34 = 0
Kp2/T = 0.0 K35 - ~.1087
Kp3/T = .05 K36 = 0
K = .05 7
D4/T Klg = -.1087
KMli/T = 0.0 X = 0
Km2/T = 0.0 P 7 - 0
/e 2 58 a1
KM4/T = _
/ G o
E.36 THT = .52 K:?_ =0
OHTgpALL = le DEG <705
‘Lot 061 1/ KgoF = 18
E.39 do _ ~ 025 Ko = ,2561
dg ' ACpILG = .05
TyT = .35 K3 = ,922/RAD
C = .0546 1/DEG 5 -
Sk Ke I 2.4
= . 15 = =
Dy 00789 7
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f1r

dcCy,
Ci
C2
C3
CLqy

0
-.131/RAD
0
.0001883
0

0

.0537

0
-.04808
.3795

.l
ll

=-.03215

-.065

-.0025 1/DEG
0.0 1/DEG?
3.94/RAD

= fxpr = fsFR = EpMr =fyMmr = fqr = fpr = 1.0

dCch£4
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Wing Aerodynamic Input Data
4

4

Coefficients of [ [

A
D3s

]

h

v=0 u=0
.582990 x 10 °
126170 x 10°°
.391649 x 1074
.110058 x107°
-.159415 x 10~
.245484 x1073
.265950 x10-3
.404673 x10™3
-.152693 x10-6
.102320 x10-8
-.313543 x 10-5
.624554 x10-6
.141804 x10-6
-.821732 x10-8
.119984 x10-2
-.474069 x10-5
.771740 x 10-6
-.800800 x 1077
.208761 x 1078
~.114899 x 10-10
.238184 x1076
.196213 x 1077
-.204613 x10-8
.133330 x 10-10

.492127 x10-13

[A
D (u+5v)

F—46
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NOTES:

(Page E.26)

§, a

in degrees.



INTERCEPT

10 T T E T T T T
- 2 0gd o
5¢ In [ €0 = .0049557 +.12355 +0.7 (0° <8 <24.50)
Deg 2
€, = =—-0031444 §£+0.2798333 5, +1.669444
; —= —(ap 22459
/V
““~~CURVE FIT EQ. \
6 -
. /
DEG /
4
0
SLOPE
.6
R FI .
CURVE FIT EQ P
.%i .4 =
gi== 0.382 + .0042 8¢ -.000045£2(8¢ > 33.991390)
O | (6 IN DEGREES) | I
.2 —-8—= 0.41054762 - .00018571 5. +.00006667 &2
ﬁz | (0 < bf £ 33.991399) | l |
0 10 20 30 40 50 60

FLAP DEFLECTION - DEG.

70

Figure F.28. Model 222 Downwash Functions @ Cr=0,i,=+ 2.0°
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CURVE FIT EQ.

/
.6} .
(9—:’—,7) = - .04808 X + .3795 X2 /
P 4
sv* WHERE X IS IN RADIUS.
RL) , et
v* : Ty =
RR Ty = -.04808
OR T3 = -3795 V > 35 KTS
*
(SVLR) 2
*
VIR
M
0
0 .2 .4 .6 .8 1.0 1.2 1.4

WAKE SKEW ANGLE ~ X - RAD.

ESTIMATED ROTOR/ROTOR INTERFERENCE PARAMETER

3
2
“WRR THIS FUNCTION IS SET
AND EQUAL TO ZERO
€
WRL 7
~DEG
0
-.8 -.4 0 .4 -8 1.2 1.6 2.0
WING LIFT COEFFICIENT - Cr..
-1

WING ON ROTOR INTERFERENCE

Figure F.30. Rotor/Rotor and Wing/Rotor Interference
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F.5 GEOMETRIC, WEIGHTS AND BALANCE DATA

The input data for the Model 222 geometry, weights and balance
are presented in this section, and are referenced in Appendix
E. Input data for the preprocessor calculations are not
presented, but are easily obtainable from an aircraft three-
view drawing and the weights and balance data presented in
this section. It should be empnasized that the lengths and

inertias presented here were calculated using the preprocessor.

F.5.1 Input Data

Page Page
E.1l6 XWAC = .84 ft E.23,E.17 iW = 2 DEG
Yyac = 8.333 ft E.31 b, = 33.417 ft
Y = 6.92 ft
ZWAC = .4 ft
Lg = 4.94 ft
E.35 igp = 0.0
Yy = 16.666 ft
E.36 ARy = 4.255
E.18 Xgp = -19.45 ft
E.39 Mym= 1.768
Zyp = 2.51 ft VT
Xyp = -18.04 ft sgp = 58.3 ft?
Zyp = -1.0226 ft Syr = 43.3 ft?
E.19 A = 530929 ft?2 E.46 2g, = 7.08 ft
R = ft sz = 7.08 ft
z. = 7.53 ft
E.20 PC = 2.36 ft, FIN=0° G3
Y. = -3.86 ft
hp = .33 ft G,y
Y. = 3.86 ft
cy = 5.983 ft G,
_ Y. =0
Sy = 200 ft? Gy



le

-3.7 ft

-3.7 £t

10.67

1.065 ft
1.065 ft

.60 ft

3840 1b/ft
3840 1b/ft
3840 1lb/ft
600 1lb/ft/sec
600 1lb/ft/sec
600 lb/ft/sec
.03

.005

.5

.84 ft

3.66 ft

564 slu-ft?
1.47 slug-£ft?

.59678 x 104

.1637 x 1074
.58356 x 10~°
.2959 x 10~2

.1656 x 10~2

YWl =

ww2 <

“w3
wwg =

E.66 K

i

ot

XWAC -

Cw

E.79 YPA =

)

PA
Z

PA

h
n

.1709x10~4

.05768x10~4

.1221x107°

.0847x10"2

il

.0559x10~2

19.92 rad/sec

19.92 rad/sec

19.92 rad/sec

19.92 rad/sec

0.98 x108FT-LB/RAD

«275

0
6.75 ft
4.75 ft



E.68 to
E.78 Equations of motion input constant (Weight = 12321 lb,
nominal CG)

my = 138.32 slugs

my = 43.39 slugs

me = 157.88

m = 382.98 (12321 LBS)

(£) _Fe2
1 .-t 789.3 slug-ft

I (£) 10845.6 slug-ft?

YY
1, Fl 10707.4 slug-£t?
(£) _fE2
1., = 399.9 slug-ft
(w) —fr2
I, "¢ 23978.4 slug-ft
(W) 2
L 664. -

Iyy 664.8 slug-ft
IZQW)= 24513.6 slug-ft?2
(w) _ e 2
Iz = 384.5 slug-ft

t
= —f2
Iex = 22.5 slug-ft
1
I = 194. -ft?
vy 194.0 slug-ft
- —f2
I,, = 195.4 slug-ft
Ix; = -20.0 slug-ft?
e = ,6917 ft
hf = 4.075 ft
% = -,775 ft
hw = ,30417
YN = 16.666 ft
2 = 3.3624 ft
A = 2.841 DEG
L = 4.94 ft



et

F.6 SIMULATION INPUT DATA

This section presents the input data required to drive the
Flight Simulator for Advanced Aircraft (FSAA). Figure F.31
shows the instrumentation requirements and Figure F.32 shows

the Model 222 control force gradients and breakout forces.



CAB INSTRUMENTATION:

Instrument Range
Vertical Situation Indicator +90° Pitch and Roll
Horizontal Situation Indicator +120° Heading
Airspeed 0 -~ 520 KIAS

Pressure Altimeter 0 - 10,000 Ft

Radar Altimeter 0 » 1000 Ft

Rate of Climb + 6000 FT/MIN

Turn and Bank + 3 Needle Widths
+ 1 1/2 Ball Widths

"g" Meter =1, +3 "g"

Nacelle Angle 0 » 120°

Clock

Sideward Velocity + 40 Knots

Angle of Attack + 20°

Wwing Flap Position 0 -~ 1l00°

Rotor Speed 0 -~ 125%

Engine Torque Meters(2) 0 ~ 125%

PRIMARY FLIGHT CONTROLS

Stick (+6° Long.; +5" Lateral)

Pedals (+2.5") -

Power Lever (0+8" Normal; 0-+10" Emergency)
Nacelle Position thumb Switch

MISCELLANEOUS EQUIPMENT ANL FEATURES

Back Drives to Trim Stick and Pedals while in Initial
Condition (I.C.)

Landing Gear Up - Down Switch with Indicator Light

SAS ON-QFF Switch

Detent Switches on Spring Cartridges (Pedals & Lateral Stick)

Magnetic Brake on Pedals, Long. and Lateral Controls

Long. and Lateral Beep Force Trim on Stick

Power Lever Null Meter

Toe Brakes

Specified Force Feel System

Figure F.31. Model 222 Pilot Station Requirements
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APPENDIX G - IN-HOUSE HYBRID SIMULATION

The math model described in this report was mechanized in the
Boeing Hybrid Simulation Laboratory for the purpose of develop-
ing and evaluating math model simplifications. This was
accomplished in a parallel time frame to the NASA simulation,

which also used the described math model.

The Hybrid Simulation Laboratory is a large scale hybrid
computation complex. It is capable of providing simultaneous
operation of several hybrid and analog simulations, depending
on problem size. The complex is totally state of the art,
with recent acquisition of two mini-computers for the purpose

of multivariable function generation.

The Hybrid Simulation Laboratory complex is comprised of the
following elements:
e Digital
IBM 360/44 system
25600 byte core
32 priority interrupts
16 hi-speed floating point register
2 hi-speed, 1 low speed channels
2 - 800 B.P.I. tape transport
1 - 2311 disk system
2 - 2315 disk system
1 - hi-speed card read/punch

1l - hi-speed line printer



2 - alpha-meric scope/keyboard

1 - console typewriter

1 - ball printer

Basic Computer Arts Function Generation System (BOA)
1 - Interdata processor with 24000 byte core

1

Interdata processor with 16000 byte core

L8]
i

16 channels analog to digital
2 - 16 channels digital to analog

2 - read only memory software systems

e Analog
4 - 3/4 expanded Applied Dynamics (AD-4)
771 amplifiers (all solid state)
4 resolver expansions
2 display consoles
10 ufd integrator system in 6 decades
1 - 1/8 expanded AD4 maintenance console
128 channels 100 KC analog to digital converters
128 channels digital to analog converters

1 applied dynamics 256

e Analog Output

4 - 8 channel Brush strip chart recorders
4 - 8 channel Varian Statos III strip chart recorders

4 - XY plotters



® Software System

Integrated disk resident state of the art system embracing
"real time" languages:
Assembly Language

Modified Fortran IV, Level G
and non-real time languages

Non-procedural block modeling, DSL/44
Fortran IV, Level G
Full utility system

Other special hybrid oriented programs

G.l SIIMULATION ARCHITECTURE

The tilt rotor siwmulation model utilized the entire hybrid
facility. When tied to Boeing's Nudge Base Simulator, four
consoles of Applied Dynamics from (AD-4's) analog, the Applied
Dynamics 256 (AD-256) and two Simulator Laboratory analog
computers were in use. In addition the IBM 360/44 digital
computer and two Basic Computing Acts (BCA) function generators
were utilized. Figure G,1 shows the utilization of the hybrid
facility and also shows the location of the major elements of

the tilt rotor mathematical model.

In programming the digital portion of the tilt rotor simulation,
core size and execution time were of immediate concern. Along
with the complex wing and rotor representations, there was a
large number of functions which had to be handled in the digi-
tal computer with trade-offs considered on core used if functions

were programmed as tables and execution time for digital table

G-3



look-up versus curve-fit equations. In most cases, curve-fit
equations were used to program functions. A program was written
to curve fit the various functions needed, and the equation

programmed for the real time task.

The single largest difficulty was the rotor representation.

To program the curve-fit equations for each of the eight func-
tions, for both rotors, would take 30 milliseconds {timing
estimates without rotor indicated only 10 milliseconds were
available). To program as tables and look-up answers, would
not only take too long, but use too much core. So the rotor
data was put in the function generation mini-computers (BCA).
To get the rotor data into format for the BCA, several steps
had to be executed; 1) data points were input to the curve-fit
program which punched out the coefficients of the curve-fit
expansion, 2) these coefficients were input to a program that
punched data in the correct format at the correct breakpoints
to be input to 3) the BCA program which punched a deck of cards

that are input to the function generator mini-computer.

Although the BCA enabled the programming of the rotor without
using digital time or core, it did not have enough room to
hold 8 functions x 2 rotors for the rotor 'maps' of the size
required. To obviate this, the BCA was multiplexed, such that
only one rotor's results would be calculated each BCA cycle,
with the left and right rotor being alternated. In this case
it took 8 milliseconds per BCA cycle, resulting in a total

rotor update every 16 milliseconds.

G—4



9-/$-9

19POW I ZZZ 19POW 841 J0§ AJOIRIOGET PLIGAK 943 JO LORRZINN 'L°D 8anbly

. AN W | S SR T

suot3jound qed pue ased abpnN

ACD/PUTHUT o FTOI3U0D pue SIATIA
suoT3ound ‘qed pue
*J330D X030 4| TOXIUOD/SYS «| osed SO6PNN OL o+—— (08 I2UUOQ uox3sks)

LR s

O vod H vogd Ia3ndwoy boreuy
vw . Axo03e10qe] IOojeyinuysg
m sauTl sauTT
4 91 91
|

(x233nd) BIUBTOTIIHOD 030U .
at
pawog ‘1 (s¥s) waisks
a108uUCD 03 uotyejuswbny A3ITITARIS boyeuy
S, 0¥0 Z€ ea————dg §,0av z¢ 33309 o
UOT30W FO suotienbd , sTeUbTS J03eTNWTS .
~ =GV
41 paeod ' 9rosuU0] g1 pieod 'y @{osuon| Jojernurs
T19POW 38D
0/1 boreuvy 03 1e3THTA » SUOT3 .
~eIaT800V 3TAYD00 » sOTweuAQ IOJ0Y .
a€ ysel awTL Tedd o sO9TWeuld I03en3dov o
pIwod ‘Z butpuad TedT33I3A
aTosuo0d 03 0/1 Te3th1d 03 Boreuy . {S¥1) walsis
S, 0¥d Zf e Sav soTuweuid STTI%eN . UOTIRTASTTVY PeOT
_vv.\.owm Wdl S 2t STeNETA IOJRTNUTS o
Ja3ndwo)d Te3lTb1d Iouzaaon/authbug . STOIIUOD o
- - 96Z-av
df pxeod ‘Z I9TOSU0D 4G paeod ‘¢ ¥[Oosuo)




As programming progressed, timing estimates showed the time
frame would be a problem. The objective was a 40. millisecond
(ms) time frame which results in 7 updates/cycle for the 3.5
cycle per second first mode vertical bending calculations.

Due to the large number of angles and trigonometric functions,
the complexity of the model and the real time requirement,

every effort was made to reduce the time frame.

A parallel real time task method,where a 40 ms. time frame
could be achieved, was selected. This method had two real time
tasks, a 'Fast' real time task that was calculated every frame
and a 'Slow' real time task that was executed every 3 frames.
Thus, it was'important to separate the equations to ensure only
low frequency equations were placed in the slbw loop. In

order to minimize execution time, the system routines for tak-
ing the sine, cosine and square root, having unnecessary
accuracy at the expense of time, were discarded and replaced
by streamlined routines. Since there are a total of 21 sine-
cosine pairs and 20 square-roots, the saving was substantial.
The need for the time savings is emphasized by the fact that
at present, using the parallel real time task, the total exe-
cution time is 38 ms. leaving 2 ms. for the foreground options,
shown in Figure G.2 to be executed. The 40 ms. time frame

objective has been achieved.

The digital portions of the simulation were programmed using

the General Hybrid Program (GHP) structure, which utilizes a
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Direct control of the analog computer state and

the interval timer (initial condition, hold, operate)

Change aircraft trim conditions (airspeed, lateral
speed, altitude, rate of climb, trim pitch atti-

tude, trim nacelle angle)

Control of line printer real-time printout

Control of line printer trim printout

Ability to change values of simulation flags
(landing gear on/off ground effect on/off,

vertical bending on/off, wing twist on/off)

Ability to change real time phases (dual phase,
total phase, plot phase; used to plot any digital

function)

Figure G.2. Foreground Options
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phase overlay scheme. The basic phase overlay structure is
shown in Figure G.3. This figure also summarizes what is
contained in each phase. Of most ihterest to this discussion
are three phases; 1) the Preprocess phase, 2) the Run phase

and 3) the Dual phase. The Preprocess phase loads the simula-
tion data and sets up the analog computer by setting the poten-
tiometers to the correct values and by reading out a test
condition to ensure that no components are statically bad.

Once the analogs are set up and checked, control is transferred
by GHP to the run phase. This phase is in control while
actually 'running' hybrid and executing the real time task.

It is in the run phase that various options are provided, while
the simulation is being used.A These foreground options have
been described in Figure G.2. . The two line printer options,

- the line printer trim sheet and the line printer real time
printout, are powerful tools allowing visibilityrinto the si-

mulation equations.

The Dual phase contains the two real time tasks, the fast
(RTFAST) and the slow (RTSLOW). Figures G.4 and G.5 show
what each real time task contains; The execution time of RTFAST
is 32 ms. while that of RTSLOW is 18 ms. Since RTFAST is exe-
cuted every 'frame' but RTSLOW only every 3 frames, the execu-

tion time is 32 + 18/3 or 38 ms.

The digital listing for the simulation program is shown in

Figure G.6. This listing contains the fast and slow real

G-9
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1. ANALOG TO DIGITAL 1/0 8. EQUATION OF HOTIQQAEESELQ!
e Reads analog ADC lines ® Call gear subroutine
e Converts to floating point ® Total Fuse Aero
® Calculate total aircraft
2, ENTRY FOR STATIC CHECK OF FAST REAL Rero Xappos YAEROr ZAEROY
TIME TASK L M N
AERO’ "AERO’ “AERO
® Used for test cases H/? 1/0 e Break Zppro. Lagro: MAERO
3. _ANGLE INITIALIZATION SECTION into vertical bending/non-
vertical bending parts
® Sin, cos iny & iNR e EOM coefficients
e I e Vertical bending equations
NACELLE with flag
e sin, cos iynp-A, iyg-r using trig e Torsion equation with flag
e Sprap? ® Fill DAC array (64)
4. VELOCITY SECTION(VELOCITIES, VELOCITIESZ,
FREESTREAM, DYN. PRESSURE, TRANSFORM.) 9. DIGITAL TO ANALOG 1/0
a a sin . cos ® Convert DACS to integer
e Fuselage (also Gfusl.afus: » ) e Write values
® Doors open/close logic-f (iyac:9FysE)
e Rotor Hub - body axes, shaft axes, free-
stream
® Wing A/C - body axes, chord axes, free-
stream
e Tail
5. ROTOR SECTION -~ LEFT AND RIGHT
e a,;,sin, cos of a and ¢
® Rotor angular rate transform. p,q,R
e 0, VTIP’ My 021 llz
® Rotor control axes transform AlC' Blc
WRT ¢_, &
e Rotor EQS for CNF, CSF, CP, CYM
e Forces and moments from coefficients
T, N.F., S§.F., M,N,Q
® Hub moments - Nacelle axes
® Resolution of forces & moments -
body axes at tip
e Summation with nacelle aero
® Gust load alleviation system
6. WING SECTION - LEFT AND RIGHT
® dw 9rw’ wine
e Doors open/close check
e If doors open
[ ] Calc. X,Y,2, L’MINAERO
® Leave wing section & Set q's=0
e If doors closed
® a, B, agggs Ippgr ©
® Aileron, Spoiler, Flap contribution
to lift, drag, moment; Call AILSP
e Contribution due to totally washed
wing; call CLCDCM ~
® Contribution due to totally
_ unwashed wing; cgll CLCDCM
Cp; Call CCF2
® a, 8in & cosa, sin & cosf, sin & cos tp
e a, B check for stall
® Aero Calc & resolution
® Wing/rotor interference
7. _TAIL SECTION
® €Tarl , o if necessary; logic for doors
open/closed
® opyn, sin, cos(aHT—inqg
7 .
L] region CLHT' CDHT curve
® Byps Ayps o, 8in, cos (B,,p~ )
e 7 Region Cryr, Cpyp. curve
e If doors open; 1/2 efficiency of
horizontal tail
® Vertical tail Aero
® Total tail Aero
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3.

10.

ANALOG TO DIGITAL 1/0

Reads discretes
Assigns flags to discretes
Check for trim sheet flag
Read 3rd console ADCS if required

ENTRY FOR STATIC CHECK OF SLOW REAL TIME TASK

e Used for test cases w/o I/o0

PRELIMINARY CALCULATIONS

P © . md 2
e sin? iy, igygi sin, cos ZLNR' ZiNL; h4, Apyse
e XCG, ZCG

e V

NORTH' VEAST,ground track

AIR & ENGINE MODEL

e &, T°F, p,a, M, /1-MZ
e TEA, preliminary engine routine calculations
e SHP, QE, %Q: call engine

FUSELAGE SECTION

¢ Cpps Cppe Cypr Cupe Cnr
e Aero calculation

GROUND EFFECT SECTION (WING & ROTOR)

e {ag/alw, Kgg, (TTGE/TOGE)’ p/T, (M/T)

NACELLE SECTION LEFT & RIGHT

® ayac’ Bnaci SiR & ©08 oy fnac
e Cpn, Cpr Cy- Cyr Cx nacelle
® Aero calculation

WING IMMERSED AREA SECTION - LEFT & RIGHT

1, Va, Look-up vs,

€ C

Epr _-TSR _ - _

s ap vep Cp_o sing coss T, sins cos(Iyac- L tan(ca - ‘p)

tR1/%R2/5R3/%R4
Sips Sipe SiL/S, SiR/S, SiT' ARj,Cr;+ Ka

ROTOR/ROTOR INTERFERENCE .

’

GROUND EFFECT - TAIL

* ch/4l HTC/4' (aq/a )t
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