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ABSTRACT

Results of a preliminary simulation of an Advanced Hingeless
Rotor XV-15 Aircraft are presented. A simulation mathematical
model was used to study the control and handling qualities of
the NASA/Army XV-15 Tilt Rotor Aircraft with Boeing Hingeless
rotors. The mathematical simulation model is described and
the results obtained using the model are presented. A piloted
evaluation was conducted and the pilot's comments on the air-
craft handling gqualities are detailed.
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SUMMARY

A simulation model was developed in order to study the perfor-
mance and control requirements of the NASA/Army XV-15 tilt
rotor aircraft equipped with Boeing 26-foot diameter hingeless
rotors in place of the existing 25-foot diameter gimballed
rotors. Using the model, a piloted simulation was conducted
to determine the handling gualities of the aircraft in hover,
transition and airplane flight.

The mathematical model of the hingeless rotor XV-15 (HRXV-15)
comprises the basic 6 degree-of-freedom equations of motion
(extended o account for a moving center of gravity), airframe
and rotor aerodynamics, including interference effects, a
representation of the engine performance and dynamic response,
and a model of the flight control and thrust management system.

The aerodynamics of the airframe, i.e., wings, tails, fuselage,
is based on data furnished by NASA. The forces and moments
generated by the large hingeless rotors are calculated explicitly
using a set of equations derived from an analysis of full-scale
and model-scale wind tunnel test data.

The mathematical model of the airframe was validated by compar-
ing the airframe forces and moments with those obtained from an
existing NASA simulation model of the current gimballed rotor
XV-15 aircraft. The math model of the hingeless rotors was
validated by a series of correlations with test data.

The validated simulation model was used to determine the
schedules and phasing of the primary aircraft controls. 1In
particular, the feasibility of scheduling rotor cyclic with
stick position for the purpose of minimizing blade loads was
established. The initial results show that a reasonably wide
transition corridor can be provided that is essentially free
of blade load limitations over an adequate maneuver range.

The results of the piloted simulation indicate that the aircraft
has good overall flying gqualities, SAS on and off. The piloted
investigation was conducted without cyclic-on-the—stick installed.
It is intended to evaluate pilots opinion of this feature during

subsequent studies.
T+ is recommended that the math model be upgraded to reflect

newly-acquired rotor data and that autorotation and systems
failure studies be conducted.
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Rotor disc area (per rotor)
Aspect ratio, b2?/s

Lateral cyclic angle in rotor wind
axes

Lateral cyclic angle in swashplate
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 lift-curve slope out of
ground effect

Coefficients in wing 1lift and drag
equations

Percent brake pedal deflection
Aircraft butt line

Longitudinul cyclic angle in rotor
wind axes

Longitudinal cyclic angle in swash-
plate axes

Longitudinal cyclic angle in swash-
Plate axes resolved through swash-
plate phase angle

Span of lifting surface (wing, tail,
etc)

Chord
Drag coefficient, D_

gs
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deg
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Definition

Drag coefficient at zero 1lift
Drag coefficient increment

Drag coefficient referred to rotor
slipstream dynamic pressure, D/qgS

Lift coefficient, L/gSs
Average lift coefficient
Lift coefficient increment

Lift coefficient referred to rotor
slipstream dynamic Pressure, L/ggS

Lift-curve slope

Lift increment due to flap deflection
Rolling moment coefficient, X /q bS
Rolling moment coefficient referred
to rotor slipstream dynamic pressure,
i/qsbs

Pitching moment coefficient, M/gSc
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/gSb

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

XL
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ND
ND

ND

ND
ND
ND

ND

l/rad
1/deg
ND

ND

ND

ND

ND

ND
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ND
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CpM
CpMo

Csr
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Definition

Yawing moment coefficient referred to

rotor slipstream dynamic pressure,
N/qgSb

Rotor normal force coefficient,
NF/omQ2RY

Rotor normal force coefficient with
zexro cyclic pitch

Rotor power coefficient, 550RHP
pmQ 3RS

Rotor power coefficient with zero
cyclic pitch

Rotor hub pitching moment cocefficient,

PM/p Q2R3

Rotor hub pitching moment coefficient

with zero cyclic pitch

Rotor side force coefficient,
SF/pmQ2R"

Rotor side force coefficient with zero

cyclic pitch
Rotor thrust coefficient, T/pmQ2R*

Rotor thrust coefficient with zero
cyclic pitch

Rotor thrust coefficient referred to
rotor slipstream dynamic pressure,
T/dsA

Side force coefficient, Y/gS

Rotor yawing moment coefficient,
p1R2R3

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

xLi
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ND
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ND
ND
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ND
ND
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dCpM/dB] ¢
dCpy/dQ

dCsF/dA;¢
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Definition

Coefficient of eéquation that defines
Pitching moment ccefficient 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 Ccyclic angle

Coefficients in the €quation for the
change in hub Pitching moment coeffi-
cient with lateral cyclic angle

Coefficients in the egquation for the
change in side force coefficient with
lateral cyclic angle

Damping coefficients of the landing
gear oleo struts

Coefficients in the equation for the
change in hub Yawing moment coeffj-
cient with lateral cyclic angle

Change in normal force coefficient
with lateral Cyclic angle

Change in normal force coefficient
with longitudinal Cyclic angle

Change in hub Pitching moment coeffi-
cient with lateral cyclic angle

Change in hub Pitching moment coeffi-
Cient with longitudinal cyclic angle

Change in hub Pitching moment coeffi-
cient with pitch rate

Change in side force coefficient with
lateral cyclic angle

xLii
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1/ragz

ft
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1/deg

1/deg

1/deg
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1/deg
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dCgp/dB1¢

dCym/dA]¢
dCym/dB1c
dCypm/dR
dCp/dcy
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EI
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ENF1.5

EPM]_-»G

ESP1.5

EYMi.¢

Egrps Eyp

FPR
FR1

Fo
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Definition

Change in side force coefficient with

longitudinal cyclic angle

Change in hub yawing moment coeffi-—
cient with lateral cyclic angle

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

CHange in hub yawing moment coeffi-
cient 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

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 horizontal or
vertical tail

Generalized force or force on nacelle
Lateral-directional SAS function
Lateral-directional SAS function

Lateral-directional SAS function

xLiii
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1/deg
1/deg
1/deg
l/rad/sec
ND

ND

lb-in?
1b-in?

1/deg .
1/deg
1/deg
1/deg

ND

1b



D210-11161-1

Definition

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

Multiplier on rotor normal force
Multiplier on rotor power

Multiplier on rotor hub pitching
moment

Multiplier on rotor torque
Multiplier on rotor side force
Multiplier on rotor thrust
Multiplier on rotor hub yawing moment
Generalized moment

Ground effect factor

Governor gain
Governor gain

Governor gain

xLiv

Units

1b
lb
1b
1b
1b
1b
1b

ND
ND

ND

ND
ND
ND
ND
ft-1b
ND

deg/sec/rad/
sec

deg/sec/rad/
sec

deg/sec/deg
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HP

[}
Hw'FUEL

[]
Hw'NF

H!

Definition

Lateral directional SAS gain
Lateral directional SAS gain
Lateral directional SAS gain
Longitudinal SAS gain

Lateral directional SAS gain
Lateral directional 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

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

xLv
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Units

in/rad/sec

in/rad/sec

in/in

deg/rad/sec
in/rad/sec
in/rad/seg

in/rad/sec

in/rad
in/rad
in/in

deg/in
deg/in

deg/in

deg/rad/sec

in/rad/sec

in/in
in/in
ft/sec?

ft

ft
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Definition

Height or angular momentum

Angular momentum of nacelle about
aircraft center of gravity

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

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

Landing gear oleo strut deflection
during ground contact

Distance from wing pivot plane to
wing mass element center of gravity

Angular momentum of an element of
mass about its own center of gravity

Wing vertical bending deflection

Rotor hub height to rotor diameter
ratio

Distance from aircraft center of
gravity to bottom of right main gear
following a positive pitch rotation

Distance from aircraft center of
gravity to bottom of right main gear
following a positive roll

Mass moment of inertia

Vehicle mass roll moment of inertia
about center of gravity

Mass roll moment of inertia of air-
craft components about their own
center of gravity

Mass roll'moment of inertia of fuse-

lage mass element about its center
of gravity

xLvi

Units
ft or 1b-ft- _
sec
lb-ft=-sec
ft
ft -
ft -
ft ~
lb-ft-sec -~
ft —
ND
ft
ft
slug-ft? -
slug-ft?
slug-ft?
slug-ft2
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IYYo
1. (F)

YY

(W)
Iyy

]
IYY
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(F)
IXZ
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Xz

I
2Z¢
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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 air-
craft components about their centers
of gravity

Mass pitch moment of inertia of fuse-
lage 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 inertia of aircraft
components about their own centers of
gravity

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

Vehicle mass yaw moment of inertia
about center of gravity

Mass yaw moment of inertia of aircraft
components about their own centers of
gravity

xLvii

Units

slug-£ft?

slug-ft?

slug-ft?

slug-ft?

slug-ft?

slug~ft?

slug-£ft?

slug-£ft?2

slug-£f+?

slug-ft?

slug-£ft?

slug-£ft?

slug-ft?

slug-ft?
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Symbol Definition ’ Units
(F)

Mass yaw moment of inertia of fuselage slug-ft2

zz mass element about its center of

gravity

Iég) Mass yaw moment of inertia of wing slug-ft?
mass element about its center of
gravity

I, Mass yaw moment of inertia of the slug-£ft2
tilting portion of each nacelle about
its center of gravity

i Incidence angle deg or rad

i Unit vector in i direction

T yex Dummy inertia, Izz-Iyy slug-ft2

Jyy Dummy inertia, Iyxy-I,, slug-ft?

I,y Dummy inertia, Tyy=Ixx slug-£ft?

3 Unit vector in j direction --

KA Wing slipstream correction factor ND

Kpi Kp4g Coefficients of curve fit equation ND

v T T for wing download as a function of
rotor height/diameter ratio

KM1 Kmq Coefficients of curve fit equation ND

T T "7 for wing pitching moment as a func-
tion of rotor height/diameter ratio

K Multiplier on slipstream rolling ND
moment coefficient

K, Miltiplier on Slipstream yawing ND
moment coefficient

Kgmp Landing gear SPring constants 1b/ft

n

Kw1+Kwio Coefficients for wing bending -
equations

Ksp Multiplier on longitudinal cyclic in/in
pitch available from longitudinal
stick

xLviii



RUD

D210-11161-1

Definition

Ratic between longitudinal stick
motion and elevator deflection

Multiplier on longitudinal cyclic
Pitch available from pedal displace-
ment

Ratio between pedal and rudder
deflection

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

Lateral cyclic pitch/degree of
differential collective pitch

Wing stiffness in torsion
Coefficient of fuselage drag coeffi-
cient eguation to account for drag
due to sideslip

Coefficient in fuselage drag coeffi-
cient eguation

Coefficient in fuselage drag coeffi-
cient egquation

Coefficient in fuselage 1ift coeffi-
cient equation

Coefficient in fuselage lift coeffi-
cient equation

Coefficient in fuselage pitching
moment coefficient egquation

Coefficient in fuselage pitching
moment coefficient equation

Coefficient in fuselage side force
coefficient equation

Coefficient in fuselage side force
coefficient equation

Coefficient in fuselage yawing moment
cocefficient equation

xLix

Units

deg/in

in/in

deg/in

in/in

deg/deg

ft-1b/rad

1/rad?

1/rad?

1/rad

1/rad

1/rad?

1l/rad

1/rad?

1/rad

1/rad

1/rad
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Symbol Definition Units

KlO Coefficient in fuselage yawing moment 1/rad?
coefficient equation

Ko Wing/body interference effects on C"B 1/rad

Koq Wing planform effects on C(B 1/rad

K> Wing planform and lift effects on Cy; 1l/rad

K1g Coefficient in nacelle drag coeffi- 1/rad
cient equation

K33 Coefficient in nacelle drag coeffi- 1/rag?
cient equation

K3, Coefficient in nacelle lift coeffi- 1/rad
cient equation

K34 Coefficient in nacelle Pitching moment 1/rad
coefficient equation

K35 Coefficient in nacelle Pitching moment 1l/rad-
coefficient equation

K3¢ Coefficient in nacelle side force 1l/rad
coefficient equation

K37 Coefficient in nacelle side force 1/rad?
coefficient equation ‘

Ki3g Coefficient in nacelle Yawing moment 1/rad
coefficient equation

K39 Coefficient in nacelle yawing moment 1l/rad?
coefficient equation

K40 Coefficient in nacelle yawing moment 1/rad
coefficient equation

K41 Coefficient in nacelle yawing moment 1/rag?
coefficient egquation

K42 Coefficient in fuselage 1lift coeffi- ND
cient equation

E. Unit vector in k direction --

Lg Nacelle shaft length from pPivot to ft

spinner



M/T
Mg

My

2

N; 1IND

Definition

Rolling moment

Distance from nacelle pivot to
nacelle center of gravity

Horizontal distance from nacelle pivot

to aircraft component center of

gravity positive - positive forward

from pivot

Horizontal distance from horizontal

tail guarter chord to wing aero-
dynamic 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, or aircraft mass

Pitching moment/rotor thrust
Mass of fuselage structure
Mass of one nacelle

Mass of wing

Yawing moment

Rotor normal force

Engine gaé generator speed
Engine gas generator indicator

Engine gas generator speed at sea
level standard, static conditions

Li
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Units
ft=-1b

ft

ft

ft

ft

l1b/ft

ft

ft-1b

ft-1b or
slugs

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

1b
rev/min

rev/min
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Definition

Referreqd engine gas generator speed
indicator

Engine power turbine Speed

Engine power turbine speed at sea
level standargd 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
torque

Pitch rate or rotor

Torque indicator

Maximum engine torque available
Nacelle axes Pitch rate

Nacelle wind axes pPitch rate

Engine torque at sea level standard
static condition

Body axes pitch rate or freestream
dynamic pressure

Dynamic pressure of rotor slipstream

Body axes Yaw rate or
force or rotor radius

rotor resultant

Rotor horsepowver
Nacelle axes Yaw rate
Nacelle wind axes yaw rate
Body axes yaw rate

Radius vector

Lii

Units

rev/min

rev/min

rad/sec

ft

rad/sec
rad/sec
rad/sec

rad/sec
lb~ft

ND
lb-ft
rad/sec
rad/sec

lb-ft

or

rad/sec or

1b/ft2
1b/ft?

rad/sec or

1b or f¢t
rad/sec
rad,/sec

rad/sec
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Symbol Definition Units
rn Landing gear tire radius ft
S Surface area ft?
SF Rotor side force 1b
SHP Shaft horsepower -
SHP* Engine shaft horsepower at sea level -

standard static conditions

T Rotor thrust 1b

TEA Engine referred turbine inlet deg
temperature

(TIGE/TOGE) Ratio of the rotor thrust in ground -
effect to the thrust out of ground
effect

T1+T3 Coefficients of curve fit equations ND

for rotor/rotor interference
t Time sec

u Body axes longitudinal component of ft/sec
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

u' Body axes longitudinal component of ft/sec
velocity at rotor hub and wing aero-
dynamic center

Upp Body axes longitudinal component of ft/sec
velocity at pilot's station

v Total velocity ft/sec

Ve Rotor tip speed ft/sec

v!' Resultant flow through rotor disc ft/sec

Va Non-dimensional rotor forward velocity ND

v Total velocity vector ft/sec

Liii
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xsubscript
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Definition

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

Rotor induced velocity

!

Body axes lateral component of velo-
city at pilot's station

Non-dimensional rotor induced velocity

Fuselage water line position
Weight of aircraft components
Fuel flow indicator

Body axes vertical component of velo-
city 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 vertical component of
velocity at rotor hub and wing aero-
dynamic center

Body axes vertical component of velo-
city at pilot's station

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

Longitudinal force, measured positive
forward along body axes

Total longitudinal aerodynamic force

at center of gravity measured positive
forward along body axes

Liv

Units

ft/sec

ft/sec
ft/sec
ft/sec

ND
in.
1b

ft/sec

ft/sec

ft/sec

ft

1lb
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Symbol Definition Units
x:gg:gi%gg Longitudinal force, measured positive 1b

. forward along body axes
iNOrth Longitudinal ground track velocity ft/sec
Ysubscript Lateral distance, measured positive ft

along right wing along body axes

AYsubscript L;teral'forge, measured positive along 1b
right wing in body axes :

Yaero Total lateral aerodynamic force at 1b
center of gravity measured positive
along right wing in body axes

ysprscr%pt Lateral force, measured positive 1b
subscript along right wing in body axes

Ypast Lateral ground track velocity ft/sec

Zsubscript Vertical distance, measured positive ft
down nacelle pivot along body axes

825ubscript Vertical force, measured positive lb
down along body axes

Zaero Total vertical aerodynamic force at 1b
center of gravity, measured positive
down along body axes

Z:E§Sg§%g§ Vertical force, measured positive 1b
down along body axer

Z3own Vertical ground track velocity ft/sec

V4 Vertical distance from nacelle pivot ft
to center of gravity of aircraft
component, positive down from nacelle
pivot along body axes

a Angle of attack rad

B8 Angle of sideslip rad

' 0 ' ] »
AW'fuel Vertical distance between wing fuel ft

center of gravity and wing mass
element center of gravity

Lv
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Definition

Vertical distance
nacelle center of

between fixed
gravity and wing

mass element center of gravity

Vertical distance between wing center

of gravity and wing mass element

center of gravity

Control element (s
angular or linear

Vertical distance between cargo center

of gravity and fus
center of gravity

Vertical distance between crew center

of gravity and fus
center of gravity

Vertical distance
center of gravity
element center of

Vertical distance
tail center of gra
mass element cente

urface or stick)
displacement

elage mass element

elage mass element

between fuselage
and fuselage mass
gravity

between horizontal
vity and fuselage
r of gravity

Nose wheel steering angle, positive
right

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 attack

Rotor/rotor interference angle, left
rotor on right rotor

Rotor/rotor interference angle,
rotor on left rotor

right

Wing on rotor interference
Rotor sideslip angle or damping ratio

Wing damping ratio

Lvi

Units

ft

ft

deg or in.

ft

ft

ft

ft

deg
£t

rad
rad
rad
rad

rad
rad or ND

ND
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Definition

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
element center of gravity

Horizontal tail efficiency

Horizontal distance between horizontal

tail center of gravity and fuselage
mass element center of gravity

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

Transmission efficiency

Aircraft pitch or Euler angle or
temperature ratio

Wing twist angle

Rotor collective pitch angle at
three-quarter radius

Angle between the rotor shaft and a

line drawn through the nacelle center
of gravity from the pivot

Lvii

Units

ft

ft

ft

ft

ft

ft

ND

1b

ND

ft
ND
rad or ND

rad

deg

rad
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Symbol Definition Units
y Rotor advance ratio = V/QR ND
Hg Tire sliding coefficient of friction ND
when sliding sidewards (for concrete)
Mg Tire rolling coefficient of friction ND

(for concrete)

Wy Coefficient of rolling friction for ND
brakes
ER17¢R4 Tgrms in wing immersed area calcula- -—
tion
) Ambient air density slug/ft?
c Fuselage sidewash angle rad
o Ambient density ratio ND
T Angle between freestream velocity and rad
rotor resultant force
D Engine response time constant sec
TE Engine response time-constant sec
THT Horizontal tail effectiveness ND
TLAS Load alleviation System time constant sec
VT Vertical tail effectiveness ND
P Lateral directional SAS time constant sec
Ty Lateral directional SAS time constant sec
T Lateral directional SAS time constant sec
Toss Lateral directional SAS time constant sec
Tw Lateral directional SAS time constant sec
der Lateral directional SAS time constant sec
11 Rotor thrust response time constant sec
T2 Rotor thrust response time constant sec
é Aircraft roll angle or Euler angle rad

Lviii
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Symbol Definition Units
¢p Rotor swashplate phase angle rad
¢1+¢5 Funct%ons in wing vertical bending -
equations

X Rotor wake skew angle rad

v Aircraft yaw angle or Euler angle rad

Q Rotor or engine rotational speed rad/sec
Q Angular velocity vector rad/sec
w Natural frequency rad/sec
Wl Ww3 Wing natural frequencies rad/sec

Lix
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Subscripts

A Available

AC Aerodynamic center

ACT Actuator

AERO Aerodynamic force

a Aileron )

B Longitudinal stick

c Cargo

CG Center of gravity

CR Crew

Cc/4 Quarter chord

DUM Dummy wvariable v
E Engine

EFF Effective

e Elevator or effective

F _ Fuselage

FAC Fuselage aerodynamic center
FUEL Fuel in wing

FUELqg Fuel center of gravity

FUs Fuselage

F' Fuselage minus landing gear
£ Flap

GLAS Load alleviation system
GYRO Gyroscopic

g Ground or‘gust

HL Left rotor huwb



Subscripts

HR
HT
HTCG

IGE

LE
LG
L-L
LN
LR
LRH
LT
Lw

LWo

NF
NFCG
NL
NR

NT

OGE

Right rotor hub

Horizontal tail

Horizontal tail center of gravity
In ground effect

Immersed

Left wing or rotor

Load alleviation system

Left engine

Landing gear

Rotor lead-lag

Left nacelle

Left rotor

Left rotor hub

Left wing tip

Left wing

Left wing referred to freestream
Maximum

Nacelle or natural frequency

Fixed portion of nacelle

D210-11161-1

Fixed portion of nacelle center of gravity

Left nacelle
Right nacelle

Tilting portion of nacelle

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

n=3 nose gear

Out of ground effect

Ixi
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Subscripts

P I:’owerf 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 Rudder

RW - Right wing

RW, 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

X Along the longitudinal axis, positive forwarad

Lxii
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Subscripts

Y Along the lateral body axis, positive out
right wing

z Along the vertical body axis, positive down

Denotes a vector guantity

Superscripts

(c) Refers to cargo or payload weight
" (CR) Refers to aircraft crew weight

F Fuselage

F' Fuselage less landing gear

HT Horizontal tail

(HT) Refers to horizontal tail weight component
IGE In ground effect

w Left wing

N Nacelle

NL Left wing tip at pivot

NR Right wing tip at pivot

RW Right wing

T Total of horizontal and vertical tail

VT Vertical tail

(VT) Refers to vertical tail weight component
W Wing

(W'puer) Refers to wing fuel weight

(Weg') Refers to fuselage weight component
(W'NF) Refers to weight of fixed portion of nacelle
(W'y) Refers to wing weight component

Lxiii



D210-11161-1

Superscripts

n

Denotes an interim calculation or coefficient
in local wind axes

Denotes an interim calculation
Denotes average value

Denotes interim calculation Oor calculation in
freestream wind axes

Denotes an interim calculation
Denotes an interim calculation

Denotes a unit vector

Lxiv
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1.0 INTRODUCTION

1.1 Background

The work reported in this document was uncertaken as part of

a more extensive program which has as its objective the flight
test demonstration of a NASA-Army XV-15 Tilt Rotor Research
Aircraft which will be modified by replacing the current gim-
balled rotor with a larger diameter hingeless rotor fabricated
from advanced composite materials. The current HASA-Army tilt
rotor research aircraft project is aimed at verifying the
feasibility of the tilt-rotor concept through investigation

of the performance, stability and handling qualities of the
XV-15 tilt rotor. This aircraft utilizes 25 foot gimballed
rotors constructed of bonded aluminum honeycomb and stainless
steel. Replacement of these rotors by acvanceld-technology
fiberglass/composite hingeless rotors of larger diameter,
combined with an advanced integrated fly-by-wire control sys-
tem, will further enhance the flying qualities, performance,
maneuverability and rotor system fatigue life of the XV-15.

1.2 Objectives

The objectives of the subject program were (a) to develop

a parametric simulation model of the HRIZV-15, (b) to use the
model to conduct engineering studies to define acceptable pre-
liminary ranges of primary and secondary control schedules as
functions of the flight parameters, (c) to conduct engineering
evaluation of performance, flying gqualities and structural
loads, and (d) to have a Boeing-Vertol pilot conduct a simu-
lated flight test evaluation of the aircraft.

All of these objectives have been fully met and are reported
in the paragraphs which follow.

1.3 Mathematical Modelling Approach

A full force mathematical representation of the aircraft is
used rather than a linearized derivative representation. This
is considered necessary because of the degree of non-linearity
in the behavior of the forces acting on the aircraft in tran-
sition. For example, the rotor forces are functions of higher
powers of flight parameters such as a, p and Cp, and aerody-
namic interference effects between rotor and empennage are
significantly non-linear. XV-15 data for airframe aerody-
namics, c.g. ranges, stick and pedal travels were used, but

no constraints were placed on the design of thrust management,
rotor control or stability and control augmentation systems.
Some difference in detailed requirements are to be expected
and in addition, there are fewer constraints in achieving an

ideal design when a fly-by-wire capability is envisioned.

1-1
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1.4 Mathematical Model Development

The general format and architecture of earlier tilt rotor simu-
lation models developed at Boeing Vertol was retained where
possible for the subject activity. This required a conversion
of the basic airframe aerodynamics provided by HASA for the
XV-15 to a form compatible with Boeing Vertol usage. 1In
addition, the H~tail configuration of the XV-15 required that
the approach to rotor-empennage interference be changed to one
using an extensive data bank of aerodynamic interactions.

An advance on previous practice was the use of rotor data based
on full scale and model scale results and represented by a set
of equations giving the rotor hub forces and moments, and

blade loads as functions of the flight parameters. This repre-
sents a significant improvement over earlier practice, which
used a data bank and time consuming look-up approach.

1.5 DNacelle Configuration

In the subject simulation the entire wing tip package, includ-
ing the engines is assumed to tilt in the same manner as the
XV-=15. 1In the HRXV-15 the engine may be retained in a hori-
zontal position while the rotor and drive train tilts. However,
since this question was not resolved when the simulation effort
was initiated, it was decided to retain the XV-15 nacelle con-
figuration. The issues involved in this cecision are not
related to flying qualities, but have more to do with oper-
ational qualities such as the effect of jet efflux on the
landing surface and the general accessibility of nacelle
components for maintenance. Thus the conclusions reached in the
present simulation activity will be valid whether or not the
engine tilts along with the remainder of the nacelle.

1.6 Status of Current Simulation

The subject simulation and design investigation is a prelim-
inary effort indicating generally acceptable flying qualities
and performance for a tilt rotor aircraft of the same general
configuration as the XV-15, but using 26-foot diameter hinge-
less soft in-plane rotor in place of the gimballed 25-foot
diameter rotors currently installed. It is desirable that this
simulation should be updated as more detailed design work on
the compatibility of the Boeing rotor system with the XV-15
proceeds under IJASA Contract NAS2-9015. Two areas are
identified where continued activity is considered cdesirable.
First the rotor force and moment mathematical model should be
upgraded to reflect more fully the comprehensive data acquired
on test during Contract NAS2-9015. Second, the definition of
primary control system schedules can be further refined to

provide additional speed and maneuvering capability through
transition. This topic is discussed in  detail in Appendix G.

1-2
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2.0 DESCRIPTION OF AIRCRAFT

The hingeless rotor XV-15 Tilt Rotor Aircraft combines the NASA-
Army XV-15 airframe and engines with a Boeing 7.92 meter (26 feet)
diameter fiberglass hingeless rotor system and fly-by-wire
controls. Figure 2.1 presents an artist's impression of the
HRXV-15. The figure shows the aircraft with fixed engines
although the present simulation was conducted with tilting
engines as on the current Xv-15. Figure 2.2 gives the general
arrangement of the HRXV-15. Design gross weight is 5896 kg

(13000 1b) and maximum weight is 6803 kg (15000 1b).

2.1 Component Data

With the exception of the rotors,data on the aircraft was
obtained from Reference 1 and 2.

2.1.1 Rotors

The HRXV-15 uses Boeing-developed 26 foot diameter, hingeless,
soft in-plane rotors of fiberglass composite construction. The
hingeless rotor concept simplifies the design of the hub and
upper controls compared to a gimballed or articulated system.
This design simplicity yields high reliability, safety and

low maintenance. These improvements derive from the reduction
in the number of parts and bearings required in the rotor hub.

The large control hub moments and in-plane forces generated by
cyclic control provides the capability for good pitch and yaw
control of the aircraft at low speeds. This control power
also enables the aircraft to be trimmed over a large center-of-
gravity range.

E.ch rotor is three-bladed of solidity 0.1154. Twist, thick-
ness and airfoil section characteristics are presented in

Figure 2.3. The rotor hover and cruise performance together
with its dynamic and structural integrity have been successfully

demonstrated in full-scale wind tunnel tests.

2.1.2 Power Plant

The XV-15 is powered by 2 cross-shafted front-drive, free-turbine
Lycoming LTClK-4K (T53-L-13B) engines. The engine performance
figures used in this simulation are detailed in Section 7.0.

2.1.3 Wing

The untwisted high wing is swept forward 6.5° at the leading
edge and possesses 2° positive dihedral. The forward sweep
was introduced to accommodate the high blade flapping angle
experienced with the current gimballed rotor arrangement. This

21
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forward sweep is not required when hingeless rotors are uti-
lized because of the modest blade flifping developed. 1In the
present simulation the sweep is included, however.

The wing root and tip airfoil sections are NACA 64A223, The
control surfaces consist of flaps and flaperons, the flaperons
being connected to the flap controls so that they droop as the
flaps are lowered. Figure 2.4 shows the relationship between
aileron setting and flap setting,

2.1.4 Horizontal and Vertical Tails

The horizontal and vertical stabilizers form a H-tail config-
uration. The vertical fins are located at the extremities of
the horizontal tail. The horizontal tail has a 30 percent
chord plain elevator and the vertical fins a 25 percent chord
rudder. The horizontal tail incidence is ground adjustable.
The nominal setting is zero degrees.

2.1.5 Configuration Dimensions

Table 2.1 presents a summary of the HRXV-15 dimensions, areas
and other pertinent data.
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Figure 2.3 Rotor Blade Twist and Thickness Characteristics
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FLAP PLACARD SPEEDS:
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TABLE 2.1

HINGELESS ROTOR XV-15 TILT ROTOR = DIMENSIONAL DATA

WING
Area (Reference) 16.815m? (181 ft?)
Span (Between Rotor E) 9.81 m (32.17 ft)
Chord 1.6 m (5.25 ft)
Aspect Ratio 5.72
Sweep 6.5 degree fwd.

Center of Pressure:

S.L. 7.396 m (291.17 in)
B.L. +2.604 m (102.5 in)
W.L. 2.435 m (95.85 in)
ROTORS
No. of Blades per Rotor 3
Diameter 7.925 m (26.0 ft)
Disc Area per Rotor 49.325 m?2(530.93 ft?)
Solidity 0.1154
Direction of Rotation (Airplane) UP INBOARD
Rotor Speed
Nacelles 90 deg (HOVER) 57.7 rad/sec (551 rpm)
0 deg (AIRPLANE) 40.4 rad/sec (386 rpm)
Polar Moment of Inertia 764.8 kg.m? (564 slug ft?
Location of shaft S.L. 7.26 m (300.0 in)
Pivot Points B.L. +4.902 m (193.0 in)
W.L. 2.54 m (100.0 in)
Distance from Hub to Pivot 1.423 m (4.667 ft)

Point



TABLE

NACELLES

Center of Gravity S.L.
(Nacelle at 90 degq) B.L.
W.L

Mass per Nacelle

Nacelle Inertias I

Distance from C.G. to
Pivot Point

Angular Depression of
C.G. below Hub-to-
Pivot Line

Distance of Tail Pipe
€ below Pivot

FUSELAGE

Center of Pressure S.L.
B.L'
W.L'

PILOT STATION COORDINATES
Eye Level S.L.
B.L.
WDL'
Seat S.L.
B.L.
W.LO

D210-11161-1
(continued)

7.409 m (291.7 in)
+4,902 m (193.0 in)

3.0 m (118.0 in)
903.95 kg (61.94 slugs)

113.38 kg.m?(81.4 slugs ft2)
584.4 kg.m?(431.0slugs ft2)
515.3 kg.m®(380.0slugs ft?)

0.503 m (1.65 ft)

0.432 rad (24.75 deq)

54.42 cm (23 ins)

7.442 m (293.0 in)
0.0
2.134 m (84.0 in)

5.311 m (209.1 in)
0.419 m (16.5 in)
2.083 m (82.0 in)
5.467 m (215.25 in)
0.419 m (16.5 in)
1.283 m (50.5 in)

—~



HORIZONTAL TAIL

Area
Span
Chord

Aspect Ratio

Center of Pressure

D210-11161-1
TABLE 2.1 (continued)

4.668 m2(50.25 ft?)
3.911 m?(12.83 ft)

1.195 m (3.92 ft)

3.276
S.L. 14.224 m (560.0 in)
B.L. 0.0
W.L. 2.616 m (103.0 in)

VERTICAL TAILS (ONE PANEL)

Area
Span

Chord

Center of Pressure

LANDING GEAR

Coordinates of
Gear Down

Tyre Radii

Main

Nose

Main

Nose

2.346 m?(25.25 ft?)
2.341 m (7.68 ft)

1.135 m (3.725 ft)

S.L. 14.479 m (570.02 in)
B.L. +1.956 m (77.0 in)
W.L. 2.939 m (115.69 in)
S.L. 8.28 m (326.0 in)
B.L. il.302 m (51.25 in)
W.L. 0.483 m (19.0 in)
S.L. 3.531 m (139.0 in)
B.L. 0.0

W.L. 0.411 m (16.2 in)

26.1 cm (10.26 in)
16.5 cm (6.48 in)
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3.0 EQUATIONS OF MOTION

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:

© Assumption of X-Z plane of symmetry

© The basic equations are derived about the
instantaneous center of gravity of the air-

craft since the center of gravity is strongly
dependent on nacelle incidence.

© Rotor and engine gyroscopic terms are included.

© The wing elastic degrees of freedom do not

couple inertially. The coupling occurs only
through the aerodynamic terms.

© Wing aerocelastic effects are not included in
the center of gravity calculations.

3.1 AXES SYSTEM

A set of right-handed orthogonal axes 0XYZ is placed at the
center of mass of the aircraft and is fixed in 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 3.1.

The orientation of the aircraft is defined with respect to a
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 ¢, then pitched up about 02z through the
angle 6, and finally rolled right about OX through the angle 4.
If V and ¢ 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 angu-
lar velocity components.

Thus,

(3.1)
= (3.2)
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where the unit vectors i, i, and k lie along OX, 0Y, and 02Z.

3.2 AIRCRAFT GROUND TRACK

The components of V relative to the earth-fixed axes are ob-
tained in terms of U, V, W and ¥, 8, ¢ as, (See Reference 2 ),

%%' = U cos 6 cos y + V(sin ¢ sin 6 cos y - cos ¢ sin v)

'+ W (cos ¢ sin 6 cos ¢ + sin 8 sin v)

t = Ucos @ sin y + V(sin ¢ sin & sin ¥ + cos ¢ cos )

+ W (cos ¢ sin 8 sin ¥V - sin ¢ cos y)

%
%% = =-U sin & + Vsin ¢ cos & + Wcos ¢ cos 6

Integration of these e

quations gives the aircraft ground track.
A further relationship

may be obtained between the rate of
change of the Euler angles (v,

€, ¢) and the components of the
angular velocity in the moving axes system, viz,

= (Rcosy'+ Qsin ¢)sec ¢

e

= Q cos ¢ - Rsin ¢ (3.4)

= P + &sin ]

B

3.3 FORCE EQUATION

The total external for
mass is given by

£ It (mv) In[éf + Q2 x 2]

where m is the mass of the aircraft and sV

—= 1s the rate of
change of V with respect to the moving reference frame oxyz,
i.e.

GZ le * A « A
wrUi+vieit

ce, E, acting at the aircraft center of

(3.5)

(3.6)

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

3-3
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~ A A . A A ) P A A
F=F, 1+ FYi + Fp k = m{U i+vi+ Wk +li- 3 k J
P Q R
Uu v w
thus
Fx = m (U + QW - RV)
FY =m (V + RU - PW) (3.7)

F;,=m (W+ PV - Qu)
The forces Fy. Fy and F,; are given by

Fx = Xagro - mg sin @
_ (3.8)
Fy = Yapro + mg sin ¢ cos §

Fz = Zppro + mg cos ¢ cos ¢

Where Xagpro, etc., are the components of the total aerodynamic
force acting at the aircraft center of mass.

Substituting equations (3.5) ig equations (3.7), the follow-
ing equations are obtained for the aircraft accelerations,

. X
U=-BERO _ 5 sin e- QW + Y
. Y
v = AERO 4 5 cos 0 sin ¢ - RU + PW (3.9)
Z
[
= _5%59 + g ccs 8 cos ¢ + QU ~ PV

3.4 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 air-
craft component masses of the wings (my), fuselage (including
tails) (mg) , and nacelles (my) , move with respect to the ref-
erence axes OXYZ placed at the instantaneous overall center of
gravity of the aircraft. The equation of motion for such a
mass element will first be obtained and the total moment found
by adding the contributions of all the elements.
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3.5 EQUATION OF MOTION FOR A MASS ELEMENT

With reference to Figure (3.1) 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, rotates
about its own center of gravity with angular velocity w which,
in general, differs from @ 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

v=_SZ+axr (3.10)

h”

(o
t

The angular momentum of this mass about O is
h=m(x xV) + ho (3.11)

where ho is the angular momentum of m about its own center of
mass and is given by

ho =T o
where_ _ -
I Ixx “Ixy "Ixz
~Izx Iy Iz

and Ixyx, etc., are the momrnts and products of inertia of the
mass about O'xyz.

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

dh _ §
dt

o 3

G =

+&xh

o
o

Using equations (3.10), (3.11), and (3.1 in (3.14), the moment
becomes

Ei sr : 8 s 8 -
G = m[;t x(dt + Q2 x E) +rx it (?ﬂ + 2 x iﬁ t = (Iu)

+m9_x[£x(£%+g_xr)]+gx(ia

~——’
——
W
[w)
w

3=5
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which reduces to

ér §%r in §Q
§=2mn(1_:.—=)+mrx—-?+m-a . - . == .
_ st - §t st (£.2) mEIZ it (3.1€)

ér Suw -
=2m —= (0. - . 2 —
gt (@D miz.p) @xo) + 1 3+ g x(T )
The only masses that possess angular velocities different from
that of the aircraft are the nacelles, which are free to pitch

about O' with angular rate i = 91N . Thus w may be written
generally as dt

w=P+ @+ fy) J+RrRE (3.17)

Now, with r = xi + Yi + zg, where X, Y, and Z are the in-
stantaneous coordinates of the individual mass center relative
to the aircraft mass center, the various terms of equation
(3.16) are, in component form,

r. 3L . XX+ YY 4+ 22
= 3t

§2r A A A
X gz = (YZ-zv)ii - (XZ-2X)] + (XY-¥Xk

(La}

(.x) = (x2 + ¥2 + 22) (L + Q] + &R) (3.18)

o-lo.
o

P L A
3t

f.r = XP + YQ + ZR

(£.2) (axz) = (XP+YQ+XR) [(QZ-RY)Q_— (PZ-RX) I+ (Pyrxo)'g]
Suw

1 v (IxP-IyzRIL + Iyy(é+gN)i + (IgpR-I Bk

8 x(Iu) = (QR Izz'QPIXZ'RQIYY'RiNIYY)i
= (PR I;5=P2I ;=PR Iy + R2Ixz)]

+(QR Iz +PQIyy + PIyIyy = PQ Ik

where, in the last two terms, the products of inertia Ixy and
Iyz are zero from symmetry considerations.

Substituting the above relations into equation (3.16) and
noting that Y- and ¥ are always zero (no lateral motion of the

3-6



individual masses) the fo

the components

AL = ﬁ[mxx + m(¥Y2 + 22)) - (é+po)[1x

+ RQ[Iz;-Iyy+m(¥2-22)] + m ¥z (R2-Q2) - I

D210-11161-1

llowing expressions are obtained for
of the moment G = aLi + AMj + ANk:

2 + m XZ]

ny iN

+ m (YZ-2XYR - 2XZR + 223p - xy (Q - PR))

M = Q [I, +m(x2422)] - (R2-P2) [I,, + mXZ)

(3.19)
+ PR [I.,.-I,, + m(22-x2)] + IyyIn
+m [X2-XZ + 2Q(234XK)-XY (B+RQ)+YZ (PQ-R)]
8N = R [I,,+m(X2+¥2)] - ($-RQ) (Ixp+m X2) (3.20)

+ PQ [Iyy=Iyy + m(X2-¥2)] + I

yyP Iy

+ m [2XXR - YX - 2XZP - 2YZQ - Y2 (Q+PR)+XY (Q2-P2)]

Summing the rolling moment equation:

L = Iyy P-I,. (R+PQ) + (Izz-Iyy)RQ

+ my(R2-Q2) (Zyg-Zyp) ¥y + my [YN(ZNR‘ZNL)

-ZQ(XNR-XNL)YN-ZR(X

3 > (3.21)
NRZNR * Xyplnp) * 2P (22, +

éNLzNL)-(é-PR)(xNR-xNL) YN}+ meZf(Péf -

. . ‘e N R .
RXf) + ZmWZw(PZw - Rxw)'R Iyy (lNL + lNR)

where Ixx, Ixz,

I2z, and Iyy are the inertias of the aircraft

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

NR stand for fus
The remaining sy
Similar expressi
Yawing moment.

the discussion w

Evaluation of the terms

elage, wing, left nacelle and right nacelle.
mbols are defined in the List of Symbols.
ons are obtained for the pitching moment and
In the interests of brevity the remainder of
ill be limited to equation (3.21).

of the rolling moment equation indicate

that this equation may be simplified considerably without a

significant change in accuracy.

For example, terms containing

(XNR-XN1) may be dropped begause XyR is normally identical to

3=7
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iNL' i.e. the nacelles are raised or lowered together at the
Same rate. Equation (3.21) may thus be written
L=IxxP-Ixz(R+PQ) + (I;,-Iyy)RQ + MNYN (ZNR-2ZNL) (3.22)

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
Equation (3.22) may be rewritten as

—2mNYN {ENR (a{e} (iNR‘X) + i§L sin (iNL-K)

(3.23)
-ifp sin (igp=A) - Ign <08 (iyp=)]
which may be approximated to
-imy¥y [Iyg cos (iyg-ir) - Iyp cos (iyp=2)] (3.24)

since the nacelle rates appear as sguared terms.

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

Lagro = IxyP-Ixg (R*+PQ) + (I,,-I,.)RQ
-lmNYN IENR COs (iNR-X) - INL [=1e]-1 (iNL‘A)]

hERo = IvyQ - Ixz(Rz-Pz) + (Ixx-Izz)PR (3.25)

+ Tyn {I§Yo + imy [Xg cos (iyg=A) - 2z sin (iNR-m}

N . X
+ ENL {IYYQ + imy {XL COS'(iNLfl) = 21, sin (fNL?k)U
NAERO = IZZR-IXZ(P-RQ) + (IYY-IXX)PQ

+ lmNYN [iNR sin (iNR—A) - iNL sin (iNL‘A)]

where the moments LAEROr MaEROs, and Napgro represent the sum of
the aerodynamic moments and rotor/engine gyroscopic moments
about the aircraft center of mass. I§y° is the nacelle pitch

inertia referred to the nacelle-fixed axes system described in
Appendix C. Equations for the aircraft inertias are also
presented in that Appendix.
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3.6 EQUATIONS OF MOTION FOR NACELLES

The equation of motion for a nacelle is required in order 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 i

ts pivot point is
given by

hp = (r-rp) x myV + hg
- = N (3.26)
= M, (£xV) + hy - myry x V

where r is the radius vector from aircraft c.g. to nacelle
c.qg.
V is the velocity of the nacelle c.g.
EO& is the angular momentum of the nacelle about its
own c.g.
my is the nacelle mass
and

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

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

i.e. hy = h¥. - my(z, x V)

The moment about the pivot is

N
- my r, X V) = a¥e - 4G (3.27)
at at ° =

- dhp _ dhy d (
% dt dt

Since the quantity GN_ has already been obtained (equations
-

(3.18), (3.19), and (3.20)), only the remaining term needs to
be evaluated.

8V
Ag--.mN.ddt_(g_pxy_)amN(g.-n.xV+£px.:+g(§_pxz)}

st - st
. ' (3.28)
= my {Eéﬂ x(ié + gxr) + 5, x L (ﬂé + EFE)
st it e &t \ 6t
+ 4 x

CHRELE))
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Expansion of these terms results in the following expression

sr sr sr ir §2r éQ
86 =my{ R x =+ afr._R)-r{ =2 .al+ r x =~ + = (r.r.)
= N[Gt 5t ‘(‘ 5t ) °(£t ') = T % w T
6Q sx 3r
- . ==+ Q [-= .r -2 = r . R
£ ('I‘P st = (5t _P) St ("P ‘) (3.29)

+ (:_% .g) - (zpe2) (gx_r_)}

We require only the j component of this vector in order to ob-
tain the nacelle pivot pitching moment.

The components of the vectors Ip, L and g are

A A A A A A
.r.p - xpi + Yyl o+ zp& = = Xeogi + Yyl - Zegk
A A A
L= Xni + ¥g) + 2k

A A A
@ = Pi + Qj + Rk
. - ) - §r Sr . ,
Noting that the j components of ?=E, —= are zero (since Yy is
a constant), the above expressiontyieigs

AM = mN{iNzcg‘szCG + Z.CG}.{N + éN}ECG + PQ YNZN
(3.30)
- RQ xNYN}
Combining this equation with Equation (3.19) and using the
transformations given in Appendix C, the final equation. for the

right-hand nacelle pivot actuator Pitching moment becomes, after
some simplification,

- N 2 mN - mN N
Myr=-1INR Iyyo + 14my (l- /=% imy (1-7F»é-PR €os 2 (iyg=A)

2. in (iagem= i N in i i
+ (R PZ)SLn(lNR A) Cos (LNR-AJ - (R2-p2) Izzo Sin 1nr ©Os ing

e mN . . {
Yy, @ * 2 —m-[XAEROSLn (iyr=2) + Zpppp cos UNR““)

- myYy {(i—PQ) sin (iyg-A) - (P + RQ) cos (iNR'Xﬂ
(3.31)
+ M,
MNRAERO

where MNRAERO includes the moment resulting from nacelle aero-

dynamic loads and the rotor gyroscopic moments. The terms

XAERO and ZArRO are. respectively, the total aircraft aerody-
namic X and 2 forces.
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The corresponding equation for the left nacelle actuator moment

is obtained by substituting -YN=YN and changing the R subscript
to L.

3.7 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 Y,z Associated
with each axis are the corresponding unit vectors i' j' and
k'. The angular velocity of the rotor with respect to these

axes is the vector

where Qp is the rotor rotational speed.

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

hy = Igu

where iR is the inertia matrix IRxl
IRy'
Ig, .

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 the angular momentum of tne rotor is

hy = IRy,nR?._'= SR (3.34)
With respect to the inertial axes 0YXZ, the components of hy
are

By = Ix2pcos izl - Ipfgsin iyk (3.35)
The hub moment is therefore given by

QHUB'E{Q’&*B_X% (3.36)

it st

where @ = P§'+ Qi + Rg (3.37)

Substitution of equations (3.35) and (3.37) into equation (3.36)

results in the following equations for the rotor gyroscopic
moments.

3-11
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Lgyro = IRQR cos iy - Igag (In+Q) sin iy (3.38)
ngrov = IRPQR sin iN + IRRQR COs iN (3.39)

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

3-12

L™

s



g

4.0 AIRFRAME AERODYNAMIC

———






D210-11161-1
4.0 AIRFRAME AERODYNAMICS

This section discusses the mathematical equations and repre-
sentations of the aerodynamic data for wings, tails and
fuselage. The rotor aerodynamics is presented in Section 5.
The airframe aerodynamic data was extracted from Reference 1,
supplied under the contract. In this reference the aerodynamic
data is generally presented as tables which are suited to the
interpolation approach used in that simulation model. However,
the Boeing tilt rotor simulation model was originally struc-
tured to accept equations for the aerodynamic forces and moments
rather than to perform table look-ups. A restructuring of the
Boeing simulation math model into a table look-up format was
considered and rejected because of the adverse impact on cost,
schedule and time-frame. Therefore, the aerodynamic data was
analyzed and expressed in the form of equations for the various
component forces and moments. For the most part, the resulting
equations yield results that are in sufficient agreement with
the data. In some areas, notably rotor-on-tail interference,
it was not possible to use a simple mathematical expression

for the data and a table look-up format was utilized.

The representation of the aerodynamics used in the present
simulation is given in detail in Appendix E and the values of
the coefficients used in the equations are listed in Appendix
F. The aerodynamics equations are written in local wind axes.
All equations for 1lift, drag, pitching moment, etc., of the
aircraft components are written to cover the complete range of
angle of attack and sideslip from 0° through +180°.

4.1 -Fuselage

The equations used to represent the 1lift, drag and pitching
moment of the fuselage are:

Cpr = (CpOF + Ki|op| + Kza%) cos? 8F + Ko CDOF |1l-cos (.188F) |

+acp (1 -3—t/tG) (4.1)
LG
Cop = (Kgp + X3 ap) cos28p - Ky sin3 |Bp| (4.2)
Cyp = K7 8 + Kg BF |8g ] (4.3)
= ' - .4
Cp. = ¥y BF (4.4)
= (= ; o 2
Cyp = [--11 ¢ .36 sin (6.6 + 3.3 aF)] cos?g, + Kg laé‘ +
acy (1 - ,~t/ta) (4.5)
LG
Cyr = Cnor * Ko Bp * Kig Bpl8g| (4.6)
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where ops Bp are the angles of attack and sideslip of the
fuselage

Q
]

sin ¢ cos «a (4.7)
F F

sin Bp COS g (4.8)

te is the extend/retract time constant for the landing gear and
the coefficients are based on the reference wing area and chord.

Correlation of these equations with the data of Reference 1 is
presented in Figures 4.1 through 4.3,

4.2 Wing-Nacelles

The aerodynamic forces and moments on the complete wing-nacelle
combination are obtained by first considering the wing to be
rigid and uninfluenced by the rotor slipstream. Forces are
next obtained assuming the wing to be wholly-immersed in the
slipstream. A simple method is then used to obtain the

forces for the partly-immersed wing.

Power-off data on the wing-nacelle lift, drag and pitching
moment, as a function of nacelle angle and flap position, were
obtained from Reference 1, This data was linearized to suit

the existing math model structure. At angles of attack beyond
stall the lift, drag and pitching moment equations are extended
to +90° to provide a representation of wing operating conditions
at low transition speeds. Figures 4.5, 4.6 and 4.7 show the
results of the linearized representation compared with the data.

4.2.1 Rotor Slipstream Interference

The method used to compute the slipstream affects was developed
at Boeing and gives acceptable agreement with wind tunnel test
data for a wide range of configurations,

The method uses momentum theory to find the speed and direction
of the full-contracted slipstream in the neighborhood of the
wing. From this, the effective angle of attack of the wing in
slipstream is calculated and the forces computed from the power-
off data at this angle of attack assuming the entire wing to be
immersed. .

At the angle of attack of the wing outside the slipstream, the
wing forces and moments are obtained from the power-off data.
These forces are then scaled by the ratio of unimmersed to total
wing areas to yield approximately the forces acting on the
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immersed wing. The sum of the approximations to immersed and
unimmersed wing forces is now formed and is then multiplied by
a correction factor to obtain the final forces. The immersed
wing area is calculated as described in Apvendix D.

The following is an outline of the method

The sketch represents a thrusting rotor at angle of attack a.
The induced velocity at the disc, vj, is obtained by solving

the following quartic equation:

vy o+ 2v,v3 cos o + vivz =1 (4.9)
where Vg = vi//T/ZpA (4.10)
vV, = VO//T/sz, (4.11)

~he resultant angle of attack of the wing in the slipstream is
calculated as

-1 W-2vi Sin (iN - lw)

- i (4.12)
U+2vi Cos (lN - lw)

and € = oy T agg 1S formed.

The aspect ratio of the immersed portion of the wing is calcu-
lated as

S
ARy = - (4.13)

-

where S; is the immersed area and c is the wing chord. Let Cf

be lift on the wing that would exist if no slipstream were
present, and Cp" the 1lift that would exist if the wing were

wholly immersed. Then the resultant lift is
1 1] n : S;
cL. = Kj [S_l (C " Cos ¢ - Cp" Sin e) + a/gs [1-21 ]Ci]
s S S (4.14)

4-3
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where the factor KA is a correction factor to account for the

fact that the lift-sharing between immersed and unimmersed
portions is not simply proportional to the respective areas.
From a consideration of mass flows the factor Kp can be shown
to be

KA = V* + (cLal/cLa) V* (4.15)

Vi + vy

where CLai (4.16)

m
CLy 7 +4chw [17AR; - I/ART

Similarly the drag and pitching moments for the wing in the
slipstream are

Si n 4 " S'
Cp K's S_(CL Sin e + Cp" Cos e)+ cp 1-°i 9 1§ (4.17)
S S as

_ S3 " S
Cng = X'a {s—l Cu" * Cy* (1 - D) gs_} (4.18)

This procedure is carried out for the left and right wing
panels and the forces used to compute rolling and yvawing
moments,

4.2 Horizontal Tail

The horizontal tail 1ift and drag coefficients are obtained
from a linear representation of the data of Reference 1.

C; =2Cp o +C 8 (4.19)
Lyr L, Cgr Lyg

where %epym is the effective horizontal tail angle of attack and
CLHBB.accounts for the slight reduction in tail effectiveness

that occurs with sideslip. The effective horizontal tail angle
of attack is

-1
CteHT = iHT + Tan (W'HT/U'HT) = € +ttge Ge (4.20)

where §a is the elevator angle
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is the elevator effectiveness

e is the wing-on-tail downwash angle

and WéT ’ UﬁT are obtained from
w! = W - Si i .
HT gr = Vigr o7 ' (4.21)
\ _ .
UHT = UHT + VigT Cos 1y (4.22)

where Vjpm is the rotor-on-tail downwash velocity. This

velocity is a function of the rotor induced velocity, sideslip
angle, fuselage angle of attack, nacelle angle and airspeed.
No simple eguation represents the variation of Viunp and it 1is,

therefore, obtained from tables.

The wing downwash angle, &, is a function of nacelle angle and
flap deflection. The math model representation is

- de _ ¥ /02 - M7
e = ¢, * Fa (o, Lac W/U2) (1-GEF) v/1-M (4.23)
where ey = f“(iN,G)

de .

e = fsliys 9

%, is the wing mean angle of attack

KAC is the distance from tail c/4 to wing c/4

GEF is the ground effect factor

and vY1-MZ is a correction for Mach number. The data of
Reference 1 was curve fitted to yield equations for eg and
de/da:

£, (I, 8)=2.55 -.0303 1 +4.56x10741% +.06735-3.609x107 45"

€o

de
do
FOR oy > 16°, € = €16 (1-(a-16) /12)

fs(iNv5)=0.317+.ooostN +1.008x10-3]48]-5.567x10768%

oy <-16°, € = eg-16(1+(a+16)/12) (4.24)

la,| > 28° e =0 4-5
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Figure 4.4 shows the results of equations 4,24 compared with
the data of Reference 1.

4.3 Vertical Tails

The left and right vertical tails are treated separately. The
rotor-on-tail interference velocity is calculated from
v.
1HT —

Vive T —=— V3
Vi

(4,25)

where vijyr is the rotor-on-tail downwash velocity and Fi is the

mean induced velocity at the rotor discs. This velocity is
then resolved into components chordwise and spanwise at the
vertical tail

Ujyr = Viyp Cos iy (4,26)

WiVT = Viyr Sin iy (4.27)

These components are then added to the inertial velocity
components and the resultant vertical tail angles of attack
calculated. The vertical tail 1ift and drag are then computed
from a linearized representation of the data of Reference 1.

4.3 Ground Effects

The effects of operating near the ground on the wing and tail
aerodynamics are represented in the model. The proximity of
the ground increases the wing and tail lift-curve slopes and
reduces the wing-on-tail downwash. The change in lift-curve
slopes of the wing and tails with distance from the ground was
obtained from Reference 3 di~ectly. The change in downwash
was computed from

T b? + 4 (h+H)?

where b is the wing of span

2 —-H) 2

h is the tail root quarter chord height
above the ground

and H is the wing root quarter chord height
above the ground.
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5.0 ROTOR AERODYNAMICS

The mathematical representation of the forces and moments gene-
rated by the 26-foot hingeless rotors is presented. The forces
and moments are expressed in equation form as functions of the
nondimensional flight parameters e.g. u, o, Cp. The equations
were obtained from a regression analysis of full-scale wind
tunnel test data. Where test data was not available, for
example at high cruise speeds, supplementary data was obtained
by calculation.

The resulting equations permit the rapid computation of thrust,
power, normal force, side force and pitching moment in real
time. Without the equations, the only alternative would be a
large table look-up and interpolation procedure that would
adversely affect simulation time-frame. Calculation of the
forces and moments by rotor performance programs on-line in
real-time is not feasible because of the complexity required
to treat flap-lag coupling of soft-in-plane hingeless rotors.

The accuracy of the equations is demonstrated by a series of
correlations with test data presented in Figures 5.2 through
5,17. Agreement is acceptable for preliminary simulation.

5.1 Sign Convention

The sign convention for rotor forces and moments is defined in
Figure 5.1, which shows the rotors under combined pitch
(ap.1,. = iy + ap) and sideslip B. The resultant rotor angle

of attack is given by

o = cos~1 (cos o cos B)
R T

and the rotor disc "sideslip" angle is

The resulting rotor forces and moments are defined with respect
to the plane containing the resultant rotor angle of attack
e.g. normal force lies in this plane while rotor side force is
perpendicular to it.

5.2 Isoclated Rotor Aerodynamics

The equations used to represent the isolated rotor aerodynamics
are presented below. The equations are used to compute the
rotor wind-axes forces which are then resolved through the
rotor sideslip angle into nacelle axes and hence transferred

to aircraft body axes for use in the equations of motion.

5-1
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5.2.1 Thrust Vs 875

The thrust produced by the rotor at any flight condition is
obtained from the following equations

¢ = 6,¢ - tan’l[ﬁa§$%—%]— 6.3015u + 5.5816u2
- 8 ysinao + 1.8 (1)
and Cqp is given by
Cp = 0.000679 ¢ + 0.000015 ¢*

(2)
+ 0.0022 pu¢ + 0.000211 u2¢

5.2.2 Thrust Vs Power

Once thrust has been established the power coefficient is
given by

Cp = .00015 + .795 Cp3/2 + §(.00005+.000843u + .910 Cp)
+ p [ 000674-.0146u - (3.4-81)Cq] {g% (3)

+ [(.08756-2.18y) CT -.00043488] u sin o

5.2.3 Normal Force

Normal force is obtained as the sum of three terms

CNF = Flu,a,Cp) + 3CNF A, + 9CNF B, (4)
9A1 aBl

where the cyclic pitch derivatives are functions of a, u, and
c L]
T

In performing the analysis the cyclic derivatives were first
defined as:

3C

~-NF 0.00002175 + 0.0014483p2% - 0.0000734yu

251 (5)
0.0006u sin 20 + 0.00425 Cp

and

ICNF 0.0000425 - 0.0010492p - 0.0017028y2
3By (6)
+ 0.0017892u sin o - 0.0245 Cr

5-3
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The following expressions may be used to calculate normal
force with zero cyclic pitch.

For 0 < pu< 0.6

CNp = Cyp, = 0.089u? sin 2a + [0.172753uCq
*73.444uCh* (1-wIK 0 < u < 0.6 (7)

where K sin o for o > 20°

and K = sin a(10-0.45a°) for 0 < a <20

For 0.6 < p

CNF (CNF1) (1-0.8(u=0.6)) (8)

5.2.4 8ide Force

Side force is defined in a similar manner to normal
force

ICsp 3Cgp
C = F( C a) + A, + B (9)
SF H, T" ) 5A] 1 35, 1

where the cyclic derivatives are given by:

3C
S = -0.0000425 + 0.0010492y + 0.0017028p32
1+ 0.0245 cp - 0.001735 i sin o (10)
and
3CSF -

—_—sr 0.00002175 + 0.0014483p2 - 0.0000734
3B, (11)
+ 0.00425 Cp - 0.00067758 p sin 2a

The side force at zero cyclic is given by the following
equations:

Cgp = 0.00566 u sin o - 0.0037249 y (apap) 2 (12)
+ 0.016 u sin a Cp(90-y°) + 2.830 p’sin o Crp
where y° = tan [u_ui cos a] (13)
u, sin a
and ny =" Eﬁ“ + c.'I.z)'l/z - uzJ /2 1/ (14)

If > n/2; a = 7-a
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5.2.5 Hub Pitching Moment

Pitching moment is computed in the same manner as normal force
and side force.

= aCPM aCPM BCPM

AL (15)

where the cyclic pitch derivatives are functions of a, u, RPM
and Crg.

9CpM = 0.0002094 + 0.00111967y

L 0.00072556u2 - 0.00000764p (RPM-386)
+ 0.00036524 sin 20 + 0.0020 Cp (e

and
SoBM = -0.000111245 + 0.0000729%
1 (17)

+0.0004375u% -0.0025 Cp
~0.00000713u (RPM-386)
+0.00063045y sin o

F=CPMO = 0.012857 p sin a ~0.014163u? sin a
+ 0.0036344 u sin 2a - 0.0074613p sin o %%% (18)
, 9Cpy

3Cr

9CpM = 1 (-.393141x1072 + .201377x10" %a
Frow (19)

.220903 x 10'4a2)
+ u2(.120036+.634542x10" 20 +.799823 x10™3a?)

+ u?(-.141322-.170706 x 10~1la -.61104x1073a?)

5.2.6 Hub Yawing Moment

The yawing moment derivatives due to cyclic pitch are similar
to the pitching moment derivatives and are given by

55
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g_iz_bg = -0.000111245 + 0.0000792 p (20)
- ,
1 |

0.0004375 p2-0.0025 Crp

-0.00000713 u (RPM-386)
+0.0005 p sin o

and

38 = ~0.0002094 -0.00111967
1
+0.00072556 u? + 0.00000764 u (RPM-386) (21)

-0.002 Cp - 0.0004702 u sin 2o

The yaw moment at zero cyclic pitch is given by the following
equations

for 0 < u < 0.37
Cym = (0.023736 u -0.0010)u sin a =-1.6 u? Cp sin o (22)

RPM .
+[0.00816 - 0.003366 1 -0.006303[35% —1]](386 u sin o

and for u > 0.37
Cym = (0.02476-0.19798 (p=0.7024)2) sin « (23)

RPM RPM
-1.6 u? Cp sin a + p [00816- 0033661 ~.006303[35¢ -J](386 -1)]

5.2.7 Pitching Moment due to Pitch Rate
1000 SCPM
dQ

1.5 + p 0 <uc<.2

= 0.25 + 7.26pn .2 < u < .39

4.1681 -2.79u u > .39

5.2.8 Yawing Moment due to Yaw Rate

dR dQ
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5.3 Rotor/Rotor Interference

A procedure for calculating rotor-on-rotor interference effects
is included in the mathematical model. Rotor-on-rotor inter-
ference arises during sideward flight at low airspeeds with

the rotors up and, to a lesser extent, during slipped flight

in the transition configurations. The basis for the method is
as follows.

n___. __
e — e ] I |
—— [ —t | X '
[ p— ¥
J—

The above sketch depicts the tilt rotor aircraft flying side-
wards at low speed. The wake of the upwind rotor interferes

with the inflow to the downwind rotor producing a change in

this rotor's forces and moments.

Reference 5 presents calculated values of the normal component
of the induced velocity near a rotor having a triangular disc
loading, for different wake skew angles, X. This data was used
to compute an interference velocity at the downwind rotor. The
resulting rotor angle of attack was used in the calculation of
the forces and moments. The rotor/rotor interference effect

is washed out with nacelle angle and sideslip angle so that
there is no interference at the high end of transition and in
cruise. The equations used to calculate interference are pre-
sented in Appendix E under the rotor/rotor interference section.
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5.4 Accuracy of the Rotor Equations

Figures 5.2 through 5.17 present correlations of the predic-
tions of the rotor equations with test data obtained from
full-scale tests conducted in the Ames 40'x80°' wind tunnel and
reported in Reference 4. While the correlation appears
reasonable, the data on which it is based is limited in scope.

In order to broaden the data base, tests were recently con-
ducted on a 1/4.622 Froude scale Boeing tilt rotor model under
NASA Contract NAS2-9015. This test generated sufficient ex-
perimental data to define the hingeless rotor characteristics
over the entire range of flight speeds expected of the XV-15
aircraft. Unfortunately the results were not available in
time to update the rotor math model equations. This step is,
however, being proposed in the near future.

Nevertheless, some of the elements of the test data have been
correlated with the 40'x80' full-scale data and with the math
model equations in order to check the fidelity of the existing
equations and to assess scale effects between the sets of tests.

Figures 5.18 through 5.20 present rotor normal force due to Ay
cyclic pitch. The derivative is overpredicted by the math
model in hover, but improves at 45, 100 and 140 knots over the
operational range of angle of attack. Figures 5.21 through

5.23 show the normal force respons2 to Bj cyclic. The effect

is underpredicted at hover, 45 knots, and 100 knots at high
nacelle angles. At 140 knots a greement is satisfactory. 1In
the cruise mode at zero angle of attack the math model equations
fit the data reasonably well.

The effect of B) cyclic on pitching moment is presented in
Figures 5.24 through 5.26. The math model equations generally
underpredict the effezt at all speeds, the error increasing
with rotor angle of attack.

The above discussion is intended to show that the rotor re-
presentation employed in the current simulation is reasonably
adequate for a preliminary assessment of the flying qualities
and performance of the hingeless rotor xv-15. It also serves
to emphasize the need for a thorough revision of the analytical
representation based on the more extensive data now available.

Additional wind tunnel testing is also required to define the
performance of the rotor at low power levels and in Steep
helicopter descents, and in autorotation. At present the rotor
performance in these modes is obtained from the rotor equations
which are based on test data that do not include these regions,

5-8
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5.5 Wing-on-Rotor Upwash

The presence of a lifting wing generates an upwash field at the
rotor disc plane which changes the rotor forces. This effect
is evident from Figure 5.27 which shows the derivative of
normal force with angle of attack and the derivative of side
force with yaw angle. For an isolated rotor these derivatives

would be identical. The equations used in the simulation

math model contain this effect implicitly. However, more
analysis is required to account for wing upwash in an expli-
cit manner that will permit treatment of the effects of changes
in flap setting on the wing lift and hence the upwash field at
the rotors.

5.6 Blade Loads and Aircraft Flight Boundaries

The success of the tilt rotor aircraft concept depends to a
large extent on the ability of the designer to provide a
simple, reliable control system that will ensure adequate con-
trol effectiveness while maintaining low alternating loads on
fatigue-critical elements. In the controls design phase it is
essential therefore that a means exists for estimating alter-
nating loads on these elements. The most important fatigue-
sensitive elements are the rotors whose loads tolerance defines
the safety, maneuverability, and flight boundaries of the air-
craft.

In order to design the control system for the hingeless rotor
XV-15, an equation was developed to calculate blade loads.
This equation and the impact of blade loads on the aircraft
control system design is discussed in Appendix G.

5.7 Ground Effect

The effects of operating near the ground on the rotors are in-
cluded in this model. Ground effects on the rotor are diffi-
cult to predict analytically, especially in forward flight.
Wind tunnel test data for the Boeing Model 160 powered model,
Reference 6, was plotted as a thrust ratio versus effective
rotor height/diameter ratio, for two rotor advance ratios.
This data, shown in Figure 5.28 was curve fitted and linearly
interpolated for advance ratio.

The equation for the effective rotor height to diameter ratio
(h/D) gpp Was derived by dividing the rotor hub height by

[sin(6+iy) cos ¢]1. This yields the rotor height along the

shaft. For the cruise condition the hub height is infinite,
(h/D)gpp is infinite and the augmentation ratio due to ground

effect is unity.
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6.0 CONTROL SYSTEM

Control of the HRXV-15 tilt rotor aircraft is accomplished by
means of rotor and fixed-wing controls with the rotor controls
phasing out during conversion to airplane flight. The rotor
controls consist of longitudinal and lateral cyclic and differ-
ential collective. The airplane controls are differential
flaperon deflection (ailerons), flaps, elevator and rudder.

The airplane controls are operative during all phases of flight
from hover to high speed cruise. Rotor cyclic inputs are re-
tained beyond transition in order to reduce blade loads and
provide high fatigue life. This is discussed in Section 1I.0.

Cockpit controls consist of a lateral/longitudinal control
stick and rudder pedals; a central throttle lever controls
(via the governor) engine power and collective in hover and
early transition. At the high speed end of transition and
throughout cruise, movement of the throttle commands only
engine power setting as in a conventional airplane. Nacelle
incidence is controlled by a beep switch on the throttle lever.
Flaps are selected via a flap lever operating through detents.
Control stick and rudder trim is provided by hat switches on
the stick. Trim rates are varied with dynamic pressure SO as
+o maintain sensitivity at all speeds. A magnetic brake is
incorporated for force zeroing. Page E-7 and E-8 of Appendix
E present schematics of the overall control system layout.

6.1 Longitudinal Control

Longitudinal control in hover is by longitudinal cyclic pitch.
This is phased out as the nacelles are tilted forward and
becomes zero in cruise. The elevator provides pitch control
in airplane flight. Elevator angle is scheduled through tran-
sition to minimize trimmed stick travel.

6.2 Lateral-Directional Control

In hover, roll control is accomplished by differential collec-
tive (thrust) and yaw control by differential longitudinal
cyclic (thrust vectoring). Differential engine power accom-
panies differential collective in order to ensure roll control
in the event of cross shaft failure and also to minimize cross
shaft torque.

As transition proceeds from hover to airplane flight, the
ailerons and rudder become more effective and the differential
collective and differential longitudinal cyclic control gains
are scheduled out with nacelle incidence. A small amount of
differential collective is retained in cruise to provide
favorable yaw with aileron deflection.
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6.3 Thrust/Collective Control

In hover, forward motion of the throttle lever commands both
increased collective pitch and increased engine power. The
governor makes fine adjustments to the collective to maintain
rpm. Over-travel of the pilot's throttle lever beyond the
position for maximum power shuts down the governor and leaves
the collective pitch connected directly with the throttle lever
as in a helicopter. This feature gives a collective pitch
flare landing capability in emergencies.

During transition, rotor collective pitch is scheduled with
nacelle angle, thereby minimizing the amount of adjustment
required from the governor. The collective authority of the
throttle lever is also reduced with decreasing nacelle angle
until, in cruise, movement of the throttle commands only engine
power. Rotor rpm is maintained by the governor via blade pitch.

6.4 Force Feel System

The force sensitivities (force per unit displacement) of the

pilot's stick and pedals are varied as a function of dynamic

pressure in order to prevent excessive control sensitivities

at high speeds. The force gradients were selected to provide
a constant stick-force-per-g characteristic and good harmony

between longitudinal and lateral controls. Control breakout

forces and gradients are given in Appendix F.

6.5 Stability Augmentation Systems

Stability augmentation systems (SAS) are provided to enhance
aircraft flying qualities. The systems consist of longitudinal,
lateral and directional SAS. The system block diagrams are
given in Appendix E.

The longitudinal (pitch) SAS incorporates a pitch rate feedback
and a longitudinal stick pickoff. 1In addition, a pitch atti-
tude signal is used to provide attitude stabilization without
an autopilot. An autopilot is not represented in this simu-
lation. The signals are shaped and put through an authority
limit. The SAS actuators introduce control motions in series
with the pilot's stick inputs. The longitudinal SAS commands
longitudinal cyclic pitch to provide the required damping in
hover and transition. This is not required in cruise and is
phased out at 175 knots.

The lateral (roll) SAS operates in all flight modes. It con-
sists of roll rate feedback for increased roll damping, a roll
attitude feedback to give roll attitude stability, and a
lateral stick pickoff. Roll attitude retention is provided
when the stick is centered. 1In addition, a sideslip feedback
is incorporated to compensate for dihedral effect. Roll SAS
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commands are added in series with the pilot's stick.

The directional (yaw) SAS operates throughout the flight
envelope. The yaw channel consists of yaw rate feedback for
increased directional damping in hover and transition, yaw
attitude feedback for yaw stability, and rudder pedal pickoff
for quickening. A heading-hold feature is provided when the
rudder pedals are centered. A turn coordination feature
enables pedal-free turns to be made down to about 50 knots.
The yaw SAS command is input to the control system as inches

of equivalent rudder pedal.

6.6 Thrust Management System (Governor)

The thrust and power management system for a tilt rotor air-
craft must be compatible with both the helicopter and air- -
plane 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. 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 offers the following advantages:

o Tt is more readily adapted to the hover flight
regime than the fuel governor is to cruise

o It has better gust response characteristics
o It is fast acting and has high accuracy

o Thrust response to pilot control can be easily
shaped with feed forward loops

o 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) design of the
collective pitch governor; and (2) the feed forward loops for
shaping pilot thrust control. The block diagram for this sys-
tem is shown in Appendix E.

The governor was designed 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 air-
craft flying qualities in the all-operational mode (i.e., all
aircraft components operational and performing as designed) .

A single governor reference that uses the rpm signals from each
rotor and averages them, satisfies the design criteria. To
achieve the required accuracy and transient response goals,
integral as well as proportional feedback of rpm is necessary
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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 hover to
cruise. The second requirement of the governor system is
shaping the rotor thrust output for a pilot throttle input.
Considerations in determining the proper shaping include:

(1) throttle sensitivity
(2) time constant to reach 63% of steady-state thrust
(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 quickening is
used 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.

The thrust/collective pitch control system is designed in such
a manner that, during hover, when the pilot moves his control,
he commands both a change in engine fuel setting and 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 inci-~
dence is decreased to zero, the pilot commands only engine fuel.
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7.0 ENGINE MODEL

This section describes the representation of engine perfor-
mance and dynamics. The basic encine cycle performance data
consists of tabulated values of four variables: power, fuel
flow, gas generator shaft rpm, and power turbine shaft rpm.
These parameters are a function of Mach number and turbine
inlet temperature. All data are in referred, normalized for-
mat as shown in Table 7.1. Because of the normalized, referred
format, all data are valid for any ambient conditions. The
effects on engine performance of overating at non-optimum power
turbine speed are included in the model. The referred format
also facilitates the inclusion of engine thermodynamic and
mechanical limits. Limitations on engine cycle operation may
be input in any combination of the following: fuel flow,
torque, gas generator speed, gas generator referred rpm or out-
put shaft speed. The flow charts which describe this routine
mathematically are shown in Appendix E, and the performance
data in Appendix F.

A simplified model of the Lycoming T53-L-13B engine was used

in the tilt rotor mathematical model. The model basically
consists of two first-order lags in series with variable time
constants and gains. The output of the model is rate-limited
to reflect actual encine performance. This simplified model
gives satisfactory results for both large and small power
transients. The block diagram for this system is shown as part
of the thrust management system block diagram shown in Appendix

E.
TABLE 7.1 ENGINE CYCLE DATA FORIMAT
REFERRED
VARIABLE SYMBOL NOTIMALIZED FORI!
Thrust Fy FU/GFﬁ
Power SHP SHP/§ V6 SHP*
Gas Generator rpm Mg N//E—'N;
Power Turbine rpm i N//8  N*
It IT
Fuel Flow . We We/s Yo FX
We/8 /8 SHP*
Turbine Inlet Temp. T T/9
Where: * = Max. Power Setting, Static, Sea Level, Std. Day
6 = Ambient Temperature (°R) Divided by 518.69°R
§ = Ambient Pressure (psia) Divided by 14.69G6 psia
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3.0 AIRFRAME WEIGET, C.G. AND INERTIAS

In the derivation of the basic equations of motion, the air-
craft was divided into three elements: the fuselage of mass
mg, the wings (myg) , and the tilting nacelles each of mass m,.

The comvonents of these mass elements are:

0 Fuselage llass Fuselage and contents
Horizontal tail and contents
Vertical tail and contents
Crew and trapped liquids
Cargo

o Wing lMass Wing and contents
Fuel carried in wing
Fixed nacelles/engines

o Tilting llacelle Mass Tilting nacelle/engines
including the rotor and
hubs

The center of gravity of the aircraft with respect to the pivot
reference line is calculated from

Mele 4 Myly Ty

mehe , by Ty o
ZCG = o - 2 ;ﬂ— [Sln(lUL")\) + Sln(lNR—)\)]

where the distances %f, fw, %, and the angle 1 are defined in
the sketch below,

In the present simulation a weight and CG breakdown by com-
ponents was not available so values of mg, g, My, etc. were

chosen so that the CG calculated from the above equations agreed
with the centers of gravity at design gross weight 5896 Kg
(13000 Lbs) as quoted in Reference 1.

The aircraft inertias were obtained from Reference l. The
variation of inertia with nacelle tilt is given by

Iyx = Ixxo t Kll iy

Iyy = Iyyo + KIZ hEN|

Izz = Izz0 + K15 i

I = IXZO + KI4 i:

Xz
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+X!
) >
Zog N7/ PIVOT
] Zw
My,
he
m — Xce
(AIRCRAFT C.G.) 3
f-—-
/
mf {
Note: Positive distances +2!

are indicated by the
direction of the
arrows

The quantities required to compute Me, Le, Myr 20 M, 2, oAy,
hg, hy, are available from an aircraft three-view drawing and a
standard mass properties buildup.
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9.0 AEROELASTIC REPRESENTATION

The stability and control characteristics of airplanes may be
significantly influenced by distortions of the structure under
transient loading conditions. A simplified representation

of wing elastic distortion was therefore developed that could
be used to stuldy these effects.

Two aeroelastic degrees of freedom are included in the tilt
rotor mathematical model. These are first mode wing vertical
bending and first mode wing torsion. The assumptions made in
deriving the wing bending and torsion relationships are as
follows:

o No coupling between bending and torsion

o Wings are cantilevered from fuselage

o Elliptical loading for rigid untwisted wing

o Aerodynamic loads act at the gquarter chord

o Wing elastic axis coincident with cross shaft

o Wing center of mass assumed to be on the elastic axis

o First torsion mode linear
The equations used to compute bending and torsion are derived

in Appendix A. The wing twist at the tip is calculatec from
the following equation

Ket 8¢ = MyacT ~ NEIEQE[(r Cos i, + p Sin lN)Kl + “zr]
W W
* Mapro T Zazro fwac
where Ket is the wing torsional spring constant

6 ¢ is the wing twist angle in degrees
MNACT is the nacelle actuator moment
Ng is the number of engines operating at the tip
Ig is the engine inertia of rotation
Qp is the engine speed
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r is the body axis vaw rate

P is the body axis roll rate

Ky is zero for non-tilting engines, unity if tilting
Ko is zero for tilting engines, unity for non-tilting
MﬁERO is the pitching moment about the wing a.c.
-ZXERO is wing lift force

XWAC is the distance from the pivot line to the wing
aerodynamic center

Assuming a linear mode shape from wing tip to root and zero
twist at the root, the wing elastic twist at the wing aerody-
namic center is obtained. This incremental twist is added to
the rigid body twist and the resulting angle used in the wing
aerodynamics equations.

The equations used to calculate wing vertical bending are:

hy = w§ (F - hy) - 2;4 vy b
2
N W' e AERO
F = -X . Z% - K 2 - K + K
L wl “AERO w2 Zaezo ~ Xw3taEro w4 m
bl KWSP
huac = Kye D17 Myac = Kye Py
where hj is the wing tip deflection
Wy is the first bending mode natural frequency
Ew is the first bending mode vertical damping
- fraction
ZAERO is the vertical nacelle aerodynamic force
1
ZXERO is the vertical wing aerodynamic force
a3
LgERO is the aerodynamic torque at the tip
ZAERO/m is the aircraft normal acceleration
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P is the roll acceleration

and K1 through Kyg are constants

These equations determine the wing bending
at each time frame using current values of
loads. Integration yields the velocity of
wing aerodynamic center. These velocities
the rigid body velocities and the angle of
mined.
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modal accelerations
the aerodynamic

the tip and the

are then added to
attack are deter-
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10.0 MATH MODEL CHECXOUT AND VALIDATION

This section presents results of the mathematical rnoéel check-
out and validation phase of the contract. vValicdation was made
by:

(1) Comparing the HRXV-15 airpiane-less-rotors
component f£orces anc noments with data from
the current XV-15 Ames sirmulation math model.

(2) Taking stability derivatives and comparing
the airframe contributions with published
derivatives from the Ames simulation.

The force and moment validation was accorplished by setting
up the math mocdel at the same pitch attitudes and control
settings as those quoted in the Ames data. Table 10.1
presents comparisons at 160 and 260 XTS in the airplane noce
and at 40 and 80 XTS in the helicopter moce. The acreement
between the two math models is generally within 10%.

mable 10.2 shows comparisons of the aircraft stability deri-
vatives at 40 and 80 knots in helicopter flight and at 16C
knots in the airplane mode. The contributions of the airframe
and rotors to the total are shown separately.

The comparisons indicate that the airframe derivatives are in
good agreement considering the different structures of the

math models. Motable differences appear in the derivatives

Yp anéd, to a lesser extent, Yr. The differences are attributed

to the way in which the angles of attack at the vertical fins
are computed. In the Boeing model the angle of attack and
dynamic pressures at each fin are computed separately whereas
in the mocdel of Reference 1, the angle of attack seems to be
computed as if the aircraft had a single £in in the plane of
symmetry. This difference in treatment results in lower
angles of attack at each fin (for a given roll rate) in the
Boeing mocel and hence reduced sicde force.
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11.0 AIRCRAFT TRIMMED FLIGHT CHARACTERISTICS
AND BOUNDARIES

This section presents the aircraft trim attitudes and control
settings both in level flight and in steady turns at constant
altitude for forward and aft CG conditions at design gross
weight - 5896 Kg (13,000 Lbs). Data is also presented on
blade loads, as estimated using the method discussed in Apven-
dix G. Most of the data shown was obtained at sea level stan-
dard conditions, though some results at altitude are included.
All the results presented were obtained with the preliminary
cyclic-on-the-stick and stick-offset schedules as determined
by the parametric study described in Appendix G. It should

be emphasized that the trimmed flight characteristics and
boundaries presented here are preliminary only, since many of
the control laws, gains, etc. are themselves preliminary and
are likely to change as a result of further control system
development and design studies on the Advanced Zingeless Rotor
XV-15 to be completed in 1977.

In the following graphs aft CG is defined to be at sea level
301.2" (40.28% MAC) and forward CG at sea level 291.7"

(25.2% MAC). The rotor blade cyclic angles quoted are the
values of cyclic in the rotor wind-axes system, i.e., lateral
cyclic is the value at y = 0°, and longitudinal cyclic the value
at ¥ = 90°. Wing stall is defined to occur at a wing angle

of attack in the slipstream of 13°. This value is the angle

of wing CLMAX at iy = 90° and flaps set at 40°.

11.1 Steady Level Transition

The aircraft trim pitch attitudes, elevator and longitudinal
stick positions, wing-in-slipstream angle of attack and A;

and Bj cyclic pitch required, are presented in Figures 11.1

through 11.10. The data was obtained with flaps set at 40°
for both the forward and aft center of gravity positions.

The variation of trimmed fuselage pitch attitude is shown in
Figure 11.1 for aft CG and Figure 11.2 for forward CG. The
trimmed pitch attitudes are also the wing angles of attack on
those portions of the wing not influenced by the rotor slip-
stream. Pitch angles are slightly lower for the forward CG
condition at high nacelle angles and low airspeeds while at
low to intermediate nacelle positions and higher airspeeds
the trim attitudes tend to be slightly higher. For both
loading conditions the variations are smooth and continuous
from hover to cruise.
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'Figures 11.3 and 11.4 present the angles of attack of slip-
stream-immersed portions of the wing, if any part of the wing
is, in fact, immersed. -

At high nacelle angles, above approximately 40 knots airspeed,
the rotor slipstream does not impinge on the wing and hence
the operating wing angle of attack would be obtained from
Figures 11.1 and 11.2. This point will be returned to later
in connection with wing stall boundaries.

The variation of elevator deflection with airspeed at various
nacelle angles is shown in Figures 11.5 and 11.6. The values
shown are the total elevator deflection - scheduled elevator
Plus pilot-command elevator. At airspeeds below about 90
knots raising the nacelles requires more positive elevator to
lower the nose to trim attitude. The close bunching of the
curves near 100 knots at aft CG is due to the cruise cyclic
on the stick inputs.

Longitudinal stick travel through transition is presented
in Figures 11.7 and 11.8. The gradients with airspeed are
stable, i.e., forward stick - increasing airspeed. At aft
CG the stick gradients at iy = 0, 15° are steeo below 110

knots. In this region the aircraft is approaching stall and
therefore a fairly large gradient is desirable.

Figures 11.9 and 11.10 present the A3y and Bj values of cyclic

required to trim through transition. The cyclics required
above 80 knots and at nacelle angles below 60° show the in-
creasing contribution of the cruise cyclic on the stick. The
apparent sudden change in size of both A} and Bj near hover

arises from the fact that swashplate cyclic is input at y = 30°.

Aircraft power and thrust required from hover through cruise

at fixed nacelle angles is plotted in Figures 11.11 through
11.14. The rotor torque required is presented in Figures 11.15
and 11.16. Cruise descent torque values are high because the
flaps are at 40° in this plot. The torque corresponding to
100% is equivalent to 1550 horsepower at 551 RPM. Thus the
MIL (30 minutes) power setting occurs at 90.6% torque and

NRP occurs at 80.6% torque.

11.1.1 Blade Loads

The estimated blade alternating bending moments are presented
in Figures 11.17 and 11.18. The bending moments are at 12.5%
radius and were computed using one empirical blade loads
equation. Comparisons of the loads calculated using the
equation with measured loads obtained from tests of a full-

11-2



D210-11161-1

scale rotor in the Ames 40' by 80' tunnel, indicates that the
predictions are within +20% of measured data. While more
work needs to be done to improve blade loads prediction,
nevertheless the computed loads are not unreasonable and can
be used to assess the rotor loads and establish fatigue mar-
gins in both steady level and turning flight and maneuvers.

The blade load level of 4064 Nm (36,000 in.-1lbs) is marked on
the figures and is the infinite fatigue life allowable level.

The blade loads are seen to be sufficiently low throughout
transition to ensure a reasonably wide conversion corridor
without operating past the infinite fatibue life allowables
in sustained flight

11.1.2 Transition Corridors

First estimates of the transition corridors, flaps down, at
forward and aft CG are presented in Figures 11.19 and 11.20.
The lower boundaries are wing stall (power on), blade loads
infinite life allowables, and maximum up-elevator. In air-
plane flight with nacelles down the wing stalls before

full up-elevator travel is reached. At aft CG, the wing stall
line forms the lower boundary until at about 30° nacelle in-
cidence the (M-30) 108 cycles blade loads line defines the
limit from 80 knots to hover. At forward CG, the wing stall
line defines the low speed boundary down to about 50 knots
and 47° nacelle angle, after which rotor loads become limit-
ing.

At the high speed end of transition the conversion corridor
is bounded by torque limits, blade loads, flap loads and
maximum elevator deflection.

The elevator and blade loads boundaries are clearly dependent
on control system design and as such are functions of the
cyclic and elevator schedules and gains used in the control
system model. In the aft CG case the high nacelle angle
cases are limited by maximum elevator deflection whereas for
the forward CG case the blade loads are the limiting factor.
There is room for further optimization in this area by use

of a reduced elevator offset at iy = 90°. At iN = 90° the

envelope is limited at 96 knots by loads in the forward CG
case and at 90 knots by elevator at aft CG.

Below 70° the corridor is bounded by either the blade loads
1imit or the transmission torque limit. Since the trans-
mission for this vehicle is not yet designed, torque levels
associated with the engine power levels have been used to
provide a benchmark and to provide some insight as to the
effect of transmission design criteria on the corridor width.
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The loads limits are in the same general vicinity as the
control and transmission limits and it seems likely that a
control system can be found which will provide a corridor
limited only by torque and control travel.

11.2 Transition - Sustained Turns

The data presented in Figures 11-21 to 11-83 was calculated
in steady coordinated turns. Figures 11-21 to 11-27 are for
a iN of 90° at 40 knots. The control variations are normal

and smooth and the maneuver capability at this condition is
probably power limited, although the infinite life blade
bending loads are exceeded at about 2g's with a forward CG
(see Figure 11-27).

Similar data is shown in Figures 11-28 to 11-35 at iN = 90°

and a velocity of 80 knots. The aft CG case is not limited

up to a bank angle of 55° whereas in the forward CG case the
turn is limited by fatigue blade loads at 12° bank. A better
compromise between the elevator and cyclics to trim at this

iy should allow an expanded envelope at CG forward and restrict

the aft CG case more until equal performance is achieved in
both cases. This should also help the 1lg envelope limits
previously discussed. There is a small tendency to reverse
the longitudinal stick travel at high @ to hold the turn but
it is less than 0.15" (0.381 cm). This reversal is probably
due to the discontinuity in pitch damping from the rotors at
this advance ratio. The mocel fidelity shoulé be checked
further in this area.

Figures 11-36 to 11-43 present the turn data for iy = 60° at

60 knots. The cortrol positions and variations of thrust and
power etc. are normal. For the aft CG case it is unlikely
that rotor loads will be limiting until above @ = 60° (2g's)
whereas for the forward CG case the rotor loads become limit~-
ing at @ = 15°.

A similar situation exists at 90 knots (iy = 60°) where the

aft CG case is not rotor loads limited (data Figures 11-44 to
11-47) until a bank angle of approximately 64° (2.28g's). The
forward CG case is blade load limited at 31.5° bank or 1.73g's
and the data is plotted in Figures 11-48 to 11-51. At 110
knots aft CG and 120 knots forward CG the data shows much the
same trends, Figures 11-52 to 11-59.

Data for coordinated turns with iy = 30° are shown in Figures
11-60 to 11-83 at 110, 130 and 150 knots. At 110 knots the
sustained turns are limited by fatigue blade loads to 1.86g's
(aft CG) and 1.5g's (forward CG). At higher speeds rotor loads
limits are higher than 2g's or a 60° banked turn.
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FUSELAGE ATTITUDE (DEG)
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NOTE: GW = 5896.7 Kg(13000 LB)

AFT CG
SI, STD DAY
8F = 40°
30 :
SYMBOL  in®
o 90
85
4\ L o 75
A 60
20 0
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\ a 30
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=20
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FIGURE 11.1.FUSELAGE ATTITUDE IN TRANSITION AFT CG

11-5



FUSELAGE ATTITUDE (DEGREES)
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NOTE :
SEA LEVEL STD DAY
GW = 5896.7 Kg (13000 LB)

SF = 40°
FWD CG
30 |
SYMBOL iy®
%» 90
85
é\\ X o 75
A 60 T
O 45
O 30
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WING ANGLE OF ATTACK (DEGREES)
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ELEVATOR DEFLECTION (DEG)
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FIGURE 1l1.5.ELEVATOR DEFLECTION IN TRANSITION AFT CG
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LONGITUDINAL STICK POSITION (CM)
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CYCLIC PITCH (DEG)
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POWER/ENGINE (WATTS)
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FIGURE 11. 11 POWER REQUIRED IN TRANSITION AFT CG
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POWER/ENGINE (WATTS)
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FIGURE 11.12POWER REQUIRED IN TRANSITION FWD CG
5896.7 Kg (13000 LB)
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ROTOR THRUST COEFFICIENT Cp
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FIGURE 11.13ROTOR THRUST COEFFICIENT IN TRANSITION AFT CG
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FIGURE 11.14 ROTOR THRUST COEFFICIENT IN TRANSITION
GW = 5896.7 Kg (13000 LB) FWD CG, SEA LEVEL, STD DAY
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% TORQUE
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FIGURE 1l1l. 15TORQUE VARIATION IN TRANSITION AFT CG
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FIGURE 11.16 TORQUE VARIATION IN TRANSITION FWD CG
GW = 5896.7 Kg (13000 LB) SEA LEVEL STD DAY
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ALTERNATING BENDING MOMENT 12.5% R
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FIGURE 11.17. ESTIMATED BLADE BENDING LOADS IN TRANSITION

AFT CG
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FIGURE 11.18. ESTIMATED BLADE BENDING LOADS IN TRANSITION FWD CG
GW = 5896.7 Kg (13000 LB) SEA LEVEL STD DAY
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NACELLE INCIDENCE (DEGREES)
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FIGURE 11.20.FWD CG TRANSITION CORRIDOR GW = 5896.7 Kg (13000 LB)
GW = 5896.7 Kg (13000 LB) SEA LEVEL STD DAY
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FIGURE 1] .21 CONTROL POSITIONS IN COORDINATED TURNS IN
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FIGURE 11.23. ROTOR THRUST IN COORDINATED TURNS IN TRANSITION
iy = 90° V = 40 KTS §p = 40° AFT CG
GW = 5896.7 Kg (13000 LB) SL STD DAY

11-27



D210-11161-1

x 103
750

X 103

> | |
o (M-30) 108 CYCLE LOADS
w0 +40
7]
~ 1
~ 4
& w2
2 r30 =@
= 3 :
o L
= &
S &
E =
=z T 20
o 2
]
A
&
< /O
2 1 o =l 110

0 0

0 20 40 60

BANK ANGLE ¢ (DEG)

FIGURE 11.24.ESTIMATED BLADE BENDING LOADS 12.5% IN COORDINATED
TURNS IN TRANSITION AFT CG iy = 90° V = 40 KTS
§p = 40° GW = 5896.7 Kg (13000 LB) SL STD DAY
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FIGURF 11.26. COORDINATED TURNS IN TRANSITION FWD CG
GW = 5896.7 Kg (13000 LBS) SL STD DAY
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11.3 Trimmed Cruise Flight

The aircraft steady £light characteristics with iy = 0° are

shown in Figures 11-84 to 11-50 at sea level for forward and
aft CG locations and 0, 20 and 40° of flap.

In cruise flight the fuselage attitucde is approximately equal
to the wing angle of attack. Power on stall occurs at a = 13°
and lies between 93 Xts and 110 Kts depending on flap setting.
The stick position cdata, Figure 11-85, show that as stall is
approached the stick gradient become steep. For §p = 40° the
stick gradients become small, but are still stable (i.e.,
stick forward with increased speec). o acdverse pilot reaction
was received to this low gradient. The small discontinuity
in the stick travel at 205 Xts (aft CG) is due to the cyclic
pitch input from the longitudinal stick. This cyclic pitch
input is rate limited. The elevator deflection to trim is
shown in Figure 11-86 and reflects the same characteristics

as the stick position data.

The transmission torque levels in cruise at 386 RPHM are shown
for 0, 20 and 40° of flap in Figure 11-87. The torque level
of 100% is equivalent to 1550 HP at 551 RPM and corresponds to
a transmission designed to take the full takeoff power avail-
able. This of course means that the normal rated power torgque
level at 551 RPM is at 80.6% and this level reflects a trans-
mission designed for 1250 EP. At this level the aircraft will
" fly at 197 Kts with 40° of flap which exceeds the flap placard
speed. At §p = 0 the same torque level would limit the sea

level cruise speed to 240 Kts. At 100% torque the aircraft
can fly up to 264 Kts at sea level.

Figure 11-88 shows the cruise cyclic pitch inputs used to
control the alternating blade loads. The alternating loads
at i;; = 0 for 6 = 20 and 40° are shown in Figure 11-89 and

indicate load levels less than endurance limit loads from
stall up to the flaps cdown g limit. Apart from the flap limit
the loads do not limit the ép = 40° case until a speed of

200 Kts. Figure 11-90 shows the alternating loads as a function
of airspeed for both forward and aft CG positions for the
§g = 0 case. The loads are not a problem in 1lg flight.

Figures 11-91, 11-92 and 11-93 show similar data at 1524m
(5000 Ft)and 3047m (10,000 Ft) altitude.

The trimmed flight characteristics are much the same as before

except that the torque becomes limiting at higher speeds. Rotor
loads are not a problem anywhere in the flight envelope shown.
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11.4 Coordinated Turns in Cruise

The control positions for trimmed coordinated turns in cruise
at GW = 5896.7 Kg (13,000 lbs) at sea level are shown in Figures
11-94 to 11-97 and display normal fixed wing airplane control
inputs. The maneuver envelope is limited by transmission
torque limits, stall and blade fatigue lcads as shown in Figure
11-98. The loads boundary shown in Figure 11-98 is the fatigue
endurance limit of the fiberglass spar. Up to 180 knots the
airplane's turn capability is limited by wing stall. After

180 knots the limiting factors are transmission torque then
blade endurance limit loads and wing stall. The blade endur-
ance limit line lies very close to the wing stall limit. The
transmission torque limit is likely to be the limiting factor
in excess of 163 knots. The "torgue 1" limit corresponds to a
transmission designed for 1250 HP rotor in hover. Uprating

the transmission limit to 1550 HP (engine T.0O. power setting)
at 551 RPM increases the available speed by approximately 20
knots.

11.5 Sidewards Flight

The airplane characteristics in sidewards flight with iy = 90°

are shown in Figures 11-99 and 11-100. "he control data show
that a sidewards velocity of 49 knots can be achieved before
running out of rudder pedal travel. The alternating blade
bending loads in sidewards flight are shown in Figure 11-100,
Alternating loads exceed 4064 Nm (36,000 1lbs) at 29.5 knots
sidewards. The airplane is controllable up to higher speeds
but blade fatigue damage would result.
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12.0 STABILITY AND CONTROL

Preliminary stability and control characteristics of the Hinge-
less Rotor XV-15 Aircraft were evaluated over the range of air-
speed¢ from hover to high speed cruise. The evaluation was per-
formed using the mathematical model to obtain dynamic responses
to pulses and to provide stability derivatives. The stability
derivatives were used in a small perturbation, coupled lateral/
directional analysis to yielc the stability roots. The eval-
uation was conducted at sea level, at aft CG and at 13000 pounds
gross weight with the rotor rpm governor operating. All results
presented are for SAS-off. Laboratory and piloted evaluation
indicates that the SAS provides adequate augmentation.

It shoild be noted that the results presented here do not re-
flect rotor loads control systems (cyclic-on-the-stick) . The
effect of these systems on stability ané control will be in-
vestigated during an upconing design study.

12.1 Control Power

Pitch, roll and vaw control power of the Hingeless Rotor XV-15
at selected nacelle angles and airspeeds through transition
an¢ cruise, is presentec in Figures 12.1 through 12.3. The
amount of control power available per inch of control d&is-
placement at a given nacelle angle céepends on the rotor cyclic
ané aerodéynamic control surface gains. For the HRXV-15 the
elevator, rudder and aileron gains (degrees/inch) were kept
the same as the current ¥xv-15. The cyclic gains were chosen
by selecting values in hover that produced good hover control
without compromising blade fatigue life. These values were
then reduceéd by the sine of the nacelle angle as conversion
progressed. NoO further optimization of control gains was
attempted at this time until further work is completed on the
cyclic—on—the—stick loads control systen.

As can be seen from the figures, pitch control power about all
three axes in hover, transition and cruise is high and well
above the minimums specified in MIL-F-83300. The hover »itch
control power of 0.66 rads/sec?/inch is comparable to present-
day helicopters. Roll control power at nacelle angles above

30 degrees is in excess of requirements at all airspeeds. At
30° nacelle angle anc below 160 knots, roll control power is
near specification minimums due to a combination of non-optinmum
gains and the low nacelle angles. It is nlannec to improve

the control power in roll at these configurations by reworking
the gain schecdules. Yaw control power is above minimums
throughout the envelope except at 60° nacelle angle and 70
knots. This condition is, however, close to the stall boundary

for the aircraft.
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As determined from the simulator evaluation, pilot opinion of
the control power for the unaugmented aircraft is favorable.

12.2 Control Feel and Stick Force/qg

The control force-feel gradients and breakouts utilized in the
HRXV-15 piloted simulation were the same as those used in the
NASA/Army Xv-15. During the simulation the Pilot stated that
the stick forces felt high during low speed flight. 1In high
speed flight the stick force per g was notecd as being low.

The force gradients were changed accordingly to yield a vir-
tually constant 15 lbs/g at mid CG position. Figures 12.4

and 12.5 present the revised force gradients and breakouts and
Figure 12.6 shows the stick force/g variation with airspeed

in the airplane moce. Also shown are the stick force/g for the
current XvV-15 force-feel schecdules.

12.3 Dynamic Stability

Dynamic stability of the HRXV~-15 was investigated in hover,
transition and cruise flight. The simulator mathematical model
was used to generate time histories of aircraft response to
control applications. The model was also used to provide
stability derivatives which were then used to obtain the roots
of the characteristic equations from a longitudinal lateral-
directional coupled analysis.

12.3.1 Longitudinal

The responses of the HRXV~15 to longitudinal stick pulse inputs
were obtained SAS-off, governor-on, at aft CG, 13,000 pounds
gross weight. The selected responses covering the flight range
from hover to cruise are presented in Figures 12.7 through 12.14.

The short period mode, as shown by the pitch attitude responses,
is well-damped throughout the flight envelope. In hover, the
initial response (Figure 12.7) is well cdamped and is followed

by a phugoid oscillation of period. 15 :$econds. This long

period oscillation is slowly divergent with a time to double
amplitude of 57 seconds and damping ratio -.03. The hover

Pitch response, SAS-off, is annoying but manageable by the pilot.

Figure 12.8 shows the pitch response for 90° nacelle angle and
60 knots, a typical mid-transition configuration. The short
period is nearly dead beat, ensuring precise pilot command of
pitch attitude. The ensuing phugoid is divergent oscillatory
of 16 seconds period and time to double is 16 seconds. If the
nacelles are lowered to 60° at 60 knots (Figure 12.9) the short
period remains highly damped and the phugoid becomes lightly
damped (z = .19) with period 23 seconds anc time-to-half-
amplitude 13 seconds.
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Figures 12.10 through 12.12 show the effect of reducing
nacelle angle at constant (100 knots) airspeed. Short period
response is very highly damped and response reduces as
nacelles are lowered because of the cyclic gain reduction with
nacelle angle. The phugoid is positively damped throughout,
with tj/p varying from 10 seconds at iy = 60° to 21 seconds at

iy = 0°.

The longitudinal response in cruise mode with flaps up and
nacelles fully down is shown in Figures 12.13 and 12.14 re-
presenting the low and high speed conditions. Initial pitch
response is highly damped and the phugoid period varies from
38 seconds at 140 knots to 46 seconds at 240 knots. Times to
half amplitude are 66 seconds and 46 seconds respectively.

Longitudinal response characteristics are summarized in Figures
12.15 through 12.17, which present the frequencies, damping,
and periodic times of the short period and phugoid, as deter-
mined from analysis of the characteristic roots.

In general, the longitudinal characteristics of the unaugmented
HRXV-15 are estimated to be acceptable throughout the flight
range. At airspeeds below 80 knots and nacelle angles above
75° the phugoid is mildly divergent. Pilot experience in the
simulator showed that this condition is readily controllable.

12.3.2 Lateral-Directional

Lateral-directional responses of the unaugmented aircraft to
lateral stick and rudder pulses are presented in Figures 12.18
through 12.24.

In the helicopter configuration (iy = 90°) e+ 60 knots, Figure

12.18 shows the response to a right stick pulse of 0.5" for

1 second. The initial roll damping is high and the resulting
roll/yaw coupled oscillation is slightly negatively damped
(-.08) and period 9 seconds. The roll/yaw coupling arises from
the rotor aerodynamic contributions. This response meets Level
2 requirements of MIL-F-83300. Application of a 0.5 inch rudder
pulse shows that the requirement to change yaw angle by 6
degrees in 1 second is met, and that the aircraft rolls right
for right pedal, thus satisfying the dihedral requirement.

Figure 12.19 presents the aircraft response to stick and rudder

with 60° nacelle angle and 60 knots. The dutch roll response
meets Level 2 requirements (Tuwy = -.032 wp = .489) .
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Figures 12.20, 12.21 and 12.22 show the responses with nacelle
angle of 60°, 30° and 0° at 100 knots. The dutch roll response
rapidly improves, meeting Level 1 requirements at 60° and ex-
ceeding them at 30° and 0° nacelle settings. The spiral mode
is stable throughout. At all conditions proverse yYaw response
to lateral stick is attained. There is, however, a small
amount of negative dihedral in response to rudder pulses, i.e.,
the aircraft initially rolls left during a right pedal input.

Cruise lateral-directional responses are shown in Figure 12.23
at 140 knots and in Figure 12.24 at 240 knots with flaps up.
The roll mode is well damped with positive spiral stability
evident at each speed. The dutch roll response is also well
damped and meets the requirements of Level 1.

The lateral-directional characteristics are summarized in Figures
12.25 through 12.27 in the form of characteristic frequencies,
damping, etc. Figure 12.27 compares the unaugmented aircraft
response in dutch roll with the various levels of MIL-F-83300.
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13.0 PILOTED SIMULATION

This section presents the results of the real-time piloted
simulation conducted to evaluate the handling qualities of the
Advanced Hingeless Rotor XV-15 Aircraft. The mathematical
model of the airframe that was used to drive the simulator is
as described in the body of this report except that the cyclic
schedules used to control rotor loads were not available for
incorporation in time for the simulation.

The effect of cyclic on the stick on the aircraft flying
qualities and handling will require careful evaluation during
subsequent studies.

The mathematical model of the rotor forces and moments was
that detailed in Section 5.0. As pointed out in that section,
rotor performance at lower power settings and in autorotation
is obtained essentially by mathematical extrapolation, since
the rotor has not yet been tested in these ranges of operation.
Therefore, aircraft performance and pilot comments on low
power descents and autorotation should be weighed accordingly.
Approximately 15 hours was spent in actual piloted evaluation
with about 40 hours tie-in time used to debug the system and
make changes in response to pilot comments.

13.1 Simulator Description

The Boeing Vertol simulation facility consists of a 6 degree-
of-freedom, small-motion pilot cabin ériven by signals from

a Xerox .9 digital computing system. The pilot's cabin is
equipped with an adaptable instrument panel, a variable flight
control force-feel system, and an out-of-the-window visual
disnlay. The visual display is generated by a black-and-white
television camera moving over a terrain model. The image is
viewed by the pilot through a large collimating leans providing
a field of view measuring 38 degrees vertically by 53 degrees
azimuthally with 0 degrees depression angle.

The limited-motion, 6 degrees-of-freedom pilot's cabin has
the following performance:

Motion System Performance

Payload (including pilot) 770 Lbs
Travel Limits (stop-to-stop total):
Vertical

Longitudinal 12.7 cm (5 in.)
Lateral '
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Pitch 13 deg.
Roll 19 deg.
Yaw 19 deg.
Pitch Tilt 26 deg.

Rate Limits with Zero Acceleration:

Vertical +0.66m/s (+26 in./sec.)
Longitudinal +1.04m/s (¥41 in./sec.)
Lateral +0 66m/s (+26 in./sec.)
Pitch +69 deg./sec.
Roll +97 deg./sec.
Yaw +155 deg./sec.

Acceleration Limits for Zero Rates (incremental values):

Vertical 19.63m/s?2 (+64.4 ft./sec.?)
Longitudinal 10.79m/52 (¥35.4 ft./sec.?)
Lateral 8.81m/s? (+28.9 ft /sec.?)
Pitch +248 deg./sec.?

Roll +414 deg./sec.?

Yaw +745 deg./sec.?

13.2 Configuration of Pilot's Cabin

The cabin of the simulator was configured to represent approxi-
mately the layout of the NASA-Army XV-1l5 aircraft instrument
panel and controls. Because the simulator was also being used
to evaluate current Company helicopter designs, some compro=
mises had to be made in instrument placement so as to minimize
configuration changes when switching back and forth between
aircraft models.

13.2.1 Instruments and Controls

Instruments and primary controls were positioned in the single-
seat cabin such that the pilot flew as if from the right seat.
Figure 13-1 shows the instrument panel layout used throughout
the simulation and Table 13.1 details the instruments and
ranges. The pilot's force-feel system was programmed to deliver
breakout forces and gradients according to the current Xv-15
force-feel system shown in Figure 13.2.

The control stick in the simulator was mechanically limited to
+48" longitudinally and laterally, ané the pedals to +2.5".

A beep force-trim hat switch was mounted on the stick “enabling
the pilot to zero out stick forces and to make small trim ad-
justments to the aircraft. 1Initially a constant beep trim
rate of 1/2 degree per second was used. Later in the program
beep rate was washed out as a function of dynamic pressure
according to the equation
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CAB INSTRUMENTATION

Instrument Range
Vertical Situation Indicator +90° Pitch and Roll
Horizontal Situation Indicator +120° Heading
Airspeed 0 - 520 XIas
Pressure Altimeter 0 - 10,000 Ft
Radar Altimeter 0 - 1,000 Ft
Rate of Climb + 6,000 Ft/Min
Turn and Bank + Needle Widths

¥1-1/2 Ball Widths

'g' Meter -1, +3 ‘g’
Nacelle Angle 0 » 120°
Clock

Sidewarc Velocity +40 Knots
Angle of Attack +20°

Wing Flap Position 0 » 100°
Rotor Speed 0 - 125%
Engine Torgue Meters (2) 0 - 125%

PRIMARY FLIGHT CONTROLS

Stick (+4.8" Longitudinal and Lateral)

Pedals (+2.5")

Power Lever (0 + 8" Normal; 0 - 10" Emergency)
Nacelle Position Thumb Switch on Power Lever

MISCELLANEOUS EQUIPMENT AND FEATURES

Back Drives to Trim Stick and Pedals while in Initial
Condition (I.C.)

Landing Gear Up - Down Switch with Indicator Light

Flap Select Lever 0°, 20°, 40°, 75°

Detent Switches on Spring.Cartridges (Pedals & Lateral Stick)

Magnetic Brake on Pedals, Longitudinal and Lateral Controls

Longitudinal and Lateral Beep Force Trim on Stick

Power Lever HNull Meter

Toe Brakes

Specified Force Feel System

TABLE 13.1. HRXV-15 PILOT STATION FEATURE SUMMARY
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beep trim rate = 0.5 - .00131 dp inches/second

A magnetic brake, operated by a button on the stick, was used

to zero stick and pedal forces simultaneously. This was used
mostly in hover and low speeds since at higher speeds an
objectionable stick 'jump' was experienced by the pilot.

Detents on the lateral stick and pedals were set to +0.05 inches.

The HRXV-15 uses a single throttle lever, side-arm contrcller
style, to command the power of both engines and to provide
collective pitch lead in hover and transition with rotor speed
controlled by the governor. Rotor rpm is schecduled with
nacelle angle. A proportional thumb switch,loaded-to-center,
with detent, breakout and gradient was mounted on the hand

grip and controlled nacelle tilt angle. Figure 13.3 shows the
power lever mounted beside the left arm rest of the pilot's
seat. The power lever has a normal travel of 8-inches encom-
passing the range of engine powers from flight idle to maximum.
For single or dual engine features, direct pilot control of rotor
collective pitch is obtainedé by moving the lever through a
detent set at the 8-inch travel point. Once through the detent,
the rotor governor is switched off and an acditional 2-inches

of travel is available with the power lever acting as a
collective lever.

A flap lever and a landing gear up-down select lever were
mounted on the left sidewall of the simulator cabin. The flap
lever commanded flap settings of 0, 20, 40 and 75 degrees only.
Flap extend/retract rate was fixed at 5 degrees per second.

A 4 second cycle time on the landing gear switch was used.

A stall warning light was mounted on the right side of the in-
strument panel but failed to function during the test period.
Approach to stall was monitored by the pilot using the angle
of attack indicator.

13.3 Piloted Evaluation

During the simulator evaluation period much time was spent in
correcting errors in the visual display and in trouble-shooting
computer/simulator interface problems. Some of these problems
were solved, but many persisted throughout the period. HNever-
theless, about 15 hours of productive pilot flying was logged,
sufficient to provide a basis for a preliminary evaluation of
the Hingeless Rotor XV-15.

The problems that persisted during the evaluation were asso-
ciated with the motion base and the visual display. The
visual display was the subject of frequent comments by the
pilot concerning poor resolution, field of view and brightness.
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Some degree of improvement in brightness-of-scene was achieved
by repositioning the terrain illumination and by altering the
television camera brightness/contrast contacts. Image reso-~-
lution was found to be especially poor when flying in the hover
mode near the ground and this contributed to increased pilot
workload in precision hover and low speed maneuvers close to
the ground. The limitations on field of view, especially the
down and side views, resulted in a degradation in the quality
of visual cues available during turns and in sidewards flight.

The motion base realism was criticized by the pilot throughout
the evaluation period. He complained of abrupt washout and re-
centering motions especially at low airspeed. At higher air-
speeds, noise on the pitch and roll acceleration channels pro-
duced an annoying small amplitude, rapid pitching/rolling sen-
sation. Attempts were made to filter out the noise with limited
success.

Prior to the forthcoming evaluation by a NASA pilot it is hoped
to be able to adjust the simulator motion bose to the pilot's
satisfaction.

13.3.1 Pilot's Report and Engineering Comments

Presented below is the pilot's preliminary evaluation of the
aircraft, followed by Engineering comments, which are keyed
to pilot remarks by the numbers in the righthand margin.

Pilot's Report

During the period October 2 through October 29, 1976, approxi-
mately 15 "flight" hours, in 6 sessions, were spent in quali-
tative evaluation of the XV-15 simulation. Detailed comments
are presented below. It shoulé be noted that evaluation
results of dynamic maneuvers would probably be tempered in
real world by stress/structural limitations which were not
presented or displayed to the pilot.

The pilot did not use standard pilot ratings, since there was
no baseline of simulation fidelity to measure against. Ideally,
for a program of this type where the simulated aircraft is a
"paper" aircraft, prior to the evaluation the pilot should fly

a simulated aircraft in which he has actual flight experience

to establish a simulation baseline. It is recommended for the
forthcoming NASA pilot evaluation, a CH-47 simulation be
available for his assessment. 1

Prior to the NASA evaluation, some work needs to be done on
the Boeing Vertol simulator to optimize visual and motion
cues and improve cockpit displays and functions. Specific
shortcomings are:
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Visual Display - Poor resolution and brightness, inadequate
field of view. The Cab Fresnel lens apparently degrades
picture quality, since the monitor picture is more distinct
than the cockpit display. A second window would improve
field of view; the present field inhibits maneuvering, par-
ticularly in pitch up maneuvers at low altitude when visual
reference is lost and pilot must revert to cockpit instru-
ments to maintain adegquate control. The ultimate objective
should be a 2-3 window color picture, since strong visual
cueing is mandatory with a limited or "nudge" motion base.

Motion Base - Primary complaints were acceleration washout
and recentering time constants appeared too short. Response
to pulse control inputs was too abrupt and unreal. Lateral
or roll cues for low speed side force conditions appeared to
be exaggerated and tendeéd to be disorienting. Spuriour jolts
and jostles unrelated to aircraft happenings occurred, evi-
dently due to "noise". These were disconcerting and annoy-
ing, but not disorienting. If the above recommended CH-47
simulation is mechanized for the NASA pilot, the motion
settings can be optimized by a Boeing Vertol pilot during
this simulation checkout phase.

Cockpit Display - Power lever/nacelle beep switch configur-
ation should be changed to approximate the Bell/NASA simu-

lator configuration. Present nacelle switch is thumb oper-
ated up and down. It is felt that a fore-aft switch oper-

ation would be more acceptable human factors-wise.

Much difficulty was experienced trying to establish and
maintain vertical speed velocity trim conditions due to
apparently oversensitive vertical speed indications. The
instrument displays simulated instantaneous vertical speed,
and some attempt was made to filter the signal. However,
the optimum balance between good sensitivity and excessive
lag was not achieved.

Lateral velocity and sideslip angle indicators should be
relocated closer to the primary scan area and have better
illumination.

If the NASA evaluation math model should include stress
parameters, some form of cockpit indication related to
stress limits, like the C.G.I., should be installed. Also,
a stall warning light should be provided.
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Flying Qualities Evaluation (Pilot's Comments)

Introduction

Approximately 15 simulation hours were flown to evaluate flying
qualities of the Hingeless Rotor XV-15 Tilt Rotor Aircraft
throughout its normal flight spectrum. Cooper-Harper pilot
ratings were not used because the pilot did not have an
opportunity to fly a simulated actual aircraft to establish a
simulator fidelity baseline.

Test Conditions

The initial flight period was devoted to pilot familiarization
of the aircraft and simulator. The subsequent evaluation
included hover and low speed maneuvering and forward flight to
80 KIAS in the helicopter mode (90° nacelle angle), forward
flight characteristics at various intermediate nacelle angles;
conversions at normal and max nacelle rates; power on and off
wing stalls clean and with landing gear and flaps extended;
siigle engine failures at cruise in the airplane mode and from
hover, IGE and OGE, in the helicopter mode; helicopter mode
autorotations; optimum airspeed approaches at 90° and 75°
nacelle angles. Most conditions were evaluated SAS on and

off and at most forward and aft center of gravity locations.
fdelicopter approaches to hover in 15 knot crosswind, helicopter
and airplane cruise in turbulence were performed.

Test Results

Helicopter Mode (Hover and Low Speed Maneuvering). Configur-
ation - 90° nacelle angle, 40° flap angle, landing gear down.

Response to pitch, roll and yaw pulses, SAS on, was good with
dead beat return to trim in pitch and roll attitude and yaw
rate. 1Initial pitch response appeared to have approximately

.25 second lag, noticeable but not objectionable. SAS off,
pitch appeared statically stable, dynamically unstable; roll

and yaw statically stable. Precision maneuvering laterally,
longitudinally and vertically was difficult, requiring excessive
pilot workload. However, considering that response character-
istics were comparable to contemporary helicopters, this was
attributed to weak visual and motion cues.

Acceleration from hover to 80 KIAS was sluggish, requiring an
initial uncomfortable (up to 15°) nose down attitude with a
trim attitude of 10° nose down required at 80 knots. Decel-
erations also appeared sluggish but were affected by pilot
inhibition to steep flare attitudes, since with the limited
visual field of view, flares much in excess of 10° nose up
lost visual ground reference.

13-10



D210-11161-1

Low speed turns, 40 to 80 Kts, were acceptable, with reason-
ably good coordination (1/4 ball or less).

Transitions (0° - 90° - 0° Nacelle Angles)

Normal rate transitions were accomplished SAS on and off with

no problem except maintaining zero R/C in pitch. Again, it 9
felt that stronger cues would have greatly diminished pilot
workload. Maximum rate transitions (90° in 7 seconds), SAS on

and off, were controllable with considerable pilot effort.

With so many parameters to monitor and control (flight path,
torque, nacelle and flap angles, angle of attack) this maneuver

is not recommended for normal operations and should be reserved

for emergency situations with adequate altitude.

STOL Mode (45° to 75° Nacelle Angles)

Level flight and turns were acceptable. During 75° approach
at 80 kts, power was reduced to establish a 1,000 ft/min
descent rate and control was lost thru rotor rpm decay caused by

an exceedance of the governor limits. This was corrected by
a governor change. 10

Airplane Mode - SAS On

Good attitude stability and maneuver response. Some diffi-
culty was experienced in maintaining zero vertical speed

in trimmed level flight. This may have been poor simulation
display, but regardless, an altitude hold capability in
pitch would be a desirable feature. Roll attitude hold
about any bank angle, comparable to YUH-61A and CH-147, is
possibly a questionable characteristic for a fixed wing
airplane. This provides neutral spiral stability, where
possibly positive stability would be more desirable. Yaw
steps produced pure sideslip with zero bank angle; roll
attitude hold results in no apparent dihedral effect. 11

This is not necessarily undesirable but is abnormal for an
airplane. Turns to 45°, pedal fixed, were well coordinated
and rolling pullouts +45° bank angle with 3g were per-

formed with no problem.

Airplane Mode - SAS Off

Response to pitch, roll and yaw pulses was satisfactory with
slow return toward initial trim. Turn coordination, pedals
fixed, was somewhat degraded (less than 1/4 ball slip) and
more pilot effort in pitch was required to maintain zero

R/C than SAS on.
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Stalls

Power on and off, clean and gear and flaps down were docile
and easily recoverable. Stalls were evidenced by angle of
attack and sink rate indications, with some nose drop
tendency but no roll off. Recovery was effected by re-
leasing back pressure and allowing airspeed to increase by
diving and/or power application. No stalls were performed
from steep banked turns.

Turbulence

No problems experienced SAS-on, other than an increase in
pilot workload to maintain zero R/C. SAS-off pilot work-

load increased to degree where IFR capability would be
marginal if mission tasks over and above flight path

control were greater than moderate. 12

Single Engine Failures

Helicopter mode - IGE. Single engine power cuts from a 20
foot hover were performed. Remaining engine increased to maxi-13
mum torque and aircraft settled to the ground, with reasonable
ground contact. Prior to attempting failures from an 0O.G.E.
hover, minimum single engine level flight speed was determined
to be 20 KIAS. O.G.E. engine cuts were initialed from 800
feet, pilot reaction delayed one second, and aircraft pitched
over to achieve 20 Kts, with a height loss of 100 feet (re-
peatable). This indicates a height velocity diagram of

20 - 200 with the nose at 20 Kts would probably be conser-
vative.

Airplane Mode

No noticeable effect other than a light longitudinal
deceleration.

Dual Engine Failures

Helicopter Mode

Initialed from 70 Kts by retarding power lever to minimum
at a moderate rate. The first attempt resulted in an
unrecoverable pitch down. Subsequent attempts were con-
trollable but resulted in an indicated 5,000 feet/minute 14
autorotative rate of descent. No attempt was made to

flare to a landing. This power off condition requires con-
Siderable investigation to determine if it is possible to
land either in the helicopter, STOL or airplane configur-
ation. It should be noted that in the airplane mode,
without pilot control of rotor pitch (feathering), wind-
mill braking effect of these large rotors would result in
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excessive rates of descent. The alternative to a satis-
factory power off landing capability is crew ejection.

Airplane Mode

Throttle cuts from level flight cruise resulted in no
aircraft response other than a rapid longitudinal
deceleration.

General
Controls

Pitch, roll and yaw controls are conventional and common
to both helicopters and fixed wing aircraft. The power
lever motion is fore and aft like an airplane throttle and
compromises standard helicopter thrust control orientation,
with the exception of the forward cockpit side arm thrust
control in the Bell AH-1G Cobra. No problems were en-
countered using this control in the helicopter mode.
Although sensitivity per unit displacement is greater than
a conventional thrust lever, the side arm location allows
wrist action control of minor power changes permitting pre-
cise pilot control of the vertical axis.

Vernier beep trim is provided on the stick for pitch and

roll force and attitude trim adjustments, while a mag brake
button on the stick allows instantaneous force retrimming

in pitch, roll and yaw. It was found that if pitch and

roll trim rates were optimized for good force and attitude
trimming in hover, the rates were too fast for vernier

attitude trimming in airplane forward flight, and vice ver-

sa. If some compromise rate cannot be established, it is
possible the trim rate may have to be variable with q. 15

Nacelle Angle Control is provided by a power lever mounted,
thumb operated, variable rate switch. The motion axis is

up and down, functionally related to nacelle movement.

It is felt that this switch orientation should be related

to resultant aircraft response, which is acceleration-
deceleration, and should therefore be actuated fore and

aft. This is the orientation in the NASA Bell Xv-15

simulator, which would be more familiar to a NASA evaluation
pilot. 16

Conclusions and Recommendations

1. Except for the helicopter autorotative and airplane power-
off landing problems noted above, overall flying qualities,
SAS on and off, are considered acceptable throughout the
flight envelope.
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2. Some real world limitations may be imposed by stress/
structural considerations not mechanized in this
simulation.

3. It is recommended that for any follow-on evaluation of
this aircraft simulation, the pilot should be provided a
simulated known aircraft to establish a baseline of simu-
lation fidelity.

4. Improvement of cockpit controls and instrument panel dis-
plays is highly desirable.

5. Optimization of simulator visual and motion cues is man-
datory.

Engineering Comments

A CH-47 simulation will be made available for NASA pilot base-
line familiarization.

The visual display system will be reviewed and attempts made
to improve resolution and brightness. It is unlikely, however,
that much can be done to extend the field of view since this

is governed by the existing television camera arrangement and
cockpit display system. Work is in process to build an im-
proved simulation visual system that will provide forward,
sidewards and downwards vision. Unfortunately this work will
not be completed until mid 1977.

It is planned to try to adjust the motion base, using a Boeing
Vertol pilot, prior to evaluation by the Ames pilot.

The existing up-down nacelle switch will be repositioned on
the throttle lever to operate in the fore-and-aft directions.
This will involve some reworking of the present throttle lever
hardware.

This will be corrected for the upcoming NASA pilot's evalu-
ation.

Space considerations on the simulator instrument panel may not
permit this, but it will be investigated.

A monitor will be installed to provide the pilot with an indi-
cation of blade loads. 1In addition, an aural warning is being
considered. A stall warning light was provided during the
simulation, however, it did not function. This will be correct-
ed.
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The 1/4 second lag in pitch was subsequently traced to the
visual system and has been corrected.

The difficulty experienced by the pilot in maintaining zero
rate of climb was due, in part, to the oversensitive rate-of-
climb meter as mentioned in Number 5.

The cause of the governor failure was traced to the rotor power
versus collective relationship. This is discussed in Section
12.0.

The roll attitude hold feature in cruise flight will be modi-
fied such that it is inoperative except during feet-and-hands
off level flight.

Turbulence level was set at 5 fps RMS about all axes.

The engine dynamic model used in the simulation is that of a

single engine. Dual engine performance is simulated by doubling

of the single engine model output during each time frame.
Engine failures were, therefore, simulated by multiplying the
output by a factor which decayed from 2.0 to 1.0 in 3 seconds.

As stated in the introduction to this section, the rotor math
model is not yet validated for low power descents or auto-
rotation.

Beep trim rate was reduced as a function of dynamic pressure
during the final stages of pilot evaluation and appeared to be
acceptable.

The nacelle angle control will be repositioned.
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14.0 CONCLUSIONS AND RECOMMENDATIONS

A simulator mathematical model of the NASA/Army XV-15 tilt
rotor aircraft equipped with a Boeing hingeless rotor system
was developed and used to per form preliminary studies of the
aircraft's performance, handling gqualities, and stability.
The following conclusions are drawn:

1. The aircraft has good overall £flying qualities, SAS On
and SAS Off, throughout the flight envelope. with no
stability augmentation, the aircraft is easily controlled
with some increase in pilot work joad at low airspeeds.

2. Control power and damping are adequate in hover and low-
speed transition. At higher transition speeds and in
cruise flight, control provides good attitude and maneuver
response.

3. A wide speed-maneuver corridor free from structural limi-
tations has been provided throughout transition and cruise
regimes. This is the result of careful control parameter
scheduling and the use of cyclic—on—the-stick in transi-
tion and cruise. Cclosed-loop load alleviatinn systems
are not reguired and will not Dbe used.

Recommendations for Future Work

1. Update of Simulation Model

The mathematical model should k- updated to reflect the

results of design studies projected under an extension to
Contract NAS2-2015 (Hingeless Rotor XV-15 Design Inte-
gration Feasibility Study and checks of the critical

flight areas repeated as required. In addition, it is
recommended that the rotor representation should be
upgraded to fully reflect data obtained in wind tunnel
tests under Contract NAS2-9015 (Wind Tunnel Test of
1/4.622 scale Model, NASA-CR 151936-151939) .



Autorotation

bpower settings and in autorotation. The existing rotor
math model does not cover these regions of rotor operation
adequately and new data are required to extend the range
of validity of the model. While the pilot's comments

Control System Failure Simulation ang Evaluations

Specializeqd modifications to the Systems simulation
should be made to allow representation of failure modes

(e.g., hydraulic pressure loss, hardovers and recovery,
etc.).

Further Development of Load Alleviation

Development of the cyclic-on-the-stick load reduction
feature should be continued and evaluated with the pilot
in the loop. This is required as part of the general
updating noted in (1).
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APPENDIX A - TREATMENT OF WING FLEXIBILITY

As described in Section 10 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 guasi-
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 elastic 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, MN is the moment supplied or
absorbed by the nacelle tilt actuator. If Kg is the wing
stiffness as seen by the wing tip, then

My = Kg 6p (A-1)

The total moment about the elastic axis due to wing aerody-
namics, nacelle loads and engine gyroscopic torque is
b/2
T = %' m dy + My + Mgyro (A-2)

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

where 2 is the section 1lift and x is the distance from the

guarter chord to the elastic axis. In terms of the section

aerodynamic coefficients,
1

m(y) = -2--pV2c2

l2a.2 -
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The section lift coefficient, Cgr is given by
ac

c, =k EE& (6 = al) /1- gyr
=k ag (o - ep - al : 8¢ (y) ) /1- (2%}‘ (A-5)
where‘ agR is the wing root section angle of attack
€p is the rotor induced downwash, assumed constant
spanwise
Qo is the section zero-lift angle
8¢ is the structural twist at station y

/ 2
The factor k /1~ (2 is introduced so that, for the untwisted

wing, the lift dis%ributlon is elliptical. The value of k is
obtained from the rigid wing elliptical loading as

k=4 ¢ (A-6)
o

ap

Thus the equation for Cy becomes, with ORIGID_= OR~Ep™ Qg
2 2
/[ |2x /|22
Co = % CLa[aRIGID l-[la) + 8¢ l-(b ) (A-7)

In equation (A-4) we can write, for low angles of attack,

= dCm /4 -

and therefore

m(y) = % pvic? { c, +
o

acp
c/4 X -
_HCIZL.+ c) Cz} (A-9)

The equation for the total wing twisting moment, equation
(A=2), can now be written as,

= 1 2,2 1 2,2
T = Mactuatort Mgyro + Y pVec Cmo b +§-pV c

dac b/2
( Te/4 + x f Cpdy (A-10)
dac, (o]
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Figure A.1. Wing Geometry for Derivation of Flexibility
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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

d
T = Kgbp = Mactuatort Mgyro + % szbczcmo+%pV2ci_ngéi +2

dcCy ¢
CL
X G;b 3“uRIGID + 46T) (A-11)

The equation for the actuator moment is given in the equations
of motion, Section 5.0.

Rearranging, and writing q = qg (1-Cp ) = % pV?2
s
1 - 2 de X -
By = MN+ngro+§qs(l CTs)cw[enarigid m +nE +wamo (A-12)
L
2 2 ac
Kg = &= ggbyc? c1,  (1-Cc7 ) m+ x
© 3T o S dCL C

where CMy, + the zero-lift wing section pitching moment coeffi-
cient, is a function of flap deflection:

Cmg = C1 + C28f + C36f2 (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
lift, wing weight, nacelle lift, nacelle weight and net torque
on the nacelle. The expressions for each contribution to the
bending moments are derived below.

© Bending moment due to wing loading.

Assuming an elliptical distribution of lift the bending
moment is given by

a b/2
M- (yy) = f- L{y) (y-yj)dy (A-14)
41
b/2 ;7 =z
- tob® f /i "(_Z.X)a (21 - 2Y1)d (Zx
4 fJ b b -g- b

————
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where %5 is the lift per unit length at the wing root. Intro-
ducing the spanwise variable 8=cos'1(2z)making the required
substitutions and integrating, the beﬁhing moment at any point
y is:

2
M (y) = Q%f [% (sin 6-6 cos 8)- % sinae] (A-15)

o Bending due to nacelle net vertical load.

The net vertical force on nacelle is
F=F% - nWy

where F2 is the aerodynamic force and nWy is the inertial

load on the nacelle. The bending moment due to nacelle
force is

Ml(y) = ER (1-cos @) (A-16)

o Bending due to wing weight.

Assuming a uniform distribution of wing weight
b/2

MY (yy) = -n [ w(y) (y-y1)dy
Y1

and w(y) = 2W/b where W is the weight of one wing panel

w 2nW b/2 a 7
s MYy = S5 g (y-y,)dy (A-17)

71

. w nWb 1 . 2
i.e. M¥(y) = - T3 (l-cos 8 - 3 sin®8)

o Bending due to nacelle torgue (rolling moment)

T(y) = constant = T (a-18)
Total bending moment at station y is therefore
Mly) = M3(y) + MN(y) + M¥(y) + T (A-19)

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

EI(y) = Elo [l—a l%?)]= EIlo (1-a cos 6), (A-20)
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M(y) _ d*z _ 20b? [(sin 8-8 cos 8)-1/3 sin?se) + F@b [1-cos @
EI(y) dy? 8EIo l - acos 8 2EIo| 1-a cos 8
_ DWyb | l-cos @ _ DWyb [ l-cos 6 - % sin?g
2EI, 1-a cos § 2EI, l-a cos 6
+ T 1
EI, L(l-a cos 8) (A-21)

Double integration of this equation yields
pPression for the bending deflection of the

Y on the span:=~

_ Lb?
z(y) = aTETy
_I'leb3
8EIo
where ¢, = bzy y
: II{I
o [o)
¢2=¢3=b2y
7]
~b2y y
¢4'zf{f
o L o
¢ =b2y Y
> e {f

o

and where the wing 1ift (2 wing panels) L = I g b.
through ¢5 were obtained numerically and gr

¢
F}gure A2,

b3F2
8EI,

¢, + 6y -

oy

(sin 6 - 8 cos 8)- % sin?e

3
nWNb

Er. 3

+ Tb?
4EI

5

the following ex-
wing at any point

l=-a cos 8

Y l-cos 8
]
(6}

l-cos 6 -

l-a cos 8

sin?s

dy.} dy

l-a cos 8

dy
l-a cos e}dy

. W
Since L = =2 ZAERO
a_ N
Fr= ZAERO
T = Y
AERO

.

dy

6 The function
€ presented in
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=1 = 1 2
nww =20 m = 7 0 %wac

where m, is the mass of two wing panels
m is the total aircraft mass
;WAC is the acceleration of the wing aerodynamic
- center
an is the acceleration of the wing tip

and since the values of ¢, through ¢_. are constant for any
given station y on the wi%g we can wfite the final equation
for wing bending in the form

N W N

h) = le Zagro t sz ZaERO " Kw3 Laero ~ Kw4 arp
- Kw5 AWAC
where hl = =z
- 3
le = b7¢,
8ET
Q
3
Ky, = o
2 4TEI
(o]
3
K, =20
3 TEL
Ky, = myb’e,
4 aEfo
K, ~ MyP 04
s BET_

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 ¢l» ¢5 appropriate to
these stations.
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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 together with a simplified re-
presentation of the oleo dynamics. Nose wheel steering is not
included.

With reference to Figure B-1 the distance from the center of
gravity to the bottom of the right main wheel following a
positive pitch rotation is

he = X sin 8 - Z cos 8 - r (B-1)

where X and Z are the coordinates of the hub of the wheel
relative to the C.G. and r is the tire radius. If the air-
craft is now rolled right, through the angle ¢, the bottom of
the right gear moves through a distance.

h¢ = [Y sin ¢ + (Z+r) (cos ¢-1) 1 cos § (B=~2)

The height of the bottom of the wheel above the ground is
therefore

h=H..+hy-h (B-3)

CG ¢

and the oleo deflection during ground contact is given by
H +h h

h = CG g8 ="¢ (B-4)
T cos ¢ cos ©

By differentiation of eguation 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 ob-
taired as

- Heg
hp = Z5s 6 cosb " XQ - YP (B=5)

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

F. =K hT + D

G ST st D (B-6)

where KST and DST are the equivalent spring rates and damping
for the oleo, and FG is the force on the landing gear strut.
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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 andthe ground plane, p051t1ve forward,
and a side force F_ at right angles to F. lying in the g;ound
Plane and positive™to starboard. The fr¥ction force F_ is
assumed to be proportional to oleo force and the amoufit of
braking exerted by the pilot. The side force is proportional
to the ocleo force.

The components of tire friction are:

F = (“0 + My BG) F u {B-7)

H GZ '[TJT

Fg = ug Fg, Vv (B-8)
vl

where ug, and ug are the coefficients for reclling friction,
brake frlct}on and® sliding friction. B, 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;

aX_ = Fun - FGZne (B-9)

pY_ = an + FGZn¢ (B-10)
sz = Funs - an¢ + szn (B-11)
AM_ =-8Z X+ BX (2 + T+ th) (B=12)
AL, = AZ_ Y - AY_(Z_ + r_ + hp) (B-13)
AN =-8X Y+ 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:
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APPENDIX C - VELOCITY AND ACCELERATION TRANSFORMATIONS
AND CENTER OF GRAVITY/INERTIA EQUATIONS

C.1l Velocity Transformations

The calculation of aerodynamic forces an 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 velo-
city of the pivot reference point.

With reference to Figure C.1, the velocity of a general point
in the aircraft relative to the airplane center of gravity is

3

H

v = +axcr (c-1)

(o2

t

where r is the radius vector from the c.g. to the point and Q
is the angular velocity of the aircraft. Thus, expanding
equation C-1, the velocity of the pivot relative to the c.g. is

uy = X, + QZp - YpR

vﬁ = Yp - P2, - XpR (c-2)

g-
]

where Xp, Y. and Z. are the distances of the pivot from the
C.g., measu?ed posgtively forward, to the right and downwards,
respectively. If we measure all distances from the pivot loca-
tion then Xp = -Xcgr ¥p = =¥cg = 0, Zp = -ICG and the velocity
of the pivot relative to inertial space can be written,

U+%=U-XCG-QZCG

'J:

w_ =W + wé =W + QXCG - ZCG

where U, V, and W are the components of the velocity of the air-
plane center of gravity.

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

c-1
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u= X+ QZ - ¥R
v =Y+ RX - PZ (c-4)
w= 2 + PY - QX
where X, Y, and 2 are measured from the pivot to the point. By
adding equations (C-3) and (C-4) the velocities of the follow-

ing components are obtained relative to inertial space. The
indicated distances are measured relative to the pivot.

Velocitv of Horizontal Tail Aerodynamic Center

(C-5)
Wgr = ¥p = XurQ
Velocity of Vertical Tail Aerodvnamic Center
Vyr = Up + XypR - ZyrP (C=6)
Wyp = Wp * XypQ
Velocity of Left Wing Aerodvnamic Center - Body Axes
ulw = up + Q (2 + h ) + YyuacR
Lw P WAC llyac WAC
] =
Viw = Up * XypacR = PlZypc + by ) (c-7)
Lwac
] - - - Xy
Yiw = ¥p T Tuack T Xwac? T Py
. WAC

where hlLWAc is the elastic deflection of the left wing aero-
dynamic center. The equations for the right wing are obtained

by substituting
Yryac = ~YLwac

and thWAC = hlLWAC
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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. 1If the wing
chord makes an angle i,; with the body centerline then

uLw = uiw cos iy - Wiw Sin iy,

Viw = Viw (C-8)

Wiw T Wiw ©0s iy + wiy sin i,

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

Velocity of Left Rotor Hub - Body Axes

L

uéL, = uP + RYN - Ls (iNL + Q) sin i + Qh

NL 1y,
. (C-9)
VR, = vp + Lg (R cos iy, + P sin ing) - PhlL
- \4 . >
WA, = wp - PYN = Lg (inyp, + Q) cos ing + hlL

where Lo is the distance from the rotor pivot point to the
rotor hug and hl; is the deflection of the wing tip. The equa-
tions for the right hub are obtained by changing subscripts and
substituting Yy = -¥YN.

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.

URL, = ugp cos iy - WRL Sin iyp
VRL = VRL (C-10)
WRL = Wgp Sin iy + WRp €05 igp

The corresponding equations for the right hub are obtained by
changing the subscript.

C.2 Center of Gravity and Inertia Egquations

Equations are required that express the overall aircraft center
of gravity position and inertias in terms of the centers of

Cc-4
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gravity and inertias of the individual mass components. In
order to do this a fixed reference point is chosen in the air-
craft defined by the intersection of the line joining the
nacelle pivots and the vertical plane of symmetry of the air-
craft, see Figure C.l. A set of axes Py'y';' is taken at this
pivot reference point, parallel to the axes OXYZ at the air-
craft center of gravity. If the location of the aircraft
center of gravity with respect to the pivot reference axes is
(Xbgr Y&gr 2'¢e) and if (2g, hg) and (Lw, hy) are the x and z
coordinates o% the fuselage and wing masses measured from the
pivot, then the following relationships are obtained between
the centers of mass of the components and the aircraft center
of gravity.

Fuselage CG Relative to Aircraft CG

?
Xg = 2f = XcG

(c=11)
Xeg = hg - 2cg
Wing CG Relative to Aircraft CG
'
Xy = 2y ~ Xce
_ , (C=12)
2y = hy = 2cq
Nacelle CG Relative to Aircraft CG
N _ ' (C~13)
. N [
zNR = g sin (lNR - 1) = Zpg
ZNL = % sin (iNL - A) - Z'CG

where 2 is the distance from the nacelle pivot point to the
nacelle c.g., and ) 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.l.

C-5
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Aircraft Center of Gravity Position

By taking moments about the pivot, the aircraft center of
gravity is given by

‘ Mg g +m, 2, My _
Xcg = o + L\ 4y |cos(iyp-r) + cos(iNR-A)]

(C-14)

; mf hf + m, hw Ty ) i
ZCG - - 2 _m Sln(lNL-k) + sin(iNR-X)

The equations of motion (Section 3) require the first and
second time derivatives of the center of gravity position.
They are as follows:

Center of Gravitvy Velocitv Relative to Pivot Point

ot mN
(C-15)
. Al .
Zog = -2 — 1NRCOS(1NR-1) + 1NLc°5(iNL-A)
Center of Gravity Acceleration Relative to Pivot Point
"i Tﬁ ® . \ ® o2
Xeg = -2 iNrsin(igg=-1) + inLsin(iyg=1) + iyp cos
(4 A) + 12
i, - Lap
NL ‘Nr 08 (igg *)] (C-16)

;l - g (RN {? . ® . o2
CcG o LlNRCOS (lNR-A) + lNLCOS (lNL-)\) - lNLSIn

° 2 N .
(1NL-A) = 1ygsin (1NR-A)J

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:

C-6
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uP + Q2

PA RY

PA

+ RIPA

Vp PZPA

wP + PYPA - QQPA

C-3 Pilot Station Acceleration - Body Axes

The pilot station acceleration is also required to drive the

visual display.

The velocity at

Vpa

where Irpp is the vector from the
station and SIPaA

These accelerations are derived here.

the pilot's station is

P4
v + 0 X »r + _=PA
Veg + 2 X Zpa ¥

aircraft CG to the pilot's

is the rate of change of the pilot's station

. Tt
with respect to the aircraft CG.
The pilot's station acceleration is
dat dt dt at 5 st
s § r S E.PA
m ae t (X Tp) +AX (RXIpy) v 2K
st st 6t
sn §Ipa ( ) - a'r__ + ¢ rpa
= a + =X + 20 X + Q (r . - r
22 . = '=pp - =?a —
6 T st A 5t
with g = Pi + Qj + Rg
E% = Pl + éi + Rk
A A
= i + {2 - 2 k
fon = (Kpp = Xcg) 1+ Upy Yog) 3+ (Zpy = 2’ B
Srpa . . A . . a . . A
== py - Keg) L+ (¥py = Yeg) 1% (py 7 %g) X
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and noting that Y¥og and the time derivatives of Xpar Ypa,
Z2pp are always zero, the above equation yields the pilot's
station accelerations as:

X e

- _ “AERO, ,: 2 2
®xpa = —wm (@ * PR)(Zpa -Zcg) + (0% + R®) (Xeg - 2pp)
- Y : - - :
ypa = —2ERO* (P - QR) (Zgg - Zpp) + (R + PQ) (1p, - Xcg)
m
2 2 . .
- Ypp (R + P ) + 2 (PZCG - RXpg)
z —
_ _“AERO. . 2 2
asz = T+ (Q - PR) (XCG - EPA) + (P7 + Q") (ZCG - ZPA)
* ¥pp (P + QR) + 20k - Zog
ZAERO
where = etc.

and Xpa = tpa. 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,

W NIL NR 2 2 2 2 2 -
xx xx + Ixx + Ixx + Ixx + mfzf + mwzw + ZmNYN + mNZNL + mNZNR (C~17)

where Iix’ etc., are the inertias of the various components
about their individual centers of gravity.

C-8 -
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In the case of the nacelles the inertias Iig, Iﬁi are dependent
on the nacelle tilt angle, iy. These inertias are related to
the inertias of the nacelle with respect to a set of nacelle-
fixed axes O"xyz placed as shown in Figure 3.1l. The relation-

ships are

N _ .N N N L2 : .

Ixx = Ixxo + (Izzo - Ixxo) sin iy - Isz sin 21N

N N

It =1

Yy YY¥o

(c-18)

N N N N 2
I =1 + (I -1 ) sin iy + I sin 21

zZ zzo XXO zzo N xzo N

N _ <N : : :
Ixz = Ixzo cos 2iyg + % (Ixxo - Izzo) sin 2iy

Using equations (C-18) together with (C-13), (C-11), and (C-12),
in equation (C-17), the roll inertia becomes

. +f N N . 1N . 2. . 2.
Tex = Ixx * I¥x + ZIxxo + (Izzo Ixxo) (siniyy + sin iy
N , . . . YZ + h.Z
- Ixzo (sin ZlNL + sin 21NR) + 2 my Yy mehele

] 1
+ mohz, - meZelog — M2ylcg
] 4
- my2Zx120c ~ ™eZNR%CG
2
. N

W N .2, . .
+ I + + - +
21 . (Izzo I °) {sin lNL sin lNR)

N s . 2
- Ixz° (sin 21NL*ﬂn21NR) + 2 my¥y + mehele
+ mh Z, - my [ZNR sin (igg - A) + 2y sin (iyg - x)}
since the terms containing ZéG sum to zero.

C-9
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w N . .
<z + Ixz + Ixz (cos ZlNL + cos ZlNR)
L™ - 1N ) (sin 2i + sin 2i ) +m 2 2
2 NL NR

XXo ZZO £f£f

M2yl + 2my [ZNR cos (ingg = A) + Zy, cos (iyy - Aﬂ
£ £ w w N N

. 2' » 2. 1] v
220)(51n ing + sin igg)+ Iﬁzo(51n 2iyg,

+ (Ig, = I

-(mfhfzf +mh z) + my 2 [ZNL sin (i, = 1)

2
+ ZNR sin (iNR - x)] + 2mNYN

Similar expressions are obtained for Iyy and I, and these are
pPresented in Appendix E.
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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 side-
slip, and rotor thrust. The equations presented in Appendix E
for the immersed areas Siy and Sip were obtained as follows.

The above sketch shows a rotor under conditions of combined
angle of attack (agp 1) and sideslip (8). The resultant angle
of attack of the shaft is given by

ag = cos~l(cos ap, ., cos B8) (D-1)
If the rotor shaft is inclined to the fuselage centerline at
angle iy and the fuselage is at angle of attack ag then

ap,p, = ef *+ iy (D-2)

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

Tan 8 (D-3)

z = Tan~!
Sin GT.L.

and is the angle shown in the sketch.

Figure D.l presents four views of the geometry of rotor slip-
stream/wing planform interaction.

Figure D.l[a] is a view of the plane taken through the rotor
shaft parallel to the aircraft vertical plane of symmetry. The

D-1
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line PT is the wing chord, the distances PC and h. are the hori-
zontal and vertical coordinates of the pivot measgred 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 slipstream
is a sheared circular cylinder.

Figure D.l[c] is a section taken in the pPlane containing the
rotor shaft and the freestream velocity vector V_- The angle

e Is the deflection of the slipstream relative to the freestream
direction. Planes are taken through the wing leading and trail-
ing edges parallel to the rotor disc. These intersect the rotor
shaftline at the points O and T, and intersect the slipstream
centerline at the points O' and 0". These points enable the
slipstream traces shown in (b) to be constructed.

Figure D.1([d] is a view taken pPerpendicular to the wing surface
showing the areas washed by the slipstream. For convenience,
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 curves 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),

S; = '%(pm + ™N)c

iR

= 5(PR+ RM + TS + SN)c (D-4)
From Figure D,1l[b] PR = 00' sin 4 (D=-5)
From Figure D.l{c] 00' = (2-0D) Tan (aR-c) (D-6)
From Figure D.,l{a)]. ©OD = PC cos (iN-iw)-hpsin(iN—iw) (D-7)
From Figure D.1[b] RM = R'M!' =J/E§_- O'R"2 (D-8)
From Figure D,1l{b] O'R' = 00' cos ; + OP (D-9)
From Figure D,lla] OP = PC sin (iy- iy) + hpeos (iyx~iy) (D-10)
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These egquations define the leading edge intersection PM. 1If

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)

O0"= (& + ¢ cos (in-iy)-OD) Tan (ag-e) (D-12)
2

SN = S'N' = 2; - o"s'2 (D-13)

O"S' = 00" cos [ + TT' (D-14)

TT' = QP - ¢ sin (iN’iw) (D-15)

If we write
El = PR, 52 = RM, €3 = TS, and 54 = SN
then, using the above eguations,
§1= [2-PC cos (ig=iy) + hp sin(iN-iw)] Tan(cg-e)sin & (b-16)

and

Ez" —

2
jbs -{[2-PC cos(iN-iw)+hpsin(iN—iw)]Tan(uR-e)cos 4
4

+ PC sin(iy-ig) + hpcos (iy-ig) P (D-17)

The corresponding equations for £3 and £, are obtained by re-
pPlacing PC in (D-16) and (D-17) and (PC-c)
Thus the immersed area of the right wing panel is given by
1
siR =35c (61 + &2 + &3 + £4) (D-18)

From the symmetry of Figure D.1[d], SN=BS and RM=AR. The total
immersed area of both wing panels is

Sip =3 c @M+ BY) = Lo (2,420 (gpvey) (D-19)

and therefore the immersed area of the left wing is obtained

from
Sip = Siqp - Sig (D~20)

The above equations correspond to those presented in Appendix

E for calculating immersed wing area.

D-4
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Appendix E

The equations and control diagrams that form the mathematical
model of the hingeless rotor XV-15 tilt rotor aircraft are
presented in the following pages. Input data for the model 1is
provided in Appendix F. The simulation block diagram is shown
on page E-6. Each element of the diagram is numbered. The
reference table on page E-2 lists the block diagram element
number, the function of the element, and the starting number
of the pages containing the equations for the element.
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133HS
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DENSITY CALCULATIONS

T (OF)=59,-,003561 h

!

T(°F)=89.8~.00386% T(°F)=103 - .003803h

'

5.2561
8 = (1-.000006875 h) ’
: o = T(°F) + 459.69
518.69
%4 = §/6
a = 1116 /8
M =V/a
p = .0023769 oy, —— exTT

INPUT: h
ATMIND 0 STD ATMOS
1 HOT ATMOS

2 TROPICAL ATMOS
OuTPUT: §, 6, Ohs @ M, p
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TEA = '1‘[,3/6~
NLIM=0
1 &/6@) - {';':“ax { W/ fu} /  LOOK UP
C:‘MD__ SHP* we \Tsupz] 873 4/8/8
max T/9=Tmax SHP* Q@ TEA, M
0 : o M=0
" // LOOK UP YES w/8/8 as8/3
TEA=T/8® /0 @ (w/S/_ —SREp* 2| SHP-, .
NI_:I:"E'l HP' ‘max w
max W,M
NO
. L L N /  LOOK UP
N I 1
( N,IID—-— ( e } ( "f‘""‘) [‘75) “If',a @ TEA, M
I max NI NI
0 Np
/ LOOK UP _ _— ET S Np/ 73]
TEA=T/8 /8 3 nlz/v’u_\ < .M S ——“i
NLIM=2 TN max max
I Ny Np
NO
//  LoOK UP
1 e/ V8 NI/ T
CmaD—"( ;" { 140,207 Ni//8 o TEA,N
I max I max N‘I
0 Np//%)
/ LOOK UP Ng/ VB We/ "
TEA= T/8 /8 Nr/"_ ves [ —— 2 ("N.
NLIM=6 max ] I I -max
Ny//81 Np/7/®)
NO
BNGL
SUBR.

ENGINE ROUTINE POWER AVAILABLE
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Q/Q* vs T/0

100K UP
F /0 @ Q  fo*

FROM TARLE

TEA=T/8
NLIM=3

ENG1 SUBR.
@ TEA, M

SHPA-

SHP/5/0
(W} (sm*'é/é}

‘E'(17~' I &

NI/VE /B Nt Vi g

I
€ TEA,M

'ENGINE ROUTINE POWER AVAILABLE
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Y1 N
EIIOPT Ny /7y~ 78

SR o /0.m

SHP/8/8 ' sr;u:/s.@'
=@ (KPN) ( SID*

FLOV; CHART FOR SUBROUTINE ENG 1 OF ENGINE ROUTINE
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LEFT

NOTE:

RIGHT

D210-11161-1

ROTOR CONTROL COORDINATE AXIS TRANSFORM

" L} t
= A cos + B i
Ay lew *p lep SIM 9%
(1] ] 1
=-3 i +
BlCL lCL sin @P BlCL cos ¢P
” n
Ach = AlCL cos EHL - BlCLKSln gHL
1] N 11
= A1 _Ksin ¢ + B cos ¢
Blop T Bl HL | TcL HL
¢P is the control phase angle. ¢P is positive
for the control axis moved opposite to rotor
rotation.
" [ 2 ]
= + i
A]_CR AlCR cos ¢P BlCR sin ¢P

1 ]
BlCR =-A1CR sin ¢P + BlcR cos ¢P

Al

Al cos §

+
CR cr °°% fur* Pleg HR

BlCR =—A1CRKsin g+ BlCR cos ¢
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CENTER OF GRAVITY CALCULATION

C.G. LOCATION RELATIVE TO PIVOT

mflf + mwlw

mN . .
Xeg = - + L (;—) cos (1NL-A) + cos (1NR—A)
_ Mmghe + myhy _ my . . _ . . _
ZCG = — L {;_) sin (1NL A) + sin (lNR A)

C.G. VELOCITY RELATIVE TO PIVOT
X = - £ (Eiqpt sin (i -A) + i sin (i —A{
ce = | i NL NR NR
* . (mN)'i ( A) + : ( )\).
= - _— s (i - i co i -
cG e It Wt NL Nr %% “yr
C.G. ACCELERATION RELATIVE TO PIVOT
X = - g (m_ﬁ) i sin (i -A) + i2 cos (i_ -A)
CG m NL NL NL NL
. . . 22 —
+ iyg sin (lNR Ay o+ iyr cos (1NR A)]
- m [ (3 2 (;
Zog = T L (E_) igy cos (1 x) igp sin G, x)
" f
+ i i _=x) - i i =2
lNR cos (1NR ) NR sin (1NR ﬂ
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FUSELAGE PIVOT VELOCITY

U =U-2_qg-X

P CG CG

<
it

vV + - X r
P Z2ecP cG

i e

=
I

w4+ X
c
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VELOCITIES OF AIRCRAFT COMPONENTS

LEFT WING A.C. VELOCITY - BODY AXES

Upw = Up + ZyacT * YyacTr + 9 Nlpyac
Viw = Vp t Xyact ~ ZyacP T P Dliyac

Wiw = Wp = YuacP ~ Xyac? + Dlpyac

ROTOR WING A,C. VELOCITY - BODY AXES

Upw = Up * Zyacd = YyacT + @ Dlgyac
1

Vew = Vp + Xyact ~ ZyacP - P Plgyac
' ]

Wew = Wp + YyuacP — Xyac9 + Pigyac

LEFT ROTOR HUB VELOCITY - BODY AXES

Upgp = Up + ¥ ¥y - Lg sin i, (i + @) + q hyp
) . . .

Ve = Vp + ILg (r cos ig, * p sin lNL) - P hy
' N . ;

Wpyp = Wp - P ¥y - Ls(lNL + gq) cos igr t hlL

RIGHT ROTOR HUB VELOCITY - BODY AXES

- r ¥y - Lg sin i, (ig, +q@ +4ghy

c
]
(]

RR P
1 o o .
Vegr = Vp + Lg (r cos iy + p sin lNR) - P hy
] .. » . }
Wer = Wp + P Yy ~ Lg (lNR + gq) cos i t hlp



LEFT ROTOR HUB

VELOCITY - SHAFT AXES

= URL cos lNL - wRL sin
t

= VpL
1] . . 1

= U sin 1 + W cOSs

RL NL RL

RIGHT ROTOR HUB VELOCITY - SHAFT AXES

LEFT WING A.C.

' . 1 .
= URR COS 1np ~ WRR sin
_ ]
= Vgr
= UéR sin iNR + wéR cos

VELOCITY - CHORD AXES

LW

Viw

Wpw

RIGHT WING A.C.

] N * N
ULw cos lW WLw sin

1]
Viw

in sin iy + Wiw cos

VELOCITY - CHORD AXES

Ury

= Uﬁw cos iy - Wﬁw sin

]
= Vpw

Uéw sin iy + Wéw cos

o]
|

21

NL

NL

iy

iy

iy

D210-11161-1



HORIZONTAL STABILIZER A.C. VELOCITY - BODY AXES

U = U, + 2

HT P HTd

Var = Vp + Xyor - 2

HrP

W

"

W, - X

HT P a9

VERTICAL FIN A.C. VELOCITY - BODY AXES

RIGHT FIN

LEFT FIN
VVTL = Vp + YVTr - ZVTp

WVTL = Wp - XVTq - YVTp

D210-11161-1



WING AERODYNAMICS

CALCULATE ROTOR INTERFERENCE TERMS:

D210-11161-1

TRR = GRR
RRr = TR
v
RR
. vi = va_ [IReel*10
V*R / RRR|+10 ; ig T V*R ——E%ﬁi__
20A
4
3 2 2 =
V*R + 2 V*R Vi COS Tpp + V*R V*R 1l (Solve for V*R)
- 2 2
€P = KS Tan 1 JWRR + VRR l' . o
imit 90
RR 2ViR + URR
cos (TtRR ~ °RR)
CTSRR CcOSs (TRR - C!RR) + V,Zl_
4
‘LR - %R
Rp = Tp
VLR
R +10
V*L = /{ LglA : ViL = Vi |RL,R|+10
P 20A
ve +2V, v} cos t o+ vi Vi =1 (Solve for vy )
L L L L L L
= -1 ﬁz + Vv
EP KS Tan LR iR limit 90°
LR 2Viy + U
L R
c _ cos (tLr = %LR)
TSt R cos T&LR - app) + V%L
4
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£.. = Tan~! [VRR/(WRR + £WRR URR)] Used in rotor
HR transformations

= -1
EHL = Tan [Vry/ (Wgrp, + ewrr URL) ]

E = (Egr + €gp)/2 ep = (epgpr *+ €prRr)/2
ER = (agr + @LR)/2 Iﬁ = (in7, + iNR)/2
) 9 0.25
pg =b |"Rr * Urr * Vig)
2 . 2
Wer * (Urg * 2Vig)

gy = [Lg = BC Cos (I - iy) + hp Sin (Iy - iy)] Tan p Sin &
ErRy < Eé - ERI Cot T + PC Sin (Iy - iy) + hp Cos (Iy - ivﬂ 2
4

i
o

If £gy < 0 or imaginary, set &gs = 0 and &g}

If |§,| > 89° set = 89° and tg, = Ds
P R2 T =

Form ¢r3, £R4 by setting PC = PC -cy

If £R4 < 0 or imaginary, set Ery = 0 and Egr3 = 0

. _ - . .
cl, = &y ~— PC + Rs cos tp - (Ls sin tP + hp cos 1N - *w - €p)
If ¢; > c set ¢y = ¢

]
o

1 L
If Cuw < o set cw



S;  =Cw/2 l[Egy *+ &gy * Ep3 * Epyl= Sig

RW
(5i/S)gu = 2 (SiR/Sw)

/
ip = Sw (g2 + &Ryl

S = S. - S. = S
TLw i1 R L

(8i/S)Lw = 2 (SiL/Sw)

(ARi)LW = (SiL/c% )

(ARi)RW = (SiR/c% )
AR, = S,/C, (FROM PREPROCESSOR)
(CLai/CLo)Lu = il
Lai/“~La’/LW — —
T+ G, [1/(AR) o - 1/AR]
(Crai/CLo)RY = u :
Lai/CLa)RW = -
T ¥ C gy [L/(AR ) - L/AR ]
Yk 4+ *
Kl = VE gy /O Vi
Vi + vi :
*
Kig = Ve * (Crqai/Crydry VR
' VE  + v
R
E-25
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q = 0.5 p [fw - 2vy Sin (iy - iW)]2
S LW W L L

+ [ULW + 2Vi Cos (lN - iw)]z]
L L

= - . . - 2 2
qSRW 0.5 p [[WRW 2ViR Sin (1NR 1W)]
+ [Upe + 2vy Cos (i - iw)]ﬂ
RW R R

dg = (quW + qst)/z

qp = p(UZ + V2 + W2)/2

q  _ 9F . a _ _ I
dsrw dSRW dsLw dSLw
ds dSrRW dsLw

Wing height for ground effect:

hwe/s = ~Zpown + (Xwac — XcG) Sin © + (Zcg - Zwac) Cos 8

D210-11161-1



WING ANGLE OF

ATTACK AND SIDESLIP

LWO

RWO

BLwo =

RWO

, [ Wiw 7
sin~ ﬁ + 6
UZ_ + W t LWAC
LY LW w
[ W ow
| 2 2
sin™! [ Upy * Waw | * ®trwac
. Viw
SIn_l 2 2 2
U V2 + W
_J LW LW LW
- VRwW
sSin
2 =7
JORw * VRw *+ Waw
(aLWO + aRWO)/Z
“two ~ *w T Ptuwac
ewo ~ tw T ®trwac
-
= tan-! | Wow - 2Vigp Sin (iyp = iw)
| ULw + 2viy, Cos (iNL - iw)
- - v . _ .
- tan-! Wrw igr sin (inR i)
_URW + 2ViR cos —(iNR iw)
E-27
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CALCULATION OF INCREMENTAL LIFT, DRAG AND MOMENT COEFFICIENTS

*
CALCULATE:
CLLWO = CL @ a = aLWSS , § = 6LW + Gf
C = C, @ a =0« :r 8§ = 8§ + 6
DLW, D stso LW £
C =C @ a=a § = § + &
LRW L RW.. | R £
) S8,
Cprw, = Cp & o = RWgs ' ° *rw * S¢
C* =C = § =& + 6
LLW, L € a °Lw0 ! LW £
* = = = § +
CDLWO CD @ a aLWO , 6 LW 6f
Cc* =C @a=a § = & + 6
LRW, L RWg RW £
* = = = +
CDRWO CD @ a aRWO r O 5 RW Gf
CLo = CL @ a = aF+1W , 6 = Gf

USING THE FOLLOWING EQUATIONS:

ACL& = a,é (0°< & < §,)
= ag + ags + a; 62 (§,< 8 < 834)
B TAIS P IPLE (8 > 85)

ACH, azglél + a3,62 (0 < & < &;)
= a3} + azps (6 > 85)

*DO for iy = 90° and 0°; interpolate linearly for iy



If o

D210-11161-1

+ _ °

o, = 20 * a;$ (0° < 8 < &)
= a2 (6 > 51)

oyn = 23 * 248 (0° =8 < 81)
= ag (¢ > 61)

<o < a;L calculate:
C, = ag + Ciaw o + ACL5

Ctwy = CL
Crw, = Ciw; ~— 2CLsg

2 2 _ 2
Cp = Cpo, * 226 CLW, + az7 Ciwy *+ 228 (Crwy - Crwp)

+ ACpg,

m
|

29



If “ﬁL < a < aﬁL + ajg calculate:

If

D210-11161-1

c! = a, + C! a: + AC
NL LS
vt 6 Loy
= - + -+
aDUM o aNL a0
- 2
ACLNL a0 * 321 epym t 225 ofyy
NL NL
C = ag + C{, o+ ACy;
Lwl aW
C = a,. + C o
LW2 6 Law
Cp = Cpo + aze Cfw_ + azy Cfy + ang (Cpyy - Crw )2
w 2 1 1 2

DO

+ a;, < a < 90°

18

Cy = (ag + C¢
L 6 L
“w

- +
% T ogp t 23
- [}
cLWl = a. + ¢l
— [
CLW2 a6 + CLa

calculate:

+ o ° +
anp, + ACLG)(9O - a)/(90° - o



2 2
Cp. = Cpo_*+ 2326 Ciw_ + a7 Ciw_ + azg (C - CLw
1 W P ! 1 by 2

Cp = Cp

If NI,

+ aC
DO

+ (1.2 - Cp ) (o = a4)/(90° = a,)
1 P 2 2

- 819 < a < agr calculate:

c! = a_ + C' . + AC
LNL o 8

pym T ¢ T oxL * 23

= 2

CL = C]!_‘ + ACL
NL NL

C =a6+Ci‘ Ct+ACL
Lwy ay 5

CL = ag + Cf_, o
W, %w

Chp =C + a50 Cr2 + ajy Cp2 + ajg (Cp
D Dy 26 “Ly 27 “Lu, Wy

2

+ ACD
(o]
)

S o < ooy, — ajg calculate:

D210-11161-1
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apyM = @ ~ onp t a3

AC, = az3 + az4 opyM * a25 ¢RUM
NL
Cy = Ci +  ACy (aial)
NL NL
= CiNL (90° + a)/(90° + al) (a<al)
C = ag + Ci aj] + ACy,
Lwl o 8

CLw, = % ¥ Cl, ©1

Cp = CDl - (1.2 - CDl)(a - a3 + ajg)/(90° + az - a19)
Stall warning logic:

+

a =14 + & (.000122 iN - .058) 0 < &§ < 122°
Stall - -

= 9,42 + .0150 iN . § > 122°
+ = -
cxstall =21

Actuate warning if

. + -
elther a_, 17 < %gysso © %stall

+ -
or O5tall © ®*RWO © %stall



CALCULATE:
C = @ a=a , 8§ = 86, + 6
Mw x L¥ss, £ arw
C =C, @Q@a=a , 8§ = 8_ + 8§
HRW M RWsso f aRw
*1 e
= C a = § = 8¢ + &
HLWO M uLWO ’ f arw
* 1
CMRWO =Cq @ a = ARWy  # § = 8f + Sapy
AS FOLLOWS:
If a < a <a

1 - 2

1 —3
Calculate CM b2

+ b3 a

D210-11161-1

ACy = b, + bs § + bg 62 + by iy

CM = Cﬁ
If a > a,
Cﬁ = b2
cC. =¢C'
M
If a < @y
A —4
C b2
CM = C

+ AC
Ms

+ b3 a2+ ACM‘5

(90 - o) /(90 - az)

(90 + o)/(90 + al)

33

23]
|
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CALCULATE :
197 LN ] [}
= C ; C = C s C = C
LW Liwo” Dry Diw’ My Miw
1o - C . LIS S ] - C C'l - C
Lrw Lrwo’ “Dry Drw’ "Mpy = “Mpy
cyr =
Liwmax = CLyax + 8CL, + 8CLgp
[ 8 ]
= + A
CLrwMax = CLyax ACLy + ACLg,
c*' = c* : C*' = c*' ; C* = * ¢
Lrw Lrwo’ ~Dry Drwo’ Mgpy CMRwo
c*' = C* ; C*' = C*' : c* = * 1
Liw Liwo’ “Dry Drwo’ “Mpy = ©Mp o
ct = ¢l _ 2+ /AR ¥ I
LpwMax LiwMax ; PGFW =
v ——
o o 2 + /ARZ (1 - M2) + 4
LRWMAX LRrwMAX
CL = Cpy (ag/a)w X PGFW ; (ag/a)y = £ (hyc/,)
"IGE Tres "IGE Tee
= X PGFW . - X PGFW
CLLw CLLw (ag/a)w ; CLRw CLRW (ag/a)w
*IGE 1 *IGE &'
= X PGFW - = X PGFW
CLLW CLLw(ag/a)w ; CLRW CLRW (ag/a)w
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ACEGE K (cIGE c )2 /7AR ACIGE K (cIGE C 2 /wAR
- - m : " - " - :
DLW 99 ' LLW LLW W DRW 99 'TLRW Lrw) /TRR,
AC£GE K (c£GE C*' )2/7AR ACiGE K (c*I‘GE C*' )2/nAR
DLW _ 99 '"LLW rew’ CTNT S“pRW T 99 TLRW LRW' 0y
IGE IGE IGE

0.0 & Ciiry = CLLw MAX

*

IF: Cfrw > Cfrw max 7 SET ACpry

es joE eE _
IF: Clpw > Clrw max ¢ SET 8Cpgy = 0.0 & Crpy = Crpy Max
1GE 1GE 1GE
IF: C* > C* ; SET AC* = 0.0 & C* = C*
LLW — LLW MAX DLW LLW LLW MAX
1GE 1GE IGE _
IF: C* > C* ; SET AC* = 0.0 & C* = C*
LRW — LRW MAX DRW LRW LRW MAX
IF: (ag/a) > 1.0 ; SET K99 = -1.0
(ag/a) < 1.0 ; SET Kgq = +1.0
CALCULATE
IGE
” — "
LLW LLW
y IGE
c" =C + aC"
DLW DLW DLW
1GE
cll = Cll
LRW LRW
1 IGE
c’ =C + acC”
DRW DRW DRW
1GE
* = C*
LLW LLW
1GE
c* = C*' + AC*
DLW DLW DLW
IGE
* = O%
LRW LRW
1GE
* - C*' + AC*
DRW DRW DRW



X1, ¥ %Lwo T %LWSSO
R T %Rwo T~ “RWSSO
Crsiw = K'a ;l'\ (Cirw co8 X%y, =
L I Lw
- [
+ * -
C:LLW q/qSLW S | Lw
Si i 1]
C = K. (C cos Xp -
LSRW Ao (s RW LRW
Si
* -
* Cfrw Y9%rw Y T RW]
Cosw = KA |[gf (e sin x +
L LW
S3i
* -
* i Vsiw [ TET
p—
c = Kj 54 (cr sin x_ +
DSRW ~— A g LRW R
R RW _
+ Cx_ q/q 1 - [3d
DRW SRW S
' RW
- -
C = K! Si (c" + C*
MSLW A (|57 MLW MLW
LW
C - Kl s___j-_ (Cll + C*
MSRW A_ |\8 MRW MRW
R RW

36

A/dsrw L -

CBLW sin XL)

L] 3
CDRW 8in

C"

DLW cOos

xL)

cos xR)

Vg [ - (s

Si

D210-11161-1
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FORCE AND MOMENT TRANSFORMATIONS

FROM WING A. C. TO ELASTIC AXIS

PITCHING MOMENT

qéRw = dggpy ©°S Bp ; dgrw = 9sLwW C€Os B

RW Sw _ RW
Mapro = CMsrw 9Srw 3 ©w ~ Xwac ZaERo

RW
+ Zyac *AERO
LW , Sw _ LW
Magro ~ Cmstw siw 7 Sw ~ ¥wac ZaEro
LW
* Zyac *AERO
VERTICAL FORCES
2BV [-cC cos a -cC sin agwal SW
AERO LSRW RWO Dsrw S1P %Rwol dsrw 3=
W' _ _ — . . SW
ZpEr0 ~ ! Crsiw ©°5 %Lwo T CDgry 5P °rwol Isiw 3

. RW' W'
NOTE: ZpgRro and Zpppo ARE USED IN VERTICAL BENDING EQUATIONS.
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WING FORCE AND MOMENT RESOLUTION - BODY AXES AT C.G.

AERO " 'si SW
XaERO ~ "Cpsiw €% “Lwo * Crsiw Sin aiwol adrw 3—
RW  _ ' _ e
X = [-C cos + C sin SW
AERo - L CDSRW *RWO LSRW epwol 9drw =
YLW = - sin Bp cos I, SW
AERO DSIW 9SLW F N 3
ABRO " i T.. SW
Y - - ——
AERO Cpsrw 9srw Sin Bp cos 1y >

AERO AERO

AERO AERO

W z - RW  _ LW o
Laero = K20 * X21 CL) 9r Sy bw Sin 8p + Kp (2. = 23pe0)¥pc

W _IW RW LW RW
Maero = MaEro T MaEro t Xcc (Zagro *  Zagro)

- LW RW
Zcc (*agro *  XaEro!
W _ (LW _ RW | = _
Naero = ¥aEro ~ ¥aEro) Yac * 9r Sw bw (K22 + Kp3 Cf) sin gp
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HORIZONTAL TAIL AERODYNAMICS

TAIL ALTITUDE FOR GROUND EFFECT

th/4 = _ZDOWN + (XHT - XCG) sin 6 + (ZCG - ZHT) cos 6
Iac = Xwac ~ XHT

GEF

n

by + 4 (hpg g = hyg ) 21/00g" + 4 (hpg g + By ) ”)

ROTOR-ON-TAIL INTERFERENCE

Vi = (Vip + Vig)/2

v . -
. (YiHT . 1
VinT = 7, ) Kug Vi 75 F )
WHERE T = (LS cos ;N - XHT)/UP
v, _
iHT = f2 (aFI iNI VF)
v

AND  Kyg = fj (|Bgls iy
Ulyp = Ugp + Vigp ©0s iy
W'gr = Wgp - Vigp Sin iy
9gr = 30 [Ulgp? + Vyg® + W]

DOWNWASH ANGLE

e = [e. + %% (G - %5c W/u?)] (1-GEF)//I-M?

0

WHERE e, = £, (Iy,8)=2.55 -.0303 Iy+4.56x1074if +.06736-3.609x107%6"
de - £ (iy,6)= I -3 s 10-62
g = £5(ins6)=0.317+.00078iy +1.008x10 [8]-5.567x10

FOR oy > 16°, € = eg1g (1-(a-16)/12)

oW <=16°, ¢ E@_16(1+(G+16)/12)

loggl > 28° e = o
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HORIZONTAL TAIL LIFT AND DRAG

*agp = igp + ran~1 (W'H,I,/U'HT)’€ U>0
= i+ Tan~1 (W'gp/U'gp) yeo

aHT+ = (aHTSTALL - 2°) + Tyo Se

Sur- == (OHTgrary, = 2°7) + THT e

Cpy = Cragg (ag/a) gy X PGFHT

2 + /ARjqp + 4

WHERE (ag/a)HT = f6(hTC/4)' PGFHT =

2 + /ARﬁT(l-M2)+4

IF: & < a < &

HT eur HT,
“Lyr = Lo aeyp T CLHB 13 “eyp  “HT T THT %e
Cogr = Cpoyp * Ciyp/ "™PRurfhr

IF: aHT+ < aeHT < 90°

C._ =Cp & (90° - o (90° - &
Lyp ~ CLa OHT, eyp) 7 HT,)

CL = C &'HT
HTgoarL Lo +
HTgparL HT HTgrarL
(ae - @HT (1.1 - C )
_ . ar # DHTgpaALL
Cbyr = Cpyyp
STALL 90° - &

HT,

*This form to be used for resolution of forces and moments
only. If |agp|>180°, ayp = -(sign ayp) 360° + ayp and

use this value to obtain forces and moments.
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HORIZONTAL TAIL LIFT AND DRAG (CONTINUED)

IF:

IF:

IF:

90° < «a <(180° - .5 a
ar = “H1-)

~

C = .,5C (o - 90°)/(90° - .5 a )

Lyt La %HT. enT HT_

. 5 CLCL G'HT_

L.
HTgraLL

2
% = Cu /mARyrEgr + Cp
HTgraLL HTgraLL Onr

C t ey * .5 agr_ - 180 )(l.l—CDHTSTALL

Cp = Cp
HT  “HTgparL

(.5 &HT_ - 90°)

180° - .5 a < a < 180°
( aHT-) = eHT =

O
[
]
(@]
!
Q
)
)
1
H
®
o
°

2
Cogr = Cpogy ¥ CLyr/™ARurfur
-90 < a < a
= “eyr HT
C = Cr . age. (=90° = ag -)/(=90° = agp )
Lyt La %HT S HT_

CL = CLa‘&HT
HTgraLL -

/mAR, E

2
Coyr = Cpogr *  Crar HT HT

STALL STALL

¢, =2¢C +|a - a (1-1 -C )
D D e HT D
HT HTgraLL ( HT ') HTgraLL
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HORIZONTAL TAIL LIFT AND DRAG (CONTINUED)

~

IF: (f180° + °5aHT_2_< Cerr <=90°
CL,. = -5 CLa &HT+ (a . *+ 90°)/(-90° + .5 &HT+)
?LHTSTALL= +> CLe ;HT+
PHTS7aLL “Doyr C%HTSTALL /"
®opr = “pyr srary - (Gegr. t 1807 - 05 ;HT+)(1’1 - CDHTSTALL)
(.5 &HT+ - 90°)
IF: -180° <@g, <(-180° + .5 ayr,)
CLyp = CLa (o, + 180°)

2
CDHT = CDOHT + CLHT/TTARHTEHT
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VERTICAL TAIL AERODYNAMICS

ROTOR ON TAIL INTERFERENCE

v. = ViHT -\-f l
]_VT .‘—’l 1 (Ts+l
Uy =V, cos iy
VTL VT for 5° < Bp < 28°
W =-V, sin iy and for |8p|z 60°
VTL vT
Uy = vy cos iN
VTR VT l for -28° < Bp < -5°
W. ==V, sin 1 and for |Bp| > 60°
i i -
VTR VT N J F
1 —_
Uppr, = Yvrn * UiVTL
Uyrr = Uyrr * Uj
VTR lVTR
Vyrn = Vvrw

Wypp, = W + W
VTL VTL lVTL

WorR = WyTR * Wigng

Qypg = /2 0 (U\'/,,i,R + Vg + Witg)
Gypp, = 1/2 0 (U * Vipp, + W)
g = g—g 8o

43

(o]
|
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FIN SIDESLIP ANGLES

BVTR

= -1 ' 212 2 _]
Tan ['VVTR//UVTR + WVTR!

By = Tan_l[ VﬁTL//%béL + W#éL]

FIN ANGLES OF ATTACK

Cypr = -BVTR + O These vglues to.be used in
resolution of fin forces
o + 0 and moments.

vrL = “Byrn

FIN LIFT AND DRAG

as follows

Togp = TVT/K8 kg = 5 (|8pls Vg)

IF: | o >180°;a = q -(sign a;,m) (360°) NOTE: This value
VT’ . VI VT VT of ayp only used

= ' in calculation of

% (aVT + Ty GRUD) force and moment

VT coefficients.
& = (ayp -2°) + 1’ 6
VT, STALL VI "RUD
& = (o - 2% + )0 6
VT _ VIgmarr, VT °RUD

2
2 + /ARyp + 4
Cyq = Cy, X PGVT, PGVT =

+ VAR? -M2) + 4
VT 2 /AVT(lM) 4

VERTICAL TAIL LIFT AND DRAG

IF: a < a < &
VT ey VT,
C = C o
Y
Y o Svr
o = C + Cy /AR E
Dyp DOy Yy VT



VERTICAL TAIL LIFT AND DRAG (CONT INUED)

D210-11161-1

IF: agps © aeVT < 90°
Cyip = SYa agp, (90° = ag )/(90% - dyr)
CYVTSTALL = Cre v,
DVTgpaLL Cpoyr * CéVTSTALL/“ARVTEVT
Coyp = CDVTSTALL + (aevT - &VT+ y(L.1 - CDVTSTALL)
(90° - &VT+)
IF: 90° < ag <(180° - .5 ayp )
VT -
Yyp -5 Cyq &VT_ (aevr - 90°)/(90° — .5 &vr—)
Yo = .5 Cy, &VT-
STALL |
2
CYVTSTALL = ©poyp T CYVTSTALL /TARYTEVT
Coyp = CDVTSTALL + (aey, * -3 ayr_- 180°) (1.1 - CDVTSTALL)
(.5 ayp_

IF: (180° - .5 ayp_) < Geyp < 180°

C = C {a - 180°)
YVT Ya ey

2
CDVT = CDOVT + CYVT/“ARVTEVT

e - ————— s S 4 U A A= S Bt
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VERTICAL TAIL LIFT AND DRAG (CONTINUED)

IF: -90° < @, < q

(@]
(2
i
(@]
-
)
Q
<
=]

c = + RyrE
Dyt Cboy CYyr STAL{"A vrEyr

(a - ayp-) (1.1 - G )
VTsraLL

("90° - Q.VT_)

IF:  (-180° + .5 ayp ) < a, < -90°
+ VT

Ctyp = -5 Cya Gyr, (ae,, + 90°)/(-90° + .5 Gy, )

q
!

.5 Cyq VT

= CDO + CY /TFARVTEVT
VT VIgraLL

C = C, ~ (a + 180° - .5 4 ) (1.1 - )
D e - VT ;
VT VTgraLL VT +

VTsTaLL

)

(-5 O.VT+ - 900)

IF:  -180°< deyp < (-180° + .5 &VT+)
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TAIL FORCE AND MOMENT RESOLUTION TO C.G.

HORIZONTAL TAIL

gy = "wr = fq (Vp: Qps iN); nﬁT = ”QT = l-(l-nHT) cos Bp

HT
XAERO = [_CDHT cos (aHT - lHT) cos (BVT - g) + CLHT sin

- 5 s '
(O 1HT)] dgr Sur THT

HT

Yagro = -Cpur Sin (Byp - 9) dgr Sgr NAHT
HT

ZAERO {TCLHT cos (ogr - igp) - Cpgr cos (Byp - ) sin

(agp = iHT)} dygr Sgr NAT

GtﬂT HT
agro = ~Yapro Zur T Zcd
HT HT HT

M = 3 X - X + 7 -
AERO AERO ‘%cG ar’ * *aEro ‘Zur ~ Zcd
HT HT

Nagro = ~Yarro ¥cg = ¥ur

VERTICAL TAIL - RIGHT FIN

JTR [ ( ) . c .
AERO — pyTR €08 (Bypg = 9) cos (eyp — igp) ~Cyyrgr SiP

(Bypr - ©) cos (ayp - iHT{J dyrr SvT "WT K8

VTR
YaERO T [%YVTR cos (Bypgr ~— 9) ~CpvTRr sin (Bypg -cﬂ
dypr Syr NUT KB
ZaERO ~ [&CDVTR cos (Bypg - 9) sin (egp = igp) = Cyypr SN

(Bypg ~ O) sin (ayq - iHT;} dyrr Syr Nvr X8

E-47
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VERTICAL TAIL - RIGHT FIN (CONTINUED)

Repeat, with subscripts changed, for left fin.

X VT VTR VTL VTR VTL

AERO = ~(Zyr = Zeg) (Yappo * Yapgro) + (ZpEro = ZaEro) Yy
VI VTL VTL VTR VTL

Marro = (2aEro * Zagro) (Xog — Xyp) + (XaEro * Xagro) (Zyr = Zgg)
VT _VIL VTR _ VIR _ _VTL
NaEro = ~(Yagro * Yagro) (Xcg = Xyp) + (Xppro =~ XaEro) Yy

TOTAL TAIL CONTRIBUTION
T _ VTR HT VTL

XaEr0 = *aErRo * ¥aErRo * Xammo
T VTR HT VTL
ZAERO = 2AERO * ZAERO * ZAERO

T VT HT
Marro = Mapro + MaERO
T _ VTR HT VTL
YaEro = YaEro * YaEro * Yarmo
T _ VT HT
L AERO = L AERO + L AERO
T o §VT T

AERO ~ Nagro AERO
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NACELLE AERODYNAMICS

NACELLE ANGLE OF ATTACK AND SIDESLIP
-1

—

agy = Tan _WRR/URR] ’ agy = 172 ¢ V3
i A\ i Tan-l:WRL/URL] ' ay = 1/2 ¢ Vig
) Bpy = Tan"l:vRR/ vz, + wﬁR}
_ BLNy = Tan-l:yRL/ [UZL + WéL]

NACELLE WIND AXIS FORCE & MOMENT COEFFICIENTS

™
1

HOLD VALUE OF ary

49

- 2 .
Cory = ooy * KBOIaRN|+ K3llaRN| NOTE: CHECK RANGE OF
aRN & aLN TO
— DETERMINE VALUES
CpLy = Spony  * Kyglapy |+ K3plefyl FOR CONSTANTS.
CLRN = K32 Sin GRN cos aRN
- CLLN = K32 Sin GLN [e{e}3 GLN
- CMRN = CMON + K34 Sin apy COS Cpy + K35 (sin CeN cos aRN)]
sin apy cos aRN‘
Curn = Cmon * K34 Sin apy ©0s apy + K5 sin apy Cos apy) |
_ sin a;y cos ap |
SPECIAL CONDITIONS
— 1. IF: V2, <1(FT/SEC)?; RIGHT NACELLE AERO = 0.0 &
HOLD VALUE OF agy & Bpy
2. 1IF: VZ_ <1(FT/SEC)?; LEFT NACELLE AERO = 0.0 &

& Bry



RIGHT

LEFT
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= K3¢ Sin B, Cos By * K37(Sin gy Cos Bpy) |Sin Bpy COS 8

TRN RNl

0
n

' Si + K'_(Si i
iy = K3 Sin By COS B 37 (8in B,y COS BLN)151n 8y COS BLN]

CNrN = Cnorn *+ K3gSin 8pyCos 8y + Kyg(Sin BryCOSBey) |Singpy Cos gy |

= C + K i + in i

CyLn NOLN 405in B yCos 8 K,,(si BLNCosBLN)ISJ.nBLN Cos BLNI
EZRN = ECLN = 0.0
NACELLE FORCES & MOMENTS - NACELLE AXES

1 ] — -— ] - .
AXRN = qRNSW[ CDRNCOSGRN + CLRN51n°RN CYRN51nBRNcosaRN]l/2

' _ _ .
AYRN = qRNSw[CYRN cossRN CDRN51nBRN]l/2

v - - - : - : :
AZRN = qRNSw[ CLRNcosaRN CDRNcoseRN Sinapy CYRN51nBRN51naRN]l/2

' = - Sw ] - i
ArRN = qRNwaw[ by CMRN sinBp. cosap, CNRN 51naRN]l/2

' —
AMRN qRNchw [CMRN cos BRN 11/2

[ — - Cw .
ANRN = qRNSwa [CNRN cos CpN g"CMRN sin BRN cosaRN]l/Z

W

v _ - . - .
AXLN = qLNSw [ CDLN cos @ N + CLLN sin @ N CYLN sin BLN cosaLN]I/z

1 - - N
AYLN = 9rySy [Cypy ©0s By y - Cppy sin 8, ,.11/2

' = - - . - . . .
AZLN = qLNSw[ CLLNcosaLN CDLNCOSBLNSln“LN CYLN51nBLN51naLN]1/2

Cw . .
AziN = qLNwaw[- 1—;—- CMLN slin BLN cOoSs GLN - CNLN sin C!LN]1/2
w

L —

AMin = 9pnSuCulCypycos 8y y11/2
c .

ANI'aN = qLNwaw [CNLN COS GLN - val CMLN sSin BLN COSGLN]l/z

=
1

50



LANDING GEAR EQUATIONS

PERFORM THE FOLLOWING CALCULATIONS FOR EACH WHEEL OF THE
LANDING GEAR WHERE - n 1 LEFT MAIN GEAR

n 2 RIGHT MAIN GEAR

n 3 NOSE GEAR

LANDING GEAR - A/C LOCATION

X, = - ¥cg * %gn
¥y = Ygn
2, =~ 2¢ccg t Zgn

STRUT DEFLECTION

hggp = ¥p sin 8 - Z, cos 8 - r,
hgon = [&n sin ¢ + (2 + r ) (cos ¢- l)] cos 8
hpn = (~Zpown ¥ Bgen = Begn)/ (908 ¢ €05 8)

RATE OF STRUT DEFLECTION

hr, = -Zpowny / (cos ¢ cos 8) + X,9 - ¥, P

VERTICAL FORCE

Fgzn = KsTn DBTa * DsTn Prn

NOTE: COMPUTE Fgzn ONLY IF hq, < 0;
IF th > 0; FGZn = 0.0 &
REMAINING CALCULATIONS MAY BE SET

TO ZERO.

D210-11161-1
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LONGITUDINAL FORCE:

Fun = (“o + u, B F Sign U

Gn) GZn

NOTE: BGn is percent brake pedal deflection,

SIDE FORCE:

F Sign Vv
sa ~ "s Fezn s

FORCE AND MOMENT CONTRIBUTION OF EACH WHEEL

AXn = Fun - FGZn € (n=1,2);
- : - ; - F 5
X3 = E, 3 ©0S bgpppp = Fgq sin ® STEER Gz3
AY = Fg + FGZn ¢ (n = 1,2);

8Y3 = Fg3 COS Sgpppr * Fu3 Sin Sgpppp *+ Fags ¢

82, = Fy, 8 - Fg, ¢ + Fozn
AMn = - Azn Xn + Axn (Zn + rn + th)
Aﬁh = Az Y - aY (2 + r, + hy)
AN, = = AX) Y + X AY



A
XLG

AYLG

AZLG

M6

AMLG

Lol e |

AxX

AYn

AZ

A%

AM
n

AN

53
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FUSELAGE AERODYNAMICS

FUSELAGE INPUT EQUATIONS

ap = Tan"! (W/U) Bp

Tan~! [V//UZ + W< j‘

ap = sin op cos ap BR Sin Br cos Bp

Vg = VU2 + V2 + @2
dp = 1/20 Vg

Veys = Vg Yop
FUSELAGE WIND AXIS COEFFICIENTS

Cpr = (CpoOF + K1l|op| + Kzaé) cos? Bp + Ko CpoF | 1-cos (.188F) |
+ ACp (1 -2-t/tG)
LG
Cip = (Kgp + K3 ag) cos28p - K, sin3 |gp]
Cyp = K7 Bp + Kg B¢ |8g|
CofF - K13 fr
= - : o 2
Cyp = [-.11 + .36 sin (6.6 + 3.3 aF)] cos?B. + K 'Br"[ +
8cy (1 - 27F/tg)
LG

CNF = Cnor + Kg Bp + Kig BR[8%]

NOTE: IF GEAR IS UP; ACprg & ACMIG = 0.0

SPECIAL CONDITIONS

1. If V% < 1 (ft/sec)? FUSELAGE AERO = 0.0 § HOLD VALUE OF
ap & Bp
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FUSELAGE FORCES AND MOMENT ABOUT A/C C.G.

X = [-C cos Bp t+ Crp sin ap - Cyfp Sin Br cos ap] drSy

pDF €98 Gp
Yorro = [CYF cos By - Cpr sin BP] 9 Sy
AERO = [-CLF cos ap - CDF cos BF sin ag

-CYF sin BF sin aF] qFSW

F' ol
JZAERO = [- (cw/bw)CMF sin SF cos ap - CNF sin aF] g Sw bw + JfGEF

P _ -
+ YAERO [ZCG ZFAC] + qu cos ap cos Bp dp Sw bw
F' F'
Mygro = [Cyp €08 Bpl ap Sy oy *+ Zuprg [Xgg = Xpac
F! ;
-X 2 -7 ] + C sin 8. dp Sy b
Agro 'ZcG T ’Fac £p FOF W OW
FI
NAERO = [CNF cos ap - (cw/bw) CMF sin Bp sin aF] qp SW bw
al _ :
_YAERO [XCG XFAC] + CofF sin CLF cos BF dp SW bw
F F' * = - 2
= = [-8270 + 26186 (h/D) =23369(h/D)
Xpero = Xagro t 2%Lc }égp [ (h/
F F' + 6336 (h/D)3] ¢° EXP(-.1lVp)
YsErR0 = YaEro t 4Yig (h/D)Y*1 ¢ F
F F! for .5 < h/D < 1.4
Zpgro = Zagro Y 8Z%1¢ L h/D <
F ) Fr . a else IEEF = 0
AERO - LAERO LG
el - uF &AM
AERO ~ TAERO LG
Nt I e
AERO - NAERO LG

t
1
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WING ON ROTOR INTERFERENCE

AVERAGE NACELLE INCIDENCE

-

iy = 0.5 (iNL + iNR)

AVERAGE LIFT COEFFICIENT

Cow = 0.5 (Crgrw * Crsrw)/(a/qg)

WING ON ROTOR UPWASH

ewrr and eygp, = £7 (Iy » Cpy)

D210-11161-1



ROTOR/ROTOR INTERFERENCE

POSITIVE SIDESLIP, I.E., V > 0.0

X = €PRR
Sv )
V§L =Er + T, x ¥ T3x2]X
RR
2p0mR2
- sV
eigr, = ~tan 1 [ RL ]
0
€ = 1 (R4
5§ RL (lsFl) (.40528 i ) RL
€iLR = 0.0

NEGATIVE SIDESLIP, I.E., V < 0.0

SViR =Er + T sz}x
VE
LR

§V =( ) .‘/
LR
pﬂR2
l

! = - § VLR
eiLR tan [ 15 ]
EiRL = 0-0

NOTE: Vap & Vap FROM WING EQUATIONS.
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ROTOR EQUATIONS

RIGHT ROTOR

- 2 3
app = tan”! Vi + (Wpp + URR ®WRR’
19 + .
RR ‘LR
v
RR
= YURR+EiLR) *+VRAR+WAR - = —
Ver RR+EiLR kR P Mem log|R
LEFT ROTOR
- 2+ (W__ + 2
G p = tan LVVE + rL * Yrr Swre)
+
Urt © ®iRrn
_ Y 2, .2 2 . _ v
Vir = "(Upp*&pr) *Var*¥rri upp = VIR
|ag, | R

ROTOR ANGULAR RATE TRANSFORMS

RIGHT-NACELLE AXES

LEFT-NACELLE AXES

N . . N .

pN - . + = -
NR P cos i . + r sin e Py = P cos i
N _ v N _ :

ONr = 9 * igg Onp = 9 + iy
N~ _ ¢ cos i - p sin i N o r cos i +
Ryr NR T P NR  Ryr NL
RIGHT WIND AXES LEFT WIND AXES

R = pN R = pN

PNR PNR PNL PNL

R N N . R N

= Q Cos £ +R" sin ¢ Q = Q cos £

QNR NR HR NR HR NL NL HL
RR = RN cos -oN sin RR = RN cos

NR NR EHR QNR EHR NL NL EHL
NOTE: USE WIND AXIS RATES IN ROTOR ROUTINE.

E-5

8

-+

sin

sin

D210~11161-1

NL

NL

sin £
HL

sin
EHL
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RIGHT ROTOR

THRUST
c! = Tls+1 C Cos A Cos B
TRR [t25+l TorR g g
WHERE: cp_ = 0.000679 ¢ + 0.000015 $2

+ 0.0022 u¢ + 0.000211 u2¢

and
- B COS aj
¢ = 85 - tan 1[“3773fj - 6.3015p + 5.5816u2

- 8y sin a + 1.8
GROUND EFFECT

hRR = —ZDOWN + (LS Cos iNR - ch) Sin o
+ i i + - Y i C 8
PLS Sin lNR ZCG) Cos ¢ N Sin ¢ ] os
(El = hgr
D/ EFF
RR ZR[lSin(e + 1) Cos of + .0174]
T1gE (9} 2 (1741 - .6216 ug.)
T = D . . URR
OGE! oo EFF
RR
+ [E} (1.4779 ugp - -4143)
D . RR 3
EFF
RR
+ 1.2479 - .8806 “RR]
C = C! T
TRR TRR TEEE)
oGE! o
T
SPECIAL CONDITIONS: IF upp > 0.283; IGEJ = 1.0
T
OGE! gg
h T
or 1F (B > 1.3; [_IGE| = 1.0
EFF ToGE RR
RR

E-59
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POWER
Cp__=Cp = .00015 + .795 ¢,>2 + ' (.00005 + .000843 » + .910 cp)
RR ORR
©
+u [.00674 - .0146u - (3.4 - By)Cy) i;(’)

+ [(.08756 - 2.18y) Cé =.00043488] u sin «

NORMAL FORCE

dCn dCyp
Cxe. = Cyro_ + "'d—_:TF‘R—R Aer t 1]1;'53 Bic
RR RR 1c - 1c R
R R
) - _ 3w
WHERE : CNFO CNFl 0.089u3 sin 2a + [0.172753MCT]

+ 73.444 uCp? (1-u) 1K 0 <w<o0.6
where K = sin o for o« > 20°
and K = sin 0(10-0.45a°) for 0 < a <20

For 0.6 < yu

dac

NF

RR = pyp Crrr * Dnr., “Er + Dyp “rr * Dnr
da 1 RR . 2 3 4

1CR
+ DNFS HRR sin 2 QRR

dCyp ,

RR - g C + E + E + E
——— = Eyp Cp NF HRR NF HRR NF
dBjcRr 1 °"RR 2 3 4

+ E HRR sin «

NF5 RR



SIDE

FORCE

WHERE

where

and

SFRR

: CSF

if

dc
SFrr

1CR

dc
RR

dB

1CR

D210-1il1lé61-1

dCqp ac
Csp + RR + SFRR
orRR  dAjcr  ICR dBjcr  ICR

I

y sin o (.00566 + 2.830 w2Cy + .016 Cp¥)-.0037249ua?

a > n/2 use m-uo

tan_l 'IJ-Ui cOs o
ui sin o

[((U“ + CT2)1/2 - uz)/zw 0.5

—d

2 +
Dspy CTgr * PSF2 ¥mr © PSF3 PrR DSF 4

+ DSFS WRr Sin agp

sF. "rRr t EsF

+ sin 2 o
ESFS “RR RR
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HUB PITCHING MOMENT

dCpMpy dCpMpg dCeMpr &
A + Byer * Qy

]
O

Cc

PM PM +

RR ORR da 1CR

1CR dBycr dQ

WHERE:

cPMO = 0.012857 y sin q =0.01416342 gjip 4

R

. o
* 0.0036344 u sin 20 -0.0074613 , gip o | RBM + 2-pM Crp
386 3Cq
-1000 °PM = 1.5 4+ , 0 <u< .2
do - T
=0.25 + 7.26 u .2 <y < .39
= 4.1681 -2.79 u o> .39
3Cpp -2 -
— = v (=.393141 x 1072+ .201377 x 1072¢ -.220903 x 107 4q2)
T
+ u? (.120036 + -634542 x 10724 + ,799823 x 1073 42)
+ pd (-.141322 =.170706 x 107 !a - .51104 x 1073 ¢2)
dc
PMpp ,
= D C + D u + D u + D
PM T PM RR PM RR PM
dA; .. 1 RR 2 3 4

+ ; -
PeMg Prr Sin 2 app + DPMS Hpr ¢9g1-2,)
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HUB PITCHING MOMENT (CONTINUED)

dc
PMRR = 2
I Epm. Crrr * Epm_ FRR * Epm_ ¥ * Epm
1CR 1 2 3 4

+ EPM5 HRR Sinagp * EPM6 HRR (lagrl = 92o)

HUB YAWING MOMENT

. dCym dCYM dac

Cym = Cym RR + RR o + YMpp

R
—_— A ————— —— £
RR ORR  “FA;.p “1CR dBicg 1CR dR  FNrR TyM
Where:

For 0 < u < 0.37

Cym = (0.023736 u -0.0010)usina -1.6 u? Cp sin «

M RPM sin a
+ {é.oosls - 0.003366u =-0.006303 (%%g -Q] (ggg -g "

and for v > 0.37

Cym = (0.02476 - 0.19798 (u =0.7024)2) sin «

1 [REM
~1.6 u2 Cp sin o + u[.00816 -.003366u --006303<§§§“%ﬂ(386‘g
dCym - _ 9Cpy

dR daQ



HUB YAWING MOMENT (CONTINUED)

D210-11161-1

—_RR DYM Cop + Dyy UIZQR + Dyy HRR t Dym
dA;cr 1 "RR 2 3 4
* Dyy_ “Rr 81 opr * Fym . YRR (lagl - a5)
dcYMRR )
—_— = E C + B U + E u + E
B o ™My Tep ¥M, “RR ¥M, "RR M,
+ EYMS MRR Sin 20pp EYM6 ber (1R = 2g)
ENGINE TAIL PIPE THRUST AND MOMENT
ATER = 26 + .080 SHP, -350M
ATEL = 26 + .080 SHP, -350M
AM = 1.92 AT cos &
Eq, Ep, HL
A = 1.92 AT cos g
MER Eg HR
AN = 1,92 AT sin ¢
E EL HL
AN = 1.92 AT sin ¢
ER Eg HR
SPINNER DRAG AND NORMAL FORCE
25
A = - u W - . i
CTSPIN . (.001866 019039 sin O‘RR) cos
R
AC = - "®5W  (.001866 + .019039 sin a..) cos
TspIn >3 . LR
L
2 ) . .
MCypepry. = = LooW  (.001866 + .019039 sin app) sin
R 2A
AC - . “Sw (.001866 + .019039 sin } si
NFspINg, 2n ' “LR’ SR

~

el



ROTOR FORCE & MOMENT CALCULATION

D210-11161-1

= £ c' b2 + AT ;i Cq = C + A
T T, TRR pmRTOL Ex TRr Trr
NF = f c' prR*QZ ;  Cy = CyN + ACNF
R NFR NFRR R NERR FRR
- b2
SEg fSFR Csrrr PR R
My = f C pmR3Q2 + AM
PM, "PMRR R ER
N = f C pwR3Q2 + AN
R YMp CYMRR R ER
Q = f C omR3Q2
RREQ Qg CPRR R

Q
RHPRR = |QRREQ R __
‘ l Q 550 |

LEFT ROTOR FOLLOWS SIMILAR FORMAT WITH SUBSCRIPTS CHANGED.

THE LEFT ROTOR ALTITUDE EQUATIOM IS AS FOLLOWS:

hip ==Zpoun + (Lg cO0s 1y
+ L sin i
[(Lg NL
or;
hg=h

e}
1

65

- XCG) sin 6

+ 2 cos + Y _  sin cos 9
CG) ¢ N ]

RR + 2 YN sin ¢ cos 8
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ROTOR FORCE & MOMENT RESOLUTION

HUB MOMENTS - NACELLE AXES

LEFT

RIGHT

Kirn

MLRH

NLrH

Los

RRH

Nery

NOTE:

]

-Q

M
L

LREQ P L

cos - N. si
°% 41 noEy

L L

- (p sin iNy, + r cos ing) (¢ KIpQ + Ngp, K1 Ig QEL)

=Ny, cos EHL — Mg sin Eyr + (KIpQL + Ngg, KlIEQEL)(q+iNL)

QRREQ

Mg

»

+ IP QR K

cos EHR + NR sin EHR

(p sin iyp-+ r cos iNR)(KIpQR = Ngr K1IgQgg)

NACELLE AXES ARE RIGHT HANDED SYSTEMS

Ky

= 0 if non-tilting engines

= 1 if tilting engines

b

e



'

D210-11161-1

RESOLUTION OF ROTOR/NACELLE FORCES TO BODY AXES AT PIVOTS

LEFT ROTOR

iI:IL = lI:IL + etLW

NL - [ Y - : O |
XAERO = (TL + AX LN) cos iy sin iy, (NFL cos &yg,
: - '
+ SFp sin gy - AZ{y)
YNL = SF_ cos ¢ - NF. sin £ + AY{
AERO L HL L HL LN
ZNL' = -(Ty + AX{y) sin i%: - cos i (NF; cos + SF
AERO L LN NL NL L SHI, L
NL' _ ' . L ' NL
= + + +
AERO (leH MLp ) ces iy + sin i (N o, 4 ANJY + LVapoo)
ML M + OM' + NF. L. cos E.. + SF. L_ sin ¢
AERO LRY LN L s HIL L s HL
- Lg 421y - Ig QgL ¥ NgL K2
NL — L] ' ' NL - 3 ' '
= + A + - +
Nagro ~ €5 iyp (Nigpg Nin * Bs Yapge! T SR iy (J;RH WL

0 if tilting engines

~
()
I

1l if non-tilting



RIGHT

D210-11161-1

ROTOR

iyr = inr * Otrw

NR
AERO

yNR
AERO

ZNR'
AERO

NR'
AERO

MNR

AERO

NNR
AERO

= (Tg + AX'ry) cos igr + sin igjg (-NFR cos gyug

+ SFR sin EHR T AZ'RN)

- ] : (] (] -
(TR + AXRN) sin igp + cos ivr ( NFR cos &pn

- 1 - : ‘1 NR
= (g%RH + AxRN) cos iyp + sin ijfp (Nggy + Lg Yapro * ANRN)

L - N
MRRH + AMRN + NFR Ls cos gHR SFR LS sin EHR

- Lg AZgy = Ip 9gr T Ner K2

1 NR . .
' + ' + - 1 '
cos lNR (NRRH ANRN LS YAERO) sin lNR (J;RH + qsz)

+ Ig Ggr 9 Ngr K

S

w

-
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WING VERTICAL BENDING

LEFT WING TIP DEFLECTION: -

- o .
h = wg (F; - hy ) - 28y wy h
W 1 W “W
1L L L lL

_ NL' _ W' NL' 7 _ )
Fr = -Ky1 Zagro ~¥w2 ZagRro K3k apro +Kwa ZBERO -Kys P

m
hy = Kye h1 deflection at left wing a.c.

LWAC L

RIGHT WING TIP DEFLECTION: -
hl = w% (FR - hl ) - ZF’W WW hl
R R R
- NR' _ NR' ZAERO .
Fp = -Ky_ 2 Kig zAERO +KW XL ARRO RERD kg P
1 2 4 5
h = K h
1 W 1z
Ryac 6
WING TORSION
Left wing twist at tip:
Ke 6y = My - Ng1, Ig Qg1 [(r cos iy + P sin iN JK, + K,yr]
t LW LACT L L
Lw -
+ M0 - ZaEro Ywac
Right wing twist at tip:
Ke et = MN - NER IE QER [(r cos iN + p sin iN )Kl + Kzr]
t RW RACT R R

Left wing twist at a.c.

6 = (Yuac/Yy) ©

WA t
tLWAC coN LW
Right wing twist at a.c.

8¢ = (Yyac/¥n) Ot
RWAC RW

E-69
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TOTAL FORCE AND MOMENT SUMMATION ABOUT C.G.
NL NR F LW RW T
=X + X + X + X + X + X
*AERO AERO AERO AERO AERO AERO AERO
v ¥V, VR <F Py L gRVW T
AERO AERO AERO AERO AERO AERO AERO
NL NR F LW RW T
ZAERO = ZAERO * 2aER0 * ZagpRro * ZAERO t ZpERO * ZAERoO
NL NR F W T
‘z%ERO =Z s Er0 *XZAERO + X5 ErR0 +XAER0 + XA ERO
NR NL NL NR
+ YN (ZpER0 ~ ZaERO). * Zgg (Yapro + YAERO)
NL NR F W T
MAERO = MaERO + MarRo + Magro *+ MAERO * MagRro
NL NR NL NR
* Xcg (ZpaER0 + ZaRRO) - Z¢g (XsER0 + XAERO)
NL. . NR F W T
NAERO = Nagro + Npgpo + NAERO * Nagro + Nagro

NL NR NL NR
+ Yy (XpAgro ~ Xggro) -~ Xcg (Yappo + YAERO)

"



INERTIAS:

XX

YY

2z

XZ

XX

YY

22

BASIC EQUATIONS OF MOTION

71

D210-11161-1



ROLL EQUATION

PITCH EQUATION

I

YAW EQUATION

yy

q

==J -1
yyPE T tx

z

(r + pq)
cos (i -1)
2 2
(p - r)

D210-11161-1

o , _ . . _ . _
ivr {Iyy + 1mN[ ZR sin (lNR A) + XR cos (lNR l)]}

I

zZ

r

- ' - ) . - . -
lNL{Iyy + 2m.N[ ZL sin (J.NL A) + X; cos (1NL X)]}

MsERO

=Jzz P9 - (rq - p) I,

R.mN YN {iNR sin (iNR “)\) - iNL sin (iNL -)\)}

NAERO

72

—
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RIGHT NACELLE ACTUATQR PITCHING MOMENT EQUATION

™

- - ' 2 _ _N
MyracT 1nr [Iyy temy (1-g )]

-A) + g

mN .
- g2 - -
gem (1 =) [ pr cos 2 (J.NR

+ (r? - p?) sin (i -A) cos (i —Aﬂ

- p?) [1;2 sin i ., cos iNR] - I, 9
+ 4 §§ [XAERO sin (igg = *) + Zugpg €0s (dgg - XJ
- imy YN’{ (; - pq) [ sin (iNR-A)]

- (é + rq) [cos (iNR-— Aﬂ}

+ MyrAERO

LEFT NACELLE PITCHING MOMENT EQUATION OBTAINED BY CHANGING

SIGN OF YN AND CHANGING SUBSCRIPT FROM R TO L.

NOTE: THE ABOVE EQUATION MUST BE CALCULATED FOR WING TORSION

CALCULATION ONLY.
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MOTION OF A.C. MASS CENTER

X .
U= "AERO _ 4 5in 6 - qW + ¢V

m

. Y

vV = —é§59,+ g cos & sin ¢ - rU + pW
m

* 2aERO

W= """+ g cos 6 cos ¢ + qU - pV
m

EULER ANGLE CALCULATION

(r cos ¢ + q sin ¢)/cos 8

<
]

@
"

g cos ¢ - r sin ¢

p + ¢ sin 6
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AIRCRAFT CONDITION CALCULATIONS

GROUND TRACK

NORTHWARD VELOCITY

XyorTy = U €S 8 cos ¥ + V (sin ¢ sin 6 cos ¥
- cos ¢ sin y)

+ W (cos ¢ sin 6 cos ¢ + sin ¢ sin w)‘

EASTWARD VELOCITY

YEAST = U cos 8 sin ¥ + V (sin ¢ sin © sin Y + cos
¢ cos V)
+ W (cos ¢ sin 8 sin ¥ - sin $ cos V)

DOWNWARD VELQCITY

pA - U sin 9 + V sin ¢ cos 8 + W cos ¢ cos ©

DOWN

3}
1

75
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PILOT STATION ACCELERATIONS (BODY AXES)

x L ]
_ XaERO -
axpa = —— t (@ + pr) (Zp, - Z.;)

+ (g2 + r?) (Xeq = %pa) * Yp, (PQ - 1)

=29 2Zp; - X
_ YaERO - - . -
aypa =~ * (P ar) (Zgg = Zp,) 4 (x4 pa) (B, - Xgp)
- 2 2 5 — Y
= ZAERO + (g - pr) (X, - 8,,) + (P2 + q?) (Z.. - Z
Qzpa T = Q=P cG PA P q cG PA
+ YPA (p + gr) + 2qXCG - ZCG

PILOT STATION VELOCITIES (BODY AXES)

Upa = Up *+ QZpy ~— r¥p,

Vpa = Vp * Iip, - PZp,

Wppy = Wp + PYp, - Qip,
GUST MODEL

The gust model will be that represented by NASA-AMES program
NAPS-80. The output of this program, in the form of gust velo-
city components Ug, Vg, Wg, Pg: dg, Xg will be added to the
aircraft velocity components 1n'ciear air as follows:

U=U'+ Ug P = p' + pg

VvV = VI + Vg q = q' + qg
= Wt = !

W W' + Wg r r' + rg

)
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Appendix F

This appendix contains the numerical constants and functions
required by the equations presented in Appendix E.

The data is listed by reference to the page number in Appendix
E where the numerical constant or function first appears.



PAGE
NO.

QUANTITY

KssTEER

Ksrup

K5r

wa
z

]
KGS
Kse
Schedule
Schedule
Schedule
Schedule
Schedule
Schedule
Schedule
Schedule
Schedule
Schedule
Schedule
Schedule

Schedule

OWPRGUHIOEHOO D >

FPR

Engine data

INPUT DATA

VALUE

0.0

-3.15 (-8.0)

1.0
20.0
1.0

1.0

~1.638(-4.16)

D210-11161-1

UNITS

deg/cm (deg/in)

rad/sec

deg/cm (deg/in)

Figure
set to
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

0]
(o]

1) U
oo

Figure
Figure

]
BB WD NONNRFHR

I
| aad wn

Figure

H m "11"1"1’!]':]"11'!1'!]"1'11!0"1

Tables
through F-4,
Figures F-6
through F-9



PAGE
NO.

QUANTITY

-NIIMAX

WDTIND
SHP*

- 0*
Wnax/ W
N1IND

*

N N
Iyax’ VI
N19IND

(N1/v81/N7)
MAX
QIND

QMAX/Q*

*
/NT1
*

I

(Nyp/N )
I/ I Iyax’ REF

N

QREF

1

G
GZ
G

3

I
P

K

Ner

Schedule
Schedule
Schedule
Schedule
Schedule
Schedule

Roaooaww

INPUT DATA

VALUE

1.0

1156.3 (1550.0)

1.11

1.0

1.0

1.446

1.128
2662.5 (25425.0)

0.8865

57.6923

Figure F-10
Figure F-11
Figure F-11
Figure F-11
Figure F-12
set to zero

D210-11161-1

UNITS

kw (SHP)

rad/sec (RPM)
rad/sec
deg/sec/rad/sec
deg/rad/sec
deg/sec/deg

kg m? (slugs ft?)



PAGE
No.

QUANTITY

INPUT DATA

E-17

E-21

E-22

*p

me

VALUE

-30

-1443.28(-125.947)

.0

0.304(1.0)

0
0

5895.94 (404)

0.502(1.65)

903.95(61.94)

24.75

-1.943(

0.0

.105(0.346)

-6.376)

3,048(10.0)

0.224(0.736)

4.902

1.423

0.0
-0.076
-6.605
-0.399
-6.858

1.956

(16.083)
(4.667)

(-0.25)
(-21.67)
(-1.308)
(-22.5)
(6.417)

D210-11161-1

UNITS
deg

kg (slugs)

m (ft)

kg (slugs)

m (ft)

kg (slugs)

m (ft)

kg (slugs)
deg

m (ft)

m (ft)

m (ft)

m (ft)

m (ft)

m (ft)

m (ft)
deg

m (ft)

m (ft)

m (ft)

m (ft)

m (ft)



PAGE
NO.

QUANTITY

E-23

24

o]
1

(1)
(2)

Solutions to
Quartic

00

[
-
Z
i

INPUT DATA

49.

16'

VALUE

Table F-5

325 (530.93)
1.6
set to zero

set to zero

.884 (2.9)

0.0

.925 (26.0)

1.6 (5.25)

815 (181.0)

.393(2) 3 287 (2)

.010845 .00869
65.0 65.0
.397 0.3366

.00474 0.00351

.0 0.0

180. 180.
0.0 0.0

D210-11161-1

UNITS

m2 (£t2?)

rad
rad

m (ft)
m (ft)
m (ft)
m (ft)
m? (£t2?)

rad”t
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INPUT DATA
gg?E QUANTITY VALUE UNITS
aja 0.0 0.0 deg~1
ais 0.0 0.0 deg~?
asg ~0.7648x1073-0.7648x1073 deg~1
a3g 0.2135x10"4 0.2135x107% deg~2
§g 180.0 180.0 deg
as] 0.0 0.0 -
a3y 0.0 0.0 deg™1
E-29 ag 16.5 16.5 deg
a; -.058 -.047 -
81 122.0 122.0 deg
a, 9.42 10.766 deg
as -21.0 -21.0 deg
a, 0.0 0.0 -
ag -21.0 -21.0 deg
ag 0.255 0.180 -
c! 4.4192 3.3015 rad~1
Ow
Cpo,, 0.0175 0.212 -
aye 0.0 0.0 -
a,- 0.057 0.1175 -
a,e 0.0 0.0 -



PAGE
NO’

QUANTITY

a18
220
az1

azz

INPUT DATA
VALUE

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0
-0.025 -0.025
0.21994 0.21994
-.003231 -.003231

0.154x10-4 0.154x10~4
0.
-0.

1.

0019166 0.0019166
002166 -0.002166
625

Figure F-13

0.

~-0.

04 0.04
05 0.09
.805 (32.17)
1.0
.048 (10.0)
-0.0315

D210-11161-1

UNITS

deg-l

rad’l_

m (ft)

m (ft)

rad~1



PAGE
NO.

QUANTITY

E-39

E-44
E-47

)
£3

INPUT DATA

VALUE
Table F-6

Table F-7

0.5565
16.0

0.071

Figure F-13

4.67 (50.25)

Table F-8
Table F-9
2.35 (25.25)
0.0

D210-11161-1

UNITS

deg

deg

deg

m? (ft2?)

m? (£ft?)



INPUT DATA

PAGE

NO. QUANTITY
K§7 0.0
CNORN 0.0
Kig 0.0
Kjq 0.0
CNoLn 0.0
Ky 0.0
Ky 0.0

E-51 Xg1 -0.661
X2 -0.661
Xg3 4.090
Yeo1 -1.301
Yg2 1.301
Y33 0.0
2G1 2.057
2G2 2.057
2G3 2.128
Yy 0.026
Y, 0.026
Y3 0.165
Koy 56040
Kgro 56040

VALUE

(-2.17)
(-2.17)
(13.42)
(-4.27)

(4.27)

(6.75)
(6.75)
(6.98)
(0.855)
(0.855)
(0.54)

(3840)

(3840)

D210-11161-1

UNITS

m (ft)
m (ft)
m (ft)
m (ft)
m (ft)
m (ft)
m (ft)
m (ft)
m (ft)
m (ft)
m (ft)

m (ft)
N/m (1lb/ft)

N/m (lb/ft)
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INPUT DATA
PAGE
NO. QUANTITY VALUE UNITS
Kgr3 56040  (3840) N/m (1b/ft)
Dg1 8756 (600) N/m/s (1lb/ft/sec)
Dgr2 8756 (600) N/m/s(1lb/ft/sec)
Dgr3 8756 (600) N/m/s (1lb/ft/sec)
E-52 Mg 0.03 -
Hq 0.005 -
Hg 0.5 -
E-54  Cpop 0.01219 -
K, 27.89
>0 K, 0.28363 rad”?
a < 0 X, 0.58237 rad=2
K3 0.0 rad~1l
ACDLG 0.0221 -
K3 0.302 -
K, 0.0 -
Kgo 0.04 -
K, -0.46 -
Kg -0.225 -
CMOF -0.00455 -
K¢ 0.0 -
Kg 0.0 rad~?



INPUT DATA
PAGE
NO. QUANTITY VALUE
ACuLG -0.00233
tg 8.0
CNOF 0.0
Kg ~0.2
Kio -0.092
K13 -0.075
E-55  Zppc 0.405 (1.33)
Xpac 0.177 (0.58)
E-56 £ set to zero
E-57 Ty 0.2434
T, -0.483
Ty 0.5208
E-59 14 0.1
Ty 0.1
E-60  Dyp1 0.00425
DyF2 0.0014483
DNF3 -0.0000734
DNF4 0.00002175
Dyrs -0.0006
Eyr1 -0.0245
Exra -0.0017028

D210-11161-1

UNITS

sec

m (ft)

m (ft)

rad-1
rad=2

rad-3

secC

secC



PAGE
NO.

QUANTITY

ExrF3

Exra

ExFs

D
SF1

D
SF2

Dgp3

Dgrg

Dgrs

Egri

Egpo

Egr3

Egpyg

Esrs
DpM1
DpM2
Dpm3
Dpm4
Dpms

Dpme

s

INPUT DATA

VALUE
-0.0010492
-0.0000425

0.0017892

0.0245

0.0017028

0.0010492
-0.0000425
-0.001735

0.00425

0.0014483
-0.0000734

0.00002175

-0.0067758

0.002
-0.00072556
0.00111967
0.0002094
0.00036524
-0.00007296
40.422

D210-11161-1

UNITS

deg-l

deg'l/rad/sec

rad/sec



INPUT DATA
PAGE
NO. QUANTITY VALUE
E-63 Epu1 -0.0025
Epuo 0.0004375
Epy3 0.0000729
Epma -0.000111245
Epus 0.00063045
Epye -0.00006809
fom -1.0
E-64 Dyy1 -0.0025
Dyyo 0.0004375
Dypm3 0.0000792
Dypma -0.000111245
DéMS 0.0005
Dyme -0.00007296
Eym1 -0.002
Eymo 0.00072556
Eypm3 -0.00111967
Eyma ~0.0002094
Eym5 -0.0004702
Eyme 0.00007296
E-65 frr 1.0
Eop 1.0
£NFR 1.0

D210-1161-1

UNITS

deg"l

deg
deg"l

deg'l/rad/sec
deg’l
deg‘l
deg"l
deg"l
deg’l

deg‘l/rad/sec



PAGE
NO.

QUANTITY

NFL

H  Fh

SFR

SFL

PMR

PML

YMR

Fh  Hh Fh Hh Fh Fh Hh
O 0O K
B E

= -
m

0.248

INPUT DATA

VALUE

-1.0

(0.22)
-1.0

4.8x107% ( 596x10-4)

1.12x10°8

4x10~7

1.17x10-6

(.1637x10~4)

(.5836x1075)

.2599x%10~2

.1656x10~2

(.1709.x104)

0.5

20.0

.1096x10~6 (1.6x10%)

D210-11161-1

UNITS

kg.m? (slug ft?)
m/N(ft/1b)
m/N(ft/1b)
m/N(ft/1b)

sec?

sec?

m/N(ft/1b)

rad/sec

Nm/rad(ft 1lb/rad)
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IXX
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Zpa
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D210-11161-1

INPUT DATA
VALUE UNITS

54965 (40535) kg.m? (slug £t?)

17924 (13218) kg.m? (slug ft?)

68196 (50292) kg.m? (slug ft?)

327.6 (241.6) kg.m? (slug ft?)
27.783 (20.489) kg.m?/deg(slug ft?/deq)
15.247 (11.244) kg.m?/deg(slug ft?/deg)

-12.551 (-9.256) kg.m?/deg(slug ft?/degq)

2.387 (1.76) kg.m?/deg(slug ft?/deq)

584.4 (431.0) kg.m? (slug ft?)
110.4 (81.4) kg.m? (slug ft?)
515.3 (380.0) kg.m?‘slug ft?)

1.28 (4.2) m (ft)

0.427 (1.4) m (ft)

2.155 (7.07) m (ft)
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CONTROL AXIS CYCLIC PITCH INPUT AS A FUNCTION OF
LONGITUDINAL STICK AT iy = 00

Al'c
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AFT STICK POSITION FWD
5 ] SCHEDULE I
l -+
L i i ]
+.4 0 IN. -.4 -.8 -1.2
+1 0 Cm -1 -2 -3
AFT STICK POSITION FWD

FIGURE F.2a. CYCLIC PITCH CONTROL ON THE STICK AT iy = 0°
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Figure F.6 . Turbine Ergine Performance - Engine Cycle 1.78



REFERRED FUEIL FLOW - Wf/§/5 /SHP*
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Figure F. 7. Turbine Engine Performance - Engine Cycle 1.78
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REFERRED POWER TURBINE SPFED - Nyp/y0 /Npr*
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F-34

Ve, KIS [ O 20 [Two e 35 135 120 2140
aF,- DEG
-180 c.0- | 0.0 0.0 c.0 0.0 0.0 t 0.0 0.0
- 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
- 28 0.0 -02 | -.06| -.10.] -.15] -.12| -.02| 0.0
- 24 0.0 -=.05 | =.15| -.30 | -.60 | -.37| -.05| 0.0
- 20 |.0.0 ~06 | =25 | -.50 | -.92 | -.65| -.06 | 0.0
- 16 0.0 -.07 | <60 | -.70 | -1.10 | -.85| .07 | 0.0
12 | oo | -.07 | -4 | -.85|-1.13 | -.907| -.08 | 0.0
- 8.1 0.0 | -.087| -.46 | -.g93]-1.05 | -.c0] -.10! o.0
- 4 0.0- | -.0945| -.33 | -.623] -.98 | -.67 ] -.00] 0.0
0 0.0. | =-.072°| -.154| -.5607 -.725{ =-.57 | .-.07 | 0.0 |
4 0.0 -.0314] -,095| -.2921 =-.5% -.45 -.03 0.0- !
8 0.0 -.075 | -.127} -.2%01 -, 44 -. 34 -077] 0.0 |
12 0.0 -.06 | -.10 | -.250] -.38 | =27 | -.06 | 0.0
16 0.0 -.04 | -.045 -,160) -.20 | -.15] -.04 | 0.0
207 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -| .0.0
150. ] 6.0 | 0.0 |00 | 0.0 | 0.0 | 0.0 | 000 | 0.0
iy = 90°
Ve KIS Ty g9 40 60 80 100 120 [z150
., DIG . ] .
-180 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
- 30 0.0 0.0 0.0 0.0 0.0 0.0- | o.0 0.0
- 28 0.0 | -.05 | -s10] -.15 | -.25 | -J22| -.05| 0.0 |
- 24 0.9 -10 | '-.25 | -.40 | -.55°] -.50| -.10| 0.0
- 20 0.0 -.15 | =40 | -.65 | -907) -.75| -.15 | o.0
- 16 0.0 -.20 | -.50 | -.78 |{-1.05 | -.901 -.20] 0.0
- 12 0.0 -.20 -.60 -.35 | -1.08 -.95 -, 20 h.0
- 0.0 -.16 | -.55 | -.80 [-1.04 | -.92 | -.16 | 0.0
- 0.0 [ -.10 |-.65 | -.75 | -.92 | -.85) -.10] 0.0 !
- o |o.0 -.05 [-.30 | -.6r |- .65 | =09 | o0 |
iy = 75°
TABLE F.'6 ROTOR ON HORIZONTAL TAIL INTERFERENCE = v, /75
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|V KIST 0 | 02 50 129 120 [z120 |
Qpy DEG ;
0.0 -+10 | =17 | -.48 | -.56 | -.52 | -.10 | 0.0
8 0.0 -.08 -.27 .34 | -.36 -.35 -.08 0.0
12 | 0.0 | -.07| -.22 | -.25 | -.27 | -.256 | -.07 | 0.0
16 0.0 | =.05|.-.15 | -.15 | -.15 | -.15 | -.05 | 0.0
20 {00 [ o0 | 00 |00 |oo0 [o0 | o0 |o0o |
180 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 |
iN = 75° (cont'd)
vT, Kis [ O 20 40 60 80 100 120 2140 ;
aps DEG ’
-180 0.0 | 0.0 | 0.0 | 0.0 0.0 0.0 | 0.0 0.0 |
- 30 0.0 0.0 0.0 0.0 |- 0.0 0.0 | 0.0 |o.0 !
- 38 0.0 | =02 | -.03 | -.06 | <05 | -.05 | -.02 .1 0.0
-2 |o0.0 -.04 | =06 | -.06 | -.10 | -.10 | -.04 | 0.0
= 20 0.0 -.05 | -.08 | -.14 | -,15 | -,15 | -.05 | 0.0
- 16 0.0 -.07 | -.15 | -.20 | .26 | -.26 | -.07 | 0.0
-12 |o.0 | -.08-f-.20 | -.25 | -.38 | -.38 | -:08 | 0.0 |
- 8. 0.0 -.08 | -.22 | =35 | =46 | -84 | -.08 | 0.0 |
- 4 0.0 -.08 7| -.26 | -.43 -.48 -.48 -.08 0.0
0 |0.0 | -.08 | -.30 | -.45 | -.52 | .52 | -.08 | 0.0
4 0.0 -.07 | -.30 | -.65 | -.60 | -.60 | -.07 | 0.0
8 0.0 -.06 | =26 | -.30 | -.66 | -.44 | -,06 | 0.0
12 0.0 -.06 | =15 | -.24 | -.28 | -.28 | -.06 | 0.0
16 0.0 | -.04 | -.06 |-.10 | -.16 | -.14 | -.06 | 0.0
20 0.0 | 0.0 0.0 0.0 0.0 0.0 |o.0 0.0
180 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
iy = 60°

VALUES ARE ZERO FOR iN < 30°

TABLE F- 6 ROTOR ON HORIZONTAL TAIL INTERFERENCE = vi /Vi
HT cont'd
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v, < T 20 40 60 80 2100 |
@ 3
|
167 1.0 1.0 1.0 1.0 1.0 1.0 |
- 4 1.0 1.0 1.0 1.0 1.0 1.0 |
- 30 1.0 1.17 1.08 1.0 ] .92 .935
- 22 1.0 1.20 1.12 1.0 .92 .935
- 4 1.0 1,40 1.21 1.0 .92 .935
- 2 1.0 1.70 1,43 1.05 .93 .935
- 16 1.0 1.90 1.67 1,18 .96 .935
- 12 1.0 2,08 1.80 1,37 1.0 .935
- 8 1.0 2.7 1.88 1.54 1.25 .935
- 4 1.0 2,20 1.80 1.52 1.23 .935
0 1.0 2,07 1.70 1.35 1.05 .935
; 4 1.0 1.90 1.60 1.10 1.0 .935
i 8 1.0 1.70 1.46 1.00 .93 .935
12 1.0 1.55 1.30 .90 .86 .86 |
16 .o | 1.37 | 1.05 .82 .80 | .80
20 1.0 1.2 L .93 .80 .80 .72
30 1.0 1.0 1.0 1.0 1.0 .
180 1.0 1.0 1.0 1.0 1.0 .
iy = 90°
Vo, KIS 0 20 | 40 60 80 2100 |
apr deg ;
-180 1.0 1,0 1.0 1.0 1.0 1.0 !
- 40 1.0 1.0 1.0 1.0 1.0 1.0
- 30 1.0 1. 24 1.1 .97 .92 .935
- 28 1.0 1.37 1.14 .98 .90 .935
- 24 1.0 1.54 1.26 .99 .88 .935
- 20 1.0 1.80 1.35 1.0 .87 .935
- 15 1.0 2.0 1.52 1.03 .87 .935
- 12 1.0 2.2 1.63 1.08 .92 .935
- 8 1.0 2,38 2.C4 1.15 .97 .935
- 4 1.0 244 | 2.26 | 125 5 1.0 .935
iy = 75°
TABLE F .9 TAIL EFFICIENCY FACTOR - Ny
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V., KIs| 0 20 &0 %0 30 =100
aF, deg
. 1.0 2.42 2.25 1.3 1.05 .935
1.0 2.36 2.0 1.23 | 1.06 .935
1.0 2,23 1.8 1.15 | 1.05 .935
12 1.0 2.0 1.6 1.06 | 1.03 .935
16 1.0 1.8 1.4 1.0 .97 .935
20 1.0 1.6 1.2 .92 .9 .80
30 1.0 1.0 1.0 1.0 1.0 1.0
180 1.0 1.0 1.0 1.0 i. 1.0
-iN = 75° cont'd
in ceg 60 30
raF, deg
-150 1.0 1.0 1.0
- 40 1.0 1.0 1.0
- 20 1.0 1.0 1.0
- 23 | 1.0 1.0 1.0
- 24 1.0 1.0 1.0
- 20 1.0 1.0 1.0
- 16 1.0 1.0 1.0
- 12 1.0 1.05 1.0
- 8 1.0 1.05 1.0
A 1.0 1.05 1.0
0 1.0 1.05 1.0
4 1.0 1.05 1.0
3 1.0 1.05 1.0
12 1.0 1.05 1.0
16 1.0 1,05 1.0
20 .8 .8 .8
30 1.0 i.0 1.0 |
150 1.0 1.0 1.0
TABLE F. 9 TAIL EFFICIENCY FACTOR - Nyrp
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APPENDIX G - ROTOR LOADS AND CONTROLS PARAMETRIC STUDY

INTRODUCTION

The key to a successful tilt rotor vehicle is in the design
compromises in the control system which nrovides trimmed sus-
tained flight conditions with low blade fatigue loads anc
acceptable control variations ancé vehicle response character-
istics. At a given nacelle incidence, a tradeoff can be

made between elevator and rotor cyclic control to trim the
aircraft. Ideally the cvclic control used should be that value
which minimizes blade bending loads and the rest of the air-
plane trimmed on the elevator. Obviously as airsneed decreases
elevator effectiveness diminishes with dynamic pressure recuir-
ing non-optimum rotor inputs to be made in order to trim. 1In
acdition, the desirability of using a simple control system
with no primary controls driven by flight parameters (e.g.,

q' sensed) further complicates the ideal situation. The con-
trol system studies contained in this aprendix are a »re-
liminary try at a good comnromise.

Loads Model:

In order to perform control system parametric variations and
assess their impact on the blade fatigue loads, a fast (on-
line) method of evaluating blade bending loads is necessary.
The more rigorous analyses ané manual interpretation of test
data for the many combinations of velocity, angle of attack,
cyclic pitch, collective pitch and RPM are much to cumbersome
to be used in this type of application. This nroblem was sur-
mounted by using a simple empirical equation to cdefine the
loacs

Alternating bending moment at 12.5% R (AB)

= 2000 + 8753.6u + 24829p (aragd)

HCpyy 2 2.1/2
+ 3.35066(1 +.555§) (PM + Yy, )

This equation was cerived under IR&D funding during analysis
of the test cata of Reference 4 in 1976 ané was used in this
contractual work to provide a quick estimate of blacde loads.
Correlation of this equation with the full scale data of
Reference 4 is shown in Figure G-1 and the symbol key is pro-
vided as Table G-1.

The equation provides a reasonable estimate of loads for most
of the cases shown, however, in some transition cases corre-
lation becomes erratic though in general in these cases the

calculation is conservative as indicated by iy = 385, u = .111

data. This procedure needs further refinement and should be

G-1
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*NOTES: 1. TEST DATE INTERPOLATED OR EXTRAPOLATED

FROM MEASURED POINTS IN SOME CASES
2. SYMBOL KEY - SEE TABLE
3. SOURCE REFERENCE: 4

X 103
T 61 x 103
Ex A
A 50
g
[« 4
5 ~
o0 CALCULATION
. UNCONSERVATIVE
2 40 + A
wn
g 4 } IN.
S LBS o
% Nm [ 39 |
2 L
] 3r
) Q)
2 Ve
E 20 7 P CALCULATION
2 | a CONSERVATIVE
2 Y
5
b2 9
& B P
E 10 &
| 1r
< JB&/
C)/
0~ 0 | 3 1 L |
0 10 20 1x.-1ps 30 40 50 x 103
e—_ (] ] 1 |
0 1 2 3 4 5
Nm
ALTERNATING BLADE BENDING LOADS (MATH MODEL)
FIGURE G.1. BLADE BENDING MOMENT DATA CORRELATION
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SYMBOL  a/iy " Crp A;° B, °
o) 90 0 .0054 0 0
) 90 0 .0054 0 2
S 90 0 .0054 0 4
A 90 0 .0054 0 6
BN 0 .321 W* 0 0
Y 2 .321 W 0 0
a) 4 .321 W 0 0
© 6 .321 W 0 0
Q) 8 .321 W 0 0
O 10 321 W 0 0
A 0 .450 W 0 0
@) 2 .450 W 0 0
0 4 .450 W 0 0
p ¢ 6 .450 W 0 0
® 8 .450 W 0 0
a8 0 .617 W J 0
o 2 .617 W 0 0
A 4 .617 W 0 0
A 66 .180 .0009 -1.77 3.35
h 66 .180 .00387 =-1.77 3.35
a 66 .180 .00634 -1.77 3.35
L 66 .180 .00881 -1.77 3.35

¢ 15 .236 .0004 -1.15 3.14
a 20 .236 .00129 -1.15 3.14
A 85 .111 .0059 -4.24 3.05
® 85 .111 .0083 -4.24 3.05
’ 85 .111 .011 -4.24 3.05

(*WINDMILLING CASES)

TABLE G.l. SYMBOL KEY FOR FIGURE G-1l.
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expanded to include the newly acquired data from :IASA Con-
tract IAS2-9015 as well as the rest of the available data in
Reference 4.

The basic premise of the equation is that 1/rev alternating
bending loads orimarily procduce out-of-plane hub moments or

at least the in-plane loads will remain roughly nroportional
to the out-of-plane loads. This is, of course, an approxi-
mation because the variations of the per rev frequencies of
the first two blade bending modes with collective and RPM will
change the relative magnitudes of the out-of-vlane and in-
plane blacde cdeflections.

No blade loads data were measured at 12.5% radius in the tests
of Reference 4, however, measured radial distributions of
bending moments were used to provide the data points shown in
Figure G-1.

Though the method is approximate (i.e., +20% for most cases)
it provides a means of evaluating the blade fatigue loads with
little or no effect on the sinulation time frame.

Parametric Studies

As described in Section 12.0 of this report the control
system design commenced with setting the hover control phasing
and gains to give adequate control in hover. The cvclic pitch
gains were then washed out according to a sine law of nacelle
incidence.

Azimuthal Location:

An initial trade study was made varying the azimuthal location
at which the cyclic control inputs were made for various levels
of elcvator. Figure G-2 shows the estimated rotor loads for
various azimuthal locations with the elevator fixed at 10°.

The definition of @, in Figure G-2 is the azimuthal location

at which the resultant cyclic vector acts, and is depicted in
Figure G-3. The data in Figure G-2 are for iy = 90° and

clearly show a blade loads minimum between ¢p = 25 to 30°.
The minimum loads occur at higher ¢p at low speed, but this
is of little significance since the load levels are low anyway.

Figures G-4 and G-5 show similar data with elevator settings
varied. The level of the resultant loads changes, but the
azimuthal angle at which minimum loads are achieved remains
essentially the same. Since ¢p = 30° was close to optimum

hover and near optimum for a loads reduction standpoint at
high iy and velocity it was decided to use a constant value

of @, = 30° for the remainder of the studies.

G-4
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v =0 AFT
¢P
¥y = 90 vy = 270
ROTATION
Yy = 180
FUID
PLAN VIEW OF ROTOR WHE iN = 00°
A8 = --Al sin ¢p - By cos ¢p

where Ay and By are cyclic inputs relative

to classical axes

FIGURE G. 3. DEFINITIO:l OF ¢D
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X 103
50 -
X 103
EILVATOR 5
501 10°

% 40 T :{
B X / ]
. V<\\;§/ 4
-
w
2 30 T
3 2 3
2 oo
— IN.-LBS Nm
A
]
g 2
<
=
m
2
; 10 4
% 1
=]
S
—
=

0 0

0 29 41 60
@ - DEG.
D E

CYCLIC AZIMUTH POSITION

FIGURE G.4. INFLUENCE OF ELEVATOR ON BLADE LOADS AT 100 KTS

iy = 90° 68p = 40° GW = 5896.7 Xg (13000 LBS)
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Ge
X 193
50 \ l — Oo /500
~ Mo /f'F//O
- -
a 40 \#'i\ = /
4 N
@)
[
B, 30
< m
35
. 2
0= J .
2z
& +100 KTS
< 10
E gy kTS
5 9
0 19 29 30 40
2

FIGURE G.5. ALTERNATING BLADE LOADS iy = 70° AT 80
AND 100 KTS FOR VARIOUS VALUES OF ¢p

Thus far the cyclic pitch inputs were defined by the hover gain
°/inch stick at ¢p = 30° and washed out as nacelle incidence

decreased by sin iy. This of course implies no cyclic pitch
in cruise.

The next step was to determine the cruise cyclic requirements.
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Cruise Flight - Cyclic Control Design

The primary area of concern in cruise flight arises at low
airspeeds where the angle of attack to trim the aircraft in

lg steady flight is high. The rotor loads, with no cyclic
pitch, approach the blade endurance limit leaving little room
for maneuver within the blade fatigue allowable. This problen
is corrected by the introduction of 2.5° cyclic pitch for aft
stick positions and washing this out as the stick moves for-
ward. A series of different washout schedules were tried

with varying results in terms of blade loacs.

Figure G-6 shows four schedules of cyclic as functions of
longitudinal stick. The alternating blade loads calculated

by the simulation loacs mocel are shown for the "no cyclic”
case in Figure G-7 and indicate alternating bending moments at
the blade 12.5% radial station of about 36,000 in.-1bs at 140
KTS. ©his load level is expected to be_the infinite life
level for the blade fiberglass spar (10° cyclies, M-30). The
design procedure adopted aimed at minimizing the bending loacs
such that,at all sustained flight conditions the loads remain
less than or equal to the infinite life value.

The alternating loads corresponding to schedules 1, 2 and 3
are also shown for the aft cg case at sea level standard day
conditions. Schedule 1 produced a drastic recuction in loads
at the low speed end of the spectrum, but caused an increase
at high speeds. This was due to the washout being to far for-
ward resulting in cyclic being used at high speed and agravating
the loads. Schedule 2 is the same as Schedule 1, but pulled
back so that it washes out 0.2" earlier. The trims resulting
from this provided loads less than 53% of the fatigue allow-
able at all speeds. Schedule 3 provides a straight line wash-
out and results in the loads increasing in the 180 knot to

20C knot range.

Schedule 4 was finally selected and the alternating blace
loads for both forward and aft cg are shown in Figure G-8.

The aft cg case gives lg loads less than 46% of the infinite
l1ife allowable with the aft cg case. For the forward cg case
the loads increase at high speed due to too much cyclic pitch
at these conditions. Even so the lg loads are within the
allowable and the cyclic will cause the loads to decrease when
maneuvers are pulled in coordinated turns. ’

At the low speed end of the cruise flight regime, it must be
possible for the pilot to select any flap setting without
causing unacceptable loads on the rotor. The alternating
loads for both forward and aft cg with flaps at 80° and 40°
are shown in Figure G-9. These data show acceptable loads
from stall speed up to 200 knots. The flap g limit is at
170 knots.

G-9
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NOTE: CONTROL AXIS CYCLIC DEFINITION

]
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! \ :
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FIGURE G.6. "CYCLIC O STICK" SCHEDULES
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NOTE: GW = 5896.7 (Kg) - 13000 LBS
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NOTE: GW = 5896.7 Kg (13000 LBS)
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FIGURE G.9.
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The rotor loads were also obtained in coordinated turns at
sea level with no flaps. As expected, the low speed cases
were the most critical. Eowever, with the scheduled cvclic
on the stick a bank angle of 58° is possible at 140 XTS with
a forward cg. This represents a sustained loaé factor of
1.89g's with no fatigue damage to the blades.

At 180 KTS the load factor at which fatigue allowable loads
were achieved was 2.3g's (64° bank) and at 220 XTS and higher
the loads limit was in excess of 3g's, and the aircraft sus-
tained flight envelope is limited by the power train torque
limit.

The cruise cyclic is obviously not required or useful when
iy = 90° and must be washed out as i, increases. 1Initially
a cosine iy law was used such that the cruise cyclic

Yy = f(SB) cos iy°

where f(6g) is the Schedule 4 shown in Figure G-6. It should
be pointed out that this cyclic is independant of SAS inputs

and is totally separate from the cyclic »itch resulting from

the stick travel times the cyclic gain.

The estimated rotor loads were investigated back into transi-
tion using the hover cyclic control washed out as sin iy and

the cruise cyclic washed in as cos iN' These cases are
labelled (Bias = 0) in Figures G-10 through G-15 and shows
that the loads are reasonable with respect to the sustained

flight allowable (406A Nm, 36000 in.-1lbs) except near the
middle of the iy range (see iy = 45°, Figure G-11).

A study was performed to (=2termine the effect of a stick bias
on the cyclic input. This bias is only applied to the cyclic
gain and is Zdefined by

cyclic = G (GB - Bias) sin iN°

Cycfgg’
.~~~ Bias )
e

Figures G-10 through G-15 show estimated blade loads in tran-
sition for forward and aft cg cases with varying amounts of
bias. The effect of cyclic stick bias was to reduce the
rotor loads and widen the fatigue envelope at all conditions.

G-14
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Clearly zero bias is necessary in hover (i; = 90°) since any

other value would produce assymetry in available control power
whereas any value of bias is acceptable in cruise (iy = 0°)

since the gain multiplier is reduced to zero at this condition.

At iy = 85° the forward cg case is the most critical and a
bias of at least -1"is desirable to maintain alternating
bending loads less than 4064 Nm (36000 in.-1lbs). At iy = 75°

a value of -2"is requireé for acceptable loads. At 60° a bias
of -2" is neecded. At 40° a bias of -2" provides adequate

loads and -3" provides about the same loads picture. At 30°
and 15" i a bias of -2" is acceptable and -4" pushes the loads
boundary to a little higher speed.

These findings are summarized in Figure G-16 and Schedule K usec
in the control system is shown superimposed.

The preceeding study was performed with an elevator offset
of 5° held between i.; = 90° and iy = 45° and then reduced

linearly to zero as iy-—e 0°. The cruise cyclic was also
washed out as a cosine law during this work.

During final assessment of the transition trims these two
schedules were modified in an attempt to smooth the control
travel variations and resulted in an elevator offset defined
by Schedule H and the cruise cyclic washout changec to a

(1 - iy/90°) function instead of a cosine law. The parametrics

were not rerun, however, the final loads were computed and
found to be acceptable. The loads with this system are in-
cludeé with the simulation results in Section 11 of this
report.

The systen will provide a reasonably wide transition corridor
with room to maneuver within it in most cases. This first
examination of the problem for the hingeless rotor XV-15 is
not, however, necessarily the optimal answer or necessarily
the simplest useable system.

This work needs to be continued with the updated rotor force
and moment and loads model and should examine the effects of
azimuthal input variation at low values of iy and the practi-

cality of separating trim ané control cyclic inputs to provide
minimum loads at trim and maximum available control power.

The cyclic schedule used to provide load alleviation in cruise
brings with it some attendant difficulties from a handling
qualities point of view since the introduction of a cyclic
pitch step in the longitudinal stick travel produces a dis-
continuity in the control power available. This is discussed
in Section 12 and currently handled by rate limiting the

G-15
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cruise cyclic input. Another way of achieving good handling
qualities is to tailor the elevator schedule in cruise to
match the moment-producing capability of the cruise cyclic.
This provides a further avenue of exploration which shouléd be
examined as the development of the control system continues.
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APPENDIX H - IN-HOUSE REAL TIME DIGITAL SIMULATION

Simulation Facilities

The math model described in this report was mechanized as a
real-time digital simulation using a subset of the total re-
sources that form the digital computer facility called the
STAR system (Simulation and Test Analysis in Real Time). The
STAR system supports either real time flight test or real
time simulation while concurrently providing batch and Termi-
nal Job Entry (TJE) operation.

The STAR Lab resources required to provide real time simulation
are:

Xerox Sigma 9 computer
160K words core

CP-R Operating System

[\
I

800 bpi tapes

N
]

1600 bpi

86 - megabyte disks

1l - line printer

1 - card reader

1 - BC-100 scope device/software
1 - console typewriter

6 - 8 channel brush strip chart recorders

—
i

DMS-12 direct memory system for D/A and A/D operation

128 channels digital to analog (D/A) converters

60 channels analog to digital (A/D) converters

In addition to the hardware, the software used to provide real
time simulation consists of the following elements:

Xerox CP-R operation system and utilities
Xerox BC-100 slope software

Xerox assembly language
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Xerox Extended Fortran IV

An in-house software package for control system
implementation called VECEX (VECtor EXecution)

Other special simulation oriented programs

Simulation Architecture

The real time digital simulation used to provide data for this
report was generated by extensively modifying an existing tilt
rotor digital simulation.

The real time simulation model provides capability to analyze
the tilt rotor aircraft in three simulation modes:

l. Basic aircraft - non-piloted
2. Basic aircraft - piloted

3. Basic aircraft with rotor perturbation dynamic
model - non-piloted

The non-piloted simulation is used to take static trim and
stability derivative data, via the line printer and dynamic
data, stick pulses and steps, via the strip chart recorders.
The math model is separated into two groups, those equations
(fast) that require a small time increment, and those equa-
tions (slow) that can be calculated at a slower rate. An
external clock is used to schedule the execution of the math
model such that the fast equations are executed every time
the timer requests, but only half the slow equations are
executed. The fast equations are updated every 45 ms. and
the slow equations every 90 ms.

The piloted simulation is used to evaluate the flying quali-
ties of the aircraft. To provide this, the normal simulation
is interfaced with the nudge-base simulator lab through a
trunking station. In addition to the normal model, additional
signals must be input on digital to analog convertors (DAC's)
and signals must be received from analog to digital convert-
ors (ADC's). Due to the increase in processing of the addi-
tional inputs and outputs, the piloted simulation cycle time
is 55 ms. using the same fast/slow approach. Strip chart
printout and pilot comment is the primary form of output.

Subroutine Outline

The content of the main program subroutines is described
below.
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Subroutine RTFAST

o Simulator tie-in analog to digital signal processing
o Stick input section controlled via secondary task

o Execute fast portion of math model via calls to routines
for

Equations of Motion Subroutine EOM

Control System - Entry VELOC
Velocity Equations - Subroutine VELOC
Rotor Equations - Entry Rotor

Wing Equations - Subroutine Wing
Tail Equations - Entry Tail

o Execute slow portion of math model via calls to
Slow Equations Part 1 - Entry RTSLOW1)
) in Sub. RTSLOW
Slow Equations Part 2 - Entry RTSLOW2)

o Execute final portion of simulation via call to Subroutine
Final

o Execute digital to analog real outputs via Subroutine
SIMDAC

o Discrete output processing section

o Function keyboard lights

Subroutine EOM

o Basic Equations of Motion
o Trim Loops

o Trim Check Section

o EOM Integrations

o Simulator Tie-in Section for correction of Visual/Motion
System
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Subroutine EOM (continued)

©0 Gust Model Section
Test Section for W Gust Forcing Functions
© Final Summation of A/C Velocities/Rates

O Fuselage Angles and Total Velocity

Entry VEXSUB

© Real Inputs to VECEX Defined

© Logical Inputs to VECEX Defined

© Execute Control System Portion via call to VECEX
O Mechanical Controls
O SCAS
0 Thrust Management System

O Real Outputs from VECEX Defined

©0 Stall Flasher for Function Keyboard

© Logical Outputs from VECEX Defined

Subroutine VELOC

O Velocity and acceleration of lefi and right nacelle inci-
dence angles with rate limit

O CG velocity and acceleration w.r.t. pivot
© Pilot station accelerations - body axes
© Fuselage pivot velocities/rates

For normal A/C treatment

For rotor dynamic model

0 Pilot station velocities
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Subroutine VELOC (continued)

o Rotor velocity calculations - left and right rotor
Hub body axes
Hub shaft axes
Free stream
o Left and right wing velocity calculations
Body axes
Chord axes

Free stream

Entry ROTOR

Left and Right

o Rotor angle of attack and sideslip calculations -
bypassed when rotor dynamic option chosen and simulation
in fly

o Rotor angular rate transforms

Nacelle axes
wind axes

o Rotor speed, tip speed, advance ratio

o Rotor control coordinate axis transform

o Rotor equations for power, thrust, normal force, side
force, pitching moment, yawing moment coefficients, the
forces and moments from the coefficients; bypassed when
rotor dynamic option chosen and simulation in fly.

o Execute rotor dynamic perturbation model if selected

o Rotor force and moment resolution to body axes

Subroutine WING
o Bero equations for left and right wing

Angle of attack and sideslip

H-5
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Subroutine WING . (continued)

Contribution due to totally downwashed wing
Contributions due to totally unwashed wing
Total CL, CD, CM coefficients

Aero forces calculations in body axes

Aero moment calculations in body axes

Wing/rotor interference section

Entry TAIL
© Horizontal tail
Horizontal tail downwash equations
Rotor-on-horizontal tail interference effects
Horizontal tail velocities
Angle of attack
CL, CD calc.
Dynamic pressure
Horizontal tail efficiency function
Forces and moments in body axes
0 Vertical tail
Velocity calcs, dynamic pressure
Angle of attack and sideslip
Rotor sidewash effect
CY, CD calculation

Force and moment resolution
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Subroutine RTSLOW

Entry RTSLOWL

o]

(o)

Nacelle Velocity - Resultant
CG Location w.r.t. pivot
Air Density Model

Engine Model (minus thrust management system) provision
for failures

Wing Stall Calculation
Fuselage Aerodynamics
wind axes coefficients
Body Axes Forces and Moments
Ground effect section for wing, tail, rotor-if selected
Nacelle Aerodynamics
Angle of attack and sideslip
Wind.axes coefficients
Body axes forces and moments

Unstable rolling moment induced by ground effect

Entry RTSLOW2

o]

o

Wing Aerodynamic Section for Submersed Surface Area Cales.
variable Inertia Calculations

Steady Wind Model

wind Ramp Model

Integration Logic Control Calculation
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Subroutine FINAL

O

O

Landing gear executed via subroutine gear, if selected
Final summation of A/C forces and moments

Wing vertical bending equations

Wing twist equations

Stability derivative section

Entry SIMDAC

o]

o]

o

DACS for 6 brush recorders

DACS for simulator tie-in

DACS for rotor dynamic option, plus
RMS calculations
Phase angle calculation

Rotor blade modes

Program Listing

A listing of the program is available on request.



