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ABSTRACT

An analysis is developed for investigating the response of a rotor-fuselage system in a three-
dimensional gust field wherein the gust velocity components can have arbitrary variatien in space and
time. Each rotor blade undergoes flap bending, lag bending and torsional deflections. The blades are
divided into beam elements and each element consists of fifteen nodal degrees of freedom. Quasisteady
strip theory is used to obtain the aerodynamic loads. Unsteady aerodynamic effects are introduced
through dynamic inflow modelling. Dynamic stall and reverse flow effects are also included. The fuse-
lage is allowed five degrees of freedom: vertical, longitudinal, iateral, pitch and roll motions. The
gust response equations are linearized about the vehicle trim state and the blade steady-state deflected

~position, and then solved by time integration. The blade bending moments, which determine blade
stresses, are evaluated using the force summation technique. Systematic studies are made to jdentify the
importance of several parametars including dynamic stall, forward speed, lag stiffness, gust profile gust
penetration rate and gust velocity direction.

inertia

73-1

NOTATIONS
a = blade 1ift curve slope m = mass per unit Tength of
blade
c = blade chord s = reference mass per unit
Cd = blade section drag coef- Tength
ficient M = mass of the helicopter
c, = blade section 1ift coef- ] = mass matrix in response
ficient equations
Cmac = hlade section moment coef- M¢ - = aerodynamic moment per unit
ficient about the aerodyna- length apbout elastic axis
mi¢ center n = blade number
[€] = damping matrix in response N = number of elements
equations Ny = number of blades
CT = thrusy goefficient, q = nodal displacement
. T/#pQ"R 1) = moment vector
Chyes Cn = palling and pitching moment R = potol radius
. coefficients t = time
&y = agerodynamic center offset Tl‘ T2’ T3 = coordinate transformation
from elastic axis, positive matrices
aft U, V, W = glastic displacements in
f = pgquivalent flat-plate drag X.¥,2 directions, respecit-
. area of helicopter vely
F = rasultant rotor force vec- UG’ VG’ NG = gust velocity components at
- tor a blade section
Fa = hub-motion induced inertia He = column vector of gust velo-
force vector acting at a cities
point (g,n) in the blade UR’ UT’ UP = air velocity components
section rejative to a blade section
h = yertical distance of hub in the negative £,n,%
center from the helicopter directions, respectively
CuGa Ux’ Uy, Uz = air velocity components
T = unit vector relative to a bliade section
s 1o, 1 = hdlicopter roll, pitch and in the x,y,z directions,
R & R yaw moments of inertia respectively
about the hub center ¥ = helicopter forward velocity
=z 3 = wind velocity vector at a
Layi iz lag helicopter products of ! blade section



(K] = stiffness matrix in Vb = blade velocity relative to
response equations _ hub-fixed coordinates
x’ky = constants in Dree's inflow V. = induced flow at a blade sec-
mode 1 | tion normal to the hub plane
Ly, m = coefficient matrices in the VG = gust-velocity vector at a
~ o~ dynamic inflow equations - blade section
Lu, Lv’ Lw = blade aerodynamic forces Vh = hub velocity vector wrt the
per unit length in u, v, w inertial frame
- o - directions, respectively Xy, ¥s 2 = rotating undeformed blade
Lu’ Lv’ Lw = blade aerodynamig forces coordinates
per unit length in Xac = distance of aerodynamic
gyn, ¢ directions, center from leading edge
- - respectively A = yawed flow angie
Xy ¥y 2 = inertial frame coordinates Agr Ags Xy = rotor inflow variables
X YH’ ZH = hub=-fixed coordinates s ¢
Xps Yo 2 = displacements of the per- " = advance ratio, V cosa’/oR
turbed hub center wrt the Es My T = deformed blade coordifates
the unperturbed hub-fixed P = air density
system Py = structural density
X12¥1024 = unperturbed-hub-fixed coor- a = solidity ratio N c/=R
dinates & = glastic twist abBut the
Xos¥9sZ9 = perturbed-hub-fixed coor- - elastic axis,
dinates ¢ = geometric twist
1 = blade section angle of ¢; = steady lateral tilt of the
. attack shaft, positive to the rignt
ay = delayed angle of attack ¥y = azimuth angle of the
ds = dynamic stall angle reference blade (No. 1) at
ra = floy reattachment angle time = 0
pax = maxjum allowable de!ay'aqg]e W = pondimensionalized time, ot
a = steady shaft tilt, positive ¥, = azimuth position of blade n
forward at time ¢
ag = perturbation shaft tiit, T Ty Ty = delay time constants in the
positive forward - dynamic stall model
ar = total shaft tilt, positive @y, = fuselage angular velocity
forward vector
8 = blade precone angle O p = ¢climb angle in steady flight
yp = blade Lock number Q = rotor rotational speed
€ = a small guantity, typically
representing deformed elas- Subscripts and Superscripts
tic axis
8{ ) = yirtual variation H : related to hub motion
8T, &U = variations of kinetic and A : related to aerodynamic force
strain energies, respec- (*) a8t )
tively " : circulatory
& = yirtual work done by aerody- NC 1 noncirculatory
namic and hub motion induced ~ : matrix
inertia loads [} : column vector
4 = perturbation - + vector quantity
A = rotor inflow ratio o} ¢ steady~-state value

INTRODUCTION

Hingeless rotors have been gaining growing acceptance from industry because of mechanical simpli-
city, improved maintainability and higher control power. However, hingeless rotors experience large dyna-
mic stresses, large hub loads and are susceptible to many other dynamic problems. One concern is the

response of a hingeless rotor in a gusty environment.

Gust-induced response influences the fatigue life

of the structural components, vehicle controllability and ride quality. An understanding of dynamic
stresses caused by gust loading would help in improving the rotor design.

The objective of the present study is to predict blade stresses and hub loads experienced by hinge-
less rotors exposad to different types of gust inputs.

Gust response of a helicopter is a complex aercelastic phenomenon involving blade an? hub motiens,

and only selected attempts have been made to investigate this problem. Arcidiacono et al

analytically

studied the response characteristics of a helicopter subjected to vertical gusts. The analysis included

the effects of gynamic stall, but the inflow was assumed to be steady during the gust induced joading.
Azume and Saito” used local momentum theery to investigate the gust response of a model rotor and corre-
lated the theoretical results with the wind tunnel results. The anlaysis considered a flap-bending blade
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subjected to vertical gusts only., Yasue et al? studied the gust rejponse of a hingeless biade and corre-
JJated the analytical results with the wind tunnel results. Johnson” made an extensive gust regponse ana-
Aysis of tilt-rotor aircrafts under crusiing flight conditions. Recently, the present authors® deveioped
a general formulation to study the transient response of a coupled rotor-fuselage system exposed to a
three-dimensional gust field. Dynamic inflow was included. Each blade was assumed to undergo flap
bending, lag bending and torsion deflections, Response of hingeless rotor was calculated for several
types of gust inputs. The other papers relevant to this topic are Refs. 6 - 8.

In all these papers1 a’ the emphasis is on the general gust response of rotor and fuselage systems.
There is only a limited reference to the determination of gust-induced blade stresses and hub 1oad§ which
is the scope of the present paper. The analysis adopted here is an extension of the previous work
through inclusion of dynamic stall and reversed flow effects.

Finite element formulation based on Hamilton's principle is used to examine the transient gust
response of a rotor-fuselage system in forward flight. The blade is idealized as an elastic beam and s
divided into a number of beam elements. Each element has five nodes and fifteen nodal degrees of
freedom. The formulation is applicable to a nonuniform blade having pretwist, precone, and chordwise
offsets of the center of mass, aerodynamic center and tension center from the elastic axis. The fuseiage
is modelled as a rigid body with three translational and two rotational degrees of freedom. The
aerodynamic loads are obtained using quasisteady strip theory. Noncirculatory aerodynamic forces are also
included. For steady inflow calculations a linear variation of inflow {Drees' model) is used. For
unsteady induced flow calculations a dynamic inflow model® is used. Dynamic stall and reversed flow
effects are included, but compressibility effects are ignored in the present analysis. The gust
response solution is obtained in three phases. First, the vehicle trim solution is determined from the
-nonlinear equilibrium equations; the propulsive trim gives the rotor control settings and the vehicle
‘orientation for a prescribed flight condition. The second phase involves the determination of the
azimuth-dependent blade equilibrium position. The Floguet theory is used to solve the blade nonlinear
periodic equations iteratively. In the final phase, eguations governing the coupled rotor-fuselage dyna-
mics are linearized about the vehicie trim and blade equilibrium positions. To reduce computation time,
the equations in terms of nodal displacements are transformed into modal space using the rotating blade
natural vibration characteristics. The response equations are solved by a time integration technique.
Force summation method is then applied tg calculate the blade dynamic stresses.

The effect of several parameters on the helicopter transient response is examined, including dynamic
inflow, dynamic stall, lag stiffness, forward speed, gust profile, gust penetration speed and gust velo-
city direction.

FORMULATION

The general formulation and analysis details are given in Refs, 5 and 10-12 and are therefore
briefly treated here. The helicopter is modelied as a rigid fuselage with N_ elastic blades. Each blade
undergoes flap bending, lag bending, and torsion deflections. Fuselage moti3n participates in the blade
equations of motion since it influences the blade aerodynamic and inertia loads. Similarly, the influence
of blade motion is considered in the derivation of the fuselage equilibrium equations.

Figures 1{a)and 1(b) show respectively the unperturbed and gust-perturbed positions of the helicop-
.ter. The coordinate system {x,y,z) represents the ijnertial frame, (x,,y ,z]) represents unperturded hub-
‘fixed reference frame, (xz,y ,22} represents the perturbed hub-fixed }ra e, and (X,y,z) denctes the bladee
fixed rotating frame. ana are the tilts of the hub plane about the y -axi; and the x,-axis ree
spectively. The body tilt angles o and ¢y are assumed to be of the order gf e* 2, where ¢ represents
typical elastic bending siope,

Blade Equations of Motion

Deformed positions of the biade, both in the steady-state and gust-disturbed flight conditions, are
shown in Fig. 2. The azimuth gosition of the n™ blade is

Yy = ¥y * 2w(n-1)/Nb {1)
where y_ is the azimuth position of the reference blade (blade 1) at time y = 0, The x-axis coincides

with th8 undeformed elastic axis. The degrees of freedom are the axial defiection u, the lag deflection
v, the flap deflection w, and the twist $ given by

r
$=¢-fv'w' dr (2)
0

where ¢ is the elastic twist of a section about the deformed elastic axis and % is the geometric twist

he undeformed elastic axis, . s s
abOUtTﬁeeformu a€$on is basad on Ramilton's principle
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[ (8U = 6T - eW)dt = 0 {3)
4

where &U, 8T, &W are respectively the variations in the strain energy, the kinetic enmergy and the virtual
work dome by the external forces. The expressions for 8U and 8T are given in Ref. 12 and the expression
for &W is

R

M= [ (L Su+l, ov+L ow+M

5 by 6 s¢)dx (4)

where L?’ Ly, Ly and H? represent the combined aerodynamic and hub-motion induced ipertia forces distri-
buted along the blade Tength in the axial, lead-lag, flap and torsion directions respectively. The &y is
the virtual rotation given by

s = &8 + w'év’ (5)

The resultant wind velocity vector at a point {n,0) on the blade section, located at a distance x from the
hub center, is given by

T (X,n) = 'vb(x)“) +.v-i(x:¢'n) +vG (Xﬂ‘ln,w) 'Vh (6)

where V, is the blade velocity relative to the hub-fixed_system, V; is the induced flow normal to the hub
plane, is_the gust velocity at the blade section and V_ is the hub velocity relative to the inertial
frame. The Vj also includes the forward velocity vector. The detaiied expressions for these velocity
vectors are given in Ref, 5, Using the transformation matrices given in Appendix A the resultant wind
velocity vector can be put in the form

Vo= - Uy Te - Up 7, - Up i, (7}

The velocity components, Up, U, Up are along the negative directions of the deformed coordinates
(Fig. 3). Note that these velocity components are functions of the blade displacements and the azimuth
position of the blade.

The airfoil characteristics are expressed as

Cl = C0 + C] ]

Cq = d, *+ dyla] +d, o (8)

d
C = f0 + f1 a

Mac

Using quasisteady strip theory, and introducing correction for reversed fiow, the circulatory aero-
dynamic forces in the deformed frame are given by

Cye = = 5= [dy up ug] + ¢y o] upd

) 2

+ dD (u$ + ug)
2
+ d ]up[ lug] + ¢y up] (9)

73-4



= f& 2 2 |
t;c o [C0 (uT + up) - C1 up ]uTt - do up [UT]

- d [up] up]

2
- PG s 2 2 -
M¢c S sign (uT) £f0 (Up + LIT) f] Up 'UT‘ 1 - 'E'wc e,
where

ey = 8y : {normal flow) {(10)

=Ctey-x,. - (xac}ﬁEV FLOy  (reverse flow)

Aerodynamic forces in the undeformed frame are obtained by applying the transformation

A A A T _- -
[Luc LVC LWCJ =T EELC ch LwC] (i)

The hub-motion induced inertia force per unit volume at a point (£,n) in the blade section is

?l'l {X.E.n) = - PS {X.E.n)(ﬁh ?"i + yh ?y + .ih 12) ) (12)

Integratinglﬁh over the blade section and using the transformation matrices T2 and T3, the components Lﬁ,

LH LH MH, of the hub-induced inertia at a blade section can be obtained (Ref. 5). The resuitant forces

aYangwEhe¢undeformed blade coordinates are

A H
Lylxsw) = L, Ly
A H
L =L, +L
V(X;¢) ve v (13)
Y A
Lolxaw) =L, + Lo +L
A A H

= M
Malxaw) =My + Mo *Me

Fuselage Equations of Motion

The equations of fuselage force equilibrium can be vectorially expressed as

M(%y g * ¥y '1"? + %, T5) +F (3 &b ¥) =0 (14}

where M is the vehicle total mass. F is the resultant of the rotor aerodynamic forces, fuselage aerody-
namic forces, gravity loads, and the rotor inertia forces (excluding hub-motion 1nduced inertia forces).
The x, is the vector of hub dispalcements
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Xoo= Dxyoyyozp o "’TJT

The vector equation governing the fuselage moment equilibrium is

(18)
S B (x. T +y T -nI )X

at \* U cg x2  “eg y2 z2

Ry T, + 9, T, + 2 T ) M+ (3, %, 9) = 0 (16)

vhere_ﬁ'is tbe moment vector about the hub center due to the force vector F.
inertia matrix about the hub center and can be written as

The 1 is the mass-moment-of-

X e Tz
I = =1 -
~ X1¥1 Iy] IY1ZE an
Tz yzy Iz
— — -
“The w, is the hub angular velocity
mh'-‘-t#s‘lx]-as‘!y_l {18)
Induced Inflow Equations

For the steady flight state, the induced fiow is assumed to be related to the rotor thrust by the
relation

Cy
A{r,v} = u tan o +

(1+x k_ cosyp + x k_ siny) (19}
2{324'}-2 X y
where kx and ky are obtained from Drees model.
For the gust-induced reponse the unsteady aerodynamic effects are introduced in an approximate
manner through dynamic inflow modelling. A linear variation of the perturbed inflow is assumed
8§ = 510 * &), x cosy * 8Aq o x siny (20}
The inflow variables ‘are rélated to the unsteady aerodynamic forces and moments
| <A A A AT
+ = -
msyv s ey = [aC €, acmy] (21)
where

sy = [8a &, 8 ]T (22}
- o 1s 1c

Tne coefficients of matrices m and g are adapted from Ref. 9.

The elements of matrix g are modified
to account for the change in the air mass fiow through the rotor disk caused by gust and hub motion.
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“Cinite Element Discretization

The blade is divided into a number of beam elements. Each element consists of five nodes and fif-
teen nodal degrees of freedom {Fig. 4). The elemental properties are obtained by applying Hamilton's
principle. The assembly of the elements, followed by imposition of the boundary conditions, yields blade
equations in terms of the nodal djsplacements g, the infiow variables A and the hub displacements b

M(g.v)3 (4 )+ C(a>9,)] (4 )+ [K(q.Yg,¥,)] q
g 9 A
% N An
* {QNL(E;_,_E_IG,wn} 5= 120N (23)

. Expressing blade forces in terms of the nodal dispiacements, equation (14) and {16) governing the
ffuselage motion can together be put in the form

N N
L. b *p * Ny
FH(zh,sh,zh,z,gl,gz,...g g ,52,...,5 W) = 0 (24)

where qn represents the nodal displacements vector for the nth blade. Similarly, the inflow equations
can be expressed as

N

. - 1 2 b - . N
FA(sh’zhiéiz!S Qs ’--l,g' .

b .
313_92’---aﬂ ’-l-J-G’lH =0 (25)
Dynamic Stall

Dynamic stall is characterized by a delay in the flow separation due to blade motion, and by vortex
shedding from the leading edge of a bade section when stall initiates. The vortex shedding induces tran-

sient loads. These features are included using a model proposed by Johnson®,  The corrected aerodyna-
mic coefficients are

¢ la) = sec? p EE; {c, (ay cos® a) - C (o)} +c (0)] +aC,

]

Cd(a2 sec 4 C, {ad cos A) *+ & (26)

Cala) = C_ (ay cos® a) + &

where

U% + u2
S N R (27)

2 2 2
uT + up + UR

AC  are the incre-

The A is the yawed flow angle, &, is the delayed angle of attack and aC,, aC
is T function of the

ments in the aerodynamic coefficients caused by leading-edge vortex. The an61e a

d’
time derivative of the angle of attack, d
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a = a-= min (rdegl . “max) sign(;) (28)

where t is the normalized time constant and its value depends on whether we are interested in C,, C,, or
C . The increments &, AC,, and 4C_ occur when the section angle of attack reaches the dynamil std
an}e a,. (about 3° abdve sfatic staT angle} and a leading-edge vortex is shed. It is assumed that
these iﬁérements build up linearily to their maxium values in an azimuth interval of 15° and then fall
Tinearly to zero in the same azimuth interval. The peak values of aC,, aC,, and aC_ are functions of the
pitch rate &; the axpressiaons are given in Ref. 13. After the transiént 18ads die But, dynamic stall
does not occur unless the flow is reattached; flow reattachment occured when a falls below o (just
below the stati¢ stall angle). " re

SOLUTION PROCEDURE

Equations (23-25}, representing the rotor-fuselage dynamics, are nonlinear and involve time-
depandent coeffi¢ients. There is no simple way to solve these equations directly. The problem is there-
fore divided into three phases: vehicle trim, steady response and gust response.

o
The vehicle trim solution gives the rotor control inputs and the vehicle orientation 3 for a pre-
secribed fiight condition. The propulsive trim is obtained by selving iteratively the nonlinear
equations governing the vehicle equilibrium in steady-state flight conditian.

The azimuth-dependent blade equilibrium position in steady flight is calculated by first trans-
forming the blade equations intoc modal space, and then solving the resulting normale-mode nonlinear
equations by a procedure based on Floquet theory. Reference 14 gives details for calculating the vehicle
trim and the blade equilibrium positions. .

The final phase involves determining the transient response of the rotor-fuselage system due to gust
loading. The response equations are linearized about the steady-state vehicle trim and the azimuth-
dependent blade equilibrium position. The linearized blade and fuselage equations are described in Ref,
5. The linearized blade equations, hub equations and the dynamic inflow equations can together be
put in the matrix form

M@, 01 3]+ c@%nd [§ |+ K@% 00604 4
ﬁQ y 1N , 5Ar
- X %, Zn
\ /. N/ \ J
= @3 50.U5 9} (29)
where
-~ 1 2 Nb T
{§1 =g q* .ea q ] (30)

Note that the stiffness matrix X is a function of Aand Yoo This implies that the gust field Yg can
alter the stability of the basic system.

Equations (29) are transformed to the modal space using the first few (M} natural modes for the
blade. The coupled normal mode response equations can be written as

(eI} + [C*3{p) + [K*(2.0g)T{p} = {0*(Ug)} (31)
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.The size of the vector {p; is MN,+8; this includes three variables for dynamic inflow and five for the
‘hub motion. Equation (31) is sofved numerically using a time integration technique for a specified gust
“field.

Blade bending moments

From the solution vector{p, we can obtain the blade displacements, u,v,w,¢, the dynamic inflow
variables A, and the hub displacements x . Using this information, we calculate the blade section force
components L , L , L and M_ for each b]gde. Note that each of these components consists of three parts:
the aerodynaﬂic Yorcls, the®nhub-motion induced jnertia forces and the blade-motion induced inertia forces
Equations (7-13) are used to calculate the aerodynamic and hub-motion induced forces. The proce-
dure for finding the blade-motion induced inertia forces is given in Ref. 15.

Force summation method is employed to calculate the root moment vector

R
EﬁggT = g ET;((-Lv W+ Lw v) + ?} (Lu W= Lw {r+u))

+ 3, (L, v+ L, (rru) + M, ?E]dr ' * (32)
~Hub forces and moments
N R
_ WD n n .. _n
xy = HE] g (L, cosy, - L siny Lw cosy, Bp) dr
Fo. = 2b ? (LN siny_ + L7 cosy - L" cosy_ g ) dr {33)
YH g2y g M n v n W n"p
N R
b n n
F_o = L + L) dr
g L)
Nb R
= - i - +
Xy n£1 [M, cosy, =M siny, - M, cosy, 8 £ My
. V12+w|2 s R (n)
(v - "'?'-“) cosy, - v'simy - w'cosy, Bp}dr]

N 1
b .
= % [Mx sing - M cosy - M, cosy 8 + £ M

M
JH =1 Y p ¢

. vl2+w|2 . . ‘oz (n)
- _"?T__) siny, + v'cosy, + w'siny Bp}dr]
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32
il 5 =

R 2 2
b v Sy?
M M B +M + [ Mg - : (n)
ZH 1 X p z {] “*‘”‘2—) Bp + W }dr‘l

where

R
M = g (-Lv W+ Lw v)dr

(=L, w - L, (r+u))dr (34)

=
0
O T

R
M, = g (-Lu v+l {reu))dr

RESULTS AND DISCUSSION

The gust-induced response is examined for a four-bladed hingeless rotor with Lock number ¥ = 5,
thrust Jevel C /e = 0.1, solidity ratio ¢ = .05 and zero precone. The blade airfoil static charac-
teristics are Iaken as

C,=6.28ea , agl2°

1.318  , a>12°

Ly
H

.0095

Cm =0

These characteristics get modified somewhat by dynamic stall effects. The delayed 1ift, drag and moment
coefficients are calculated using time lag factors 1 of 4.8, tp of 2.7 and 1y of 2.7. The dynamic stall
angle is assumed to be 15° (3° above the static stall angle). The peak values of the vortex-induced
increments in 1ift, drag and moment coefficients are: 4aC, = 2.0, ACd =0 and aAC_ = ~.65. The flow reat--
tachment is assumed to take place at the static stalil angfe m

The fuselage c.g. 1ies on the shaft axis and is Tocated at_a distance U.2R below the hub center.
The fuselage drag ccefficient in terms of flat plate area (f/mR“) is taken as 0.1. The inertia proper-
ties of the fuselage are given in Table 1. The blade properties are assumed uniform an these are also
given in Table 1. The stiffness values Ely, El; and GJ and the inertia parameters, kpy kg, and Ky are
chosen so0 as to yield the desired blade frequencies. The fundamental flap and torsion freqaencies are
1.15/rev and 5.0/rev respectively. Two values of the lag bending frequency are used: 0.7/rav for the
soft-inplane rotor and 1.5/rev for the stiff-inplane rotor.

Response in hover

To examine the sensitivity of the gust response to various parameters, a simple gust model is first
used, The gust is uniform, vertical and its magnitude in terms of the blade tip speed (W,/0R) is 7%.
(For example, for a tip speed of 700 fps, the gust velocity would be about 50 fps.) It h?ts the rotor

suddenly at ¢ = 0; y represents the nondimensionalized time in terms of rotor cycles. The effects of
dynamic infow, dynamic stall and reverse flow are included fn all the results unless otherwise

mentioned.
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) Figure 5 shows flap, lag and torsion bending deflections at the blade tip for the soft-inplane
;otor.  The flap response builds up to its peak value (= 5.4% R) in 0.4 cycle and the oscillations in the
subsequent response die out quickly. The lag response is quite comparable with the flap response and
decays out rather slowly. The torsion response is much smaller and appears weakly coupled with the lag
response. Figure 6 presents the variations of the thrust ratio and the load factor for the same soft-
inplane rotor. The thrust ratio is the ratio of the instantaneous rotor aerodynamic thrust to the
steady-state thrust. The rotor thrust jumps to about 1.85 times the steady-state value when the gust
first hits the rotor, The thrust then falls rapidly due to the relieving effect of the flap motion. The
subsequent thrust variation is due to the combined effect of the aerodynamic foce, dynamic inflow and the
blade motion. The second thrust peak is higher than the first one. If the effect of dynamic stall is
neglected {Ref. 5), the first peak becomes larger than the second. The load factor is the ratio of the
vertical force experienced by the fuselage to the gross weight of the vehicle. The load factor attains
its minimum value at ¢ = 0, and this value is slightly less than unity implying that the fuselage
experiences a mild download. Initially the load factor variation is out of phase with the thrust
varjation, but later becomes in phase with it. The maximum load factor exceeds the peak thrust value
implying the importance of the blade inertia forces. Figures 7(a) and 7(b) respectively present the flap
bending moment (M_} and the lag bending moment (M_) induced at the blade root. The dotted line shows the
steady-state momeft and the full line presents th& total moment consisting of the steady and the gust-
induced components. These moments have been nondimensionalized with respect tom a?Ry. The peak ampli-
tude of the total flap bending moment is about 1.8 times the steady-state value. %0n the other hand, the
peak amplitude of the total Tag bending moment is about four times the steady-state value and acts in a
direction opposite to that of the steady lag moment. The variations of the flap and lag bending moments
appear to be in phase with the flap and lag deflections respectively.

| Figures 8(a) - 8(e) show the effect of dynamic stall on the peak gust-induced response values for
different thrust levels. For C;/o> .1, the gust velocity induces dynamic stall condition on the blades,
As the thrust level increases, Ihe stall region becomes larger causing a reduction in both the aerodyna-
mi¢ thrust and the blade bending moments. As a result of these reductions, the peak flap deflection and
the peak load factor values are alsoc reduced at higher thrust levels.

Figures 9, 10{a) and 10(b) present results for the stiff-inplane rotor. Figure 9 shows the time
variation of the gust-induced blade tip deflections. Comparing results with the soft-inplane case, the
flap oscillations appear to be somewhat less damped, The lag response, however, decays more quickly.

The coupling between the lag and pitch motions appears to be stronger than that observed for the soft-
inplane rotor. The flap bending moment variation, shown in Fig. 10{a}, is quite similar to that for the
soft-inplane rotor. However, the lag bending moment variation, plotted in Fig. 10(b), is quite different
from that for the soft-inplane rotor. Both the steady-state lag moment and peak value of the total lag
moment are about three times their respective values for the soft-inplane rotor.

Figures 11(a) and 17(b) show the root bending moment variations for the soft-inplana rotor which is
suddently submerged in a lateral gust at time ¢ = O, The lateral gust velocity is 7% of the rotor speed.
Results are presented for blade 1 which is located at the rearward position when the gust first hits the
rotor {time y = Q). The flap bending moment, plotted in Fig. 11(a), builds up to about 1.4 times the
steady-state value in three cycles, and then decays out slowly. The lag bending moment variation, shown
in Fig. 11(b), has a very small magnitude, but the oscillations persist for a long time. Note that the
frequency of flap and lag moment variations tends to 1/rev as time progresses.

Gust reponse in forward flight

The propulsive trim state of the vehicle in steady forward flight is first calculated by solving the
vehicle equilibrium equations. Then, the blade azimuth-dependent steady deflection js obtained using the
Floquet theory. Finally, the rotor-fuselage gust response is calculated for a given gust input. Results
are presented for vertical and lateral gusts, and the same vehicle characteristics as used in hover are
retained.

Figures 12-24 show forward flight results for a uniform vertical gust having a velocity of 7% of the
rotor tip speed. Figures 12-16 present results for a soft-inplane rotor moving at an advance ratio of
0.2. The gust hits the rotor at time ¢ = 0. In forward flight, the rotor inflow pattern is not axisym-
metric and therefore the response of each blade is different. However, the overall response trends for
different blades are quite similar. Figure 12 shows the flap, lag and torsion deflections at the tip of
blade 1. Comparing results with those obtained in hover (Fig. 5) the initial flap response for about one
cycle appears quite similar, but the subsequent transient response is of much larger amplitude and dies
out at a much slower rate. The lag response is about twice that observed in hover, The pitch response
is also somewhat higher in forward flight. It was noticed that if the dynamic stall effects were not
included, negative values of the perturbation flap response were not observed. Figure 13 shows that
thrust ratio and load factor variations at the same advance ratio of 0.2, Comparing with the results
obtained in hover (Fig. 6} we note that the initial peak thrust vaiue is the same for both the cases and
that the second peak value is smalier in forward flight. The subsequent thrust level.however remains
higher and oscillations persist for a longer period in forward flight. Simlar remarks apply to the load
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factor variation. Figs. T4(a} and (14{b) respectively present the variations in the flap bending moment
and the lag bending moment. The mean value of the steady-state flap response is almost the same as
observed in. hover (Fig. 7a), whereas the gust-induced flap response is quite different from that observed
in hover. Also, the gust-induced flap moment and the flap deflections appear to be in phase. We further
notice that the total fap moment varjatien tends to become in phase with the steady-state varjation as
time progresses. Figure 14(b) shows the lag bending moment response. The mean value of the steady-state
response is almost zero whereas its peak-to-peak amplitude is about twice that of the steady-state flap
moment. The total lag moment amplitude is however about one-half the total lag moment ampliitude. Like
the flap response, the lag response also tends to get in phase with the steady-state response as time
passes. Figure 15 shows the hub moment variations with time. The pitching moment is positive nose-up
and the roiiing goment i5 pesitive advancing-side-up. The hub moments have been nondimensionalized with
respect to m @"R". Both the pitching and the rolling moments for the 4-bladed rotor show 4/rev fluc-
tuations in Bheir time histories. Figure 16 shows the gust-induced wobbling of the rotor tip path plane.
The horizontal axis represents the longitudinal tilt (equivalent to B,.) and a negative value means a
rearward tilt of the disk. The vertical axis represents the lateral l?lt {equivalent to B,.) and a posi-
tive value means advancing-side-up. The time history of the tjlt shows that the rotor dis%swobbles

in a progressive mode for about two ¢ycles and the tilt attains the maximum value. Thereafter, the disk
slowly returns to its steady-state position in a regressive mode. The maximum gust-induced tilts are 2°
rearward and 1.4° advancing-side-down.

Figure 17 shows tip deflections for blade 1 at an advance ratio of 0.4. Comparing results with those
obtained for the advance ratfo of 0.2 (Fig. 12} the flap response amplitude appears larger and it decays
at a much stower rate. The lag response amplitude builds up during the first five cycles (figure shows
only three cycles) and thereafter decays slowly. The pitch response amplitude dncreases appreciably and
is weakly coupled with the lag response., Figures 18{a) and 18{b) show the bending moment variations at
the root of blade 1 at the advance ratio of 0.4, The mean values of steady-state moments are only
s1ightly effected but the vibratory components are increased substantially at higher forward speeds.
Comments simlar to those for the lower forward speed apply to the total flap and lag moment variations,
However, the lag moment increases more rapidiy than the flap moment as the forward speed increases. In
fact, at the advance ratio of 0.4 the maximum Tag moment (5th peak, not shown} exceeds the peak flap
moment.,

Figures 19-21 show results for the stif-inplane rotor at an advance ratic of 0.2. Tip deflections
of plade 1 are plotted in Fig. 19. Comparing with the results for the soft-inplane rotor (Fig. 12), the
flap response appears slightly reduced and the lag response appears reduced to one-third the previous
value. The pitch response is somewhat increased owing to a strong coupling between the lag and pitch
motions, As time passes the 5/rev fluctuations in the pitch response die out and only the lag-coupled
response persists. Figure 20{a) shows the root flap moment variation for blade 1 and is quite similar to
that for the soft-inplane rotor {Fig. 14a). Lag bending moment response is plotted in Fig. 20(b) and
comparison with the soft-inplane results (Fig. 14b) shows that the steady-state as wel] as the total
moment values have predominant 2/rev components. Figure 21 presents varjations of the hub pitching and
rolling moments. The pitching moment always remains positive and achieves its maximum value in 1.7 cycle.
The rolling moment attains ts maximum value in 1.5 ¢ycle and js one-haif of that observed for the
pitching moment. Contrary to what is observed for the soft-inplane rotor (Fig. 15} the pitch and rol)
moments start dropping rapidly after achieving their maximum values. The 1/rev component of the roll
moment however persists for quite some time.

Figures 22 and 23 present results for the stiff-inplane rotor at a high forward speed (y = .4).
Figure 22 shows variations of the blade tip deflections and these are quite different from those observed-
for the soft-inplane rotor at the same forward speed {Fig. 17). Fluctuations in the response values are
rather erratic. Figure 23(a) shows the flap bending moment response. The steady~-state moment has a
2/rev component of appreciable magnitude and the total moment variation is somewhat similar to that
abserved for the soft-inplane rotor (Fig. 18a). On the other hand, the lag moment response, shown in
Fig. 23b, is very different from that for the soft-inplane rotor. Both the steady-state and the total
response values primarily consist of 2/rev components. At high forward speeds, the gust can induce large
flatwise stresses. For this case, the lag moment far exceeds the flap moment {2.5 times).

Figures 24{a} and 24(b)-show the variation of the bending moments induced by different types of
gusts for an advance ratjo of 0.2, The first type represents a sudden penetration into a uniform gust
field (discussed earlier), the second type represents & gradual penetration into a step gust field, and
the third type represents a gradual penetration into a sine-squared gust of finite length (2R). A1l tne
gust fields have a maximum amplitude of 7% of the blade tip Speed. As expected with the gradual penetra-
tion into gust field the first peak occcurence is delayed. Also, gradual penetration intv the sine-
squared gust field results in the lowest bending moment levels, For this case, the amplitude of the
flap moment gradually increases as the rotor disk enters the gust field, reaches jts hignest value wnen
the disk is fully engulfed in the gust, and then starts dropping as the disk moves out of the gust
region. The oscillating lag moment however persists for a leng time for this case.
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; Figure 25 presents variation of root moments for a step lateral gust with a magnitude of 7% of rotor
ip speed. The vehicle is moving at an advance ratio of 0.2 and the lateral inplane gust penetrates the
disk plane gradually from the left side {retreating side). The bending response appears to contain
1/rev, 2/rev and 3/rev components. The response amplitude increases for about 4.5 cycles, which is the
time taken by the gust to fully engulf the rotor, and then it decreases slowly. The resu]ts however are
presented for three cycles only., Comparing with the vertical gust results {(Figs. 24), the effect of
lateral gust on dynamic stresses is much smaller. Figure 26 presents variation of bending moments at the
higher advance ratio of 0.4. As expected, the gust-induced stresses become larger with higher forward
speed.

CONCLUSIONS

The gust-induced transient response of the rotor-fuselage system is calculated baoth in hover and
forward flight using finite element formulation. Response is calculated in terms of blade deflections,
blade moments, rotor thrust, fuselage load factor, hub moments and disk tilt. The primary emphasis i3
however on the determination of blade bending moments, Based on this study, the following conclusions
are drawn.

1. Soon after the vehicle encounters a vertical gust the blades respond immediately absorbing the
initial impact of the gust, and the load transmitted to the fuselage is small. In fact, at the instant

the gust hits the helicopter, the fuselage experiences a mild download whereas the rotor thrust is almost
- wice the steady-state value., The peak load transmitted to the fuselage may exceed the peak thrust
“value,

2. The second thrust peak can be larger than the first one.

3. Dynamic stall effects are jmportant for accurate determination of gust response, particularly
for nigher thrust levels.

4, At low speeds, the gust-induced flap moments are dominated by low-fregquency components. At
higher speeds, the high-frequency components become important, more so for the stiff-inplane rotors.
Also the moment Tevels increase with forward speed.

5. Like flap moments, gust-induced lag moments are also dominated by low-frequency components at
low forward speeds. Again, at high forward speeds, and particularly for stiff-inplane rotors, the high-
frequency components become important. .For low forward speeds, the lag moments are smaller but com-
parable with the flap moments. For high speeds, the lag moments become much larger than the flap
moments, especially so for stiff 1np]ane rotors. Further, the 2/rev and 3/rev components are more prnmi»
nent in the lag moment variation than in the flap moment variation.

6. Gust penetration rate and gust profile can substantially influence the response behavior of the
system. Higher penetration rates and sharp-edged gust profiles cause the peak response values to occur
earlier.

0 7. A rotor suddenly engulfed by an inplane gust experiences appreciable flap bending moment, COfi-
'._parabie to that experienced with the vertical gust. Also, the oscillatory flap moment persists for a
long time. The lag moment is much smaller for this case. If the inplane gust gradually advances over
the disk, the flap and lag moment levels are much smaller compared to those caused by an upgust. The
2/rev and 3/rev components in the moment variations become quite noticeable for this case.
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APPENDIX A

The transformation between the various coordinate systems (Figs. 1 and 2) is governed by the
following relations

- a1 T - - =
15 1x 1xH Ty 1? 1xH
- = - - = - —r_ =T -
T T Uy vy T2 g (S 394 'wu
]t 12 2H 1, Tg 1ZH
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TABLE 1

Hingeless 8lade and Fuselage 5tructural Properties

Eiy;mgan“ = 0.014486
Elz/moa’R" * 0,026655
ﬁJfathzR“ = oa,assaaz
Koy /R =0

kg /R = 0,025

Ky /R = 0.025
eg/C =0

eA;’Q = {

adfc = 0

m/m, = 1.0
IXH/HRz = 0,09
135;1423 = 0,12
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