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1 ABSTRACT

The effect of tip sweep and droop on loads and response of a hingeless blade in
forward flight are investigated. The blade as well as the tip are treated as elastic
beams undergoing flap bending, lag bending, elastic twist and axial deflections.
Geometric angles between blade and tip segments are retained before and after
bending. An existing finite element comprehensive rotor dynamic code is modified
consistently to incorporate new inertia, aerodynamic and structural forces caused
by sweep and droop angles at blade tip. A finite element formulation based on
Hamilton's principle is adopted and each element consists of fifteen degrees of
freedom. The vehicle trim and blade steady responses are calculated iteratively as
one coupled solution using a modified Newton method. Parametric studies of tip
sweep and droop are carried out on a four-bladed soft-inplane hingeless rotor. Tip
sweep has a powerful influence on the torsional dynamic behavior of the blade, due
to the pitch-flap coupling. A small aft-sweep angle of 5° reduces vibratory hub
loads by 14% for vertical hub forces, 5% for longitudinal hub forces and 17% for
lateral hub forces. Tip droop causes pitch-lag coupling and has a substantial effect
on steady as well as vibratory hub loads.
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2 INTRODUCTION

Vibration reduction devices, such as passive isolators, dynamic absorbers
and active higher harmonic control systems are adopted as the primary means to
control vibration in helicopters at this time. With the emerging refinements and
understanding of dynamic analysis of rotor systems, it is becoming possible to
design rotors which inherently produce low vibratory forces. Recently, there has
been a growing interest in the analysis of rotors with advanced tips, which appear
attractive to reduce vibrations and hub loads, improve performance and enhance
stability limits. With the application of composite, the potential of advanced tips
has further enhanced.

A few experimental investigations showed the beneficial effect of tip sweep.
At ONERA, experimental and theoretical studies were performed [8,23] in order to
examine performance of new tip shapes. The aerodynamic and acoustic
charasteristics of rotor were seen to improve with swept-tip blades, especially due
to the reduced wave drag and the intensity of the transonic flow at a high speed
condition. At the NASA Langiey Research Center, model rotor tests were conducted in
the Transonic Dynamic Wind Tunnel to understand the mechanism for reduced
vibrations with tip sweep. Conventional torsional stiff and reduced stiffness
Aeroelasticity Conformable Rotor (ACR) blades were tested with several tip
configurations. Resulls showed reductions in vibratory loads and shaft power [25].
Blackweil {10] showed that with a swept tip, advancing tip downloads can be used to
produce a nose-up torsional moment which alleviates the tendency for nose-down
twisting and tip-down bending of the advancing biade. Tip sweep acts as a feed-back
mechanism to minimize fluctuations in oscillatory tip flatwise loading and thereby
reduces vibration. He also pointed out that mesured data on a CH-53D with several
tips confirmed a tendency for lower airframe vibration when swept tips were used.
The mechanism responsible for the reduced vibration were not clear from the test
data.

One concern is the structural modeling of advanced tips. Recently, there have
been some selected attempts to analyse dynamics of swept-lip rotors. Tarzanin and
Viaminck [21] conducted an analytical study to investigate the effect of blade sweep
on vibratory loads including blade and control loads. The Boeing Vertol's aeroelastic
rotor analysis program, C-60, was used. The 4/rev hub loads and rotor power
were reduced by the use of blade tip sweep. The effect of sweep was introduced
through an approximative modeling. The authors recommended the development of
 an improved analytical modeling for the swept-tip blades. Young, Tarzanin and Kunz
{11] analysed a simplified mode! where the blade spanwise properties were reduced
to constant values. Again, substantial vibratory hub loads were reduced with blade
tip sweep. An extensive paramelric study was conducted on the simplified model to
determine which of the blade properties influence the 4/rev vertical hub loads the
most. It was determined that the blade properties which were related to the dynamic
torsional response of the blade were most important in determining the
effectiveness of both aft and forward tip sweep. The authors postulated the sweep
effect as an effective shift in cg-ac offset with respect to the unswept portion of the
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blade. Two effects were identified which act on the blade to reduce the vibratory air
loads due to tip sweep. These effects were :

. advancing biade untwist,
. favorable higher harmonic elastic pitch

that reduces the 4/rev airloads only. The structural modeling of swept tip was very
approximate and therefore the results had to be viewed with caution.

Recently, Celi and Friedmann [1] developed an improved finite element
formulation {o analyse the stability and responses of hingeless rotor with swept
tips in forward flight. The blade was modeled using the Galerkin finite element
technique and a special element for the structural, inertial and aerodynamic
properties of the swept tip was developed. Angle between inboard blade and tip
segments was held fixed before and after bending, and transfer function for the
swept tip was derived for linear deflections. However, the inertial matrices for the
tip were derived consistently for moderate rotations retaining non-linear terms up
to second order. It was shown that the tip sweep introduces flap-torsion and lag-
axial couplings, which may lead to geroelastic instability associated with frequency
coalescence. A compariscn with an equivalent sweep model using a straight elastic
axis and offsets of aerodynamic centers and center of gravity (frequently adopted by
other researchers} with their more exact swept tip modet showed considerable
discrepancy for a hingeless rotor. This raised questions to the values of conclusions
arrived by other researchers. The optimization process developed by the authors
showed that the introduction of tip sweep can reduce the n/rev vertical hub shears
beyond the level that can be obtained by just modifying the mass and stiffness
distributions of the blade. On the whole, the tip sweep showed a powerful influence
on the dynamic behavior of a rotor blade.

Recently, Panda [13] derived the more exact constraint relations required
during assembly of two moderate rotation finite elements joined together at an
angie. The constraint relations were derived for a generic case of fixed sweep, droop
and prepitch angles as well as variable angles introduced at hinges. The
transformation matrix was obtained consistently for non-linear deflections and one
cannot always neglect them by use of linear transformations.

From the overview of the past research works related to advanced tip rotors,
it appears that the effect of tip droop, or anhedral on rotor dynamics is not
investigated in any depth. Also, in light of precise transformation relations derived
by Panda, it is important to examine the effect of tip sweep and droop on blade
dynamics in a consistent manner.

3 OBJECTIVES

The objective of this research is to investigate the effects of tip sweep as
well as tip droop on loads and responses of a rotor system in forward flight. For this
purpose, the existing comprehensive rotor dynamic finite element code developed in
house at the University of Maryland has been modified 1o include the efiects of tip
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sweep and droop in a consistant manner. Siverani and Chopra [5) made a finite
element formulation based on Hamilton's principie to investigale aeroelastic
stability of elastic, articulates and hingeless blades in hover. Later on, Siverani and
Chopra {2] extended their finite element formulation in hover for bearingless rotor
blades.

Panda and Chopra [6] formulated stability of hingeless and bearingless rotor
blades in forward flight. To model blade structural characteristics, the finite
element formulation of [2] was used. Steady rotor response in forward flight was
calculated using a quasiiinear procedure, based on Floguet theory. Panda and Chopra
[15] adopted a finite element in time procedure to calculate steady response in
forward flight for hingeless composite blades. Recently, Lim and Chopra {14]
improved the analysis to calculate the rotor coupled trim and response solutions in
forward flight. This rotor dynamic analysis consists of two phases :

. vehicle trim and rotor steady response
. aeroelastic stability of the blade.

The vehicle trim solution determines the control settings and vehicle
attitude for the prescribed flight condition. The steady response involves the
determination of time dependent blade deflections at different azimuth positions for
a time period of one complete cycle using a finite element method in lime, which is
based on Hamilton's weak principle. The vehicle trim and blade steady response
were calculated iteratively as one coupled solution using a modified Newton method.
The blade stability was calculaled from perturbation egquation using Floquet
transition matrix theory.

This basic analysis is exiended here to include the efiects of lip sweep and
droop in a generic way. The specific objectives of this research are :

. To modify the finite element formulation to
incorporate the effects of sweep and droop at the tip in a consistent manner;

. To conduct parametric studies to investigate the effects
of blade tip sweep and droop on a four-bladed soft-inplane hingeless rotor.

4 FORMULATION OF HAMILTON'S
PRINCIPLE

The analysis is made for an isolated rotor with elastic blades and advanced
tips. Each blade as well as tip are assumed lo be elastic beams undergoing flap
bending, lag bending, elastic twist and axial deflections. The formulation is
developed for nonuniform blade having pretwist, precone and chordwise offsets of
center of gravity and aerodynamic center from the elastic axis. The aerodynamic
loads are obtained based on a quasisteady strip theory approximation. The flow is
assumed 10 be incompressible and inviscid.
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The finite element formulation is based on Hamilton's principle

¢
sm = [ (85U - 8T - &W)dt = 0
3]

where 8U , 8T and 8W are the variations of strain energy, kinetic energy and virtual
work done by externai forces. Substituting suitable expressions for 83U, 8T and dW
in Hamilion's principle resulis in equations of motion.

4.1 Blade Geometry and Elastic Axis

The addition of a swept and drooped tip to the original straight blade implies
the creation of new undeformed and deformed frames to modelize the outer tip part.
Torsion will be considerably affected by sweep and droop, and, therefore, has to be
carefuily defined {cf [0]).

The elastic axis of the blade is defined as the locus of the shear centers of the
cross section of the blade. Therefore, the elastic axis of the straight portion of the
blade coincides with the pitch axis of the blade. A shear force applied at a point on
the elastic axis of the straight portion will not produce torsional deformation.

The elastic axis of the swept tip is the line of shear centers of the cross
sections outboard of the junction with the straight portion, and forms an angle with
the inboard elastic axis. In general, a shear force applied at a point on the elastic
axis of the swept tip will produce torsional deformation in the whole blade.

The two elastic axis are continous at the junction.

A point on the elastic axis of the straight portion of the blade undergoes tweo
geometric rotations in the undeformed blade frame (a pretwist due to and a cyclic
and collective input) and an elastic twist in the blade deformed frame. The geometric
twist calculated in the deformed blade frame differs from the geometric twist
calculated in the blade undeformed frame by a gecond order term only.

A point on the elastic axis of the lip undergoes geomelric rotations and
transiations operated in the undeformed blade and tip frames (due to the geometric
rotations at the junction point and the pretwist of the tip element) and an elastic
twist operated in the tip deformed frame. In the calculation of the total pitch angle
wrt the deformed tip frame, sweep and-droop angles at the junction point affect
linearly the pretwist angle expressed in the detormed tip frame.

4.2 Strain Energy

Considering the uniaxial siress assumption, which is valid for a long,
slender beam such as rotor blades, the expression for the variation of strain energy
in term of the classical strains is

R
su=[ ff (Eﬁxxﬁﬁxx + &Xnﬁexn + Gs)céaxc)dndl;dx
o A
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The explicit expressions for strains are described in [2] and are unchanged by the
present research. The expression for the variation of strain energy in a
nondimensional form is obtained retaining up to second order terms, which are
important for the axial and torsion equations.

4.3 Kinetic Energy and Inertial Loads

These are calculated in the undeformed tip coordinate system. During the
calculation of the derivatives of an arbitrary point on the swept tip with respect 1o
time, a lot of linear lerms appear as the contribution of the conjugation of sweep
and droop angles with elastic deformations of the tip. The kinetic energy variations
can be written in a nondimensional manner retaining terms up 1o second order as :

Inertial forces and moments at an arbitrary spanwise location on the rotor swept
tip are calculated in a similar manner, and used in the calculations of blades loads.

4.4 Virtual Works and Aerodynamic Loads

The quasisteady strip theory approximation is used. The linear inflow model
is adopted from Drees. The circulatory aerodynamic loads obtained in the deformed
tip frame are expressed in the undeformed tip frame using transformation matrix.
The noncirculatory aerodynamic loads about the elastic axis in the undeformed tip
frame are obtained from the thin airfoil theory.

The virtual work 8W done by external forces may be defined as

1
§W=f (LAsu + LAév + LA6w + MAétb)dx
0 u v W u

where the L are the aerodynamic forces distributed along the tip length in the axial,
lead-lag and flap direction, and M is a twisting moment about the undeformed elastic
axis. “
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4.5 Finite Element Method in Space

The variation of total virtual energy can be expressed in terms of elastic
deflections u, v, w and ¢ by substifution. Applying finite element method in space
for this virtual energy expression would result in finite element equation of motion.

The blade and the tip are discretized into a number of beam elements. Each
beam element consists of fifteen degrees of freedom. There are two internal nodes
for an axial deflection and one internal node for an elastic twist. Between elements,
there is a continuity of displacement and slope for lag and flap bending defiection and
a continuity of displacement for elastic twist and axial deflections. The swept tip is
discretized by one fifteen degrees of freedom element. At the junction, the assembly
requires special attention [13], as shown in § 4.6. For lag and flap bending
deflections, interpolating functions are chosen from Hermite family polynomials,
which may allow a continuity of displacement and slope. For elastic twist and axial
deflections, Lagrange family polynomials are used, since they may give a continuity
of displacement. At the junction node, the & nodal displacements are expressed in the
undeformed blade coordinate system, while the other nodal displacements of the
swept tip are kept in the undeformed tip coordinate system (figure ). Therefore,
the junction node response will be the typical blade response in terms of lag, flap,
axial and torsion deflections, while the other tip external nodes will be typical
swept tip responses expressed in its own undeformed coordinate system.

The virtual energy can be written in terms of the nodal displacement
quantities in the space domain :

Tig - .

Ai = 6q1(M1q1 + C]q1 + K1q-‘ - F1)
where Mj, Cj, Kj and Fj are elemental mass, damping, stiffness and load matrices
respectively. Assembling these elemental matrices with the technique detailed in §
4.6, gives the nonlinear equations of motion in terms of nodal displacements. In the
assembled matrices, boundary conditions are enforced. This gives finite element
equations of motion as follows :

(X3

Mq+CE|+Kq=F

4.6 Assembly of Two Moderate Rotation Finite
Element Joined at Fixed Angles

The relations derived by Panda [13] are applied here at the junction of the
blade with the advanced tip. The two moderate rotation finite elements are joined at
fixed angles, namely sweep and droop. Therefore, the constraint relations between
the element rotational degrees of freedom of the interconnected nodes are nonlinear.-
For linear case only, the conventional linear transformation is valid. Figure 7
shows the assembly of the two elements adjoining, labeled as 1 and 2. The element
degrees of freedom are described with respect to its undeformed local element
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frame, The assembly of the transiation degrees of freedom [u,v,w] is
straightforward through a geometrical transformation matrix :

U, u1
Vo = TA v1
W2 WI

where T, is defined in {0]. The assembly of the rotationai degrees of freedom
[8,w'v] vields three nonlinear constraint relations between the left and right
element rotational degrees of freedom, as given in {0] :

®2 (o) °1
R RNRRNYR EU SR PR
K it V]
For velocity and acceleration, the constraint relations are :

8 5 9'1

\;ré = (TX +'ff\3R) ‘:’i

GP) &, 3‘1
AR RE R RS AR S
Y2 v v

All Tor matrices depend linearly on elastic deformations u, v, w, 6, v\, w', 8, W/,

V..

5 COUPLED TRIM ANALYSIS

The coupled trim analysis in forward flight consists of three major phases :
vehicle trim, blade steady response and hub loads calculation. For vehicle trim, the
propulsive trim analysis is used. The blade steady response is calculated using
finite element method in time. Hub loads are calculated using force summation
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method. In the existing rotor dynamic analysis code, a compiete coupled solution
involving all three phases has been calculated iteratively, using a modified Newton
method, as shown in [14].

The vehicle trim analysis existing in the existing dynamic code is not
changed for the purpose of the present research. A summary of the analysis is given
here but more details can be seen in {14}, or in [0].

5.1 Vehicle Trim Analysis

To start the procedure, a simple propulsive trim analysis is made based on
the flap dynamics of a rigid blade. This analysis determines the control settings and
vehicie atlitude for the prescribed flight conditicns. The trim solution is calculated
from the overall nonlinear vehicle equilibrium equations : three force equations and
two moment equations. The yawing angle of the fuselage is assumed to be alighed
along the longitudinal hub axis. For an approximation of the nonuniform inflow
distribution at the rotor in forward flight, a linear variation of inflow over the
rotor disk is used from Drees inflow modeling. The coupled equations obtained can be
solved iteratively by nonlinear system equation solver routine.

5.2 Blade Steady Response (Finite Element Method
in Time)

The blade sieady response soiution involves the determination of time
dependent blade deflections at different azimuth locations, using finite element
method in time. Description of finite element method in time is available in [9],
{14] and [15]. A brief description is given here.

The time period of one rotor revolution is discretized into a number of time
elements (typically 6 to 10). To reduce computation time, the space domain is
transformed into the modal domain using the coupled natural vibration modes of the
blade (obtained from the homogeneous undamped finite element equations in
vacuum). The state vector is expressed in terms of normal coordinates, which are
expressed in terms of nodai displacements and shape functions, for the
corresponding time element. Interpolating fourth-order polynomials are taken
from Lagrangian polynomial family. The finite element in time formulation is based
on Hamilton's weak principie.

Resulting normal mode equations are ultimately solved as a set of non-
linear algebraic equations. The solution is obtained utilizing an iterative, modified
Newton method. The steady response is determine iteratively until a converged
solution is ashieved.

5.3 Hub Loads Calculation

The calculation of steady hub loads are required to trim the helicopter. The
higher harmonic components are responsible for the helicopter vibration but has a
negligible influence on vehicle trim solution.

The hub loads include six components of hub forces and moments in the
nonrotating hub-fixed frame, such as longitudinal (Fy), lateral (Fy) and vertical
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(Fz) hub shear forces, and rolling (My), pitching (My} and yawing (Mz) hub
momaents. These hub lcads are obtained from the summation of blade loads.

The blade loads include six components of blade root forces and moments,
radial (Fx), drag (Fy) and vertical (Fz) shear forces, and the torsional {My),
flapwise (My) and lagwise (Mz} moments in the undeformed blade frame.

For a helicopter vibralion reduction purpose, one needs o calculate the
harmonics of the blade root and hub loads. For a 4-bladed rotor, 3/rev and 5/rev in
plane root shear forces (radial and drag), 4/rev vertical root shear force, 3/rev
and S/rev forsional and fiapwide root moments, and 4/rev lagwise root moment are
transmitted to the hub as primary sources of helicopter vibration. Therefore,
3/rev, 4/rev and S/rev higher harmonics of hub loads are always involved in 4-
bladed rotor vibration problems.

5.4 Procedure of Coupled Trim Analysis

The coupled trim analysis determines vehicle trim parameters iteratively
from the satisfaction of overail vehicle equilibrium equations. These equilibrium
equations show inherent couplings between a rotor and fuselage of a helicopter,
which make the analysis more complex. Hence, the blade steady response, hub loads
and overall vehicle equilibrium equations are solved simultaneously.

6 RESULTS AND DISCUSSION

Results are obtained for a four-bladed soft-inplane hingeless rotor with
Lock number y = 5, thrust level Cy/o = 0.07, soiidily ratio o = 0.07, zero precone
and advance ratio i = 0.35. The static airfoil characteristics are

C| =2na
Cd = 0.01 + 0.2a2
Cm = 0.

Blade properties are assumed unhiform in the spanwise direction and are
given in table 1. For the baseline configuration (no sweep and no droop), the
fundamental frequencies are : flap frequency of 1.126/rev, lag frequency of
0.7/rev and torsion frequency of 4.47/rev. The blade is discretized into 5 elements
of equal length. The outboard element is set at different sweep (A4) and droop (Ag)
angles, ranging from +10° to -40°. This means that the sweep or droop angles are
given only to the outer 20% of the blade length.

6.1 Effects of sweep

Figure 9 presents the effects of tip sweep on fundamental rotating
frequencies. With an increasing sweep angle, there is a slight increase of the first
torsion frequency and a slight decrease of the second torsion and second axial
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frequencies. There is only slight influence of sweep on other modes. The centrifugal
force stiffens the torsion mode of the blade due to the tennis racket effect. Tip sweep
increases this action by offsetting the tip center of gravity from the blade elastic
axis. Therefare, the blade becomes stiff in torsion and the first torsion frequency
increases.

Figures 10, 11 and 12 present the flap, lag and torsion deflections at the tip.
These deflections are nondimensionalized with respect to the rotor radius and
expressed in the reference frame of the tip. A negative sweep represents an aftt-
swept tip (opposite to rotation) whereas a positive sweep represents a forward-
swept tip. An aft sweep increases the peak-to-peak flapping amplitude and a
forward sweep decreases il. The mean flapping amplitude however decreases with an
increasing aft-sweep. There is a considerable effect of tip sweep on mean amplitude
of lag response. For a forward tip sweep, the lagging amplitude increases (larger
lag angle) whereas for an aft tip sweep, the blade deflects more forward (larger
lead-iag angle). This is due to the kinematic axial-lag coupling and the
straightening effect of the centrifugal force. An aft tip sweep induces a larger nose-
up tip twist whereas a forward tip sweep causes a nose-down twist at the tip. This
elastic twist is defined about the tip axis and is the result of three different factors :

. a component of flap angle at the junction,
. a twisting of blade due to shift of tip aerodynamic center,
. a twisting due to centrifugal force caused by flap angle.

Therefore, due to kinematic coupling at the junction, axial-lag and flap-torsion
modes, the tip defiections are very dependent on blade deflections. Sometimes, these
kinematic couplings work contrary to the direct aerodynamic/inertial couplings.

Figures 13, 14 and 15 present the flap, lag and torsion deflections at the
junction between blade and tip, in the undeformed reference frame of the blade. The
flap and lag deflections are quite similar to those at the tip. However, there is a
considerable difference in elastic twist at the tip and at the junction. An aft-sweep
angle of less than 10° induces a nose-down twist, which is quite opposite than the
twist observed at the tip. This can be explained from the fact that kinematic
coupling caused by flap angle at the tip does not occur at the junction. For a larger
aft-sweep angle (more than 10°), this trend changes and a nose-up twist occurs at
the junction. Actually, the aft-swept tip undergoes two opposite loads : an upload due
to aerodynamic forces and a down load due to inertia forces (figure 8). Uploads and
downloads at the swept tip are transmitled respectively as nose-down and nose-up
twist at the junction by the kinematic flap-torsion coupling. For low aft sweep
angle, the aerodynamic load is more predominant and induces a nose-down twist at
the junction. For a larger aft sweep angle, the aerodynamic load decreases with the
tip angle of attack, whereas the download due to centrifugal force increases and thus
induces a nose-up twist at the junction.

Figures 16, 17 and 18 respectively show radial shear Fy, chordwise shear
Fy and vertical root shear Fz for one complete cycle. There is only a small
influence of tip sweep on these shear forces.

Figure 19 present flap moment at blade root. It consists primarily of 2/rev

harmonic, and its amplitude increases whith a larger aft sweep of tip. A forward tip
sweep reduces flap moment (10% reduction for a 10° forward sweep).
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Figure 20 shows lag moment at blade root. It consists primarily of a 1/rev
variation and there is only a small change in amplitude with tip sweep. it is
interesting to note that the general variations of flap and lag moments are quite
similar to those of flap and lag deflections (Figures 13 and 14).

Figure 21 presents torsional moment at blade roof. There is a substantial
change in torsional moment with tip sweep. The variation of torsional moment
appears identical to the variation of elastic twist at the blade junction (figure 15).
it consists primarily of a 3/rev harmonic and a phase shift of 180° occurs between
aft-sweep to forward-sweep configurations.

The hub forces and moments are transmitied to the airframe and are the
primary source of vibrations. Figure 22, 23 and 24 respectively show
longitudinal, lateral and vertical hub forces. For a 4-bladed rotor, one expects
primarily 4/rev hub forces in the fixed reference frame. There is change in
oscillatory and steady amplitudes with tip sweep. Also, the phase of 4/rev harmonic
changes with sweep. The change in steady amplitude of longitudinal and lateral
forces reflects the new trim attitude ®g and os reached by the airframe (table 2). A
large sweep angle, both forward and aft, increases oscillatory amplitudes of hub
forces. With the changing sweep angle, the steady component of vertical hub force is
unaffectied since the rotor thrust is held fixed. It is interesting to note that the
minimum oscillatory hub forces occur for a small aft sweep angle (say 5°).

Figures 25, 26 and 27 respectively show rolling, pitching and yawing hub
moments. There is a change in the oscillatory amplitudes with tip sweep. Also, the
yawing moment steady amplitude is reduced by an aft-sweep, caused by the
stiffening effect of the centrifugal force. The steady components of roll and pitch hub
moments remain unaffected because of trim constraints. Again, the phase of 4/rev
harmonics change from aft sweep to forward sweep of tip.

Figures 28 and 29 respectively show the variations of peak-to-peak
oscillatory amplitudes of hub forces and moments with tip sweep. A minimum of hub
forces occurs for an aft sweep angle of 5° whereas there is no well defined minimum
for hub moments. Comparing oscillatory hub forces for an aft sweep of 5° with
unswept blade, the vertical hub force amplitude is reduced by 14%, the longitudinal
hub force amplitude is reduced by 5% and the lateral hub force amplitude is reduced
by 17%.

6.2 Effects of Droop

Droop represents an initial flap setting for the tip segment; a positive droop
represents upward flap angle and a negative droop represents downward flap angle.
Droop is given to the outer 20% of blade length.

Figure 30 presents the effects of tip droop on fundamental rotating
frequencies. There is an increase of the first torsion frequency and a decrease of the
second lag frequency, which in fact becomes 4/rev for a droop of 12° There are
only slight effects of droop on others modes.
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Figures 31, 32 and 33 respectively represent the flap, lag and lorsion
deflections at the tip, presented in the undeformed reference frame of the tip. There
is a considerable eifect of tip droop on mean amplitude of flap response. For a
downward tip droop, it increases. This phenomenon is similar in nature to the
change in lag response for a blade with tip sweep, and is due to the straightening
effect of the centrifugal force. A droop angle increases the lagging amplitude. Lag
deflection at the tip consists primarily of a 1/rev variation harmonic except for a
droop of -10° where it becomes a 4/rev component. It corresponds 1o a droop angle
for which the rotating second lag frequency becomes equal to 4/rev. A phase shift
can also be observed in the 1/rev harmonic when droop angle changes from negalive
to positive value. Torsion deflection at the tip consists primarily of a 4/rev
harmonic except for the baseline configuration {(no droop) where it is a 1/rev
amplitude. The oscillatory amplitude is maximum for a droop angle of -10°. Also,
there is a large phase shift between droop angles of -10° and -20°, may be
attributed to the occurence of resonance condition of second lag mode with 4/rev for
tip droop of -10°. The elastic twist is the result of two different factors :

. a component of lag angle at the junction,
. a twisting of the blade.

The lag angle at the junction includes a weak nose-up twist for a negative droop
angle due to the kinematic lag-torsion coupling (figure 8), and resulis in nose-
down twist for a positive droop angle. Therefore, like a swept-tip blade, the tip
deflections are dependent on inboard blade deflections, induced by the kinematic
axial-flap and lag-torsion couplings.

Figures 34, 35 and 36 present respectively the flap, lag and torsion
deflection at the junction between blade and tip, in the undeformed reference frame
of the blade. The flap and lag deflections are quite similar to those at the tip.
Comparing with lag deflection variation at tip (Figure 32}, the lag deflection at the
junction does not contain the 4/rev component for a droop angle of -10°. The steady
elastic twist amplitude is not affected by droop, a big contrast to the elastic twist
distribution at tip. The variations observed at the tip are caused by the kinematic
lag-torsion coupling which is absent for the inboard section. The oscillatory
amplitude of the 4/rev harmonic of twist at the junction increases substantially for
a droop angle of -10° and shows the possibility of resonance of 4/rev with low
damped second lag mode.

Figures 37, 38 and 3¢9 respectively show radial shear Fy, chordwise shear
Fy and vertical shear F; for one complete cycle. There is a negligible influence of
droop on radial shear force. Chordwise shear Fy shows a large 4/rev harmonic for a
droop angle of -10° similar to the lag deflection variation at tip. The amplitude of
the vertical shear is reduced by a down-droop (25% of reduction for a droop angle
of -20°) and a large 3/rev harmonic appears for a droop angle of -10°.

Figures 40, 41 and 42 respectively show the flap, lag and torsion moments
at blade root. A down-droop reduces the oscillatory amplitude of flap moment (15%
for a droop angle of -20°) which consists primarily of a 2/rev harmonic. The lag
moment shows a 1/rev component for the straight blade, which becomes
predominantly a 4/rev harmonic for a droop angle of -10° (similar 1o the root
chordwise shear force and the tip lag deflection variations). The torsion moment is
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quite similar to the torsion deflection at blade junction, which consists of a 4/rev
harmonic. A phase shift of 180° occurs between down-droop to up-droop
configurations.

Figures 43, 44 and 45 respectively show longitudinal, lateral and vertical
hub forces in the fixed reference frame. As expected, these variations primarily
consist of 4/rev harmonics for the 4-bladed rotor. There is change in oscillatory as
well as steady amplitudes with tip droop for the longitudinal and lateral forces. The
changes in steady forces are due to new trim solutions ag and ®g (table 3). The
changes in oscillatory amplitude with droop angle are small. The hub steady vertical
force does not change with droop, but its 4/rev harmonic shows a large amplitude
for a droop angle of -10°.

Figures 46, 47 and 48 respectively show rolling, pitching and yawing hub
moments. Again, a large 4/rev amplitude and phase shift occur in the rolling and
yawing moments for a droop angle of -10°, due to the resonance condition of second
lag mode with 4/rev forcing. The hub pitching moment is unaffected by droop and
only shows a phase shift with droop angle.

Figures 49 and 50 respectively show the variations of peak-to-peak
oscillatory amplitude of hub forces and hub moments with droop. The lateral hub
force and rolfling hub moment are reduced for a droop angle of -5°. A droop angle of
-10° (down droop) leads to maximum amplitudes for all forces and moments,
caused by the resonance of low damped second lag modes with the 4/rev harmonic.

7 CONCLUSIONS

This research investigated the influence of tip sweep and tip droop on the
loads and response of a four-bladed soft-inplane hingeless rotor in forward flight. A
finite element comprehensive rotor dynamic code has been modified consistently by
assembling the outer tip element for arbitrary sweep and droop angles. Inertia,
aerodynamic and structural operators with Hamilton's principle have been
recalculated to account for the effects of sweep and droop. Based on the parametric
study on a unitorm hingeless rotor blade, the following conclusions are drawn :

7.1 Tip Sweep Effects

1. Tip sweep increases the first torsion fundamental frequency.

2. Tip aft sweep increases the oscillatory tip flap amplitude and
has only a siight influence on mean tip flap amplitude. For lag response at tip,
sweep has a negligible effect on oscillatory amplitude. Tip lags more with forward
sweep. For elastic twist at tip, mean as well as oscillatory amplitudes are affected
with sweep.

3. The torsion response at the junction consists of a nose-down

twist for a small aft sweep angle and a nose-up twist for a larger aft sweep angle
because of the predominance of centrifugal force.
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4.  Forward sweep reduces 4/rev flap moment. There is a
considerable influence of sweep on torsion moment and its variation with sweep is
quite identical to the elasiic twist variation at junction.

5. Tip sweep changes steady amplitudes of fongitudinal and
lateral hub forces but the steady component of vertical hub force is unaffected. Tip
sweep changes steady amplitude of yawing moment but the steady components of hub
rolling and pitching moments are unaffected.

6. The minimum vibratory hub forces occur for a small aft
sweep angle. For example, an aft sweep angle of 5° reduces the oscillatory
amplitudes by 14% for vertical hub force, by 5% for longitudinal hub force and by
17% for lateral hub force.

7.2 Tip Droop Effects

1. Tip droop increases the first torsion fundamental frequency
and decreases the second lag fundamental frequency, which in fact becomes 4/rev
for a droop angle of 12° in our case.

2. Tip droop has a considerable influence on mean as well as
oscillatory flap amplitude at tip. Tip droop has a slight influence on mean lag
deflection at tip bul the 1/rev oscillatory component becomes 4/rev for a droop
angle of -10°. For elastic twist at tip, any nonzero droop angle induces dominant
4/rev components which become large for a droop angie of -10°,

3. Flap and lag responses at the blade junction are identical to
those at the tip, except for the case of a -10° droop angle in which the lag response
remains essentially 1/rev. For elastic twist at junction, tip droop does not affect
the mean amplitude but the 4/rev component increases substantially for a droop
angle of -10°. This is due to the resonance condition of low damped second fag mode
with 4/rev forcing and a strong pitch-flap coupling.

4, There is only a small influence of the tip drcop on mean
amplitude of shears and moments at blade root, however oscillatory amplitude of
shears and moments do change with droop setting. At droop angle of -10°, the
oscillatory amplitudes of shears and moments grow substantially due to the
occurence of resonance condition {second lag mode with 4/rev forcing).

5. Tip droop changes mean amplitude of hub longitudinal and
lateral forces and yawing moment whereas the mean amplitude of hub vertical
force, pitching and roliing moments are unaffected.

6. A tip droop of -10° {down droop) leads to maximum peak-to-
peak oscillatory amplitude for all forces and moments,

50 - 15



REFERENCES

[0]

[1]

[2]

(3]

(4]

[6]

(71

(8]

[8]

[10]

[11]

Ph. Benquet and |. Chopra, "Calculated Dynamic Response and Loads
for an Advanced Tip Rotor in Forward Flight*, M.S. Thesis,
University of Maryland, 1988.

R. Celi, "Aeroelasticity and Structural Optimization of Helicopter
Rotor Blades with Swept Tips", Ph.D. Dissertation, Mechanical,
Aerospace and Nuclear Engineering Department, University of
California, Los Angeies, October 1987.

N.T. Sivaneri and I. Chopra, "Finite Element Analysis for Bearingless
Rolor Blade Aeroelasticity”, Journal of the American Helicopter
Society, April 1984,

D.H. Hodges, R.A. Ormiston and D.A. Peters, "On the Nonlinear
Deformation Geometry of Euler-Bernoulli Beams”, NASA TP-1566,
April 1980.

D.H. Hodges and E.H. Dowell, "Nonlinear Equations of Motion for the
Elastic Bending and Torsion of Twisted Nonuniform Rotor Blades”,
NASA, TN D-7818, December 1974.

N.T. Sivaneri and I. Chopra, "Dynamic Stability of a Rotor Blade Using
Finite Element Analysis", AIAA Journal, May 1982,

B. Panda and |. Chopra, "Dynamic Stability of Hingeless and
Bearingless Rotor Blades in Forward Flight", 1st International
Conference on Rotorcraft Basic Research, Research Triangle Park,
February 1985,

W. Johnson, "Recent Developments in the Dynamics of Advanced Rotor
Systems”, Vertica, Vol. 10, No. 1, 1986, pp 72-107 (part 1) and
Vol. 10, No. 2, 1986, pp 108-150 {part 2).

J.J. Thibert and J.J. Philippe, "Etudes de profils et d'extrémités de
pales d'Hélicoptéres”, AGARD Conference Proceeding No. 334, May
1882, pp. 3-1/3-14.

J. Lim and {. Chopra, "Design Sensitivity Analysis for an Aeroelastic
Optimization of a Helicopter Blade", SDM conference, Williamsburg,
Virginia, April 1987.

R.H. Blackwell Jr, "Blade Design for Reduced Helicopter Vibrations”,
AHS Annual Forum, November 1981.

D.K. Young F.J. Tarzanin and D.L. Kunz, "Use of Blade Sweep to Reduce
4/rev Hub Loads", AHS Annual Forum, Saint-Louis, May 1987.

50 - 16



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

W.H. Weller, "Experimental Investigation of Effects of Blade Tip
Geomelry on Loads and Performnance for an Articulated Rotor
System”, NASA TP, 1879.

B. Panda, "Assembly of Moderate Rotation Finite Element Used in
Helicopter Rotor Dynamic”, AHS Journal, TN, 1987.

J.W. Lim, "aeroelasticity Optimization of a Helicopter Rotor”, Ph.D.
Dissertation, University of Maryland, 1988.

B. Panda and |. Chopra, "Dynamics of Composite Roter Blades in
Forward Fiight", A Special Issue to Mark Vertica's 10th
Anniversary, Vertica, Vol 11, No. 1-2, 1986, pp 187-2089.

P. Friedmann, "Recent Trends in Rotary-wing Aeroelasticity”,
Vertica, Voi. 11, No. 1, 1987, pp 139-170.

P. Friedmann, "Formulation and Solution of Rotary-Wing
Aeroelasticity Stability and Response Problems”, Vertica, Vol. 7, No.
2, 1983, pp 101-141.

R.A. Ormiston, "Investigation of Hingeless Rotor Stability", Verlica,
Vol. 7, No. 2, pp 143-182.

F.K. Straub and P. Friedmann, "A Galerkin Type Finite Element
Method for Rotary-Wing Aeroelasticity in Hover and Forward
Flight", Vertica, Vol. 5, 1981, pp 75-98.

G.S. Bir and |. Chopra, "Gust Response of Hingeless Rotors", Journal
of the AHS, Vol. 31, No. 2, April 1986, pp 36-46.

F.J. Tarzanin and R.R. Viaminck, "Investigation of Blade Sweep on
Rotor Vibratory Loads", NASA CR 166526, 1983.

M. Borri, "Helicopter Rotor Dynamics by Finite Element Time
Approximation®, Computer and Mathematical Application, Vol 12-A,
1886, pp 148-160.

A. Desopper, Ph. Lafon, P. Ceroni and J.J. Philippe, "10 Years of
Rotor Flow Studies at ONERA - State of the Art and Future Studies”,
Proceedings of the 42th Annual Forum of the AHS, Washington D.C.,
June 1886, pp 267-277.

B. Monnerie and J.J. Philippe, "Aerodynamic Problems of Helicopter
Blade Tips". 3rd European Rotorcraft and Powered-Lift Aircraft
Forum, Vertica, Vol. 2, 1977, pp 217-231.

R.H. Blackwell, R.J. Murril, W.T. Yeager Jr. and P.H. Mirrick, "Wind
Tunnel Evalualion of Aeroelastically Conformable Rotors", 1980.

50 - 17



[26] M.S. Torok and . Chopra, "A Coupled Rotor Aeroelastic Analysis
Utilizing Non-Linear Aerodynamics and Refined Wake Modealiing”,
Proceeding of the Founteenth Eurcpean Rotorcraft Forum, No. 21,
1988,

TASLE 1 TARLE 1!

; for @
Hingeless 5lade Properties Frim Contui Changes with Swesp Angls

g /maty = g,0108
“y 92“ 4 a *y bs 81c 15
B MR = g.0268
Fal
G/m2® « 0,00615 10 L1437 L0133 1723 L0235 | -.0871
famalR' x 44,6
sfcn 9 4T3 0159 L1734 L0307 | -.0961
gl = 0 ~14 1528 8179 L1788 L8387 | -.0978
e;ﬁic =
wim, = 1 .28 L1581 0171 L1859 0383 | -.1018
/R = 0,055
u=03  Otfe 007
TABLE (1 X R

At = Droog Angle {positive upward}

Teim Coatrol Change with Uroop Angla 5 A Az = Sweep Angle (pusilive forward}

4, 4
i

1755 ~ 0292 708 L5828 ~.0831

T G155 1744 A307 -.0851

L1422 0062 L1811 008 ~.3044

L1623 L0026 L1910 -.011% ~.11E8

Ko 538 Crio = 0.07

Figure 1

50 - 18



2 (#.'d1, Ky ) : undeformed blade frame hl *

{iv . j1 ke }: deformed blade frame o t = '
. (l2.J2, Kz ) : undeformed tip rame id v
& {i2 . ]2, ko ) : deformed tip frame i cC Y

&> £
F

-
£

<

w

g

/
Figure 2 X
S I, A N
N '; .
E4 . Aerodynamic and centrifugal forces N
Assemb[y of moderate rotation on swept tip
t finite elements Figure 6

{h. h %) undeformena bade frame

G
o,

Figure 3 i

ig Pitch-flap coupling

P displerement for sweep angle Figure 7

f rolalen

s = 7
7/
% NS
%
» \/
Junchen / ﬂ"

Global degrees of freedom
configuration at tip

. itch-lag couplin
Figure 4 Fiten-iag P Figure 8

for droop angle
50 - 19



SWEEP AND

FUNDAMENTAL FREQUENCIES

360

15 W
— e . 2 TORsION
A
o
S LT e AL
nn
=
|8 ]
= 2 FLap 2 LAG 1 TORSION
Sl et A T
o [}
Ld . -]
o
- G 1 FLAP
% 10 20 30 prs l 60
SWEEP—BACK ANGLE (deg)
Figure 9
FLAP DEFLECTION AT TIP FLAP DEFLECTION AT JUNCTION
, H~035 Grie = 007 u =~ 03% Cylo = 007
T | —--- swEEP = —20 eeg 8 T swEep = —20 ve
T SWEEP = —10 deg — = SWEEP = —10 deg
~—--- SWEEP = -~ 5 deg 05 | weweeme SWEEP = — 35 deg
075 |~ SWEEP = 0 deg ~ SWEEP = O deg
— SWEEP = 10 deg — SWEEP = 10 deg
o .04
~
§ 03
;E' .02
01
%0 %0 T80 270 380 % 9‘0 180 270 360
AZIMUTH (deg) AZIMUTH (deg)
Figure 10 Figure 13
LAG DEFLECTION AT TIP LAG DEFLECTION AT JUNCTION
%4038 Crio « 0.07 Mo=035 Cr/o = 0.07
Eil] 03
—--- SWEEP = -20 deg ——-s- SWEEP = =20 deg
——= SWEEP = =10 deg ——— SWEEP = ~i0 deg
e SWEEP 02| = SWEEP = - 5 deg
cemre SWEER w0 deg
— SWEEP = 10 deog
[~ R )
= ~
\:_ _E 0 F .. T
S E
> .
~.06 P 1. 1 - _03 1 i H
o S0 180 270 380 [¢] 90 180 70
AZIMUTH (deg) AZIMUTH (deg)
Figure 11 Figure 14
TORSION DEFLECTION AT TIP TORSION DEFLECTION AT JUNCTION
L= 035 Cria = 0.07 B =035 Criq = .07
.03 03
—--~ SWEEP = ~20 deg mm=e= SWEEP = —20 deg
-—~ SWEEP = ~10 deg —— SWEEP = ~10 deg
we— SWEEP = = § deg 02 | === SWEEP = — 5 deg
02| SWEEP = 0 dag -emmee SWEEP = O deg

90 180
AZIMUTH (deg)

270 160

Figure 12 50

q‘|uucllun

-.03

180
AZIMUTH (deg)

- 20 Figure 15

360



Fz / mgPR2

RADIAL SHEAR FORCE AT BLADE ROCT

BLADE ROOT FLAP MOMENT
Wwa035 Gy « 007
° —--- SWEEP = -20 dag
—— SWEEP = —10 deg
. | e GWEEP = —~ 5 de
=00 sweEP - O de:
—— SWEEP = 10 deg

CHORDWISE SHEAR FORCE AT BLADE ROOT

L E-] Crie = 007
.8
—=en SWEEP = ~20 deg
e SWEEP = —i0 deg
——--- SWEEP = — 5 deg
o= SWEEP w0 deg
~ —— SWEEP w 10 deg
o
o
c
o
E s
~
o
3 t 1 1
0 90 180 270 360

AZIMUTH {deg)

Figure 16

u =035 Cria = 907
—m=em SWEEP = -20 deg
A SWEEP = —10 dag
~---++ SWEEP = - 5§ dag
D05 [ SWEEP = O deg
—— SWEEP = 10 deg

-015 v
0

—.005 L L L
0

180 360
AZIMUTH (deg)

Figure 19

BLADE ROOT LAG MOMENT

u =035 Crig = 007

SWEEP = —20 deg
SWEEP = —10 deg
SWEEP = — 5 deg
SWEEP = 0 deg i
- SWEEP = 10 deg . -

90 180 270 360
AZIMUTH (deg)
Figure 17
VERTICAL SHEAR FORCE AT BLADE ROOT
0% n =035 Cyia - 0.07
" | —--- SWEEP = -20 dag
[ SWEEP w 10 deg
P | - SWEEP = -~ S deg
o3| == SWEEP = 0 dog
—— SWEEP = 10 dog

.0z

.01

0 1

003 1 1 i
o 90 180 270 360
AZIMUTH {deg)
Figure 20
BLADE ROOT TORSION MOMENT
u=035  Crig - 007
JE-04
wmnme SWEFP = —20 dag
| ——— SWEEP = —10 deg
2E=04 | ——-— SWEEP = — 5 dug
——— SWEEP = 0 deg
— SWEEP = 10 deg
1E—-04

930

'
270

180
AZIMUTH (deq)

360

Figure 18

M, / mg?R?

50 - 21

T 4 el o S i e /’"“--
104 £ \\__‘_/:.___h I Ny
R \.. )
-2E-04 - ~.
-3E-04 v L 2
0 S0 180 270 360

AZIMUTH {deg)

Figure 21



Hu8 LONGITUDINAL FORCE HUB ROLLING MOMENT

Gria = 007 w-035  Craaco7

008 .02

e SWEEP m —40 deg ———- SWEEP = —40 deg

—oc SWEEP = —20-deg — - SWEEP = —20 deg

s SHEEP w —10 dag - —10 deg
008 | ——— SWEEP = - 5 dag -~ 5 deg
. -—-~ SWEEP = 0 deg w D deg

—— SWEEP = 10 deg 0% = 10 deg

M, / mp0’R?

% 30 ) 270 360
AZIMUTH (deg) AZIMUTH (deg)
Figure 22 Figure 25
HUB LATERAL FORCE HUB PITCHING MOMENT
w035 Crio = 007 u-035 Ctlo = 007
601 0z

———=- SWEEP = -40 deg ===~ SWEEP = —40 deq

—=-- SWEEP = .20 deg —--- SWEEF = —20 deg

——~ SWEEP = —10 deg —~ SWEEP = ~10 deg

- SWEEP = — 5 deg
s SWEEP wa 0 deg
D| —— SWEEP = 1D deg

— SWEEP = — 5 deg

e SWEEP = 0 deg
D1 | —— SWEEP = 10 deg

Fy / mo*R?
M, / mon?R®

-.002 1. I 1
$0 180 270 380
AZIMUTH (deq) AZIMUTH (deg)
Figure 23 Figure 26
HUB VERTICAL FORCE HUB, TAWING MOMENT
=035 Cria = 0.07 _ 004
Bl p— - T ]~~~ SWEEP = —40 dag
—— ﬁég - _;g ::g —--- SWEEP = —20 deg
—— SWEEP = —10 deg —-— SWEEP = —Ig :ag
e DT o - SWEEP - 0 d::
T e = 10 deg B 005 | — SWEEP = 10 deg
c I
o
E
~
< ~-.006
/ ' \;
/ \\\Ij ‘\ } ‘\.l’ ‘\\
075 P ,:,;0 pr 360 =07 % ™ 270 380
AZIMUTH (deg) AZIMUTH {deg)
Figure 24 Figure 27
HUB FORCES PEAK-TO-PEAK AMPLITUDES HUB MOMENTS o3#2EA16<I—T°(37—F’EAK AMPLITUDES
u =035 Cria = 0.07 u =0 g = 0.
2
2 -~fx-- VERTICAL HUB FORCE (107 -fre YAWING HUB MOMENT  (107%)
& LATERAL HUS FORCE (107% O PITCHING HUB MOMENT (1079
~O— LONGITUDINAL HUB FORCE (107%) —(3— ROLLNG HUB MOMENT (107%)

~20 : -0 10 =20 =10 o 10
aft SWEEP (deg) forward aft SWEEP (deg) {orword

Figure 28 50 - 22 Figure 29



DROOP AND FUNDAMENTAL FREQUENCIES

15
. . ZTORSION. e _
>
2 oM AL o]
ot "
[ir]
w
2 2o 2o 3 ToRsior |
g 5L . f’__' ___________________
F P 1
[m] ——-- T
b -
[
— ! 1P
a 1 ] ! [
¢ 10 20 30 %0 50 80
DROOP ANGLE (deg)
Figure 30
FLAP DEFLECTION AT TiP g FLAP DEFLECTION AT JUNCTION
u =035 Cria = 007 u =035 Cria = 0.07
KES .5
[l p— DROOP = —20 deg il p— DROOP = —~20 dag
------- DROOP = —10 deg we-- DROOP = —10 deg
- DROOP = O deg e DROOP = O dag
—— DROOP = 10 deg —— DROCP = 30 deg
ak af

o, o5 180 270 360
AZIMUTH (deg)
Figure 31
LAG DEFLECTION AT TIP
u =935 Cria = 007
03
~—— DROOP = —20 dag
weecees DROOP = —10 deg
02 | ===~ DROOP = O deg
—— DROOP = 10 deg
01 -
[
DY
=
~.03 L : -
a 90 180 270 360
AZIMUTH (deg)
Figure 32
TORSION DEFLECTION AT TIP
¥ =035 Cria = 0,07
.04

—— OROOP = =20 deg
weeem-- DROOP = —10 deg
s DROOP = O deg
——— DROOP = 10 deg

02

1

270

1
g;o 180
AZIMUTH (deg)

Figure 33

-.04 o 360

V]uncﬁnn / R

¢[unc|lor\

50 - 23

w]uncﬂnn / R

00 80 180 270 360
AZIMUTH (deq)
Figure 34
LAG DEFLECTION AT JUNCTION
w025 Cr/o = 007
.02
~—~ DROQOP = =20 dag
------- DROOP = =10 deq
wenr. DROOP = Q deg
—— DRODP = 10 deg
.01
ol

-2

270

90 180 360
AZIMUTH (deg)
Figure 35
TORSION DEFLECTION AT JUNCTION
3 =035 Cria = 0.07

4

.02

——~ DROUP = —20 deg
s JROOP = —10 deg
e DROOP = O dag
—— DROOP = 10 deg

-04
0

1
90 180 270 360

AZIMUTH (deg)
Figure 36



RADIAL SHEf\_RmFORCE AT BLADE ROOT BLADE ROOT FLAP MOMENT

Criag = 007 u =035 Gvio - 0.07

rmuee- DROOP = —20 deg ?
——— DROOP = ~10 deg
~eer— DROQP = — 5 deg
o DROOP = O dag
—~— DROOP = 10 deg

— = DROOP = —20 deg
------- DRDOP = —10 deg
e DROOP = O deg
—— OROOP w10 deg

4 1 2

360

0 90 180 2;0 360 —005 o glo u‘ao 2‘."0
AZIMUTH (deg) AZIMUTH (deg)
Figure 37 Figure 40
CHORDWISE SHEAR FORCE AT BLADE ROOT BLADE ROOT LAG MOMENT
B =035 Cria = 0.07 p=03S Cyla = 0.07
02 o0z 4
o= DROOP = —20 dag | —— ORCOP = -20 deg
—--—- DROOP = =10 deg weese DROOP = —10 deg
—eme DROOP = 0 deg e DROOP = O deg
ol DROOP = 10 dag — DROOP = 10 deg

Fy / m002R2

-.02 H 1 2 -.004 i 1 1
) 90 180 270 360 ) 30 180 270
AZIMUTH (deg) AZIMUTH (deg)
Figure 38 Figure 41

BLADE ROOT TORSION MOMENT
VERTICAL SHE}‘&\LE\’s FORCE AT BLABE ROOT

U035 Cria = Q07

360

Cria = 007
.04 IE—D4
—-— DRODP = ~20 deg —— DROOP = —20 deg
e DROOP = =10 deg| {4 e DROOP = —10 deg
e DROOP w O deg ) 2E—D4& | - DROOP « 0 deg
05| — DROOP = 10 dey ww—— DROOP = 10 deg

02

Fo / mofPR?

.03

0 3

i L L
o 90 180 270 360 0 90 180 279

AZIMUTH (deg) AZIMUTH (deg)
Figure 38 Figure 42

50 - 24

380



HUB LONGITUDINAL FORCE

4 =03 Crra = 097

HUB ROLLING MOMENT

u~03% Cila - 007
.008 .02
—--- DROGP = -20 deg —--- DROOP = —-20 deg
—— DROCP = —10 deg —— DROOP = —10 deg
....... DROOP = — 5 deg «-=--- JROOP = ~ 5 deg
00 | = DROOP = O deg - DROOP = 0 deg
' —— DROOP = 10 deg " —— DROOP = 10 deg
e % .01
-~ ™
G =]
=] [-3
£ 004 /W\/\_’ E
~ —— — —— — ~~
x \-‘-—'"/ “"’*—-../.. e -~ h""-.-..,_/" k.
[y ] x
e AN TN
7 : o e o
AT N
0 1 3 L ~.01 L A L
o 90 180 270 360 Y S0 180 270 180
AZIMUTH (deg) AZIMUTH {deg)
Figure 43 Figure 46
HUB LATERAL FORCE HUB PITCHING MOMENT
a1 u=03% Cr/a = 007 =935 Cria = 007
== BROGP = —20 deg e DROOP = —20 deg
== BROGP = —10 deg -—= DROOP = —10 deg
------- DROOP = -~ § deg s DROOP = O deg
wee DROOP = O deg ——— DROOP = 10 deg
- —— DRDOP = 10 deg
w005
~
c
[~
E
e
W 0
-.005 1 L 1 005 1 1 1
0 20 180 270 380 ) 90 180 270 360
AZIMUTH (deg) AZIMUTH (deg)
Figure 44 Figure 47
HUB VERTICAL FORCE HUB YAWING MOMENT
15 w=035  Cro =007 0 =038 Cria = 0.07
—--- DROOP = —20 deg —--- DROOP = —20 deg
== DROOP = —10 deg —= DROOP = ~10 deg
-~ DROOP = — 5 deg wrenee- DROOP = = 5 deg
-~ DROQP w O deg —002| ... DROOP = O deg
—~— DROOP = 10 deg ——— DROOP = 10 deg
~.004

M, / mp?R?

05 L L ] L . 1
. o 90 180 270 350 -.010 90 180 270 360
AZIMUTH (deg) AZIMUTH  (deg)
Figure 45 Figure 48
HUB FORCES PEAK-TO-PEAK AMPLITUDES HUB MOMENTS PEAK-TO—-PEAK AMPLITUDES
3 =035 Cric = 0.07 2 B 035 Gria = 0.07
-—fr-- VERTICAL HUB FORCE (107%) =¥ YAWING HUB MOMENT (107
-4~ LATERAL HUB FORCE (307 -~ PITCHING HUB MOMENT {10°7)
—O— LONGITUDINAL HUB FORCE (1077} . ~{— ROLLING HUB MOMENT {1079
‘ ! " ;
resonance s resongnce %

-20

downward

~10 ’ 0
DROOP (dey)

Figure 49

o . N .
H¢ =20 —10 0 H
upward Gownward DROOP (deg) upwaro

50 - 25 Figure 50




 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (8.89 265.84) Right top (55.35 566.30) points
      

        
     0
     8.8949 265.8445 55.3463 566.2961 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (7.97 231.04) Right top (46.81 651.33) points
      

        
     0
     7.9674 231.0443 46.8086 651.3256 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (7.97 500.94) Right top (43.82 556.71) points
      

        
     0
     7.9674 500.9406 43.8208 556.7125 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (1.00 245.98) Right top (44.82 524.84) points
      

        
     0
     0.9959 245.9832 44.8167 524.8428 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 6 to page 6
     Mask co-ordinates: Left bottom (-1.00 318.42) Right top (22.89 841.83) points
      

        
     0
     -0.9951 318.4248 22.8865 841.8292 
            
                
         6
         SubDoc
         6
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (-4.98 265.13) Right top (42.86 550.21) points
      

        
     0
     -4.9839 265.1294 42.8614 550.2072 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (12.94 259.82) Right top (42.81 555.48) points
      

        
     0
     12.9415 259.8172 42.8067 555.4818 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     8
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 11 to page 11
     Mask co-ordinates: Left bottom (0.00 265.79) Right top (41.81 563.45) points
      

        
     0
     0 265.7902 41.8112 563.4459 
            
                
         11
         SubDoc
         11
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     10
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 13 to page 13
     Mask co-ordinates: Left bottom (5.96 212.59) Right top (40.73 564.24) points
      

        
     0
     5.9603 212.5853 40.7284 564.2404 
            
                
         13
         SubDoc
         13
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     12
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 14 to page 14
     Mask co-ordinates: Left bottom (-1.99 144.96) Right top (27.80 842.03) points
      

        
     0
     -1.9859 144.9634 27.8032 842.0282 
            
                
         14
         SubDoc
         14
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     13
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 15 to page 15
     Mask co-ordinates: Left bottom (-2.98 248.13) Right top (50.62 571.70) points
      

        
     0
     -2.9776 248.1344 50.6192 571.7003 
            
                
         15
         SubDoc
         15
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     14
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 16 to page 16
     Mask co-ordinates: Left bottom (-1.00 193.20) Right top (27.89 841.55) points
      

        
     0
     -0.9959 193.199 27.886 841.5477 
            
                
         16
         SubDoc
         16
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     15
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 17 to page 17
     Mask co-ordinates: Left bottom (5.97 268.44) Right top (40.76 551.79) points
      

        
     0
     5.9654 268.4352 40.7636 551.7922 
            
                
         17
         SubDoc
         17
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     16
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 18 to page 18
     Mask co-ordinates: Left bottom (-0.99 135.85) Right top (25.78 840.95) points
      

        
     0
     -0.9917 135.8481 25.7844 840.952 
            
                
         18
         SubDoc
         18
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     17
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 19 to page 19
     Mask co-ordinates: Left bottom (2.98 274.17) Right top (47.68 555.30) points
      

        
     0
     2.9801 274.1746 47.6821 555.3 
            
                
         19
         SubDoc
         19
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     18
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 21 to page 21
     Mask co-ordinates: Left bottom (280.56 0.99) Right top (569.03 56.31) points
      

        
     0
     280.5623 0.9879 569.0279 56.3101 
            
                
         21
         SubDoc
         21
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     20
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 22 to page 22
     Mask co-ordinates: Left bottom (288.47 553.22) Right top (562.11 587.80) points
      

        
     0
     288.4655 553.2216 562.1126 587.7979 
            
                
         22
         SubDoc
         22
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     21
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 23 to page 23
     Mask co-ordinates: Left bottom (6.92 264.86) Right top (50.40 559.38) points
      

        
     0
     6.9183 264.8562 50.4047 559.3778 
            
                
         23
         SubDoc
         23
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     22
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 24 to page 24
     Mask co-ordinates: Left bottom (560.58 282.27) Right top (595.24 550.67) points
      

        
     0
     560.577 282.2716 595.2416 550.675 
            
                
         24
         SubDoc
         24
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     23
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 25 to page 25
     Mask co-ordinates: Left bottom (286.60 11.90) Right top (563.29 52.56) points
      

        
     0
     286.6035 11.9005 563.2899 52.5605 
            
                
         25
         SubDoc
         25
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     24
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 26 to page 26
     Mask co-ordinates: Left bottom (3.96 -2.97) Right top (791.66 19.79) points
      

        
     0
     3.9583 -2.9688 791.6649 19.7916 
            
                
         26
         SubDoc
         26
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     25
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 26 to page 26
     Mask co-ordinates: Left bottom (292.92 559.11) Right top (549.22 596.72) points
      

        
     0
     292.916 559.1133 549.2175 596.7174 
            
                
         26
         SubDoc
         26
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     25
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 27 to page 27
     Mask co-ordinates: Left bottom (544.21 288.21) Right top (595.71 568.50) points
      

        
     0
     544.2083 288.2118 595.71 568.5003 
            
                
         27
         SubDoc
         27
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     27
     26
     1
      

   1
  

 HistoryList_V1
 qi2base





