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In this paper, an accurate structural dynamic analysis was developed for a helicopter rotor system including rotor
control components, which was coupled to various aerodynamic and wake models in order to predict an aeroelastic
response and the loads acting on the rotor. Its blade analysis was based on an intrinsic formulation of moving beams
implemented in the time domain. The rotor control system was modeled as a combination of rigid and elastic
components. A multicomponent analysis was then developed by coupling the beam finite element model with the
rotor control system model to obtain a complete rotor-blade/control-system aeroelastic analysis. The rotor blade
analysis was in good agreement and validated by comparing with DYMORE. Numerical results were obtained for a
four-bladed, small-scale, articulated rotor rotating in vacuum and in a wind tunnel to simulate forward-flight
conditions and its aerodynamic effects. The complete rotor-blade/control-system model was loosely coupled with
various inflow and wake models in order to simulate both hover and forward-flight conditions. The resulting rotor
blade response and pitch link loads are in good agreement with those predicted by CAMRAD II. The present analysis
features both model compactness and robustness in its solution procedure while capturing the sophisticated behavior
of individual rotor components. The analysis is expected to be part of a framework useful in the preliminary design

phase for helicopters.

Nomenclature

AC = orientation of the undeformed pitch link

b = undeformed beam reference frame

C = Rotation matrix, C**CP¢

ce = transformation matrix from frame b to frame a

CBa = transformation matrix from frame a to frame B

e = unit vector, [1, 0, 0]"

F = internal force vector

H = angular momentum vector

I; = elements of the 6 x 6 inertial matrix of each finite
element (11,15, ..., 1g)

K = kinetic energy density per unit blade span

K;; = elements of the 6 x 6 stiffness matrix of each finite
element (K, Ky, ..., Ke)

ky» ¢ = stiffness and damping coefficients of the elastic pitch
link

Ly length of the undeformed pitch link

M = internal moment vector

P = linear momentum vector

PC = orientation of the pitch horn

R = rotor radius
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= potential energy density per unit blade span
displacement vector

linear velocity vector

force strain vector

= 3 x 3 identity matrix

= virtual action at the ends of the rotor blade and at the
ends of the time interval

virtual work of externally applied loads per unit
length

rotation vector expressed in terms of Rodrigues
parameters

= operator converts a column vector to its dual matrix
moment strain vector

= angular velocity vector
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1. Introduction

ELICOPTERS operate in many different flight regimes and are

sometimes required to conduct extreme maneuvers. Prediction
of the rotor system component loads is therefore important even in
the early phase of design. Helicopter rotor blades are long, slender
and generally undergo moderate to large displacements due to
aerodynamic loads. Also, the aerodynamic environment around the
rotor is highly unsteady and complex [1,2]. To make accurate
predictions for the rotor blade, hub and control component loads, a
sophisticated aeroelastic analysis is required for related helicopter
rotor systems. Industry, research institutes, and academia have
developed a few comprehensive aeroelastic analyses for that
purpose. Existing analyses such as the Comprehensive Analytical
Model of Rotorcraft Aerodynamics and Dynamics (CAMRAD 1I)
[3.4], University of Maryland Advanced Rotorcraft Code (UMARC)
[5], and DYMORE [6] have been widely used to predict helicopter
aeroelastic response accurately.

CAMRAD 1I is one of the most advanced comprehensive
rotorcraft analyses and predicts performance, trim, stability, and
loads. In its structural analysis, component rigid body motion is
assumed to be large, and the kinematics of the interfaces and rigid
body motion are treated in an exact manner. For rotor structures, three
different models are provided regarding the geometrical non-
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linearity: exact beam, almost-exact beam, and second-order
approximated beam [7]. In aerodynamics, it implements a lifting-
line theory using two-dimensional steady airfoil characteristics and a
vortex wake. For an unsteady airfoil motion, various levels of
unsteady aerodynamic models and dynamic stall models are
provided [8]. However, it requires a significant amount of detailed
input parameters in order to establish a correct trim condition and
obtain pertinent results. Thus, CAMRAD II may not be an
appropriate numerical analysis, especially at a preliminary design
stage of a helicopter.

UMARC is one of the existing comprehensive programs for
aeroelastic analysis of a helicopter rotor and is based on the finite
element methodology. UMARC uses a geometrically nonlinear but
approximated beam formulation, which only retains the terms up to
the second order based on an ordering scheme [9]. Datta and Chopra
[10] used UH-60A flight-test data to validate the structural and
aerodynamic models included in UMARC. The lower harmonic
torsional moments and pitch link loads were well predicted, though
deficiencies existed for torsion loads above 4/rev. They found that
the predictions were sensitive to the particular wake model used and
the trim state. Datta and Chopra also attempted to couple the
helicopter structural dynamics model in UMARC with a separate
computational fluid dynamics (CFD) analysis to predict the vibratory
loads in a high-speed flight [11]. They reported that CFD and
computational structural dynamics (CSD) coupling improved the
prediction for torsional loads. The peak-to-peak and lower harmonics
of the pitch link load were captured well. However, they found that
the higher harmonic components in the pitch link loads were not
captured well. The discrepancies in the predicted higher harmonic
torsion loads remained even when CFD analysis was replaced
by the measured aerodynamic loads, which were obtained from the
UH-60A Airloads Program. The discrepancy was attributed to the
limitations in the structural dynamic model of the helicopter rotor.
Use of a geometrically exact beam formulation is suggested as one of
the remedies to overcome such limitations.

Bauchau [12,13] developed a finite element program called
DYMORE for the analysis of a nonlinear flexible multibody system.
DYMORE implements a nonlinear finite element analysis, and its
element library includes rigid and deformable bodies as well as
various joint elements. The element library includes rigid bodies,
cables, beams, and shells. Joints can be modeled as planar,
cylindrical, screw, revolute, spherical, and prismatic. The beam
formulation in DYMORE is geometrically exact. An entire rotor
system consisting of blades, pitch horns, pitch links, and the
swashplate can be modeled in DYMORE and appropriate boundary
conditions can also be established. The resulting nonlinear equations
of the motion are then solved for the complete multibody system
using an energy-decaying, time integration scheme, which is
unconditionally stable [14]. References [15,16] use DYMORE to
predict the aeroelastic response and stability of the helicopter rotors.
However, DYMORE only provides a simple two-dimensional
unsteady airfoil theory and a finite state dynamic inflow model to
calculate the inflow velocity field over the rotor disk [17,18]. Also, a
very detailed description is usually required for multibody degrees of
freedom in DYMORE. This significantly increases the size of the
matrices it needs to handle and often makes it difficult to interpret the
eigenvalue results regarding aeroelastic stability.

In this paper, an improved structural dynamic analysis will be
presented for helicopter rotor blade and control system components.
And, then it will be combined with an appropriate aerodynamic
model in order to make an accurate prediction of blade and pitch link
loads for various flight conditions. The present structural analysis is
intended to feature the following important aspects: compactness in
its model size and sophistication for predicting blade and control
loads accurately. Thus, it is expected to be a valuable design and
analysis tool for the preliminary design phase of helicopters.

To construct a robust and precise aeroelastic analysis framework,
an accurate structural dynamic analysis will be developed for a
helicopter rotor system, which can then be coupled with various
aerodynamic and wake models, ranging from the simple lifting-line
theory to CFD. A complex three-dimensional structural analysis for

a rotor blade will be separated into a set of two analyses: a linear
analysis over the cross section and a nonlinear analysis of the blade
reference axis. An approach based on the variational asymptotic
method [19] considering the effects of curvature, twist and warping
will be used to obtain the cross-sectional stiffness properties of
anisotropic rotor blades. The elastic properties thus obtained will
then be used in the one-dimensional beam analysis. The present
structural analysis is derived based on the mixed variational
formulation of moving beams suggested by Hodges [20]. Shang [21]
implemented such formulation of a rotating beam in the frequency
domain, and Cheng [22] further modified it to be implemented in the
time domain. The rotor control system components will be modeled
as a combination of rigid and elastic components. A multicomponent
analysis will then be developed by coupling the blade analysis with
the rotor control system model. This will be combined with suitable
aerodynamic and wake models or CFD to predict the blade and
control system loads. Numerical validation will be conducted for the
structural and aerodynamic models developed. Then the aeroelastic
response and loads will be validated by the coupling of the structural
and aerodynamic models.

II. Geometrically Exact Beam Formulation

The nonlinear intrinsic formulation originally developed by
Hodges [20] assumes small strains and finite rotations. It is
applicable for slender beams like helicopter rotor blades that are
initially curved and twisted. This formulation does not approximate
the geometry of the deformed beam reference line and is therefore
suitable for cases of large displacements and rotations.

The variational formulation is derived from Hamilton’s principle,
which can be written as

/ /R[B(K—U)—HSW]dx, di=3A )
o Jo

The internal force, internal moment, linear momentum, and
angular momentum vectors in the deformed blade reference frame B
are introduced as [20]

dU\T dU\T oK \" oK \T
=) =) me(w) -G
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With the above equations, Eq. (1) can be written as
5 (R
/ / [BViTPy + 8QTHy — SysTFy — ST M + SW]dx, dr
noJ)
=38A 3)
The superscript * means that Vj, QF, y*, and «* satisty the

kinematic equations, which ensure satisfaction of the geometric
exactness as follows [20]:
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In a typical displacement-based formulation such as the one
presented in [11], the kinematical equations are very long and
cumbersome. Also, the numerical implementation of such formu-
lation results in inaccuracies due to truncation of polynomial
functions. An alternative to this approach is to combine the intrinsic
beam formulation with the constitutive and kinematic relations
[Egs. (2) and (4), respectively] through the use of Lagrange multi-
pliers, thereby maintaining the generalized displacements, strains,
forces, and momenta as independent variables. Following the latter
approach, Eq. (3) becomes
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Transforming the above equation to frame a using the rotation
matrix C and performing integration by parts, the variational for-

mulation based on exact intrinsic equations for moving beams in the
hub rotating frame a can be written as

1
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n
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In the above equation, f,, and m,, are the external force and moment
vectors, respectively. The hatted terms are the boundary values of the
corresponding quantities. The generalized strain and force measure
and velocity and momentum measures are related through the
constitutive laws in the following form:

Uef=wll} {mf=mla)

Discretizing Eq. (6) in the spatial domain into N finite elements,
the above equation can be reduced to the following:

1 N
/ > M di=0 )
"=

This results in a set of nonlinear governing equation as follows:
Fo(X,X)—F, =0 (10)

where F is a structural operator, F; is an external load operator, and
X is the unknown structural state variable vector organized as
follows:

AT A ~ AT
X = [FiM{uf0f F{M{P{HY -+ ul 6} F{ M PR HY it O]
(11)

where u is the displacement vector in the frame a, and 6 is the rotation
vector expressed in terms of the Rodrigues parameters. The hatted
terms in the above expression are the boundary values of the
corresponding quantities that depend on the boundary conditions.
Equation (10) is a set of the first-order ordinary differential equations.
The time derivative of the unknown vector X is calculated based on
the variables during the previous two time steps, by using second-
order backward Euler method. The problem is then converted to the
solution of a set of nonlinear algebraic equations of the form

Fo(X")—F, =0 (12)

where X" is the unknown structural vector at time step n. Newton-
Raphson method is used to solve the above set of nonlinear algebraic
equations. The present structural analysis can be coupled with an
appropriate aerodynamic model through the external load operator
F;. The unknown vector X will be modified slightly when con-
sidering an articulated rotor instead of a hingeless rotor.

III. Prediction of Loads in the Control
System Components

The primary objective of this paper was to develop a CSD analysis
that can be readily coupled with various analyses developed to model
the aerodynamic environment of a helicopter rotor. In particular, the
combined aeroelastic analysis was used to estimate the loads acting
on the control system components of the helicopter.

The schematic of the rotor blade and control system is shown in
Fig. 1. The rotor blade is modeled using the geometrically exact beam
formulation described in Sec. II. The components of the rotor control
system such as the pitch link, pitch horn, swashplate, and servo
actuators are modeled as a combination of rigid and elastic bodies. A
systematic approach was then followed to couple the rotor control
system model with the beam finite element model to obtain a
complete blade-control system model. Such unified structural model
was developed in a modularized fashion so that it can then be easily
coupled with the various aerodynamic and wake models or even
CED.

As a preliminary step, only the pitch horn, pitch link, and the
rotating swashplate were considered in this paper. The pitch horn and
the rotating swashplate are modeled as rigid bodies with negligible
mass. The pitch link is modeled as a combination of an elastic linear
spring and linear viscous damper. The additional terms in the virtual
variation in the strain energy and virtual work expressions due to the
elastic pitch link can be written as follows:

(SUpl = kplEpl(SEpl SWpl = _CP]EPI(SEP] (13)
where E, is the elongation of the pitch link. Itis now assumed that the
vertical motion of the swashplate (h,) is prescribed. Later, this
motion will become a new degree of freedom when the swashplate is
modeled as an elastic component. The deformed pitch link
orientation A’C’ is related to the swashplate motion and blade root
motion as follows (Fig. 2):

A'C' = —hyk + AC + CP + u,, + C5PC (14)
where u,p and C} are the displacement and rotation of the pitch horn

attachment point P and all the relevant quantities are measured in
frame a. The elongation of the pitch link can then be written as

E,=|A'C|-1, (15)

SHAFT
PITCH HORN

PITCH LINK

——= ROTATING SWASHPLATE
—= NON-ROTATING SWASHPLATE

SERVO ACTUATORS
Fig. 1 Schematic view of a rotor with its control system components.
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Fig. 2 Analysis of the control system components.

The above nonlinear equation provides the kinematic relationship
between the pitch link elongation (E,) and motion of the blade root
and swashplate motion. This nonlinear equation is used to obtain the
expression for §E,,; in terms of the virtual displacements (u;, du,,
and dus) and virtual rotations (8y/,, §v,, and §vr3) at the pitch horn
attachment point on the rotor blade P. From Eq. (15) we can write

SEpl = E, 8uf + Ep8u3 + E,30u5 + Eq 8Y{ + Edys + Egs69/4
(16)

Since Eq. (15) isnonlinear, E,,|, E,, E 3, Ey|, Eg, and Eg; are not
constants. Rather, they are functions of the displacements and
rotations at P. The modified governing equations of the motion are
obtained after adding the expressions for U, and W), to the original
expression for U and §W, respectively, in Eq. (1). The nonlinear
algebraic equations are then solved to obtain the blade deformation
and loads along with the deformation of the elastic pitch link. The
loads acting on the pitch link and the rotating swashplate are then
obtained from the above solution. In the future, it is the authors’ plan
to include an elastic model of the servo actuators and the inertial
properties of the rotating and nonrotating swashplates.

The present approach increases the number of degrees of freedom
in the structural model by only one per blade while capturing the
behavior of the control linkages to a reasonable extent. Compared
with the present model, control system modeling in a general
multibody dynamics analysis, such as DYMORE, will increase the
problem complexity appreciably due to the additional degrees of
freedom introduced by the control linkages and joints.

IV. Validation of the Geometrically
Exact Beam Formulation

To validate the geometrically exact beam analysis, a few test cases
were numerically simulated using a computer program. The results
from such test cases are presented here. A simple rotating beam
clamped at the root and with a tip force acting along the a5 direction,
as shown in Fig. 3, is considered. The material properties of the
simple beam are described in Table 1. The dynamic response of
the beam was calculated using beam analysis and compared with the
results obtained by DYMORE. Figures 4 and 5 show the comparison
of the tip displacements and rotations under the application of a tip
force equal to 50 sin 207 N. Figures 6 and 7 show the root forces and
moments for the case along with the results from DYMORE
simulations. The time-step size used in both computer simulations
was 1 x 1073 s. Tt was seen that the two results are nearly identical
except for the axial force component at the root, where the difference
between the two analyses is less than 2%.

V. Numerical Results and Discussion

In this paper, a four-bladed small-scaled experimental rotor was
used for numerical analysis. The properties of the small-scaled rotor
are given in Table 2. The rotor blade is discretized into 10 finite
elements along the spanwise direction. To validate the present
analysis, a well-established rotorcraft comprehensive analysis pro-
gram, CAMRAD II [5,6], was used. Modeling of an existing small-
scaled experimental rotor and its relevant CAMRAD II input files

Q aj
Fig. 3 Test case considered for validation of the exact beam analysis.

were originally written and executed by the Korea Aerospace
Research Institute. Those files were further modified and used in this

paper.

A. Small-Scaled Rotor Rotating in Vacuum

First, the small-scaled rotor was analyzed in a vacuum. Under the
conditions of a vacuum since the aerodynamic loads are absent, the
response of the rotor blade is simply due to the equilibrium between
inertial and centrifugal forces. The results of the blade response in a
vacuum predicted by the beam analysis coupled with a multi-
component model were compared with those obtained by
CAMRAD II. Figure 8 shows the steady flapping response of the
rotor blade predicted by the present analysis along with those
obtained by CAMRAD II. The results obtained by the analysis are in
good agreement with those by CAMRAD II. It should be noted that
the blade tip flapwise deflection in case of the vacuum is quite small
compared with the rotor radius. Figure 9 shows the blade feathering
response in vacuum corresponding to a collective pitch setting of
1.30°. The prediction from the analysis is in good agreement with
those from CAMRAD for the inboard and tip sections of the blade.
However, the analysis overpredicts the feathering response near the
midspan of the rotor blade.

B. Small-Scale Rotor Hovering in a Wind Tunnel

Next, the small-scale experimental rotor was analyzed under a
hover condition in a wind tunnel. As a first step, the external loads
were obtained from the aerodynamic analysis in CAMRAD II. A
simple uniform inflow aerodynamics was chosen to analyze the
effect of the rotor wake. The spanwise distribution of the sectional
aerodynamic lift and pitching moment predicted by CAMRAD Il are
shown in Figs. 10 and 11. The above distributed aerodynamic loads
are integrated over appropriate spanwise lengths and then applied as
concentrated forces and moments at the nodes of the beam analysis.
A comparison of the resulting steady flapwise deflection between the
analysis and CAMRAD II'is shown in Fig. 12. The analysis predicted

Table 1 Material properties of the test beam

Properties Values
Mass per unit span 0.2 kg/m
'm 107* kg-m
Iss 107° kg - m
Igs 107* kg-m
Ky 10° N
Ky 10*° N
Kss 10° N
Ky 50 N - m?
Kiss 50 N - m?
Kes 1000 N - m?

Table 2 Properties of the small-scale
experimental rotor

Properties Values
Rotor type Articulated
Rotor radius 1.129 m
Number of blades 4
Rotor speed 199.38 rad/s
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0 01 02 03 04 05 06 07 08 089 1

Time (s)
Fig. 4 Comparison of the tip displacements in the test beam.

Present model
———DYMORE

Tip rotation (deg)

Twist

Flapwise rotation

Lead-lag rotation
o

01 i i L i
0 01 02 03 04 05 06 07 08 09 1

Time (s)
Fig. 5 Comparison of the tip rotations in the test beam.

Present model
———DYMORE

500 T T T

along a

2

along a

along a

0 01 02 03 04 05 06 07 08 08 1

100 i i i i

Time (s)
Fig. 6 Comparison of the root forces in the test beam.

amarginally higher flapwise deflection than CAMRAD II. Figure 13
shows the lead-lagging deflection of the rotor blade in hover. It is
observed that the lead-lagging prediction from the present analysis is
in good agreement with those by CAMRAD II. Figure 14 shows the
blade feathering response in hover predicted by the analysis and

Root moments {N.m)

Present model
05k i LU R S N R ———DYMORE

Twist moment

5 i i | | L i i i 1
0 01 02 03 04 05 06 07 08 09 1
Time (s)

Fig. 7 Comparison of the root moments in the test beam.

Lead-lag moment Flapwise moment

x10°

—&—CAMRAD : : :
1 2 || =8 —Present model : i,

Flapping deflection {m)

0 02 04 06 08 1 12
Radial location (m)
Fig. 8 Comparison of the blade flapwise response in a vacuum.

ol i i

135 T T
—&—CAMRAD
—8—Present model
13 e T

Feathering (deg)

1.05 i i
0

02 04 06 08 1 12

Radial location {m)
Fig. 9 Comparison of the blade feathering response in a vacuum.

CAMRAD II. A collective pitch of 1.30° is used for the simulation.
The structural analysis developed in this paper captures the overall
trend in the feathering response, but overpredicts the tip feathering
response by about 0.4°.

In the next section, the unified rotor-blade/control-system
structural model was combined with various aerodynamic and wake
models to simulate hover and forward-flight conditions.
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900 T T T T T

Sectional lift (N/m)

: ; i :
0 02 04 06 08 1 T 12
Radial location (m)

Fig. 10 Spanwise aerodynamic lift distribution in hover; collective
pitch is 1.30°.

Section pitching moment (N.m/m)

02 04 06 08 1 12
Radial location {m)

14 i i
0

Fig. 11 Spanwise aerodynamic pitching moment distribution in hover;
collective pitch is 1.30°.

012

—&—-CAMRAD

Flapping deflection (m)

Radial location {m)
Fig. 12 Blade flapwise response in hover; collective pitch is 1.30°.

C. Blade-Control System Structural Analysis Coupled with
Aerodynamic Model

The blade-control system structural analysis was loosely coupled
with different aerodynamic models in order to simulate both hover
and forward-flight conditions. Aerodynamic models implemented in
this paper have been validated in [23]. For the hover condition, the
structural model was combined with a free-wake model, which is
based on a time-marching, unsteady, source-doublet panel method.
The flight conditions considered were hover with a collective pitch of
2° and Cy/o of 0.066. The external aerodynamic loads (blade

0.18 T T T T ;
—&—CAMRAD : : :
—8—Present model

Lead-lagging deflection (m)

0 02 04 0f6 08 1 12
Radial location {m)
Fig. 13 Blade lead-lagging response in hover; collective pitch is 1.30°.

—&—-CAMRAD
16H —8—Present model

Feathering (deg)

04 i i i i i
0 02 04 06 08 1 12

Radial location (m)
Fig. 14 Blade feathering response in hover; collective pitch is 1.30°.

1400

1200

1000

800

600

Force/Length (N/M)

400t

200t

P i i i H
01 02 03 04 05 06 07 08 09
Radial Location (/R)

Fig. 15 Spanwise aerodynamic lift distribution in hover; collective
pitch is 2°.

—&

sectional lift, drag, and pitching moment) are shown in Figs. 15-17,
respectively, and are compared with the results obtained using the
free-wake model in CAMRAD II. The loads from the aerodynamic
model are in good agreement with CAMRAD II, but have a notice-
able discrepancy near the blade tip. The blade flapping and lead-lag
response for this flight condition are in good agreement with the
results from CAMRAD II (Figs. 18 and 19). The flapping response
predicted by the present model is larger than CAMRAD II by
approximately 20%. This is because the current free-wake model
estimates a higher sectional lift than CAMRAD II. For the lead-
lagging deflection, the present results are in good agreement with
those by CAMRAD II within 10%.
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01 02 03 04 05 06 07 08 09
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Fig. 16 Spanwise aerodynamic drag distribution in hover; collective

pitch is 2°.
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Fig. 17 Spanwise aerodynamic pitching moment distribution in hover;
collective pitch is 2°.

—& —CAMRAD
|| —5— Present Model
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0 01 02 D.I3 D.‘4 IJ.‘5 U.IB 07 08 09 1
Radial Location (/R)
Fig. 18 Blade flapwise response in hover; collective pitch is 2°.

Figure 20 shows the resulting elastic pitch link load for the hover
condition. The average pitch link load calculated from the present
model was —859 N, and CAMRAD II gave —745 N. The difference
is approximately 15%. Since the structural responses are directly
related with the external aerodynamic loads, the difference is a result
from the sectional lift and drag disagreement. Slight oscillations
occur near 180° azimuth, because the wake model produces an
impulsive load near 0° azimuth, which causes a structural response
when structural-aerodynamic models are coupled.

For forward-flight conditions, the structural model was also
loosely coupled with the finite state dynamic inflow model.

Lead-lag deflection (m)

i 1 i i L i L
0 01 02 03 04 05 06 07 08 09 1

Radial Location (/R)
Fig. 19 Blade lead-lag response in hover; collective pitch is 2°.

T T T T T

Force (N)

0 50 1IIJD 150 200 250 300 35ID
Azimuth (degree)
Fig. 20 Elastic pitch link load in hover; collective pitch is 2°.

CAMRAD II was also required to use the same aerodynamic model
for validation, but showed a difficulty in analyzing the current blade.
Thus, the prescribed wake model was used instead. The flight
condition was assumed to be a wind tunnel for forward flight with a
0f 0.1142 and Cr /0o of 0.06633. To compare with regard to the same
flight conditions, both CAMRAD II and the model were required to
conduct trim analysis. Jacobian trim method was implemented for
the trim analysis. The trim results show that the difference between
the flight conditions was within 0.3%, shown in Table 3. After the
trim analysis was done, the aerodynamic results were compared,
especially the sectional lift distribution. Figure 21 shows the pre-
scribed wake results predicted from CAMRAD II, and Fig. 22 shows
the results from the finite state dynamic inflow model. The
aerodynamic model predicts a slight discrepancy near the blade tip,
but is in overall good agreement with both models.

After validating the external loads, blade structural responses were
examined. To confirm that the same blade-control inputs are applied
to the blades, blade pitch hinge rotation angle was compared, shown
in Fig. 23. Since both rotor hub and pitch control modeling are
slightly different, a difference in the pitch control inputs is observed.
In CAMRAD 1I, pilot inputs were used for blade pitch control.
However, the present model uses geometrical orientations of the
swashplate for blade pitch control. Blade deflections were compared
at 70% spanwise location along with the azimuthal location.

Table 3 Comparison of the trim results

CAMRAD II Present Difference, %
Cr/o 0.06633 0.06634 0.01
Bic ) 0.232015 0.23265 0.3
Bis ) —0.497925 —0.49702 0.2
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Fig. 21 CAMRAD II: sectional lift result obtained by the prescribed
wake model.
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Fig. 22 Present: sectional lift result obtained by the finite state dynamic
inflow model.
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Fig. 23 Control input comparison; pitch hinge rotation angle.

Flapping and lagging deflections match well with those by
CAMRAD II with a comparable difference, as shown in Figs. 24 and
25. After the external loads and its structural reactions were
validated, the resulting elastic pitch link load in forward-flight
condition was compared. In Fig. 26, the elastic pitch link load shows
a little shift, but the resulting load amplitude compares well with
those from CAMRAD II. Since pitch link loads are mainly related
with the pitch link displacement change and its changing rate, the
blade pitch hinge rotation angle difference, as shown in Fig. 23,
causes a certain shift in the resulting loads.
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Fig. 24 Blade flapwise response in forward flight.
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Fig. 25 Blade lead-lagging response in forward flight.
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Fig. 26 Elastic pitch link load in forward flight.

It was observed that the present analysis required significantly less
amount of effort regarding the input model creation and the
consecutive computations when compared with those needed in the
existing comprehensive analysis. For example, CAMRAD 1I re-
quired quite a few detailed model parameters for the model creation
and required sensitive adjustment of those parameters to obtain a trim
solution for each different flight condition. The present analysis
featured a similar level of model details and robustness in the trim
solution. However, the present analysis still needs to go through a
further validation process by comparing with the existing com-
prehensive programs. Validation using wind-tunnel experimental
results is also planned for future studies. The present analysis
provides predictions comparable to those of CAMRAD II, and it is
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thus concluded that it accomplishes the two following objectives:
model compactness and sophistication in analysis capability.

VI. Conclusions

In this study, combination of a geometrically exact beam
formulation and a multicomponent analysis for a helicopter rotor was
attempted with goals of achieving an accurate prediction of rotor and
control system loads. Compared with existing comprehensive
rotorcraft analyses, both model compactness and sophistication in
the analysis capability are pursued in the present study. In more
detail, the rotor blade was modeled using an exact beam analysis
based on an intrinsic formulation implemented in time domain.
Numerical results for the beam model (without control system) were
validated with a multibody dynamics analysis, DYMORE. The rotor
control system was modeled as a combination of rigid and elastic
bodies. The kinematical relationship between the pitch link
elongation, motion of blade root, and swashplate motions were
systematically derived. The additional terms in the principle of the
virtual work due to the control system components were then
included to derive the coupled rotor-blade/control-system aeroelastic
model. Numerical results were obtained for a four-bladed, small-
scale, articulated rotor 1) rotating in vacuum and 2) hover in a wind
tunnel. For case 2, external aerodynamic loads predicted by
CAMRAD II were coupled with the structural model. The rotor blade
response and pitch link loads were compared with those of
CAMRAD II and correlated well. Discrepancies were found in the
blade response and are mainly due to the difference in the aero-
dynamic prediction. Then, the blade-control system structural model
was coupled with appropriate aerodynamic models in order to
simulate both hover and forward-flight conditions. Numerical results
were obtained for a four-bladed, small-scale, articulated rotorin 1) a
hover coupled with a free-wake model and 2) forward flight in a wind
tunnel coupled with a finite state dynamic inflow model. The rotor
blade response and pitch link loads were compared with those of
CAMRAD II. The blade response difference was less than 10%, and
the correlation is satisfactory. The amplitude of the pitch link load
had a difference of approximately 15 and 10% for hover and forward
flight, respectively. A larger discrepancy in the forward-flight con-
dition was due to a different type of aerodynamics used between the
present analysis and CAMRAD II. Other factors inducing the
discrepancies will be examined in the future, including the structural
model. In the future by using the same level of aerodynamic model,
blade responses and estimated loads will be compared with those of
CAMRAD II. After updating the aerodynamic models and validating
its results, structural responses will be further investigated. Compar-
ison and validation with wind-tunnel experiments is planned for
future studies. Extension into a tight coupling methodology will be
also attempted to analyze the maneuvering flight condition of the
helicopter.
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