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Helicopter Flight Dynamic Simulation with Refined
Aerodynamics and Flexible Blade Modeling

Colin Theodore* and Roberto Celi
University of Maryland, College Park, Maryland 20742-3015

A coupled rotor-fuselage flight dynamic model thatincludes a maneuvering free wake model and a coupled flap-
lag-torsion flexible blade model, as well as the results of an investigationon some effects of inflow and blademodeling
on the free-flight response of a hingeless rotor helicopter to pilotinputs, are described. The wake modelis a relaxation
type free wake, capable of modeling the wake geometry changes due to maneuvers; no assumptions are made on the
wake geometry, which is free to evolve based on the maneuver. Theoretical predictions are compared with flight-test
data. The results show that the free-flight, on-axis response to pilot pitch and roll inputs can be predicted with
good accuracy with a relatively unsophisticated model. It is possible to predict the off-axis response from first
principles, that is, without empirically derived correction factors and without assumptions on the wake geometry.
To do so, however, requires sophisticated modeling. Both a free wake model that includes the wake distortions
caused by the maneuver and a refined flexible blade model must be used. Most features of the off-axis response
can be captured using a dynamic inflow theory extended to account for maneuver-induced wake distortions, for a
fraction of the cost of using a free wake model. The most cost-effective strategy, for typical flight dynamic analyses
and if vibratory loads are not required, is probably to calibrate such a theory using the more accurate free wake

based model, and then use it in all calculations.

Nomenclature
p,q,r = roll, pitch, and yaw rates of the helicopter
t = time, s
u,v,w = helicopter velocity components along the body axes
u = control vector
y = state vector
At = integrationtime step, s
AC = resolution of the vortex filament discretization,deg
Cmax = length of vortex filaments, deg

Introduction

N recentyears, the need for areliabledesign of flight control sys-

tems has prompted interest in improving the accuracy of flight
dynamic mathematical models of helicopters. In particular, this has
led to a more sophisticated modeling of the rotor system, both from
the dynamic and the aerodynamic points of view. Much research
has been devoted to one long standing problem in flight dynamic
modeling, namely, the prediction of the off-axis response to pilot
input, and especially of pitch and roll cross coupling. Until recently,
the predictions of the off-axis response, for example, the pitch re-
sponse to a lateral cyclic pitch input, were inaccurate, to the point of
sometimes having the wrong sign, compared to the results of flight
tests. The cause for the discrepancieshas eluded the helicopterflight
dynamics community for many years.

The first major contribution to the understanding of the off-axis
response problem has come from the work of Rosen and Isser,!?
who were the first to point out the importance of vortex spacing on
the inflow distributionover the rotordisk during steady pitch and roll
maneuvers. Pitch and roll angular rates change the vertical spacing
of the wake vortices by reducing the spacing on one side of the rotor
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disk and increasing the spacing on the opposite side. This change
in wake geometry modifies the inflow distributionat the rotor disk,
which redistributes the aerodynamicloads on the rotor. This causes
changes in the blade flapping response and, in turn, changes the
rotor pitch and roll moments. When these geometry changes were
taken into account through a specially developed prescribed wake
model, the predictionof cross-couplingpitch and roll derivatives for
the UH-60 and AH-64 helicopters were improved. The most visible
sign of the improvementbroughtabout by the inclusion of the wake
distortion effects was the change of the sign of the lateral flapping
response due to a steady pitching motion of the shaft.

Following Rosen and Isser’s work,!'? other investigators have
proposed simpler, momentum-based inflow models that capture the
inflow changes due to a maneuver through the use of correction co-
efficients. Keller’ and Keller and Curtiss* and Arnold et al.” have
developed an extended momentum theory that includes simple ad-
ditional inflow terms proportional to pitch and roll rates. The addi-
tional terms are characterized by the use of correction coefficients,
the numerical values of which are determined based on a simplified
vortex wake analysis that is specialized for hovering flight. Signifi-
cant improvements were obtained for the prediction of the off-axis
response of the UH-60 in hover. The wake geometry changes due
to a maneuver have also been modeled by Basset and Tchen-Fo 5
who used a dynamic vortex wake model with the wake being repre-
sented by sets of vortex rings, the positions, geometry, and vorticity
of which evolve dynamically as a function of the rotor airloads,
inflow, and rotor motion. Correction coefficients (such as those used
by Keller®) were reconstructed from the inflow perturbationsdue to
maneuvers both in hover and forward flight conditions. Substantial
improvements in the predictions of the hover off-axis response for
the BO-105 were obtained. The variationin the wake distortion cor-
rection coefficients with advance ratio was also investigated. The
popular dynamic inflow model has also been extended to capture
the effects of maneuver-induced wake distortions by Krothapalli
etal”?

A completely different explanation for the discrepancies of off-
axis response predictions has been offered by von Griinhagen.’ The
off-axis agreement can be improved by including a virtual inertia
effect associated with the downwash swirl in the rotor wake. This
virtual inertia of the wake essentiallyadds to the angular momentum
of the rotor and produces additional moments during pitch and roll
maneuvers. This results in simple correction terms that are added
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to the overall pitch and roll moment equilibrium equations of the
helicopterand that improve considerably the off-axis predictions for
a BO-105 both in hover and forward flight.

All of the previous studies attempt to improve the correlation of
off-axis response through refined theoretical models. A different
approach has been proposed by Mansur and Tischler,'” based on
test data. Corrected lift and drag coefficients of the blade airfoils
are obtained from the instantaneous,baseline values through a first-
order filter, the time constant of which is selected in terms of an
equivalentaerodynamicphaselag. This phaselagis thendetermined
using system identification techniques from flight-test data or, more
recently, from simulated flight-test data based on the Rosen et al.
prescribed wake model.!!

A free wake model that can capture the wake distortions due to
pitch and roll rates has been recently developed by Bagai et al.!?
for one or more isolated rotors. The most important feature of this
wake model is thatno a priori assumptions are required for the wake
geometry. The geometry is determined by the convection of the vor-
tex filaments in the induced velocity field and takes rigorously into
account the kinematics of the maneuver. Although the vortex model
is quite general, and a lattice of shed and trailed vorticity could be
generated, the wake was typicallyrepresented with justbladetip vor-
tices. Subsequently, Park and Leishman investigated the effects of
unsteady aerodynamics on the rotor wake behavior in maneuvers.!?
Four models of increasing complexity were used: tip vortex only
and quasi-steady aerodynamics (the baseline case), tip vortex only
and blade element type unsteady aerodynamicsbased on an indicial
model, quasi-steadyaerodynamicsand multiple trailed vortices, and
a complete lattice of trailed and shed vortices. The study concluded
that wake geometry and inflow predictions are not very sensitive to
unsteady aerodynamic effects, and the trailed vorticity remains the
most important contributor.

In light of the research just described, the general objective of
the present study is to determine whether it is possible to simulate
accurately the response of a helicopter from a mathematical model
based on first principles, that is, without empirically derived correc-
tion factors and without a priori assumptions on the wake geometry.

The specific objectives of the paper are as follows:

1) To describe a nonreal-time flight dynamic simulation model
that includes both blade flexibility, with coupled flap, lag, and tor-
sion degrees of freedom, and the maneuvering free wake model of
Ref. 12.

2) To use this refined model to investigate the effects of inflow and
blade modeling on the free-flight response of the BO-105 helicopter
in a near hover maneuver, including comparisons with flight-test
data.

3) To compare the predictions of the free-wake based model with
those obtained using one of the simpler, momentum-based models,
namely, that of Keller and Curtiss.*

Mathematical Model

Flight Dynamic Model

The flight dynamic model is described in detail in Refs. 14-16,
and only a brief summary of its main features will be presented
here. The simulation model is based on a set of coupled nonlinear
rotor-fuselage equations in first-order, state-space form. The rigid-
body dynamics of the helicopter are modeled using nonlinear Euler
equations. The aerodynamic characteristics of the fuselage and of
the horizontal and vertical tail are provided in the form of look-up
tables as a function of angle of attack and sideslip, which need not
be small angles.

The rotor model describes the dynamics of each blade with cou-
pled flap, lag, and torsion degrees of freedom. A finite element
formulation is used to model the blade, coupled with a modal co-
ordinate transformation to reduce the number of degree of freedom
and, therefore, the number of equations describing the blade dy-
namics. The blade equations are written to take into account arbi-
trary hub motions; the blade elastic deformations need not be small.
With a combination of the rigid-body fuselage equations with the
blade dynamics equations, the result is a system of first-order cou-

pled differential equations for the rotor and fuselage. Quasi-steady
aerodynamicsare used to calculate the aerodynamicloads; the aero-
dynamic coefficients of the blade airfoil are provided in the form
of look-up tables as a function of angle of attack and Mach num-
ber. Main rotor inflow is calculated using a maneuvering free wake
model,'? a three-state dynamic inflow model'” without maneuver
wake corrections, or an extended momentum theory that does in-
clude maneuver corrections>* When a free wake is not used, tip
losses are approximately taken into account by assuming that the
outboard 3% of the blade does not generate aerodynamic loads. A
one-state dynamic inflow model is used for the tail rotor.

Maneuvering Free Wake Model

The free wake model coupled with the flight dynamic code is
the Bagai-Leishman free wake model.!? The main characteristic of
this free wake model from the point of view of a flight dynamic
simulation is that it can model distortions of the wake geometry
caused by a maneuver. The wake is discretized into a number of
straight line vortex segments that together describe the geometry
of the wake. The number of straight line vortex segments used for
eachrotorbladeis determinedby two parameters,namely, the vortex
filament discretizationresolution A¢, measured in degrees, and the
total length of the trailed vortex considered in the analysis. This
length, also measured in degrees, is given by the number of rotor
revolutions from the time that the filament was first generated, is
prescribed by the user, and can be interpreted as a measure of the
total wake age.

The bound circulation is an input to the free wake code and is
given at a number of radial blade segments at each azimuth angle
considered. The number of blade segments is arbitrary; they do not
have to be of equal length along the span. The bound circulation is
assumed to be constantover each blade segment. Note that the free
wake code used in this analysis can model multiple trailed vortices,
to be released along the span of the blade, but only a single trailed
tip vortex per blade is used in this study.

The calculation of the wake geometry is performed using a
pseudo-implicit predictor-corrector numerical method.!® An iter-
ative process is involved in calculating the rotor wake geometry for
a given bound circulation distribution. An initial wake geometry is
used to start the iterative process. With each iteration, the geom-
etry of the free wake is changed according to the pseudo-implicit
predictor-corrector equations so that a new wake geometry is gen-
erated. The convergence criteria for the wake geometry is based on
the L, norm of the change in wake geometry between successive
iterations.'®

The converged wake is used to calculate the local induced ve-
locity at specified points along the blades and around the azimuth.
These local velocities only contain contributions from the bound
and wake circulations and represent only the induced velocity. The
freestreamand maneuver velocity contributionsare provided by the
flight dynamic code.

Free-Flight Response Calculation

Coupling of Flight Dynamic and Free Wake Models

The maneuvering free wake was developed for one or more iso-
lated rotors. However, the theory contains all of the modeling ingre-
dientsrequired forusein a complete helicoptersimulation. Coupling
the flightdynamic and the free wake models requires some transfor-
mations and minor reformulations so that the two models interact
in a consistent manner. For example, the flight dynamic model uses
a body-fixed coordinate system for the fuselage equations and a
rotating, undeformed blade coordinate system for the rotor blade
equations. The free wake model, on the other hand, is formulated
in a wind axis coordinate system. The details of the coupling of the
two formulations are omitted here for brevity and can be found in
Ref. 19.

The flight dynamic model provides several inputs to the free wake
model, as follows:

1) Circulation distribution. This is the spanwise and azimuth-
wise distribution of bound circulation, and is calculated in the
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aerodynamic portion of the flight dynamic code. At a given blade
azimuth, the wake model selects as the initial strength of the tip
vortex the maximum value of the bound circulation along the blade
at that azimuth.

2) Rigid blade flapping angles. The free wake model makes the
assumption that the blade is rigid. This is not a critical assumption
from an aerodynamic point of view, and it could easily be removed;
however, it was maintained in this study. The flapping angles are
used to determine the displacements of the tips of each blade, which
are the release points of the individual vortex filaments. Because in
the flight dynamic analysis the blade can be flexible, an equivalent
rigid flapping angle is defined, at each azimuth angle, as the flapping
angle of a straight blade, hinged in flap at the axis of rotation, that
has the same tip flap deflection as the elastic blade.

3) Hub linear and angular velocities. The linear and angular
velocities of the fuselage are transformed to the wake coordinate
system,and used to define the external velocity profile thatis applied
to the free wake geometry.

Baseline Response Procedure

The calculation of time histories using the flight dynamic model
involves the direct numerical integration of the equations of motion
with respect to time, from a given initial condition. In this case,
the starting point is the trim condition at which the time histories
are to be calculated. The basic trim procedure used in this study is
essentially the same as that described in Refs. 20 and 21. This is a
coupled rotor-fuselage trim procedure for a helicopter in a steady
coordinated helical turn; straight and level flight is considered as
a special case of turn with zero turn rate and flight-path angle. It
can be characterized as an algebraic trim procedure because the
trim problem is defined by a set of coupled nonlinear algebraic
equations -2

Because the equations of motion are formulated as a system of
first-order, nonlinear, ordinary differentialequations,y =f (y, u; 1),
a conventional ordinary differential equation (ODE) solver can be
used to integrate the equations numerically. For this study, the vari-
able step, variable order Adams-Bashforth ODE solver (DE/STEP)
is used for the numerical integration. The integration is carried out
from trim, and the time history is calculated for a prescribed set of
control inputs.

Response Procedure with Free Wake Model

The calculation of time histories first requires the trim solution
for the given flight condition. The trim procedure with the free wake
model is detailed in Refs. 19 and 23.

With theinclusionof the free wake model, the equationsof motion
no longer include equations for the main rotor inflow dynamics,
and the state vector y no longer includes inflow information. In
this case, the free wake model is used to provide the main rotor
inflow. With the exception of the treatment of the free wake, the
time integration procedureis similar to the baseline procedure, and
the same ODE solver is used to integrate the equations of motion.

The free wake model used in this study is a steady-state model
that is based on a relaxation technique. As such, it is strictly valid
only in steady-state conditions, and it cannot be rigorously used
in a time-marching procedure. The general idea for coupling wake
calculations and ODE solutions is then to calculate wake geometry
and inflow distribution at the end of each rotor revolution and to
keep geometry and inflow constant over the next revolution.

For a more precise description, consider first the general struc-
ture of wake calculations shown in Fig. 1. The structure is that of a
double-nestedloop. For a given helicopterstate, the circulationloop
is started by assumingan initial inflow distribution.For the response
calculations, the initial inflow distributionis the final solution from
the previous rotor revolution. Note that, in Fig. 1, the blade motions
and linear and angular velocities of the fuselage are not explicitly
a part of this iterative process because they are held fixed during
the calculation of bound circulation, wake geometry, and inflow.
The initial inflow distribution is used in the flight dynamic code to
calculate the blade loading, including the bound circulation distri-
bution over the rotor disk. The circulation is supplied to the free
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flight dynamic code.

wake model, which iterates on the wake geometry and produces
an updated inflow distribution when the wake has converged. The
updated inflow is then used in the flight dynamic code to calcu-
late an updated bound circulation distribution, which is fed again
into the wake, to calculate a new geometry and a new inflow. This
loop is considered converged when the change in inflow between
successive iterations falls below a given tolerance.

With this in mind, the free-flight response calculations proceed
as follows:

1) The procedure starts from the trimmed flight condition, rep-
resented by y(# = 0) and the trimmed control settings u(t = 0). The
trim calculations also provide a free wake based, converged, trim
inflow distribution.

2) The inflow distributionis held fixed, and the equations of mo-
tion are integrated for one rotor revolution using the desired control
positions. During this integration, changes in the control positions
and correspondingchangesin the helicopterstate vectordo notaffect
the wake geometry and inflow distribution.

3) At the end of the rotor revolution, the helicopter state y (which
describesthe rotorblade motion and the linear and angular velocities
of the fuselage) and control positions # are used to evaluate the
circulation loop (Fig. 1). States, controls, and circulation at the end
of the revolution are provided as input to the free wake, which
updates geometry and inflow distribution as if states and controls
were constant and not time dependent.

4) Steps 2 and 3 are repeated until the simulation is complete.

Results

The results presentedin this sectionrefer to a Eurocopter BO-105
helicopter with the flight control system turned off (bare airframe
configuration). The BO-105 has a hingelesssoftin-plane main rotor.
This configurationresultsin an equivalenthinge offsetof about 14 %,
which produces a high control power and bandwidth, making the
helicopter highly maneuverable. The high equivalent hinge offset
also contributes to high cross couplings between the longitudinal
and lateral-directional dynamics of the helicopter.

The main rotor blades are modeled at two levels of sophistication.
In the simpler blade model, only the first flap bending mode is used
to model the rotor blade flexibility; in the more refined model, the
seven lowest frequency elasticmodes are used. In the calculationsof
the normal modes, the geometric pitch angle at the root of the blade
is set to zero. The cross-sectionalcenters of gravity and shear of the
blade are coincidentat the quarter-chordlocation, which effectively



580 THEODORE AND CELI

Table1 BO-105 blade natural frequencies

Frequency, revolutions™!

Mode Present study Ref. 26 Mode type

1 1.1253 1.125 First flap

2 0.7316 0.732 First lag

3 3.1806 3.176 First torsion

4 34141 2.780 Second flap

5 4.4860 4.510 Second lag

6 7.6743 5.007 Third flap

7 9.1375 6.349 Second torsion

decouples torsion from the flap and lag degrees of freedom when
considering the structural and inertial contributions. The presence
of the small amount of structural twist of the blade introduces a
small coupling between the flap and lag bending modes. Four finite
elements of equal spanwise length are used in all blade models. The
mass and stiffness distributions of the blade are assumed to be uni-
form for the current study, and their values are chosen so that the fun-
damental flap, lag, and torsion frequencies match those presentedin
Ref. 25. Table 1 lists the modes that are includedin the current anal-
ysis, includingthe modal natural frequenciesfor the currentanalysis
and those from Ref. 25 (which are based on the true, nonuniform
mass and stiffness distributions) and the type of the mode.

All of the results presented in this paper are for the free-flight
response of the BO-105 in a near hover flight condition, namely, at
a forward speed of 17 kn, an altitude of 250 ft, and a gross weight of
4850 Ib. This corresponds to the flight conditions of the test flights
described in Ref. 26. Pressure and density are those corresponding
to the Standard Atmosphere. First, the stick fixed time history re-
sponses are presented, followed by the time history responses to a
lateral cyclic pitch maneuver.

Stick Fixed Response

This section presents the results of a simulation with the controls
held fixed at the calculated trim value. The purpose of the simula-
tion is to determine the amount of drift from the trim conditionsas a
functionof time: For a perfectly trimmed helicopter, all of the curves
should either be straight lines or exactly periodic. The time history
results are calculated with the dynamic inflow and free wake in-
flow models with the two main rotor blade configurations discussed
earlier. All of the results are numerical.

Figures 2 and 3 show, respectively, the linear and angular accel-
erations at the center of gravity of the body as a function of time
for the first 0.3 s of the time integration. This corresponds to about
2% rotor revolutions. Both the simple and refined blade models are
used, with the simple blade model results being denoted by 1 mode
and the refined blade model results with 7 modes. Figures 2 and
3 show the vibrational characteristics at the center of mass of the
helicopter for each of the inflow and blade models. They also show
show that the accelerations predicted using the free wake inflow
model are at leastan order of magnitude higher than those predicted
using a momentum-theory-baseddynamic inflow model.

With focus placed on the linear accelerations, Fig. 2 also shows
that the magnitude of the vertical acceleration is higher than in the
longitudinaland lateraldirections;thisis due to the highermain rotor
loads in that direction. Figure 3 shows that the roll acceleration is
higher than the pitch and yaw accelerations; this is because the roll
inertia is lower than the pitch and yaw inertias. For the models that
includethe free wake, including coupled flap-lag-torsiondynamics
(refined blade model) predicts higher vibrations at the center of
gravity than the simpler blade model with the fundamental flap
mode only.

The mathematical model of this study was not validated for vi-
bratory load calculations. However, the general trends appear to be
consistent with the results presented in Ref. 24, namely, that the
predicted vibratory loads increase with the introduction of a free
wake model and with a more sophisticatedflexible blade modeling.

From a flight dynamic point of view, note that the predictions of
the model with the free wake are not exactly periodic. Therefore, the
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Fig. 2 Effect of inflow models and blade modeling on linear accelera-
tions at the computed trim conditions.

average linear and angular accelerationsof the aircraftare not equal
to zero, and a slow drift away from trimmed conditions should be
expected. Figures 4 and 5 show such a drift for the linear and angu-
lar velocities, respectively. The calculations were performed for 45
rotor revolutions, corresponding to just over 6 s of simulated time.
The results obtained using the dynamic inflow model are also shown
in Figs. 4 and 5. It is clearly seen in Figs. 4 and 5 that the linear and
angular velocities calculated with the free wake model slowly de-
viate from trim, whereas the results with the dynamic inflow model
remain almost perfectly trimmed. The deviations are larger with the
refined blade model. The rollrate p (Fig. 5) calculated with the free
wake and refined blade models builds up to 2-3 deg/s within the
first few rotor revolutions. This is in part due to the higher angular
accelerationsin the roll direction with the free wake model and the
refined blade model. All of the other linear and angular velocities
build up more slowly.

The results of Figs. 4 and 5 indicate that the starting point for
the integration is not an exact trim condition. The algebraic trim
procedure used in the present analysis is based on the same math-
ematical model as the free-flight response simulation and does en-
force, among other conditions, force and moment equilibrium on
average over one rotor revolution. Furthermore, the linear and an-
gular velocities are assumed to be constant. (The angular rates are
assumed to be zero for straight flight.) This algebraic trim proce-
dure does not, however, explicitly enforce periodicity of the states
at the end of one revolution. Also, the time dependency of the blade
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motions is approximatedin trim calculations by a truncated Fourier
series, whereas the free-flight response calculations do not con-
tain any such approximation. Therefore, there are small differences
between the trim and the free-flight response solutions with fixed
control, which result in the slow drift of the latter shown in Figs. 4
and 5.

This is not significant when the dynamic inflow model is used
because the predicted accelerations are small. It only becomes an
issue with the free wake model because of the higher predicted ac-
celerations. An alternative to the algebraic trim is a periodic trim
procedurethatexplicitly enforces periodicity.In a periodic trim con-
dition, the helicopter returns to its original state after the equations
of motion are integrated for each rotor revolution. This allows for
the linear and angular velocities to vary through the time integration
as long as they return to their original values after each rotor revo-
lution. This procedure was describedin Ref. 21, where it was called
Phase Il trim, and it was used to refine the results of an algebraic trim
procedure (Phase I trim) identical to that used in the present study.
In Ref. 21, no benefits were observed, but the results referred to an
articulated, rigid blade, and dynamic inflow was used. A periodic
trim procedure may be more appropriate when a free wake inflow
model as well as blade flexible modes are used.
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Free Flight Response to Lateral Maneuver

This section presents results of a free-flight simulation, for a
mostly lateral cyclic maneuver at 17 kn. Simulation results for the
BO-105 are compared with flight-test data. The control deflections
thatdefine the maneuverare shownin Fig. 6. The maneuveris partof
aseriesof test flights carried out for systemidentification purposes;
the control excursions are relatively small, and the response of the
helicopter is mostly in a linear range.

Figure 7 shows the roll and pitch rate predictions obtained using
the dynamicinflow model, with the simple and refined blade models.
The dynamic inflow modelis the Pitt-Peters (see Ref. 17) three-state
dynamic inflow model Ref. 17 that does not include the effect of
maneuver on the wake geometry and, therefore, is representative
of straight flight conditions only. The results show a typical trend,
already observed by other investigators, namely, that the roll rate
(on-axis) response is predicted accurately, whereas the pitch rate
(off-axis) response is predicted poorly. The off-axis response pre-
dictions are notimproved with the refined blade model that includes
seven flexible blade modes.

Figure 8 shows the roll and pitch rate predictions obtained using
the maneuvering free wake model with the simple and refined blade
model. The results using the refined blade model with seven modes
show that the on-axis response p is accurately predicted. The off-
axis response g is also predicted with reasonable accuracy. The
agreement for the initial pitch acceleration, which is indicated by
the slope of the pitch rate response for ¢ of about 1.5 s, is excellent;
the same is true for ¢ of about 3 s, when the helicopter responds
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to the reversal of the lateral cyclic input. Before the application
of the first lateral cyclic input, that is, for # < 1.5 s, the predicted
pitch rate response slowly drifts away from zero: This is due to the
trim methodology, as mentioned in the preceding section.

The free wake, seven-modes results shown in Fig. 8 are the best
results obtained in the present study. In all of the results that follow,
one or more modeling features are removed, to study the effect of
those features on the accuracy of the predictions.
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The other curves in Fig. 8 have been obtained using the sim-
ple blade model, that is, representing blade flexibility with just the
first flap mode. The on-axis response p tends to be overpredicted,
although it remains in phase with the lateral input. The off-axis
response ¢, on the other hand, is predicted poorly: The initial nose-
down motion is missed almost completely, and good agreement is
recovered only after 3-4 s. Therefore, Fig. 8 suggests that the pre-
diction of the response to pilot inputs is a truly aeroelastic problem
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that requires a careful modeling of blade flexibility, at least for a
highly coupled, hingeless rotor helicopter like the BO-105.

‘When the free wake model is used in the calculations, the vor-
tex wake is represented by a single vortex filament that is released
from the three-quarter-chordlocation at the blade tip. The vortex
filament discretizationresolution A¢ of the wake in Fig. 8 is 5 deg,
and the total length of each filament is 720 deg. Figure 9 shows
the effect of reducing the free wake vortex filament discretization
resolution, that is, increasing A¢, on the accuracy of the prediction
of roll and pitch rate responses. From a computational efficiency
point of view, the resolution A¢ is an important parameter. In fact,
by halving A¢, the computer time required increases more than
fourfold. The results shown in Fig. 9 are generated with wake reso-
lutions of A¢ =5 deg, as in Fig. 8, and A¢ =10 deg. The refined,
seven-mode blade model is used for both cases. The roll rate p is
predicted well using both vortex wake resolutions, with the finer
resolution providing a slightly better accuracy. For the pitch rate
q predictions, the coarser discretizationsstill gives reasonably good
results, but the finer discretization is noticeably more accurate. As
to the total length of each filament, results were also obtained with
lengths greater than 720 deg: The results were generally so close
to those obtained with a 720-deg length that they have not been
included in the present paper.

The free wake used in this study is capable of modeling the
changes in wake geometry caused by the maneuver.” Figure 10
attempts to separate the effects of these maneuver-inducedchanges
on the pitch and roll rate predictions. The seven-mode blade model
is used. Wake resolution and maximum wake age are the same as in
Fig. 8, that is, A¢ =5 deg, and the total length of each filament is
720 deg. The “Free wake (zero rates)” legend indicates the results
obtained by arbitrarily setting to zero the roll and pitch rates pro-
vided to the free wake as inputs; although not completely rigorous,
this effectively removes the maneuveringeffects from the free wake
model. Roll and pitch rates are set to zero only for the calculation
of the free wake geometry; in all of the other portions of the model,
p and ¢ retain their correct value. Figure 10 shows that the roll rate
response p is not significantly affected. On the other hand, there is
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some worsening of the off-axis correlation,and the magnitude of the
pitchresponse tends to be underpredicted. Therefore, the changesin
wake geometry due to the maneuver need to be taken into account
for a good prediction of the off-axis response, although they do not
appear to be important for the on-axis predictions.

The time correspondingto the 13th rotor revolutionis marked on
the plots in Fig. 10. This is close to the time at which the highest
values of the roll and pitch rates are reached following the initial
lateral cyclic control input. The inclusion of maneuveringeffects on
the free wake geometry should be most visible at this time. Recall
that in the simulation of a given rotor revolution the wake geometry,
and associatedinflow distribution, is that obtained from the previous
rotorrevolutionandis held fixed throughthe currentrotorrevolution.

Figures 11a and 11b show, respectively, a rear and side view
of the wake geometry during the 13th rotor revolution into the
maneuver. The x and z coordinates are normalized with respect
to the rotor radius. The roll and pitch rates are about 9 and 3 deg/s
respectively. The thin lines in Figs. 11 show the geometry of the
wake with the maneuvering effects removed by setting p =g =0.
The thick lines show the geometry of the wake with the free wake
maneuvering effects correctly modeled. A small amount of wake
rollup becomes visible near the end of the wake on both the advanc-
ing and retreating sides of the disk, even at this near hover flight
condition of 17 kn. The geometries of two wakes are very similar.
There is a small contraction of the wake on the advancing side,
that is, the vortices are closer together, and there is elongation on
the retreating side due to the inclusion of the positive (advancing
side down) roll rate on the wake geometry. This similarity of the
wake geometries with and without maneuvering effects is not sur-
prising, considering that the values of the roll and pitch rates are
themselves quite small. However, the differences in the pitch rate
response (Fig. 10), with and without the maneuvering effects, show
that even this small difference in the wake geometries can have a
noticeable effect on the off-axis response prediction.

Figure 12 shows the perturbationin inflow from the wake geom-
etry changes resulting from the inclusion of maneuvering effects.
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This perturbationis defined as the inflow distributiongenerated with
the maneuvering effects included, minus the inflow distribution that
does not include those effects. This essentially isolates the effects
of maneuver-inducedchanges in wake geometry on the inflow dis-
tribution. However, note that, because p and ¢ are set to zero only
for the calculation of the wake distortion due to the maneuver and
nowhere else, the changes in inflow due to the kinematics of the ma-
neuver are still retained in both cases. For example, in both cases a
nose-up pitching motion of the helicopter will generate a downward
flow on the front of the disk (and, therefore, a decrease in the local
angle of attack of the blade) and an upward flow on the rear (with
an increase in angle of attack).

The inflow perturbation just defined, and shown in Fig. 12, es-
sentially corresponds to an additional downwash on the advancing
side and an additionalupwash on the retreating side. This translates

into lower angles of attack, lower lift, and lower flapping moments
on the advancing side; with the reverse being true on the retreat-
ing side. Because of the delay in the flapping response of the rotor,
this in turn translates into an increase in longitudinal flapping (tip
path plane tilting down over the nose) and helps explain the stronger
nose-down pitch rate achievedat this pointin the time history calcu-
lations with the maneuver-induced wake distortions included (See
Fig. 10).

Comparison with Keller’s® Extended Dynamic Inflow Model

The other inflow model that is investigated in this study is an
extended momentum theory model, proposed by Keller,> which in-
cludes additional inflow terms proportional to pitch and roll rates.
This model is characterized by a wake distortion parameter K that
is determined based on a simplified vortex wake analysis (or may
be identified from flight-testdata). The value proposed by Keller for
hover was 1.5. Other studies have determined different values for
this parameter, from 0.75 to 1.75 (Ref. 6) with the specific valuesde-
pending on the theory used. Figure 13 compares results obtained us-
ing various values of the wake distortion parameter K z with results
obtained with the dynamic inflow model and with flight-test data.
The dynamic inflow results can be considered as the case Kz =0.
The seven-mode refined blade model was used. The modification to
the dynamic inflow model proposed by Keller® is strictly only valid
in the hover flight condition; here it is used in a near hover flight
condition, that is, 17 kn. Figure 13 shows that the on-axis roll rate
response p is not significantly changed with the inclusion of the
wake distortion effects. On the other hand, the off-axis correlation
is noticeably improved with the addition of the wake distortion ef-
fects. The best overall correlation among the various values of K
seems to occur for Kz =1.5.

Finally, Fig. 14 compares the results obtained with the maneu-
vering free wake model and with the extended dynamic inflow and
Kr=1.5. Both results are generated with the seven-mode refined
blade model. The on-axis roll rate response is predicted with good
accuracy with both inflow models. The free wake model predicts
the off-axis pitch rate response more accurately. Keller’s model,?
as a linear inflow model, cannot be used for the prediction of vi-
bratory loads; however, it does capture the main features of the
off-axis response and is computationally far more efficient than the
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free wake model. (Compared with the free wake model, the overall
CPU time required for the simulation is 10% or less.) Therefore,
for typical flight dynamic simulations, using an extended dynamic
inflow model such as Keller’s, with the K ; constantcalibrated using
a more accurate maneuvering free wake model, appears to be the
most cost-effective strategy.

Conclusions

A coupled rotor-fuselage flight dynamic model that includes a
maneuvering free wake model and a coupled flap-lag-torsion flex-
ible blade model has been developed to investigate some effects of
inflow and blade modeling on the free-flight response to pilot inputs
of a hingelessrotor helicopter. The wake model is a relaxation type
free wake, capable of modeling the wake geometry changes due to
maneuvers; no assumptions are made on the wake geometry, which
is free to evolve based on the maneuver. Theoretical predictions
were compared with flight-test data.

A series of factors needs to be carefully taken into account when
evaluating the conclusionsof this study. The study focused on a sin-
gle maneuver, conducted in near hover conditions. The amplitude
of the inputs was relatively small, and the helicopter response was
mostly in a linear range. Through the incorporation of the maneu-
vering free wake it was possible to obtain realistic values of the
vibratory loads, but no vibratory load validation was carried out.
The helicopter considered in the study was a high equivalent hinge
offset, highly coupled configuration, and, therefore, it can almost
be considered as a worst-case scenario from the point of view of
predicting pitch-roll cross couplings. With this in mind, the main
conclusions are as follows:

1) The maneuveringfree wake usedin this study can be effectively
used in free-flight response simulations, even if it is rigorously valid
only for steady, trimmed conditions.

2) The trim calculationsmust be carried out much more accurately
when a free wake model, rather than a dynamic inflow type model
is used. Many more harmonics of rotor blade motion are likely to
be needed for a harmonic balance type, algebraic trim procedure. A
shooting type procedure that explicitly enforces periodicity of rotor
and fuselage states may prove necessary.

3) The free-flight, on-axis response to pilot pitch and roll inputs
can be predicted with good accuracy with a relatively unsophisti-

cated model; neither a free wake nor a refined flexible blade model
are required.

4) It is possible to predict the off-axis response from first prin-
ciples, that is, without empirically derived correction factors and
without assumptions on the wake geometry. To do so, however, re-
quires sophisticatedmodeling. Both a free wake model that includes
the wake distortions caused by the maneuver and a refined flexible
blade model must be used.

5) Most features of the off-axis response can be captured using a
dynamic inflow theory extended to account for maneuver-induced
wake distortions,for a fractionof the costof using a free wake model.
The most cost-effective strategy, for typical flight dynamic analyses
and if vibratory loads are not required, is probably to calibrate such
a theory using the more accurate free wake based model and then
use it in all calculations.
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