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Modeling of rotor-induced velocity receives continued attention in the literature as the rotorcraft community
addresses limitations in the � delity of simulations of helicopter stability, control, and handling qualities. A compar-
ison is presented of results obtained using a rigid-blade rotor-fuselage model con� gured with two induced velocity
models: a conventional, � rst-order, � nite state, dynamic in� ow model and a wake model that solves a vorticity-
transport equation on a computational mesh enclosing the rotorcraft. Differences between the two models are
quanti� ed by comparing predictions of trimmed rotor blade � ap, lag and feather angles, airframe pitch and roll
attitudes, cross-coupling derivatives, response to control inputs, and airframe vibration. Results are presented in
the context of measurements taken on a Puma aircraft in steady � ight from hover to high speed. More accurate
predictions of the cross-coupling derivatives, response to control, and airframe vibration obtained using the vor-
ticity transport model suggest that incorporation of real � ow� eld effects is important to extending the bandwidth
of applicability of helicopter simulation models. Unexpectedly small differences in some of the trim predictions
obtainedusing the two wake models suggest that an overall improvement in simulation� delity may not be achieved
without equivalent attention to the rotor dynamic model.

Nomenclature
a = in� ow state vector, m s ¡ 1

ahinge
x , ahinge

z = hinge acceleration components, m s ¡ 2

C0 = apparent mass factor
F = aerodynamic forcing vector
I� ap, Ilag , Ipitch = blade moments of inertia, N m2

[L] = inverse gain matrix
L aero = aerodynamic rolling moment, N m
Lq = airframe roll acceleration due to pitch rate, s ¡ 1

L h 1s = airframe roll acceleration due to longitudinal
cyclic, s ¡ 2

Maero = aerodynamic pitching moment, N m
Mbl

� ap , Mbl
lag = blade � ap and lag moments, N m

Mp = airframe pitch acceleration due to roll rate, s ¡ 1

Mv = airframe pitch acceleration due to sideslip,
m ¡ 1 s ¡ 1

Mh 1c = airframe pitch acceleration due to lateral
cyclic, s ¡ 2

n = number of blades
R = rotor radius, m
r = radial coordinate on rotor disk, m
S = vorticity source, s ¡ 2

Taero = aerodynamic thrust, N
t = time, s
u = control vector
v = � ow velocity, m s ¡ 1

vm = wake mass-� ow velocity, m s ¡ 1

vT = wake velocity, m s ¡ 1

x = model state vector
xrotor = rotor state vector
z = out-plane coordinate on rotor disk, m
a = local angle of attack, deg
b 0 = main rotor coning angle, deg
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b 1c = main rotor longitudinal � apping, deg
b 1s = main rotor lateral � apping, deg
f 0 = main rotor mean lag angle, deg
f 1s , f 1c = � rst harmonic components of main rotor lag

angle, deg
h = fuselage pitch attitude, deg
h 0 = main rotor collective pitch, deg
h 0tr = tail rotor collective pitch, deg
h 1c = rotor lateral cyclic pitch, deg
h 1s = rotor longitudinal cyclic pitch, deg
[¿ ] = matrix of time constants, s
u = fuselage roll attitude, deg
v = wake skew angle, rad
W = azimuthal coordinate on rotor disk, rad
x = � ow vorticity, s ¡ 1

x bl
x , x bl

y , x bl
z = blade angular velocity components, rad s ¡ 1

Introduction

T HE mathematical modeling of stability, control, and handling
qualities has assumed increased importance in the design and

analysis of rotorcraft over the last 15 years. This has come about
througha need to remedy known aircraftde� ciencies and to provide
real-time simulationsof vehicledynamics. Improvements in � delity
have come at the expense of complexity and computational effort,
but increasing computer power continues to mitigate this.

Pad� eld’s1 threefold hierarchy of rotorcraft simulation models
has proved useful for gauging the progress of the helicopter � ight
dynamics community toward a fully comprehensiveanalysis of the
dynamic behavior of rotorcraft. In both level 1 and level 2 models,
the velocity induced on the rotor disks is expressed as a superposi-
tion of a � nite number of simple � ow states in a � rst-order dynamic
in� ow model, but in a level 2 model the disklike representation of
the rotors in a level 1 model is replaced by an individual-bladerep-
resentation. In level 3 models the induced velocity near the rotors
is calculated from an analysis of the detailed geometry of the entire
rotor wake. Level 3 wake models have been in use in aerodynamic
and structural-dynamicperformancecodesfor some time,but imple-
mentationof wake models of this complexity in � ight dynamics ap-
plications is uncommon.2 Progress has been hindered largely by the
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624 BROWN AND HOUSTON

computationalintractibilityimposed by the inherentdisparity in the
timescalesassociatedwith the rotordynamicsand aerodynamicsand
the timescale associatedwith the fuselage motions of the rotorcraft.

Finite state dynamic in� ow models are preeminent in contem-
porary rotorcraft � ight-dynamic simulations.3,4 Their development
is well summarized by Chen5 and Gaonkar and Peters,3 where the
extensive literature attributed to Peters is rightly to the fore. Recent
developments have tackled problems such as cross-coupling in a
simple and elegant manner.6,7 There is evidence, however, to sug-
gest that some helicopter modeling de� ciencies could result from
unmodeled interactional effects in the rotor wake.8,9 This paper is
based on the premise that incorporationof these effects in a simula-
tion model requires level 3 modeling of the rotor wake and presents
calculations performed with a wake model, based on a numerical
calculation of the transport of vorticity in the � ow surrounding the
rotorcraft, which is capable of embodying a variety of real � ow-
� eld effects such as wake distortion and main rotor/tail rotor and
blade–vortex interactions. The objective of the paper is to quan-
tify differencesbetween the use of a simple dynamic in� ow model,
in which these effects are absent, and the new vorticity-transport
wake model when each is coupled with a relatively standard, rigid
individual-blade,rotor–fuselagehelicopterdynamicmodel. This al-
lows an assessmentto be made of the impact of real � ow� eld effects
on model � delity.

In particular, predictions of rotor blade angle of attack vs az-
imuth for the two wake models are compared, and the presence
of real � ow� eld effects in the predictions of the vorticity transport
model are con� rmed. Rotor blade � ap, lag and feather angles, and
airframe pitch and roll attitudes are compared for a helicopter in
trimmed � ight from hover to high speed. A limited comparison of
the cross-couplingderivatives predicted using the two in� ow mod-
els is then presented.Finally,we present comparisons,using the two
in� ow models, of the time response of the airframe to lateral cyclic
control inputs and airframe vibration levels. The simulated data are
presented in the context of results from � ight experiments using a
helicopter with conventional single main rotor/tail rotor con� gura-
tion. This papercontributesto the literaturein two ways: It presentsa
comprehensive� ow� eld formulation that is computationallyattrac-
tive for � ight mechanics applications,and it questions in a quanti� -
ablemanner the impactonhelicopter� ightmechanicssimulationsof
some attributes of real wakes that hitherto have not been addressed.

Background
There is some evidence in the literature to suggest that real � ow-

� eld effects, such as wake distortion, main rotor/tail rotor wake
interaction, and blade–vortex interaction, may have an impact on
helicopter� ightmechanics.HoustonandTarttelin8 presenteda com-
parisonof heavedynamics in hovering� ightpredictedby a dynamic
in� ow disk-typemodel and identi� ed from � ight test. Although sig-
ni� cant discrepanciescould be removed by tuning the model with a
series of physically justi� able correction factors, the near-uniform
distributionof inducedvelocitypredictedby the disk model bore lit-
tle resemblance to the measured induced velocity � eld at the blade,
which is momentumlikeover a portionof the rotor disk but is signif-
icantly distorted by vortex interaction effects near the rotor tip and
interferencefrom the tail rotor. Pad� eld and Du Val9 postulated that
unmodeled tail rotor and main rotor wake interference may lead to
similar discrepancies in forward � ight.

The basic � nite state formalism of Peters and co-workers has un-
dergonecontinuousdevelopmentto the pointwhere dynamic in� ow
models are now almost exclusively used in the current generation
of level 2 computationalhelicopter � ight dynamics models.10,11 Im-
proved predictionof pitch–roll cross couplinghas servedas a partic-
ular focus for the developmentof the approach.Recently, extension
of the model to mimic the effects of wake curvature,6 and incorpora-
tion of delays on blade lift and drag,7 has allowed a renewed attack
on this problem. The Peters formalism is elegant, computationally
highly ef� cient, and easy to incorporate into the state-space for-
malism of most coupled rotor–fuselage simulation models. These
recent developments serve to retain the approach as an ideal tool
for investigationof a range of helicopter � ight mechanicsproblems,

and the dynamic in� ow approach is the benchmark with which all
other approaches should be compared.

In general, the dynamic in� ow formalism relies on a modal ex-
pansion of the velocity surrounding the rotorcraft as

v(r, W , z) = a(t ) ¢ V(r, W , z) (1)

where V(r, W , z) is a � nite dimensional vector of velocity distribu-
tions. The evolution of the vector of in� ow states a(t ) is usually
governed by a nonlinear � rst-order equation of the form

[¿ (a, Çxrotor)] Ça + a = [L(a, Çxrotor)]F (2)

where wake distortions are taken into account through the depen-
denceof [¿ ]and [L] on the rates of change Çxrotor of the statesde� ning
the rotor orientation.6

Unfortunately,the dynamic in� ow formalism becomes less com-
putationallyef� cient12 as the numberofmodes describingthe in� ow
distribution near the rotor is increased, and, although the approach
is formally applicable to arbitrary rotor loading conditions, the for-
malism does not retain suf� cient off-rotor information to represent
fully the physics of the � ow in the wake. For instance, blade–vortex
interactions and the effects of wake rollup are not captured by the
approach.12 Stated equivalently,the strong in� uence of autoconvec-
tionof vorticity13 on theevolutionofwake structure,especiallyin the
presenceof interactive� ow effects, suggests that one or more of the
off-rotor modes, the inclusion of which may be essential to the en-
capsulationof certainaspects of the interactional� ows, may be con-
trolledonly weakly, or evennot at all, by theaerodynamicloadingon
the rotors. These off-rotor modes will not appear naturally (through
the inclusion of their in� ow states) in a dynamical system of the
form of Eq. (2). It is, thus, to be expectedthat a model that is capable
of more faithfully and robustly representing the � uid dynamic pro-
cessesoccurringin the wake would be more appropriateto � ight dy-
namic analyses in the presence of strong aerodynamic interactions.

Mathematical Model
Rotor–Fuselage Model

The current implementationof the coupled rotor–fuselage model
used in this paper employs a blade-elementformulation to calculate
the aerodynamic loads on each individual blade of the helicopter.
The model has been used previously for helicopter validation and
simulationstudies14,15 and for the simulationof autogyros.16 Further
properties of the model are summarized in Table 1.

The individualblade motions are governed by the standard rigid-
body dynamic equations17

I� ap Çx bl
x + x bl

y x bl
z ¡ mbl ybl

cga
hinge
z = M bl

� ap

Ipitch Çx bl
y + x bl

x x bl
z = M bl

pitch

Ilag Çx bl
z + x bl

x x bl
y ¡ mbl ybl

cga
hinge
x = M bl

lag (3)

Table 1 Rotor–fuselage model

Properties Characteristics

Rotor dynamics Up to 10 individually modeled rigid blades
(each rotor) Fully coupled � ap, lag, and feather motion

Blade attachment by offset hinges and springs
Linear lag damper

Rotor loads Aerodynamic and inertial loads represented
by up to 20 elements per blade

Blade aerodynamics Lookup tables for lift and drag as function
of angle of attack and Mach number

Transmission Coupled rotorspeed and engine dynamics
Up to three engines
Geared or independently controlled rotor

torque
Airframe Fuselage, tailplane, and � n aerodynamics

by lookup tables or polynomial functions
Atmosphere International Standard Atmosphere

Provision for variation of sea-level
temperature and pressure
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where expressions for the blade angular velocities x bl
x , x bl

y , and
x bl

z and the hinge acceleration terms ahinge
x and ahinge

z are derived
using standard kinematic principles.14 The applied moment terms
M bl

� ap and Mbl
lag include spring restraint terms if appropriate, and

the lag degree of freedom embodies a linear lag damper term. The
aerodynamic and inertia loads are transferred to the airframe via
appropriate transformation to airframe-� xed hub coordinates fol-
lowing summation over blade elements.14 The equations of motion
of the airframe are written in standard state-vector form

Çx = f (x, u) (4)

where x contains the airframe translational and angular velocity,
blade � ap, lag and feather angles and rates for each blade on each
rotor, the angular velocity of each rotor, and the engine torques.
The control vector u is aircraft con� guration-speci�c, but for con-
ventional single main and tail rotor con� gurations there are three
main rotor controls and one tail rotor control. Equation (4) is then
integrated to obtain the unsteady motion of the rotorcraft. Trim in
steady � ight is achieved by successive approximation to a state in
which the mean forces and moments on the airframe are zero over a
period that is long compared to the main rotor’s rotational period.14

The rotor–fuselagemodel is, thus,a very conventionalindividual-
blade/blade-element representation of a generic two-rotor aircraft,
describedby its blade mass distribution,blade aerodynamicproper-
ties, rotor hinge offset and restraint, the location and orientation of
the rotors on the airframe, and the airframe’s mass distribution and
rudimentary aerodynamic characteristics.

Wake Modeling

The rotor–fuselage model is structured to allow selection of ei-
ther a dynamic in� ow model or the vorticity-transportmodel, both
described in this section, to predict the local velocity at each of the
blade elements.

Dynamic In� ow Model

The simple three-state dynamic in� ow representation employed
in this work is taken from Chen,5 although the originalmodel devel-
opment is due to Peters (see Refs. 3 and 4). Note that, in the present
formulation, the dynamic in� ow formalism described hereafter is
applied independently to each rotor in turn, and, hence, rotor inter-
action cannot enter the simulation through aerodynamic coupling
of the rotors.

When we adopt the form of Eq. (1), the vector of � ow modes

V(r, W ) = [1, r sin W , r cos W ] (5)

models the distributionof wake velocitynormal to the plane of each
rotor, whereas Eq. (2) is forced by the vector of rotor aerodynamic
loads

F = [Taero , Laero, Maero]T (6)

The matrix of time constants

[¿ ] =

4R

3 p vT C0
0

¡ R tan( v / 2)

12vm

0
64R

45p vm (1 + cos v )
0

5R tan( v / 2)
8vT

0
64R cos v

45 p vm (1 + cos v )

(7)

whereas the inverse gain matrix

[L] =
1

q p R3

R

2vT
0

15 p tan( v / 2)

64vm

0
¡ 4

vm (1 + cos v )
0

15p tan( v /2)

64vT
0

¡ 4 cos v

vm (1 + cos v )

(8)

Vorticity Transport Model

In an incompressible � ow the velocity v anywhere in the neigh-
borhood of the rotorcraft is related by the Poisson equation

r 2v = ¡ r £ x (9)

to the vorticity x = r £ v in the � ow surroundingthe rotorcraft.Un-
der the further assumptionof limitingly small viscosity,the Navier–
Stokes equation for the � ow reduces to the unsteady vorticity-
transport equation

@

@t
x + v ¢ r x ¡ x ¢ r v = S (10)

where the source S is a function of the aerodynamic loads on the
airframe and rotors and is nonzero only where aerodynamic forces
are being generated.

Recently, Brown13 has developed a grid-based algorithm for the
solution of Eqs. (9) and (10) in helicopter aeromechanical appli-
cations. The equations are solved numerically by tesellating the
domain surrounding the rotorcraft into a large number of three-
dimensionalcells andapproximatingv and x byvector� elds that are
cellwise constant.Equation (9) is then solved by cyclic reduction,18

and Eq. (10) is marched through time using Toro’s weighted av-
erage � ux (WAF) algorithm.19 A particular advantage of the WAF
algorithm is that it allows the effects of numerical diffusion of vor-
ticity,which haveplaguedthe accuracyofmanypreviousattemptsto
construct grid-based numerical solutions of Eq. (10), to be reduced
to very small levels. An important feature of the present vorticity
transportmodel is that Eq. (10) is solved only after we recast it into
a form that speci� cally conserves vorticity in parts of the compu-
tational domain where the vorticity source is zero. The particular
advantage of such a formulation in the context of helicopter � ight
mechanics is that there then exists a natural decomposition of the
equations governing the � uid dynamics that can be exploited nu-
merically to allow the computational time constraint imposed by
the disparate rotor and body–wake timescales to be overcome.13

The vorticity transport model is coupled into the rotor–fuselage
simulation by using the aerodynamic loads generated by the blade-
elementmodelto constructS in termsof the shedand trailedvorticity
from the blades of the rotors. The velocity at each blade element
of each rotor is obtained by our sampling the � eld v at the location
of the quarter-chord of the blade element. Speci� c details of the
numerical implementationof this wake model, and some examples
verifying the predictions of the basic approach, are presented by
Brown.13

With the vorticity transport approach, interactions between the
wakes shed by multiple blades on multiple rotors are naturally ac-
counted for by direct solution of the � uid dynamic equations gov-
erning the wake’s evolution. In this way, the assumptions made by
the dynamic in� ow formalism as to the modal structure of the � ow
and the dynamic form of the wake’s evolution are circumvented.

Results
Flight Experiments

The aircraft used for the � ight experimentswas the SA330 Puma
helicopter, formerly operated by the Defence Evaluation and Re-
search Agency (DERA) at Bedford, England, United Kingdom,
shown in Fig. 1. This aircraft was fully instrumented with two

Fig. 1 DERA Research Puma XW241.
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separate inertial systems for measuring translational accelerations,
angular rates, and attitudes. A probe-mountedair data system mea-
sured airspeed, sideslip, and angle of attack. Pilot control positions
were also recorded. The � ap, lag, and feather angles of each blade
were measured with potentiometers,and local blade angle of attack
could be inferred from a suite of pressure sensors and strain gauges
attached to one of the blades.8 Steady � ights were conducted be-
tween hover and 150 kn, at a nominal altitude of 3000 ft and at
weights between 5100 and 5800 kg. The simulations were con� g-
ured with the actual � ight conditions and weights recorded at each
test point.

Rotor Aerodynamic Environment

Figure 2 shows comparisons between the azimuthal variation of
angle of attack calculated using the dynamic in� ow model and the
vorticity transport model, and the � ight data extracted by Pad� eld1

and Houston and Tarttelin.8 Clearly visible in the forward � ight ex-
perimental data is the ridge corresponding to interaction with the
tip vortex trailed from the precedingblade, whereas a secondary in-
teraction somewhat farther inboard is less easily discernible.These
interactive features are well represented by the vorticity transport

Hover 100kn

Fig. 2 Rotor aerodynamic environment.

model, but are entirely absent from the simulation using the three-
state dynamic in� ow model. Similarly, at hover, the vorticity trans-
port model again reproducesthe experimentallyobserveddistortion
of the loadingpattern from the simple momentumlike structurepre-
dicted by the dynamic in� ow model. Near the rotor tip, the interac-
tion with the tip vortices from preceding blades manifests itself as
a ridge of high angle of attack, whereas the asymmetry between the
angle of attack in the aft quadrants of the rotor is primarily a result
of interaction with the tail rotor.

Trim Parameters

Figures 3 and 4 present comparisons between simulations incor-
poratingthe Peters dynamic in� ow model and the vorticity transport
model. The results presented here show an obvious de� ciency in
the modeling of the overall drag on the vehicle at high speed, which
manifests itself as an underprediction of the required main rotor
collective pitch and consistent behavior of the longitudinal cyclic
pitch, longitudinal � apping, and tail rotor collective pitch at speeds
above 100 kn. The presence of this systematic error in the model
strictly limits direct comparisonof � ight data and model predictions
to speeds between 30 and 100 kn. Nevertheless, the small observed
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Fig. 3 Comparison of rotor control and aircraft angles.

Fig. 4 Comparison of rotor � ap and lag angles.

differencesbetween the predictionsof the longitudinaltrim parame-
ters using the two inducedvelocitymodels, and the good agreement
with � ight data in the range of validity of the airframe aerodynamic
model, serve to validate the predictions of both induced velocity
models. The interferencebetween main and tail rotors (unmodeled,
as described earlier, in our particular implementation of the dy-
namic in� ow model) appears to be representedappropriatelyby the
vorticity transport model because it accurately predicts tail rotor
collective pitch up to 100 kn, whereas the dynamic in� ow model

Table 2 Stability and control derivativesa

Dynamic Vorticity Flight
Derivative in� ow transport identi� ed20

Mv 0.004 ¡ 0.022 ¡ 0.021 (0.0015)
Lq 0.638 0.509 0.420 (0.0762)
Mp ¡ 0.152 ¡ 0.103 ¡ 0.035 (0.0237)
L h 1s ¡ 2.904 ¡ 4.256 ¡ 2.822 (0.9620)
Mh 1c 2.327 4.512 —— (——)

a80 kn.

overestimates the tail rotor collective by around 2 deg (that is, by
about 5% of control authority). The � ight-measured lateral cyclic
pitch and � apping are poorly predicted, but the similarity between
the predictionsby both in� ow models of the lateral trim parameters
throughout the speed range is most remarkable.

Low-Frequency Dynamics

Similar comparisons to the preceding are now presented for the
low-frequencyunsteadymotionof the rotorcraft.Any model will be
challengedby its ability to improve the predictionof pitch–roll cross
coupling,an issueof great current interest to the helicopter� ight dy-
namics community. Unfortunately,a comprehensivecomparison of
the classical six-degree-of-freedom stability and control derivatives
for the Puma is presentlycompromisedby an incompleteand incon-
clusive database for the full-scale aircraft.20 In Table 2, preliminary
predictions of some of the more important cross-coupling deriva-
tivesare comparedagainstvaluesidenti� ed at GlasgowUniversity.20

Standard deviations of the identi� ed derivatives are given in paren-
theses. In all cases, signi� cant separationbetween the predictionsof
the dynamic in� ow model and the vorticity transportmodel is seen,
and, arguably, the predictions of the vorticity transport model bear
a closer relationship to the identi� ed values, except in the case of
the control derivative L h 1s , where the large standard deviation sug-
gests that the derivative was poorly identi� ed from the � ight data.
Of particular note is the good agreement with the identi� ed value
of the vorticity transport model’s prediction of Mv , a derivative es-
timated with high con� dence from the � ight data and of particular
importance to the Puma’s characteristic coupled pitch response in
the Dutch rollmode.20 The resultspresentedhere provideonly a lim-
ited insight into the behavior of the two induced velocity models in
predicting the low-frequencyunsteady motion of the rotorcraft,and
we hope to address the prediction of the classical stability and con-
trol derivativesmore comprehensivelyin a later paper. Some further
insight into the nature of the modeling differences can be obtained
by comparing the response of each model to a lateral cyclic pitch
control input, as shown in Figs. 5 and 6. Note that the responses are
normalized by the peak roll rate in each case to clarify the relative
differencesbetween each model and � ight test data. Although both
models give a good account of the phasing and magnitude of the
on- and off-axis responses, the simulation with the vorticity trans-
port wake model exhibits features that render it superior for the
prediction of the primary response to control input, as well as the
cross-coupled response, at least in the short term. The divergence
in pitch rate evident in the longer-term dynamics of both models
appears to be due to an unstable phugoid-typeoscillation that is not
represented in the � ight data.

Vibration

Finally, comparisons are extended to the high-frequencydynam-
ics of the rotorcraft. Figure 7 shows time histories of the vertical
acceleration of the center of gravity of the aircraft as measured in
� ight, together with results from simulation with both wake mod-
els. These results, for 90 kn, are typical of those found throughout
the speed range. It is clear that the vorticity transport model gives
a much better prediction of the amplitude of the 4 per revolution
vibration than the dynamic in� ow model. This is emphasized if the
data in Fig. 7 are transformed into the frequencydomain, as shown
in Fig. 8. Neither model captures the 1 and 2 per revolutioncontent
of the vibration spectrum, but this discrepancy can be traced to a
blade trackingerror on the full-scale aircraft and, hence, is a feature
unrelated to the modeling of the rotor wake.
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Fig. 5 Response to lateral cyclic at 80 kn, � ight and dynamic in� ow
model.

Fig. 6 Response to lateral cyclic at 80 kn, � ight and vorticity transport
model.

Fig. 7 Comparison of vertical acceleration, 90 kn.

Fig. 8 Comparison of 4 per revolution component of vertical acceler-
ation, 90 kn.

Discussion
The primary objective of this paper was to examine the signi� -

cance of the incorporation of real � ow� eld effects, such as blade–

vortex interaction and main rotor/tail rotor interaction, on the pre-
diction of the � ight mechanics of helicopters. Previous work had
suggested that the omission of such effects by use of the dynamic
in� ow formalism to represent the rotor wake was largely responsi-
ble for the discrepanciesbetween the predictionsof typical coupled
rotor–fuselage models and � ight experiments.

Away from trim, it would indeed appear that the improved reso-
lution of the real � ow� eld effects afforded by the vorticity trans-
port model results in improved � delity of simulation. Improved
prediction of the cross-couplingderivatives, response to control in-
put, and of the amplitude of the n per revolutionvibration using the
vorticity transport model suggests that incorporation of real � ow
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effects is an important contributory factor to the extension of the
bandwidth over which � ight dynamic models are valid and may
indeed be necessarybefore integrated study of � ight mechanics,vi-
bration, and control become feasible. Yet, close analysis of the trim
predictionsobtained with the two in� ow models confers somewhat
more structure on this rather simplistic interpretationof the results
presented so far.

In particular, the strong similarity between the main rotor lateral
trim predictions obtained with the two induced velocity models,
which persists even where agreement with � ight data is poor, is
somewhat surprising.Even more interesting is that close agreement
is obtained despite the obviously disparate rotor-loading distribu-
tions predicted by the two models. The observed similarity is most
likely a consequenceof the rigid-blade dynamic model’s transmis-
sion to the rotor shaft of only the zeroth- and � rst-order moments of
the radial loadingdistributionon the blades.Because the trim proce-
dure describedearlier is sensitiveonly to the loads transmittedto the
airframe through the rotor shaft, the rotor parameterspredictedwith
the two in� ow models will be driven in trim to states that are equiv-
alent to � rst order in their resultant radial loadingdistributionon the
blades. A qualitative illustration of the relative insensitivity of the
trim procedureto the detailedstructureof the loadingdistributionon
the main rotor is obtainedby contrasting the azimuthaldistributions
of angle of attack predicted with the two in� ow models. The effects
of the blade dynamic model are most clearly evident in the hover
angle-of-attackdistribution,where the trim algorithmhas forced the
dynamic in� ow model to show an increase in angle of attack over
the entire rotor disk to yield equivalence with the tip-loaded dis-
tribution predicted by the vorticity-transportmodel. Similar effects
are noticeable too in the lateral and longitudinal gradients of the
angle-of-attackdistribution in the forward � ight case.

Incorporation of a more comprehensive rotor-dynamic model,
for instance one that allows excitation of the � rst torsional mode
of the blade, will permit the rotor to respond to the higher-order
moments of the loading distribution, and such an enhancement of
the approach described here may indeed be necessary for the more
detailed description of the blade loading inherent in the vorticity
transportmodel to appearas a marked improvementin theprediction
of the lateral dynamics. Note, though, that even within the con� nes
of the present rotor–fuselage formalism, where it is to be expected
that aerodynamic interactions are signi� cant enough to affect even
the low-ordermoments of the loading distributionon the rotor disk,
such as in the case of the tail rotor, marked separation between the
predictions of the two models is indeed observed. The tail rotor
collective pitch predicted with the vorticity transport model, with
its more realistic portrayal of the aerodynamic interaction between
the main and tail rotors, is signi� cantly closer to the � ight data than
the similar prediction made with the dynamic in� ow model.

Takentogether,theseobservationssuggest that the levelof � delity
of the rotor-dynamicmodel and of the wake model cannotbe seen in
isolationfromeach otheras previouslythoughtand,hence,thatover-
all improvement in the � delityof rotorcraftsimulationsmay not fol-
low the gradual evolution in complexity suggestedby Pad� eld’s hi-
erarchicalparadigm.Instead,a signi� cant improvementin modeling
� delity may only be achieved by a single, integrated, jump in com-
plexity of several simultaneousaspectsof the � ight dynamic model.

Conclusion
The results presented in this paper largely support the existing

view that correctpredictionof theaerodynamicsassociatedwith real
� ow featuressuch as wake distortion,blade–vortex interactions,and
main rotor/tail rotor interaction is an important contributing factor
to the overall � delity of rotorcraft � ight-dynamic simulations.This
conclusion is supported by the improvement in prediction, relative
to � ight data, of the important cross-couplingderivatives, airframe
response to control inputs, vibration levels, and trim parameters
made with an induced velocity model that reproduces these fea-
tures, when compared against predictions made with a model from
which these effects are absent. Furthermore, the results presented
here suggest that although wake modeling � delity is important in
the capture of some of the subtleties of the trimmed state of the air-
craft, comprehensive incorporation of real-wake effects may have

even greater relevance as simulation bandwidth is increased. Fi-
nally, analysis of discrepanciesin the predictionof trim states made
with the two induced velocity models supports the argument that
simulation � delity cannot be isolated into separate issues of wake
� delity and rotor-dynamic � delity and strongly suggests that any
signi� cant increase in overall � delity of rotorcraft simulations will
not be attained by our following a simple hierarchical progression
of model complexity.
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