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Rotor Wake Modeling for Flight Dynamic
Simulation of Helicopters

Richard E. Brown ¤

University of Glasgow, Glasgow, Scotland G12 8QQ, United Kingdom

A computational helicopter rotor wake model, based on the numerical solution of the unsteady � uid-dynamic
equations governing the generation and convection of vorticity through a domain enclosing the helicopter, has
been developed. The model addresses several issues of speci� c interest in the context of helicopter � ight dynamic
modeling.The problem of excessive numerical dissipationof vortical structure, commonto mostgrid-based compu-
tational techniques, is overcome using a vorticity conservation approach in conjunction with suitable vorticity-� ux
limiter functions. Use of a time-factorization-type algorithm allows the wake model to avoid the stiffness that is
introduced in � ight dynamic applications by the disparity between the rotor and fuselage timescales and to gen-
erate rapid solutions to the time-varying vortical structure of the helicopter wake. The model is demonstrated to
yield valid solutions to the blade loading and wake structure for isolated and interacting rotors in both hover and
forward � ight.

Nomenclature
B = domain of inner aerodynamic problem
b = vector of airframe and rotor states
c = blade chord
k = reduced frequency of pitching oscillation
M = number of substeps
N = problem size
R = rotor radius
r = radial coordinate
S = source of vorticity
T = rotor period of revolution, period of pitching oscillation
t = time
U = freestream velocity, velocity at blade section
V = � uid domain
V 0 = computational domain
v = velocity of � ow
D t = computational timestep
m = frequency of pitch oscillation
x = � ow vorticity

Introduction

T HE earliest model for the dynamics of the induced � ow near
a helicopter rotor was developedby Carpenter and Fridovich,1

who introduceda term representingthe accelerationof a mass of air
surrounding the rotor into their momentum-disk-typemodel to ex-
plain theirobservationsof � rst-orderdynamicsof the inducedveloc-
ity below a hovering rotor. Subsequently, Gaonkar and Peters2 and
Peters et al.3 developedmore general, � rst-order,disk-typedynamic
theories for the induced � ow, based more rigorously on considera-
tions of the pressure distribution on the rotor disk. The Peters-type
dynamic in� ow theories have been developed2 over the last two
decades to an impressive level of sophistication, where the effects
of individual blades3 on the induced velocity distributionon the ro-
tor disk can now be incorporated.Dynamic in� ow models are now
widely used, despite some shortcomings,4 in the current generation
of computational helicopter � ight dynamics models.5, 6

During the past few years a gathering body of evidence has sug-
gested that the detailed geometry and strength of the wake shed by
the various aerodynamic components of a helicopter has a signi� -
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cant impacton the loadsgeneratedon the airframeand, hence,on the
steady performance, � ight dynamics, and vibratory characteristics
of the aircraft. Houston and Tarttelin7 used a dynamic in� ow-type
model to identify some of the stability derivatives from measure-
ments of the heavedynamicsof a hoveringhelicopter.Discrepancies
in their analysiswere attributed to the unmodeledeffects of nonuni-
form in� ow near the rotor resulting from interference from the tail
rotor with the locations of the tip vortices of the main rotor blades.
Pad� eld and DuVal8 have suggested that their problems in identi-
fying stability derivatives in forward � ight were also attributable to
the effects of unmodeled tail rotor and main rotor interactions.Nu-
merical studies, such as Rosen and Isser’s9 use of a prescribed-wake
model to identify the orientation of the rotor blades relative to the
vorticityin thewakeas a key factor in improvingthepredictionof the
off-axis response of the rotor, support a requirement for improved
� delity of the wake models used in � ight dynamics applications.

An important physical limitation on the performance of high-
� delity � ight dynamic models is imposed by the disparity in the
timescalesassociatedwith the rotordynamicsand aerodynamicsand
the timescale associatedwith the fuselage motions of the rotorcraft.
The blade–wake interactionalaerodynamiceffectsofmost relevance
to improved modeling � delity occur on a timescale associated with
the rotational frequencyof the rotor. The wake structures generated
by these interactions then convect away from the interaction sites
at roughly the � ight speed of the helicopter. Because the body dy-
namics and wake-convectioneffects have characteristicfrequencies
roughlyan orderof magnitudesmaller than the rotor frequencies,an
element of stiffness is introduced, resulting in large computational
times for any � ight dynamic simulation that is detailed enough to
resolve the most important blade–wake interactional aerodynamic
effects.

A grid-based,Eulerianapproach,in particularwhen thegoverning
� uid dynamic equations are cast into a form that explicitly enforces
conservation of vorticity, remains the most natural choice to adopt
in the present context. First, coalescence and rupture of domains of
vorticity, as are often encountered in strongly interactive � ows, are
naturally handled by such an approach, implying that wake struc-
tures of almost arbitrarycomplexity should be able to evolve within
the computational domain. Additionally, an increase in the size of
the cells used to tessellate the computational domain should re-
sult merely in a degradation in the resolution of the vorticity in the
wake that should ultimately manifest itself merely as a degrada-
tion in the resolution of the loading on the rotors and airframe. In
the � ight dynamics context where often only the integrated loads
on the airframe are of direct interest, this structural stability of the
wake model should, within reason, imply the relative insensitivity
of the numerical values of these loads to the level of resolution of
the wake structure.
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In recent years several impressive grid-based techniques for the
numerical solution of the Euler or Navier–Stokes equations for the
� ow surrounding complete rotor con� gurations have indeed been
developed.The approachesof Strawn and Barth10 and Raddatz and
Pahlke,11 among others, are typical of detailed calculationsof blade
pressure and velocitydistributionsrequired for accurate calculation
of the aerodynamic, structural, and acoustic properties of modern
rotor blades. Techniques of this sophistication are not likely to be
practicalfor � ight dynamics purposes for some time to come. There
are outstanding issues, such as the loss of accuracy12, 13 induced by
the tendency of grid-based methods to dissipate any vortical struc-
tures present in the � ow, that represent particularly severe handi-
caps in rotorcraft applications given the concentrated structure of
the vorticity in the wake. The limitation imposed by the already ex-
treme computational time requirements of techniques based on the
direct solution of the Euler or Navier–Stokes equations must also
be resolved14 before these methods are accepted into use in � ight
dynamic applications.

In this paper, a grid-based, Eulerian formalism, ultimately
founded on the solution of the Navier–Stokes equation in vorticity
conservation form, is presented for the calculation of the unsteady
aerodynamic environment surrounding a helicopter rotor system.
The approachaddresses,with success, the de� ciency inherent in the
present generation of Eulerian codes associated with the diffusion
of vortical structures into the computational domain. In addition,
the vorticity conservation approach adopted here admits a natural
decompositionof the evolution of the wake structure, allowing the
characteristicstiffness introduced into the rotorcraft � ight dynamic
problem by disparate rotor and body/wake timescales to be over-
come. These favorable characteristicsof the vorticity-conservation
approach in the context of helicopter � ight dynamic modeling are
con� rmed by application to several model problems. Then, as a
prelude to full implementationof the technique in a comprehensive
model of the � ight dynamics of rotorcraft, the predictions of the
resultant rotor wake model are validated against available data for
an isolated rotor and for a case where there are strong rotor–wake
interactions.

Helicopter Wake
Let V be the volume occupied by the vehicle and its surrounding

� ow� eld. Adopt the classical,asymptoticallyinviscid, aerodynamic
approach that, at any time t , the generation of aerodynamic forces
occurs in some subset B(t ) of V whereas in the remainder of V the
� ow behaves in an essentially inviscid manner. The analysis of the
� ow in V is, thus, decomposed into an outer, wake evolution, prob-
lem and an inner problem involving the generation of the aerody-
namic forces on the vehicle. Let the loading on, and the subsequent
motions of, the airframe and rotors be describedby the evolutionof
some state vector b(t ).

De� ne the vorticity x (x, t ) at x in V in terms of the velocity
v(x, t ) of the � ow as

x = r £ v (1)

Assuming incompressibility,a Poisson equation

r 2v = ¡ r £ x (2)

relates the velocity and vorticity of the � ow. The evolution of an
outer � ow governed by the Navier–Stokes equations, reduced by
assuming the � ow to be inviscid and incompressible, is described
in terms of the transport of the vorticity in V by

@

@t
x + v ¢ r x ¡ x ¢ r v = S[b(t )] (3)

Under the initial assumption that the computation of the � ow sur-
rounding the rotorcraft can be decomposed into inner and outer
aerodynamic problems, the source term S is nonzero only in B(t )
and the dynamics of the airframe and rotor enters the computation
only through the dependence of the source term on the state vec-
tor b(t ). The source term effectively couples the inner and outer
problems, and the mismatch in timescales in the � ight dynamic
problem appears in this formulation purely as a mismatch between

the timescale associated with the evolution of x in the absence of
sources and the timescale associatedwith the evolution of b(t ) and,
thus, S.

Numerical Implementation
Construct a computationaldomain V 0 placed so that it surrounds

the aircraft and partially encloses the � ow in which the vehicle is
immersed. Tessellate V 0 by a � nite number N of three-dimensional
cells V 0

i . A form of Eq. (3) that explicitlyexpresses the conservation
of vorticity follows in standard fashionby integratingin a piecewise
fashion over the cellular structure of V 0 :

[x ]n + 1 ¡ [x ]n = [v ¢ r x ]n
D t + [S]n

D t ¡ [x ¢ r v]n
D t (4)

where, for any � ow variable q(x, t ),

[q]n = *
Vi

q(x, n D t) dx (5)

[q]n
D t = * (n + 1) D t

n

[q]n dt (6)

on discretizing time as t = n D t where n =0, 1, . . . . The total vor-
ticity contained within each computational cell V 0

i at timestep n is
[x ]n . The vorticity transported into V 0

i and the vorticity produced
as a result of stretchingby the � ow are, respectively,[v ¢ r x ]n

D t and
[x ¢ r v]n

D t , whereas the total source of vorticity within V 0
i between

timesteps n and n + 1 is [S]n
D t .

Given the initial vorticity distribution [x ]0 in the wake, the se-
quence [x ]n , n = 1, 2, . . . , generated by the explicit procedure

vn = v([x ]n )

[x ]¤ = [x ]n + [v ¢ r x ]n
D t ([x ]n , vn ) ¡ [x ¢ r v]n

D t ([x ]n , vn )

[x ]n + 1 = [x ]¤ + [S]n
D t (b(n D t ), vn) (7)

yields an order D t2 time-accurate approximation15 to the vorticity
obtained from Eq. (4), provided that the various operators compris-
ing this procedure are all themselves at least second-order time-
accurate approximations to the operators in Eq. (4). Most impor-
tantly, this procedure is stable if each of the operators is allowed to
advance within its own particular stability limit.15

Equation (7) has been implementedin the code RAGD. The oper-
ator v([x ]n) yields an approximation to the solution v of Eq. (2), in
RAGD, calculated using a Poisson solver based on Schumann and
Sweet’s16 method of cyclic reduction.This approach is signi� cantly
faster than evaluation of the operator via the Biot–Savart integral,
but further increases in the computational speed of this part of the
algorithm may be possible using a suitable adaptation of one of the
the fast-multipole techniques17 , 18 currently reaching maturity. The
stretchingoperator[x ¢ r v]n

D t is thenapproximatedby Runge–Kutta
integration over a single computational timestep.

The present implementation uses Toro’s19 weighted average � ux
(WAF) method, extended to three dimensions using the standard
Strang spatial splitting,20 to approximate the transport operator
[v ¢ r x ]n

D t . The WAF method is a conservative Riemann problem-
based method that can be modi� ed to use � ux limiter functions
to create solutions that preserve the monotonicity of [x ]n at each
timestep. Although the technique was developed to enable the ac-
curate resolution of discontinuities in compressible � ows, here the
use of � ux limiter functions in a conservative formulation allows
the compactness of the domains of vorticity in the � ow� eld to be
controlled while still conserving the total vorticity present in the
computationaldomain.

The mismatch of timescales inherent in the � ight dynamic prob-
lem results in the timestep requiredto maintain the accuracyand sta-
bility of b(t) generally being very much smaller than the timestep
D t at which Eq. (7) can be advanced in the absence of vorticity
sources. The impact of this stiffness on the execution time of the
algorithm can be reduced by modifying the structure of the source
term to effectively decouple the rate of advance of the inner and
outer problems as follows. The conservative structure of Eq. (7)
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allows the vorticity source to be approximated as [S]n
D t = [S]n ¤

M on
de� ning a sequence of intermediate sources of vorticity:

[S]n ¤
m = [S]n ¤

m ¡ 1 + [S]n + m / M
D t / M (b(n D t + m D t / M ), vn + v ¤

m ) (8)

if 0 < m ·M , on de� ning [S]n ¤
0 =0, and where v ¤

m is a correctionto
the velocity � eld to account for the source of vorticity during inter-
mediate steps1, . . . , m ¡ 1. The inner calculationis now effectively
advanced at timestep D t / M , and the number of substeps M can be
selected to be large enough to maintain the accuracy of the vorticity
source and the stabilityof the algorithmused to calculateb(t ). Note,
though, that M must still be kept small enough to avoid the averag-
ing process inherent in the constructionof the total vorticity source
from the intermediate sequence from obliteratingspatial features in
the wake that are of relevance to the problem at hand. The com-
putational time saving resulting from suitable factorization of the
source term can be readily estimated. If ti and to are the times spent,
per timestep, respectively, on performing the inner and the outer
calculations, then the total computationaltime spent per timestep if
the inner problem is factored into M steps is Mti + to because the
solution to the outer problem need only be advanced once for every
M times the solution to the inner problem is advanced, compared
to M(ti + to) for a computationwithout factorizationwhere the rate
of advance is limited by the inner calculation. Factorization of the
source term, thus, yields a time saving of (M ¡ 1)to per timestep.
The sensitivity of the computed solution to the number of substeps
used to advance the solution to the inner problem is illustrated later.

Although a similar approach to the construction of the source
operator would follow the adoption of a more comprehensive the-
ory of loads generation (for instance one incorporating fully three-
dimensional, viscous, or compressible aerodynamic effects), for
illustration, the inner model is constructed here by assuming the
aerodynamic forces on the vehicle to result from a distribution of
bound vorticity x b con� ned to the neighborhoodof the blades. Con-
tinuityof vortexlinesrequirestheboundvorticityto be accompanied
by a source of vorticity:

Sb = ¡
d

dt
x b + vb r ¢ x b (9)

into the surrounding � uid, where vb is the velocity of the bound
vorticity relative to the � uid. The two terms of this source are,
respectively, the shed and trailed vorticity from the blades. As a
further simpli� cation, assume the bound vorticity is concentrated
on the quarter-chord lines of the blades. The de� ciencies of this
lifting-line approximation are discussed by van Holten,21 but the
approach is still widely used in the helicopter community. Each
blade is divided into a number of spanwise elements, each with its
own collocation point at which the local velocity interpolated from
the computational grid, the velocity v ¤

m associated with the vortic-
ity shed and trailed from the blade during the current timestep, and
the section angle of attack are combined to yield the local load-
ing on the blade. The spanwise variation of loading and the rate
of change of spanwise loading with time result in a source of vor-
ticity into the computational domain given by Eq. (9). The source
of vorticity from each blade is then mapped onto an interpolating
surface representing the (convected) trajectory of the blade during
the current timestep. Finally, the vorticity source [S]n ¤

m is obtained
by transferring the vorticity from the interpolating surface into the
computationaldomain by integrationover the intersectionbetween
the interpolation surface and each of the computational cells.

Results
The results of a series of computations performed to validate the

algorithmand to illustratethe potentialof RAGD are now presented.
In all cases a cubic computational domain, tessellated into equal-
sized cubic cells, was used to capture the vorticity in the rotor wake.
Potential improvements in the performance of the code that might
result from local grid re� nement or distortion of the cells to match
better the inherent geometry of the rotors and wake will not be
investigated in this paper. Throughout, zero-curvature conditions
were simultaneously imposed on the vorticity and velocity on all
boundaries of the computational domain. The ill-posed nature of
Eq. (2) with these boundary conditions is resolved by collocation

Fig. 1 Structural stability of induced velocity.

with the velocity evaluatedby the conventionalBiot–Savart integral
at a single, quiescent,point in the � ow. This approachwould appear
to yield the best compromise between allowing vorticity to convect
through the boundaries with minimal propagation of disturbances
back into the computational domain and proper representation of
far-wake effects on the velocity � eld.

Structural Stability
The structural stability of the solutions generated by RAGD to

changes in the resolution of the vorticity in the wake is illustrated
by computing the induced velocity for the Coleman et al. simpli� ed
model of an isolated rotor in forward � ight.22 Assume that the rotor
has an in� nite number of uniformly loaded blades, and assume that
the rotor is moving through the surrounding � uid at high speed
relative to the induced velocity generated by the rotor and its wake.
The wake structure then consistsof a cylindricalsheet, togetherwith
an axial vortex � lament, both inclined to be parallel to the direction
of motion of the rotor through the surrounding � uid, on which the
vorticity has constant magnitude.The simple wake structure allows
the wake-induced velocity in the neighborhood of the rotor to be
obtainedanalyticallyand to be comparedwith resultsobtainedusing
the numerical algorithm with the rotor radius resolved over 40, 20,
and 10 computational cells. Figure 1 shows the induced velocity
component vi perpendicular to the rotor disk, normalized by the
inducedvelocityvi0 at thecenterof the rotordisk,on the longitudinal
plane of a rotor that is climbing at an angle of 45 deg to its axis
throughthe surrounding� uid. Reductionin the numberof cells used
to resolvethe rotor resultsin a lossof resolutionof thewake structure
for the same source of vorticity into the � ow. Importantly, though,
reduction in the resolution of the vorticity in the computational
domain results merely in a reductionin the resolutionof the induced
velocity on the rotor disk and not in a change in the solution to a
form that is qualitatively different from that obtained with a more
� nely resolved wake structure. Features in the induced velocity on
a scale comparable to the size of the computationalcells are simply
not resolved. In addition to illustrating the structural stability of the
procedure to changes in grid resolution, this example also serves to
con� rm the important property of convergenceof the algorithm on
the exact solution to the problem as the size of the computational
cells is reduced.

Time Factorization
The behavior of the time-factorizationalgorithm is illustratedby

con� guring RAGD to calculate a numerical approximation to the
analytic solution for Theodorsen’s (see Ref. 23) linearized model
of a blade element oscillating sinusoidally in pitch about its half-
chord. De� ne the reduced frequency of the pitching oscillation
k = m c / (2U ), then in general CL =C(k)C ¤

L , where C ¤
L is the lift

coef� cient for the airfoil in the quasistatic limit m / U ! 0, CL is
the lift coef� cient for the airfoil under dynamic conditions, and C
is known as the lift de� ciency function. The RAGD code is eas-
ily modi� ed to satisfy the assumptions of Theodorsen’s analysis
by allowing the shed wake to convect under the in� uence of the
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a) Analytical and numerical solutions with no factorization

b) Effect of source factorization on numerical error

Fig. 2 Airfoil oscillating in pitch.

freestream alone (hence neglecting any self-induced wake distor-
tion) and by appropriate reduction of the governing equations and
discretization from three dimensions to two. Figure 2a shows the
variation of the amplitude of Theodorsen’s lift de� ciency function
with reduced frequency, calculated using the RAGD code with no
factorization of the source term (M = 1) and for various ratios of
computational timestep D t to oscillation period T =2 p / m . Con-
vergence to a � xed solution for small values of D t / T is seen,
but the numerical solution diverges signi� cantly from the exact
result for larger reduced frequencies. This behavior is shown by
Miller24 , 25 to be consistentwith the use of lifting-linetheory in place
of Theodorsen’s lifting-surfaceinner aerodynamicmodel. Figure 2b
shows the effect on the numerical solution of time factorization of
the source term. The error between the solution computed with a
varying number M of substeps and the converged numerical so-
lution, normalized by the converged numerical value for the lift
de� ciency function, is shown for various D t / T . Although Fig. 2 is
drawn for k =0.15, the observedbehavior is typicalof all 0 < k < 1.
The results presented here for this simple model problem show that
the accuracy of a calculation performed at a timestep too large to
resolve the dynamics of the inner � ow can be restored by selection
of a suitable number of substeps for calculation of the inner model
and, hence, that factorization of the vorticity source can indeed be
used to alleviate the stiffness introduced by the disparate rotor and
wake timescales.

Vorticity Con� nement
To illustrate the effects of various strategies for overcoming the

adverse effects of numerical diffusion on the resolution of the vor-
ticity in the wake, the RAGD code is used to calculate the wake
structure for a rotor of solidity 0.1, consisting of three blades with
constant chord and a linear twist of 12 deg, advancing axially at
0.35 times the blade tip speed at a thrust coef� cient of 0.088. The
wake structure for this simple case should consist of a set of helical
vortices trailing from the tips of the rotor blades and propagating
downstream of the rotor without signi� cant change in strength, to-
gether with a much weaker system of vortices trailing downstream
inboard of the tip system. The rotor was placed at the center of a
cubic computationaldomain that resolved the rotor radius across 10
cells, and the WAF algorithm with � ux limiter functions de� ned by
Toro26 was used to construct the transport operatorof the split algo-
rithm. Figure 3 shows the instantaneousposition, for two different
cases, of one of the surfaces on which the vorticity in the wake of

a) MIN-type � ux limiter: computational cell V 0
i is the smallest resolve-

able feature in the � ow

b) SUPER-type � ux limiter

Fig. 3 Effect of � ux-limiting routine on wake structure.

the rotor has constant magnitude. The magnitude of the vorticity
on the plotted surface is suf� ciently large that only the helical tip
vortices should be strong enough to appear.

The WAF algorithm in conjunction with a MIN-type limiter is
only mildly con� ning in its action on the wake vorticity, as is illus-
trated in Fig. 3a by the rapid dissipation of the tip vortices a short
distance downstream of the rotor. The observed behavior is char-
acteristic of monotonicity-preserving, grid-based solvers that allow
only very small excursions from the second-order time accuracy of
the basic WAF method. Figure 3b shows the improvement in con-
� nement that can be obtained by suitable modi� cation to this basic
approach.The same system is modeled using the WAF routine, but
this time with the MIN-type limiter replaced by an extremely com-
pressiveSUPER-type limiter.The successof the presentapproachat
maintaining the strengthof the tip vortices all of the way to the edge
of the computationaldomain and, indeed, in con� ning the vorticity
down to the minimum scale resolveable by the computational grid,
is evident.

Illustrative Cases
A number of examples that serve to validate the accuracy of the

approach adopted in the RAGD code are now presented. In all cases
the calculationwas advancedat a timestep for the outer computation
of 1

60 th of the rotor period,while the inner calculationwas factorized
into 10 substeps.On a cubic grid resolving the rotor radius across10
cells, this level of resolutionresultedin computationaltimes ranging
between 600 and 1500 s per rotor revolutionon a Pentium 166-MHz
machine with 32 MB of RAM, compared to between 5000 and 6000
s per rotor revolution for a calculation with no factorization of the
inner calculation.Throughoutthe followingcalculations,a SUPER-
type limiter was used in the convectivecomponentof the algorithm.
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Fig. 4 Isolated rotor in hover, blade load distribution.28

Wake Structure in Hover
In this section, predictions by RAGD of blade spanwise loading

and tip-vortex geometry are compared against the widely used10, 27

benchmark provided by Caradonna and Tung’s28 experimental data
for a rotor consisting of two blades with aspect ratio 6 and zero
twist, in hover at a collective pitch setting of 12 deg. Figure 4 shows
structurally stable convergence of the loading on the blades as the
resolution of the computational grid and number of aerodynamic
collocation points along the blade is increased. In each case the
number of collocation points along the blade was set equal to the
number of cells used to resolve the rotor radius, and the colloca-
tion points were spaced equally along the length of the blade. No
attempt was thus made to optimize the representation of the blade
loading, for instance by clustering collocation points in regions of
high, spanwise loadinggradients.A slightunsteadinessin the calcu-
lated loading is indicatedby plotting the mean loadingover 14 rotor
revolutions,with the error bars denoting a single standarddeviation
of the loading from the mean.

The converged numerical loading distribution shows satisfac-
tory correlation with Caradonna and Tung’s experimental data,28

although the predicted position of maximum loading is slightly in-
boardof the experimentallysuggestedposition.Figure 5 shows con-
tour plots of the magnitudeof the wake vorticitycomponentnormal
to a plane containing the rotor axis, calculated on computational
grids resolving the rotor radius over 10, 15, and 20 cells. The pat-
ternshown is typicalof the instantaneousdistributionof the vorticity
in the wake; the positions of the centers of the tip vortices can be
identi� ed as localmaxima in the vorticityplots.Although the calcu-
lation at the lowest resolution is too coarse to resolve individual tip
vortices, good agreement between the calculated vortex core posi-
tions close to the planeof the rotor and the experimentalcorrelations
of tip vortex geometry constructedby Kocurek and Tangler29 is ob-
tained once the spatial resolution of the wake structure becomes
suf� cient to resolve the positions of individual vortex cores. Note,
though, that the numerical results show the concentrated and rela-
tively stable vortex structure close to the rotor to break down after
approximately two rotations of the rotor and to be replaced with a
less-concentrated structure that is asymmetrically placed with re-
spect to the axis of the rotor. Further analysis shows the asymmetry
of this far wake to vary erratically with time. The general features
of the instability appear to be relatively insensitive to cell size (as
well as to the overall size of the computational domain) and to the
positionof the rotorwithin the computationaldomain, strongly sug-
gesting that the observed structure is inherent in the � uid dynamics
rather than being merely an artifact of the computational scheme.
Interestingly, the present approach would appear to model, at least
qualitatively, some of the unsteady dynamics and instability of the
hovering rotor’s far wake reported by Leishman and Bagai,30 al-
though further investigation of the � ner details of the causes and
development of the observed instability is warranted.

Wake Interaction
Akimov et al.31 have attempted to resolve the interacting wake

structure generatedby twin, coaxial, contrarotatingrotors by inject-
ing smoke into the � ow near the tips of the rotor bladesof an in-� ight
Kamov Ka-32 helicopter at a variety of advance ratios. Bagai and
Leishman32 have compared the predictions of their free-wake code

10 cells/R

15 cells/R

20 cells/R

Fig.5 Isolated rotor in hover, vorticity distributioninwake: - - - -, rotor
TPP; Kocurek and Tangler29 correlation: ——, wake envelope; and uu ,
tip vortex position.

to the experimental data and, in addition, have clearly identi� ed
several interactional effects in the tip vortex geometries generated
by their technique.These analyses can be used together to verify si-
multaneously the wake structure generated by the present approach
in forward � ight as well as in a case where strong interactionsare to
be expected. To create a computational analog of the experimental
approachadoptedby Akimovet al., the trajectoriesof a seriesof par-
ticles released from the tips of the blades were tracked as they were
transportedalong with the � ow through the computationaldomain.
It should, of course, be borne in mind that the trajectoriesof smoke
or computationalparticlesdo not necessarilyrepresentfaithfullythe
structure of the vorticity in the wake, complicating somewhat the
comparison between the results of the three separate approaches.
Figure 6a shows particle trajectories for the upper and lower rotors
calculated for zero advance ratio, whereas Fig. 6b shows compari-
sions of the calculated and experimentallydetermined wake pro� le
alonga longitudinalaxis throughthehelicopterfuselage,also for the
system in hover. Figure 7 shows similar information for the system
at an advance ratio of 0.089.

In hover, the increased axial distortion and subsequent contrac-
tion of the wake of the upper rotor, and converse behavior of the
wake of the lower rotor, are similar to that observed in the previous
studies. The present approach suggests, however, that merging of
the individualrotor wakes does indeed eventually take place but that
it is associated with the onset of wake instability at about 1.5 rotor
diameters below the rotors. This instability occurs well outside the
limits of observation of both previous studies.

Both the free-wake calculations and the current method show
that, in forward � ight, the wake from the upper rotor is drawn down
toward the wake of the lower rotor. The sides of the two wake cylin-
ders then roll up to form a single pair of trailing vortices extending
downstream of the helicopter. Good agreement between the two
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a) Simulated tip-vortex trajectories

b) Wake sectioned along helicopter centerline

Fig. 6 Interacting rotors in hover. Upper rotor wake: ——, Bagai and
Leishman32; ————, present approach; and j , Akimov et al.31 Lower
rotor wake: - - - -, Bagai and Leishman; – – –, present approach; and ,
Akimov et al.

Simulated tip-vortex trajectories

Wake sectioned along helicopter centerline

Fig. 7 Interacting rotors at advance ratio 0.089. Upper rotor wake:
——, Bagai and Leishman32; ————, present approach; and j , Akimov
et al.31 Lower rotor wake: - - - -, Bagai and Leishman; – – –, present
approach; and , Akimov et al.

approaches extends to the predictionof the blade–wake interaction
on the forward sector of the lower rotor, where the wake is initially
convected above the plane of the rotor. The principal differencebe-
tween the wake structures generated using the free-wake approach
and the present method is the prediction by the current approach
of a distinctivedouble-trough-typestructure in the wake originating
from the forward halvesof the advancingrotor disks. The free-wake
calculations suggest much less severe distortion of this part of the
wake, and the discrepancy manifests itself as a signi� cant diver-

gence between the two predicted pro� les for the forward boundary
of the wake. The double-trough structure most likely has its origin
in the induced velocity distributionpeculiar to the blades with very
large root cutout used on the Ka-32 helicopter. Unfortunately, the
structureof this partof the wake generatedby the isolatedrotorscan-
not be resolved from the experimental data because of interference
from the rotor mast and fuselage.

Conclusions
A computational rotor wake model based on the numerical so-

lution of the unsteady � uid-dynamic equations governing the gen-
eration and convection of vorticity through a domain enclosing the
rotorcraft has been developed. The model addresses issues of spe-
ci� c interest to the modeling of the dynamic behavior of rotorcraft.
Using a vorticity-conservationapproach, the tendency of conven-
tional,domain-basedapproachesto disperseregionsof concentrated
vorticity is successfully addressed by using � ux limiting functions
to control the convection of vorticity through the domain. In addi-
tion, the characteristic disparity between the timescales associated
with the rotor dynamics and aerodynamicsand the timescales asso-
ciated with the fuselage motions and wake convection is dealt with
by factorizing the calculationof the blade aerodynamics,and hence
the vorticity source into the computationaldomain, into a sequence
of intermediate steps. The wake model presented has been demon-
strated to possess favorable propertieswhen applied to a number of
model problems and, in addition, valid wake structures in a hover
and forward � ight for both isolatedand interacting rotors have been
presented. It is claimed that the intrinsic ability of the approach to
deal with situations in which there are strong interactional effects
suggests that the approach adopted here may well yield a suitable
rotor wake model for the next generation of helicopter � ight dy-
namic models. Ongoing research involves the incorporation of the
wake modelpresentedinto a comprehensivemodel for the dynamics
of the complete rotorcraft system5 that includes the motion of the
fuselage and blades of multiple rotors.
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