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Adaptive Grid Sequencing and Interpolation Schemes
for Helicopter Rotor Wake Analyses

Ashish Bagai* and J. Gordon Leishman'
University of Maryland, College Park, Maryland 20742

Numerical acceleration schemes have been developed to improve the computational efficiency of free-vortex
analyses of helicopter rotor wakes. Two general methodologies were formulated based on adaptive grid sequencing
and velocity field interpolation schemes. Both approaches considerably reduce the number of induced velocity
evaluations in free-vortex schemes but without significant loss in predictive accuracy of the wake geometry. The
methods have been implemented and evaluated for a rotor wake analysis based on a pseudoimplicit predictor-
corrector (PIPC) relaxation algorithm. The acceleration schemes were found to produce up to an order of magnitude
decrease in execution times. Both methods are generic in formulation and application and may be adapted for use
in other free-vortex methodologies. A third method that specifically exploits the pseudoimplicitness of the PIPC
scheme has also been developed, resulting in further increases in computational efficiency.

Nomenclature
N,  =number of rotor blades
Ncp = total number of wake collocation points
Ng  =number of Biot-Savart induced velocity evaluations
N,  =number of free collocation points per vortex filament
Ny, = number of discrete azimuthal locations

n = number of rotor revolutions of free-vortex wake

r;x = collocation point position vector, m

Vina = induced velocity vector, ms~!

V. = freestream velocity vector, ms~!

A¢ = vortex filament discretizationresolution, deg
Avy = azimuthal discretizationresolution, deg

Sk = kth collocation point along vortex filament
% = advance ratio

Y, = Dblade azimuthal location, deg

Y¥; = jthdiscretized azimuth location on rotor

Q = rotor rotational frequency, rad s~!

Introduction

HE ability to predictaccurately the rotor aerodynamicenviron-

mentis essential for the design of new rotorcraft with improved
performance, increased maneuverability, reduced vibration levels,
and lower noise. The next generation of military and civilian heli-
copterswill bedesignedwith significantly expandedflightenvelopes
and enhanced performance capabilities. Even short-term goals call
for significant reductionsin vibratory loads and rotor noise, as well
as increased agility and aerodynamic efficiency. Therefore, a great
deal of emphasisis being placed on improving the fidelity and over-
all capabilities of predictivetools for use in the aerodynamicdesign
of advanced helicopters.

It has been well documented that the blade tip vortices are the
most dominant structures in the wake of a helicopterrotor.! These
vortical structures induce high local flow velocities and contribute
significantly to the unsteadiness encountered by the rotor blades.
Specific types of interactions between blades and tip vortices from
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preceding blades can produce airloads that lead to high localized
pressure fluctuations over the blade surface, thereby resulting in the
generation of impulsive noise. This blade vortex interaction (BVI)
noise is particularly pronounced during maneuvering and descend-
ing flightconditions,where the blade tip vorticeslie close to the rotor
tip-path plane > Moreover, the temporal variationsin local blade an-
gle of attack resulting from BVI can produce rotor vibrations that
may limit the maneuvering capabilities and flight envelope of the
aircraft.}+* For multirotor helicopters,such as tandems and coaxials,
the BVI problem can be more acute because the vortices from one
rotor may be directly ingested into the other rotor.

Existing aerodynamic models available for use in the compre-
hensive engineering analysis of helicopter rotors range from blade-
element/momentum theory to prescribed and free-vortex methods.
More recently, the use of computational fluid dynamics (CFD) in
the form of finite difference/finite volume solutions to the Navier-
Stokes and Euler equationshave been developed. In principle, CFD
methods may be used to compute fundamental fluid properties '3
on both the rotor blades and the wake. However, the degree of com-
plexity associated with CFD schemes demand prohibitively high
computational resources and, at present, can only be used as re-
search tools. Moreover, issues such as grid construction, numerical
stability, accuracy, and the artificial diffusion of vorticity further
limit the practical use of many CFD analyses to helicopter rotor
type problems.

Vortex methods, however, can be used much more routinelyin ro-
tor design. These approaches assume the existence of concentrated
regions of vorticity in the flow, and the aerodynamicenvironmentis
determined by directly computing the induced contribution of dis-
cretized vortices to the net velocity field. In prescribed rotor wake
models, the positions of the vortex filaments are specified using
semiempirical equations.!*"17 Such models are, therefore, limited
to the range of rotor operational conditions and blade geometric
parameters for which measured wake data are available. A much
more general approach is to allow the discretized vortex filaments
to convect under the action of the local induced velocities to force-
free locations, the so-called free-wake problem. The behavior of the
vortex filaments is governed by the vorticity transport equation.'®
These free-wake methods provide a high degree of versatility and
flexibility and have a minimal dependency on empiricism. How-
ever, the formulation of numerically robust, physically accurate,
and computationally efficient free-wake schemes still remains in-
herently challenging to the helicopter rotor analyst.

Numerous free-wake solution methodologies have been devel-
oped over the past two decades, including relaxation approa-
ches!®"?7 and time-marching schemes.?873* The inherent nonlin-
earity of the problem means that many of the numerical methods
used in these schemes do notconvergeor otherwise provide a unique
wake solution and so cannot be used reliably. However, the main
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limitation of free-wake schemes is the computational expense as-
sociated with repetitive induced velocity evaluations. Numerically,
the free-vortex filaments are discretized along their lengths into seg-
ments connected by collocation points. The total induced velocity
field at each collocation point is determined as a sum of the veloc-
ity contributions from all of the other vortex elements in the rotor
wake. This is done using the Biot-Savart law. Whereas this in it-
self is not a computationally intensive task on a per element basis,
the total number of evaluations required to determine the effects
of each vortex element on every collocation point in the wake can
incur very large computational costs. Because a typical rotor prob-
lem may be modeled using multiple trailed filaments from each
blade through several turns of the rotor, the total number of col-
location points in the computational domain can easily be in the
hundreds of thousands. For aeroacoustic predictions the required
minimum azimuthal resolution of the wake may be 1 deg or smaller,
and in these cases the number of velocity field evaluationsrequired
to compute an entire free-vortex solution for the rotor wake can
quickly become prohibitive unless special numerical schemes are
developed.

Several attempts have been made to improve computational ef-
ficiencies of helicopter rotor free-vortex wake methods. Schemes
have been developed to optimize the algorithmic structures and ex-
ploit parallel computing capabilities>* Other methods have focused
on using simplified models based on analytic solutions to ring vor-
tices, allowing limited wake distortion degrees of freedom,”> 7 or
by using other analytical approximations for the vortex induced
velocities.!” The most common approach,however, has simply been
to reduce the number of induced velocity calculations between vor-
tex filaments and collocation points. This can be done by simply up-
dating the induced velocities less frequently, by using fewer vortex
elements and collocation points in the discretized wake, or by sub-
dividing the wake into near-field and far-field regions of weak and
strong influence.*"#* However, although successful in decreasing
execution times, the resulting velocity field errors often undermine
the accuracy of the final solutions.

This paper discusses the formulation of two new general com-
putational enhancement algorithms that have been developed to ac-
celerate the performance of free-vortex wake models. Although the
methods are based on performing fewer Biot-Savart evaluations to
reduce execution times, steps have been taken to ensure that nei-
ther the generality of the method nor the predictive accuracy of
the results are compromised. The schemes have been applied to
and evaluated for a pseudoimplicitpredictor-corrector (PIPC) free-
wake analysis.**~#" This wake scheme is based on a relaxation ap-
proach that has been demonstrated to be numerically robust, very
generalin application,and physically accurate when compared with
experimental measurements. A third method, which exploits the im-
plicitness of the PIPC algorithm, has also been implemented in the
present work to further enhance the efficiency of the scheme.

Methodology

To understand the potential gains in computationalefficiency that
may be realized as a consequence of reducing the number of veloc-
ity field evaluations, it is possible to estimate the number of Biot-
Savart-like velocity evaluationsrequired for a typical free-wake so-
lution. In a typical discretized free-wake domain, the rotor azimuth
and trailed vortex filaments can be divided into a finite number of
equal sized angular steps Ay around the azimuth, and A¢ along the
length of the vortex filament (see Fig. 1). Let Ny, =360deg/Ay be
the number of discrete azimuthal grid points. Likewise, for a vortex
filament that is n rotor revolutions old, the number of free colloca-
tion points (equal to number of free vortex elements on that filament)
is N, =n360deg/A¢. Therefore, a total of Nf Biot-Savart evalu-
ations must be performed for each free-vortex filament at each of
Ny, locations to account for the total self-induced velocities at each
collocation point from every other vortex element. Assuming that
the wake is modeled using only a single free-vortex filament from
each blade tip, this results in N, Nf evaluations to define the ro-
tor wake at all azimuth angles. For a rotor with N, blades, a further
N,(N,—1)N,, Nf evaluationsmust be performed to accountfor mu-
tually induced effects. Therefore, the total number of Biot-Savart

Tip vortex ——
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points

Fig.1 Rotor azimuth and vortex filament discretization.

evaluations required per free-wake computation, whether using a
time-stepping or relaxation approach, is given by the equation

Ng = [1+ N, (N, = DIN, N} (€Y)

For equal step sizes, AYy = A{ = N, =nN,, and so the total num-
ber of evaluations becomes

Ng =[1+N, (N, = DInN; (@)

For a typical four-bladed helicopter rotor with three revolutions
of free-tip vortices and equal discretization step sizes of 10 deg,
Eq. (2) shows that the Biot-Savart integral must be evaluated over
1.8 x 10° times to cover the entire computational domain just once.
Doubling the resolution, i.e., using step sizes half the original size,
such that Ay = A¢ =5 deg, requires eight times that number, or
over 14.5 x 10% velocity evaluations. For additional free-vortex fil-
aments, the mutual interactions between all of the additional free
vortices must also be computed, leadingto very substantialincreases
in computational effort. Clearly then, even a relatively modest re-
duction in the number of velocity field evaluations can potentially
translate into significant reductions in execution time.

A measure of the gain in computationalefficiency can be made in
terms of the CPU times required between coarse and refined wake
grids. Assuming that the CPU time is directly proportional to the
number of operations leads to the hypothesis that the total execu-
tion time per wake iteration is directly proportional to the number
of mathematical operations that must be performed. The number
of operations depends primarily on the number of free colloca-
tion points in the wake (rotor azimuthal and vortex filament dis-
cretization), which in turn is dependent on the number of vortices
trailedfromeach blade, the trailer lengths,and the discretizationstep
sizes. Based on these proportionality assumptions, and by utilizing
Eqgs. (1) and (2), a computational cost index (CI) can be defined as a
measure of the gain in computational efficiency. Three cost indices
can be defined as the reciprocal of the ratios of relative CPU cost,
namely,

CI"! = (CPU,/CPU)) = (N, [Ng, ) =N, Ay = A¢
CI'' = (CPU,/CPU,) = (Ng, /Ng,) = N, Ay > Ar (3)
CI'' = (CPU,/CPU,) = (Ng, /Ng,) = N>, AL > Ay

where CPUj corresponds to the execution time required for a dis-
cretization resolution corresponding to step sizes Ay, Ag,. CPU,;
is the execution time required for a coarse resolution with step sizes
Ay, = NAy,y and/or Ag; = NAgy. From Eq. (3), it is apparent
that doubling the azimuthal step size relative to the baseline results
in a scheme that requires half the time (on a per iteration basis) of
the baseline. Doubling the step sizes in the ¢ direction reduces the
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CPU time by a factor of four, whereas doubling both the ¥ and ¢
step sizes increases the computational efficiency eightfold.

The computational enhancement schemes developed in the
present work accelerate the free-wake solutions by systematically
decreasing the total number of Biot-Savart evaluations, while also
maintaining the fidelity of the predictions. Two generic schemes
have been developed: 1) an unequal step size discretizationscheme
using linear velocity field interpolation and 2) an adaptive grid se-
quencing with iteration scheme. Both of these schemes have been
implemented in the PIPC free-wake analysis,*~*7 and the relative
improvements in computational efficiency have been quantified rel-
ative to a baseline (nonaccelerated) scheme. The third technique,
which uses implicit boundary conditions,is specific to the implicit-
ness of the PIPC scheme.

Free-Wake Scheme

The partial differentialequation (PDE) governing the convection
of the wake filaments can be obtained from the vorticity transport
equation. This may be applied to the rotor free-wake problem using
arelaxationapproach® This resultsin a hyperbolicPDE of the form

or(y, &) + oy, &)
Iy 9

The term V4, on the right-hand side of Eq. (4) is composed of the
instantaneous velocity contributions of all of the vortex elements
in the wake. The velocity induced at a point located at position r
relative to a vortex element d/ is determined using the Biot-Savart
law, which can be written as an integral of the form

Vo = r /‘dlxr )
" 4 Ir|®

where I" is the strength of the vortex filament. In application, this
equation is reduced to one involving a desingularized two-dimen-
sional vortex model*® and may be rewritten as

= (Voo + Vina) “

Th? dlxr

Vina = ©)
(e )

Irf?

where £ is the perpendicular distance of the evaluation point from
the influencing vortex element and r, is the viscous core radius
(which is an empirical input). The integer n defines the vortex ve-
locity profile. Note that if n — oo, the Rankine vortex profile is
obtained, and if n =1, the Kaufmann or Scully velocity profile is
recovered.®® For the free-wake problem, the induced-velocity term
is a function of the relative positions of the vortices in the wake.
Equation (4), therefore, is a nonlinear PDE.

The partial derivatives on the left-hand side of Eq. (4) can be
discretized in the two spatial directions (¥ and ¢ ) using a five-point
central differencing scheme. This is done by dividing the rotor az-
imuthinto a finite number of blade locations of constantangularstep
size Ay, and segmenting the trailed vorticesin the wake into straight
line elements of equal angular increments A¢. No constraints are
placed on the discretization step sizes in the two directions. The
resulting spatially discretized finite difference equation (FDE) is
given by* 4’

Ay — A
Fixk =Tj—1k-1 +(rj.k—1 _rj—l.k)(ﬁ>
2 AV AL
§(m>(Voo + Vina) 7

This FDE now defines the numerical solution to the free-wake prob-
lem.

The PIPC algorithm, which is based on a relaxation ap-
proach,¥~# is used to integrate Eq. (7). In this method, the blade
azimuth location is fixed in time, and the position of each free col-
location point on the corresponding vortex filament is updated. The
position vectorupdates,therefore, proceed along the vortex filament
length for each blade azimuth location. The solution then proceeds
by relaxation, where the predicted wake geometries are iterated until
a converged solutionis obtained. Convergence was measured as an
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Fig.2 Propagationof information along characteristic lines in the dis-
cretized computational domain.

L,-norm or root-mean-square (rms) change in geometries between
successiveiterations, normalized with respect to the number of free
collocation points in the wake and relative to the first iteration rms.
A convergence threshold of L, = 10~3 was specified for all cases,
which is low enough to ensure full and proper convergence.

The general solution concept is shown in Fig. 2, which shows
the propagation of information in the computational domain along
characteristics in the direction of the vortex filaments, i.e., in the
¢ direction. For each &, -1 — N, ata particular v;, 1, information is
used from each corresponding §; — _ v, at ¥; and ¥; , ;, as dictated
by Eq. (7), along with the necessary enforcement of periodicity.
Note that the characteristic lines for the free-wake problem can be
determinedfromthe generalsolutionofthe linearized PDE in Eq. (4)
by assuming the right-hand side is constant. It can be shown that
these characteristiclines are oriented at an angle of 45 deg (requiring
A = A¢). These characteristics define directions of information
propagation along which the hyperbolic PDEs given by Eq. (4)
reduce to ordinary differential equations.

Acceleration Schemes

The second term on the right-hand side of Eq. (7) provides an
implicit correction factor for the use of unequal step sizes. This cor-
rector function is useful for computing wake solutions at consider-
able CPU savings. For example, very high azimuthal discretizations
might be specified to identify regions of BVIs over the rotor disk,
but without incurring the added expense of requiring a fine reso-
lution wake geometry. On the other hand, a high fidelity wake dis-
cretization could be used for vortex wake/airframe or rotor/tail rotor
interaction studies, but using a lower rotor azimuthal discretization.
However, either of these schemes potentiallyresults in a loss of gen-
eral accuracy because the physical mapping between the length of
the vortex element is not preserved relative to the angular distance
traveled by the rotor blades. As a consequence,information will be
propagated along incorrect characteristic lines.

Linear Velocity Interpolation

The underlying principle for using linear interpolation (LI) with
unequalstep sizes is to perform fewer explicitinduced-velocityeval-
uations, while retaining the accuracy and fidelity of the wake solu-
tion obtained with small equal discretization step sizes. This accel-
eration scheme uses larger step sizes with LI to map the azimuthal
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and vortex filament discretizationsand to restore the direction of in-
formation propagation to the correct characteristic lines, as for the
case for equal step sizes. In such situations, the implicit correction
term vanishes, further simplifying the FDEs and recovering the nu-
merical accuracy of equal step size wake solutions.* The induced
velocity terms, denoted by V4 in Eq. (7), are treated as before by
using velocity averaging and relaxation parameters *3~+/

Note that the computationaleconomy of an interpolationscheme
is a consequence of not having to evaluate the Biot-Savart law for
each and every collocation point in the computational domain. The
spatial location of every collocation point (whether calculated or
interpolated) is still determined using the PIPC relaxation scheme.
However, the self- and mutually induced velocity fields are com-
puted only for the free collocation points. LI is used to determine
the local induced-velocityfield at the interpolatedor pseudofreecol-
location points. This local, interpolated velocity field is then used
at the pseudofree collocation points to convect them to force-free
locations in the rotor flowfield, just as for the truely free points.
Note again, however, that it is not the spatial positions of the collo-
cation points that are being interpolated, but the local velocity field
itself.

Azimuthal interpolation, AY > A¢. Interpolation in the az-
imuthal direction is required when the azimuthal step size is larger
than the vortex filament discretizationstep size, i.e., Ay > A¢. The
interpolationscheme is applied to both the rotor azimuthal locations
and the entire vortex filament. The discretized physical and compu-
tational domains are shown in Figs. 3 and 4. The solid symbols rep-
resent the explicitly computed collocation points, whereas the open
points are those where the induced velocity field is interpolated. It
is important to appreciate that the interpolation scheme is applied
to determine the local induced-velocity field at each interpolated
(open) point and not to directly interpolate the spatial locations. In
so doing, all wake collocationpoints are allowed to convectthrough
the flowfield. Although simple displacementinterpolation schemes
could have been used, this would have resulted in a wake solution
no different than that obtained using a coarse discretization with
additional collocation points superimposed on the solution. In such
a case, it would not be possible to obtain a solution approaching the
predictive accuracy of a high-resolution wake. The gain in compu-
tational efficiency for this case, therefore, comes from the savings
of performing fewer evaluationsof the Biot-Savartintegral because
it is not evaluated at or between the interpolated points. Note that

Blade azimuthal location - calculated

Blade azimuthal location - interpolated

Q,

Calculated
collocation point

Interpolated
azimuthal
release points —

/a!

AL ¢

d N
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points: ¢, d, e determined
fromaand b

Wake truncation —~_A

Pseudo-free interpolated
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interpolated local velocities:
points C, D, E detrmined from
A and B)

interpolationis performed between points that lie on differentvortex
filaments but on the same characteristic line (direction of informa-
tion propagation), i.e., points C, D, and E are interpolated using
information at points A and B.

Special care is required for certain points when interpolating in
the azimuthal direction, and these have also beenindicatedin Figs. 3
and 4. The gray-shaded points are vortex release points, which are
determined from the blade locations. This may be done by inter-
polating the vortex radial release points between calculated blade
locations in the azimuthal direction and computing their (exact) lo-
cations in space correspondingto the blade azimuthal positions. The
local velocities at these points are determined by linearly interpo-
lating the induced velocities between the neighboringrelease points
(solid). Using this release pointinformation, the velocity field at the
inner points may then be determined by interpolation.

The last few points on the interpolated vortex filaments (thick-
open) cannot be determined conventionally as for the inner points
because the computed endpoints are not available from the adjacent
computed blade locations. This is a result of wake truncation be-
cause each vortex filament is modeled as a finite number of rotor
revolutions in length. For these special points, an approximate in-
terpolation is used, as also indicated in Figs. 3 and 4. For example,
interpolated velocity information at points c, d, and e are obtained
using information from points a and b. Note that this does not intro-
duce any significant errors when computing the rotor airloads for
filaments greater than two rotor revolutions in length. Moreover,
these interpolated special endpoints are not critical because wake
truncation means that the characteristics passing through them do
not lead to calculated collocation points.

When applying this interpolation scheme, the characteristiclines
of information propagation match the equal step size cases, these
concepts are also shown in Figs. 3 and 4 for the case where Ay >
A¢. Both the discretized physical domain (see Fig. 3) and compu-
tational domain (see Fig. 4) serve to demonstrate the underlying
principles of the velocity field interpolation scheme.

Vortex filament interpolation, A > Ayr. Interpolation along
the vortex filaments is applied when the discretization step in the
¢ direction is larger than the discretized azimuthal step size, i.e.,
A¢ > Ay For such cases, collocation points are interpolated be-
tween the originally specified, calculated collocation points along
the length of the same vortex filaments. For example, points C and
D (open) in Figs. 5 and 6 are interpolated using information from

Incorrect
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(pre-interpolation)

Corrected
characteristic
(post interpolation)

Special interpolation

points use interpolated
information at one end,
explicitly computed at other

Fig.3 Discretized physical domain for linear velocity interpolation, A ¢ >A (.
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Fig. 5 Discretized physical domain for linear velocity interpolation, A ¢ < A (.

calculated points A and B (solid) lying on the same vortex filament.
The velocity field at each of the calculated, free collocation points
is explicitly computed by invoking the Biot-Savart law, and these
sparse, free collocation points are, again, assumed to be intercon-
nected by straight line vortex segments. The local induced-velocity
field at each of the pseudofree collocation points is linearly inter-
polated in the ¢ direction. This approximate velocity field is then
used to convect these points using the pseudoimplicit formulation,
as described earlier.

The discretized physicaland computationaldomains are shownin
Figs. 5 and 6. The correction to the characteristiclines as a result of
interpolationare also indicated.Note, however, that the interpolation
scheme for this case is significantly simpler than for the preceding
case, where Ay > A¢, and no points require special treatment.

Adaptive Grid Sequencing
An adaptive grid sequencing scheme starts the free-wake solution
using a coarse grid. As the free-wake iterations proceed, the grid

resolutionis adaptivelyrefined. Only then are the final few iterations
performedat the highest grid resolution. Using a low-resolutiongrid
duringtheinitialiterationsprovidesa betterinitial conditionto begin
the subsequenthigher resolution iterations. Gains in computational
efficiency result as a consequence of faster overall convergenceand
by performing fewer induced-velocity evaluations.

The initial iterations are performed assuming a relatively coarse
level wake. At each iteration, only those rotor azimuthal locations
and wake collocation points that correspond to the current level of
discretizationare treated freely. The predefined interior wake collo-
cation points are not computed explicitly, but are treated as pseudo-
free and are allowed to convect through the rotor flow at the inter-
polated velocity field. When the iteration block corresponding to a
given resolution is complete, a new iteration block is then initiated
using a higherresolutionthan before. The solutionfrom the previous
iteration is used as a starting value or initial wake geometry for this
new iteration block. The processis repeated until the final few itera-
tions are performed at the highest resolution desired. This results in
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a wake geometry that is essentially identical to that obtained by per-
forming all of the iterations at the highest resolution. However, the
computational expense involved in such a process is significantly
less, and up to an order of magnitude reduction is possible.

An alternative to treating the interior points as pseudofree dur-
ing a coarse resolution iteration would, again, be to simply update
their spatial position vectors using linear interpolation between the
computed positions. Although such an approach would have the
computational economy of not having to apply the free-wake equa-
tions to every wake collocationpoint, the resulting wake solution of
each intermediate iteration block would give a substantiallyinferior
initial starting wake for the subsequent higher resolutioniterations.
Grid sequencing, therefore, also exploits the benefits of velocity
field interpolation.

Inadditionto usingequalstep sizesin the grid sequencingscheme,
unequalstep sizes per coarse grid sequencingiterationblock can also
be used. Again, the approach is similar to that described earlier for
the linear interpolation scheme using unequal step sizes, with the
final few iterations being performed at the highest grid resolution
using equal step sizes.

Implicit Boundary Conditions

The original implementation of the PIPC scheme®+#¢ performed
collocation point updates by sweeping in the ¢ direction, as shown
earlier by Fig. 2. However, it is possible to improve the convergence
characteristics of the free-wake wake algorithm by rearranging the
scheme such that position updates are performed by sweeping in
the azimuthal ¢ direction, as shown schematically in Fig. 7. By
using information at the boundaries that is known previously, the
dependency of information from ¢, _ _n, at ¥; can be removed.
Instead, the propagation of information along the characteristicsis
performed at every v — 1 _y > One & ata time. Therefore, at every
blade azimuthal location, the starting point is now the vortex release
point on the blade, which is either specified or known exactly for
the currentiteration.

Using such an approach introduces an additional degree of im-
plicitness into the solution and is termed implicit boundary condi-
tions (IBC). Wake collocationpoints are continuouslyupdatedin az-
imuthal sweeps. The use of IBC concepts applicable to the analysis
were first suggested by Khanna* and Khanna and Baeder® to ex-
ploit wake symmetry rotations for hover wake predictions. The main
advantage of the IBC scheme is the faster propagation of informa-
tion through the rotor computationaldomain becauseit starts from a
more accurate (exactly known) boundary condition. Moreover, the
dependency on approximate information, as from points § - _ v,
is eliminated.
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Fig.7 Propagationof information along characteristic lines in the dis-
cretized computational domains using IBCs.

Results and Discussion

The free-wake solutions obtained using the original and IBC
schemes were computed for the highest-resolutioncases of Ay =
A¢ =2.5 deg. These solutions are assumed to be exact for the
purposes of the present comparisons. In addition to the two base-
line schemes, the four accelerated cases evaluated are 1) LI with
Ay > Ag,2)LIwith Ay < A¢Z, 3) grid sequencingwith Ay = A¢,
and 4) grid sequencingwith Ay < A¢. All solutionsexploit the use
of IBCs.

When developingaccelerationschemes based on approximatelo-
cal velocities, some loss in predictive accuracy must be expected.
Therefore, steps must be taken to ensure that any loss in accuracy
does not result in a nonphysical solution. The IBC and original
implementations showed that the predicted wake geometries were
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Original MFW Implementation
— — — Linear Interpolation, A{ > Ay

Fig. 8 Predicted wake geometries, original vs LI, A{ >A; iso-
metric view (bottom) and magnified area (top). Maximum resolution
A =2.5deg= A, two free-wake revolutions, Ny =4, u=0.1, 4, =0,
90, 180, and 270 deg.

identical. This was to be expected because the only difference be-
tween these two schemes was the direction of wake geometry up-
dates, that is, in the ¢ direction in the original implementation vs
direction for the IBC method.

The wake geometriesobtained by using the accelerationschemes,
however, differed slightly from those obtained using the baseline
implementation. Figure 8 shows typical comparisons between pre-
dicted wake geometries obtained using the original scheme and LI
with A¢ =4Avy. The lower figure shows the wake geometry in
isometric form. Although the geometries have been shown for a
representativereference blade azimuthal location of v, = 0 deg, the
geometries are comparable at all azimuthal angles. Also, the final
solutionsin all cases have been allowed to relax to the same conver-
gence threshold. An enlarged portion of the wake is shown in the
upper part of Fig. 8. This area corresponds to a region downstream
of the advancing side of the rotor disk, where mutual interactions
between the vortex filaments cause the wake to roll up into tight bun-
dles, and the wake undergoes the largest distortions from the epi-
cycloidal form. It can been seen that, even for relatively coarse
grids, the interpolated wake geometry compares very well to the
exact solution, and for all practical purposes, the differences are
negligible.

A contributor to the good agreement found between the acceler-
ated solutionand the baselineschemeis the grid-independentbehav-
ior exhibited by the original analysis.>! It has been found that, as the
wake resolutionis increased (step sizes made smaller), the predicted
wake geometries approach a single solution. For example, consider
three equal grid resolutions of Ay = A¢ =10, 5, and 2.5 deg (the
exact physical result is approached as the step sizes become in-
finitesimal, provided no singularities exist). The wake geometries
using the three discretizationsare plotted in Fig. 9. Again, the upper
part of Fig. 9 is a greatly magnified view of part of the wake struc-
ture. Only a single tip vortex trailed from a blade azimuthal location
at ¥, =0 deg is shown for clarity. It is apparent from Fig. 9 that
the solutions obtained using the three step sizes are nearly identical,
with any differences diminishing rapidly as the wake resolution is
increased. The collocation points corresponding to the 5-deg reso-
lution lie almost exactly on top of the wake structure corresponding

——Ay=A{=25°
-~ Ay =A[=5°
----- Ay =AL=10°

Fig.9 Gridindependency;isometric view (bottom) and magnified view
of tip vortices from v, = 0 deg (top).

Original MFW Implementation
— — — Grid Sequencing, Ay >Ay

Fig. 10 Predicted wake geometries, original vs GS, A{ > A 1; iso-
metric view (bottom) and magnified area (top). Maximum resolution
A =2.5deg= A, two free-wake revolutions, N, =4, u=0.1, 1, =0,
90, 180, and 270 deg.

to the 2.5-deg resolution. Some differences, although noticeable in
Fig. 9, are actually very small and are primarily a result of the self-
induced velocity errors incurred by neglecting the contributions of
vortex elements immediately adjacent to a collocation point.
Figure 10 shows similar comparisons between the original im-
plementation and grid sequencing (GS) with A¢ > Av. Here the
differences are even smaller than for the LI scheme. This, how-
ever, is to be expected because the final few iterations using GS
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Fig.11 Free-wake convergence trends.

are performed at the highest resolution discretization. In general,
predicted wake geometries using the acceleration schemes demon-
strated no significant loss in accuracy compared to the baseline
free-wake implementation.

One of the most striking differences between the original and
IBC solutions are the different rates of convergence to arrive at the
same result. Because both schemes were run for the same high-
resolution discretizations, the CPU time reductions in the IBC case
result entirely from the fewer number of wake iterations required
for convergence. As shown in Fig. 11, the accelerated free-wake
schemes show different convergence trends that warrant additional
explanation. These manifest as changes in convergence rates and
differencesin CPU time requirements. As is apparent for the accel-
erated schemes, faster convergence rates do not necessarily trans-
late into greater computational efficiency (a reduction in net CPU
time). For example, GS using equal step sizes has the highest rate
of convergence (requiring only 6 iterations to converge to the final
geometry), but LI with A¢ > Ay takes 11 iterations. However, the
latter scheme converges almost twice as fast as the GS method, as
indicated by the CPU time in Fig. 11.

These relative CPU differences between the methods described
are a direct consequenceof the differentnumber of induced-velocity
evaluations performed, which is directly proportional to the number
of free collocation points in the wake. Insight into the increase in
computationalefficiency that results from the acceleration schemes
can be gained by plotting the integrated CPU time with iteration
number,as showninFig. 12. The data presented here are the cumula-
tive CPU time requirementsas the free-wakeiterations proceed, and
the data are normalized by the CPU time required for one iteration
of the baseline (or IBC) unaccelerated wake solutions. Figure 12a
helps delineate the trends between the integrated CPU curves for
the initial iterations; Fig. 12b shows results for later iterations.

Figure 12 shows that the differentacceleration schemes manifest
as different CPU time requirements on a per iteration basis. The
linear interpolation scheme with A¢ > A runs at a constant per
iteration cost through convergence, and so Fig. 12 shows a linear
increase in CPU time with iteration. On the other hand, the GS
scheme with equal step sizes shows a piecewise linear integrated
CPU curve. During the initial coarse resolutionblocks, the unit CPU
requirements of the GS method are negligible. As the sequencing
scheme proceeds and the discretization resolution is increased, the
per iteration unit cost cumulatively increases, adding to the total
CPU time. Ultimately, the last GS iteration, which is performed at
the highest desired resolution, has the highest CPU overheads and
crosses over the LI scheme curve. Because the final iteration point
of the integrated CPU curves is indicative of the total costs incurred
in obtaining a solution, it is evident that the GS scheme takes longer
in absolute time than the LI scheme. However, it converges to the
same solution in considerably fewer iterations.

Whereas there are substantial differences in the total CPU costs
associated with the two GS schemes as well, this results primarily
from the three extra high-resolution iterations that the second GS
scheme requires to converge to the same tolerance (see Fig. 12a).
Because these high-resolution iterations are the most expensive,
the total CPU requirements of the latter sequencing scheme are

0.5
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Fig. 12 Cumulative normalized CPU time comparisons through con-
vergence.

substantially higher. On a per iteration basis, however, Fig. 12b
shows that the two schemes are comparable in computational cost.

Summary and Conclusions

Three numerical schemes have been formulated to accelerate and
improve the computational efficiency of helicopter rotor free-wake
analyses. These were an unequal discretization step-size scheme
using LI, anadaptiveGS scheme,and animplicitboundarycondition
approach.Thereasonsfor developingsuch methods are to accelerate
convergence trends and to reduce the number of computationally
expensive operations that must be performed to obtain a converged
rotor wake solution. The schemes have permitted high-fidelity wake
predictions with little or no loss in accuracy and at considerably
lower CPU run times relative to the original (nonaccelerated) wake
analysis.

The following conclusions have been drawn from this work:

1) The CPU time requiredto obtaina free-wakesolutionis directly
proportional to the number of velocity field operations that must be
performed. A reduction in the rotor azimuthal resolution results in
a proportional increase in computational efficiency. The same re-
ductionin vortex filament resolutionresults in a squared increasein
efficiency, whereas combined azimuthal and vortex filament effects
result in a cubed efficiency gain.

2) Velocity field interpolation schemes result in reduced costs
per iteration by performing fewer explicit induced-velocity cal-
culations. However, every collocation point is allowed to convect
through the computationaldomain using either explicitly calculated
induced velocities or approximated (linearly interpolated) veloci-
ties. Using velocity field interpolation with Ay = N A¢ results in
an Nth-order reduction in CPU time, whereas using interpolation
with A = N A resultsin a N2 reduction in run time. This is not a
consequence of the slightly differentinterpolationsrequired for the
two methods.

3) GS proved to greatly enhance the computational efficiency of
the free-vortex wake analysis. The primary reduction in execution
times results during the initial wake relaxation process, which uses
coarse levels of discretization. As the wake relaxes, the resolutionis
increased by progressively introducing additional free-wake collo-
cation points into the solution. Only the final few iterations through
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convergenceare run at the highestdesired resolution. GS was found
torequire considerablyfewer wake iterationsto convergeto a unique
solution compared with the other schemes.

4) The IBC method resulted in accelerated convergence, requir-
ing fewer wake iterations to obtain the same unique solution as
the original (nonaccelerated) free-wake implementation. The use of
IBCs changes the direction of information propagation from along
the vortex filament lengths to the azimuthal direction, thereby ex-
ploiting the use of exact information from the specified boundary
conditions.

5) From the results presented, it is the authors’ opinion that the
accuracyof the final free-wake solutions were sufficiently refined for
all cases. Therefore, the scheme of choice becomes the one offering
the greatest reduction in CPU run time. This has been shown to
be the LI method using unequal step sizes with A¢ > Avyr. Clearly,
as the results presented reflect, the tradeoff in using an acceleration
scheme can be some degradationin the quality of the final solution
as compared with the unaccelerated baseline/original case.
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