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Acceleration Techniques for an Aeroelastic Euler Method
for a Hovering Rotor
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Computational fluid dynamics (CFD) methodologies for rotors usually do not permit the rotor to deflect
during analysis. However, these deflections do occur in the physical domain and can affect the perfor-
mance of the rotor. By coupling a Euler code and a structural beam model, these deflections have been
incorporated into a CFD simulation. The implementation of the structural beam model is straightforward
and can be applied to existing CFD methodologies without extensive effort. However, the cost of the
tightly coupled simulation is prohibitive. Techniques to accelerate the convergence of these methods for
the quasisteady hover condition are explored. The methods include application of a loosely coupled aero-
elastic methodology (vs a tightly coupled methodology), implementation of the full structural deflections
using larger update intervals for methodology stability, application of relaxation factors to the full struc-
tural deflections, and application of blade deflections predicted by lower-order aerodynamic methods for
initial deflections. All of these methods showed some merit, as discussed fully in this article. Aeroelastic
analyses with surface deflection updates every 20 iterations provide results that are within 90% of the
more expensive tightly coupled analysis results. These methods, while applied to rotors, are also pertinent
for fixed-wing applications.

Nomenclature
N = iteration number
R = total blade radius, to blade tip
r = local blade radius
T = local pseudo-time for steady-state solution
jSpc = precone angle
f$d = droop angle
Ar = pseudo-time-step interval

Introduction

T HE rotor aeroelastic problem represents one of the most
complex aeroelastic problems under present study because

of the interaction of the wake, structural dynamics (flexibility),
and aerodynamic loads. Most aeroelastic models provide so-
phistication in one of these areas and rely on simpler repre-
sentations for the others. Computational fluid dynamics (CFD)
simulations, on the other hand, do not permit the input ge-
ometry to deflect. Therefore, the actual motion of the full-
scale, production rotor cannot be modeled. This can lead to
errors in performance estimates using CFD methods.

The introduction of hingeless and bearingless rotors has led
to the development of many different aeroelastic analyses. The
structural dynamics model developed by Hodges and a number
of collaborators is important and is used in a number of re-
search studies. The original beam model was developed by
Hodges and Dowell1 and applied by Hodges and Ormiston.2
The model was extended for the pitch-link flexible case by
Hodges,3 and used in aeroelastic analyses by Hodges and Or-
miston.4 The model is based on the solution of nonlinear equa-
tions of motion for a beam representation of the rotor. These
nonlinearities have a significant impact on the aeroelastic pre-
dictions. The structural model applied in this research is based
on the model described in Ref. 3, with additional corrections
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developed by de Andrade.5 No matter how accurate the struc-
tural model, the aeroelastic analysis is only as good as the
aerodynamic model. The first application of this structural
model to aeroelasticity4 included aerodynamic loads based on
the implementation of Greenberg's theory.6 Greenberg's theory
is a modification of Theodorsen's theory7 and accounts for the
time-dependent freestream owing to lead-lag motion and for-
ward flight. The effect of the unsteady wake beneath the rotor
can be incorporated by Loewy's8 unsteady generalization of
the Theodorsen function.

In the late 1980s, Kwon9 improved upon the aeroelastic
computations with two-dimensional inflow models (as dis-
cussed earlier) by coupling the aeroelastic model of Hodges to
a potential-theory-based panel code. This aerodynamic model
provided the impact of three-dimensional effects along the
blade and at the tip. Wake effects were predicted using the
prescribed tip-vortex wake model of Shenoy and Gray.10

Kwon's analysis captured part of the large dropoff evident
in lead-lag damping observed in the experimental data by
Sharpe.11 The portion of the dropoff that was captured by
Kwon was attributed to unsteady three-dimensional aerody-
namics. Further studies by de Andrade and Peters12 have re-
vealed that the remaining discrepancies in the correlations can
be corrected by more accurate representations in the lift-curve
slope and profile drag (which are input parameters for the
code), and refinements in the inflow that account for a recir-
culating flow that was present in the test section during the
original experiments.

During the early 1990s de Andrade5 developed a finite state
inflow model that was compared to the two-dimensional uni-
form momentum/blade-theory applied by earlier models. Using
this model, de Andrade was also able to capture the three-
dimensional tip relief effects. However, neither he nor Kwon
was able to predict results that correlated favorably with ex-
perimental data above 6 deg of collective pitch. This indicated
that more complex aerodynamic models may be required to
capture the full effect of the flowfield at these higher collective
pitch angles.

Other aeroelastic research that has been performed in areas
similar to this work include a number of studies by Torok and
Chopra13'14 Their studies also apply two-dimensional aerody-
namic theory to a structural model (different from the model
of Ref. 3). They have reached an independent conclusion that
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pressibility in the near-stall regime plays an important role in
determining aeroelastic deflections. In 1992, Gea et al.15 have
documented results from a potential flow solver (TFAR2) cou-
pled with a beam model representation of the blade. Both
hover and forward-flight simulations were predicted. Little ef-
fect in hover was noted using the aeroelastic coupling, al-
though the authors did report that transonic effects were much
reduced in forward flight. A planar wake was used to provide
the wake information that may account for the small aeroelas-
tic effects in hover.

The focus of this study was to couple the structural beam
model of Hodges and Ormiston4 with an existing CFD solver.
This structural model was chosen because of its ease of im-
plementation, as well as its extensive documentation and
applications.1 "5>9>16~18 There exist little experimental deflection
data for hovering rotors. Thus, the results of the coupled Euler
simulations were compared with results of a potential-based
panel method9 that employed the same wake model. This panel
method showed excellent correlations with dynamic aeroelastic
experiments up to 6-8 deg, but overpredicted the deflections
(and damping) at higher angles.9 Thus, a good basis of com-
parison exists at lower angles of attack, with trend indicators
for higher angles of attack.

Methodology Overview
The aerodynamic and structural dynamics methodologies are

not discussed in detail in this article because of space restric-
tions, but can be found in Ref. 19. Instead, details of the aero-
elastic interface between the two methodologies are discussed.
The aerodynamic methodology is based on the Reynolds-av-
eraged Navier-Stokes equations that are solved using a spatial
fourth-order compact Fade scheme solved using a hybrid al-
ternating direction implicit (ADI) scheme. First- and second-
order temporal spacing are available. The aerodynamic code
is based on the Euler/Navier-Stokes methodology developed
and validated by Wake20 and later extended to fourth-order in
spatial discretization by Smith and Sankar.21 The grid is a cur-
vilinear grid that is wrapped around each airfoil section using
a C-grid and stacked along the rotor radius as an H-grid. Clus-
tering is permitted along the radial, chordwise, and normal
directions to resolve the flowfield. The structural dynamics
methodology is based on the beam model of Hodges and Or-
miston,3 which has been successfully applied in other appli-
cations by de Andrade5'12 and Kwon.9

A flowchart that describes the coupling of the aerodynamic
and structural dynamics modules for steady-state hover is
shown in Fig. 1. Initially, the aerodynamic and the structural
inputs are read in, and the basic input parameters are com-
puted. The values of certain parameters are cross-checked to
ensure that the aerodynamic and structural dynamic inputs are
compatible. Next, either the rotor blade geometry is read in
and the numerical grid computed, or the grid computed via an
external code is read in. At this point, the rotor is undeformed
and rigid.

Next, the wake data from an external source are read in and
interpolated for use in the aerodynamic module. These wake
data are based on the flight conditions and blade geometry of
the undeformed, rigid rotor. The downwash distribution from
the wake is converted to normal and tangential induced veloc-
ities that are applied along the radial grid nodes of the rotor
blade. For this effort, a momentum inflow wake and a pre-
scribed tip-vortex wake model10 were applied.

At this point, the computational grid is initialized using the
boundary and initial flow conditions. If the solution is restarted
from a previous solution, the previous solution flowfield and
aeroelastic deformations are read in and serve as the initialized
flowfield.

The program next proceeds to iterate using the time option
input by the user. For aeroelastic computations, a constant time
step throughout the flowfield is necessary so that the deflec-
tions remain consistent along the blade surface. The aerody-

INTTIALIZE AERODYNAMICS, WAKE,
GRID AND STRUCTURAL DYNAMICS
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Fig. 1 Schematic that describes the coupling of the Euler aero-
dynamic module and the structural dynamics module.

namics of the flowfield are now computed for given L time
steps. For an initial solution L is usually greater than 1 (not a
restart). The reason for this is that during the initial steps of
the flow solver the loads along the blade will vary greatly as
the flowfield rapidly changes. If the aerodynamic loads were
introduced into the structural dynamics module at this point,
the combination of the rapid flowfield changes and the de-
forming blade would cause rapid divergence of the blade
motion.

Once the aerodynamic flowfield for L iterations has devel-
oped, the pressure distribution for all of the grid nodes lying
on the blade surface is computed. The structural dynamics
module is then called. The structural dynamics module first
converts the pressures to aerodynamic loads using the grid cell
areas on the blade. These loads are integrated using the mode
shapes as weighting functions and applied to the equations that
govern the steady-state motion of the elastic hingeless rotor in
hover. The blade is represented by a geometrically nonlinear
beam model that accounts for coupled flap bending, lead-lag
bending, and torsion. Moderately large displacements and ro-
tations because of structural deformations can be simulated.
The analysis has been performed for blade configurations hav-
ing uniform mass and stiffness. The blade was formed by
NACA 0012 airfoils.

The aeroelastic governing equations19 are then differentiated
with respect to the equilibrium deflections so that the Jacobian
matrix of the equations is obtained. The aerodynamic terms in
the Jacobian matrix are neglected since they are not explicitly
a function of the equilibrium deflections. Using a coupled it-
eration with the aerodynamic solver, the residuals of the equa-
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tions are computed until they fall below a tolerance level. The
deflections of the blade are passed to the grid update routine
at each structural dynamics iteration.

The grid update routine takes these deflections and updates
the entire computational grid. If the entire grid were not de-
flected, additional grid motion terms due to differential shear-
ing of the grid would need to be generated. The change in
torsion angle is implemented through a change in the down-
wash angle, rather than an explicit change in the rotation of
the blade. This implementation is performed to keep the com-
plexity of the grid updating to a minimum.

The structural dynamics module can be called at the same
time steps as the aerodynamic module, or it can be called only
every M aerodynamic time steps. The user can vary M. A
tightly coupled analysis is obtained when M is set to 1. Higher
values of M will update the structure less often, yielding a
loosely coupled analysis. For flows that are rapidly varying,
calling the structural flexibility every time step can cause un-
duly large blade deflections.

By implementing this particular methodology, both tightly
and loosely coupled aeroelastic analyses can be obtained. A
loosely coupled analysis is obtained when a steady-state aero-
dynamic solution is provided to the structural dynamics solver,
and the entire aeroelastic solution is iterated over a mini-
mum of additional flowfield time steps. A tightly coupled anal-
ysis is obtained when the aerodynamic flowfield has not yet
converged and aeroelastic computations are started. The flex-
ibility of the blade plays an integral part in the evolution of
the final steady-state simulation for a tightly coupled solu-
tion.

Results
All of the results shown in this section present the deflec-

tions that have been nondimensionalized by the radius of the
blade.

Loose vs Tight Aeroelastic Coupling
Simulations using the loose and tight coupling procedure

discussed in the previous section were run to determine the
impact of the feedback computations. Recall that the tightly
coupled methodology provides a feedback loop of the aero-
dynamic loads and structural deflections at every time step.
Pressure coefficient plots indicate that the effect of the tightly
coupled aeroelastic analyses is to reduce the pressure coeffi-
cient suction peaks from those predicted by the rigid blade
analysis. This reduction in the pressure peaks is because of an
increase in the negative torsion deflection along the blade,
shown in Fig. 2a, which creates a slightly nose-down attitude
with respect to the loosely coupled analyses. The change in
tip-flap deflections is minimal, as seen in Fig. 2b. The largest
change is the reduction in tip lead-lag deflections of Fig. 2c.
This is because of the reduction of the moment as reflected by
the increase in the tip torsional deflection. This nose-down
pitching moment causes the blade to move closer towards the
local zero angle of attack. As discussed earlier in the In-
troduction, the panel method does not compare well with
Sharpens dynamic data11 above 6 deg of collective pitch.
Above 8 deg of collective pitch the panel method begins to
have problems reaching convergence. This becomes apparent
by the nonlinear results at higher collective angles in the lead-
lag deflections. At 8 deg of collective pitch and higher, the
differences between the panel method and the Euler method
simulations become very pronounced. The Euler deflections
are in the appropriate direction to correlate better with
Sharpens data.

It is clear from Fig. 2 that a single deflection update (loose
coupling) near the end of the CFD analysis does not ade-
quately capture the deflection of the rotor, as signified by the
differences in the tightly and loosely coupled data. This
method of loose coupling does not capture the feedback effects
between the aerodynamic pressures and the deflections. Ad-
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Fig. 2 Euler simulations of a soft inplane rotor at ft^ = 0 deg,
ft, = 0 deg, 1000 rpm. Equilibrium a) tip torsion, b) tip flap, and
c) tip lead-lag deflections.
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Fig. 3 Rapid change in lift coefficient for a typical radial station
as the Euler solutions converge for a rigid blade.

ditional aeroelastic updates are necessary to capture these ef-
fects.

Incremental Aeroelastic Deflection Implementation
Implementing the aeroelastic effects into the Euler aerody-

namic module has several disadvantages that are not present
in less complex aerodynamic methods. For the Euler rigid
blade simulation, the aerodynamic loads change rapidly during
initial startup, as seen in Fig. 3. The same effect is felt when
the aeroelastic deflections are introduced into the flow solver.
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Unlike panel methods, the structural dynamics model and the
aerodynamics method cannot be updated at every iteration.
The rapid change in the aerodynamic loads causes the aero-
dynamic solver to diverge as the change in the residual is too
large for the hybrid ADI scheme to assimilate. Traditionally,
aeroelastic loads have been assimilated into an Euler meth-
odology by multiplying the full deflection by the time step,
creating an incremental update scheme. This method requires
a large number of iterations to achieve steady state, as shown
in Fig. 4. This CPU requirement to solve the steady-state hover
problem has resulted in the application of rigid analyses of
rotors for higher-order methods, including Euler and Navier-
Stokes methods. Two techniques of reducing the impact of the
aeroelastic coupling on the aerodynamic solver have been ex-
amined to make the inclusion of aeroelastic efforts within the
reach of production applications of CFD codes.

The first technique updates the rotor with the entire com-
puted structural deflection, but it increases the number of aero-
dynamic solver iterations between aeroelastic deflection up-
dates. This provides the code an interval to assimilate the
updates and increases the overall robustness of the code. It-
eration intervals of 2, 5, 10, 20, and 40 have been examined.
The lower iteration intervals of 2, 5, and 10 still cause the
code to diverge and the aeroelastic deflections to become non-
physically large. The iteration intervals of 20 and 40 are suc-
cessful and convergence is reached in 300 to 500 iterations,
respectively. Convergence of the aeroelastic code is reached
when the average of the nondimensionalized aeroelastic de-
flection updates for the bending is less than 0.00001. A typical
lift coefficient summary for the 20 iteration update is shown
in Fig. 5. As the collective pitch angle increases, the number
of iterations to reach convergence also increases. This is ex-
pected since the aeroelastic updates are larger for the larger
collective pitch angles and take longer to reach the same level
of convergence.

The second technique assimilates a portion of the aeroelastic
deflections that are relaxed from their full values at each up-
date interval. This method passes a portion of the deflections
during the initial aeroelastic updates, as defined by a constant
multiplication or relaxation factor of 0.0 (no deflection) to 1.0
(100% deflection). It has been postulated that by updating the
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Fig. 5 Sectional lift coefficient summary for coupled Euler aero-
elastic computations with deflection updates every 20 aerodynamic
iterations.

deflections incrementally, the aerodynamic loads will not
change as rapidly during the updates and can be updated with
smaller aerodynamic iteration intervals, leading to accelerated
convergence. The modification of the sectional lift coefficient
is shown in Fig. 6 for a relaxation factor of 0.5 at an update
interval of 20 iterations. The updates are much smoother com-
pared with Fig. 5, which has no relaxation factor. Convergence
is achieved approximately 50-100 iterations sooner.

Tradeoff studies of relaxation factor and iteration update
count have been performed. Using relaxation factors below
0.50 does not yield in faster convergence. Using iteration up-
dates of less than 20 iterations causes the code to become
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Iterations

250 300

Fig. 6 Sectional lift coefficient summary for coupled Euler aero-
elastic computations with deflection updates every 20 aerodynamic
iterations using a relaxation factor of 0.5.
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Fig. 7 Comparison of the pressure coefficients predicted by rigid
and flexible Euler simulations for 4-deg collective pitch angle: a)
60% radial blade station (r/R = 0.60) and b) 80% radial blade
station (r/R = 0.80).



SMITH 433

sensitive (lose robustness) at collective angles greater than 8
deg.

Initial Blade Deformations Based on a Dynamic Inflow Model
The higher cost of the Euler aeroelastic method compared

with lower-order aeroelastic methods seems very daunting. In
an effort to reduce this cost and still include the higher-order
aerodynamic effects in the solution result, the dynamic inflow
method of de Andrade5'12 and the Euler methods are loosely
coupled to determine the feasibility of this alternative ap-
proach. First, the dynamic inflow method at the operational
conditions under consideration is run, and the blade deflections
are used to generate the initial CFD grid. Then the Euler
method for the deflected, but rigid, blade is performed until
steady state is achieved. The aeroelastic analysis is then ac-
complished using either the loose or tight aeroelastic coupling.

The pressure coefficients for the analysis at a collective pitch
angle of 4 deg are presented in Fig. 7. Comparisons are made
with the Euler simulations of the rigid blade and with the
tightly coupled aeroelastic predictions. The effect of the ini-
tialization is to begin the reduction of the aerodynamic loads
(per the reduction of the suction peak) even during the rigid
steady-state phase. The tightly coupled aeroelastic analysis re-
quires only 150-200 iterations to converge for these steady-
state solutions of the deformed blade. Update intervals of 20
aerodynamic iterations are still required because of the initial
rapid changes made by the aeroelastic updates. Similar results
are found for collective pitch angles of 8 and 12 deg. This
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method of predeforming the blade for the steady-state Euler
analyses appears to have merit. The blade deformations, while
not totally converged, provide a basis for which the initial
steady-state aerodynamic analyses can be performed and re-
duce the amount of computer time necessary for aeroelastic
convergence. The total amount of changes from the initial
blade deflections to the final blade deflections is depicted in
Figs. 8a-8c for a collective pitch angle of 4 deg.

Conclusions
Based on research that has been accomplished and presented

in the Results section, the following conclusions have been
reached for this simple beam rotor application:

1) A tightly or partially (e.g., updates every 20 iterations)
coupled aeroelastic solution must be obtained for collective
pitch angles greater than 4 deg. At the lower collective angles
(where low lift is implied), a loosely coupled solution captures
90% of the aeroelastic deflections.

2) CPU time reduction can be achieved by including the
entire computed aeroelastic deflections at iteration intervals of
20. For higher angles of collective, a relaxation factor between
0.5-1.0 may be required so that the methodology remains ro-
bust. This method reduces the number of iterations required to
reach equilibrium by 40-50% compared with tightly coupled
methods that update partial deflections based on a time-step
multiplication factor.

3) CPU time reduction can also be achieved if a lower-order
aeroelastic scheme is first used to predict initial offsets. This
initial offset can reduce the number of iterations to reach equi-
librium by another 25-30%. This initial offset is not adequate
to predict aerodynamic aeroelastic deflections.
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