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Boundary Conforming Discontinuous Galerkin Finite
Element Approach for Rotorcraft Simulations
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A numerical method has been developed for predicting the complex vortex wake for a helicopter rotor in hover
and in forward � ight. The method is based on the solution of the three-dimensional, compressible Euler equations
expressed in an arbitrary Lagrangian Eulerian reference frame. A second-order accurate discontinuous Galerkin
� nite element method is used to discretize the governing equations on a hexahedral mesh. Unstructured, local
mesh re� nement is performed to enable prediction of the structure of the vortex wake. The capabilities of this
computational � uid dynamics method are demonstrated by simulations of the � ow around the Caradonna–Tung
helicopter rotor in hover and simulations of the � ow around the Operational Loads Survey helicopter rotor in
forward � ight. Accuracy of the method is assessed through comparison with wind-tunnel data, if available.Special
attention is given to a rotor trimming procedure developed at the National Aerospace Laboratory/NLR and to the
grid adaptation algorithm.

Nomenclature
CMx = moment around x axis
CMy = moment around y axis
C p = surface pressure coef� cient
CT = thrust coef� cient
M = local Mach number
Mtip = tip Mach number
R = rotor tip radius
r = radial distance along rotor blade
x , y, z = Cartesian coordinates
®TPP = tip-path plane angle
¯0 = collective � ap angle
¯1c = cosine-dependent� ap angle
¯1s = sine-dependent� ap angle
¡1C p M2 = differential pressure
µ = pitch angle
µ0 = collective pitch angle
µ1c = cosine-dependentpitch angle
µ1s = sine-dependentpitch angle
¹ = advance ratio
Ã = azimuth angle
! = vorticity

Introduction

I T is well known that the prediction of the aerodynamic perfor-
mance of a helicopter in hover or forward � ight is dependent

on one’s ability to predict accurately its complex vortex wake. To
assess the impact of improved airfoil designs, novel blade twist, and
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blade planform on rotor performance, it is essential to consider a
tool that can accuratelypredict the rotorwake system. In the follow-
ing sections, the advantages and limitations of the available rotor
� ow prediction methods are summarized, with special attention to
wake predictions.

Rotor Flow Prediction Methods

The presently available solution techniquesfor predictingthe un-
steadyaerodynamicresponseof helicopterrotorscan be classi� ed in
two categories: 1) vortex-based methods, with a rigidly prescribed
wake geometry or with a free wake geometry, and 2) Euler/Navier–
Stokesmethods.Vortex-basedmethodshavemore severe limitations
than the more comprehensive Euler/Navier–Stokes methods. The
de� ciencies of vortex-based methods are related to the additional
unknown parameters,for example core size parameters,which have
a direct in� uence on the position and/or motion of the vortex.

In recent years,more comprehensivemodels that are based on the
solution of the Euler and the Navier–Stokes equations (see Refs. 1–
20) were developed. The prime objective was to develop solution
methods that had minimum reliance on user input while providing
the necessary accuracy. In principle, though these formulations are
suf� cient for capturingthe detailsof the vortical � ow� eld, excessive
numerical diffusion, especially in regions far from the blade, limit
their application.To minimize numerical diffusion, researchersem-
barkedon adoptingoneormore strategies,namely, the useof higher-
order numerical schemes,9 the use of overset (or chimera) grid sys-
tems to resolve the details of the wake away from the blade,9;17 and
the use of adaptive gridding schemes that are natural for unstruc-
tured grid � ow solvers.1;2;5;6 Among these three strategies, wake
capturing through adaptation of an unstructured grid proved to be
the most promising, typically, not requiring excessively large grids
as with structured grid � ow solvers.

State-of-the-Art Flow Solvers for Helicopter Rotors in Forward Flight

In Tables1 and 2, an overviewis given of the present state-of-the-
art � ow solvers for the simulation of helicopter rotors in forward
� ight. The discontinuous Galerkin � nite element � ow solver to be
discussed is the only � ow solver based on the boundary conform-
ing arbitraryLagrangianEulerian (ALE) approach.The other codes
apply the chimera or overset approach,where sets of partially over-
lapping grids are used to cover the computational domain. At the
gridoverlaps,� ow interpolationis required,resultingnotonly in loss
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Table 1 Qualitative comparison of existing rotor codes for forward � ight simulationa

Flow
Code name Main technique conservation Adaptivity Adaptivity Accuracy

ASTRA-OG10;11 Chimera/overset Fair Unsatisfactory Unsatisfactory Good
FLOWER12 Chimera/overset Fair Unsatisfactory Unsatisfactory Fair
FLOWER13 Chimera/overset Fair Unsatisfactory Unsatisfactory Fair
OVERFLOW16 Chimera/overset Fair Fair Unsatisfactory Fair
DG � ow solver Boundary conforming Good Good Fair Good

aData is taken from Kondo et al.,10 Ochi et al.,11 Pahlke,12 Pahlke et al.13 and Strawn et al.16

Table 2 Comparison of computing times of existing rotor codes for forward � ight simulation

Number of Number of grid Computing time for FLOP counta

Code name Rotor type blades points (£106) one revolution, h (£1012)

ASTRA-OG ATIC AT2 5 17.0 20 on NWT/30b 1100
FLOWER OLS 2 1.4 107 on Cray J916/1c 58
FLOWER ONERA 7AD 4 2.0 23.5 on NEC SX-5/1d 135
OVERFLOW OLS 2 1.8 15 on Cray C-90/1e 16
DG � ow solver OLS 2 1.2 20 on NEC SX-5/8d 1150

aEstimated from computing times and assumed sustained performance of 30% on vector processor.
bNumerical Wind Tunnel, parallel vector machine, 1.7 giga FLOP/s peak for processor.
cParallel vector machine, 0.5 giga FLOP/s peak per processor.
dParallel vector machine, 8 giga FLOP/s peak per processor.
eParallel vector machine, 1 giga FLOP/s peak per processor.

of the conservativeproperty, but also increasing the computational
costs signi� cantly. Loss of the conservativeproperty is a major con-
cern for the accuracyof the � ow solver,and may result in dissipation
of vorticity. Ochi et al.11 and Pahlke13 report that on parallel vec-
tor machines 20% of the computing time is spent in the � ow data
exchange between the differentgrids. Moreover, the use of overlap-
pinggrids involvesa largeamountof communication,which reduces
the scalability of the chimera or overset approach. Correlating the
accuracy of the methods and the required � oating point operations
(FLOP) count shows that the simulation of a rotor in forward � ight
is a petaFLOP problem for state-of-the-art algorithms. Hence, ac-
ceptable turnaround times can only be accomplished on massively
parallel computers or by applying newly developed, more ef� cient
algorithms.

Outline

In this paper, the unique features and the accuracy of a new un-
structured � ow solver for capturing the wake of helicopter rotors
are demonstrated.

First, the features of the discontinuous Galerkin (DG) � nite ele-
mentmethodareoutlined.Next, the rotor trimmingprocedureforhe-
licopter rotors in forward � ight as employed at National Aerospace
Laboratory/NLR (NLR) will be presented. Also a section will be
dedicated to the grid-adaptationstrategy used in the described sim-
ulations.Following these discussions,the simulationcapabilitiesof
the present computational � uid dynamics (CFD) method for rotor-
craft � ows are demonstrated using the results of simulations of the
� ow aroundthe Caradonna–Tung helicopter rotor in hover21 and the
� ow around the Operational Loads Survey helicopter rotor in for-
ward � ight. The results of these simulations will be compared with
experimental data, if available. A review and conclusions complete
the report.

CFD Algorithm
DG Method

The � ow solver is based on a DG � nite element discretizationof
the unsteady compressible Euler equations.22¡24 DG � nite element
methods use a discontinuousfunction space to approximate the ex-
act solution of the Euler equations. The DG � nite element method
is a mixtureof a � nite element and an upwind � nite volume method.
The � ow domain is discretized into a large number of hexahedral
elements. The polynomial expansionsof the � ow� eld variables are
purely element based, and there will be, in general, a discontinuity

in the � ow� eld variables across element faces, with as magnitude
the truncationerror in the polynomial representation.This disconti-
nuity at element faces is interpretedas a one-dimensionalRiemann
problem, which is used to obtain a unique de� nition of element face
� uxes. The use of a Riemann problem in the � ux calculations has
a signi� cant effect in that it introduces upwinding into the � nite
element discretization.A short introductionto these DG methods is
provided in Ref. 22.

Unique Features

A uniquefeatureof thepresentsecond-orderaccurateDG � niteel-
ement method is that equationsare solvednotonly for the traditional
� ve mean � ow� eld variables, but also for their spatial gradients.
This results in a very compact scheme because it is not necessary
to reconstruct the � ow� eld gradients, necessary to achieve second-
order accuracy, using data in neighboring elements. The present � -
nite element method has shock-capturingcapabilitiesand is easy to
parallelize because there is limited communication between neigh-
boring elements. The local character of the present � nite element
method is also bene� cial for grid adaptation, which is carried out
using anisotropic grid re� nement.

The DG � nite element method has an inherent ability to handle
adaptivitystrategiesbecausethe re� ningand dere� ning of thegrid is
done without taking into account the continuity restrictions of con-
ventional CFD methods.24¡27 Note that in the present researchh re-
� nementisutilizedto constructan isotropicgrid fromananisotropic,
initial grid. The anisotropy (elements having large aspect ratios) of
the initial grid is often a concomitant feature of ef� cient, boundary-
conforming structured grids.

Dynamic motions of multiple moving bodies are simulatedusing
a single, deforming, boundary-conformingmesh. The Euler equa-
tions on such a mesh are discretized simultaneously in space and
time, leadingto an ALE formulation,which incorporatesthegridve-
locitiesin the � ux formulation.Consequently,a conservativescheme
that has the same accuracy as the standard DG method for a rigid
mesh is obtained. In addition to the governing equations used to
evaluate the � ow� eld gradients in space, equations are also solved
for the � ow� eld temporal gradients.A clear advantageof this solu-
tion method is manifest in its ability to use nonuniform time steps
without sacri� cing temporal accuracy.For unsteady rotor computa-
tions, for example, for a rotor in forward � ight, this feature can be
used to reduce the overall required CPU time (number of azimuthal
steps) for the computation of a rotor revolution. This ef� ciency, of
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course, is achieved at the expense of increased memory require-
ment due to the additional equations being solved for the temporal
derivatives of the � ow� eld variables. The equations are solved im-
plicitly by introducing a pseudotime and marching the solution to
a steady state using a standard FAS multigrid scheme. In this way,
the ALE method using a single deforming mesh retains the excel-
lent parallelizabilityproperties of the explicit DG method on rigid
meshes.

Rotor Trimming
A fair comparisonbetweenexperimentaldata and numericalsim-

ulations can only be obtained if for both cases the helicopter rotor is
operating at the same thrust coef� cient. Because the experimental
thrust coef� cient is � xed, the thrust coef� cient obtained during the
simulations has to be adjusted in such a way that it matches the
experimental one. This adjustment or trimming procedure means
that the pitch, � ap, and lead–lag schedule are modi� ed in such a
way that the thrust coef� cient equals the desired value and that both
rotor plane moment coef� cients are zero.

For a helicopter rotor, the pitch schedule is given by

µ D µ0 C µ1c cos Ã C µ1s sin Ã

where Ã is the azimuth angle. Note that during the simulation of
the Operational Loads Survey (OLS) helicopter rotor in forward
� ight the � ap schedule has not been modi� ed and that no lead-lag
schedule has been used.

The revolution-averaged thrust coef� cient CT and rotor plane
moment coef� cients CMx and CM y then depend on the collective
pitch angle µ0 , the cosine-dependent pitch angle µ1c , and the sine-
dependent pitch angle µ1s .

The revolution-averagedthrust coef� cient CT mainly dependson
the collective pitch angle µ0, the revolution-averagedmoment coef-
� cient around the y axis mainly depends on the cosine-dependent
pitch angle µ1c, and the revolution-averaged moment coef� cient
around the x axis mainly dependson the sine-dependentpitch angle
µ1s . Note that the x axis points from the rotor to the tail-rotor and
that the y axis points right looking from the tail-rotor to the rotor
(pilot’s view). The effect of adjusting the rotor collective and cyclic
pitch on the thrust coef� cient and rotor plane moment coef� cients
follows from taking the linear term of the Taylor expansionof these
equations, that is,0
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where 1µ0, 1µ1c , and 1µ1s indicate the small changes in the col-
lective, cosine-dependent,and sine-dependentcyclic pitch, respec-
tively. The coef� cients in the matrix are the sensitivitiesof the thrust
coef� cientand rotorplanemoment coef� cients to changesin thecol-
lective and cyclic pitch, with the diagonal terms being the dominant
ones.

Because trim simulations are computationally intensive for
Euler/Navier–Stokes-based methods, a lifting line vortex method
(CAMRAD/JA28/ has been used as a � rst estimate to calculate the
sensitivities.The lifting line vortex method, however, only supplies
the sensitivitiesof the thrust coef� cient. To obtain the completesen-
sitivity matrix enabling the proper trimming of the helicopter rotor,

three additionalsimulationswith small variations(orderone degree)
of either the collective pitch, the cosine-dependentcyclic pitch, or
the sine-dependentcyclic pitch are performed with the Euler-based
DG method. These simulations start from a periodic solution and
are continued until the new solution also is periodic. For the simu-
lation of the OLS helicopter rotor in forward � ight, the simulations
consistedof one revolutiondue to the small transient (only a quarter
of a revolution).The second-halfof this revolutionhas been used to
obtain the forces needed for the sensitivity calculation.

Grid Adaptation
The general idea behind grid adaptation is that, to minimize the

numerical diffusion of the vorticity and the numerical dissipation
in a vortex, the grid within the vortex should be as isotropic, as
uniform, and as re� ned as possible.

The grid-adaptation algorithm consists of the following parts:
First is the grid-adaptation sensor. Basically, two types of sensors
are available: 1) sensors that measure differencesof � ow quantities
across element faces and 2) sensors that measure the magnitude of
a � ow variable in an element. An example of the � rst sensor type is
the standard shock sensor, which measures � ow gradients (actually
differences) of the � ve conserved variables and the total pressure
loss across element faces. An example of the second sensor type is
the vortex sensor based on, for example, the vorticity magnitude.
In addition to these sensors one can also use a grid quality sensor,
that is, a sensor that measures the jump in the mesh width in the
direction normal to the element face, an anisotropy sensor, that is,
a sensor that measures the anisotropy (aspect ratios) of an element,
and a uniformity sensor, that is, a sensor that measures the mesh
width in each coordinate direction.

Second is the grid-adaptation type. The two basic types of grid
adaptation are isotropic and anisotropic grid adaptation. If a sen-
sor contains directional information (such as the shock sensor),
anisotropic grid adaptation is used. The element is adapted in the
direction associatedwith the gradient. If a sensor contains no direc-
tional information, isotropic re� nement is used.

The third is the grid-adaptation control. The adaptation control
determines, for example, the adaptation frequencyand the percent-
age of elements that will be removed or re� ned.

For the helicopter rotor in hover simulationsdiscussed in the next
section, the vortex sensor based on the vorticity magnitude (j!j)
is used, combined with a uniformity sensor, resulting in uniform
meshes of speci� ed widths (typically0.005 rotor diameters, i.e., 2.5
times the requiredwidth reportedby Caradonna29/ in the vortex.The
grid-adaptation sensor used in the forward � ight simulation was a
combination of the vortex sensor based on the vorticity magnitude
with the anisotropy sensor or the uniformity sensor, resulting once
more in uniform meshes of speci� ed width (typically 0.005 rotor
diameters) in the vortex.

With respect to the adaptation frequency for time-accurate, time-
periodic simulations, such as the simulation of a helicopter rotor in
forward � ight, two options exist: 1) simply adapt the grid at each
implicit time step or 2) integrate the grid-adaptation sensor over
a complete period, for example, corresponding to a user-speci�ed
azimuthal travel, and adapt the mesh based on this integratedsensor
after the completion of the period. Both strategies have advantages
and disadvantages. The � rst strategy is more ef� cient in terms of
numberof elementsbecause elements are both created and removed
at each implicit time step. Moreover, with the grid being adapted
during the period, faster convergence to a periodic � ow solution is
achieved. However, since grid adaptation results in a dynamic load-
balancing problem, for which currently no scalable algorithms are
known, the parallelef� ciency of the � ow solverwill deteriorate.The
second strategy resembles the classical adaptation strategy used in
steady-state problems. This method retains the parallel ef� ciency
of the � ow solver, but because the same adapted grid is used for all
time steps, the number of elements is larger than in the � rst strategy.
A compromise between the two grid-adaptation strategies is the
following.At each implicit, time step the mesh is only re� ned based
on the instantaneous grid-adaptation sensor and adaptation type.
However, no elements are removed, as is done in the � rst strategy.
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a)

b)

c)

Fig. 1 Surface pressure ¡ Cp distribution for the Caradonna–Tung he-
licopter rotor in hover (collective pitch angle, 12 deg, tip Mach number,
0.61; and Reynolds number, 2.7 £ £ 106) compared with experimental
data from Ref. 21 for radial stations r/R = a) 0.68, b) 0.89, and c) 0.96.

This effectively integrates the sensor in time and allows for faster
convergenceto the periodic � ow solution. For the simulation of the
helicopter rotor in forward � ight presented in the next section, this
compromise has been used.

Both adaptation strategies have their disadvantages. Either the
numberof elements is needlesslyhigh, or a dynamic load-balancing
problem is introduced. A new algorithm that does not suffer from
these problems is presented by van der Ven.30

Rotorcraft Simulations
Caradonna–Tung Helicopter Rotor in Hover

The standard Caradonna–Tung experiment has been conducted
at NASA Ames Research Center and consists of a helicopter rotor
in hover employing two cantilever-mounted, manually adjustable
blades.21 Pressure transducers were located at � ve radial stations,
namely, r=R D 0.50, 0.68, 0.80, 0.89 and 0.96. The experiments
were performed for collective settings of 0, 2, 5, 8, and 12 deg and
angular velocities ranging from 650 to 2450 rpm.

The � ow� eld around the Caradonna–Tung helicopter rotor using
a collective pitch setting of 12 deg and a tip Mach number of 0.61
has been simulated using the DG � nite element method.

The mutliblock grid generated at NLR of one-half of the com-
putational domain consists of 55 blocks, with a total of 726,784
elements. Simulations have been performed on this so-called � ne
grid. In addition, simulations have been performed on a one-time
coarser grid consistingof 90,848 elements (medium grid) with grid
adaptation. After grid adaptation using the vortex sensor based on
the vorticity in combination with uniformity sensor, the medium
grid contains 135,280 elements. The grid in the vortex was adapted
to a uniform mesh width equal to 0:1 chord lengths.

In Fig. 1, the surface pressure distribution at the three radial sta-
tions are compared with the experimental data.21 The agreement
between the simulations and the experimental data is generally
good. The pressure peak at the lower side of the rotor blade is re-
solved better on the � ne grid. The results coincide very well with
the experimental data at the lower side.

Figure 2 shows the sectional thrust for the medium grid with
adaptation, the � ne grid and the experiment.21 Both simulations
show higher-than-measured thrust levels. The sectional thrust ob-
tainedon the � ne grid is higher than the one obtainedon the medium
grid with adaptation, except for a small region near the rotor tip.

Figure 3 shows the vorticity contours at the 140-deg azimuth lo-
cation behind the blade for the medium grid with grid adaptation
and the � ne grid. From these results, it can be seen that grid adapta-
tion improves the vortex signature in terms of vorticity. Comparing
these results with those presentedby Raddatz and Rouzaud31 shows
that the DG � nite element method is able to carry vorticity over a
longer distance and, thus, provides a clearer vortex signature.

Fig. 2 Sectional thrust for the Caradonna–Tung helicopter rotor in
hover for the medium grid with adaptation (135,280 elements), the � ne
grid (726,784 elements), and the experiment21 (collective pitch angle
12 deg and tip Mach number 0.61).
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a) b)

Fig. 3 Vorticity contours at the 140-deg azimuth location behind the
blade for the Caradonna–Tung helicopter rotor in hover a) on the
medium grid with adaptation (135,280 elements) and b) on the � ne grid
(726,784 elements, collective pitch angle 12 deg and tip Mach number
0.61).

Fig. 4 Adapted Caradonna–Tung grid (135,280 elements) with
periodic plane at z = 0 and plane at x = ¡¡ 3.6.

Note however, that the medium grid with grid adaptation con-
sists of 135,280 elements with 20 degrees of freedom per element,
resulting in a total of 2,705,600 degrees of freedom, which is al-
most twice as much as the 1,433,600 degrees of freedom reported
by Raddatz and Rouzaud.31

The local behavior of the grid adaptation is presented in Fig. 4.
Here, rotor blade 1, the periodic plane at z D 0, and the plane at
x D ¡3:6 are shown. Clearly visible are the places where the vortex
intersects these planes. At those positions one can see that the grid
has been adapted to obtain a grid as isotropic and as uniform as
possible in the vortex.

Figure 5 shows isocontoursof the vorticity for the simulationson
the � negrid.FromFig. 5, it is clear that theDG � niteelementmethod
is able to capture the tip vortex over a distance of at least one-and-
a-half revolution, provided the multigrid iterations are continued
until all of the residuals of the 20 nonlinear algebraic equations per
element are suf� ciently converged. For the present simulations, a
convergence of three orders was deemed suf� cient. Note that the
distance of one-and-a-half revolution equals the required distance
for accurate blade–vortex interaction predictions.The convergence
tolerancefor theaccuratecaptureof trailingvorticesis, however,sig-
ni� cantly tighter than the equivalent convergence tolerance needed
to capture transonic shock waves.

Finally, Fig. 6 gives a quantitative comparison between the pre-
dicted and the experimental measured vortex trajectory up to an
azimuth angle of 540 deg, that is, one-and-a-half revolutions be-
hind the rotor blade. The agreement between the measured and the

j ! j = 0.175 j ! j = 0.35

Fig. 5 Isocontour of the vorticity for the Caradonna–Tung helicopter
rotor21 in hover on the � ne grid (726,784 elements, collective pitch
12 deg, and Mtip = 0.61).

Fig. 6 Predicted and experimental vortex trajectory of the
Caradonna–Tung rotor in hover on the medium grid with adaptation
(135,280 elements) and on the � ne grid (726,784 elements) with collec-
tive pitch angle 12 deg and tip Mach number 0.61; upper lines indicate
radial position of the vortex and lower lines indicate vertical position of
the vortex.

computed vertical position is good, except for the region close to
the blade. The predicted radial contraction of the tip vortex shows
reasonable agreement with the experimental data. The agreement
between the simulationon the medium grid with adaptationand the
� ne grid is generally good.

The presented results, that is, the surface pressure distributions,
the sectional thrust, and the vortex trajectories, are similar to the
ones reported by Ahmad and Strawn,32 where the grid dependency
of the rotor wake was studied for the case having a collective pitch
setting of 8 deg and a tip Mach number of 0.439. Three different
(background) grids having uniform mesh spacings were compared
during this study.

OLS Helicopter Rotor Simulations

The capabilitiesof the DG � ow solver with respect to the simula-
tion of a helicopter rotor in forward � ight have been tested against
the OLS helicopter rotor experiment.33 The OLS helicopter rotor
corresponds to a 1

7 -scale model of the AH-1 helicopter rotor. The
planform of the AH-1G/OLS rotor is rectangular and the blade sec-
tion equals a modi� ed BHT-540 section. The airfoil has been modi-
� ed to accommodate full-scale pressure instrumentationduring the
experiment. The resulting thickness is 9.71% of the chord length.
The diameterof the rotoris 1.916m and thechordlength is 0.1039m.
The blades have a root cutout at 18.2% of the rotor radius. The rotor
blades are twisted10 deg from the blade root to the blade tip. In rest,
the bladepitch angle at the 75% radial station is zero.All blade pitch
angles are speci� ed with respect to this station.The OLS helicopter
rotor blades rotate about the quarter-chord.
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The OLS helicopter rotor experiment has been conducted in the
German–Dutch wind tunnel (DNW) to gather rotor-blade pres-
sures and far-� eld radiated noise. At � ve radial stations, namely,
r=R D 0.75, 0.80, 0.85, 0.91, and 0.975, pressure transducers were
located at the 3% chordwise station on both the upper and the lower
side of the blade. The ranges of the four governing nondimen-
sional parameters tested are 1) the tip Mach number Mtip D 0.55–
0.72, 2) the advance ratio ¹ D 0.13–0.35, 3) the thrust coef� cient
CT D 0.0047–0.0080, and 4) the tip-path plane angle ®TPP D ¡5–
7 deg.

The � ow� eld around the OLS helicopter rotor in forward � ight
has been simulated for the � ow conditions of run 3020,33 that is, a
tip Mach number Mtip of 0.664, an advance ratio ¹ of 0.164, a thrust
coef� cient CT of 0.0054, and a tip-path plane angle ®TPP of 2 deg.
This casecorrespondsto the following� ightconditions:1) a forward
velocity of the rotor of 72 kn, that is, 37 m/s, and 2) a rate of descent
of approximately400 ft/min, that is, 2 m/s. The simulation has been
performed on a multiblock grid generated at NLR consisting of 72
blocks with an initial total of 244,224 elements.

The complete simulation consisted of several revolutions.A con-
stant increment of the azimuth angle, that is, 1.25 deg, has been
used. During the simulation the grid has been adapted twice. Dur-
ing the � rst adaptation(lastinghalf of a revolution)the vortexsensor
based on the vorticitymagnitudehas been used in combinationwith
the anisotropysensor, resulting in a grid of 488,026 elements. Dur-
ing the subsequent second adaptation (lasting one full revolution)
the vortex sensor based on the vorticity magnitude has been used
in combination with the uniformity sensor. The grid in the vortex
was adapted to a uniform mesh width equal to 0.005 rotor diam-
eters. At each implicit time step, the mesh has only been re� ned.
Because no elements are removed, in this manner the vortex sensor
is effectively integrated in time. After adaptation the grid contains
1,297,729 elements.

Several settings for the blade motion coef� cients have been used
during the simulation. Two combinations of blade motion coef� -
cients and computationalgrids will be shown here. First, on the grid
consistingof 488,026elements,a simulationhas beenperformedus-
ing the blade motion coef� cients denoted as schedule 1 in Table 3.
(No lead–lag schedule has been used.) Second, on the grid con-
sisting of 1,297,729 elements, a simulation using the blade motion
coef� cientsdenotedas schedule2 in Table 3 has beenperformed.To
obtain the pitch angles for this case, the alreadydescribed trimming
procedureusing the complete sensitivitymatrix for the pitch angles
has been applied.

Figure 7 shows the differential pressure at the 3% chordwise sta-
tion at r=R D 0.975 for these two cases. It can be seen that the result
obtained using schedule 2 is signi� cantly closer to the experiment
than the result obtained using schedule 1. Although the effects of
trimming and grid adaptation intertwine during these simulations,
the overall improvement has been obtained by the trimming.

The obtained revolution-averaged thrust coef� cient and rotor
plane moment coef� cients are shown in Table 4. Although the
revolution-averaged thrust coef� cient for schedule 2 is slightly

Table 3 Pitch and � ap angles used in the OLS helicopter rotor
simulation in forward � ight

Method µ0, deg µ1c , deg µ1s , deg ¯0, deg ¯1c , deg ¯1s , deg

Schedule 1 6.53 0.90 ¡1.39 2.40 ¡1.00 0.00
Schedule 2 6.62 2.81 ¡2.19 2.40 ¡1.00 0.00
Strawn16 6.14 0.90 ¡1.39 0.50 ¡1.00 0.00

Table 4 Force and moment data from the OLS helicopter rotor
simulation in forward � ight

Method CT (£103) CM x (£103/ CMy (£103)

Experimenta 5.40 0.00 0.00
Schedule 1 5.440 0.161 0.519
Schedule 5.553 0.037 ¡0.112
Strawn16 5.43 0.11 0.41

aExperimental data is taken from Strawn.16

Fig. 7 Differential pressure ¡¡ D CpM2 at the 3% chordwise station at
r/R = 0.975 for schedules 1 and 2 and the experiment (see Table 3).

Fig. 8 Differential pressure ¡ ¡ D CpM2 at the 3% chordwise station at
r/R = 0.975 for schedule 2, Strawn,16 and experiment.

higher than the experimental value of 0.0054, the revolution-
averaged rotor plane moment coef� cients are small compared with
those of schedule 1 and of Strawn.16 In Fig. 8, the differential pres-
sure at the 3% chordwise station at r=R D 0:975 for schedule 2,
Strawn,16 and the experiment are shown. Note that Strawn16 per-
formedhis simulationson a grid consistingof 1.8 milliongrid points
and that during his simulation a constant increment of the azimuth
angle of 0.25 deg was used.

In Fig. 9, the differentialpressureat the 3% chordwise station for
schedule 2 is compared with the experimental data obtained at the
� ve radial stations, where pressure transducers were located. The
agreement between the differential pressures obtained during the
simulation and the experiment is generally good. As can be seen in
Fig. 9, the overall agreement between the results obtained during
the simulationand theexperimentalresultsimproveswith increasing
radial position r=R. Several blade–vortex interaction events can be
observed. When this Fig. 9 is compared with previously reported
Euler and Navier–Stokes simulationsfor the OLS helicopterrotor in
forward � ight12;16 (see also Fig. 8), one can see that with the present
method a considerable improvement has been obtained.

In Fig. 10, the sectional lift, the differential pressure at the 3%
chordwise station, and the derivatives of the sectional lift and the
differentialpressureat that station with respect to the azimuth angle
are shown. On both the advancing side and the retreating side, the
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a)

b)

c)

d)

e)

Fig. 9 Differential pressure ¡¡ D CpM2 at the 3% chordwise station for OLS helicopter rotor in forward � ight at the radial stations r/R = a) 0.75,
b) 0.80, c) 0.85, d) 0.91, and e) 0.975.
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a)

b)

c)

d)

Fig. 10 Schedule 2 a) sectional lift, b) derivative of the sectional lift with respect to Ã, c) differential pressure ¡ ¡ D CpM2 at 3% chordwise station
and d) derivative of the differential pressure ¡¡ D CpM2 at 3% chordwise station with respect to Ã.

presentsimulation � nds two interactions.From Ã D 0 deg and look-
ing in the counterclockwisedirection, the rotor blade � rst interacts
parallel with a vortex originating from the blade itself, next there
is perpendicular interaction (PPI) with the vortex originating from
the other blade, then there is once more an interactionwith the vor-
tex originating from the other blade which initially is perpendicular
but develops into an oblique interaction (OI), and � nally the blade
interacts with a vortex originating from itself. This � nal interac-
tion starts as a parallel interaction (PI), but develops into an OI.
In Fig. 10, the effect of the root vortices can be clearly seen by
the interactions around the zero azimuth angle. It is obvious that
the presence of these vortices, which are not present in the experi-
ment due to a different geometry in the hub region, in� uences the
solution.

Review
The DG � nite element algorithm based on a boundary-

conformingALE formulation in conjunctionwith unstructuredgrid
re� nement of hexahedral grids has been used for the simulation of
rotor wake vortices.

The following simulations have demonstrated the simulation
capabilities of this � ow solver.

1) The Caradonna–Tung helicopter rotor in hover simulation has
shownthatthismethodis ableto capturethe tipvortexovera distance
of at leastone-and-a-halfrevolutions,bothona 726,784elementgrid
and a 135,280 element grid with local unstructuredgrid re� nement.

2) The OLS helicopter rotor in forward � ight simulation has
shown the method’s ability to perform time-accuratehelicoptersim-
ulations on a single boundary-conforminggrid.

All simulations showed that local grid adaptation,when applied,
improves the vortex signature in terms of vorticity and/or helicity.
Comparison with the experimental data is generally good. For the
forward� ight simulation,the rotor trimmingprocedureasdeveloped
at NLR has been used.

It was shown that, using this procedure, one obtains consider-
ably improved results compared with previously reported Euler
and Navier–Stokes simulations. These improvements are because
all sensitivity coef� cients with respect to the pitching parameters
are used and because the sensitivity matrix is calculated using the
Euler � ow solver itself, insteadof using a lifting line vortex method,
such as CAMRAD/JA.28

The presented DG method has the following features that make
it well suited for the simulation of rotor wake � ows.

1) The second-orderaccurateDG method carries the spatial � ow-
� eld gradients as explicit, dependent variables implying that the
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vorticity is carried as a dependent � ow variable; vorticity compo-
nents are implicitly related to the three spatial gradients of the state
vector (15 variables per element).

2) The algorithm allows degenerate, high-aspect-ratio elements
near leading and trailing edges for ef� ciency.

3) The algorithm has an extremely compact stencil, and as a
result, possesses an inherent ability to handle adaptive strategies
because the re� ning and dere� ning of the elements (grid) is done
without any need to considerspecialcontinuityrequirementstypical
of conventionalCFD methods.26

4)Thealgorithmhasanexcellentparallelizationpotentialbecause
the communicationbetweenneighboringelements is strictly limited
to the � ow data exchange at common faces and will, therefore, be
well suited for parallel computing platforms.

Furthermore, note that an extensionof the DG algorithmfrom the
Euler equations to the Navier–Stokes equations is feasible without
compromising items 1–4, for example, see Atkins and Shu34 for an
analysis in two dimensions.With respect to vortex � ow simulations,
the main differencebetween a simulation using the Euler equations
and a simulation using the Navier–Stokes equations is that for the
former grid adaptation results in an unlimited increase of the vortex
resolution.

Conclusions
The main issue explored in the present paper is the ability of the

DG � nite element approach to capture the tip vortex of a rotor over
large distances (with and without grid adaptation). The conclusion
is that the present DG algorithm can capture the tip vortex of a
rotor in hover or forward � ight over large distances, provided the
multigrid iterations are continued until all of the residuals of the
20 nonlinear, algebraic equations per element are suf� ciently con-
verged. It is found that the convergence tolerance required for the
accurate capture of trailing vortices is signi� cantly tighter than the
equivalentconvergencetoleranceneeded to capture transonicshock
waves, that is, transonic shock waves are easy to capture relative to
the far-� eld signature of trailing vortices.

Comparison of results of the present DG method (with
and without adaptation) with the results of more conventional
algorithms12;13;16;31 shows that the present DG approach yields the
same or better agreement between CFD and experimental data in
terms of blade surface pressures, differential pressures, and vortex
trajectories.

For accuratepredictionof the � ow arounda rotor in forward� ight,
it was concludedthat trimming of the rotor is of utmost importance.
The trimming proceduredevelopedat NLR resulted in substantially
improved differential pressure distributions when compared with
those presented in literature.12;13;16 Pahlke and Chelli13 remarked
that “It was shown that the viscous effects are important for the
prediction of the global forces but the effect of trim is even more
important.” This remark stresses the aforementionedimportance of
proper trimming.
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