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Rotary-Wing Wake Capturing: High-Order Schemes
Toward Minimizing Numerical Vortex Dissipation

Nathan Hariharan¤

United Technologies Research Center, East Hartford, Connecticut 06018

The use of high-order, � rst-principles-based Euler/Navier–Stokesmethodologiesfor rotary-wingwake capturing
is addressed. Fifth/seventh-order spatially accurate essentially nonoscillatory methodologies were implemented
and their bene� ts in capturing wake vortices were assessed. The use of high-order solution reconstruction, in
conjunction with the use of overset grids to resolve selectively regions of interest such as concentrated vorticity,
was also explored. The tip vortex off of a NACA0015 wing was captured using this methodology,and the tip vortex
characteristics are compared with experiments.The relative merits of � fth- and seventh-order schemes are assessed
for capturing wake vorticity.

Nomenclature
jAj = Roe’s dissipation matrix
F = � ux vector for inviscid � uxes
Fv = � ux vector for viscous � uxes
q = vector of primitive � ow variables
qL = left-hand side � ow vector at a given face
qR = right-hand side � ow vector at a given face
VF = � uid velocity
VG = grid velocity
1S = face surface area
Ä J = cell volume

I. Introduction

O NE of the chief focusesof advancedhelicopterdesigns for the
next generationis the designof highlymaneuverable,agile he-

licopters with excellent handling qualities. Such high-performance
rotorcrafts are very desirable in air-to-air combat, deep penetration
strikes, and ground support in hostile terrain. These abilities will
enhance the capabilitiesof rescue missions involving rotorcraft op-
erating at the edge of the designenvelope.The other issue that needs
to be tackled for the healthy growth of the helicopter industry in the
civilian market is a more detailed understanding of noise genera-
tion and its control. The achievement of signi� cant advances in the
capabilitiesof rotorcraft will have to take advantage of advances in
the area of aerodynamics,especially in the design of advancedrotor
tip shapes that take into account the interplay between the rotor and
the highly “vorticity-charged”� ow� eld surrounding it.

An important unresolved issue in the aerodynamic prediction
of the rotor in hover and forward � ight remains the capturing of
the tip vortex or representing its effects adequately. Until recently,
this representation was externally input from empirical/analytical
models because full Euler/Navier–Stokes (NS) computations were
infeasible. With the enormous advances in computational method-
ologies and computational power, researchers have been adapting
Euler/NS techniquesfor the study of the rotor � ow� eld. These � rst-
principles-based solvers are particularly useful in analyzing new
or complex rotor blades where no experimental data are available.
Studies by Srinivasan and Ahmad,1 Strawn and Barth,2 Duque and
Srinivasan3 and Duque4 have used a variety of strategies, such as
unstructured methodologies and overset methodologies, to tackle
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this problem. An excellent survey article by McCroskey5 gives a
comprehensivereview of modern computational strategies for rotor
applications.

Hariharan and Sankar6;7 used high-order methods to capture the
vortices accuratelyover long distancesand, thus, compute the rotor
� ow� eld with a high-resolution scheme. An alternative method of
retaining the vortex � delity by introducingnondissipativeterms has
been exploredand furtheredby Wang, Steinhoffet al.8 This method,
known as vortex con� nement, tries to con� ne a vortex from enlarg-
ing due to dissipation by modifying the momentum equations.

One of the central issues facing the future of � rst-principles
based Euler/NS simulation as a practical and useful tool for ro-
torcraft issues is their ability to capture vorticity without numerical
dissipation. Despite the tremendous advances in high-order vortex
modeling, none of the methods have yet been demonstrated to be
able to capture the vortex with suf� cient resolution (less than 10%
dissipation) over one revolution of the tip vortex. Such a resolu-
tion is necessary to study critical issues such as vortex miss dis-
tance and blade/vortex interaction (BVI). Is it possible at all using
� rst-principlesEuler/NS simulations to achieve such a realistic ob-
jective with reasonably sized grids? What sorts of minimum grid
density requirements can one hope to have without diffusing the
vortex?

In this effort, we evaluate � fth-/seventh-order spatially accurate
methods to answer the preceding questions. Even with the use
of such high-order methods, enough grid points have to be pro-
vided at locations where vortices occur. An overset grid adapta-
tion/re� nement scheme is used in this work to provide high-density
grid points only in regionswhere they are required.Before the high-
order methods for rotor wakes are applied, it is instructive to com-
pare the bene� ts of using these high-order schemes in a wing tip
vortex-capturing validation and evaluation. For this purpose, de-
tailed velocity pro� le comparisons between computed and experi-
mental results for tip vorticesoff a NACA0015 wingare presentedin
this paper.

II. High-Order Euler/NS Formulation
The discretizedformof three-dimensionalunsteady� nite volume

version of the NS equation is solved:

@

@t
.qÄ J / C

6X

i D 1

[.VF ¡ VG /q C F] ¢ 1S D
6X

i D 1

Fv ¢ 1S (1)

The preceding formulation allows for arbitrary motion of the grids.
The temporal discretization is done using a three-point stencil,6;7

and the solution update process uses a Newton iterative solver to
achieve third-order temporal accuracy. The viscous � uxes are com-
putedusingcentraldifferences.The inviscid� uxesareupdatedusing

822



HARIHARAN 823

Fig. 1a Fifth-orderstencils for computingleft and rightprimitivevari-
ables.

Fig. 1b Distribution with a discontinuity.

Fig. 1c Adaptive stencil for uniformly high-order solution.

an approximate Riemann solver, that is, the numerical � ux on the
cell faces is given by

F D [F1.qL / C F1.qR /]=2 ¡ jAj.qR ¡ qL / (2)

A. Baseline Fifth-Order Essentially Nonoscillatory (ENO) Scheme

The � fth-orderformulationin the solverhasbeendevelopedalong
the lines of essentially nonoscillatory (ENO) methods by Harten
et al.9 The higher-orderreconstructioncomes in the projectionstage
of the conservative variable, that is, qL and qR . For a smoothly
varying function, these projectionsare based on the support stencils
as shown in Fig. 1a.

The details of the economic implementation of this scheme can
be found elsewhere, for example, in Refs. 6 and 7. The � fth-order
ENO scheme required 10% more computational resources when
compared to the widely used third-orderspatially accurate MUSCL
scheme.7 In case a discontinuity is present in the sampling region
(i.e., as illustrated in Fig. 1b), the sampling stencils are automati-
cally shifted to avoid sampling across the discontinuity, as shown
in Fig. 1c. A third-order Newton iterative scheme is used to inte-
grate in time. The time stepping is done in an implicit manner using
directional factorization.7

B. Seventh-Order Scheme

The seventh-orderextension is constructed along similar lines to
those just mentioned.A wider stencil, as shown in Fig. 2, is used for

Fig. 2 Seventh-order stencil for smooth � ow conditions.

Fig. 3 Spanwise section of the grid for the wing tip vortex study.

the left and right projection.The stencil shiftingnear the boundaries
and discontinuities is similar to the baseline implementation.

C. Three-Dimensional Unsteady Overset Framework

The � fth-/seventh-orderENO formulationswere cast in an over-
set grid solutionframework.In an overset framework,differentparts
of a � ow solution problem are gridded independentlyand placed in
space. Informationexchangebetween the solutionsbeing computed
on differentgrids is achievedby trilinear interpolation.This process
is usually referred to as grid connectivity. Hariharan and Sankar10

have extensively validated the three-dimensional unsteady overset
� ow methodologyused in this effort in earlier rotor-airframe/vortex
interactionstudies. In the currentwork, the grid connectivityis com-
puted “on-the-� y,” that is, at all time steps of the solution computa-
tion. Thus, a priori knowledge of the grid motion in the course of a
simulation is not required. A set of grid dynamics subroutines up-
dates the position of the grids after each time step. This grid motion
could be prescribed, that is, forward motion of the body, as rotary
motion of the blade grid, etc. The grid motion could equally well
be the distortive grid motion when such grids are used to track fea-
tures suchas tip vortices.Details of implementationof self-adaptive,
oversetgrid trackingof vortices are described in Ref. 11. In the sim-
ulations in this effort, both of the components of the grid motion
will be involved.

III. Results and Discussions
A. Computation of a Wing Tip Vortex: Fifth-Order
ENO vs Third-Order MUSCL

A NACA0015 blunt-edged wing tested by McAllister and
Takahashi12 was chosen for this study because extensive velocity
pro� le measurements are available from this experiment. A C grid
consisting of 121 points in the streamwise direction, 25 points in
the spanwise direction, and 31 points in the normal direction was
constructed. The grid was rapidly stretched in the downstream di-
rection to span overa distanceof 15 chord lengthsbehind the trailing
edge. Some degradation in the solution quality at the downstream
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Fig. 4 Surface pressure distribution at various spanwise stations, for a blunt tipped wing.

Fig. 5 Schematic of the wing.

Fig. 6 Downward velocity VZ distribution across the tip vortex at various downstream locations: – – –, Euler third-order MUSCL; ——, Euler
� fth-order ENO; and ¨, experiment.
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Fig. 7 Axial velocity VX distribution across the tip vortex at various downstream locations.

locations was then inevitable.Figure 3 shows a spanwise section of
the grid.

Figure 4 presents the surface pressure distribution compari-
son between baseline third-order baseline MUSCL1;4 scheme and
� fth-order ENO scheme at four spanwise stations. The baseline
third-order MUSCL is used widely in other � rst-principles-based
Euler/NS computations.1;4 The solutioncomputedby the � fth-order
scheme is found to be superior at all of the stations, comparing bet-
ter with the experimental values. In the inboard stations (semispan
of 69 and 77%), the suction peak is picked up better by the � fth-
order scheme, and the overall agreement with experiment is better.
Very close to the tip (semispan of 97%), the difference between the
third- and the � fth-order scheme is more marked. The � fth-order
scheme picks up the rear bump in the suction side caused by the
formation of the tip vortex and the subsequent rollover. This is en-
tirely missed by the third-order scheme. A visualization study on
the formation of the tip vortex presented later analyzes this issue
further.

For the study of tip vortex evolution, these calculations were
repeated with 40 points in the spanwise direction, retaining the
same number of points in the other two directions. Figure 5 shows
a schematic of the system and the coordinate system. Figure 6
shows the downward velocity VZ pro� le across the tip vortex at
various streamwise locations behind the trailing edge. The � fth-
order solution is again found to be superior to the third-order
solution. Immediately behind the trailing edge (x=c D 0:1, 0.2,
and 1.0), the � fth-order solution agrees very well with the ex-
periments. At around x=c D 2:0, the velocity peaks captured by
the � fth-order scheme start diminishing when compared to ex-
periments. The grid stretching in the streamwise direction be-
comes too large to produce the exact peak. On the other hand,
the third-order solution produces an even weaker and more diffuse
vortex.

Figure 7 shows the axial velocity VX across the tip vortex at
various streamwise stations. Predicting the axial velocity � eld in-
side a vortex is more dif� cult because the formation of the axial
velocity distribution is a secondary effect. All reasonably accurate
schemes can capture VZ distribution to some extent or other, as
was seen earlier. For example, in Fig. 6, even though the third-
order solution produced a diffused vortex, it predicted the correct
trend in the downward velocity across the vortex. However, the
axial velocity VX distribution depends, among other factors, on
how the tip vortex forms. As can be seen in Fig. 7, for the given

grid density, the third-order scheme is totally off in predicting the
axial velocity � eld, picking up a wrong trend in the distribution.
The � fth-order solution not only picks up the right trend, but also
agreesreasonablywell with experimentsin thevicinityof the trailing
edge.

Figure 8 shows a series of snapshots comparing streamwise vor-
ticity contours, from the third- and the � fth-order solutions, at
various streamwise stations. In each snapshot, the top of Fig. 8a
shows the � fth-order solution, and the bottom of Fig. 8a shows
the third-order solution. Each snapshot also shows the maximum
and minimum value of the streamwise vorticity for both the solu-
tions. The x=c values at the bottom indicate the streamwise location
of that snapshot, with x=c D 0 corresponding to the wing trailing
edge.

The evolutionof the vortex over the wing surface is distinctlydif-
ferentbetween the two schemes. The � fth-ordersolutionproducesa
vortex that is more concentrated,and the core of the vortex rolls over
inboard of the tip, over the wing surface. As it rolls over, a smaller
counter-rotating vortex seems to be produced, sandwiched in be-
tween the wing surface and the main vortex. This rollover causes
lower pressures near the tip region on the suction side. This was ev-
ident in the surface pressure distributionat 97% semispan in Fig. 4.
As the vortex leaves the wing, it takes on a circular shape, which
is seen to be maintained in the downstream region. In contrast, the
vortex produced by the third-order solution remains aligned with
the grid near the wing tip region as the vortex evolvesover the wing
tip. This vortex becomes diffused and distorted. This is also evident
if the maximum vorticity at any given station is compared between
the two solutions.

B. Overset Capturing of Tip Vortex: Fifth-Order ENO Scheme

For a C-type grid topology and for the given number of grid
points, even with the use of the � fth-order scheme, the vortex peak-
to-peak velocity drops off after around two chord lengths. Enough
grid points have to be provided to capture the vortex for much larger
distances.To achievean ef� cient distributionof grid points, an over-
set grid strategy is adopted.A wing grid-vortexgrid overset system,
as shown in Fig. 9, is considered here. The vortex grid extends up
to 18 chord lengths behind the wing trailing edge. In this compu-
tation, a NACA0015 wing at ® D 15 deg and M1 D 0:18 was used
again.The existing � fth-orderspatialENO/third-ordertemporal im-
plicit scheme was used for this study. The purpose of this study is
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Fig. 8 Comparison of the tip vortex evolution between the � fth- and the third-order schemes. Streamwise vorticity contour plots.

to demonstrate the feasibility of using body-� tted wing/rotor grids
with self-deforming vortex grid systems to capture vortices fully
over long distances without diffusion, that is, capture the tip vortex
over 180 deg of revolution with less than 5–10% dissipation of the
peak-to-peakvariation of the tip vortex. For a model rotor blade of
aspectratioAR D 6, a 180-degconvectionwould entail»18 (¼ £ AR)
chord lengths of vortex transport, which is the same length as the
one considered here. The vortex is generated by the wing grid and
transferred to the vortex grid. The vortex grid used for this study
had 100 streamwise points and 30£ 30 points at every streamwise
station.

Figures 10 show a view of the initial vortex grid and the self-
adapted vortex grid after the computationhad converged.Figure 11
shows the axial momentum component on a cross section of the
vortex. It is instructive to compare the axial velocity/momentum
component because it has a much steeper gradient and is, hence,
more dif� cult to capture without numerical diffusion for a given
grid. The captured vortex has a positive axial momentum (jetlike)
until around the halfway mark of the 18 chords. Then, it switches
over to a negative axial momentum, exhibiting a wake-like be-
havior. A real physical vortex exhibits a similar behavior due to
viscosity.
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However, the current simulation is inviscid, and such a transi-
tion is incorrectly triggered by the dissipation in the numerics. The
axial velocity component in a realistic vortex (over a wing or a
rotor) plays an important role in the determination of the vortex
structure. A closer look at the variation of the axial and tangen-
tial velocity components reveals the need for accurately capturing
the axial velocity. Figures 12a–12d show the axial and tangential
momentum components across the vortex at several streamwise
stations.

The � fth-order Euler simulation capturing the vortex (Figs. 12a–
12d) exhibits the following behavior. If the axial velocity is cor-
rectly represented, that is, jetlike, then the peak-to-peak tangential
velocity variation remains at a certain value. If the axial velocity
dissipates (due to numerical dissipation) below zero, it switches to
a wakelike structure, changing the peak-to-peak tangential velocity
variation to a different lower value. In the current study, the axial
velocity component switches mode at around the 40% mark of the
required length of the vortex grid.Thus, to capture the right valueof
the peak-to-peak tangential variation, it is necessary to capture the
correct axial mode (jetlike vs wakelike). Even if the axial velocity
componentdoes not play a big role in a certain physical interaction,
that is, certain BVI, for the purpose of correctly capturing the tan-
gential peak-to-peakvariation, the axial velocity component has to
be captured correctly. The axial component has much steeper gra-
dients, and, hence, it dissipates faster. The vortex grid used in the
current study had 30 £ 30 points in the cutting plane across the vor-
tex. This may have to be enhanced to two or three times this size to
capture the vortex without any dissipation using the baseline � fth-
order ENO scheme. Alternatively,we can increase the spatial accu-
racy further and capture the vortex with the current or even smaller
grids. We analyze the performanceof a seventh-orderscheme in the
next study.

Fig. 9 Wing grid-vortex grid overset system.

Fig. 10 Initial and adapted vortex grid.

Fig. 11 Streamwise momentum contours across spanwise section of
the vortex grid.

a) x/c = 1.0

b) x/c = 6.0

c) x/c = 9.0

d) x/c = 15.0

Fig. 12 Comparison of axial and tangential momentum variation
across the vortex: ——, axial momentum and ² ² ² , tangential
momentum.

Fig. 13 Axial momentum contours across a spanwise section of the
vortex grid.
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a) b) c)

Fig. 14 Axial and tangential momentum variation across the vortex at various streamwise sections.

Table 1 Comparison of run timea

Scheme CPU time/iteration, s

Fifth ENO 13.5
Seventh ENO 17.2
aOverset system: grid 1 consists of 90£ 40 £ 30
grid points, grid 2 consists of 100 £ 30£ 30 grid
points, and one iteration is equal to three subitera-
tions. The simulations were run in a DEC alpha 500
workstation.

C. Overset Capturing of Tip Vortex: Seventh-Order ENO Scheme

The analysis of wing vortex convection using � fth-order ENO
gave de� nite pointers toward capturing rotor tip vortices accurately
withoutan excessivenumberof gridpoints.With aroundeightpoints
across the vortex core, the � fth-order scheme captures the tangen-
tial velocity variation, but the axial velocity tends to get dissipated
when the convection distances are more than 10 chord lengths. The
question arises of whether increasing the order of accuracy further
will be more effective.

Of direct interest are the three queries as to 1) stability, 2) in-
creased cost of computation per iteration, and 3) payoffs in terms
of the ability to resolve the vortex. The same grid system as in the
study in Sec. III.B was considered. To keep the comparisons fair
and simple, the vortex itself is generated using the baseline � fth-
order scheme and transferred to the vortex grid. The seventh-order
scheme is applied to the vortex grid alone. The computation inside
the vortex grid is uniformly seventh-orderaccurate,using one-sided
stencil shift near the boundaries.

The stability was not affected, given that the vortex grid is
fairly simple. The same time stepping that was applied using the
� fth-order computation was retained for the seventh-orderscheme.
The timing comparison between the two schemes is shown in
Table 1.

The seventh-order scheme costs 27% more in terms of computa-
tional expense when compared to the � fth-order scheme.

Figure 13 shows the axial momentum contour across a spanwise
plane cutting the vortex. The axial momentum variation is cap-
tured with very little dissipation over the entire »18 chord lengths.
The axial momentum contours appear diminished in patches to-
ward the 70 and 90% marks. This is because the vortex “wiggles”
sideways, and the maximum does not always stay in the same
plane. Figures 14a–14c compare the axial and tangential veloc-
ity variation at the 5, 50, and 100% marks of the length of the
vortex grid, respectively. The axial component has very little dis-
sipation, and the tangential component has no noticeable dissipa-
tion. The seventh-order scheme requires around � ve points across
the vortex face to capture both the axial and tangential velocity
accurately.

The seventh-ordersolution vastly outperforms the � fth-order so-
lution for the extra effort involved. With the given grid, the � fth-
order convects up to a distance of »7 chord lengths before axial
momentum variation � ips. The seventh-ordersolution has captured
up to »18 chord lengths with little dissipationand could potentially
capture »40–50 chord lengths (or, in terms of the rotor, »3–4 half-
revolutions for a model rotor of AR D 6) with the given grid density.

Fig. 15 Axial momentum contours at several streamwise stations.

Figure 15 shows the axial momentum contours at several stream-
wise stations. Even the vortex sheet rollup is captured and can be
seen 18 chord lengths away.

The next challenge is to extend this methodology for the ap-
plication to a realistic rotor blade such as the UH60 and compare
the results with experimentsand similar lower-order � rst-principles
predictions by Strawn and Ahmad.13

IV. Conclusions
Fifth-/seventh-order spatially accurate ENO schemes have been

applied in conjunctionwith overset vortex re� nement to capture tip
vortex off of a blunt wing tip. The following conclusions can be
made from this study:

1) To capture the vortex with few points, one can, in principle,
keep increasing the order of computation. However, the effect of a
much larger stencil on stability, intergrid information degradation,
and effects of lower-order-gridmetrics eventually offset the advan-
tages of using high-order schemes beyond a point. The seventh-
order scheme was found to work well when used with Cartesian
grids where grid metrics computation is trivial. The seventh-order
computation resolves the tip vortex using approximately� ve points
across the vortex.

2) Overset vortex grid re� nement can be employed to reduce
the grid point requirements. This methodology will have its own
challenges when applied for a system with many vortices. It is not
easy to maintain grid smoothness when deforming the vortex grid
to track a complicated vortex system.
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