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Numerical Simulation of Leading-Edge Vortex Breakdown
Using an Euler Code

P. J. O’Neil,* R. M. Barnett,¥ and C. M. Louiet
McDonnell Aircraft Company, McDonnell Douglas Corporation, St. Louis, Missouri 63114

Reliable simulation of the breakdown of leading-edge vortices emanating from sharp leading edges of delta
wings is demonstrated using an Euler code. A straightforward technique is described that identifies the onset
of vortex breakdown within numerical solutions, thereby allowing quantitative comparison with experimental
data. Predictions of breakdown progression with angle of attack are shown to be consistent with test data up
to C.,...» and indicate that the vortex breakdown process is governed primarily by inviscid factors. Effects of
computational grid characteristics and wing camber effects on breakdown prediction are also noted.

Introduction

S more powerful computers become available, the use
of computational fluid dynamic (CFD) codes is be-
coming more prevalent in the early stages of the aerodynamic
design process. However, the accurate modeling of viscosity-
dominated flow effects (e.g., separation, vortex core struc-
ture, shock-boundary-layer interaction, etc.) is still well out-
side the reach of routine engineering design application. The
computational resource requirements alone make three-di-
mensional Navier-Stokes computations prohibitive for most
preliminary design tasks. On the other hand, Euler methods
have demonstrated their usefulness in the design environment
for a wide variety of applications where the inviscid flow
assumption is appropriate. An area that has generated con-
siderable interest and controversy is the practical reliance on
Euler codes for predicting the aerodynamic consequences of
vortex-dominated flowfields. Although limited by the inviscid
flow assumption, Euler methods can simulate the formation
of a free shear-layer from the sharp edge of an aerodynamic
surface. Depending on the incidence of the edge with respect
to the freestream, the free shear-layer may then roll-up to
form a vortex core.!-? In some cases, Euler solutions have
exhibited, over highly swept wings, a rapid loss of the well-
defined vortex structure resembling qualitatively, vortex
breakdown.*~¢ It is only recently that occurrences of such
breakdown-like effects in Euler solutions have been treated
with more than a passing interest.”®
Complicating the interpretation of these vortex breakdown-
like effects in Euler solutions is the general lack of under-
standing of the mechanisms that govern the vortex breakdown
process. Many have shown that the essential vortex flow fea-
tures leading to breakdown-onset can be successfully modeled
using inviscid approximations to the fluid dynamics.>-'* If
breakdown is governed primarily by inviscid factors then an
appropriate question is: Can an Euler code routinely predict
such effects under the influence of arbitrary levels of numer-
ical dissipation that are inherent to such solutions? To explore
these issues, an effort was initiated to determine, through a
systematic and quantitative approach, the ability of CFD codes
to simulate complex vortical flow phenomena including vortex
breakdown. The work reported here relates specifically to
vortex breakdown prediction using Euler codes.
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Background

The computational problem selected for this study was that
of a delta wing planform at angles of attack sufficient to pro-
duce leading-edge vortex formation. The delta geometry yields
the important vortical flowfield features yet allows straight-
forward computational grid generation and CFD analysis. Eu-
ler code predictions of flow separation location on rounded
leading edges have been shown to be influenced by compu-
tational factors.” Therefore, this analysis has been restricted
to sharp-edged delta wings where the location of leading-edge
shear-layer separation is fixed at the physically correct posi-
tion.

The primary experimental database used in this study was
the MDC/NADC vortex flowfield investigation.'' This data-
base was developed in the McDonnell Douglas Research Lab-
oratory (MDRL) Shear Flow Facility and consists of a very
comprehensive array of three-dimensional laser Doppler ve-
locimetry measurements (LDV), surface pressures, off-body
total pressures, and laser light-sheet flow visualization data.
Figure 1 shows sketches of the 60-deg and 70-deg semispan
delta wings that were used to develop the data base. Both
wings were flat plates having 25-deg leading- and trailing-edge
bevels on the lower surface. Thus, shear-layer separation oc-
curs at the leading edge of the flat upper surface. More com-
plete descriptions of the wind-tunnel test program and its
associated database can be found in the papers of Kegelman
and Roos.'*13

The CFL3D Navier-Stokes code was applied in the Euler
mode at Mach 0.2, to generate solutions corresponding to
selected angles of attack in the experimental database.'* The
computational algorithm in CFL3D is based on a thin-layer
approximation to the three-dimensional, time-dependent,
compressible Navier-Stokes equations. The code is formu-
lated as a cell-centered, finite-volume, upwind-differencing
method. An input flag allows the user to execute CFL3D in
the Euler mode. For a given grid, CFL3D offers no user
control over the application of numerical dissipation in the
solution process, and there were no explicit attempts in this
analysis to affect the solutions through such means. In each
case, CFL3D was run in a local time-step mode to speed the
convergence to a quasisteady flowfield solution.

The SCRAMG grid generation package, described by Ver-
hoff and O’Neil, was used to create the grids for the Euler
analysis.'* The grid generation method used here evolved
from the method of Thompson et al., which solves an elliptic
system of partial differential equations.'® Forcing functions
allow strong localized control of node spacing and grid or-
thogonality on or near grid boundaries. For the H-O topology
used, each delta-wing grid was constructed by successive gen-
eration of two-dimensional grids (0 topology) at each root-
chord station of interest. The two-dimensional grid code au-
tomatically sections the cross-plane domain into a number of
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Fig. 1 Flat plate semispan delta wing models.
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Fig. 2 Computational grid near the leading edge.

simpler domains on the basis of singular geometry points such
as those defining the sharp-wing leading edge. A grid with a
high degree of orthogonality is then generated for each of the
simpler sections. The sections are matched smoothly at their
common boundaries due to the nearly complete control of
the grid in the vicinity of these boundaries. These capabilities
result in highly orthogonal grid lines near sharp leading edges,
as shown in Fig. 2.

To minimize possible solution sensitivity to grid density,
the grid dimensions used were generally the largest attainable
within the constraints of the McDonnell Douglas CRAY X-
MP/18 computer. With these grids, a typical computational
time for each Euler solution was on the order of one CPU
hour. Figures 3 and 4 show typical SCRAMG grids for the
60-deg and 70-deg semispan delta wings. The upstream and
downstream grid boundaries are located approximately 6 and
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Fig. 3 Computational grid for 60-deg semispan delta wing (i X j x
k = 54 x 113 x 29, half-plane).
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Fig. 4 Computational grid for 70-deg semispan delta wing (i X j x
k = 62 x 89 x 33, half-plane).
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Fig. 5 Euler solution particle traces, 60-deg delta wing, angle of
attack = 16 deg.
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Fig. 6 Euler solution particle traces, 70-deg delta wing, angle of
attack = 30 deg.

20 root chords, respectively, from the leading and trailing
edges of the wing. The far-field boundary is located approx-
imately 3 root chords from the surface of the wing. Approx-
imately 67% of the axial planes intersect the wing surface with
the remainder dispersed proportionately upstream of the wing
and in the wake region. The 70-deg delta-wing grid shown in
Fig. 4 contains 75% more nodes than the fine grid used in
the delta-wing Euler computations of Raj, Sikora, and Keen,
which showed some solution sensitivity to relatively coarse
grid densities.*
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Vortex Breakdown Onset

Before the vortex breakdown issues were studied, the abil-
ity of the CFL3D Euler code to predict the formation and
subsequent roll-up of the leading-edge shear-layer was estab-
lished. Figures 5 and 6 show Euler code particle traces that
outline portions of the leading-edge vortices on 60-deg and
70-deg delta wings at angles of attack for which breakdown
is observed over the wing in the experimental flow visuali-
zation data.!? Because the computations made no attempt to
model the boundary layer on thé wing surface, no secondary
vortex is observed in the Euler solutions.

In many cases, particularly at higher angles of attack, the
well-defined leading-edge vortex degenerated rapidly into a
substantially larger, more diffuse vortical flow region with
relatively mild gradients. The presence of such an unsteady
effect corresponded to less solution convergence, although it
was almost always possible to achieve convergence of inte-
grated delta-wing forces and moments. Figures 7 and 8 show
convergence characteristics and lift histories for Euler solu-
tions of the 60-deg and 70-deg delta-wing flowfields, respec-
tively. In both cases, the vortex breakdown-like effect occurs
near the 50% root-chord position.

The occurrences of such breakdown-like events in the Euler
solutions were found to follow definite trends with angle of
attack, and as such, were clearly not coincidental. To deter-
mine the relationship of this effect to the experimentally ob-
served vortex breakdown phenomenon, it became necessary
to move from subjective observation to a more quantitative
basis for analysis.

In searching for clear and consistent criteria to identify the
precise point of vortex breakdown, a straightforward and re-
liable technique was developed that identifies the onset of
vortex breakdown in both CFD solutions and in experimental
databases. This technique is based on the local flow swirl
angle, which is defined as the arctangent of the circumferential
velocity component divided by the axial velocity component.
These velocity data are readily available from both the LDV
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Fig. 7 Euler solution residual and lift histories, 60-deg delta wing,
angle of attack = 16 deg.
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Fig. 8 Euler solution residual and lift histories, 70-deg delta wing,
angle of attack = 30 deg.
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Fig. 9 Comparison of vortex shear-layer prediction with test data,
60-deg delta wing, angle of attack = 20 deg, x/c, = 0.20.
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database and the Euler solutions. According to conventional
vortex theories, the maximum vortex swirl (or helical angle)
is located at the edge of a symmetrical vortex -core, and is
constant along the core perimeter.!’-'* However, a comple-
mentary experimental effort has shown that for a vortex in
the presence of a wing surface, the maximum swirl angle (in
any given direction away from the vortex axis) is actually in
the shear layer that emanates from the wing leading edge."!
Not only is this effect observed in the test data, it is also
predicted quite accurately by the Euler code. Figures 9 and
10 compare Euler predictions of the leading-edge shear layers
for the 60-deg and 70-deg delta wings, respectively, with test
data. The vortex core location was determined in each case
by the position of the minimum total pressure. The values of
the swirl angle at various points along the shear layer are also
shown in Figs. 9 and 10 to provide a measure of Euler code
accuracy in predicting local flow angularity.

At the onset of vortex breakdown, the locus of maximum
swirl angle, which had outlined the shear layer prior to break-
down, falls in toward the vortex axis as shown in Fig. 11. This
localized apparent “‘collapse’ of the shear layer in the Euler
solution precedes a rapid disintegration of the well-defined
vortex structure into a diffuse, vortical wake-like flow struc-
ture resembling the experimentally observed breakdown phe-
nomenon. The initial point of this collapse does not seem to
be restricted to any one circumferential position, although the
tendency was to favor the lower inboard quadrant of the
vortex as represented in Fig. 11. Figure 12 shows a view of a
collapsing locus of maximum swirl angle at vortex breakdown
onset as obtained from the LDV data. The ability to observe
such an effect in experiment is highly dependent on the po-

= Locus of Maximum
-+ Swirl on Radial Lines
* From Vortex Axis

Test Data
MDC/NADC

= ~Locus of Maximum
B .- Switl on Radial Lines
- _.From Vortex Axis

CFL3D Euler Solutlon
(62 x 89 x 33 Grid, Mach 0.2)

Fig. 10 Comparison of vortex shear-layer prediction with test data,
70-deg delta wing, angle of attack = 33 deg, x/c, = 0.20.
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Fig. 11 Identifying vortex breakdown from locus of swirl angle in a
Euler solution, 70-deg delta wing, angle of attack = 33 deg.

sitioning of the LDV measurement planes because the col-
lapse is very rapid, occurring over a small fraction of the root
chord.

. Because this apparent shear-layer collapse is évident in all
the Euler solutions exhibiting breakdown studied, a straight-
forward and consistent method of identifying the onset of
vortex-breakdown is thus defined. The degree of precision in
the technique is limited by the amount of available data be-
cause the collapse will be observed between two adjacent data
planes (i.e., constant root-chord grid planes in the Euler so-
lutions). Because it is not possible to locate vortex breakdown
precisely within a grid cell bordered by these grid planes, the
cell midpoint is chosen to represent the breakdown location.

Breakdown Progression with Angle of Attack

Several Euler calculations were obtained for an angle of
attack range where vortex breakdown is observed in experi-
mental data. The point of predicted vortex breakdown (chord-
wise location of apparent shear-layer collapse) moves toward
the delta-wing apex with increasing angle of attack, a trend
consistent with test data. Initial investigations of vortex break-
down sensitivity to computational grid characteristics showed
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Fig. 12 Identifying vortex breakdown from locus of swirl angle, test
data MDC/NADC, 70-deg delta wing, angle of attack = 33 deg.
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Fig. 15 Comparison of lift-curve prediction with test data, 70-deg
delta wing.

only small effects. However, this finding must be considered
inconclusive until a more thorough study into these effects is
conducted. Figure 13 shows predicted vortex breakdown lo-
cations as a function of angle of attack for the 60-deg and 70-
deg delta wings. Also shown are the breakdown progressions
obtained in the MDC/NADC vortex flowfield investigation,
which were determined through laser light-sheet flow visu-
alization.'? Some unsteadiness in the experimentally observed
breakdown resulted in breakdown location uncertainty of ap-
proximately 3% root chord. The 60-deg delta-wing break-
down locations are shown to have better agreement with ex-
periment than the 70-deg wing data.

The accuracy of the Euler predictions are more fully ap-
preciated by considering the sensitive nature of vortex break-
down to the test environment. The vortex breakdown pro-
gression of McKernan and Nelson' is also shown in Fig. 13
to provide a better perspective for evaluating the accuracy of
the Euler predictions. The 70-deg delta wing tested by
McKernan and Nelson" is identical in planform to the MDC/
NADC wing, but has a 65-deg lower-surface bevel and a
squared trailing edge, making the wing considerably more
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Fig. 16 Comparison of predicted vortex breakdown progression for
cambered and uncambered 70-deg delta wing.
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Fig. 17 Comparison of vortex trajectory prediction with test data,
70-deg delta wing, angle of attack = 33 deg.

blunt by comparison. Figure 14 (modified from McKernan
and Nelson) shows breakdown progressions for several ex-
periments involving 70- -deg delta wings. The principal reasons
for the wide variation in breakdown location are as yet un-
clear, although leading- and trailing-edge geometry details,
wing thickness, tunnel blockage effects, and model support
effects are likely contributors.!%-20

If details of the delta-wing geometry are important to ex-
perimentally observed vortex breakdown characteristics, then
they should be equally important to any attempts to simulate
the problem numerically. For example, Fig. 15 compares the
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Fig. 18 Comparison of vortex trajectory prediction with test data,
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Fig. 19 Spiral-type vortex breakdown observed in experiments.

lift-curve predicted by the Euler code through the entire range
of angles of attack where vortex breakdown is present over
the wing. The lift-curve slope agreement is good, although
the Euler code predicts an angle-of-zero-lift of approximately
4 deg, which is not observed in the test data. This discrepancy
sheds light on an inherent limitation of Euler codes. Because
its inviscid formulation has no accounting for a viscous bound-
ary layer, the Euler code does not predict the experimentally
observed flow separation at the 25-deg trailing-edge bevel.
As a result, the attached-flow Euler solutions of Fig. 13 reflect
the significant negative camber created by the leading- and
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trailing-edge bevels. This camber causes a positive shift in the
lift-curve relative to the test data. The effect of this camber
on predicted breakdown progression was evaluated by ana-
lyzing a 70-deg delta wing with symmetrical upper and lower
surface bevels at both the leading and trailing edges. In Fig.
16 the predicted vortex breakdown progression is compared
to data from the cambered baseline wing, showing a shift in
breakdown location of approximately 10% root chord for the
angles of attack investigated.

Trajectory of the Vortex Core

Figures 17 and 18 show Euler code predictions of vortex
trajectory compared to experimental data for the 60-deg and
70-deg delta wings, respectively. In all cases studied, the vor-
tex trajectories agreed very closely to experimental data and
were determined to be relatively insensitive to computational
grid density. Prior to breakdown, the vortex axis was iden-
tified in the Euler solution by locating the point of minimum
total pressure. Total pressure losses accompany any solution
of the discrete Euler equations and originate from numerical
dissipation (e.g., truncation error), which is common to all
Euler methods, and from explicit applications of artificial vis-
cosity.

The spiraling trajectory exhibited in the solutions after
breakdown (see Figs. 17 and 18) results from the minimum
total pressure point being driven off the axis of the postbreak-
down rotational flow. The sense of the spiral rotation is op-
posite to the sense of rotation of the primary vortex core.
This effect closely resembles the spiraling of the vortex core
after breakdown, sketched in Fig. 19, which is often observed
in vortex breakdown experiments involving delta wings.?0->

Conclusions

The ability of numerical methods based on the Euler equa-
tions to model a vortex breakdown-like effect that closely
follows experimental data trends is not coincidental. A method
has been described that precisely identifies the point of break-
down onset, thus, allowing for quantitative comparison of
breakdown predictions with experimental data. By keeping
in mind the sensitive nature of breakdown location to details
of the computational and experimental environments, the basic
quality of Euler predictions indicates that leading-edge vortex
breakdown is governed primarily by inviscid factors. It is not
suggested that the unsteady, turbulent flow in the postbreak-
down region is appropriately modeled with the Euler equa-
tions. However, the breakdown mechanism itself, seems to
be within reach of the inviscid theory. Furthermore, the nu-
merical dissipation inherent to the Euler code, seems to pro-
vide a qualitatively reasonable description of the postbreak-
down flow.
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