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Applications of an Euler Aerodynamic Method to
Free-Vortex Flow Simulation

P. Raj,* J. M. Keen,f and S. W. Singerf
Lockheed Aeronautical Systems Company, Burbank, California

A three-dimensional Euler aerodynamic method (TEAM) is used to simulate the interaction of free vortices with
lifting surfaces. The free vortices considered here arise from flow separation along sharp leading edges of slender
swept wings at moderate-to-high angles of attack and shed in the wake behind lifting wings. Computed results for
a 74 deg delta wing, a 75/62 deg double-delta wing body, and a canard-wing-body configuration are correlated with
experimental data to evaluate TEAM'S capabilities. In all cases, the flow is impulsively started and the vortices are
automatically captured. Sensitivity of the computed solutions to numerical dissipation associated with TEAM'S
cell-centered finite-volume algorithm is investigated. Also, the effect of grid density on computations is shown. The
results provide an added measure of confidence in TEAM'S abilities in simulating the free-vortex flows and also
point out some of its limitations.

Introduction

THE accurate computational simulation of flows domi-
nated by free vortices is of great importance for aircraft

design. Wakes and leading-edge separated vortices are typical
examples of free vortices. Supersonic-cruise aircraft invariably
exhibit leading-edge separated vortices during low-speed flight
and transonic maneuvering at moderate-to-high angles of
attack. Some of these aircraft may also have a close-coupled
canard-wing configuration where the influence of canard wake
on the wing is of critical importance. At present, a designer
usually relies upon extensive and costly wind-tunnel tests for
necessary data. Reliable and efficient computational methods
for modeling free-vortex flows are needed to complement
experimental tests.

Research on free-vortex flow simulation has produced
many computational methods. At one end of the spectrum are
the vortex-lattice1-4 and free-vortex sheet (FVS) methods5'6
based on the linearized potential-flow formulation. In these
methods, the vortices have to be explicitly modeled either
indirectly, using the suction analogy of Polhamus,7 or di-
rectly, using singularities4'5 whose final distribution and
strengths are iteratively determined. At the other end of the
spectrum are field methods based on the Reynolds-averaged
Navier-Stokes (RANS) equations8"10 that provide an essen-
tially complete fluid-dynamic model. The free vortices evolve
naturally as a part of the solution of these equations. How-
ever, the available methods are not well-suited for routine
practical applications due to the exorbitant requirements of
computational resources. An even more important consider-
ation is the insufficient reliability of the RANS solutions of
complex vortical flows due to the empiricism of the turbulence
models.11

Recent advances in numerical algorithms to solve the invis-
cid nonlinear Euler equations12'13 provide an attractive and
cost-effective alternative to using the RANS methods for
engineering applications. Several investigations14"17 have
demonstrated the ability of Euler methods to capture regions
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of rotational flow automatically. However, a number of re-
lated issues remain to be fully resolved; some of these are
addressed in this paper. For instance, the numerical dissipa-
tion in Euler methods appears to be the primary source of
vorticity production.17 Of course, once the vorticity is thus
introduced into the flowfield, an Euler method can, in princi-
ple, accurately model its dynamics. Consequently, sensitivity
of vortical flow solutions to numerical dissipation is an area
of concern. This issue is specifically addressed here for low-
speed vortical flow about a delta wing and a double-delta
wing body. The effect of grid density is also investigated for
these two cases. In addition, solutions for a canard-wing-body
configuration are presented. For all analyses, the three-dimen-
sional Euler aerodynamic method (TEAM) code18 is used.

Objectives
The primary objectives of this investigation are two-fold: 1)

to obtain a better understanding of TEAM'S capabilities for
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Fig. 1 74 deg delta wing.
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Fig. 2 75/62 deg double-delta wing body.

modeling free-vortex flows; and 2) to further evaluate the
sensitivity of TEAM computations to numerical dissipation
and grid density.

Approach
The approach involves correlating TEAM computations

with experimental data for three test cases: 1) a 74 deg delta
wing (Fig. 1); 2) a 75/62 deg double-delta wing body (Fig. 2);
and 3) a canard-wind-body configuration (Fig. 3) with the
canard in position 1 and the wing in position 6. Both the wing
and the canard have flaps deflected 5 deg about the 80%
chord location.

The delta wing is analyzed at a freestream Mach number
(M^) of 0.3 and 10, 20, 30, 35, and 40-deg angle of attack a.
The wing is also analyzed in side slip at a fixed value of a,
namely, 20 deg. The double-delta wing-body configuration
is analyzed at M00 = 0.3 and a ranging from 5 to 30 deg.
For both cases, the effect of three numerical dissipation
schemes on the solutions is investigated by comparing the
solutions with each other and with experimental data. Also,
solutions for both cases are obtained using two grids each to
study the grid-density effect. The canard-wing-body configu-
ration, canard-off and canard-on, is analyzed at M00 = 0.6 and
0.9 and a = 4 deg. Correlations of computed and experimen-
tal data are presented to illustrate the capabilities and limita-
tions of the code.

Methodology
The TEAM code solves the Euler equations using the

finite-volume explicit multistage time-stepping algorithm pro-
posed by Jameson et al.12 The finite-volume formulation
essentially decouples the flow solver from grid generation.
The grid may be constructed in any convenient manner; only
the Cartesian coordinates are required by the solver. The
TEAM code can accommodate multizone patched grids of
arbitrary topologies thereby facilitating analysis of complex
geometries. Across a zonal interface, three classes of grid
patching are allowed: 1) one-to-one nodal point matching; 2)
nodal points of one grid being an ordered subset of the other
grid; and 3) mismatched nodal point distributions. The basic
features of the flow-solver algorithm and the grid generation
procedures used are highlighted below. Additional details can
be found in Refs. 18-20.
Flow Solver

TEAM'S flow-solver algorithm requires that the region
surrounding a given configuration be subdivided into small
hexahedral cells. In each cell, the semidiscrete approximations
to the time-dependent Euler equations, representing mass,
momentum, and energy conservation, are integrated in time
using a multistage scheme. Convergence to steady state is
typically achieved in a few hundred time steps using local
rather than global minimum step size. Enthalpy damping12'21

and implicit residual smoothing22 further reduce the number
of steps required to reach the steady state. For spatial dis-

cretization, the flow variables are defined at cell centers
and fluxes are computed at cell faces. This formulation is
equivalent to a central-difference scheme, which is formally
second-order accurate for smooth grids. This scheme has to
be augmented by numerical dissipation terms (also known
as artificial viscosity) to suppress its well-known tendency
for odd-even point decoupling, to capture shocks, and to
minimize pre- and post-shock oscillations. Appropriate non-
reflecting boundary conditions are used at the far-field
boundaries.15'22 A no-normal-flow condition is imposed on
the solid surface.

The dissipation terms can be constructed in a variety of
ways. Three of them are included in TEAM: 1) standard
adaptive dissipation (SAD); 2) modified adaptive dissipation
(MAD); and 3) flux-limited adaptive dissipation (FAD).
Their mathematical formulations are outlined in the Ap-
pendix. Both SAD and MAD schemes use blended first and
third differences, as proposed by Jameson et al.12 Differences
in scaling factors lead to an overall lower level of dissipation
for the MAD scheme compared to the SAD scheme. The
FAD scheme employs only third differences with limiters, as
suggested by Jameson.23 It affords total variation diminishing
property and nonoscillatory shock capture. All three schemes
use two user-specified parameters, VIS-2 and VIS-4, to con-
trol the level of dissipation. For the SAD and MAD schemes,
the VIS-4 parameter controls background dissipation needed
to suppress high-frequency errors, whereas the VIS-2 parame-
ter is used to minimize wiggles and overshoots near shocks
and stagnation points. For the FAD scheme, the value of
VIS-4 determines a threshold and VIS-2 is adjusted to ensure
that there is enough dissipation to eliminate oscillations near
shocks.
Grid Generation

For the present investigation, the grids were generated
using three methods that are part of the TEAM code. These
methods and ways of using them are described in detail in
Ref. 19. Their application to the three test cases used in this
study is summarized below.
Delta Wing

An H-O-type grid was generated in two steps. First, two-
dimensional O-type grids were constructed using the
HYPERGRID code (based on hyperbolic differential equa-
tions) at a few selected cross sections between the apex and
the trailing edge. The apex and trailing-edge grids were then
duplicated at the upstream and downstream boundaries, re-
spectively. In the second step, the TFI code (based on alge-
braic transfinite interpolations) was used to generate the
three-dimensional field grid by interpolating a total of six
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Fig. 3 Canard-wing-body configuration.
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two-dimensional grids. The coarse grid for half the wing had
66 H-planes, each with 30 O-curves. Each O-curve was
defined by 37 nodes, resulting in a total of 73,260 nodes. Note
that the grid contains a singular line emanating from the apex
and terminating at the upstream boundary. A second grid
with 85,470 nodes was generated by increasing the number of
O-curves to 35 and clustering them closer to the wing surface.

Double-Delta Wing Body
The PACMAPS II code (based on parabolic conformal

mapping with shearing) was used to generate two C-H grids
about the double-delta wing-body (DDWB) configuration.
Spanwise locations of 21 H-planes spanning the wing between
the wing-body junction and the tip were prescribed and held
fixed for both grids. The break in the leading-edge sweep
could, therefore, be preserved in the final surface grid. Both
grids had 33 H-planes. For the coarse grid, each H-plane had
33 C-curves and each curve had 97 nodal points, resulting in
a total of 105,633 nodes. The wing surface was defined by a
61 x 21 grid. A refined grid with 234,465 points was generated
by increasing the number of C-curves to 49 and the number of
nodes on each curve to 145. The wing surface was then
defined by a 91 x 21 grid. The refined grid was subdivided
into three zones to facilitate computation on a CRAY X-MP
computer with four mega-words of core memory.

Canard Wing Body
The TFI code (based on a transfinite interpolation proce-

dure) was used to generate a five-zone grid with 491,232 nodal
points around the eanard-wing-body configuration. All five
zones were of H-H topology, with 168 H-planes between the
upstream and downstream boundaries, and 34 H-planes be-
tween the plane of symmetry and the outboard side boundary.
Thirteen H-planes spanned the canard surface between the
canard/body junction and the tip. In every H-plane, the upper
and lower surfaces were each defined by 34 nodes. The
corresponding numbers for the wing were 22 H-planes and 38
nodes.
Analysis Procedure

For all cases, the flow was impulsively started, i.e., the flow
variables, namely, density, three Cartesian components of
momentum, static pressure, and total energy, in all the cells
were initialized to freestream conditions. No Kutta condition
was explicitly applied. A four-stage scheme with coefficients
1/4, 1/3, 1/2, and 1 was used for time integration. The implicit
residual smoothing was performed at each stage using 0.75 as
the smoothing parameter in all three index directions, with the
Courant-Friedrichs-Lewy (CFL) number set at 6.0. The en-
thalpy damping parameter was 0.1. Following each time step,
the average residual (the root-mean-square value of the net
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Fig. 4 Comparison of computed and measured lift, drag, and pitching moment coefficients for 74 deg delta wing; M» = 0.3.
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Fig. 5 Sensitivity of TEAM computations to numerical dissipation for 74 deg delta wing; Moo = 0.3, a = 20 deg, 0 = 0 deg.
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Fig. 7 Computed and measured lift and drag coefficients for 75/62 deg double-delta wing body; Moo = 0.3, 33x97x33 coarse C-H grid.

mass flux) was cheeked to determine whether the solution
reached a steady state. The time inarching stopped if a
prespecified convergence criterion was met or after a pre-
scribed number of steps. The code has a provision to restart
the solution process, if desired, to perform additional steps.
Unless otherwise noted, the. average residual was reduced by
approximately four orders of magnitude for the solutions
presented in the next section.

Results and Discussion
Correlations of computed solutions and measured data for

the three test cases are presented in this section. The effects of
varying the numerical dissipation schemes and the grid den-
sity are discussed.
74 deg Delta Wing

The computed lift, drag, and pitching moment coefficients
for the symmetrical-flow analysis at M00 = 0.3 and a = 10, 20,
30, 35, and 40 deg are compared with the experimental data

pf Wentz24 in Fig. 4. Only half the wing was analyzed using a
85,470-node grid. The MAD scheme was used with VIS-2 of
0.05 and VIS-4 of 2.0 for a < 20 deg and 2.5 for higher a. The
computed values for a up to 30 deg agree well with the
measured data, considering that the viscous effects are absent
from the computations.

For a = 35 and 40 deg, converged solutions were not ob-
tained. This does not imply that the solution process diverged,
only that steady-state solutions could not be obtained. The
average residuals dropped approximately two to three orders
of magnitude and then remained essentially unchanged. The
lack of convergence could be traced to localized vortex insta-
bilities that caused the yalues of the aerodynamic coefficients
to fluctuate as the solution process advanced in time. Fluctu-
ations in the pitching moment coefficient were the most
noticeable. The amplitude of fluctuation was relatively larger
for a = 40 deg than for a = 35 deg. Similar lack of conver-
gence was observed for the double-delta wing-body case (de-
scribed below), as well as in other investigations using
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•"̂ ^T "̂

/MAD
\
x\t£4$.... (

.0 0.2 0.4 0.6 0.8 1.
Y/S(X)

Fig. 8 Sensitivity of coarse-grid TEAM computations to numerical dissipation for 15/62 deg double-delta wing body; Moo = 0.3, a = 20 deg.

-2.4

-1.6

-0.8

0.0

0

F>

....-•

MAD,
^D>^

- /
S

——
.0 0.2 0.4 ^

Y/S(X)

x/b = 1.33

Moo = 0.3
a =20°

A • EXPTL

'0.

/

A*

y -*>•-•••\-
c Art

^ A '
\
^

***&?>

-2.4

-1.6

CP
-0.8

0.0

6 0.8 1.0 0.0 '

0.848

^

Fine
(49x14

|
-2.4

-1.6
s. n~

~H
0.0273 .Q.8

———— ——— ̂ 0.0

Grid o
5x33)

A

_A-«^
• *

AAD^

=?
/

AA

•v \̂^

FAD'

/SAD

seX
_^

0.2 0.4 0.6 0.8 1.
Y/S(X)

:..

0

5

FADv

5AD\

^

M
P" *
• * '

MAD
/

^

£̂~k
0.2 0.4 0.6 0.8 1.

Y/S(X)

Fig. 9 Sensitivity of fine-grid TEAM computations to numerical dissipation for 75/62 deg double-delta wing body; Moo = 0.3, a = 20 deg.

Moo = 0.3, a = 20°

TEAM
COMPUTATIONS

(49 x 145 x 33 C-H)

Fig. 10 Correlation of computed and measured surface pressure con-
tours for 75/62 deg double-delta wing body; M y =0.3, a = 20 deg.

TEAM.17'25 Further investigation of this phenomenon is con-
tinuing. Note that the water-vapor patterns for a = 35 and
40 deg (Figs. 46 and 47 in Ref. 24) strongly suggest vortex
breakdown.

Typical correlations of the computed surface pressures with
measured data for a =20 deg are shown in Fig. 5 at four
crossplane stations, namely, Jf/Cr = 0.133, 0.4, 0.667, and
0.93; here, X is distance from the apex and Cr is the root
chord. In the same illustration, computations corresponding
to the three dissipation schemes, namely, SAD, MAD, and
FAD, are also shown. The MAD scheme solutions show the
lowest pressure levels, confirming the overall lower levels of
dissipation associated with it. The same values of VIS-2 (0.05)
and VIS-4 (2.0) were used for all schemes. A comparison of
the solutions obtained using grids wtih 85,470 and 73,260
nodes (riot shown here) indicated only marginal differences.
Of course, somewhat better resolution of the flowfield was
obtained using the finer grid. Note that the computed results
fail to model the effect of secondary vortices whose presence
is strongly suggested by the measured data.

The delta wing was also analyzed in side slip with
a =20 deg and M00=0.3 using a two-zone grid, one zone
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each for left and right halves. Each zone had 85,470 nodes.
The crossplane pressures for a side-slip angle ft of 10 deg are
correlated with experimental data in Fig. 6. Good agreement
is observed on the lower surface and the downwind side of the
upper surface. On the upwind side of the upper surface, the
computed pressures show higher peaks than the measured
ones. This is most likely due to the absence of secondary
vortices (and other viscous effects) in the computations. For a
higher value of p, namely, 25 deg, no converged solution was
obtained. The experimental data24 suggest vortex breakdown

for side-slip angles greater than 20 deg. Further investigations
are continuing.

75/62 deg Double-Delta Wing Body
The DDWB configuration was analyzed at Moo = 0.3 and

a = 5, 10, 15, 20, 25, and 30 deg. Only half of the configura-
tion was analyzed using a 105,633 node grid. The MAD
scheme was used with VIS-2 set at 0.05 and VIS-4 at 2.0.
Computed lift and drag coefficients for angles of attack up to
20 deg compare well with the measured values of Wentz and

EXPERIMENTAL TEAM COMPUTATIONS
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Fig. 11 Correlation of computed and measured crossplane velocity fields for 75/62 deg double-delta wing body; Moo = 0.3, a = 20 deg.
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McMahon,26 as shown in Fig. 7. For a = 25 and 30 deg, no
converged solution was obtained due to localized vortex
instabilities. The behavior of the solution process was similar
to the one reported above for the delta wing. The amplitude
of fluctuation in the values of the aerodynamic coefficients
was larger for a = 30 deg than for 25 deg.

The 20 deg angle-of-attack case was selected for a more
extensive study because measured crossplane velocity fields as
well as surface pressures are given in Ref. 26. The present
study involved analyses using all three numerical dissipation
schemes, as well as two grids with 105,633 and 234,465 nodes.
The values of VIS-2 and VIS-4 were fixed at 0.05 and 2.0,
respectively, for both the SAD and FAD schemes. However,
when the MAD scheme was used, the values had to be raised
to 0.15 and 4.0 to obtain converged solutions.

Sensitivity of the coarse-grid solutions to the numerical
dissipation schemes is shown in Fig. 8, where the computed
surface pressure coefficients are correlated with experimental
data at three crossplane stations. Here X is the distance from
the wing trailing edge, and b is the semispan. Similar results
for the fine-grid computation are shown in Fig. 9. These
results further confirm that the MAD scheme is the least
dissipative one. In general, all solutions exhibited the primary
vortical features of the flowfield but exhibited discrepancies

from the measured data. The lack of viscous effects in
the present simulation is the most likely cause for this
discrepancy.

In Fig. 10, the surface pressure contours for the fine-grid
solution are correlated with the measured ones. The com-
puted velocity fields at four crossplane stations are compared
with the corresponding experimental data in Fig. 11. These
correlations demonstrate the ability of the TEAM code to
simulate overall features of vortical flow about the double-
delta wing.

Canard Wing Body
Flow about the canard-wing-body configuration was simu-

lated at M^ = 0.6 and 0.9 and a = 4 deg. Only half of the con-
figuration was analyzed, using a five-zone grid with 491,232
nodal points. The grids for both canard-on and -off configu-
rations contained the same total number of nodes. The SAD
scheme was used with VIS-2 set at 0.25 and VIS-4 at 1.5.

Correlations of computed surface pressures and measured
data of Stewart27 at four wing sections are shown in Fig. 12
for M^^Q.6 and a =4deg. The effect of canard wake in
reducing the pressure peak on the inboard wing stations is
quite effectively modeled by the TEAM code. Similar results
for 0.9 Mach number are shown in Fig. 13. Overall agreement
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between the computations and the experimental data is quite
good, with the exception of the shock location. The computed
shock is located approximately 10% aft of the measured one.
However, this is typical of inviscid simulations of flows ex-
hibiting significant shock/boundary-layer interaction. For the
present case, effects of such an interaction are seen in the
measured data but not simulated in the TEAM computations.

Concluding Remarks
The results presented in this paper demonstrate the capabil-

ities of TEAM to simulate free-vortex flows typified by lead-
ing-edge separated vortices associated with sharp-edged swept
wings and wakes shed behind wings with sharp trailing edges.
The leading-edge separated vortices are automatically cap-
tured and not explicitly modeled, as in methods based
on potential-flow formulations such as the free-vortex sheet
technique.

Sensitivity of the computations to three numerical dissipa-
tion schemes, namely, standard adaptive dissipation, modified
adaptive dissipation, and flux-limited adaptive dissipation,
was investigated. Based on the correlations of the computed
results and experimental data for the 74deg delta wing in
symmetrical and asymmetrical flight and the 75/62 deg dou-
ble-delta wing body, both at 0.3 Mach number, the MAD
scheme was found to be the least dissipative. These results,
combined with those of other related investigations, suggest
that the TEAM code could be used for engineering applica-
tions to simulate leading-edge separated flows as long as 1)
the wing leading edges are sharp, and 2) the secondary and
tertiary vortices do not significantly interact with the primary
vortex.

Use of the TEAM code for simulating free-vortex domi-
nated flows appears to be an attractive alternative to using the
RANS codes, which require greater computational resources
and suffer from empiricism of turbulence modeling. This is
especially true for flows that are practically Reynolds number
independent. Further studies are continuing to obtain a more
comprehensive understanding of the capabilities and limita-
tions of the TEAM code.

Appendix
Governing Equations

For an arbitrary control volume Q enclosed by a surface of
area A, the unsteady integral form of the Euler equations is
expressed as

— (Al)

where Q = [p,pum,pE]T, and

F-n = (PUlU* (A2)

The standard summation notation is used in writing these
equations. The subscript m (or /) = 1,2,3 corresponds to the
Cartesian X, Y, Z coordinates, respectively; p denotes density;
um are Cartesian velocity components; E is total energy; the
unit vector normal to the surface is denoted by nm\
H = E+pjp is total enthalpy; and the static pressure p is
given by the equation of state as

p=(y-l)p[E-(l/2)umum+Ha,] (A3)

where y is the ratio of specific heats. The quantities on the
right-hand side of Eq. (A2) are evaluated at cell centers and
then averaged to determine the appropriate fluxes at cell
faces.

The semidiscrete form of Eq. (Al) may be written as

= 0 ( A4)

where F is the net convective flux for the cell that is uniquely
identified in the index space by the subscripts /, /, and K. The
cell faces are denoted by adding or subtracting one-half from
the corresponding cell index. The set of coupled ordinary
differential equations, Eq. (A4), is solved by a multistage
time-stepping procedure.
Numerical Dissipation

Equation (A4) is augmented by numerical dissipation for
which the following three options exist in TEAM.
Standard Adaptive Dissipation

This scheme is based on a blending of first and third
differences in each of the three parametric index directions.12

The /-direction dissipative flux at the interface between two
cells identified by (/,/,#) and (IJ+\,K) sets of indices is
written as

S2eI,J

7,7+ 3/2,* ei,j+ 1/2,* j- 1/2,*

where

1/2,* 1,* -^

( A5)

( A6a)

(A6b)

(A6c)

Here, /I7, ly, kK are the spectral radii of the flux-Jacobian
matrices in the 7, /, and K directions, respectively. The
coefficients of the first- and third-difference terms in Eq. ( A5)
are constructed as follows:

— K0VI,J+1/2,K

= max(0, K! —

(A7a)

(A7b)

where

VI,J,K
l,J+ 1,* ~~ ^Pl,J,K H" Pl,J- 1,

A user-specified coefficient, VIS-2, defines KO and another
user-input coefficient, VIS-4, divided by 64, defines K^. The
net dissipative flux in the /-direction is then expressed as

/,/+ 1/2,* j- 1/2,*

Similar expressions are written for other index directions.
They are added to give the net dissipative flux for the (I,J,K)
cell.
Modified Adaptive Dissipation

This scheme is nearly identical to the standard scheme, with
the exception of the scaling factor a in Eq. (A6b), which is
redefined as

In addition, the maximum value of s2 is restricted using
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Flux-Limited Adaptive Dissipation
For this scheme,23 the dissipative flux term at a cell face is

expressed as

I,J + 1/2, K ,Ki el,J+ 1/2,

j- 1/2,* ( A8)

where

and the limiter operator B with arguments a and b is defined
as

s(a)=l/2, a > 0

= -1/2, 0 < 0

If p is set to 1/2, the scheme is excessively dissipative. This is
remedied by defining /? as

j? = min(l/2,

The values of KO and KJ are specified through user-specified
VIS-2 and VIS-4 parameters, respectively.
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