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Computational simulations have been performed for a 50-deg-sweep delta wing with a sharp leading edge at a
15 deg angle of attack and moderate Reynolds numbers of Re = 2 x 10°, Re = 6.2 x 105, and Re = 2 x 10°. A sixth-
order compact-difference scheme with an eighth-order low-pass filter is used to solve the Navier-Stokes equations.
Turbulence modeling has been accomplished using an implicit large eddy simulation method that exploits the high-
order accuracy of the compact-difference scheme and uses the discriminating higher-order filter to regularize the
solution. Computations have been performed on a baseline mesh of 11.3 x 10° grid points and a refined mesh of
35 x 10° grid points. An assessment of grid resolution showed that significantly finer-scale features of the flow could
be captured on the refined mesh, providing a more accurate representation of the complex, unsteady, separated flow.
Comparisons are also made with high-resolution particle image velocimetry images obtained for the two lower
Reynolds numbers. The numerical results are examined to provide a description of the mean and instantaneous flow
structure over the delta wing, including the separated vortical flow, vortex breakdown, surface flow features, and
surface boundary-layer transition near the symmetry plane. The effect of Reynolds number on each of these features

is assessed.

I

OW-SWEEP deltalike wings are a common feature in the

design of current and proposed unmanned combat air vehicles
(UCAVs) and small air vehicles. The complex flows over these types
of maneuvering, unmanned aircraft may involve massive separation,
which places numerous demands on a computational method.
The flowfields are inherently unsteady and three dimensional. A
combination of laminar, transitional, and turbulent flow regions may
be present both on the surface of the wing and in the separated
vortical flow. The ability to accurately simulate these types of flows
and the complicated interactions between the separated vortical flow
and the surface boundary layer is vital to capturing key performance
coefficients (e.g., pitching moment coefficient, rolling moment co-
efficient). Therefore, a high degree of fidelity is required to satis-
factorily compute these challenging unsteady flowfields.

Recently, Morton et al. [1], Morton [2], and Gortz [3] investigated
the detached eddy simulation (DES) approach for improved
prediction of the unsteady, vortical flowfields over delta wings. DES
employs a traditional Reynolds-averaged Navier—Stokes turbulence
model (Spallart—Allmaras) to represent the assumed turbulent wall
boundary layer. The model then smoothly switches to a large eddy
simulation (LES)-like model (Smagorinsky) in the separated region
to more accurately represent the separated flow. The DES approach
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has been implemented into standard second-order-accurate flow
codes [1,3]. In this paper, an alternative implicit large eddy simu-
lation (ILES) approach is employed, which is based on a sixth-order-
accurate computational scheme coupled with higher-order, low-pass
filtering. This scheme is more appropriate for moderate Reynolds
numbers at which laminar/transitional flows are encountered.

The computational approach employed in the present work solves
the unsteady, three-dimensional Navier—Stokes equations using a
well-validated and robust high-order solver [4—6]. All spatial deriva-
tives are computed through high-order compact or Pade-type [7]
difference methods. Schemes ranging from standard second-order
to highly accurate sixth-order methods are possible. To enforce
numerical stability, which can be compromised by mesh stretching,
boundary conditions, and nonlinear phenomena, a higher-order,
low-pass filter is used. This discriminating low-pass filter (up to 10th
order) preserves the overall high-order accuracy of the spatial
discretization while retaining stability for nonlinear applications. All
these features have been implemented within the framework of an
overset grid technology [8,9] that employs high-order interpolation
methods to maintain the accuracy of the numerical scheme.

This higher-order computational approach also provides a unique
opportunity to address the prediction challenges associated with
massively separated turbulent flowfields. A new ILES modeling
technique [10] has been developed based on the Pade differentiation
and low-pass spatial filtering procedures. Rather than incorporating a
subgrid scale model, this new scheme uses the discriminating filter to
dissipate energy at the represented, but poorly resolved, high wave
numbers. An attractive feature of this filtering ILES approach is
that the governing equations and numerical procedure remain the
same in all regions of the flow. In addition, the ILES method requires
approximately half the computational resources of a standard dy-
namic Smagorinsky subgrid scale LES model. This results in a
scheme capable of capturing with high-order accuracy the resolved
part of the turbulent scales in an extremely efficient and flexible
manner.

In recent years, a concerted effort has been made both experi-
mentally [11-14] and computationally [15] to understand the
distinctive characteristics of low-sweep delta wing flows. These
investigations have primarily been performed at low Reynolds
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numbers (<40, 000). Reviews by Gursul [16] and Gursul et al. [17]
provide good summaries of this body of work. Interest in higher
Reynolds numbers exists due to the operation of UCAVs and
small air vehicles in moderate Reynolds number ranges (1 x 10°<
Re < 1 x 10°%). In a previous work by two of the present authors,
Gordnier and Visbal [18], the ILES method showed promise for
simulating moderate Reynolds number flow over a low-sweep delta
wing. In this paper, computations are performed for a 50-deg-sweep
delta wing at Reynolds numbers of Re =2 x 10°, 6.2 x 10°, and
2 x 10°. Experimental measurements have also been made at the
two lower Reynolds numbers and are compared with the computed
flowfield. A detailed description of the computed flow structure is
then provided, including the effects of increasing Reynolds number.

II. Governing Equations

To properly model the complex unsteady viscous flows over delta
wing configurations at moderate-to-high Reynolds numbers, the full
compressible Navier—Stokes equations are selected. These equations
are cast in strong conservative form, introducing a general time-
dependent curvilinear coordinate transformation: (x,y,z,1) —
(,,1n,¢, 7). In vector notation, and employing nondimensional
variables, the equations are

9 (Y +3_ﬁ+§+@_i aﬁv+aéL,+aﬂv )
ar \J 98 dn 9t Re| dE oy A

where U = {p, pu, pv, pw, pE} denotes the solution vector, and J is
the transformation Jacobian. The inviscid and viscous fluxes, F, G,
H, ﬁv, év, and I:Iu, can be found, for instance, in [19]. In these
expressions, u, v, and w are the Cartesian velocity components, p the
density, p the pressure, and 7 the temperature. All flow variables
have been normalized by their respective freestream values (denoted
throughout by the subscript co) except for pressure, which has been
nondimensionalized by p.,u%. The system of equations is closed
using the perfect gas law p = pT/yM?,, Sutherland’s formula for
viscosity, and the assumption of a constant Prandtl number,
Pr=0.72.

III. Numerical Methodology
A. Spatial Discretization
A finite difference approach is employed to discretize the flow
equations. For any scalar quantity, ¢, such as a metric, flux compo-
nent, or flow variable, the spatial derivative ¢’ along a coordinate line
in the transformed plane is obtained by solving the tridiagonal
system:

, , , iv2 — Pin Diy1 — iy
api_ + ¢+ adi, =b +4A§ +a +2AE 2)
where @ =1, a =4, and b = §. This choice of coefficients yields at

interior points the compact five-point, sixth-order algorithm of Lele
[20]. Atboundary points 1, 2, /L — 1, and /L, fourth- and fifth-order
one-sided formulas are used that retain the tridiagonal form of the
interior scheme [4,7].

Compact-difference discretizations, like other centered schemes,
are nondissipative and are therefore susceptible to numerical insta-
bilities due to the growth of spurious high-frequency modes. These
difficulties originate from several sources, including mesh non-
uniformity, approximate boundary conditions, and nonlinear flow
features. To ensure long-term numerical stability while retaining the
improved accuracy of the spatial compact discretization, a high-order
implicit filtering technique [6,21] is incorporated. If a component of
the solution vector is denoted by ¢, filtered values qAS are obtained by
solving the tridiagonal system,

N N N a,
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Equation (3) is based on templates proposed in [20,22] and, with
the proper choice of coefficients, provides a 2Nth-order formula on a

2N + 1 point stencil. The coefficients, ay, a,,...,ay, derived in
terms of the single parameter o, using Taylor- and Fourier-series
analysis, are given in [4], along with detailed spectral filter responses.
In the present study, an eighth-order filter operator with o, = 0.3 is
applied at interior points. For near-boundary points, the filtering
strategies described in [5,6] are employed. Filtering is applied to the
conserved variables and sequentially in each coordinate direction.

B. Time Integration

For wall-bounded viscous flows, the stability constraint of explicit
time-marching schemes is too restrictive and the use of an implicit
approach becomes necessary. For this purpose, the implicit approxi-
mately factored scheme of Beam and Warming [23] is incorporated
and augmented through the use of Newton-like subiterations to
achieve second-order temporal and sixth-order spatial accuracy. In
delta form, the scheme may be written as
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For the first subiteration, p =1, U? =U", and, as p — oo,
UP — U"*!. The spatial derivatives in the implicit (left-hand-side)
operators are represented using standard second-order centered
approximations, whereas high-order discretizations are employed
for the explicit terms (right-hand side). Although not shown in
Eq. (4), nonlinear artificial dissipation terms [24,25] are appended to
the implicit operator to enhance stability. In addition, for improved
efficiency, the approximately factored scheme is recast in dia-
gonalized form [26]. Any degradation in solution accuracy caused by
the second-order implicit operators, artificial dissipation, and the
diagonal form are eliminated through the use of subiterations.
Typically, three subiterations per time step are adequate to reduce the
error below the temporal truncation error given the small time steps
required due to physical considerations.

C. Boundary Conditions

The boundary conditions for the flow domain are prescribed as
follows. At the solid surface, the no-slip condition is applied (i.e.,
u = v =w = 0). In addition, the wall is assumed to be isothermal
(T, =T,4,), and the normal pressure gradient condition g—z =0is
specified. Symmetry conditions (v =0, %(u, w, p,p) =0) are
employed on the symmetry plane of the delta wing, n = 0. On the
inflow and lower boundaries, uniform flow is specified, whereas at
the outflow, upper, and side boundaries, all variables are extrapolated
from the interior using a first-order extrapolation.

The treatment of the far-field boundaries is based on the approach
proposed and evaluated previously in [27] for some acoustic
benchmark problems. This method exploits the properties of the
high-order, low-pass filter in conjunction with a rapidly stretched
mesh. As grid spacing increases away from the region of interest,
energy not supported by the stretched mesh is reflected in the form of
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high-frequency modes that are annihilated by the discriminating
spatial filter operator. An effective “buffer” zone is therefore created
using a few grid points in each coordinate direction to rapidly stretch
to the far-field boundary. No further need for the explicit incor-
poration of complicated boundary conditions or modifications to the
governing equations is then required.

D. Implicit Large Eddy Simulation Methodology

The ILES method to be used in the present computations was
first proposed and investigated by Visbal et al. [10]. The underlying
idea behind the approach is to capture with high accuracy the
resolved part of the turbulent scales while providing for a smooth
regularization procedure to dissipate energy at the represented,
but poorly resolved, high wave numbers of the mesh. In the
present computational procedure, the sixth-order compact-differ-
ence scheme provides the high accuracy whereas the low-pass spatial
filters provide the regularization of the unresolved scales. All this is
accomplished with no additional subgrid scale models as in tradi-
tional LES approaches. Although this method bears similarities with
monotone implicit LES approaches, it differs from them in two main
respects. First, sixth-order-accurate compact schemes are used for
the discretization of the spatial derivatives. Secondly, dissipation
at high wave numbers is not provided implicitly by the inherent
dissipation of the numerical scheme but rather through the high-order
spatial filter, which is applied explicitly to the evolving solution.

IV. Experimental Setup

Particle image velocimetry (PIV) measurements were carried out
in the 2.13 x 1.52 m working cross section of a closed circuit wind
tunnel at the University of Bath, England. The tunnel has two
viewing windows made from optical glass, one at the sidewall
and one at the bottom floor, to facilitate visualization and laser
illumination. Experiments were conducted using an aluminum, low-
sweep delta wing (A = 50 deg). The model, mounted on the high-
incidence rig, had a chord length of ¢ =310 mm and a thickness
of t =5 mm, giving a thickness-to-chord ratio of #/¢ = 1.6%. The
model had 45 deg beveled sharp leading edges and a square trailing
edge. The wing surface was painted black to minimize reflections.

Experiments were conducted at a wing incidence of « = 15 deg.
A total of three Reynolds numbers (Re = U,c/v, where U, is the
freestream velocity and v is the fluid kinematic viscosity) were
tested: Re =2 x 10°, 4 x 10°, and 6.2 x 10°. The flow was seeded
with smoke generated by a Jem ZR12-AL smoke generator, with a
mean diameter of 1 w. To identify the leading-edge vortex core
locations for each Re, crossflow PIV measurements were carried out
at 20% chord from the wing apex. Illumination was provided from a
pair of pulsed mini Nd:YAG lasers with a maximum energy of
120 mJ per pulse by laser sheets generated by a combination of
cylindrical and spherical lenses. The laser sheet was set perpen-
dicular to the freestream and cutting through the wing surface at 20%
chord. The PIV camera was put into an optical glass box to protect the
camera from contamination by the seeding particles. The camera was
then placed inside the wind tunnel downstream of the delta wing, thus
measuring the crossflow velocity field. Vortex core locations were
identified from these crossflow PIV results. The laser sheet was then
aligned with the vortex core so that the velocity field in a plane
through the vortex core was measured. The measurement plane
covered a distance of 55% chord.

The digital particle images from the PIV measurement were taken
using an 8-bit charge-coupled device camera with a resolution of
4.2 x 10° pixels. The commercial software package Insight v6.0 and
a Hart cross-correlation algorithm were used to analyze the images.
In the image processing, an interrogation window size of 32 x 32
pixels was used to produce the velocity vectors. The effective grid
size was varied from 1.5 mm in crossflow planes to 1.8 mm in a plane
through the vortex cores. Sequences of 800 and 3000 instantaneous
frames, corresponding to the crossflow and vortex core plane mea-
surements, respectively, were taken at a frame rate of 3.75 Hz. The
time-averaged velocity and vorticity fields were calculated.

V. Delta Wing Computations

Figure 1 shows the equivalent delta wing geometry used in the
computations. Two different grids were developed for the present
computations, assuming flow symmetry to reduce computational
requirements. The assumption of symmetry is reasonable for these
lower-sweep delta wings for which the proximity of the leading-edge
vortices to each other is reduced due to the lower sweep angle. The
coarser H-O mesh consists of 268 points in the axial direction (171
located on the wing), 231 points in the circumferential direction, and
183 points normal to the wing. A typical cross section of the grid
and the surface mesh are shown in Figs. 2a and 2b, respectively.
The nominal spacing on the wing (x, y, and z normalized by the root
chord ¢) is Ax = 0.0059 in the axial direction and Az = 0.00001 in
the normal direction at the surface. In the core of the vortex at the
trailing edge of the wing, the grid spacing is Ay, = 0.0069 and
AZgore = 0.002. A refined mesh of 442 x 361 x 219 grid points was
also developed. The objective of this mesh refinement was to
significantly decrease the mesh spacing in the axial and spanwise
directions in the core of the vortex. The axial spacing on the wing was
halved to Ax = 0.003. At the trailing edge, the spanwise spacing in
the vortex core is also halved to Ay.,. = 0.0035. The spanwise
spacing at the upper symmetry plane has also been reduced from
Ay = 0.03 to 0.0149. To meet the temporal resolution requirements,
a small nondimensional time step of At = 6.25 x 107 is specified.
This provides a minimum of 500 time steps per cycle for the
maximum anticipated frequencies.

The computations on these large meshes were accomplished using
a domain decomposition approach for parallel processing by
exploiting the high-order overset grid capabilities [9] available in the
code. The fine mesh was decomposed into 172 grids with approxi-
mately equal numbers of grid points for each subgrid. A five-point
overlap between grids is employed. Each subgrid was then assigned
to its own individual processor.

Computations are performed for the same conditions as in the
experiment, ¢ =15 deg and Re=2x 10’ and 6.2x 10°. A
somewhat higher Reynolds number, Re = 2 x 10°, is also computed
for comparison purposes. A freestream Mach number, M, = 0.1,
and a freestream density, p,, = 1.21 kg/m?, are specified. The effect
of mesh resolution on the numerical results for Re = 6.2 x 10° and
comparisons with the experimental measurements for Re = 2 x 10°
and 6.2 x 10° are made to validate the computational results. A
description of the mean vortical flow structure based on the fine mesh
computations is then presented. The effect of Reynolds number on
the flow structure is also investigated.

V. Grid Resolution Study

Figures 3a and 3b demonstrate the impact of mesh refinement on
the global structure of the vortex for the mean and instantaneous
flows, respectively. Isosurfaces of constant axial vorticity colored by
density contours highlight the general vortex structure. The fine grid
solution captures smaller-scale unsteady features of the vortical flow
(Fig. 3b), both in the shear layer that separates from the leading edge

)4\5deg
X, o,
Y 1 50 deg
Core Plane .
______ b ___--_______' x U
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Fig. 1 Computational delta wing geometry.
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Fig. 3 Isosurfaces of constant axial vorticity colored by density contours, @ = 15 deg, Re = 6.2 x 10°: a) mean vortex structure, and b) instantaneous
vortex structure.

and rolls up to form the vortex as well as in the core of the vortex
downstream of breakdown. As a result, the mean flow exhibits more
clear-cut, small-scale substructures in the outer shear layer and in the
breakdown region downstream.

The effect of grid refinement on the computed flowfield can be
further understood by examining the structure in planes normal to the
vortex core, as shown in Fig. 1. Figures 4a and 4b compare the vortex
structure upstream of breakdown at a location of x = 0.1429.
On each mesh, primary, secondary, and tertiary vortices are observed,
as well as a second vortex of the same sign as the primary vortex
outboard near the leading edge. This type of dual vortex system has
been observed previously for low-sweep delta wings [12,14,15]
and results from the interaction of the secondary flow with the
primary shear layer. Increased unsteadiness resulting in significantly
higher levels of turbulent kinetic energy is obtained with refinement,
Fig. 4c. Enhancement of the boundary-layer eruptive behavior
induced by the vortex surface interaction and the resulting wandering
of the primary vortex core are responsible for this increase in the
fluctuations. This type of unsteady behavior has been described
in detail previously [15,28-30]. The net result is increased tur-
bulent dissipation that weakens the primary and secondary vortices,
Fig. 4a.

Vortex
Breakdown

The weakening of the vortex upstream of breakdown with grid
resolution is seen in Figs. 5a and 5b, in which contours of the axial
velocity on a plane through the vortex core are plotted. Upstream of
breakdown, the peak jet velocity in the vortex core is smaller on the
fine grid, Fig. 5a. This, again, is a result of the higher fluctuations
obtained upstream of breakdown with grid refinement, Figs. 5¢c and
5d. Although the strength of the upstream vortex has been dimin-
ished, this has not resulted in a noticeable change in the vortex
breakdown location.

Downstream of breakdown, the fine-grid solution exhibits a much
more detailed flow structure with significantly smaller scales being
captured, Fig. 6. Both the mean and instantaneous flows on the fine
grid show more small-scale features in the outer shear layer that rolls
up to form the vortex, Figs. 6a and 6¢, as well as in the vortex core
itself. Enhanced interactions of these structures with the surface
boundary layer are also seen as they move across the wing surface.
The resulting turbulent kinetic energy levels are smaller on the fine
mesh but the turbulent kinetic energy is more evenly distributed
throughout the vortex core. This contrasts with the behavior observed
upstream of breakdown.

In practical applications, the interest is often in surface values such
as the pressure or pressure fluctuations (buffeting). Figures 7a and 7b
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Fig. 4 Contours of the mean axial vorticity and turbulent kinetic energy in a crossflow plane normal to the vortex, « = 15 deg, Re = 6.2 x 105,
X = 0.1429: a, c¢) fine mesh; and b, d) coarse mesh.
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Fig. 5 Contours of the mean axial velocity and turbulent kinetic energy on a plane through the vortex core, = 15 deg, Re = 6.2 x 10°: a, c) fine mesh;
and b, d) coarse mesh.

compare the mean surface pressure coefficient and the surface pres- breakdown and in the breakdown region. A narrow region of higher
sure fluctuations, respectively, on the two meshes. Because the vortex levels of fluctuation extends a shorter distance downstream with
upstream of breakdown is weaker on the fine mesh, the corre- refinement.

sponding peak suction levels under the vortex are reduced. On the The grid resolution study has shown that significantly more of the

fine grid, the surface pressure fluctuations are stronger upstream of unsteady, fine-scale features of the flow are captured on the fine
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Contours of the mean (a, b) and instantaneous (c, d) axial vorticity and turbulent kinetic energy (e, f) in a crossflow plane normal to the vortex,

a =15 deg, Re = 6.2 x 10°, x = 0.85: a, ¢, and e) fine mesh; and b, d, and f) coarse mesh.

mesh. These results demonstrate that sufficient grid resolution
remains important for correctly modeling this type of transitional
flow even with the higher-order computational method employed.
All further discussions in this paper will only consider the solutions
on the fine mesh.

B. Comparison with Experiment

Comparisons between the experimental PIV measurements and
the computations are made for two Reynolds numbers, Re = 2 x 10°
and 6.2 x 10°. This was accomplished by interpolating the compu-
tational results onto the PIV grid to provide an equivalent compu-
tational representation. The computed mean flow was obtained by
averaging over a period of 12.5 characteristic times based on a
convective time scale of ¢/ U . Figure 8 compares the mean vorticity
and velocity magnitude at the axial location of x =0.2 for
Re =2 x10°. Good qualitative agreement is seen between the
computation and the experiment, with all the salient features in the
experiment being reproduced in the computation. The computation
produces a somewhat stronger vortex at this location, Figs. 8a and 8c,
with what appears to be a correspondingly enhanced secondary flow.
The mean velocity magnitude on a plane through the vortex core,
Fig. 9, also shows good agreement between the computation and
the experiment, with vortex breakdown occurring at approximately
the same axial location. The computation exhibits a sharper
delineation of the vortex breakdown than the experimental mea-
surements. A comparison of the instantaneous velocity magnitude on
the same plane, Fig. 10, also displays a striking similarity be-
tween the computation and the experiment with the primary un-
steady flow structures observed in the experiment reproduced in the
computation.

Examination of the results in the crossflow plane at the higher
Reynolds number, Re = 6.2 x 10, also reveals good correlation
between the PIV measurements and the computation, Fig. 11.
The computed and experimental mean velocity magnitude agree
particularly well, Figs. 11lc and 11d, whereas a slightly smaller
vorticity magnitude is noted in the core of the computed primary
vortex. Both the experiment and the computation in Fig. 12 show a
conically shaped region of low speed flow associated with vortex
breakdown that penetrates approximately the same distance up-
stream with similar velocity levels. In between this region and the
intact vortex core denoted by the high jetlike velocities lies a region
over which the breakdown of the vortex occurs. This region is longer
and has a more complex structure in the computation and will be

discussed further in Secs. VLA and VILA. The initial breakdown of
the vortex in the computations occurs slightly upstream of the
experimental location.

The overall good agreement between the computation and the
experiment provides confidence that the ILES approach is properly
capturing the relevant flow features for this separated delta wing flow
at moderate Reynolds numbers. Because the full three-dimensional
flowfield is available from the computations, only these results will
be described in detail in Secs. VI and VII.

VI. Computed Mean Flow Structure

The mean flow structure over the delta wing will now be described
for the computations on the fine mesh. Three different Reynolds
numbers, Re = 2 x 10°, 6.2 x 10, and 2 x 10°, are investigated to
assess the effect of increasing Reynolds number on the flow. The
mean flow quantities are obtained by averaging over a period of 12.5
characteristic times.

A. Mean Vortex Breakdown Structure

The onset of vortex breakdown can be seen by examining the
vortex structure on a vertical plane through the vortex core. Figure 13
displays contours of the mean axial velocity for each Reynolds
number. A jetlike velocity region characterizes the intact vortex core
upstream of breakdown. The peak axial velocity at x/c =0.14
decreases with increasing Reynolds number, Table 1. Downstream, a
transformation from this jetlike flow to a wakelike flow occurs. This
switch from jetlike to wakelike flow is indicative of the onset of
vortex breakdown (see, for instance, [31,32]). In none of the cases is
actual flow reversal achieved in the wake region as observed for the
vortex breakdown over higher-sweep delta wings. In Table 1, the
location of the onset of vortex breakdown is given for each Reynolds
number. As the Reynolds number is increased from 2 x 10° to
6.2 x 10, the breakdown location moves upstream. As the Reynolds
number is raised further to 2 x 10°, the breakdown location moves
back downstream.

A progressive change in the character of the onset of vortex
breakdown due to transitional flow effects is seen with increasing
Reynolds number. For Re = 2 x 10, a sharp switch from the jetlike
to wakelike flow occurs, Figs. 13a. There is a distinct narrowing of the
wake flow at a short distance downstream, followed by a gradual
broadening of the wake region. As the Reynolds number is increased
to Re = 6.2 x 10°, Fig. 13b, the wake region separates into two
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Fig. 7 Comparison of the coarse and fine meshes for & =15 deg, Re = 6.2 x 10°: a) mean surface pressure coefficient and b) surface pressure
fluctuations.
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Fig. 8 Comparison of the computation (a, ¢) and PIV measurements (b, d) on the crossflow plane x = 0.2, Re = 2 x 10°: a, b) mean vorticity; and c,
d) mean crossflow velocity magnitude.
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Fig. 9 Comparison of the experimental and computational mean
velocity magnitude on a plane through the vortex core, Re = 2 x 10°.

regions. The breakdown of the vortex thus appears to occur in two
stages. In the first region, a change from the strong jetlike velocity in
the core to a more diffuse region of lower velocities is seen for a
limited longitudinal extent. In the downstream portion of this stage,
there is a partial recovery of the velocity before the onset of a stronger
conically shaped wake in the second stage. At the highest Reynolds
number, this two-stage process is replaced by a single, less abrupt
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Fig. 10 Comparison of the experimental and computational instanta-
neous velocity magnitude on a plane through the vortex core, Re=
2 x 10°.

switch from jetlike to wakelike flow at the onset of breakdown,
Fig. 13c. The wake flow has a conically shaped character similar to
the second stage of the Re = 6.2 x 10° case with a similar onset
location.

Associated with the change from jetlike to wakelike flow is a
switch in sign of the azimuthal vorticity [33]. Contour plots of the
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Fig. 11 Comparison of the computation (a, ¢) and PIV measurements (b, d) on the crossflow plane x = 0.2, Re = 6.2 x 10°: a, b) mean vorticity; and c,

d) mean crossflow velocity magnitude.
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Fig. 12 Comparison of the experimental and computational mean
velocity magnitude on a plane through the vortex core, Re = 6.2 x 10°.
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Fig. 13 Mean axial velocity contours on a vertical plane through the
vortex core: a) Re =2 x 10°,b) Re = 6.2 x 10°, and ¢) Re = 2 x 10°.

mean azimuthal vorticity in the vortex core are given in Fig. 14. For
Re =62 x 10°, Fig. 14b, two distinct regions associated with the
vortex breakdown are again observed. An initial switch in sign of the
azimuthal vorticity is followed by a region in which a partial switch

Table 1 Meanbreakdown location,x/c;,,
and mean maximum core velocity, # ..,

atx/c =0.14
Re X/de L_‘core
2% 10° 0.27 291
6.2 x10° 0.16 2.70
2 x 10° 0.32 221

Azimuthal
Vorticity
l 50
-
0 .
== Py 5
| —
-50 T—
b)
-
Switchin sign of -
azimuthal vorticil = &,

L)

Fig. 14 Mean azimuthal vorticity contours on a vertical plane through
the vortex core: a) Re = 2 x 10°,b) Re = 6.2 x 10°, and c¢) Re = 2 x 10°.

-1000

)
Fig. 15 Mean axial vorticity contours on a crossflow plane located at
x=0.175:a) Re = 2 x 10°, b) Re = 6.2 x 105, and ¢) Re = 2 x 10°.

back to the original vorticity distribution occurs, albeit with lower
vorticity levels. This region is terminated by a second switch in sign
of the azimuthal vorticity. At the highest Reynolds number, Fig. 14c¢,
the region downstream of the switch in sign of vorticity shows a much
more regular, conical shape.

B. Mean Vortex Structure in Crossflow Planes Normal to the Vortex
Core

The mean vortex structure may be further elucidated by analyzing
the flow on crossflow planes normal to the vortex core (see Fig. 1) at
locations both upstream and downstream of breakdown. Figure 15
plots the mean axial vorticity on a plane upstream of breakdown
located at x = 0.175. For all cases, distinct primary and secondary
vortices are present. As the Reynolds number is increased, the
primary vortex weakens and becomes more diffuse. Correspond-
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Fig. 16 Mean axial vorticity contours on a crossflow plane located at
X =0.612: a) Re =2 x 10°,b) Re = 6.2 x 10°, and ¢) Re = 2 x 10°.

ingly, there is a weakening of the secondary flow and the secondary
separation point moves outboard toward the leading edge. At the
lowest Reynolds number, Fig. 15a, a second, weaker vortical struc-
ture of the same sign as the primary vortex is seen outboard toward
the leading edge. Similar dual vortex structures have been observed
in previous computations [15] and experiments [12,14] and arise
from the interaction of the secondary flow with the primary shear
layer separating from the leading edge. As the secondary flow

—4

]
Fig. 17 Mean axial vorticity contours on a crossflow plane located at
X =0.875:a) Re =2 x 10°,b) Re = 6.2 x 10°, and ¢) Re = 2 x 10°.

weakens with increasing Reynolds number, this interaction is
reduced and the dual primary vortex structure is less pronounced.
Mean axial vorticity on a plane downstream of breakdown at a
location near the midchord of the wing, x = 0.612, is shown in
Fig. 16. At this location, values of vorticity have been substantially
reduced. The vortex has a more oval shape and is composed of a
number of small-scale features. These small-scale structures become

Fig. 19 Mean limiting streamline pattern showing the primary separation (ps), primary attachment (pa), secondary separation (ss), and surface

pressure coefficient: a) Re = 2 x 105, b) Re = 6.2 x 10%, and ¢) Re = 2 x 10°.
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more numerous and distinct with increasing Reynolds number. At the
lowest Reynolds number, Fig. 16a, an elongated secondary flow
region exists. This secondary flow again reduces in size, and the
secondary separation point moves outboard as the Reynolds number
is increased.

Figure 17 displays the vortex structure on a plane downstream
near the trailing edge, x = 0.875. The peak levels of vorticity in the
primary vortical flow region have weakened further and the separated
vortical flow is composed of even finer-scale features. A clear
secondary flow is only seen at the lowest Reynolds number. At the
two higher Reynolds numbers, this secondary flow region becomes
less and less distinct. As the Reynolds number is raised, the small-
scale structures in the primary vortex do increasingly interact with
the surface boundary layer at locations underneath the full span of the
vortex (see, particularly, Fig. 17¢c). The thickening of the upper
surface boundary layer near the symmetry plane is associated with
the onset of transition in the surface boundary layer, which will be
described more fully in Sec. VILB.

The global structure of the mean small-scale features seen in
the crossflow planes is more clearly represented by examining an
isosurface of axial vorticity, Fig. 18. Two types of mean substruc-
tures can be observed in these figures. The first are helical substruc-
tures that corotate with the primary vortex. The development of these
types of substructures in the mean flow has been described in a
previous work by two of the present authors, Visbal and Gordnier
[34], and is engendered by a complex transition process in the shear
layer that rolls up to form the primary vortex. As the Reynolds
number increases, these substructures decrease in wavelength and
become more apparent. Their emergence is also observed progres-
sively further upstream. The second feature seen in these figures are

small-scale mean structures located in the core of the broken-down
vortex.

C. Mean Surface Flow Features

An examination of the mean near-surface flowfield provides
additional insight into the low-sweep delta wing flow and the impact
of Reynolds number. The mean limiting streamline pattern for each
Reynolds number is shown in Figs. 19a—19c. Primary separation
occurs at the leading edge of the wing, with the primary attachment
line located outboard of the symmetry plane. In between the primary
attachment line and the leading edge, secondary separation occurs,
with the secondary separation line moving outboard with increasing
Reynolds number. The complexity of the surface streamline pattern
in the outboard region of the delta wing magnifies as the trailing edge
is approached. These complicated streamline patterns progress
further upstream and inboard as the Reynolds number is increased. A
region of separated flow is also observed inboard of the primary
attachment line. The initiation of this separated flow region moves
upstream as the Reynolds number is increased. This feature is
associated with the onset of transition in the attached boundary layer
near the symmetry plane.

Contours of the mean surface pressure coefficient are also plotted
in Fig. 19. The low-pressure region outboard of the primary
attachment line associated with the primary vortex is clearly visible.
As the Reynolds number increases to 2 x 10%, this region narrows
and extends further downstream.

VII. Computed Instantaneous Flow Structure
A. Instantaneous Vortex Breakdown Structure

Figure 20 provides representations of the instantaneous vortex
breakdown structure on a vertical plane through the vortex core. As in
the mean flow, the characteristic jetlike flow in the vortex core is
observed upstream of breakdown, Figs. 20a—20c. Downstream of
breakdown, smaller-scale structures emerge as well as a predo-
minantly wakelike flow. Small isolated regions of reversed axial
flow (black regions in Figs. 20a—20c) are obtained at all Reynolds
numbers. These regions become smaller as the Reynolds number
increases. The dual-stage transformation of the vortex noted in the
mean flow for Re = 6.2 x 103, Fig. 13b, can also be discerned in
Fig. 20b. The first stage of the transformation is characterized by a
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Fig. 20 Instantaneous axial velocity (a—c), azimuthal vorticity (d-f),
and turbulent Kinetic energy (g—i) on a plane through the vortex core: a,
d, and g) Re =2x10°; b, e, and h) Re =6.2 x 105; and c, f, and
i) Re = 2 x 10°.

narrower region with pockets of both jetlike and wakelike flow. At
the onset of the second stage, there is a thickening of the breakdown
region and a more dominant wakelike flow is present. At the highest
Reynolds number, Fig. 20c, undulations of the vortex core are noted
resulting from the increasingly unsteady flow present upstream of
breakdown.

Figures 20d—20f plot contours of azimuthal vorticity and highlight
the disintegration of the coherent vortex core upstream of breakdown
into fine-scale unsteady structures downstream. The switch in sign of
azimuthal vorticity that characterizes the onset of vortex breakdown
can be easily discerned for the two lower Reynolds numbers. The
dual-stage nature of the vortex breakdown for Re = 6.2 x 10° is
again seen in Fig. 20e with a narrower region of small-scale structures
after the initial switch in sign of azimuthal vorticity, followed by
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thickening of the breakdown region at the onset of the second region.
For Re =2 x 10%, small-scale features are observed in the vortex
core even ahead of breakdown, indicating increasing unsteadiness
upstream of breakdown. The presence of these small-scale features
makes it somewhat more difficult to clearly discern the switch in sign
of azimuthal vorticity.

The highly unsteady nature of the flow is further revealed in
Figs. 20g-20i, in which contours of the turbulent kinetic energy are
displayed. At all Reynolds numbers, the highest levels of turbulent
kinetic energy occur upstream of breakdown in the vortex core. At
the highest Reynolds number, Fig. 20i, this region extends almost all
the way to the apex. For Re = 6.2 x 10°, the high levels of turbulent
intensity persist through the first stage of the breakdown of the
vortex. At all three Reynolds numbers there is an area of moderate
unsteadiness that starts at the onset of breakdown (stage 2 for
Re=6.2x10°) and extends downstream into the breakdown
region. The values of turbulent kinetic energy decrease further as the
trailing edge is approached.

The highly unsteady behavior upstream of breakdown can be
better understood by examining the flow in a crossflow plane normal
to the vortex core, Fig. 21. At locations upstream of breakdown there
is a strong interaction of the leading-edge vortex with the surface
boundary-layer flow that results in an eruptive response of the
secondary flow with vorticity of the opposite sign being ejected from
the surface and wrapped into the primary vortex (see, in particular,
Fig. 21b). Accompanying this unsteady behavior is the development
of small-scale vortices in the shear layer that rolls up to form the
primary vortex. This highly unsteady interaction of the primary
vortex with the surface boundary layer and the corresponding
development of shear-layer instabilities has been described in detail
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by two of the present authors, Gordnier and Visbal, in [15,28-30,34].
This unsteady behavior leads to significant wandering of the vortex
core, resulting in the high values of turbulent kinetic energy in the
vortex core. The strongest interaction is observed for Re=
6.2 x 10°, Fig. 2le, with a weakening for the higher Reynolds
number, Re = 2 x 109, Fig. 21f. Higher levels of turbulent kinetic
energy are also obtained in the secondary flow region, in which the
secondary flow eruption process occurs, Fig. 21e.

Downstream of the breakdown point at x = 0.612, Fig. 22, a clear
vortex core is no longer discernible and there exists only a large
region of unsteady small-scale structures. Also, no distinct secondary
flow region exists, though pockets of vorticity of the opposite sign
can be seen throughout the vortical flow region. The unsteady flow at
this location results in a broad area of turbulent kinetic energy that
covers the whole vortical flow region. The levels of turbulent kinetic
energy show only a modest increase with Reynolds number and are
substantially smaller than the peak values in the vortex core upstream
of breakdown. Further downstream, at x = 0.875, the flow has
broken down into even finer structures, Fig. 23. A corresponding
further reduction of the turbulent kinetic energy levels is seen,
Figs. 23d-23f.

B. Transitional Flow Region Near the Symmetry Plane

In Fig. 19, a separated flow region was noted inboard of the
primary attachment toward the symmetry plane. This mean separated
flow region is associated with the onset of transition in the surface
boundary layer near the symmetry plane and may be further under-
stood by examining contours of the spanwise component of vorticity
on the midplane, Figs. 24a-24c, and on the surface, Figs. 24d—-24f.
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Fig. 21 Instantaneous axial vorticity (a—c) and turbulent Kinetic energy (d—f) on a crossflow plane normal to the vortex core x = 0.175: a,

d)Re =2 x 10°; b, e) Re = 6.2 x 10°; and ¢, f) Re = 2 x 10°.
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Fig. 22 Instantaneous axial vorticity (a—c) and turbulent Kkinetic energy (d—f) on a crossflow plane normal to the vortex core, x = 0.612: a,
d)Re =2 x 10°; b, e) Re = 6.2 x 10°; and ¢, f) Re = 2 x 10°.

f)

Fig. 23 Instantaneous axial vorticity (a—c) and turbulent Kinetic energy (d—f) on a crossflow plane normal to the vortex core x = 0.875: a,
d)Re =2 x 10°; b, e) Re = 6.2 x 105; and ¢, f) Re = 2 x 10°.
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Fig. 24 Instantaneous spanwise vorticity on the symmetry plane (a—c) and on the wing surface (d—f): a, d) Re =2 x 10°; b, ) Re = 6.2 x 10°; and c,

f) Re =2 x 10°.

The onset of an instability layer and the subsequent roll up and
separation of the boundary layer is portrayed in Figs. 24a—24c.
Note that these figures have been magnified in the z direction by a
factor of 10. This unsteady boundary-layer flow is characterized by
the formation of small-scale vortical structures that are subsequently
convected downstream. These vortices interact with the surface,
creating small regions of vorticity of the opposite sign near the
surface. As the Reynolds number is increased, Figs. 24a—24c, the
boundary layer thins and the onset of the instability moves pro-
gressively upstream. Both the upstream and spanwise extent of this
transitional flow region can be more plainly seen in Figs. 24d—-24f, in
which the imprint of the transitional boundary layer is seen as
fingerlike structures extending outboard from the symmetry plane
and terminating inboard of the primary attachment line. The growth
of the instability region with increasing Reynolds number is again
apparent in these figures.

It is quite likely that further grid resolution is required near the
symmetry plane to fully capture this transitional/turbulent flow.
The impact of the symmetry boundary condition also needs to be
further explored. Nonetheless these computations highlight the very
complex surface boundary-layer flows that may develop for this type
of low-sweep delta wing geometry at these moderate Reynolds
numbers. High-fidelity techniques such as the ILES approach
presented here will be needed to accurately capture these complex,
mixed-type flows.

VIII. Conclusions

Computations have been performed for a 50-deg-sweep delta wing
at a 15 deg angle of attack and moderate Reynolds numbers of
Re=2x10°, 6.2x10°, and 2 x 10°. A sixth-order compact-
difference scheme coupled with an eighth-order low-pass filter has
been used to solve the Navier—Stokes equations. An implicit LES
scheme exploits the use of the low-pass filters to regularize the
solution for these transitional Reynolds numbers. An assessment of
grid resolution showed that significant smaller scales are captured
on the finer mesh, providing a more accurate representation of the
complex, unsteady, separated flow. These results highlight the impor-
tance of both high-order accuracy and grid resolution in correctly
simulating these types of transitional flows.

Particle image velocimetry measurements were made for the 50-
deg-sweep delta wing for the two lower Reynolds numbers com-

puted, Re = 2 x 10° and 6.2 x 10°. At the lower Reynolds number,
good agreement was seen between the computation and the experi-
ment, with all the salient features of the experiment being reproduced
for both the mean and instantaneous flowfields. Good qualitative
agreement is again seen for the higher Reynolds number, Re=
6.2 x 10°, with some differences in the location and structure of the
onset of vortex breakdown. The overall good agreement between
the computation and experiment provides confidence in the ability
of the ILES approach to simulate these moderate Reynolds number
flows.

A detailed description of the computed mean and instantaneous
flow structure over the delta wing has been given, including a
discussion of the effect of Reynolds number on the unsteady
flowfield. The vortex breakdown location was observed to initially
move upstream and then subsequently downstream with increasing
Reynolds number. For Re = 6.2 x 10°, the breakdown appears to
occur in two stages, with a diffuse region of lower axial velocities
followed by a region of stronger wakelike flow. The highest levels
of turbulent kinetic energy are observed upstream of breakdown and
in the first region of the breakdown for Re = 6.2 x 10°. This leads
to increased turbulent dissipation and a weakening of the intact
vortical flow upstream of breakdown with increasing Reynolds
number. In crossflow planes normal to the vortex core, a weakening
of the secondary flow and an outboard movement of the secondary
separation point were observed, with increasing Reynolds number
both upstream and downstream of breakdown. Downstream of
breakdown, the vortex takes a more oval shape and is composed of a
number of small-scale features that become more numerous and
distinct with increasing Reynolds number. The mean flow exhibits
helical substructures that corotate with the primary vortex in the shear
layer that separates from the leading edge and rolls up to form the
primary vortex. These substructures decrease in wavelength and
develop progressively further upstream with increasing Reynolds
number.

Transition of the surface boundary layer near the symmetry plane
was also noted. This unsteady boundary layer flow is characterized
by the formation of small-scale vortical structures and their sub-
sequent convection downstream. The onset of the instability in
the boundary layer moves progressively upstream with increasing
Reynolds number. Although it is likely that further computations
are required to fully understand this transitional/turbulent flow, the
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presence of this transitional flow region highlights why high-fidelity
techniques such as the present ILES approach are needed to model
the complex mixed-type flows existing at moderate Reynolds
numbers.
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