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Abstract

The development of a simulation framework for virtual flight under realistic
atmospheric conditions requires the accurate prediction of both aircraft aerody-
namics and the evolution of coherent flow structures such as trailing vortices.
In the present work, the CFD solver CODA is employed to investigate the for-
mation, transfer, and downstream evolution of a wingtip vortex in an overset
grid framework. A high-order discontinuous Galerkin discretization is applied to
a rectangular NACA 0012 wing in a wind-tunnel configuration, with the vortex
generator and surrounding flow domain represented by separate computational
meshes coupled through overset interfaces. The vortex formation process is simu-
lated using wall-modeled large-eddy simulation (WMLES). The study focuses on
two primary objectives. First, the accurate prediction of the vortex-generation
process through comparison with experimental and numerical reference data, and
second the transfer and preservation of the resulting coherent vortex structure
across computational domains. The results show that the high-order discon-
tinuous Galerkin approach accurately captures the vortex roll-up process and
preserves the turbulent vortex structure over extended downstream distances.
Vortex meandering increases with downstream distance, while the dominant POD
structures exhibit characteristic displacement patterns consistent with previous
observations of trailing-vortex dynamics. Moreover, the overset coupling trans-
fers the vortex between computational domains without significant loss of vortex
strength or degradation of its characteristic structure. These results provide a
basis for future virtual flight simulations involving interactions with atmospheric
turbulence or wake vortices generated by other aircraft.
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1 Introduction

The realization of virtual flight (VF) in realistic atmospheric environments requires an
accurate CFD framework capable of capturing the aerodynamic interaction between
an aircraft and its unsteady environment, thereby providing a relevant element of a
digital twin for the flight through the atmosphere. Such simulations are relevant to
several areas of aviation, including aircraft design, flight and airport operations and
eventually certification. A comprehensive VF environment should capture both the
aerodynamic response of the aircraft to atmospheric disturbances and the generation,
evolution, and eventual decay of trailing vortices.

While current simulations accurately capture aerodynamic effects within uniform
airflow, they often neglect the complex influence of atmospheric flow phenomena.
Achieving a genuine virtual product requires coupling the aircraft model with its sur-
rounding environment, bridging atmospheric physics and aircraft engineering through
a unified and comprehensive approach. Such an environment enables the investigation
of aircraft interactions with a wide range of atmospheric phenomena. Relevant influ-
ences are not limited to wake vortices but also include coherent disturbances such as
gusts and waves, as well as convective and thunderstorm-induced turbulence. By rep-
resenting these atmospheric processes realistically, VF can provide accurate estimates
of the resulting aerodynamic forces and moments. This capability enables the virtual
assessment of extreme events, fatigue loading, and predictive maintenance scenarios
while reducing the dependence on costly flight experiments. Such simulations can fur-
ther accelerate design optimization, support the development of advanced control and
sensing systems, and potentially contribute to future certification processes through
computational validation.

Coupling the atmospheric and aerodynamic domains represents a central compo-
nent of VF. One promising approach is to employ separate computational grids for the
different flow regimes. Such a decomposition allows numerical methods and turbulence
models to be tailored to the respective flow physics. For example, different subgrid-
scale models or numerical flux functions can be employed in each domain, potentially
improving accuracy. The atmospheric model represents turbulence, gusts, and poten-
tially wake vortices generated by other aircraft, while the aerodynamic model resolves
their interaction with the flow around the aircraft geometry.

Accurately assessing the interaction between the wake of a leading aircraft and a
trailing aircraft, for example, requires the generated vortices to evolve over sufficiently
long periods to attain representative wake characteristics. Performing such simulations
in an aircraft-centred reference frame would require prohibitively large computational
domains to capture the downstream evolution of the wake. A more feasible approach
is to employ a ground-fixed domain through which one or more aircraft move, allowing
both wake evolution and subsequent aircraft-wake interactions to be simulated within
the same computational environment [1, 2].

A ground-fixed reference frame offers several advantages for such simulations. First,
environmental turbulence and coherent flow structures can be generated and evolved
directly within the computational domain, avoiding the challenge to preserve them
while introducing them through an inflow boundary condition. Second, high flow veloc-
ities relative to the stationary environment are largely confined to the vicinity of the



moving aircraft, potentially enabling an efficient incompressible treatment of large
parts of the surrounding domain. Third, the complete temporal evolution of an air-
craft wake, from its generation to its eventual decay, can be represented within the
same computational domain. Finally, arbitrary aircraft trajectories can be considered,
enabling the simulation of manoeuvrers such as take-offs, landings, and turns.

An advanced attempt to realize the VF concept was presented in [3]. Here all
benefits of the aircraft-centered reference frame were demonstrated. However, the
implementation remained too unpractical for a wider application due to the fol-
lowing reasons. First, the interface between the communicating domains in a finite
volume setting contained multiple layers such that the memory requirements for com-
plex geometries surpassed the resources. Second, the coupling of different flow solvers
turned out to be too demanding for maintenance. In this study we aim to overcome
these shortcomings while maintaining the capabilities of the VF concept.

Many engineering problems feature moving geometries, such as helicopters or
wind turbines, which can be represented in CFD using methods like the arbitrary
Lagrangian-Eulerian (ALE) technique [4]. However, ALE is generally limited to small
displacements unless frequent re-meshing is employed. For large motions, sliding mesh
or overset grid methods are more suitable. Sliding mesh approaches partition the com-
putational domain into non-overlapping subregions that move relative to each other
along their interfaces [5-7], but they struggle to accommodate the substantial trans-
lational and rotational movements typical of aircraft subjected to strong atmospheric
disturbances. In contrast, overset grids enable fully independent motion of multiple
overlapping meshes, with coupling achieved through interpolation of conserved vari-
ables across the overlapping regions [8-10]. This flexibility makes overset grids the
preferred choice for VF.

Simulation of VF poses a demanding multiscale problem in computational fluid
dynamics, involving a wide range of characteristic length and time scales. Relevant
time scales extend from the rapid formation and roll-up of trailing vortices to their
long-term evolution and eventual decay, including the development of instabilities such
as the Crow instability [11]. At the same time, the spatial scales range from the thin
boundary layers surrounding the aircraft to the considerably larger scales associated
with atmospheric flow phenomena.

Numerical methods designed for high-order accuracy provide superior precision and
efficiency in CFD and high-performance computing applications [12]. Many schemes,
such as WENO [13], require wide stencils for solution reconstruction, which compli-
cates overset-grid coupling. The discontinuous Galerkin (DG) method, by contrast,
uses cell-local polynomials and exchanges information only with immediate neigh-
bours via numerical fluxes from Riemann solvers [14, 15]. This compact stencil makes
DG naturally well-suited for overset grids, as the coupling mechanism requires only
minimal modification, limited to interpolating data at the artificial interface. DG also
offers low numerical dissipation and robustness [16], making it ideal for simulating the
complex, unsteady flow physics of aircraft-atmosphere interaction.

The simulations presented in this paper are performed using CODA, a next-
generation CFD software jointly developed by ONERA, DLR, and Airbus. CODA
is explicitly designed to leverage novel HPC architectures through multiple levels of



parallelization, including both shared and distributed memory [17]. It supports dis-
cretization of various equation systems using either finite volume or discontinuous
Galerkin methods, combined with a wide selection of explicit and implicit time inte-
gration schemes. This versatility, along with the ability to utilize the DLR platform
for multidisciplinary design analysis (FSDM) and its efficient parallelization, makes
CODA well-suited for large-scale VF simulations.

The aim of this paper is the wall-modelled implicit large-eddy simulation
(WMLES) of a wingtip vortex following the experiment of Chow et al. [18] using static
overset grids. We focus on the influence of different spatial discretization schemes and
resolutions on the trailing vortex and compare the results with experimental and com-
putational references. Chow’s test case has been extensively studied in recent years,
particularly for the assessment of turbulence models, owing to the extensive exper-
imental reference data available. Of particular interest in this regard is whether an
implicit LES can accurately resolve the vortex roll-up process while simultaneously
preserving the resulting vortex strength over multiple chord lengths downstream.

Recent numerical studies have addressed complex vortex-dominated flows over
multi-swept and triple-delta wings, including vortex interactions, merging, and break-
down [19, 20]. Reinbold et al. [21] further investigated the vortical flow field of a
delta-wing configuration using RANS simulations and overset grids. Kaufmann et al.
[22] numerically investigated the formation and evolution of a blade-tip vortex on a
finite wing and compared the results with experimental PIV data, demonstrating an
increasing influence of numerical dissipation on the vortex characteristics with down-
stream distance. For Chow’s configuration, several RANS studies have investigated the
sensitivity of the near-field vortex to turbulence modelling and numerical resolution
[23, 24]. Hybrid RANS-LES and other scale-resolving approaches have subsequently
been employed to improve the prediction of the downstream vortex evolution and
assess the influence of the numerical and modelling setup [25].

Large-eddy simulations have been conducted using a variety of numerical frame-
works, including finite difference schemes on overset grids with Smagorinsky subgrid-
scale modelling [26], as well as spectral/hp element methods combined with Spectral
Vanishing Viscosity [27]. High-fidelity simulations approaching DNS resolution have
further examined boundary-layer behaviour and its interaction with the vortex [28].
A key limitation of these studies is the systematic use of reduced Reynolds numbers
to mitigate computational cost. The present work instead considers the experimen-
tal Reynolds number and employs a wall-modelled LES to relax near-wall resolution
requirements. To the authors knowledge, this is the first application of a DGSEM
based wall-modelled LES to Chows test case at the true Reynolds number.

The remainder of this paper is organized as follows. The spatial and temporal
discretization schemes are presented in Section 2.1, followed by a description of the
coupling interface in Section 2.2, while the evaluation of the Chow et al. test case can
be found in Section 3. The paper concludes with Section 4 on recommendations for
future development.



2 Numerical methods

We investigate the ability of numerical methods to capture the formation and per-
sistence of a wingtip vortex. The scheme considered is the discontinuous Galerkin
spectral element method (DGSEM), which is based on a subdivision of the compu-
tational domain into non-overlapping elements €2;, where a solution approximation
using a polynomial representations is employed. The governing equations throughout
this work are the compressible Navier—Stokes equations.

2.1 Discontinuous Galerkin spectral element method

The discontinuous Galerkin (DG) method employs a piecewise polynomial approxi-
mation of the solution within each element §2;

N+1
U? ~ Z () ey (), (1)
p=1
where o denote the degrees of freedom and ¢ the basis functions. Multiplying the
conservation equation with a test function, followed by integration over an element
and insertion of the polynomial basis, yields the weak formulation

/Q(U?+V-F5)gpdx:o. (2)

In the Galerkin formulation, the test functions coincide with the basis functions,
for which one-dimensional Lagrange polynomials are employed. Each element contains
N+1 degrees of freedom per spatial direction for a polynomial approximation of degree
N. The integrals in the weak formulation are evaluated using numerical quadrature.
High computational efficiency is achieved by collocating interpolation and integration
nodes, thereby reducing the operation count per degree of freedom. The diffusive fluxes
are discretized using the second method of Bassi and Rebay (BR2) [29]. For the con-
vective fluxes, Roe’s approximate Riemann solver [30] combined with the entropy fix of
Harten and Hyman [31] is employed. Time integration is performed explicitly using a
fifteen-stage, fourth-order low-storage Runge-Kutta scheme with an enlarged stability
region [32]. The nodal distribution is based on Legendre-Gauss—Lobatto quadrature
points. To improve robustness without introducing artificial viscosity, the split-form
DGSEM formulation is employed. This formulation is based on the strong form of
the conservation equations and provides entropy stability as well as kinetic-energy
preservation [33].

2.2 Overset grids

In simulations involving multiple grids, the primary challenge lies in the coupling
between adjacent domains. Depending on the spatial discretization, the coupling pro-
cedure differs slightly. In contrast to conventional Chimera approaches such as [3], the
overset-grid methodology employed here does not require an overlap region between
neighboring meshes. This approach reduces the memory requirements and enables



more complex aircraft geometries in the future. Instead, it is sufficient for the com-
putational domains to share a common interface. This property allows larger portions
of the background mesh to be removed, thereby reducing the total number of degrees
of freedom. Overset, or artificial boundaries are treated as specialized boundary con-
ditions. Their implementation is analogous to the communication procedure used at
processor subdomain interfaces.

2.2.1 DGSEM coupling

Following the artificial-boundary method of Galbraith et al. [34], grid coupling is
performed exclusively through numerical flux evaluations at artificial boundaries.
Whereas fluxes at interior interfaces are computed solely from the left and right states
of adjacent elements, the missing exterior state at an artificial boundary is provided
by the overlapping donor grid (see Fig. 1). At each artificial interface, the N 4+ 1 flux
evaluation points are distributed according to the selected nodal arrangement. Their
physical coordinates, £ = (x1,x2,x3), are transferred to the donor grid, where the
polynomial solution representation is used to evaluate the conserved variables and their
gradients. These quantities are subsequently communicated back to the receiving grid.
The transferred data then enables the artificial interfaces to be treated consistently
with interior interfaces during numerical flux evaluation.

MU (e}, E2)

Fig. 1: Sketch of a DG cell y; in physical space possessing one overset boundary over-
lapping with another grid. Volume solution points are denoted by dots, flux evaluation
points by squares and artificial boundary points by triangles. The Legendre-Gauf3-
Lobatto point distribution is shown.

Although the identification of donor elements for each interface point introduces
a non-negligible computational overhead, the method offers several important advan-
tages. A primary benefit is the elimination of halo elements, which are typically
required for solution reconstruction in high-order FV schemes. Furthermore, the num-
ber of flux evaluation points is reduced by a factor of N + 1 compared to approaches
based on reconstruction of the full volume solution. In FV methods, the stencil size
generally increases with the formal order of accuracy, requiring additional halo cells at



overset interfaces. In contrast, the present DG approach maintains high-order accuracy
using only the predefined interface flux points.

Direct pointwise evaluation of donor solutions at artificial boundaries introduces
errors due to solution discontinuities and the loss of quadrature accuracy for non-
smooth functions. To mitigate these effects, Farrell et al. [35] proposed a local
Galerkin projection, while Crabill et al. [36] introduced a flux-reconstruction approach.
Although these methods reduce overset interpolation errors, they also incur substantial
additional computational cost. Galbraith et al. [34] and Spraul et al. [37] demonstrated
that the associated errors decrease with increasing formal convergence order. Con-
sequently, the simpler pointwise evaluation strategy is adopted in the present work,
where it is shown to provide sufficient accuracy for the considered test cases.

3 Rectangular NACA 0012 wing

In this section, the ability of CODA to capture the formation and persistence of a
wingtip vortex is assessed for different spatial discretizations. The primary challenge
are the two different flow regimes present. First, the boundary layer undergoes roll-
up into multiple vortical structures followed by their subsequent merging. Second, the
resulting coherent vortex structure must be preserved over long propagation distances
while minimizing numerical dissipation.

3.1 Geometry and grids

Only a limited number of test cases addressing wake-vortex formation provide detailed
experimental reference data. One such configuration is the experiment conducted by
Chow et al. [18]. The setup consists of a rectangular NACA 0012 wing with a chord
length ¢ and a rounded tip mounted inside a wind tunnel. The wing is attached to the
tunnel wall and inclined at an angle of attack of ten degrees. Rotation is performed
about the quarter-chord location, and the total wingspan is 0.75¢. The low-speed wind
tunnel of the NASA Ames Research Center is represented by a rectangular compu-
tational domain with dimensions 10¢x0.66¢xc, as illustrated in Fig. 2. A Cartesian
coordinate system is used with its origin located at the trailing edge of the wing.

To discretize the computational domain, two separate meshes are employed. The
wing geometry and the channel section containing the wing root are resolved by the
overlay grid, while the underlay grid represents the wind tunnel domain and includes
sponge zones downstream of the inflow boundary and upstream of the outflow bound-
ary. An overview of the mesh configuration is shown in Fig. 3. The underlay mesh
consists of a Cartesian hexahedral discretization with hanging nodes. Local mesh
refinement is applied in the vicinity of the wing and in the anticipated vortex path.
The corresponding grid spacings are summarized in Tab. 1.

Generating a suitable mesh for the wing remains challenging, even for the compar-
atively simple geometry considered here, due to the requirement of purely hexahedral
elements in the current DGSEM implementation. To address this issue, the commercial
preprocessor ANSA was employed for generation of the overlay mesh. The result-
ing discretization corresponds to a structured C-grid around the NACA 0012 profile,
extruded from the wing root and rotated about the wing tip.



Fig. 2: Test section of the wind tunnel used by Chow et al. [18] as implemented in
the simulation. One of the measuring planes used for flow analysis is shown in blue.
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Fig. 3: Surface mesh of the wing and two slices in the yz-plane through the underlay.

3.2 Setup and initial conditions

The wing is exposed to a free-stream Mach number of Ma, = 0.15. At the inflow and
outflow boundaries, free-stream velocity and pressure conditions are prescribed. Con-
sistent with previous numerical investigations of this configuration, inflow turbulence
is not considered. Based on the reference flow quantities, the resulting Reynolds num-
ber with respect to the chord length is Re. = 4.6 - 10°. In the experiments, the wing’s
boundary layer was tripped near the leading edge. For simplicity, the boundary layer
in this setup is allowed to transition naturally from laminar to turbulent flow. Chow et
al. [18] selected the wing dimensions to maximize the model size while avoiding viscous
effects associated with the wind-tunnel boundary layers. Nevertheless, a pronounced
inviscid blockage effect was observed. Lombard et al. [27] reported an effective increase
in the angle of attack of approximately two degrees due to the limited cross-sectional



Table 1: Element sizes in different regions of the domain normalized by c.

Boundary layer [1073]  Vortex nearfield [107%]  Vortex farfield [10~2]
dx dy dz dx dy dz dx dy dz

DG-F 5.5 1.37 3.44 6.5 7.5 4.1 31.2 20.0 20.0
DG-M 11.0 2.74 6.88  12.7 15.6 7.7 31.2 20.0 20.0
DG-C 22.0 548 13.76 25.0 18.0 14.5 31.2 20.0 20.0

dimensions of the wind tunnel. In the present study, the wind-tunnel boundary layers
are not resolved, and slip boundary conditions are imposed at the tunnel walls. This
approach is consistent with the simulations of Uzun et al. [26] and Lombard et al.
[27]. The simulations are initialized using a second-order accurate discretization and
advanced until the temporal averages of the lift coefficient ¢; and drag coefficient ¢y,
reach statistically stationary values. This state is reached after approximately nine
convective time units (CTU). Subsequently, the polynomial degree of the DG ansatz
is increased to the desired level. The simulation is then continued for an additional
thirteen CTUs before collecting time-averaged statistics over a further four CTUs.
All quantities are evaluated on the measurement planes defined by Chow et al.
which consist of point clouds in the yz-plane with a sampling resolution of approx-
imately twice the polynomial order per computational element. The streamwise
locations of the measurement planes relative to the trailing edge are listed in Table 2.

Table 2: Location of measuring planes normalized by c.

xz/c -0.394 -0.296 -0.197 -0.114 -0.005 0.005 0.125 0.246 0.452 0.678

3.3 Vortex core localization

Most quantities in the experiments of Chow et al. [18] are evaluated at the estimated
centre of the vortex-core. Due to the steep gradients of all three velocity compo-
nents in the vortex core, even small deviations of the detected core position can lead
to significant discrepancies with respect to the experimental reference data. Several
approaches for vortex-core identification have been proposed in the literature. Chow
et al. [18] and Uzun et al. [26] defined the vortex centre as the location of minimum
cross-flow velocity in the vicinity of the pressure minimum. In contrast, Lombard et al.
[27] employed the local pressure minimum as the primary criterion, although a man-
ual correction was applied. Stephan et al. [38] demonstrated that a combined criterion
based on maximum vorticity and minimum pressure provides a robust approach for
vortex tracking. Additional methods include identification based on extrema of helic-
ity, the Q-criterion, or axial velocity. In the present study, the vortex-core position is
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Fig. 4: Visualization of the instantaneous vortex structures around the NACA 0012
wing based on iso-surfaces of the Q-criterion.

determined similar to Chow et al. from the location of minimum cross flow velocity
near the global pressure minimum, which was found to provide the most robust and
consistent results. Determination of the vortex-core position is particularly challenging
upstream of the trailing edge. In this region, multiple vortical structures are generated
and subsequently merge, complicating the identification of a unique vortex centre.

Figure 4 shows an instantaneous visualization of the vortex roll-up process. Mul-
tiple vortical structures are generated in the vicinity of the wing tip and subsequently
merge into the primary vortex. As a consequence, identification of a unique vor-
tex core remains challenging in this region. Figure 5 shows a cross-sectional slice at
x/c = —0.296 for several flow quantities together with vortex centres obtained using
different identification criteria. Even in the time-averaged flow field, the vortex struc-
ture beneath the wing tip remains highly incoherent, making a consistent definition
of the vortex core difficult.

Further downstream, the system of multiple vortices merges into an increasingly
coherent structure. Figure 6 shows the axial velocity and pressure coefficient ¢, at the
vortex core as a function of the distance from the trailing edge. Downstream /¢ = 0.2,
the different core-identification criteria converge, indicating the formation of a more
clearly defined dominant vortex core.

The vortex core exhibits a distinct meandering motion. No correction for the result-
ing contribution to the measured fluctuations is applied, as Chow et al. [18] considered
this effect negligible and likewise did not correct their experimental data. A detailed
analysis of the vortex meandering is provided in Section 3.4.3.
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Fig. 5: Flow field in the yz-plane at z/c = —0.296 and the location of the vortex
centre determined by different criteria.
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Fig. 6: Axial velocity (left) and ¢, (right) over distance to trailing edge depending on
the method used to define the vortex core.

3.4 Vortex evaluation

In this section, characteristic vortex quantities are evaluated and compared with the
experimental results of Chow et al. [18] as well as previous computational studies.
DGSEM discretization orders ranging from second to fourth order are considered by
varying the polynomial degree.

3.4.1 Axial velocity and pressure coefficient

In Fig. 7 (left), the evolution of the axial velocity with respect to the distance from
the trailing edge is shown. The discussion first focuses on the fourth-order DGSEM
solution on the fine grid. In the first measurement plane at xz/c = —0.394, a velocity
deficit is observed in the vortex core. Further downstream, this deficit transitions into
an axial velocity excess. The maximum is reached in the vicinity of the trailing edge,

11



where u,x = 1.7 U, in good agreement with experimental data. With increasing dis-
tance from the trailing edge, the magnitude of the jet-like velocity excess gradually
decreases, while a surplus is maintained. For the coarser grids, both results capture the
initial increase in axial velocity but underpredict the experimental maximum. Never-
theless, the axial-velocity level at the final measurement plane is reproduced reasonably
well. Convergence toward the experimental data in the lower-order DGSEM simula-
tions is observed only downstream of the trailing edge, while no clear convergence is
evident upstream. This behaviour is likely related to insufficient spatial resolution, as
the highly unsteady vortex-formation process and the associated flow structures are
particularly demanding to resolve accurately.

U/ U

0.4

0.0 -4.0
—04 —02 0.0 0.2 0.4 0.6 —04 —02 0.0 0.2 0.4 0.6

x/c z/c

——DG4-F ——DG4-M —+ DG4-C -m-DC3-F -«-DG2-F\ ] 0 Chow ALombard\

Fig. 7: Progression of axial velocity (left) and ¢, (right) over distance to trailing edge.
For comparison the results of Chow et al. [18] and the LES by Lombard et al. [27] are
shown.

In Fig. 7 (right), the progression of the pressure coefficient

Cp = pl p2oo’ (3)
3 PUs

is shown, where superscript co denotes free-stream quantities. In the experiment,
a pronounced reduction in static pressure is observed in the near wake. The mini-
mum pressure occurs in the vicinity of the trailing edge, beyond which the pressure
remains approximately constant in the downstream direction. This pressure minimum
is associated with the vortex core formation and is consistent with the observed axial
velocity increase. Rather than acting as a direct driving mechanism, the low-pressure
region reflects the centrifugal balance within the swirling flow field and the associated
radial pressure gradient sustaining the vortex structure.

Overall, the fourth-order DGSEM solution closely follows the experimental trend
and captures the development of the pressure deficit. Further downstream, a grad-
ual recovery of the pressure level is observed. DG4-M and DG4-C exhibit a similar
evolution but under predict the magnitude of the pressure deficit. In the lower-order

12



DGSEM simulations, the results progressively converge toward both the higher-order
solution and the experimental data.

3.4.2 Vortex position

In Fig. 8 (left), the vertical position of the vortex core relative to the trailing edge is
shown. From the first measurement plane, the vortex core initially moves downward
until it reaches a minimum position in the vicinity of the trailing edge. This trend
is also captured by the numerical simulations. Further downstream, the vortex core
exhibits an upward displacement.

The higher-order DGSEM solutions generally lie closer to the reference data, but
no systematic convergence with increasing order is observed. Overall, the vertical
evolution of the vortex trajectory is reasonably well reproduced by all schemes.

0.2 0.4

—o—DQ4-F ——DG4-M —+ DC4-C -m-DC3-F -G-DGZ-F‘ ] 0 Chow ALombard\

Fig. 8: Vertical and horizontal position of the vortex core in relation to the trailing
edge. For comparison the result of Chow et al. [18] and LES by Lombard et al. [27]
are shown.

Figure 8 (right) presents the axial evolution of the spanwise position of the vortex
core. An inboard displacement is observed in the downstream direction. Similar to the
trends in pressure and axial velocity, deviations in the lower-order solutions are more
pronounced in the upstream region of the trailing edge, whereas better agreement with
the reference data is obtained further downstream.

In the experimental data, a localized outboard displacement is observed around
x/c = 0.125, which Chow et al. [18] attributed to the interaction and merging of a
secondary vortex in this region. This secondary structure is induced by the primary
vortex through its interaction with the boundary layer. A similar feature is also present
in some of the fourth-order DGSEM results.

13



3.4.3 Vortex meandering

Vortex meandering refers to the low-frequency wandering of the vortex core about its
mean axis and is a characteristic feature of trailing vortices observed in both experi-
ments and numerical simulations [39-41]. Current evidence suggests that this motion
is primarily the stochastic response of a dynamically receptive trailing vortex to dis-
turbances associated with its formation and the surrounding flow [42]. Although the
resulting displacement field resembles a helical vortex mode [43], this observation alone
does not necessarily imply the presence of a self-excited instability.

Nevertheless the influence of meandering should be taken into account. Chow et
al. assumed a sinusoidal lateral motion of the vortex centre at their last measurement
plane at /¢ = 0.678 with a meander amplitude of about 0.00010 ¢ which was estimated
to introduce an rms error of the crossflow velocity of 0.5% of the freestream velocity. In
similar fashion the error for the Reynolds stresses was estimated and deemed negligible
in the vicinity of the vortex generator (z/c < 0.678).
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Fig. 9: Instantaneous core positions in the measuring planes at x/c = [1.0,2.0,3.0].

The origin is located at the vertical and horizontal coordinates of the mean vortex
centre. The blue circles denote the average amplitude of the vortex wandering.

Figure 9 shows the instantaneous vortex-core positions at different locations down-
stream of the trailing edge. A distinct meandering motion is observed, with its
amplitude initially decreasing slightly before increasing again further downstream.
Devenport et al. [39] reported a linear increase in meandering amplitude between
x/c =5 and x/c = 30. The shorter downstream extent considered here, together with
the proximity to the vortex-generating wing, may explain why a linear increase in
meandering amplitude is not observed.

The Gaussian joint probability density function (JPDF) of the vortex-core posi-
tions, shown in Fig. 10, provides a compact representation of the spatial characteristics
of the meandering motion. The elongated distributions indicate anisotropic vortex
displacements, with the major axis defining a preferential direction of motion. An
inclination of this axis relative to the coordinate directions further indicates a cor-
relation between the lateral and vertical displacements. Both the amplitude and the
preferential direction of the meandering vary with downstream distance. At z/c = 3
the mean radius of the meandering motion amounts already to 5.7% of the respective
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vortex core radius as seen in Fig. 9. The vortex-core radius r. is defined as the radial
position at which the magnitude of the tangential velocity reaches its maximum.
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Fig. 10: Gaussian joint probability density distributions of the vortex core positions
in the measuring planes at x/c = [1.0, 2.0, 3.0].

Azimuthally averaged normalised tangential-velocity profiles are presented in Fig.
11. The tangential velocity is evaluated in each measurement plane using a cylindrical
coordinate system centred at the respective vortex-core positions determined at every
instant of time used for the analysis. At each radial distance, the crossflow velocity
components are interpolated along a circular contour parametrized by y = r cos 8 and
z = rsinf. The tangential velocity is then obtained by projecting the cross-plane
velocity vector onto the circumferential direction according to

ug = vsin @ — wcosf. (4)
The azimuthally averaged tangential-velocity profile is obtained as

g (1) 1 /Owug(r,é))d& (5)

"o

With increasing distance from the trailing edge, both the magnitude of the tangen-
tial velocity and the core radius remain approximately constant. The variation of the
velocity profiles associated with vortex meandering, represented by the shaded area,
decreases slightly with downstream distance, consistent with the observed evolution
of the meandering amplitude over the investigated range.

Following Hussain and Reynolds et al. [44], a triple decomposition of the flow field
is performed to isolate the contribution associated with the wandering motion. The
velocity vector at each sampling time ¢;

u(x, t;) = a(x) + a(z, t;) +u (2, ;) (6)

is decomposed into the time-averaged component u, the coherent wandering com-
ponent %, and the turbulent fluctuation w . Solving for the velocity fluctuations
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Fig. 11: Azimuthal average of normalised tangential velocity in measuring planes at
x/c = [1.0,2.0,3.0]. The origin is located at the vertical and horizontal coordinates of
the mean vortex centre.

associated with the meandering motion gives
iz, 1) = [u(e, ) — a(@)] - [a(e,t) - (). (7)

The first term on the right-hand side is obtained directly from the instantaneous and
time-averaged flow fields and contains contributions from both vortex wandering and
turbulent fluctuations. The second term is introduced to separate the turbulent con-
tribution from the wandering motion. For this purpose, the instantaneous snapshots
in each measurement plane are shifted such that the instantaneous vortex core coin-
cides with the corresponding mean vortex-core position. This transformation yields the
vortex-centered flow field @(z — z.(t),¢;), in which the displacement associated with
vortex meandering has been removed. The corresponding mean flow is then obtained
by

i) = % Y il —e(t). ) (8)

Proper Orthogonal Decomposition (POD), following Sirovich et al. [45], is applied
to identify the dominant spatial structures associated with the wandering motion.

Figure 12 shows the downstream evolution of the leading POD mode for each
velocity component. Edstrand et al. [43] reported a pronounced interaction between
the wake and the vortex in the stream wise velocity component at z/c = 1.0. A
similar coupling is observed in the present results, although with a lower intensity.
With increasing downstream distance, the dominant vortex structure becomes more
decoupled from the wake and develops a characteristic helical pattern. The leading
POD mode for the velocity in x direction exhibits a pronounced dipole-like structure
in the vortex-core region, characteristic of a lateral displacement of the vortex. Its
orientation approximately coincides with the major axis of the vortex-core JPDF (Fig.
10), suggesting that the mode represents the velocity-field signature of the preferential
meandering motion.

For the transverse velocity components v and w, the largest modal amplitudes
are concentrated around the vortex core, indicating a strong association with the
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Fig. 12: Leading POD modes for meandering motion in x,y and z direction per column.
Lines represent the downstream positions x/c = [1.0,2.0,3.0].

meandering motion. The corresponding mode structures are oriented approximately
perpendicular to each other, consistent with a radial displacement of the vortex core
in the transverse plane. Overall, the leading modes exhibit spatial structures similar
to those reported by Edstrand et al. [43], providing further evidence that the observed
vortex meandering is consistent with the characteristic dynamics of trailing vortices
as observed in a wind tunnel.

In Fig. 13 the downstream evolution of the modal kinetic energy is presented.
The energy distribution provides a measure of the relative contribution of each POD
mode to the vortex wandering. A pronounced concentration of energy in the first
two modes indicates that the wandering motion is dominated by a small number
of coherent structures rather than by broadband fluctuations. Higher-order modes
contain progressively less energy and therefore contribute less to the overall wandering
motion.

The total modal kinetic energy associated with the wandering component ini-
tially decreases and subsequently increases again over the investigated downstream
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Fig. 13: Normalized kinetic energy k,, per POD modes n=[1,2,3,4] (left) and the total
kinetic energy ki normalized by the kinetic energy found in the plane at z/c = 1.0
(right).

range, without showing a clear overall amplification of the vortex meandering.
This behaviour is consistent with the corresponding evolution of the instantaneous
vortex-core displacement from its mean position over the same region.

3.4.4 Circulation

In the previous sections, the vortex formation process was investigated. The objective
of the present section is to assess whether the resulting vortex can be sustained by the
respective numerical schemes and to quantify the sensitivity of the vortex strength to
variations in spatial resolution. To this end, the vortex circulation is considered as a
primary measure of vortex intensity.

Experimental measurements of circulation were reported by Chow et al. [18] at a
single measurement plane located at x/¢ = 0.005. Circulation was obtained by inte-
grating the velocity field along a closed contour in the measurement plane. The same
procedure is employed in the present study. Only limited information regarding the
dimensions of the integration region in the y-z plane was provided. The experimental
study merely states that the selected area was sufficiently large to encompass a sub-
stantial portion of the viscous wake. Chow et al. [18] reported a normalized circulation
value of I' = 0.33, where the normalization is defined as

p- I )
U C
Wake vortices are a direct consequence of lift generation on finite wings, and their
strength is therefore closely related to the generated lift. Under the assumption of an
elliptical circulation distribution, the circulation can be expressed in terms of the lift
coefficient ¢;, the aspect ratio A, and the wingspan b,
_ 2cu0b

e (10)
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While an elliptical lift distribution represents an idealization that does not strictly
reflect the loading of real wings [46], it nevertheless provides a useful first-order
estimate of the expected vortex strength for the present simplified configuration.

Using the finest grid together with the fourth-order scheme results in a lift coef-
ficient of ¢; = 0.739. Based on the corresponding wing geometry, this corresponds to
a normalised circulation of I'c, = 0.47. The normalised circulation obtained by line
integration of the velocity field over an area of 0.141c?, following the procedure of
Chow et al., is I'gs = 0.427. This lower value is consistent with the assumptions
underlying the lift-based circulation estimate. The circulation estimated from the lift
coeflicient assumes an ideal elliptical spanwise loading, as predicted by classical lifting-
line theory. The present configuration employs a rectangular wing with a realistic
three-dimensional flow field, where viscous effects, finite aspect ratio, and tip-vortex
formation produce a non-elliptical spanwise loading. Therefore, the lift-based estimate
is expected to overpredict the circulation generated by the present wing.

Although both values deviate considerably from the experimental result, several
factors must be taken into account. These include the assumption of an elliptical lift
distribution, measurement uncertainty in the experimental data, and differences of the
numerical and experimental setups discussed in Section 3.2.

0.30 1

0.24 4 i

0.22 I I I I 1 1 1 =~
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

x/c
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Fig. 14: Normalized circulation over distance to trailing edge.

Figure 14 shows the evolution of the normalised circulation as a function of distance
from the trailing edge. The integration areas used for the computation of I" are circles
with radius r = 0.1c. They enclose multiple vortex core radii but do not cover the
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majority of the wake. Consequently, the resulting circulation values are lower than the
total circulation of the wake. Larger differences between the numerical schemes and
spatial resolutions are observed up to approximately x/c = 0.75, primarily owing to
differences in the vortex formation process. At this location, all schemes show good
agreement in terms of circulation magnitude. Further downstream, DG-4-F predicts
a slightly higher circulation than the other schemes, although the overall differences
remain small.

The vortex is generated by the pressure difference between the suction and pressure
sides of the wing, which is already captured at comparatively low spatial resolution.
Its subsequent downstream evolution, however, is sensitive to numerical dissipation
and spatial resolution. While the second-order DG scheme exhibits a rapid decay of
circulation, the higher-resolution approaches preserve the vortex strength over several
chord lengths downstream.

3.4.5 Reynolds stresses

Figure 15 shows the Reynolds stress Ry; across the vortex at different downstream
locations as reported by Chow et al. [47]. These velocity fluctuations in flow direction
in the vortex core region are presumably caused by vortex core meandering, which
responds highly sensitive to the characteristics of the surrounding turbulence [42].
Accordingly, the correct prediction of such non-stationary effects can be considered
quite challenging. The core location was determined as before by the minimum of cross
flow velocity. Experimental data are available from Chow et al. in the planes located
at x/c = [-0.296,0.005,0.453].

At the measurement plane z/c = —0.296, where the vortex interacts with the wing
boundary layer, the second-order scheme significantly over predicts the turbulence
levels. The third-order DGSEM solution lies closer to the experimental reference in
magnitude but exhibits a pronounced displacement of the vortex position. Only the
fourth-order solution reproduces the experimental data reasonably well and captures
the two distinct peaks observed in the measurements.

At the subsequent measurement plane (x/c = 0.005), the second-order DGSEM
scheme appears overly dissipative and fails to reproduce the increased turbulence
intensity accurately. The third-order solution, in contrast, substantially overpredicts
the turbulence level, which may indicate oscillatory behaviour of the spatial approx-
imation. The fourth-order scheme provides the best agreement, capturing both the
position of the R1; peak and the overall turbulence level reasonably well.

Further downstream at a/c = 0.453, the Reynolds-stress magnitude is some-
what underestimated, which may be related to a delayed vortex-merging process. The
experimental data exhibit a single distinct peak, while the numerical results retain a
multi-peak structure. At 2/c = 2.011, a single dominant peak is recovered for DG4-F,
indicating that the vortex has developed into a more coherent structure further down-
stream. One possible explanation for the discrepancy at the upstream locations is the
omission of a boundary-layer tripping mechanism in the simulations, which may alter
the turbulence state entering the vortex-formation region.

Overall, preservation of the turbulent characteristics of the vortex core appears
considerably more sensitive to numerical dissipation than the mean vortex quantities
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Fig. 15: Profiles of turbulent stresses across the vortex core a different yz - planes.

discussed previously. In particular, DG2-F does not sustain a pronounced vortex-core
meandering motion, while the higher-order DGSEM schemes show a clear advantage in
preserving the associated turbulent fluctuations over extended downstream distances.

3.4.6 Mean spanwise velocity

In Fig. 16, the mean spanwise velocity distribution through the vortex core is shown. In
the measurement plane at 2/c = —0.296, all numerical approaches capture the overall
shape of the reference solution, with the fourth-order DGSEM scheme exhibiting the
best agreement and accurately reproducing the vortex position.

Further downstream at x/c = 0.005, the second-order DGSEM solution is clearly
unable to resolve the vortex flow adequately. Neither the velocity minima nor max-
ima are captured correctly, and discontinuities at element interfaces become visible.
In the vicinity of the trailing edge, the higher-resolution schemes exhibit oscillatory
behaviour near the velocity minima. Such oscillations are absent in both the experi-
mental data and the second-order DGSEM results. Similar to the Reynolds stresses
discussed previously, this behaviour may be associated with vortex meandering and
the delayed merging of the secondary vortex structures.
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In the final two measurement planes, the vortical structures have largely merged
into a coherent vortex, and all numerical approaches except the second-order DGSEM
scheme reproduce the reference data reasonably well.

Overall, the results indicate that accurate prediction of the mean vortex struc-
ture requires sufficient spatial resolution during the vortex roll-up process. While
the higher-order DGSEM schemes preserve the characteristic velocity distribution
throughout the downstream evolution, the lower-order approaches exhibit increased
numerical dissipation and reduced accuracy in the near-wake region.
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Fig. 16: Mean spanwise velocity across the vortex core a different yz - planes.

4 Conclusion

A setting for the realization of a virtual flight in a realistic environment with an
aircraft-centred reference frame was proposed. For this purpose the CFD solver CODA
with an overset-grid setup was utilized. To validate the approach, the formation and
downstream evolution of a wingtip vortex were simulated as an implicit wall modelled
LES using DGSEM with different polynomial degrees and computational grids. To the
best of the authors knowledge, this study represents the first application of a DGSEM-
based wall-modelled LES to Chows test case at the full experimental Reynolds number.
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The fourth-order scheme on the fine grid shows very good agreement with the
experimental reference in terms of axial velocity and pressure at the vortex core.
Using lower polynomial orders and correspondingly fewer degrees of freedom still yields
reasonably accurate predictions in the downstream region. However, the vortex roll-
up and merging process upstream of the trailing edge is not captured with the same
accuracy, where the fourth-order DGSEM approach exhibits a clear advantage.

It has been demonstrated that the implicit wall-modelled LES based on a high-
order DGSEM scheme is capable of accurately capturing the turbulence levels within
the vortex and sustaining its turbulent character far downstream of the trailing edge.
The mean spanwise velocity distributions show overall good agreement with the refer-
ence data, with the fourth-order DGSEM solution again providing the closest match
overall. However, the scheme tends to overpredict the velocity magnitudes in the
downstream measurement planes.

Vortex strength, quantified in terms of circulation, is found to be only weakly
dependent on spatial resolution during the formation phase. Since vortex generation
is primarily driven by the pressure difference between the suction and pressure sides
of the wing, the circulation can already be captured with comparatively low-order
methods. In contrast, the long-term preservation of circulation and vortex coherence
requires sufficient spatial resolution.

Overall, discretisations providing sufficient spatial resolution are able to repro-
duce the main features of the experimental flow field. In particular, the fourth-order
DGSEM on the fine grid benefits from its high-order spatial accuracy and low numer-
ical dissipation, enabling the vortex formation process to be accurately captured and
its turbulent structure to be preserved over extended downstream distances. The
results further demonstrate that, for the present wingtip-vortex flow, the DGSEM
spatial operator can effectively act as an implicit subgrid-scale model, as good agree-
ment with the reference data is obtained without introducing an explicit subgrid-scale
model. Reducing the spatial resolution, either by mesh coarsening or by lowering the
polynomial order, leads to a loss of accuracy in the prediction of the vortex roll-up
process and its subsequent turbulent evolution. For applications where the primary
objective is the prediction of the overall wake-vortex structure, this reduced level of
accuracy may nevertheless be sufficient, particularly in view of the significantly lower
computational cost. Preserving the turbulent character of the vortex over longer down-
stream distances, however, requires additional spatial resolution or a more elaborate
turbulence-modelling approach.

The recent advances in HPC performance mostly stem from progress in compute
performance, not memory bandwidth. This leads to memory-bound codes, such as
finite volume methods, only speeding up by the gain in memory bandwidth, whereas
(partly) compute-bound methods, such as the DGSEM, can also profit from the
increased FLOP /s. This gets further aggravated by the move towards accelerator cards
which have an even more unfavorable ratio of possible FLOP /s to memory bandwidth.
With this in mind, a GPU port of CODA was started with the goal of enabling efficient
WMLES simulations leveraging DGSEM.

A key limitation of the DGSEM approach is the requirement of purely hexahedral
meshes, which typically requires significant meshing effort. While this is manageable
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for the relatively simple configuration considered here, it becomes increasingly chal-
lenging for more complex aircraft configurations such as the Common Research Model.
In such cases, finite volume methods, which are more flexible with respect to element
types, may offer a more practical alternative, although they are limited to second-order
accuracy in CODA.

The present study does not consider moving vortex generators. From a method-
ological point of view, grid motion can be handled within the overset-grid framework.
The additional computational effort is primarily associated with repeated hole-cutting
operations at each time step, as well as the re-initialization of solution values in cells
that reappear from beneath the moving mesh. Consequently, the proposed methodol-
ogy is not limited to stationary configurations but can also be extended to scenarios
involving relative motion, such as formation flight, wake-vortex encounters or land-
ing operations. The generated vortex can subsequently be transferred to a separate
computational domain, where it may be used, for example, to simulate wake-vortex
encounters while resolving the complex interaction between the incoming vortex and
the encountering wing. Such simulations may reveal whether, under certain encounter
conditions, phenomena such as flow separation can mitigate the resulting aircraft
response.

By accurately reproducing the formation and downstream evolution of a realistic
wingtip vortex, with key flow quantities in good agreement with experimental and
numerical reference data, the applicability of CODA to virtual flight simulations has
been demonstrated. In particular, the high-order DGSEM discretisation provides the
spatial resolution required to capture and preserve the concentrated vortex structure
over extended downstream distances. At the same time, CODA provides a versatile
simulation framework in which the numerical discretisation and turbulence-modelling
approach can be adapted to the physical problem under consideration, ranging from
high-order DGSEM simulations as employed here to scale-resolving approaches such
as detached-eddy simulation using a finite volume method. This versatility makes
CODA particularly suitable for virtual flight applications involving a broad range of
aerodynamic phenomena and levels of flow complexity.
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