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SUMMARY

Feature-based solution-adaptive mesh refinement is an attractive strategy when it is known a priori that
the resolution of certain key features is critical to achieving the objectives of a simulation. In this paper,
we apply vortex characterization techniques, which are typically employed to visualize vortices, to identify
regions of the computational domain for mesh refinement. We investigate different refinement strategies
that are facilitated by these vortex characterization techniques to simulate the flow past a wing in a wind
tunnel. Our results, which we compare with experimental data, indicate that it is necessary to refine
the region within and near the vortex extent surface to obtain an accurate prediction. Application of the
identified mesh refinement strategy also produced observed improvement in the results predicted for a
spinning missile with deflected canards. Copyright q 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

There has been much work reported in the last decade on the development of algorithms for
extracting and characterizing vortices in computational fluid dynamics (CFD) simulations. The
impetus to innovate has been driven by the need to develop quantitative as well as qualitative
descriptions of the flow and to create effective visualizations of complex flow phenomena. However,
the use of vortex characterization methods beyond visualization is still not widespread. Solution-
adaptive meshing is one candidate application of this technology.

Solution-adaptive mesh refinement for vortex-dominated flows can be challenging. There are
two distinct physical phenomena that must be resolved, vortex formation and downstream vortex
convection. If vortex formation is not adequately resolved, the downstream evolution of the vortex
will not be predicted accurately. Likewise, if there is inadequate resolution of the vortex downstream
of its formation, the evolution will be poorly predicted. The primary culprit in both cases is the
artificial dissipation that is inherent to numerical solution techniques, which tends to reduce the
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velocity gradients. The peak velocities in the vortex tend to be reduced and the vortex decays more
rapidly than is physically observed. Since enhanced mesh resolution decreases the effects of the
artificial dissipation, it is advantageous to increase the nodal density in regions near the vortex.
Although this approach relies on an indirect indicator of error, i.e. the presence of a feature, it is
useful because there are relatively few, if any, rigorous error estimators for finite-volume schemes
of the type employed for most CFD codes [1].

The primary contributions of this paper are (1) application of feature-based visualization strate-
gies to facilitate adaptive mesh refinement and (2) identification of effective mesh refinement
strategies for vortices by comparison of predicted results with experimental data. We demonstrate
an adaptive meshing strategy that employs feature-level descriptions of vortices to identify regions
of the computational domain in which the mesh should be refined. An approach of this type
is attractive when it is known a priori that the resolution of certain key features is critical to
achieving the objectives of the simulation. Although other efforts to apply techniques traditionally
employed for visualization to solution adaptive meshing have been reported in the literature [2–6],
this strategy has not been fully exploited as the methods have become more sophisticated. Current
vortex characterization algorithms provide us with tools to investigate which mesh refinement
strategies are most effective for vortical flows.

We employ the approach described by Jankun-Kelly et al. [7] to extract the core line and extent
surface (as defined by the surface of maximum tangential velocity [8]) for each vortex. In essence,
we create geometric descriptions of intrinsic feature properties and employ them to identify regions
of the computational domain for refinement. In the current effort, regions near the core line, near
the extent surface, or inside the extent surface can be identified and employed to mark mesh nodes
located in these regions. Once the nodes are marked, the strategy described in Chalasani et al. [9]
is employed to refine the mesh in the specified regions. The flow solver we use is the Loci/CHEM
code [10–12]. We demonstrate the efficacy of our approach by applying it to the prediction of the
flow fields around two different configurations, a wing in a wind tunnel at 10◦ angle of attack [13]
and a missile configuration [14] at 0◦ angle of attack with canards deflected 15◦ spinning at 30
and 60Hz. We use the wing results to evaluate the effectiveness of different refinement strategies
by comparing the numerically predicted results with experimental data [13].

1.1. Related work

In contrast to finite-element techniques [15], the finite-volume techniques commonly employed for
CFD simulations do not have a direct mechanism for error estimation [1]. Local error approximation
techniques for finite-volume techniques include a divided difference [16], the difference between
the solution and a local reconstruction of the solution [17], and the eigenvalues of a symmetric
Hessian matrix for a derived field quantity [18]. Gradient-based weight functions [19, 20] can also
be grouped into this category. These techniques can be considered to be feature-based approaches
with the approximated error being the feature of interest. A slightly different strategy is based on
the premise that a flow field is well resolved if its features are well resolved. In this case, the
features of interest are fluid dynamics features, such as shock waves and expansions [21].

Several categories of vortex detection algorithms have been reported in the literature. In field-
type methods, a scalar field is defined that can be visualized as regions using techniques such
as isosurfacing [22–27]. Topology-based methods exploit the fact that there is a critical point at
the vortex core in the plane containing the swirling motion. By their very nature, these methods
provide a description of a vortex in terms of its core line [28–32] or core region [33]. There
are also techniques that produce feature-level descriptions of a vortex using ridge/valley-line
extraction [7, 34–36]. Each of these methods has advantages and disadvantages that have been
documented in the literature. Hybrid methods, which exploit multiple detection methods, have also
been developed [37–39].

Several feature-based adaptive mesh refinement strategies tailored to vortices have appeared in
the literature. Dindar et al. [2] and Kenwright and Haimes [3] employed mesh refinement at the
vortex core line, identified using the eigenvector-based approach of Sujudi and Haimes [28], to
predict the flow for a UH-60A rotor blade in hover. The radius of the refined region was taken
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1276 N. KASMAI ET AL.

to be the distance at which the local vorticity magnitude was 10% of the core value. Dindar
et al. reported that the feature-based refinement resolved small-scale features around the vortex
core while an error-based refinement did not.

Murayama et al. [4] also employed mesh refinement at the vortex core line, this time identified
using the critical point-based approach of Sawada [40], to enhance predictions of vortex breakdown
on a delta wing. They observed that results computed on meshes with refinement along the core
line showed improved agreement with experimental data relative to results computed on meshes
without refinement. They attributed this improvement, in part, to the enhanced resolution of the
streamwise pressure gradient along the core of the vortex.

Kim and Rhee [5] computed the solution for the Dacles-Mariani wing [13] on a single-block,
structured grid. They employed the second invariant of the rate of deformation tensor as the
refinement sensor and studied the effects of various turbulence models.

Turnock et al. [6] employed the statistical vortex detection method described in Pemberton
et al. [41] to identify vortex core regions and then semi-automatically refine the mesh in these
regions for a marine propeller application. A prescribed mesh density was employed across the
vortex core. An annular region of lower density cells was used in the high-tangential velocity zone
immediately outside the viscous core. Their results showed significant improvement relative to
computations on the unrefined mesh.

With a somewhat different philosophy, Ito et al. [42] employed extent surfaces computed using
vortex characterization [7] as a component of a mesh regeneration strategy for the Dacles-Mariani
wing [13]. The vortex extent surface was triangulated and used as an embedded surface that was
maintained as the volume mesh was generated. After each computation, a new embedded surface
and volume mesh was generated. While promising, this approach is limited because an embedded
surface cannot lie too closely to other surfaces because of the difficulties associated with generating
meshes in small gaps.

The adjoint-based approach, which is a relatively recent development, has shown much promise
for performing adaptation that impacts the accuracy of selected functional outputs [43–47]. This is
accomplished by solving an additional equation that relates the sensitivity of the output function to
the linearized flow residuals. The resulting adjoint variables can then be used as weight functions
for the adaptive meshing procedure. Recently, Fidkowski and Roe [48] established a connection
between the entropy-based refinement and the adjoint-based approach. The entropy variables
employed Fidkowski and Roe are shown to satisfy an adjoint equation suggesting that adjoint-like
results may be obtained without the additional expense of solving the adjoint equations.

2. APPROACH: FEATURE-BASED MESH REFINEMENT

The motivation for our work comes, in part, from the results of Murayama et al. [4] who attributed
the observed improvement in results predicted for a delta wing experiencing vortex breakdown to
improved resolution of the streamwise pressure gradient in the vortex core, and from the observation
that there is significant curvature in the velocity field near the surface of maximum tangential
velocity [13]. In our approach, we employ vortex characterization, which has been primarily used
for visualization applications, to identify regions of the computational domain near the vortex.
Specifically, we employ the vortex characterization techniques described in detail in Jankun-Kelly
et al. [7] and briefly described in Section 3 to generate a high-level description of a vortex that
consists of its core line position and an extent surface, which can be defined in an unambiguous
manner by lofting between curves that describe the location of the maximum tangential velocity in
the swirl plane [8], i.e. the plane normal to the vortex core line that contains the swirling motion.

The adaptive mesh refinement strategy is a multi-step process that is illustrated in Figure 1.
The flow solver computes a solution on a baseline mesh. The solution and mesh are input to the
vortex characterization method. The resulting abstract vortex characterizations are input to a sensor
module that marks those nodes in the mesh that are near the core line, near the extent surface,
or inside the extent surface. Note that, since the vortex characteristics are mesh independent, the
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Figure 1. Schematic of adaptive mesh refinement process.

mesh to be marked does not have to be the same as the mesh from which the vortex characteristics
were computed. These markers are input to the mesh refinement procedure, to generate a refined
mesh. The refined mesh is then passed back to the flow solver for a new simulation and the process
is repeated.

3. VORTEX CHARACTERIZATION

The basic function of vortex characterization is to describe a vortex in terms of high-level descrip-
tors. In deference to its central role in our mesh refinement strategy, we briefly describe the vortex
characterization method described by Jankun-Kelly et al. [7] to obtain the vortex core line and the
extent surface. We also discuss how this vortex characterization algorithm lends itself to feature-
based mesh refinement. Please refer to Figure 2 where we illustrate the results obtained from each
step of the method using the serrated wing data set [49].

3.1. Identify candidate cells and aggregate

The local extrema method [7] exploits the fact that, for certain scalar fields, a vortex core line
coincides with a line-type extremum, or ridge/valley line, in the field variable. Therefore, a vortex
core line can be extracted from an appropriate scalar field f by locating local extrema in a series
of properly oriented planes and connecting the location of the extreme values with line segments
to form a curve. In this case, we use the swirl parameter [25] as the scalar field. The normal
to the swirl plane, i.e. the plane containing the swirling motion, is taken to be parallel to the
real eigenvector of the velocity gradient tensor. The cells containing local extrema are marked as
candidate cells and contiguous candidate cells are grouped into aggregates. The result for this step
is shown in Figure 2(a).

3.2. Identify aggregate topology and segment

One of the problems with existing vortex detection algorithms is that they have difficulty distin-
guishing vortices that are merging. In our algorithm, only one vortex core line is found per
aggregate. Therefore, branching aggregates must be subdivided into component and non-branching
aggregates before core line extraction can be applied. We employ a variation of the k-means clus-
tering algorithm [50, 51] designed specifically for unstructured meshes to identify where a branch
occurs. The idea is to decompose the aggregate into small segments (clusters) and determine the
topology of the aggregate based on cluster neighbor counts. A simple cluster should have at most
two neighboring clusters while a terminal cluster has only one neighbor cluster. A non-simple,
or branching, cluster will have more than two neighboring clusters. These branching clusters are
identified and merged separately. Figure 2(b) shows the result from the clustering and merging
step of our algorithm. Notice that we have correctly distinguished the merging vortices from the
merged vortex.

Copyright q 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2011; 66:1274–1294
DOI: 10.1002/fld



1278 N. KASMAI ET AL.

Figure 2. Schematic of vortex characterization algorithm from Jankun-Kelly et al. [7]; @ 2006 IEEE.
The flow about the serrated wing [49] is employed to illustrate the results of each step: (a) candidate
cells are identified and aggregated. Aggregates with less than a specified number of cells are removed;
(b) distinct aggregates identified by clustering algorithm. Notice that the single large aggregate has
been divided into three constituent aggregates; (c) vortex core lines extracted, one line per aggregate;

and (d) vortex visualization with extent surface shaded by local tangential velocity.

3.3. Extract vortex core line

The seed point for the core line extraction in each aggregate is estimated to be the point on the
aggregate’s bisecting plane with the largest swirl value. Its position is corrected using a function
fitting procedure that produces subcell resolution. A conical variation of the scalar field is assumed
and the location of the core line is taken to be the point in the plane that produces the best fit of
the surrounding scalar data. A prediction of the location of the next point on the core line is made
using the swirl vector, which is an approximate tangent to the core line. The correction algorithm
is then applied and the process is repeated. The core line extraction algorithm terminates when it
hits an aggregate other than the one in which it started, when it hits a domain boundary, or when
it has traversed more than a specified number of contiguous unmarked cells. The results from this
step are illustrated in Figure 2(c) for the serrated wing.
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3.4. Extract vortex extent

Vortex extent is a nebulous concept [52]. The maximum tangential velocity definition [8] is
appealing because of its simplicity and its lack of ambiguity. Following Banks and Singer [37],
the two-dimensional extent curve is found by marching radially outward, independently in each
of several directions in the swirl plane, until a local maximum in tangential velocity is found. In
some cases, such as a vortex near a no-slip boundary, a plateau in the maximum tangential velocity
may exist rather than an extreme value [53]. Detection of these plateaus is based on identifying
small rates of change in the tangential velocity. The vortex extent surface is created by repeatedly
finding two-dimensional extent curves and lofting between them. The extent surfaces are shown
in Figure 2(d).

3.5. Impact on adaptive mesh refinement

The vortex characterization process outputs a compact description of a vortex by means of a set
of characteristics that may include geometric, kinematic, and dynamic properties of the vortex.
The primary geometrical characteristics of a vortex are the position of the vortex core line and a
description of the vortex extent. Here, the core line is represented as a series of points while the
extent is represented as a series of connected curves. Each closed curve lies in a plane perpendicular
to the core line.

There are two attributes of our algorithm that make it attractive for feature-based adaptive
mesh refinement. First, because of our aggregate topology and segmentation algorithm, the method
can extract core lines for complex vortex topologies. Second, the extracted extent surface is
an unambiguous descriptor that captures the region of high curvature in the tangential velocity
profile. Other extent surfaces could be derived but, in general, they depend on problem-specific,
user-defined thresholds rather than intrinsic vortex characteristics.

4. IDENTIFICATION OF REGIONS FOR REFINEMENT

We now describe, how the vortex descriptors are employed to mark nodes in the mesh for refinement.
The sensor module (Figure 1) marks nodes in regions defined by the vortex characterization
module. The vortices employed to mark regions for refinement may be selected using a variety
of criteria such as length, strength, etc. In addition, different regions within the extracted vortex
geometry may be selected for refinement as shown in Figure 3.

The region containing the vortex is defined by the volume that is enclosed by the extent surface.
The sensor module determines whether or not a node should be marked based on a series of
inside–outside tests. To perform these tests, the volume is subdivided into wedges. If a node is

Figure 3. The circle represents vortex extent. The dot in the middle is the core line. The shaded areas
show possible regions that can be marked. From left to right, top to bottom: inside extent+near extent,

inside extent, inside extent−core, and near extent+near core.
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Figure 4. The extent surface is described by lofting between two closed curves on planes perpen-
dicular to the vortex axis (left). This region is decomposed into wedges to determine if a node is

inside the extent surface (right).

Figure 5. The sensor module can mark nodes near the core line, near the extent surface, and
inside the extent surface: (a) nodes near core line marked for refinement and (b) nodes near extent

surface marked for refinement.

‘inside’ each of the five faces of a wedge, it is inside the wedge, and thus, inside the extent surface
(Figure 4). As noted above, the points on the extent surface are defined in terms of a distance
from the core line measured along a ray extending from the core line. Additional surfaces can be
developed by scaling the distance to the extent surface by the desired factor. Figures 5(a) and (b)
show nodes marked near the core line and nodes marked inside the extent surface, respectively,
for the serrated wing data set [49].

5. ADAPTIVE MESH REFINEMENT

We employ the isotropic mesh refinement strategy described in Chalasani et al. [9]. In this approach,
an n-sided face is subdivided into n faces by inserting a node at the centroid of the face and
connecting it to the mid point of each edge. A new node is then inserted at the centroid of the
cell and edges that connect the cell centroid to the face centroids are created. These newly created
edges form faces that partition the interior of the cell. Although most of the refined cells are
of standard type—prisms, tetrahedrons, and hexahedrons are refined to hexahedrons as shown
in Figure 6—cells with four-valence nodes, such as pyramids, are refined to hexahedrons and a
non-standard polyhedral cell that contains the four-valence node as shown in Figure 7(a). Further,
unrefined cells that neighbor refined cells become non-standard cell types as shown in Figure 7(b).
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Figure 6. Canonical subdivisions for face-based isotropic refinement: (a) refined prism; (b) refined tetra-
hedron; and (c) refined hexahedron.

Figure 7. General elements can be created when refinement is applied to a cell with a four-valence
node (left) or when a refined cell is a neighbor to an unrefined cell (right): (a) refined pyramid and (b)

refined/unrefined cell neighbors.

Here, the cell on the left has been refined into eight hexahedrons while the cell on the right has not
been refined. The cell on the right now has nine faces. Although this refinement strategy can be
employed with the Loci/CHEM flow solver [10–12], it cannot be employed with all flow solvers.
It should be noted that our feature-based approach is not limited to use with the refinement strategy
described here and can be used in conjunction with conventional approaches.

To ensure that the volumes of neighboring cells do not vary greatly, which can degrade the
accuracy of the flow solver, a cell-balancing strategy [54] is employed to ensure that there is a
smooth spatial variation in cell volume. If a neighboring cell is refined more than one additional
level beyond the cell under consideration, the current cell is refined until the difference in refinement
between the two cells is a single level. The cells shown in Figure 7(b) are said to be balanced
because they differ by only one level of refinement. Some care must also be taken during refinement
since almost all non-simplex faces are non-planar to some degree, which, in some cases, may result
in the creation of invalid cells. To combat this problem, each non-simplex face is decomposed into
triangles. A face is marked as folded if the dihedral angle between the normals of two triangles is
larger than a specified threshold. In many cases, a face that is marked as folded has a short edge.
A minimum length edge criterion, which is typically imposed to help reduce the size of the mesh
and, therefore, the computational cost, naturally eliminates many of theses cases. More generally,
the constraint that the two elements on both sides of a folded face must be treated identically,
either both refined or both not refined, can be imposed to eliminate this problem.

6. RESULTS

In this section, we present solution-adaptive mesh refinement results for two configurations, a wing
at 10◦ angle of attack in a wind tunnel [13] and a missile configuration [14] at 0◦ angle of attack
with canards deflected 15◦ spinning at 30 and 60Hz. Several different feature-based refinement
strategies for the wing case, which focus on refining different regions around the vortex, are
evaluated by comparison of predicted results with experimental data [13]. The selected refinement
strategy is then applied to the spinning missile configuration.
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Figure 8. Computational domain employed for wing-wind tunnel computation [13]. The crinkle-cut section
illustrates where comparisons are made with experimental data.

6.1. Results for wing in wind tunnel

The first configuration considered here is the low-speed, turbulent flow past a rectangular planform
half-wing described by Dacles-Mariani et al. [13] who report both experimental data and results
from CFD simulations. The half-wing has an aspect ratio of 0.75 (3 ft span and 4 ft chord) and
a constant NACA0012 cross section. Although the wing tip is rounded in both the experiment
and the simulation, the precise geometry is not known, which does introduce uncertainty in the
simulation. The model is mounted in a rectangular cross-section wind tunnel (4 ft wide by 2.667 ft
tall) at an angle of 10◦ with respect to the horizontal. The reference velocity is 170ft/s, which, at
the specified conditions, results in a Reynolds number of 4.6×106 and a Mach number of 0.1986.

The primary motivation for investigating this problem is to determine the most effective meshing
strategy, in terms of solution accuracy, for resolving a wingtip vortex, i.e. a vortex with its axis
of rotation parallel to the bulk fluid motion. While other strategies have focused on refinement
in the region near the vortex core line [2–4, 6], it is not clear what region of the computational
domain needs to be refined in order to capture the vortex downstream of the wing. Our vortex
characterization software, described in Section 3, provides us with a tool to investigate this question.

The computational domain employed for our simulations is shown in Figure 8. The inflow and
outflow boundaries are located approximately 6.5 ft upstream of the wing leading edge and approx-
imately 22.5 ft downstream of the wing leading edge, respectively. The origin of the coordinate
system was located on the inboard tunnel wall, midway between the upper and lower walls. The
quarter chord of the wing, about which the wing was rotated to the 10◦ angle of attack, was located
at x/c=0.25. Our domain was significantly larger than the one used in the simulations reported
by Dacles-Mariani et al. [13]. They used experimentally defined inflow and outflow boundary
conditions that were not available to us. In lieu of these known boundary conditions, we extended
the computational domain and applied a fixed-mass-flow boundary condition at the inflow and a
farfield-type (characteristic based) boundary condition at the outflow. Since detailed flow field data
were not available to specify the inflow boundary conditions, i.e. the incoming boundary layer, the
tunnel walls were modeled using slip boundary conditions, which also reduced the computational
cost. The surface meshes on the inboard tunnel wall, the inflow boundary, and the outflow boundary
are shown in Figure 8 to provide some indication of the mesh spacing employed in the domain.
The highly stretched prismatic mesh, evident in the figure in the downstream third of the domain,
was employed to help dissipate the vortex before it reached the downstream boundary. Ironically,
adaptive mesh refinement introduced problems at the downstream boundary due to a pressure
mismatch between the vortex core and the specified back pressure. We tried several different
approaches to solve this problem and this one produced the best results. Shown for reference is
a crinkle-cut section located at x/c=1.4, which is the location at which comparisons are made
with experimental data.
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Flow simulations were performed using the Loci/CHEM flow solver [10–12], which was orig-
inally developed for simulating non-equilibrium, chemically reacting flow but can also be used to
simulate non-reacting flow. Loci/CHEM is an application built using the Loci framework [55] that
provides the infrastructure for facilitating intra-application coordination of fine-grained numerical
kernals and methods. Loci/CHEM employs an upwind finite-volume algorithm that allows for
arbitrary element types.

The turbulence model employed for these simulations is a version of the Spalart–Allmaras
model [56] that is modified as suggested by Nichols et al. [57]. It is based on the modification to
the Baldwin–Barth [58] reported by Dacles-Mariani et al. [13]. The production term in both the
Baldwin–Barth and Spalart–Allmaras models is given by

P=C1�R�S, (1)

where C1 is a constant, � is the laminar kinematic viscosity, R� is the turbulent Reynolds
number, and S is a scalar quantity representative of the rate of deformation tensor. The suggested
modification

P=C1�R�(|�|+2min(0, |s|−|�|)) (2)

effectively reduces the eddy viscosity in regions where the vorticity |�| exceeds the strain rate,
such as occurs in a vortex core, and is negligible in thin-shear layers for which the baseline model
has been validated.

Adaptive mesh refinement for this problem is challenging, in part, because the mesh downstream
of the wing is quite coarse. The downstream mesh was designed in this manner to test the ability to
initiate a feature-based refinement from a relatively poor representation of the solution. In contrast,
the mesh on the wing surface, as shown in Figure 9, was relatively fine. This was done to ensure
that the flow over the wing tip developed properly and is not considered a serious limitation
because it is known a priori that the mesh needs to be refined in this region.

We now consider results computed on the baseline mesh. Figures 10(a) and (b) show the mesh
and crossflow velocity in a plane located at x/c=1.4. The wing is visible in the lower foreground.
The streamwise location of this plane is shown in Figure 8. Note that the vortex is quite weak and
diffuse. This is not surprising considering the coarseness of the mesh at this location. Figure 10(c)
shows a comparison between the predicted crossflow velocity and the experimental data along four
rays emanating from the vortex core at �=0, 90, 180, and 270◦. The 0◦ ray is parallel to the span
and points in the outboard direction while the 90◦ ray points vertically. As expected, there is poor
agreement between the simulation and experiments.

The discrepancy between the predicted crossflow velocity and the experimental data shown in
Figure 10(c) is due to the artificial dissipation that is inherent in the coarse mesh solution. It would
be unwise to refine the mesh multiple times using the vortex characteristics extracted from the
coarse mesh solution because an excessive number of cells would be refined. One possible strategy
would be to refine all elements marked for refinement once, compute a new solution, extract a

Figure 9. Wing surface mesh: (a) top view and (b) surface mesh near wing tip.
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Figure 10. Cutting plane in baseline at x/c=1.4 for wing in wind tunnel: (a) baseline mesh; (b)
non-dimensional crossflow velocity; and (c) comparison with experimental data.

new set of descriptors, and repeat until some criteria were satisfied. However, this can be very
expensive since the numerical solution is computationally expensive.

The compromise strategy we employed was to perform a refinement cycle consisting of two
refinements on the region inside of the extracted vortex extent surface. This process was repeated
until a reasonable approximation to the vortex was obtained. In this context, vortex quality is based
on the diameter of the extent surface. Figures 11(a) and (b) show the mesh in the cutting plane
after one and two refinement cycles, respectively. The region containing the vortex is apparent in
the mesh refinement. It should be noted that, due to the limitations inherent to the visualization
software, the hanging nodes introduced by mesh refinement are not visible in the image. Figure 12
shows the crossflow velocity in the cutting plane. Note that the structure of the vortex is becoming
more evident as the mesh is refined. Figure 13 shows comparisons of the predicted crossflow
velocities with experimental data. The vertical dashed line shows the approximate region of the
mesh that was refined in the current refinement cycle. Note that as the mesh is refined, the region
of the mesh that is refined during the next cycle decreases. Also note that the mesh refinement
significantly improves the agreement between the predicted crossflow velocity and the experimental
data (Figure 13). The vortex extent surfaces computed on the baseline, cycle #1, and cycle #2
meshes are shown in Figure 14. The extent surface diameter decreases with refinement as the
artificial dissipation is decreased.

The vortex extent obtained after cycle #2 was deemed to be adequate and this mesh was
employed as the initial mesh to investigate four different refinement strategies

1. Refine in the region near the vortex core line with the radius of the refinement being limited
to 25% of the local distance to the extent surface. This is denoted as refinement cycle #3(a).
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Figure 11. Mesh refinement in cutting plane at x/c=1.4 for wing in wind tunnel:
(a) cycle #1 and (b) cycle #2.

Figure 12. Non-dimensional crossflow velocity in cutting plane at x/c=1.4 for wing in wind tunnel:
(a) cycle #1 and (b) cycle #2.

Figure 13. Extracted non-dimensional crossflow velocity along rays emanating from vortex core in plane
at x/c=1.4: (a) cycle #1 and (b) cycle #2.

2. Refine in the region near the extent surface with the refinement limited to 25% of the local
distance from the core line to the extent surface on either side of the extent surface. This is
denoted as refinement cycle #3(b).
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Figure 14. Vortex extent surfaces extracted from flow solutions. Note that the radius of the vortex
extent decreases with refinement: (a) wingtip vortex extracted from baseline mesh; (b) wingtip vortex
extracted from mesh after first refinement (cycle #1); and (c) wingtip vortex extracted from mesh

after second refinement (cycle #2).

3. Refine inside the extent surface. Since the vortex extent naturally contracts as the mesh is
refined, this is a fairly conservative strategy that ensures that the vortex is captured within
the refined mesh. This is denoted as refinement cycle #3(c).

4. Refine inside the extent surface and a distance outside of the extent surface equal to 25% of
the local distance from the core line to the extent surface. This strategy, denoted as refinement
cycle #3(d), is equivalent to the refining in a region that is the union of the regions employed
in cycles #3(b) and #3(c).

We performed one additional refinement cycle using one of the four approaches described above,
this time refining each marked element four times. This strategy is based on the assumption that
the region containing the vortex has been identified reasonably well on the cycle #2 mesh. To limit
the computational cost, an edge tolerance was specified that ensured that no cell with an edge of
length less than 0.205% of the chord was refined.

Figure 15 shows the mesh in the plane located at x/c=1.4. As the mesh is refined beyond cycle
#2, the different refinement strategies become evident. For example, in Figure 15(b), which shows
refinement near the extent surface, the region near the vortex core is not refined. There is some
irregularity in the mesh refinement due to the fact that multiple refinements were performed on an
initially tetrahedral mesh. Figure 16 shows the crossflow velocity in the downstream plane. In this
case, it is apparent that the strategy that produces the best results is cycle #3(d), i.e. Figure 16(d),
in which the mesh is refined inside and just outside the extent surface. A well-defined region of
high-tangential velocity surrounds the clearly visible low-velocity core. In contrast, Figure 16(a),
in which there is refinement only in the core region, shows only marginally better resolution of the
maximum velocity region than cycle #2 (see Figure 12(b)). Also, neither Figure 16(b), in which
the mesh is refined near the extent surface only, or Figure 16(c), in which the mesh is refined inside
the extent surface, capture the region of maximum crossflow velocity as well as the results shown
in Figure 16(d). Also, the vortex core is better resolved for the cases in which there is refinement
in the core—Figures 16(a), (c) and (d), —relative to the case for which there is no refinement in
the core—Figure 16(b).

Figure 17 shows plots of the tangential velocity versus distance from the vortex core corre-
sponding to the solutions shown in Figure 16. Again, the vertical dashed line shows the approximate
region of the mesh that was refined in the current refinement cycle. Note first that the tangential
flow outside of the core is relatively unchanged relative to the cycle #2 results (Figure 13(b)).
This suggests that the bulk swirling motion is well established by the second refinement cycle.
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Figure 15. Mesh refinement in cutting plane at x/c=1.4 for wing in wind tunnel: (a) cycle #3(a) core
refinement only; (b) cycle #3(b) refinement near extent; (c) cycle #3(c) refinement inside extent; and (d)

cycle #3(d) refinement inside and near extent.

In the cases in which the mesh is refined near the coreline, i.e. Figures 17(a), (c) and (d), the
velocity variation near the coreline is well predicted while in Figure 17(b), in which there is no
refinement in the core, the velocity gradient in the core region is significantly underpredicted.
These results indicate that it is necessary to refine in the core region. Figure 17(a) shows the
effects of no refinement near the region of maximum curvature in the velocity field and offers no
significant improvement relative to Figure 13(b) near the peak velocity. Figure 17(d) shows the
best agreement with the experimental data.

Table I shows the non-dimensional location of the vortex core, as defined by the location at which
the crossflow velocity is a minimum, for selected refinement cycles and from other simulation
results [42, 59]. Here, �/c is the non-dimensional nominal mesh spacing in the region near the
vortex core. Ito et al. [42] employed an adaptive mesh regeneration strategy that used embedded
surfaces to control the point spacing in the interior of the domain while Luke et al. [59] used
a priori mesh refinement in the region near the wing in which it was anticipated that the wingtip
vortex would occur. In both cases, the vortex core position was extracted from the simulation data.
Note that as the mesh is refined, the vortex core position converges. Additionally, the final location
of the vortex computed on the cycle #3(d) mesh compares favorably with the results from the
other simulations.

Mesh statistics shown in Table II illustrate how the mesh size increases with refinement. Because
this is a volume mesh refinement, there is a significant increase in the number of cells for the
cases that are refined near the extent and inside the extent. Many more cells were required relative
to the results reported by Dacles-Mariani et al. because they employed a higher-order solution
method as well as a structured grid on which numerical methods typically exhibit less artificial
dissipation.
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Figure 16. Non-dimensional crossflow velocity in cutting plane at x /c=1.4 for wing in wind tunnel: (a)
cycle #3(a) core refinement only; (b) cycle #3(b) refinement near extent; (c) cycle #3(c) refinement inside

extent; and (d) cycle #3(d) refinement inside and near extent.

In summary, these results demonstrate that refining the mesh both inside and just outside of
the extent surface is an effective solution-adaptive mesh refinement strategy for a vortex with its
axis of rotation parallel to the primary flow direction. Refinement near the core line or refinement
near the extent surface with no additional refinement near the core line was demonstrated to be
less effective. Further, we demonstrated that it is possible to initiate the computation from a very
coarse downstream mesh.

6.2. Results for spinning missile with canards

The second configuration under consideration is a missile with canards deflected 15◦ [14]. The
flow is a supersonic with a Mach number of 1.6, turbulent with a Reynolds number of 41.3×106

based on body length, and the angle of attack is 0◦. Two different missile rotation rates, 30 and
60Hz, are considered. In both cases, the flow is steady in the frame rotating with the missile.
In response to the canard deflection (and missile rotation), a pressure difference is formed and
a counter-rotating vortex pair is generated from the inboard and outboard tips of each canard.
Figures 18(a) and (b) show the extent surfaces extracted from computations performed on the
baseline mesh for the 30 and 60Hz cases, respectively. In these images, vehicle rotation is about
the vehicle axis with the right-handed rotation vector pointing toward the nose of the vehicle.
As expected, both cases show vortex patterns with significant asymmetry and curvature. In the
60Hz case, the vortex emanating from the inboard tip of the port canard impinges onto the
body of the missile. Although there are other vortices present in the flow, we focus on resolving
these four vortices in the results presented below. This case illustrates the complexity of the
vortices that can be generated and why it would be difficult to generate a mesh that captures
the vortices without prior knowledge of the vortex trajectory. The figures also illustrate one
of the shortcomings of our vortex detection algorithm, i.e. the extracted corelines can become
irregular as the vortex weakens or the cell size increases (see uppermost vortices in Figures 18(a)
and (b)).
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Figure 17. Extracted non-dimensional crossflow velocity for wing in wind tunnel along rays emanating
from vortex core in plane at x/c=1.4: (a) cycle #3(a) core refinement only; (b) cycle #3(b) refinement
near extent; (c) cycle #3(c) refinement inside extent; and (d) cycle #3(d) refinement inside and near extent.

Table I. Non-dimensional position of vortex core at x/c=1.4.

Simulation y/c (vertical) z/c (spanwise) �/c

Baseline −0.0738 0.6609 0.064
Cycle #1 −0.0467 0.6729 0.016
Cycle #2 −0.0654 0.6670 0.004
Cycle #3(d) −0.0634 0.6677 0.001
Ito et al. [42] −0.0622 0.6654 0.0018
Luke et al. [59] −0.0620 0.6610 0.002

Based on the results obtained for the wingtip vortex, the mesh was refined inside and near the
extent surface. It should be noted that the baseline mesh was already somewhat refined in the
region surrounding the missile and can be considered to be the equivalent of the cycle #2 mesh for
the wing case. Again, to limit computational cost, the mesh was refined three levels with an edge
length tolerance of 0.1085% of the body length. Table III shows the mesh statistics for the baseline
mesh, which was used for both spinning cases, and the two refined meshes. The only significant
difference between the two refined meshes is that one of the vortices impinges on the body and
terminates in the 60Hz case; therefore, somewhat fewer nodes are marked for refinement in this
case.
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Table II. Statistics of meshes for wing in wind tunnel.

# Nodes # Faces # Cells

Baseline 6 130 629 33 424 764 13 831 237
Cycle #1 6 237 640 33 690 109 13 912 495
Cycle #2 6 741 269 35 106 020 14 370 064
Cycle #3(a) 9 288 182 42 292 565 16 694 027
(near core line)
Cycle #3(b) 15 662 728 60 612 441 22 671 680
(near extent)
Cycle #3(c) 14 050 903 56 218 050 21 279 807
(inside extent)
Cycle #3(d) 17 854 792 67 374 656 24 959 518

Figure 18. Extent surfaces extracted from baseline mesh solutions for missile spinning at 30 and 60Hz:
(a) baseline mesh 30Hz and (b) baseline mesh 60Hz.

Table III. Mesh statistics for non-spinning and spinning missile.

# Nodes # Faces # Cells

Baseline 6 143 000 47 724 225 21 984 916
Refined—cycle #1 16 222 586 75 526 411 30 921 952
(spinning—30Hz)
Refined—cycle #1 15 054 869 72 329 706 29 896 644
(spinning—60Hz)

Figures 19 and 20 show comparisons between contours of stagnation pressure computed on
the baseline mesh and the refined mesh for the missile spinning at 30 and 60Hz, respectively. The
vortices on the refined mesh show much better definition over the length of the missile than on
the baseline mesh for both the 30 and 60Hz rotation rates. Additional refinement was performed for
both cases and no significant improvements were observed. As shown in Figure 19, the resolution
of the vortices is markedly improved for the 30Hz case on the refined mesh. The vortex cores
are much better resolved for the two outboard vortices. Less improvement is observed in the two
inboard vortices. This can be attributed to enhanced mesh resolution in this region in the baseline
mesh. Significant asymmetry is present in the flow field for the 60Hz rotation rate as shown in
Figure 20. In addition to the inboard port vortex impinging on the missile body, the outboard
port vortex is ‘wrapping around’ the underside of the missile and the two starboard vortices are
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Figure 19. Stagnation pressure contours computed for missile spinning at 30Hz. Note that the vortices
predicted on the baseline mesh are diffused much more rapidly in comparison to those computed on the

refined mesh: (a) baseline mesh and (b) refined mesh (cycle 1).

Figure 20. Stagnation pressure contours computed for missile spinning at 60Hz. Again,
the vortices are more persistent on the refined mesh than on the baseline mesh: (a) baseline

mesh and (b) refined mesh (cycle 1).
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interacting with one another and are in the process of merging. There is significant improvement in
the resolution of the outboard port vortex over the length of the missile. Improvement in resolution
for the starboard vortices is noticeable over the first three-quarters of the body length.

7. CONCLUSION

We have demonstrated the effectiveness of vortex-based adaptive mesh refinement for two different
configurations: a wing at 10◦ angle of attack in a wind tunnel and a missile at 0◦ angle of attack with
canards deflected 15◦ for two spinning cases—30 and 60Hz. An existing vortex characterization
algorithm [7] was employed as an enabling technology for solution-adaptive mesh refinement by
using high-level vortex descriptors to mark nodes in regions of the computational domain where a
vortex is located. We evaluated several different mesh refinement strategies by comparison of results
computed for the wing with experimental data and determined that the most effective strategy was
to refine the region inside and just outside of the extent surface. Results were significantly improved
relative to results obtained on a coarse baseline mesh for the wing case. For the missile cases, a
baseline mesh that had already been refined in a region surrounding the body was employed. The
results were significantly improved based on an observed enhanced coherence in the vortex cores
over the length of the vortex relative to the baseline mesh. The rotation-induced asymmetry in the
vortex patterns illustrates the need to be able to refine the mesh based on the solution rather than
on an anticipated vortex position.
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