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The paper is concerned with the extraction and visualization of structural features in
delta wing dataset resulting from a large-scale Reynolds Av eraged Navier-Stok es simula-
tion. Its main contributions are two novel schemes designed for this purp ose. First, we
intro duce a new metho d for fast and precise extraction of separation and attac hmen't lines
on the body of the delta wing. Second, we impro ve signican tly standard stream surface
computation schemes to achiev e accurate integration even in regions exhibiting complex
structures.  Additional  state-of-the-art 0 w visualization techniques are used to complete
the study of the dataset. The main focus is on the interaction between open separation and
attac hmen t lines of the wall shear stress on one hand, and vortices that form in the vicinit y
of the delta wing on the other hand. These features are key factors in igh t stabilit y and
their study is mandatory in aircraft design. The paper demonstrates the power of a com-
bined use of line-t yp e feature extraction and stream surface computation to deeply impro ve
understanding  of three-dimensional  structures and ease the analysis of o w separation and
vortex breakdo wn.

I.  Intro duction

In both the civil and military elds, the demand for shorter ight times and faster aircrafts has been
a driving force behind researt in recert years. Although it is not a recert developmen, together with
supersonic speeds becoming more attractiv e, the delta wing design has found its way badk into aircraft
construction, asis demonstrated by a number of military aircrafts and the transatlantic passengeijet Con-
corde. An increasedperception of security and the ever-shorteningtake-o and landing intervals on modern
airports mandate a thorough examination of delta wing con gurations with the aim of cortrollable ight
even in exceptional ight situations, e.g. at a high angle of attack at subsonicspeed. Furthermore, in mil-
itary airigh t, exceptional maneuwerability is of prime importance. Due to this, the understanding of ow
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phenomenarelated to delta wing setups has becomea major point of researt activity. Among the most
interesting of theseis vortex breakdown due to its severeimpact on ight stability.

On the practical side of researt, numerical simulations in Computational Fluid Dynamics (CFD) provide
engineerswith increasing amounts of multiv ariate data for analysis and evaluation. In the eld of aircraft
design, state-of-the-art calculations producelarge-scalescalarand vector elds de ned on unstructured grids
(e.g. pressure, helicity, velocity and vorticity) which are typically very large (currently up to 50 million
points) over a large number of timesteps. Hence,fast algorithms are neededfor analysisand only someform
of automatism can make the examination of many timesteps feasible. The mission of scierti ¢ visualization
techniquesin this context is to o er e ectiv e and e cien t meansof extracting the essetial properties of the
ow from the setsof raw data. The classicalapproad is to focus the visualization on features of interest
that most analysts consideressetial for both sciertic and industrial applications. Prominent examplesof
such features are vortex cores, shock waves, and separation or attachmert lines. For ead type of feature,
speci ¢ methods have beendesignedover the last decadesto locate, characterize and depict subsetsof the
original volume. They are usually basedon empiric de nitions of the structures to be visualized that are
tted to the consideredapplication. This leadsto seweral ad-hoc and possibly contradictory de nitions of
the features, due to the lack of formal de nition for the natural and intuitiv e conceptsbehind them, like
vortices for instance. For the visualization of a particular dataset engineersare confronted with the problem
of experimentally nding which of the existing methods will perform bestfor the given problem. Restrictions
on the type of method might be induced by the sizeor the structure of the data. It is the focus of this paper
to presert a collection of well-established as well as new and improved methods and algorithms that can
aid the analysis of a single timestep of a delta wing data set. Moreover, these methods may prove usefulin
adapting the CFD computations to give more accurate results.

The structure of the paper is organized as follows. The delta wing data set is preseried more closelyin
sectionll. The corresponding numerical simulation is brie y described alongwith the resulting grid structure
and the assaiated multiv ariate elds. We also discussthe preprocessingsteps required for visualization
purposes.In section |11, we give a critical overview of existing methods for the analysis of both 2D and 3D
parts of the dataset. Section IV is concernedwith the description of a new method for the extraction of
attachment and separation lines on the surface of the delta wing. We then introduce an improved scheme
for stream surface computation in section V. Next, we presen visualization results in section VI, mainly
focusing on the shear stressvector eld de ned on the surface of the delta wing and stream surfacesthat
show the ow behavior in interesting parts of the dataset, e.g. vortex genesisand breakdowvn aswell as ow
separation. Finally, we conclude and discussfuture work in section VI 1.

II. Delta Wing Dataset

A. Presentation

In this paper, we study a viscous Navier-Stokes simulation of air o w around a sharp-edgeddelta wing at
high angle of attack at subsonicspeed of Mach 0.2 with a Reynolds number of 1.2 million. The angle of
attack increaseswith time, resulting in vortex breakdovn above the wing in later timesteps. The simulation
of the full con guration without the assumptionof symmetry is basedon a Reynolds AveragedNavier-Stokes
(RANS) solver with a k-! turbulence model. The computation was carried out on a Linux cluster using the
DLR Tau Code solver. The grid consistsof 3 million unstructured points forming 11.1million unstructured
elemerts, 8.8 million tetrahedra and 3 million prisms. The simulation data is stored at the grid points and
contains density, pressure kinetic energy eddy viscosity and velocity. Among the signi cant physical features
are secondaryand tertiary vortical structures and corresponding separation and attachment structures in
the shearstress eld.

Aside from the full volume dataset, we are also interested in the structure of the two-dimensional ow
on the wing that permits insights into the three-dimensionalseparation behavior of the ow above the wing.
Although in this dataseta no-slip boundary condition wasemployed for the wing surface,analysisof the wing
shearstress,treated asa two-dimensional ow eld, is performed. The wing is given asthe triangulated inner
boundary of the volumetric ow eld and consistsof roughly 63k points forming 127k cells. The pointwise
shearstressis computed from the volumetric ow eld.

While the original dataset consistsof 900 timesteps, this paper dealswith analyzing a single timestep as
opposedto the full sequence.ln our opinion, examination of time-dependert simulations hasto rely in part
on e cien t processingof individual timesteps. Hencethe preseried techniques may serve as building blocks
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in the study of time-dependert data.

Earlier, similar simulations were computed using three-dimensional Euler equations on structured grids,
mostly nite volume or nite dierence methods, which lacked the reproduction of secondaryvortices and
thereby attachment and separationfeatures. (cf.). However, primary vortices were reproducedreliably. Fol-
lowing a period wheretypical variations of viscousNavier-Stokescomputations prevailed (seee.g®), currently
unstructured hybrid methods becomeavailable together with the possibility of meshre nement, resulting
in datasets with up to 10 million points, together with enhancemets for the more accurate simulation of
complicated structures, e.g. Large Eddy Simulation (LES) or Detached Eddy Simulation (DES).12 Hereit is
important to mention that thesetechniques can be applied more reliably if it is possibleto determine areas
of interest during the simulation and adapt the mesh according to the detected features!®> Hence, reliable
detection of features of interest is of major importance not only in the context of post-computation analysis
but alsofor the simulation processitself.

The major task for the analysis and visualization is a detection and examination of uid o w structures
like vortex cores,separation lines, attachmert lines and vortex breakdowvn which includes an analysis of the
three-dimensional elds aswell asan examination of pressureand wall shearstressdistribution on the wing.
Together with good visualization, a deeper understanding of the relevant o w structures can be provided.
In the focus of this paper are especially vortices and vortex breakdown together with the related attachment
and separation structures on the wing in the described dataset.

B. Prepro cessing

As we will seenext, the visualization methods to comeimply the following requirements.

The interpolation of a scalar or vector eld at an arbitrary position within the grid must be accurate
and fast. Therefore, fast cell location of any 3D position is necessary

The elds must be provided along with their derivatives. Theseare not cortained in the original data
set and hencemust be computed.

A smoothing of the original data might be necessaryto avoid unpleasan artifacts in the visualization
results (e.g. numerical noiseemphasizedby the derivative computation). However, the smoothing step
must be carried out carefully to presene signi cant o w features.

Moreover, sincethe whole visualization processis performed on standard PCs, interactivit y inducesa need
for e cien t schemes,both in computational time and memory load. The solutions used are discussednext.

Cell Location To permit fast cell location of an arbitrary position within a unstructured grid of about 6
million cells, we usean e cien t data structure presered recertly. * In essencethis structure is build upon
the combination of a kD-tree basedon the grid vertices and cell adjacencyinformation. For every query, the
given position is located within the leavesof the kD-tree. Each leaf contains a referenceto a grid cell which
allows us to start an iterativ e cell-wise path through the grid toward the position. This seard structure is
joined by robust numerical methods to handle cells with degenerategeometry.

Deriv ative Comput ation  Sincethe grid under considerationis unstructured, commonly usedderivative
computation basedon nite di erences isimpossiblehere. Practically, the methods preserted in the following
require the computation of the Jacobian matrix at ead grid vertex. Obserwe that this computation must be
carried out both in the 3D ow surrounding the delta wing and in the 2D shearstressvector eld de ned on
the wing body. Derivative computation must be donevery carefully sinceit typically ampli es noise,leading
to meaninglessresults in further processing.A natural but insu cien t solution is to apply a least squarest

to the vertices located in the 1-neighborhood of the consideredposition. This performs satisfyingly for 3D
data but givesvery poor results when applied to the shearstressde ned over the polygonal surface of the
delta wing. This is mainly due to the tangent plane indeterminacy at ead vertex of such a triangulation.

To overcomethis problem, we adopted an alternativ e approac, which turned out to be extremely fast and
robust to noise. We assumethat ewvery cell around a vertex is a simplex. This condition is not ful lled

by the 3D grid but an implicit tetrahedrization can be carried out on the y. Each simplex is linearly
interpolated which correspondsto a cell-wise constart value of the Jacobian. To obtain the point-wise value
at a particular vertex we compute a weighted combination of the cell-wise values assaiated with the cells
that directly surround it. We found an angle-basedweighting strategy to give good results, especially in
regionswith inhomogeneouscell sizes. Remark that this schemeshawvs a smoothing e ect.
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Local Smoothing  For smoothing of grid-sampled data, a number of methods are readily available, e.g.
exact numerical di usion by meansof a nite elemen method. It is however impractical to apply suc
methods to the dataset under considerationdue to its complexity and size. Hencewe apply an approximated
scheme.

We note that di usion-t ype smoothing methods on scalar elds can be described with the aid of the
Laplacian operator, hencewe require a suitable discretization that can be applied to both three-dimensional
grids as well as 2d grids in three-space. Taubin intro ducesthe point-based umbrella operator on the one-
neighborhood of a grid point in analogyto the certered-di erence approad on rectangular grids.?* Somecare
hasto be takento ensurecornvex-conmbination properties of this operator, but the ensuingimplemertation is
straightforward and fast. Applying an explicit discretization schemefor the di usion with multiple passesas
neededyields a fast and easily implemented algorithm. Note that in smoothing vector data it is uncommon
to diuse componertwise. However, sincethe emphasishere is on removing numerical noise from the data,
this method delivers the desiredaccuracy at good computational speed.

[1l. Flow Visualization

Before preserting our new methods, we briey review in the following state-of-the-art o w visualization
techniquesdirectly related to the present work. More precisely our focusis on line-type feature extraction,
texture-based o w visualization and stream surface computation.

A. Extraction of Line-T ype Features

We are interested in two main types of line features: vortex core lines and separation/attachmert lines.
While the former indicate the certer of swirling o w structures, the latter represert lines on a surfacewhere
the ow separatesor attaches and does not follow the surface of an embedded object. Both vortices and
regions of separation are of essetial interest in aerodynamics due to the sewre e ects on lift and drag
behavior. We rst introduce a conveniert mathematical description called Parallel Operator that permits a
uni ed presenation of existing techniques.

The Parallel Operator As introduced by Peikert and Roth,'* the parallel operator k comparestwo
vector elds v and w on a domain , and delivers the set of points where they are parallel, that is where
there crossproduct is zero. Hence, it is a union of zero-isolinesand can be extracted with suitable methods.
Intrinsically, theseisolinesare closedor end only at domain boundariesand do not intersect eac other. The
algorithmic realization of the isoline computation looksfor the zerosofv w on ead grid faceby performing a
two-dimensionalNewton iteration, starting at the facecerter. An analytical method is available for simplicial
elemeris (derived in'%). After the computation, it is natural to connectstraight line segmeits from zeroson
facesbelongingto the samecell to achieve a consistert polygonal description of the isoline.

Using the parallel operator we now turn to the presenation of standard algorithms for the extraction of
vortex core lines and separation and attachmert lines.

Vortex Core Lines Sujudi and Haimesdescribe an eigenvetor methad for nding vortex coresin ow
elds basedon tetrahedral grids with linear interpolation.? Basically, their schemelooks for linear swirling
patterns on a cell by cell basis. Practically, in every tetrahedron T, the constart JacobianJ of the ow eld
v is computed and cheded for one real eigervalue ¢ and a pair of conjugate-complexeigervalues ; and
2 = 1. In this case,the r educedvelocity is computed at the vertices of T by subtracting the eigervector
Vo corresponding to o from the original velocity. Then, the zerosof the reduced velocity are computed on
T's facesand are successiely connectedto form the straight line segmem of zero velocity. The union of
all such line segmets makes up all the detected vortex coresin the ow eld. From practical experience,
the method is able to detect cortinuous vortex coresreasonablywell.X” A drawbadk in this direct algorithm
is that it doesnot deliver connectedline segmeits between neighboring tetrahedra since the calculation is
performed independertly on ead tetrahedron and the Jacobian is discortinuous on cell boundaries.

Roth managesto reformulate this algorithm by observing that the points of zero reduced velocity are
the points where ¥ is parallel to the real eigervector vy, thereby making the vortex core de nition of Sujudi
and Haimes appear as an application of the parallel operator.'” In fact, the vector elds to be chedked for
parallelity are the velocity ¥ and the accelerationof the ow a:

v a v J v=0 1)
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In other words, vortex core lines are characterized as streamlineswith zero curvature. Sincethe parallel test
can be doneon cell faces,the resulting feature lines are connected. Moreover this technique is not restricted
to simplicial grids. Obsene however that false positives still must be discarded in a post-processingstep
which might be a dicult task.!” Nevertheless,we shaw in the following that this algorithm works well for
the data at hand.

Separa tion and Att achment Lines Following the idea of Sujudi and Haimes, Kenwright proposeda
simple and fast method for the extraction of separation and attachmert lines® His basic obsenation is
that thesefeature lines exist for two linear patterns, namely saddle points and proper nodeswhere they are
aligned with an eigervector of the Jacobian. The original method works cell-wiseand results in disconnected
line segmeits, due to the discortinuity of the Jacobian. Howewer, applying the parallel operator leadsagain
to Equation 1 which correspondsto the 0-isolineof a scalar eld in the 2D case!® This reformulation permits
to obtain continuouslinestoo. Howewer this de nition is quite restrictive becauset assumeghat separation
and attachment lines always have zero curvature. Moreover, sinceit is basedon a point-wise analysis of the
Eigensystemit is very sensitive to noise. Consequetly it requires strong pre-smaothing of the data which
in turn can deform and shift the features. We discussand illustrate these problemsin the presenation of
our new method in section IV.

B. Texture-based Flow Visualization

A very appealing way to depict global structures of a planar ow is to use a texture-based approad.
Among existing techniques, the most popular is LIC.?%'° The basic principle consistsin smoothing a white
noise texture along the ow direction, achieving a strong correlation along individual streamlines, and no
correlation orthogonal to them. The resulting depictions surprisingly mimic the oil patterns known from
wind tunnel experiments and provide a very intuitiv e understanding of the ow behavior. This technique
was originally designedfor planar vector elds. Extensionsto two-dimensional manifolds either assumea
global parameterization of the surface or require the geometryto be rather simple to allow cell-wisetexture
mapping.! For the delta wing data set however, we usethe simplicity of the surface geometry to derive a
global parameterization.

C. Stream Surface Computation

For steady vector elds, stream surfacescan be consideredthe natural extension of streamlinesto the 3D
case.Howe\er, there exist only few methodsto compute stream surfacesfor visualization purposes.Hultquist

pioneeredreseard in this eld with an advancing front algorithm.” To handle corverging and diverging
behavior of the ow he introducesadaptive resolution during integration. Streamline integration is based
on a second-ordernumerical schemewith constart step sizewhich enablesa simple on-the-y triangulation

of the surface. This schemeis fast and straightforward to implemert, and performs well for simple vector
elds but it is unsuited for complex ow behaviors like vortical motion or o w recirculation, presen in the
delta wing data set. We shaow in section V how to improve this technique to handle such data. Other
approades exist. van Wijk proposedan implicit technigue that reducesstream surface computation to
isosurfaceextraction, which permits to usefast and reliable techniques?* The results however are strongly
dependert on the choice of a corveniert scalar eld to be advectedthrough the grid. The starting curvesare
given by isolinesof the 2D scalar eld. Adopting the advancing front idea from Hultquist, Sdheuermannet
al.’® exploit certain properties of triangulated grids with linear interpolation, and in particular the existence
of closedformula for streamlinesinside ead tetrahedron. The major drawbadck of this method is its high
computational cost when dealing with large-scalegrids. Furthermore, it is unable to processarbitrary grid
structures.

IV. Ecien t and Robust Extraction of Separation and Attac hment Lines

As mentioned previously, the standard scheme of Kenwright for extracting separation and attachment
lines turned out to provide rather coarseresults when applied to the delta wing data set. More precisely we
experiencedfollowing problems.

Point-wise eigensystemanalysis strongly depends on the smoothness of the underlying data. The
results obtained without pre-smaothing of the shear stressvector eld have very poor quality and
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cannot be used for further processing. It is worth mertioning here that the very simple geometry of
the delta wing actually permits a quite stable Jacobian computation and should lead to good results
which was not obsened in practice.

Smoothing the data to reducethe impact of noiseis likely to shift or even destroy the feature lines.

Many so-called false positives are produced that must be carefully discarded in a post-processing
step. Feature length and ow parallelity are typical criteria. The corresponding thresholds must be
determined in accordancewith the data which requires user interaction.

These de ciencies are illustrated in Fig. 1 and Fig. 2. Color coding: separation (red), attachment (blue),
actual separation line (green).

Figure 1. Ken wrigh t's metho d without pre-smo othing

Figure 2. Ken wrigh t's metho d after pre-smo othing
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Our new schemeis basedon the following obsenation: the spatial distribution of the shearstressdiver-
genceis closelyrelated to the position and geometry of the separationand attachment lines. However, since
this quartity is obtained by derivative computation, the restrictions mentioned about Kenwright's method
apply to any feature extraction baseddirectly on divergence.Yet, we obtain large connecteddomains of pos-
itiv e (resp. negative) divergencethat provide a rst approximation of separationand attachmert lines. The
necessarycorrection toward actual feature lines can then be achieved by streamline integration. Practically
the structure of our algorithm is as follows:

1. Compute at ead grid vertex the divergenceof shearstressvector eld
2. Extract ridge and valley lines of divergencescalar eld.

3. Starting along ead ridge and valley lines compute in a LIC-lik e manner a cell-wise scalar eld that
accourts for the number of streamlinesthat crossedead cell.

4. Extract ridge lines of this new scalar eld.

5. Draw streamline along ead line to obtain separation and attachmernt lines.
We detail next the successie stepsof our method. Corresponding results are showvn in Fig. 6.

Diver gence Comput ation  For corntinuous vector elds the divergenceat a point P is de ned as the
amount of ow generatedin an in nitesimal region around P. In a Cartesian basis, it is given by the
expressiondivy = @@vx + @vy. Practically we compute it at ead grid vertex asthe trace of the Jacobian
matrix, seesection B. Remark that the fact that the divergencedistribution is only interpreted asa \ rst
guess"in further processingallows us to smooth out local oscillations from the divergence.

Ridge and Valley Line Extra ction Forascalar eld interpreted asaheight eld, aridge or valley line
is de ned asthe set of points where the slope is locally minimal comparedto points of the sameelewation.
Ridge and valley line extraction is a classicaltask in imageprocessing.In this case theselines are interpreted
asedgesin a scalar picture. The existing methods in this context are however of little help for our problem
since they typically assumestructured grids and require rst and secondorder derivative computation.*’
This cannot be done satisfyingly on a scalar eld obtained itself by derivation. For this reason,we adopted
an alternativ e, much easierapproac that is fast and givesgood results.

We reformulate the de nition of ridge and valley lines asfollows. Ridge (resp. valley) lines are curvesstarting
at local maxima (resp. minima) and proceededso as to minimize descen (resp. rise). The corresponding
algorithm thus starts at vertices corresponding to local maxima (resp. minima) and proceedsridge (resp.
valley) line extraction toward the direct neighbor with maximum (resp. minimum) value. Nevertheless,
sincethe data at hand is typically noisy (seeabove), someimprovemens are necessaryto usethis method
in practice. First, we want to restrict ridge line extraction to major featuresand discard minor ones. So, we
needto discard local extrema due to high frequency oscillations. Practically, we restrict our considerations
to valuesthat are extrema within a large neighborhood around them. Second,we want the extracted feature
lines to be as straight as possibleand to avoid u-turns and self-intersections. Therefore we imposean angle
criteria to every new segmen, driven by the mean direction followed during the last few steps. Moreover,
we exclude from further processingevery vertex that is a direct neighbor of a vertex selectedpreviously.
Modi ed in this way, the algorithm is very fast, straightforward to implement, though robust to noise.

Conver gence Monitoring We expect the ridge and valley lines to lie closeto the separation and at-
tachment lines. Now we needa correction that provides the actual line position. Motivated by the empiric
characterization of separation and attachment lines, we choseto measurethe ow convergencefrom the
ridge and valley lines on a cell-wise basis. Obser that ridge lines (positive values of the divergence)are
asseciated with badkward corvergence(attachment) whereasvalley lines (negative values) are related to
forward corvergence(separation). To monitor this convergencewe use an approach somehav similar to the
LIC technique:? we court for ead grid cell the number of streamlinesthat wereintegrated through it. Since
we expect the starting locations to lie closeto feature lines, we only needto integrate streamlinesalong a
short arc length to highlight the converging behavior. The cell-wise scalar eld obtained is converted to a
point-wise eld with the technique discussedn sectionB to serwe asinput for edgedetection. Remark that,
comparedto a classicalLIC picture, we both reducethe complexity by shortening the streamlines' length
and by restricting the starting locations to 1D subsets. This speedsup computation by seweral order of
magnitude.
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Feature Line Integra tion The ridge and valley lines of the scalar eld obtained during the last step
are extracted as explained previously. Now, the corresponding lines still are not the actual locations of
separationand attachmert sincetheir accuracyis restricted to the grid resolution (remember that ridge and
valley lines always consist of polylines made of grid edges). Nevertheless, previous processingguarantees
that actual features' positions lie at most one cell away from the lines found. Therefore, we nally obtain
the feature lines by integrating streamlines starting at one end of the ridge and valley lines, and directed
toward the converging direction. Integration is interrupted when the streamline reachesthe vicinity of the
other extremity.

V. Impro ved Scheme for Stream Surface Computation

Applying the original Hultquist's algorithm,” we faceshortcomingswith o w of inhomogeneousnagnitude
and a rather coarselinear interpolation of the surfacefront, especially for strong surface curvature. These
issuesgain even more importance as streamsurfaceare applied e.g. to the study of vortical structures and
o W recirculation.

Inhomogeneity The fundamertal task of stream surface integration is to produce a well conditioned
triangulation and good approximation of the real surface. Hultquist achievesthis by using a secondorder
ODE solwer for streamline integration and selective streamline advancemen. This producestriangles whose
shape dependson the magnitude of the vector eld, ewvenif the resulting surfacehas no distortions at all to
justify this higher resolution. To overcomethis limitation, we integrate streamlinesover a xed arc length
in combination with a fourth-order Runge Kutta integrator with adaptive step size!® We thus operate on
precisestreamlines and still maintain cortrol over the production of graphical primitiv eswith respect to a
user-prescribed threshold.

Front Curvature The secondproblem, having the linear approximation of the surfacefront stand out
too plainly, showvs up under strong curvature of the surface perpendicular to the ow. By introducing
additional criteria for the insertion and deletion of streamlinesin the advancing front, we keepcortrol over
the spatial resolution basedon an angular criterion. More precisely strong curvature is indicated by high
angular deviation of adjacert front segmems, as shavn in gure 3. The basic rule in Hultquist's front
propagation scheme proposedthe insertion of new streamlinesif the width the quadrilateral at the end of
a ribbon between two streamlines surpassesthe height by factor 2. We add a new rule to enhancethis,
basedon the angle = 6(g ~1G;g¢&-+1) for points g ;j 2 fl:ng being the projections of the front nodes
pi;J 2 fl:nginto the plane perpendicular to the ow at p;:

Figure 3. angular criterion

1. Insert a node if the angle exceedsthe maximum threshold and the maximum front resolution is not
yet reached.

2. Delete a node if the angle falls below the minimum threshold and resolution is still better than the
minimum front resolution.

Contr ol Parameters The choice of threshold valuesis vital in this context, but dependson the data
at hand. The parametersin uencing the surface quality are the lower and upper bounds for front node
distance and intersegmen angle. We found useful valueswith aratio of 10to 1 asthey e ectiv ely preverted
oscillation betweeninsertion and deletion of streamlines.
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Surf ace Parameteriza tion  Advancing the front through the vector eld automatically producesa pa-
rameterization of the surfacebasedon the starting line segmem and the integration length in o w direction.
The rst is a good basis for visualizing ow cornvergenceand divergenceas seenin most of the pictures in
this paper, whereasthe latter runs apart too much over the whole integration in most caseso provide useful
results.

VI. Results

A. Wall Shear Stress Analysis

According to what precedes,the analysis of the wall shear stressvector eld relies on the extraction and
visualization of the separation and attachmert lines. The corresponding pictures are shown in Fig. 6.

We start with the point-wise computation of the divergence. We display it using an adaptive color coding
that mapsvaluesfrom blue (negative minima) to red (positive maxima). The ridge and valley lines provided
by our stcheme are shawn in the samepicture. End loops and short lines are due to the noise inherertly

increasedduring derivative computation. This could have beenavoided by pre-smaothing of the scalar eld,

asmertioned earlier. However the picture shovsthat major featuresare properly extracted which is essetial

in the next steps.

The upper right picture illustrates streamline integration toward line features from the separation and
attachmert lines. It can be obsened that this convergencetakes place closeto the starting locations thus
requiring short streamlets to identify separation and attachmert lines as asymptotic streamlines. Color
coding is red for forward integrated streamlines (separation) and blue for badkward integrated streamlines
(attachment). Artifacts resulting from the ridge line extraction step are discarded during this o w-based
correction step.

The third picture (lower left) shaws the corresponding cell-basedhit texture that is usedto measurespatial

corvergenceof the ow. One can seethat the non-zero domains obtained are very thin and constitutes a
good approximation of the feature lines, even improved by a (rather trivial) ridge and valley line extraction.

The last picture (lower right) nally showsa close-upwith the exact paths of separationand attachmert lines
obtained by streamline integration. Recall start streamlines are started at one end of the ridge and valley
lines and integrated toward the corverging direction, depending on the sign of the underlying divergence
eld. The underlying LIC texture permits to underline the accuracy of the results.

An overview of nal resultsis proposedin Fig. 4. Remark that the attachment lines shavn in greenconstitute

a non-trivial result since the corresponding corverging behavior of the ow only takes place from one side
whereasthere is no corvergencefrom the inner side. A comparison with Fig. 1 and Fig. 2 shows that

Kenwright's technique was unableto nd sud features.

B. Visualization of Three-Dimensional  Structures

To give an overview of the capabilities of the improved streamsurfacealgorithm, Fig. 5 shaws three stream-
surfacescloseto the delta wing surface. The color map in ead caseis tied to the parameterization of the
starting curve (i.e. the color is transported along individual streamlinesin the surface). This permits a
recognition of rotation and deformation of the streamsurface.

The streamsurfaceat the apex was started out of a straight line segmen symmetric to the wing. It can be
obsened how the apex divides the incoming ow in three parts, of which the two fronts that o w above the
apex go on to form the characteristic delta wing vortex systems. In Fig. 5, a cutting plane wasapplied to the
streamsurfaceto reveal the rolling-up of the ow. Fig. 7 (lower left) shaws a closeup of the vortex system.
It can be obsened how primary, secondaryand tertiary vortices are mutually connectedby the surface.
The secondset of streamsurfacesin Fig. 5 was computed starting on circular curvesaround the vortex core
lines for the primary vortices on left and right side of the wing. The vortex core lines were extracted using
the method of Sujudi and Haimes as described in section |11 and are depicted together with the resulting
stream surfacesin the lower right of Fig. 7. Both primary vortices show a breakdownn, though asymmetric.
Fig. 7 (upper row) shows a closeupof the streamsurfaceat the breakdowvn point for the left vortex, where it
is possibleto obsene the blow-up and \folding" of the ow and the recirculation inside the enclosedregion
(cut open by a cutting plane). The visual artifacts in the upper right of Fig. 7 are related to inaccuraciesin
the rendering systemusedto take the imagesand stem from the fact that the layers of the streamsurfacein
this region are extremely close.
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VIl. Conclusion

The objective of the work preseried in this paper was to combine established methods with new ap-
proachesto provide accurate and e cien t visualization results in dealing with the analysis of a delta wing
dataset. Our focus was on the extraction and display of structural featureslike separation, attachmen and
vortices that are essetial for aircraft design. Moreover, following the inspiring work by Dallmann,® we aimed
at proposing depictions basedon streamsurfaceso o er intuitiv e insight into the qualitativ e behavior of the
ow. To this aim, we both applied state-of-the art visualization techniques and designtwo new methods to
overcomethe limitations of existing ones. Our results and obsenations are summarized next, followed by
topics of future work.

Extra ction of Line-Type Features One basic idea behind our visualization approac around the
wing body was to start stream surfacesin the vicinity of line-type features that are known to point out
\in teresting" regions of the ow. The examplesconsideredwere separation and attachmernt lines on one
hand, and vortex coreson the other hand. For both typesof line features, we tried out standard techniques
that compute somekind of linear pattern matching. In our implementation, the parallel operator was used
leading to connectedfeatures. While the method of Sujudi and Haimes proved satisfying for the extraction
of vortex core lines, we obtained rather bad results with Kenwright's scheme for nding separation and
attachmert lines. One of the key issuesin this casewas the sensibility of the method to the noiseinduced
by Jacobian computation over an irregular grid. We saw that pre-smaoothing even worsenedthe problem by
shifting and destroying features.

This motivated the designof a new method that takesadvantage of the correlation betweendivergenceand
separation/attachmert lines. Interpreted asa rst guessby our method, the ridge and valley lines of the
divergenceare advected toward the actual features by the ow while streamline convergenceis monitored
on a cell by cell basis. The regions of strongest corvergenceare then interpreted as the loci of separation
and attachment, according to their empirical characterization. Streamlinesare nally properly integrated
through theseregionsto obtain the exact features' position. Our method is very fast, easyto implement and
demonstrated with the delta wing dataset its ability to accurately extract major separationand attachmert
lines aswell asweak featuresthat are non-trivial to identify whenlooking at a LIC texture of the wall shear
stress.

Volume Visualiza tion with Stream Surf aces To permit the visualization and analysis of complex
ow behavior, we also improved the basic technique of Hultquist that is unable to properly handle strong
curvature and inhomogeneouso w magnitude. Basedon our new algorithm, streamsurfacegroved a powerful
tool for the structural analysisof a ow eld around a delta wing. In the sameway that streamlinesmanage
to corvey the essetial behavior of two-dimensional o ws, stream surfacesare able to shaw the folding and
twisting of ow layers. In combination with other techniques like color-cading they sene to enhanceline
features and dramatically enrich the visualization. Thanks to an accurate and robust implemertation we
demonstrated the ability of stream surfacesto give deepinsight into complex structural con gurations like
(in our example) vortex breakdowvn and o w recirculation.

Future Work As mertioned previously, one of the most promising applications of the visualization
techniquespresened in this paper is their implication in an automatic, feature-basedgrid adaption, focusing
the computation on interesting regionsof the dataset. Future work will include researd in this direction. We
are alsointerestedin techniquespermitting an e cien t tracking of the o w structures over time. Finally, we
intend to improve our visualization framework to addressissuesranging from big airliners' trailing vortices
to vortex genesisat helicopter rotor blades.
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Figure 4. Shear stress analysis: separation and attac hmen t lines over LIC texturing.  Color coding: attac hmen t:
blue and green, separation: red

Figure 5. Streamsurfaces near the wing: vortex creation at the wing apex, streamsurfaces around the vortex
core lines showing vortex breakdo wn
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Figure 6. Shear stress analysis: div ergence and associated ridge and valley lines (upp er left), streamlines
integrated toward feature lines (upp er righ t), cell-wise convergence monitoring (lower left), nal result and

LIC texture - closeup (lower righ t)

Figure 7. Streamsurfaces around vortex core lines: primary vortex breakdo wn (upp er left), vortex breakdo wn
cut open with a cutting plane (upp er righ t), primary , secondary and tertiary vortex structures (lower left),
overview with stream surfaces depicted as wire frame along with primary and secondary vortex core lines
extracted by the technique of Sujudi and Haimes (lower righ t)
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