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Abstract Simulation and modeling of turbulent flow, and of turbulezdcting flow
in particular, involves solving for and analyzing time-degent and spatially dense
tensor quantities, such as turbulent stress tensors. Tdéraative visual exploration
of these tensor quantities can effectively steer the coatjoumial modeling of com-
bustion systems. In this chapter, we discuss the challeimgdsnse symmetric-
tensor visualization applied to turbulent combustion gkton, and analyze the
feasibility of using several established tensor visuditiratechniques in the con-
text of exploring space-time relationships in computadirsimulated combus-
tion tensor data. To tackle the pervasive problems of ogmhuand clutter, we pro-
pose a solution combining techniques from information anelrgific visualization.
Specifically, the proposed solution combines a detailedr&pection view based
on volume rendering with glyph-based representations & as€D probes —, while
leveraging interactive filtering and flow salience cues iy the structure of the
tensor datasets. Side-by-side views of multiple timestapisitate the analysis of
time-space relationships. The resulting prototype ersadabeanalysis style based on
the overview first, zoom and filter, then details on demandgigm originally pro-
posed in information visualization. The result is a visualgsis tool to be utilized
in debugging, benchmarking, and verification of models andt®ns in turbulent
combustion. We demonstrate this analysis tool on three pbeaoonfigurations and
report feedback from combustion researchers.
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1 Introduction

Research into optimization of power generation systemsdoanced energy and
emissions performance has become increasingly imponathei last two decades
largely due to alarming environmental concerns and stihgegulations of NQ
and SQ emissions, and other greenhouse gases such as [8D Microturbine
generation systems are on the forefront of this researchadie promise of high-
efficiency, ultra-clean systems that can be used to prodectrieal energy as well
as thermal energy in co-generation applications. Therecnéinuing need to de-
velop and implement advanced computational tools for nmogeind prediction of
turbulent combustion for a wide range of mixing, fuel coniposs and flow config-
urations [28, 11]. In fact, reliable and flexible computaibmodeling is considered
a key element in achieving the objectives of modern gasttartbesign [22].
Tensor quantities are quite common in turbulence modeimparticular in the
three principal approaches to computational turbulentbgtion [9]: Direct nu-
merical simulation (DNS), Reynolds-averaged Navier-880kRANS) and Large
eddy simulation (LES). For example, in LES a spatially fégform of the Navier-
Stokes equations is considered, whereby only the flow feat(gddies) that are
larger than a characteristic filter size are resolved witlagproximation. Certain

subfilter (or subgrid quantities appear unclosed and need to be modeled. An im-

portant agent of such quantities is the non-linear coneadgrm, which is defined
as thesubgrid scalg SGS)stress tensor[25] and the SGS scalar fluxes (for flows
involving scalar transport) [9]. In eddy-diffusivity tydeES models, SGS tensors
are correlated to resolved quantities, such as the resstvaid tensor [21, 5].

Visually identifying the characteristics of such tensornqtities in finer details
can bring significant insights into the computational modeprocess. For exam-
ple, DNS solutions are commonly used in verification of LE® &ANS models,
where the cases have typically been limited to simple caabnonfigurations [15].
In recent years, however, progress in DNS modeling has eBINS being applied
to more realistic configurations with finer resolution [28].Visual exploration of
tensor quantities in such complex configurations wouldndtely steer the model
verification and development process. Questions posedglanalysis may be of
the form, what artifacts do LES introduce in the simulatidraccomplex config-
uration, compared to the canonical DNS solution? How doetatfacts evolve
over time? What are the regions and magnitude of error? Irotig dun, the visu-
alization of tensor quantities could help turbulent contimmsresearchers identify
regions of interest in the flow in order to design simulatiohesnes which are both
computationally affordable and sufficiently accurate.

In this chapter we investigate the challenges associatidng exploratory visu-
alization of tensor quantities in turbulent combustiondimtions. We then propose,
implement and evaluate an interactive prototype for expdpturbulent combustion
tensor data that addresses some of these challenges. Testhef lour knowledge,
this is the first successful interactive visualization aféivarying stress tensors in
the context of high-density turbulent combustion data. fdsalt is a visual anal-
ysis tool developed through tight collaboration with rasbars in computational
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combustion. We evaluate the tool on several computatico@lbustion datasets of
particular interest, and show the importance of the progp@gproach for debug-
ging the numerical simulation of complex configurationsstLbut not least, we
contribute a discussion of lessons learned, current ltiaita, and future directions
of research as motivated by the driving computational apfibn.

2 Tensors in Turbulent Combustion

2.1 Turbulent Combustion Modeling

A tensor is an extension of the concept of a scalar and a veztoigher orders.
Scalars and vector are 0-th and 1-st order tensors, regplgctin general, &-th
order tensor can be represented ydimensional array, e.g. a second order tensor
is a 2D array (a matrix). A stress vector is the force acting@iven unit surface,
and a stress tensor is defined as the components of stresssvacting on each
coordinate surface; thus it can be described by a symmetit @der tensor. The
diagonal components of the stress tensor represent noonealst i.e. compression
and tension, and the non-diagonal components represeshéaging forces. The
eigenvalues of the stress tensor are its principal stressdshe associated eigen-
vectors are the principal directions of the stress tendaceSthe stress tensor is
symmetric, its eigenvalues are real. Strain tensor is aetlguantity, the compo-
nents of which are the components of the rate of deformatiogach coordinate
direction (i.e. derivatives of velocity). For the fluid flowation, there are different
so called constitutive models that relate strain to stiesthis work, we examine a
Newtonian fluid, where the stress-strain relationshiprisdr.

Fig. 1 The experimental setup which introduces the Bunsen burneriexgr (left)[4], and exam-
ple results from a corresponding computational LES model and ation| showing the gaseous
distribution at a specific time-frame (right) [44].
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Fig. 2 DNS (left), LES (middle) and RANS (right) predictions of atiutent jet. LES requires less
computational effort than DNS, while delivering more detadrn the inexpensive RANS.

A sulfficiently accurate, flexible and reliable model can bedufor anin silico
combustor rig test as a much cheaper alternative to theifesaly tests employed in
combustor design and optimization. In order to achieve sutlodel, the methodol-
ogy should be well tested and proven with lab-scale conftgurs. Figure 1 shows
an example configuration for a lab Bunsen burner, and exarapldts from a cor-
responding computational model and simulation, showireggidiseous distribution
at a specific time-frame.

Multiple numerical approaches exist for generating sughmatational models
of combustion, most notably DNS, RANS and LES [9]. DNS catssig solving
the Navier-Stokes transport equations of fluid flow and résglall of the scales of
motion. In RANS, the transport equations are time-averdgesed on knowledge
of the properties of flow turbulence, and the mean transppragons are solved. In
LES, the spatially filtered equations of motion are congdethe solution of which
portrays the large scale motion.

DNS, RANS and LES have complementary strengths. Figure 2dstrates the
characteristically different results that can be obtawét these models. DNS pro-
vides a very accurate, model-free representation of thieadg evolution of turbu-
lent flows. However, applications are largely restrictedhs computational power
required by DNS and can be carried out only in limited and lyigghealized cases
[12, 29, 32]. RANS is significantly less expensive than DN&],as such, it is the
more popular approach for engineering applications [2#]ally, LES provides
a balance between computational cost and the level of fidielithe results. The
LES methodology has been the subject of much modern reseattts becoming
increasingly more popular in combustion research [10].
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All models begin by describing the compressible reacting fl@a a set of partial
differential equations (PDES) that represent the consiervaf mass, momentum,
and energy. These PDEs are a fully coupled set of multi-deioeal non-linear
equations and can be posed in a variety of forms dependinfgpeifidw condi-
tions (compressibility, scale, flow regime, etc.). Details beyond the scope of this
chapter, and the reader is referred to many excellent bo@ltahble on the subject
[33, 20, 23]. In this chapter, we exemplify the visualizatiof stress/strain tensors,
and therefore restrict the presentation to the pertindmefuof this PDES, namely
the momentum transport equation.

The velocity stress/strain tensor fields are manifesteladdnransport of fluid mo-
mentum, which is a vector quantity governed by the followogservation equa-
tion:

oapu; n dpuiuj _ dp n JTjj
ot 5Xj X% 0Xj

where the Cartesian index notation is employed in which gexi = 1,2, 3
represents spatial directions along kg andz Cartesian coordinates, respectively;
and the repeated indgxmplies summation over the coordinatéss time, p is the
fluiddensity,u = [ug, Uz, us] is the Eulerian fluid velocityp is the pressure, ardis
the stress tensor defined as:

fori=1,2,3 1)

Tij = US;j 2

wherep is the dynamic viscosity coefficient (a fluid-dependent peeter) ands
is the velocity strain tensor defined as:

- 1 (9Ui 0Uj
Si=3 <axj T ox > @)
From the computational modeling perspective, anotheotaqsantity of interest
is the so-called turbulent stress tensor. In DNS of turbiuflemv the conservation
PDEs are solved in their exact form (as shown above for the entuim equation).
On the other hand, in LES an alternative form is derived veaftillowing spatial
filtering operation:

n
(Q) (x,t) :'/700 Q(X,t) G(x—x') dx’ 4)

whereQ(x,t) is any turbulent quantity such as velocity or density. Therfihg
operation applied to the momentum equation, Eq. (1), gives:

o(p) (), 2P) (W)L (W) _ a(p) , (ry) O,
ot 0% X 0% 0%

where the notatior} ), indicates the density weighted filter:

_ Q)

()
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Equation (5) greatly simplifies the filtered form of the PDEslas commonly
employed in LES and RANS of turbulent flow, instead of solvifgy (1) directly.
The important term in equation (5) is the turbulent streesdeT which is defined
as:

Tij = (o) (Cuiuj), — (W) (uj)) (7)

In LES the combustion flow solution is sought for the filterethisdirectly by
solving the simplified, filtered form of the equations (Eq))($lowever, a closure
problem originates from the non-linearity in the secondnten the left-hand-side
of Eq. (1) and is manifested as the unknown te{lwruj>L in Eq. (5). There is no
equation in the filtered set of PDEs that corresponds to thisérm! Indeed, the
whole literature on modeling of turbulent flow is providing closure models for
T in one way or another.! The same is true in RANS where ensemble averaging
replaces filtering. For these reasons, the stress/straoite and the turbulent stress
tensor are of particular interest to computational modeler

2.2 Challenges

While many tensor visualization techniques have been psapaad implemented
in various systems, in particular in medical imaging andl @agineering, the vi-
sualization of turbulent combustion tensors presentsrakley challenges. First,
because combustion datasets are the result of computasiomdations often per-
formed at high resolutions, they tend to be particularlysgerSuch high densities
lead naturally to clutter and occlusion problems when \ligurgy the data, as well
as to slow interaction when visually exploring the data.d®elc because researchers
are particularly interested in the 3D structure of the flowl #me possible ways to
numerically decompose and simulate this flow, it is impdrtarshow the 3D con-
text of the data. At the same time, because the researcleetgpically trained to
visualize their data using 2D exploration tools such as Teaht ParaView, it is
important to still give them access to similar 2D projecttonls when exploring
the data. Furthermore, care should be exercised when aggbmsor visualization
techniques from other fields (such as diffusion tensor img)gio combustion data;
because of the high density of simulation data and the rahgeloes these data
take, many existing tensor representations do not havetaitiie equivalent in
combustion flow. Finally, many exploratory tasks in this tet are visual compar-
ison tasks, where the user aims to compare multiple stepsspéeific numerical
simulation, or different numerical simulations. To thigdeit is important to pro-
vide a quick overall sense of the tensor field structure, evai$o allowing the user
to explore particular regions of interest in more detail.

L In reacting flow there are additional and generally more sigaifi closure problems associated
with chemical source terms in the mass and energy conservatioasat) however this is beyond
the scope of this text. The reader is referred to the liteea{Qr 12].
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3 Related Work

Several methods have been proposed for the visualizatitensbr datasets. They
include eigenvector color maps, glyphs, streamlines,meluendering and volume
deformation. Most of them are used to visually represerftiBibn Tensor Magnetic

Resonance Imaging (DT-MRI) data, while some have been usetchanical en-

gineering to display different types of quantities, suclstasss or fluid flow.

The most basic method uses eigenvector color mapping.itirssan (R,G,B)
color according to the (X,Y,Z) components of the principgleavector and a satu-
ration level that depends on the magnitude of the anisotmogtyic [41]. Colormaps
are commonly used by mechanical engineers for componenbtimponent visu-
alization of vector and tensor quantities. The limitatidncolormaps is that they
cannot show directional information and can only displag oype of information
at any one time, e.g., tensor component or eigenvalue.

Another approach utilizes glyphs, which are 3D icons whosgss, colors, tex-
tures and locations correspond in some way to the propesfiéise data. There
are many ways these mappings can be made. Generally, the sithpates the
directions of the eigenvectors at particular voxels, wititddors can point to the
value of the anisotropy at those voxels [41]. Two examplegyghs are composite
glyphs [38] and superquadrics [17], both of them used inrbiraaging. In the en-
gineering field, a type of glyphs called stress hedgehogs bagn used to visualize
mechanical stress [13]. The disadvantage of glyphs is finatlense datasets such
as the ones generated through simulation, they lead technd occlusions.

Streamlines (sometimes called hyper-streamlines) aadrstubes are often used
for tracing white-matter fibers in DTI-MRI datasets. Theyldw the direction of
the main eigenvector through the volume and can be groupead ohlistering al-
gorithms into clusters that have anatomical correspoisdetti, 43]. In addition
to visualizing white matter fibers, streamtubes have beed ts simulate blood
flow through an artery in order to detect the effect of the flawtloe walls of the
artery [37]. In the mechanical engineering field, hypeeainlines have been used to
visually represent mechanical stress [13]. Slavin et &.gireamtubes to visualize
topological defects in nematic liquid crystals, which areeaaled by discontinuities
in the orientation order of molecules in the liquid [31]. kel glyphs, which can
show directional information only at certain points in tr@ume, streamlines can
display directional information continuously in the volanNevertheless, stream-
lines are also prone to clutter and occlusions.

Volume rendering is a method of mapping points in the voluméhe screen
using a transfer function which controls how transparenppaque each point
is. Previously-used methods include barycentric opacigpsn hue-balls and lit-
tensors [18]. Bhalerao and Westin use a textured mappedagiprcalled tensor
splatting [1]. Volume rendering of stress magnitudes, cioeh with tracing of
short line segments to show stress direction, can help wiigding and positioning
of implants in hip joint replacement planning [7]. The volemendering approach
holds promise for dense datasets, although it can primstnibyv scalar information.
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The volume deformation method is generally used to visaatizchanical stress.
It allows the viewer to infer the characteristics of the tarfgeld by observing the
effect it has on an object. Zheng et al. present two techsiquermal vector de-
formation and anisotropic deformation. The former is besduat indicating the
direction of the tensor field while the latter can show the pmeasing and shearing
properties of the tensor field [42]. Because of the fact thistmethod requires an
object onto which the deformation has to be applied, it iseénegal not applicable
to visualizing combustion flow.

Most of the work in the field tensor visualization of has beeocused on sym-
metric tensor fields. There has recently been some intergitializing asymmetric
tensor fields. One example is the use of tensor lines to amahe gradient of the
velocity vector field, an asymmetric tensor field [39].

Because of the complexity of a 3D tensor field, each tens@npiaily having 6
components (3 diagonal and 3 non-diagonal elements), B\agees and 3 eigen-
vectors to visualize, tensor visualization techniquesroftave occlusion and clut-
tering problems. In order to fix these problems, researafeza reduce the dimen-
sionality and/or use interaction [3, 7, 14]. Both Jianu eald Chen et al. provide
linked views of 3D and 2D representations of brain imagingds well as several
types of interaction with the 3D and 2D models, such as seleeind coloring of
white-matter fiber clusters. Dick et al. adopt a focus+cxintechnique, where the
user can move a circular region over the background visat#iz in order to view it
in more detail. Sherbondy et al. use interaction in an apptio that uses dynamic
queries to display neural pathways between volumes ofdatéB0].

Interactive filtering has been used more extensively oetsid tensor visualiza-
tion field, in particular in information visualization [6h general, the idea of bridg-
ing information visualization and scientific visualizatis gaining momentum [26],
and several examples have been published in recent yedr][ Nevertheless, the
challenges in this line of research relate to the specifin$oscientific data takes.

4 Methods

To the best of our knowledge, this study is the first explasatbudy of tensor vi-
sualization techniques in the context of turbulent conmbuasiiow. To address the
challenges outlined in Section 2.2, we propose a prototgpénteractive visual-
ization of combustion tensor quantities. It combines ghpalsed representations —
used as a 2D-projection exploratory tool — with real-timéuwee rendering —
used as a 3D-context visual anchor, and with velocity sthe&s — serving as
flow salience cues. To further address the problem of clattdrocclusions we im-
plement interactive filtering techniques, allowing therusefocus on and compare
specific regions of interest of the tensor field. We begin tscdbing the data.
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4.1 Datasets

We have employed results of three simulations in this stiithe first dataset is
a laboratory-scale Bunsen burner flame. The second is a icahoest problem
employed in turbulent reacting flow research, namely thepteal mixing layer
configuration. The third and most intriguing dataset is #sult of LES simulation
of a turbulent jet configuration known as the Sandia-D expeni.

The Bunsen burner is a centimeter-scale fuel jet surrouadaxially by a hot pi-
lot stream of burnt gas and impinging onto quiescent ais # high Reynolds num-
ber (24,000) configuration with a wide range of spatial sdNS of which is com-
putationally unreasonable. The state of the art in DNS iswloedimensional Bun-
sen burner configuration (slot-burner) with two-orders apmitude lower Reynolds
number than what is considered here. Therefore, only LEBi®flame is available.
The data employed in this work for the Bunsen burner are ttezdill turbulent ve-
locity vector and the turbulent stress tensor fields takem sttapshot in time and
discretized over a uniform Cartesian grid of size 101 in edicbction (1M grid
points).

The temporal mixing layer, on the other hand, is a simple gondition where
two streams of fuel and oxidizer flow over and against eachrofthe flow speeds
are adjusted for a low Reynolds number yielding a narrow easfgength scales,
and this configuration can be easily tackled with DNS and tls=al as a benchmark.
The data for the temporal mixing layer is similarly at a streghsn time and at the
full DNS resolution over a grid of size 193 grid points in twarsian directions
and 194 in the other (approx. 8M grid points).

The Sandia-D dataset is very similar to the Bunsen burnethatit is also a
centimeter-scale jet configuration with a fuel jet at thetee(methane-air mixture
for this dataset) surrounded coaxially by a slower speedphot flame of burnt
premixture of acetylene, hydrogen, and air. The differaa¢hat the pilot flame is
further surrounded by a co-flowing hot air stream. It hasghdlly lower Reynolds
number (22,400) than the Bunsen burner dataset, but the BEISd computation-
ally unreasonable. The LES simulation provides solutidrtb® turbulent fields of
species as well as the velocity field as a function of 3D spaddime. The temporal
resolution is dependent on the numerical specificationgsaimdthe level of micro-
seconds in the scales of this flame. The data used in thisimeris comprised
of the filtered turbulent velocity vector and the turbulemmess tensor fields taken
at a snapshot in time and discretized over a uniform Cartegi@ of size 200 in
streamwise direction and 160 in each of cross stream direcijapprox. 5M grid
points).

4.2 Glyph Representation

Representations that combine the different tensor comysneto a single image
were of immediate interest to our collaborators in comlamstesearch. In partic-
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ular, previous studies of the Bunsen burner dataset rdytused component-by-
component colormap representations (ParaView) to idedtgcontinuities in the
tensor field, and we speculated that a combined represamtidtthe tensor compo-
nents would prove useful for this task.

As afirst iteration, we pursued Westin's model of displayimgtensor as a com-
posite glyph [38], which consists of a rod, a disc and a sphdre eigenvectors and
eigenvalues of the velocity strain tensor are calculate@éach evenly spaced grid
point, then mapped to the composite glyph. The directiomefhain eigenvalue is
deemed more important than the direction of the second amblelyenvalues, thus
the rod component points in the direction of the main eigetore All that can be
said about the second eigenvector is that is in the planeeddigt, while the third
component, the sphere, does not retain the direction ohihe ¢igenvector at all.
The eigenvalues are sorted in descending order and thegnadsio the rod, disc
and sphere component of the glyph. Since, for many of theoteria the Bunsen
burner dataset, the three eigenvalues are very close ipvalel length of the rod is
set to 3 times the size of the main eigenvalue, while the midhe disc and sphere
are equal to the second and, respectively, third eigensalttgs is done so that the
direction of the main eigenvector can be distinguished reasgly. Color is used to
distinguish the three components of the glyph: green fordide magenta for the
disc and red for the sphere. Figure 3 (left) shows a sliceutiitahe tensor field,
each tensor being represented as a composite glyph. Aspaieid, mapping the
glyphs to the 3D flow lead to clutter and occlusions, even wherglyph field was
subsampled by a factor of 25.

Following feedback from our collaborator, we simplified tiigph by removing
the disc and sphere components of the composite glyph aryddsplaying the
direction of the main eigenvector as well as the value of tlnneigenvalue. For
this purpose, the rod component was replaced with a lineir€ig (right) displays
the same part of the tensor field as Fig. 3 (left), except it tise piecewise linear
representation of the tensors main eigenvector. While tmplgied, linear result
was easier to interpret, in particular in 2D cross-sectiinhe field, 3D views of
the representation were still illegible due to clutter, &aited to deliver a sense of
the 3D flow. The line glyphs were still kept in the final versiohthe prototype,
the only difference being that an arrow was added to poinhéndirection of the
main eigenvector. In the degenerate case, when the differieetween the first two
eigenvalues is less than 0.001 (heuristically determitteglrorresponding glyph is
displayed as a gray sphere, shown in Fig. 5 and Fig. 8.

4.3 Volume Rendering and Streamlines

To provide 3D-context to tensor quantities while reducihgter and occlusions,
we integrated volume rendering into the tensor field vigadibon. Volume render-
ing can be a very effective way of visualizing 3D volumeshaligh it requires
mapping a color transfer function to a scalar value. Theaseplantity we turned to
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Fig. 3 Glyph (left) and piecewise-linear (right) visualization b&ttensor field. In the glyph-based
representation color identifies the various glyph compon@reen for the rod, magenta for the
disc and red for the sphere.) To reduce clutter, the number phglwas subsampled by displaying
only every fifth element along each direction, resulting in &gt which was 1/25 of the original
size. The subsampling factor has been empirically determined.

Fig. 4 Volume rendering oflivergenceof the temporal mixing layer dataset (left and middle),
and color transfer function (right) used for volume renderiRggions with saturated blue or red
indicate higher magnitudes of divergence, either positiveegative. This rendering shows very
clearly the 3D nature of the flow which is difficult to extrabtough other visualization methods.

for the volume rendering idivergencewhich can be calculated as the trace of the
strain tensor in Eq. 3. Under conditions of no mass soureergence represents
the change of density in time. The divergence reveals thet@Btare of the tensor
field and effectively shows how the density of the fluid chanigedifferent regions.
Figure 4 shows two example images of divergence for the teahpoixing layer
flow.

Our custom implementation of volume rendering uses rayirgasThe opac-
ity transfer function for volume rendering was designeerattively so that high-
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Fig. 5 Streamline and glyph visualization for the Bunsen burner dat@ike velocity field is uni-
directional at the bottom of the volume (left). At the centethe volume, the velocity field is more
varied (right). The streamlines emphasize the flow featuresiehtral part of the simulation.

divergence regions had higher opacity and low-divergeeg®ns had low opacity.
This mapping highlighted the most interesting regions efftbw. The color transfer
function was designed following the same principle; Figishows the color trans-
fer function for the temporal mixing layer dataset. The usam customize trans-
parency and color to better explore the underlying 3D stierssor field.

To further emphasize the flow-context of the tensor dataytiheme rendering
was augmented with velocity streamlines — a technique baddrom flow visu-
alization. To create streamlines we calculated Rungeakdithtegral paths through
the velocity field. The starting points for the streamlines a "cube” of evenly
spaced grid points. Figure 5 shows a combined visualizatighyphs and stream-
lines for the Bunsen burner dataset.

The visualization tool was implemented in C/C++ with Openf8t.rendering.
Custom code was used for ray-casting.

4.4 Interactive Filtering

Early feedback from combustion researchers indicatedtieaglyphs, volume ren-
derings and streamlines complement each other nicely instef the information
displayed. However, the sheer volume of the combined inddion is overwhelm-
ing. To tackle this challenge, we followed a strategy base&loneiderman’s info-
vis mantra [2] and Tufte’s principles [36, 35, 34]. Follogiufte’s principles,
the information content of the image is maximized by comignvolume render-
ing, streamlines and the glyph-based representationhiFaombined representa-
tion we add zooming and filtering via interaction. Followiiugther Shneiderman’s
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Fig. 6 Streamlines through the velocity field of the temporal mixingeladataset. 27 streamlines
are shown (left); even such small numbers clutter the image. iRidtestreamlines interactively
(right) helps reduce the clutter and enables the user to cenfiganilies of streamlines.

mantra, the volume rendering gives an overview of the flow serdes as a visual
anchor, while the streamlines enable filtering of interestiegions, and glyph rep-
resentations function as details on demand.

The visualization tool has two modes of operatiexplore modandfilter mode
In the explore mode, a user can manipulate the scene and roandiout through
mouse or keyboard interaction. Rendering the full resotutiolume image during
rotation or zooming slows down significantly the interawti®herefore, during ro-
tation or zooming, we use low-resolution volume rendertmmaintain interactivity
of the program: fewer rays are used for ray-casting thanerfuli-resolution ren-
dering, and the remaining pixels are interpolated. We adoce the sampling rate
along a ray through the volume. The low resolution rendepirmgiuces an intensity
image, while the full resolution rendering produces a caloage. These modifi-
cations make the volume rendering fast and help to maintaéractive rates. The
intensity volume-image during interaction helps to givede®r of how the volume
is changing so that the user does not lose context betweatath®f the interactive
step and its end.

In the filter mode, the user can focus on a sub-region of the lipwighlight-
ing and comparing streamlines of interest. The filteringrafien follows Tufte's
principles and an approach originally used by the New Yorkés to explore stock
market trends [6]. By default, all streamlines are muted,gndaile mouse interac-
tion allows the user to highlight and contrast two or morgespntative streamlines.
Streamline seed-points can also be interactively draggeew locations in the vol-
ume. After selecting a set of streamlines, the user can Bvidck to the explore
mode and rotate/zoom the scene to better gauge the ch@sticseof the stream-
lines.
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Figure 6 shows how the filtering operation can help decluttervisualization.
In both modes, a user can control whether streamlines, \eduan the glyph-
representations will be rendered or not. To further reduattet, the glyph rep-
resentations are mapped to axis-oriented cutting planeshvare also controlled
by the user.

Side-by-side views of multiple time-steps further faeilé the analysis of time-
space relationships. While animated 3D views have certamardadges over side-
by-side views (in particular with respect to display restage), the information vi-
sualization literature [27] and our experience indicat tide-by-side views are
more effective at capturing time relationships.

5 Results and Discussion

We evaluate our analysis tool on the three datasets dedgérnit®ection 2.2: a snap-
shot of the Bunsen burner simulation, a snapshot of the TeahMixing Layer
simulation, and a three -step time sequence of the Sandi@p&ienent. Two of the
authors are computational combustion researchers whothseslystem and pro-
vided the following feedback.

Using the integrated exploratory system on the Bunsen butataset, it was
noticed that the tensor field was remarkably smooth and hemexgus in the outer
co-flow and the inner pilot regions. The tool was proven usafen for this elemen-
tary level of analysis, and will be further employed for mdetailed LES datasets.
For the mixing layer configuration, similar observationsevenmediately visible
where the “mushroom” pattern around the shear layer at tltezane is distin-
guished well from the zero-divergence outer zones (Fign&restingly, the analy-
sis of the Sandia-D dataset provided a surprise — a ripplitiiget surrounding the
central jet — which can be seen in Fig. 7 and which showcaseadlantages of
the tool as a means of debugging numerical simulations. Showig. 7 are snap-
shots of the trace of strain tensor field at two instancese tiat 0.7 and 1.8th of
a residence time, respectively; one residence time is @équak total streamwise
length divided by mean jet velocity, i.e., roughly the timeakes a fluid particle
to traverse the whole length of the domain. The field showmigte trace of the
strain tensor. The regions at and near the jet core portrayzewm trace, and are
indicative of the high spatial and temporal gradient in ths-gixture density in
these regions, in other words, of the active reaction zoritshigh compressibility.
The far field trace on the other hand is much closer to zero agdests (as ex-
pected from theory) close-to-zero compressibility of anifi and low density flow
in these regions. This is especially clear in rightmost shapwhere the effects of
high-frequency pressure waves are lesser compared teraarihe simulation. This
non-physical ripple effect could be attributed to numdrartifacts of the employed
discretization scheme in the LES simulation, and is prooedronly in the incom-
pressible regions, as clearly shown in the volume rendemsbt field. Overall, the
researchers found the system as an exploratory tool “veog'gand “cool”, and
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Fig. 7 Volume rendering oflivergenceof the third dataset (Sandia-D). Two timestamps of a re-
active flow simulation are shown here, increasing in time fromtieftight. The rippling effect
disappears as the simulation goes further in time. In this exartipdeuser customized interac-
tively the transfer function (color and opacity) to emphasieedentral flow.

also commented on the potential explanatory power of thieesy$o be utilized in
comparisons of simulations against experimental data.

With respect to the various components of the visualizasicimeme, the glyph
representation for the Bunsen burner dataset was condidereewhat useful, and
only in 2D cross-sections. In 2D probes the flow patterns weod sufficiently
expressed”, while in 3D the information was “hard to read&da clutter and oc-
clusions, as the glyphs became “intermingled and cluttef@edcause the shown
turbulent stress tensor field was mostly uniform throughhbatdomain, ellipsoid
or line-style representations did not fare better; tendasiot “intuitively have di-
rection”. When exploring the more anisotropic mixing layeataset, 2D planes of
glyphs were considered useful, although only when combiigtd either stream-
lines or volume rendering to provide 3D context. Perhapstduesearchers’ famil-
iarity with 2D tools such as TecPlot, the 2D content as expdsethe glyphs was
still considered important for these datasets.

The volume rendering combined with the interactive stréaesl generated the
most excitement. The researchers were particularly inspeby the ability to inter-
act with the streamlines, by selecting and comparing idldiai streamlines and fol-
lowing their progress through the divergence volume. Iiipalar, the researchers
noted with the mixing layer dataset that the tangled, asytmengreamlines in the
mid-plane illustrate well the turbulent shear layer bebawhere opposing streams
of fuel and oxidizer meet. Both researchers made remarkstdbe tool’s ability
to focus on the interesting region of the volume (e.g., “[pamed to this, in other
tools] interactive selection is a beast”). The researcalsiscommented on the res-
olution and interactivity of the volume rendering, whichsagght times more dense
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Fig. 8 Exploratory visualization tool for analyzing stress tensorgluse&omputational turbulent
combustion. The tool combines 3D inspection views based on volemgerings of divergence
(shown in purple) with glyph-based representations (lighy gnad pink cutting planes), while
leveraging interactive filtering of velocity streamlinesridgray and color) and side-by-side views
(not shown here) to clarify the structure of the tensor datasbeesd snapshots highlight asymme-
tries in the combustion flow for a mixing layer configuration.

and, in their estimate, ten times faster than ParaView, igi&aVtool they had often
used for volume rendering.

Overall, the integrated prototype compared favorablyregjagxisting visualiza-
tion software that offers similar, though less interagtivisualization features, such
as ParaView, Vislt, Ensight and Tecplot. The essential atdgges of using our util-
ity for turbulent tensor visualization were its performarand its being tailored to
this specific application. The interactive rendering rates real-time selection of
seed points for the streamline data, and the overall easydfdwteraction were
major points repeatedly emphasized by the combustiontiti®n

It is important to emphasize that the crux of the study in graper is not the
utility itself but rather the application of the aforememted visualization algorithms
in the context of turbulent reacting flow. Currently, to thesbof our collaborators’
knowledge, commonly employed visualization strategiesésious analysis in this
field is limited to 2D cross sectional contours, or ratheregah3D techniques which
do not necessarily highlight the significant features remgljiin particular in the
context of visual comparison tasks.

Much of the researcher feedback was directed towards paitemxtensions of
the tool, as well as future application to other datasetgairticular, interest was
expressed with respect to loading, exploring and comparunogiple datasets. A
suggestion for future work, which came from both evalugtaras the implemen-
tation of a “field calculator” — an interface to allow the dmetfly calculation of
various scalar, vector and tensor quantities of interese. “Ealculator” would in-
clude operators to add scalar fields or find a derivative atigrd for a certain field
before displaying it.
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In terms of limitations, all datasets we analyzed are carabuiatasets of relative
modest size, by computational combustion standards. Iditnensions of the vol-
ume were increased significantly, the current volume rendesisualization would
require sub-sampling to stay interactive; more perfornvahime renderers would
be necessary. Furthermore, in our approach we exploredtenlglyph represen-
tations. Alternative representations may help clarify thiee glyph size and shape
have a significant influence on the visualization. Also, sitite glyphs are evenly
spaced throughout the volume, there is no guarantee that#pture the important
features of the volume. One possible direction for futurekwmy be the use of
glyph packing [19]. In terms of assisting combustion reslears in designing simu-
lation schemes which are both computationally affordahtbsufficiently accurate,
techniques for segmentation of combustion tensor fieldbgps interactively, hold
particular promise.

One step further in terms of future research, exploratosyalization of mas-
sive combustion tensor datasets poses additional patiggignificant challenges.
Combustion simulations use thousands of CPUs to generapsisats with millions
of grid points; copying the data on a server for visualizai®simply not feasible.
Novel, memory-efficient exploratory visualization teatumes will be necessary for
such datasets.

6 Conclusion

In this chapter, we examined the challenges associatedtevigor-field visualiza-

tion in the context of turbulent combustion calculationsl ave proposed a proto-
type tool that can be used to visually explore combustioasis. Our approach
leverages interactive filtering and flow salience cues tdfgléhe structure of the

tensor datasets, while effectively addressing the problehocclusion and clutter.
Side-by-side views of multiple timesteps facilitate thelgsis of time-space rela-
tionships. The resulting framework enables an analysle sigsed on the overview
first, zoom and filter, then details on demand paradigm calyirproposed in infor-

mation visualization. The result is a visual analysis todb¢ utilized in debugging,
benchmarking, and verification of models and solutionsribulent combustion. We
evaluated the proposed tool on three examples of turbudaisting flow. Feedback
from combustion researchers indicates that the tool is wsejul in the exploration
of turbulent combustion simulations, and emphasizes tgentreed of the field
for visual analysis tools. However, significant researcstiis required to arrive at

standard visualization in this application domain.
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