Tensor Visualization in Computational Turbulent Combustion:
A Case Study
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Figure 1: Volume rendering of divergence of the Sandia-D turbulent combustion dataset. Three timestamps are shown increasing in time from
left to right. Note the rippling effect surrounding the central jet in the first timestamp; the effect disappears as the simulation goes further in time.

ABSTRACT

Simulation and modeling of turbulent flow involve solvingrfo
and analyzing time-dependent and spatially dense tensmtitjes,
such as turbulent stress tensors. The interactive visydbition
of these tensor quantities can effectively steer the coatioual
modeling of combustion systems. At the same time, visudizi
such data poses significant challenges in terms of cluttetysion
and navigation. We present an interactive framework whimn-c
bines a detailed 3D inspection view based on volume renglerith
glyph-based representations — used as 2D probes —, whdeabpyv
ing interactive filtering and flow salience cues to clarife struc-
ture of the tensor datasets. The result is a preliminaryavisoaly-
sis tool to be utilized in debugging, benchmarking, andfication
of models and solutions in turbulent combustion. We denmatest
this analysis tool on two example configurations and repeet{
back from combustion researchers, in particular with resfzethe
merits of the visualization techniques employed.
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1 INTRODUCTION

In turbulent reacting flow, providing closure models foress and
strain tensors is one of the most challenging problems &stsel
ing such a model leads to different numerical methods for-com
putational combustion. Visually identifying the charaigtics of
such tensor quantities in finer details can bring signifitasights
into the computational modeling process. The velocityistensor

(Sj) is defined as:
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whereu is the fluid velocity and, j = 1,2, 3 represent the Cartesian
components.

Visualization of tensors in turbulent combustion pressetseral
key challenges. First, combustion datasets tend to be \amged
leading to clutter and occlusion problems when visualizimgm
with existing tools such as ParaView [1]. Second, it is int@ot to
show researchers the 3D context of the flow and at the same time
give them access to 2D visualization tools when explorimgdita.
Finally, care should be exercised when applying tensoralizar
tion techniques from other fields (such as diffusion tensaging)
to combustion data: many existing tensor representationsod
have an intuitive equivalent in turbulent reacting flow.

In this work, we investigate the challenges associated thi¢h
exploratory visualization of tensor quantities in turbnileombus-
tion simulations. In collaboration with combustion resdears, we
then implement and evaluate an interactive framework fopitaex
ing turbulent combustion tensor data that addresses sothesd
challenges, in particular occlusion and clutter.

2 METHODS

Several methods have been proposed for the visualizatitansbr
datasets. They include eigenvector color maps, glypheastiines,
volume rendering and volume deformation [2, 3, 4, 5]. Most of
them are used to visually represent Diffusion Tensor Magfs-
onance Imaging (DT-MRI) data, while some have been used in me
chanical engineering to display different types of quagitsuch as
stress or fluid flow. To the best of our knowledge, this studyés
first exploratory study of symmetric tensor visualizatienhniques

in the context of turbulent combustion flow.



Figure 2: Combined tensor visualization techniques in computational turbulent combustion. The tool combines volume rendering (purple) with
glyph-based representations (light gray and pink cutting planes), while leveraging interactive filtering of velocity streamlines (dark gray and color).

To address the challenges outlined in Section 1, we propose a

interactive visualization framework combining glyph-bdsepre-
sentations — used as a 2D-projection exploratory tool — vattt-
time volume rendering — used as a 3D-context visual ancimar, a
with velocity streamlines — serving as flow salience cuesfufo
ther address the problem of clutter and occlusions we imghem
interactive filtering techniques, allowing the user to fe@n spe-
cific regions of interest of the tensor field.

Datasets. We have employed results of two simulations in this
study. The temporal mixing layer is a configuration where two
streams of fuel and oxidizer flow over and against each other i
a grid of size 193x194x193. The Sandia-D dataset is a jetgonfi
ration with a fuel jet at the center surrounded coaxially syoaver
speed hot pilot flame in a grid of size 160x160x200.

Glyph Representation. We use 3D glyphs to show the velocity
field and the principle eigenvector field of the stress tengorre-
duce clutter, the glyph representations are mapped tocsidsted

cutting planes and the number of glyphs was subsampled by dis

playing only every fifth element along each direction(enagity
determined). An unidirectional vector(null vector for thelocity
field; equal eigenvalues for the tensor field) is represelyeaigray
sphere.

Volume Rendering and Streamlines. We integrated volume
rendering with the glyph representation for the tensor fieddal-
ization. For volume rendering we usedsergence which can be
calculated as the trace of the strain tensor in Eq. 1. Thegivnee
reveals the 3D structure of the tensor field and effectivalyns
how the density of the fluid changes in different regions. ukég
2 shows three images of divergence for the temporal mixiggrla
flow. To further emphasize the flow-context of the tensor diua
volume rendering was augmented with velocity streamlifés @)
— atechnique borrowed from flow visualization.

Interactive Filtering. A user can manipulate the scene through
mouse and keyboard interaction. During rotation or zooming
use low-resolution volume rendering to maintain interaisti The
user can focus on a sub-region of the flow by highlighting asrd-c
paring streamlines of interest. By default, all streandiase muted
gray, while mouse interaction allows the user to highligid aon-
trast two or more representative streamlines (Fig. 2, yight

3 RESULTS AND DiscussioN

We evaluate our tool on the two datasets described in Setion
with particular emphasis on the relative merits of the igasion
techniques employed. Questions posed during analysisfahe o
form, what artifacts does the modeling introduce during gima-
ulation? How do these artifacts evolve over time? What age th

mixing layer dataset, volume rendering and the streamiinade
the “mushroom” pattern at the mid-zone immediately visiatel
helped distinguish it well from the zero-divergence outenes
(Fig. 2). The researchers noted that the tangled, asynmsgteiam-
lines in the mid-plane illustrate well the turbulent belwavivhere
opposing streams of fuel and oxidizer meet. The analysihef t
Sandia-D dataset provided a surprise, thus showcasingdifzna
tages of the tool as a means of debugging numerical simnigtio
in Fig. 1 please note the rippling artifacts surrounding d¢batral
jet. This non-physical ripple effect could be attributechtonerical
artifacts of the employed discretization scheme in the Ktmn,
and is pronounced only in the incompressible regions, awlgle
pronounced in the volume rendered tensor field.

With respect to the various components of the visualization
scheme, the volume rendering combined with the interactive
streamlines generated the most excitement. Glyph baseesap
tations were considered the least helpful, as they werespimaig-
nificant occlusion and clutter. Overall, the researchetmdothe
system as an exploratory tool “very good” and “cool” and arudti
improvement over tools such as ParaView, in particular vétipect
to interaction and flexibility.

4 CONCLUSION

In this paper, we examined the challenges associated witiotte
field visualization in the context of turbulent combusticalotila-
tions, then we proposed and evaluated a tool that combines se
eral visualization techniques. Our approach leveragesadntive
filtering and flow salience cues to clarify the structure of tan-
sor datasets, while effectively addressing the problenogdiision
and clutter. Side-by-side views of multiple timesteps|fede the
analysis of time-space relationships. Feedback from cestidiu
researchers indicates that the tool (in particular, voluemglering
of divergence and the interactive streamlines) has uspfilication
in the exploration of turbulent combustion simulations] ampha-
sizes the urgent need of the field for custom visual analgsis t
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