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ABSTRACT

Instantaneoustreamlinesirecommonlyusedto visualizeparticlepathsin steadyflows. It

is shawvn, however, thatstreaklinesareoftenmoreappropriatdor unsteadylows. Thetyp-
ical size of unsteady flo simulations mads interactie visualization difcult if not
impossible. Wo common approaches for visualizing unsteady<lare described. The
adwantages and disadntages of each are discussed. y\Bualization systems fia
been deeloped for steady fles, yet relatrely few have been desloped specifically for
those that are unsteadyhe system deloped at MSA Ames Research Center has pro-
duced €fective visualization for manunsteady flars. The features of this system are
introduced and some results arevshoFuture directions are also discussed.

INTRODUCTION

Numerical simulations of compe8D unsteady flws are becoming increasingly feasible
becaus®ef the progressn computingsystemsUnfortunately becausenary existing flow
visualization systems were\agoped for steady solutions, thdo not adequately depict
those from unsteady flosimulations. Furthermore, most systems only handle one time
step of the solution at a time and do not consider time in the calculatioexafmple,
instantaneous streamlines are computed by tracking the particles using one time step of
the solution. ® compute streaklines, particles need to be &d¢krough all time steps.
Streaklinegevealdifferentinformationabouttheflow thanthatrevealedby instantaneous
streamlines. A comparison of instantaneous streamlines with dynamic streaklines is
shawn.

For a compl& 3D flow simulation, it is common to generate a grid system witbraé¢

million grid points and tens of thousands of time steps. The disk requirement for storing
theflow datacaneasilybethousandef gigabytesVisualizingsolutionsof thismagnitude

is achallengewith currentdisk storageechnologiesEveninteractve visualizationof one

time step can be a problem for somestng flov visualization systems because of the

grid size. Wo approaches for visualizing unsteadyoare described.
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The flow visualization system deloped at MSA Ames Research Center to compute
time-dependent particle traces from 3D unsteady CFD solutions is described. The system
performs unsteady particles tracking, and has been used lysoiantists to visualize

their flovs. The capabilities of the system are described, and visualization results are
shawn.

STREAMLINESVERSUS STREAKLINES

Particle tracking is an &fctive technique to visualize fluid fis. A streamline is a cuev
that is tangent to theelocity field at an instant in time [Merzkirch ‘74]. Inperimental

flow visualization, streamlines for steadywikbcan be generated by injecting smakto

the flov. To generate a streamline from numericalvipa massless particle is released
from afixedlocationcalledthe seedpointandthentrackedthroughtheflow. Theline rep-
resenting the path of the particle is the streamline. Because streamlines are computed
based on one time step of theaflahey are efective for shaving the flav at an instant in
time.

A streakline is the line joining the positions of all particles thaetmeen pnaously
releasedrom a seedpoint. A numericalstreaklinecanbe generatedby releasingparticles
continuouslyfrom aseedpoint. Theline formedby theseparticlesis the streakline When
comparing photographed streaklines frompeximental flav to numerical streaklines, the
former is more continuous than the latfEne reason is that numerical streaklines are rep-
resented by particles that are released at discrete time steps, whereas a constant stream of
smole is released inxperimental flav. A method for generating continuous numerical
streakliness to simply connectadjacenparticlesto form lines. This methodis effective if

the flov does not dierge too much and the particles are close togettmvever, most
unsteady flars corvolute orer time, and particles can becorae &part. Neertheless, dis-
crete streaklines are stilexy efective for visualizing unsteady fies. If the time interal
between the time steps is relaly small, then the streaklines in general will be continu-
ous.

Streamlinesandstreaklinesareidenticalin steadyflows. However, they differ in unsteady
flows. Streaklines are mosfeftive for depicting time-arying phenomena in unsteady
flows, one reason being that the tinagiable is considered in the calculation. Figure 1
shavs a comparison of streamlines and streaklines near an oscillating airfoil. The numeri-
cal simulation for the airfoil is discussed indl& McCrosley ‘95]. Streamlines only

reveal the behaor of the flav at one instant in time, whereas streaklines depict the time
evolution of the flav. As shavn in Figure 1, streaklines pridle a much better representa-
tion of the wrtices in the flar than that reealed by streamlines. When animated, streak-
lineseffectively revealtime-varyingphenomenan theflow; for example vortex shedding,
breakdaevn, and formation. Though streamlines are the standard method for visualizing
steady flavs, streaklines should also be computed when visualizing unsteady flo

VISUALIZATION APPROACHES



Figure 1. A comparison of streamlines (top) and streaklines (bottom).

Theproblemsizeof 3D unsteadylow simulationis increasingasthehhardwaretechnology
continuego improve. It is notunusuato have agrid containingseveralmillion points,and
the file size for one time step can easkgeed seeral mgabytes. If there are tens of
thousands of time steps, then the total disk requirement for storing the entire solution
would be thousands of @fjytes. Interacte visualization of this magnitude is clearly
impossiblewith currenthardwaretechnologyPresentlytwo standardapproacheareused
for visualizing unsteady fles: co-visualization and post-visualization. In the feilng,
graphicsobjectsreferto particletraces(e.g.streaklinesandstreamlines)isosurbcescon-
tour lines, and color shaded grid sw#s (e.g. pressure sacés). Graphics parameters
refer to seed points (for particle traces) and thresheédddfor contouring).

Co-Visualization

Visualization is performed concurrently with theafloalculation. If it takes sgeral min-

utes to compute the solution at each time step, then the graphics objects are wadhlly sa
to disk for later playback. The calculation is usually performed on a high-performance
computey while the graphics objects are sent via the agtwo a graphics arkstation.
Co-visualization allars the graphics objects to be computed using all the simulation time



steps in the solution. Furthermore, it is not necessaryotba solution to disk. If the
time talen to compute each simulation time step is less than adieonds, then the user
can viav the particle traces interaatly. However, if the graphics parameters need to be
changedthenthe solutionmustbere-computedecause&isualizationis coupledwith the
flow calculationpV3 is aco-visualizatiorsystenthatprovidesinteractve visualizationof
time-dependent solutions of moderate size. pV3 alsages a ‘plug-in/out’ feature that
allows the scientist to monitor the Wacalculation [Haimes ‘94].

Post-\isualization

Although co-visualization alles graphics objects to be computed using all simulation
time stepsandviewedduringflow calculationoftenthe unsteadysolutionis too compute-
intensve to bevisualizedinteractvely. The unsteadysolutionis usuallysasedto disk and
visualization is uncoupled from flocalculation. The adntage of post-visualization is
that the graphics parameters can be changed without recomputing the solution.

A disadantage is that not all simulation time steps avedgaue to the size of the solu-
tion. The solution may bewad at gery 10th, 20th, etc. time steps. The graphics objects
canbedisplayednteractvely asthey arecomputecdbr savedfor laterplayback By saving

the graphics objects to disk, the scientist can repeatedly playback the graphics objects
without recalculation.

Depending on the size of theved solution, interacte visualization may be possible. If
the saed solution fits in memoryhen graphics objects can be computed and displayed
interactvely. Unfortunately most unsteady solutions are orders of magnituderdahan

the plysical memory of the current graphicsnkstations. Br example, the W22 tiltrotor
simulation consists of 1,400 time steps in theedasolution and each time step requires
approximately 100 ngabytes. A high-end graphicovkstation with one gigbyte of
memory could only hold 100 time steps of the solution. Thisasakeractie visualiza-
tion of the entire saed solution impossible. An alternatimethod is to load thesad
solutioninto memoryonetime stepatatime. Graphicsobjectsarecomputedat eachtime
stepandsavedfor playback.This methodis sometimegerformedn batchdueto thetime

it takes to read the solution and to compute the graphics objects. Although this method
mayseentoo slow, it allows the scientistdo useall time stepsof the sazedsolutionin the
calculation without resampling of the solution.

UNSTEADY FLOW ANALYSISTOOLKIT

The Unsteady Fle Analysis Dolkit (UFAT) was deeloped at MSA Ames Research
Center to assist scientists visualize their unsteadsflJFAT was deeloped using the
post-visualization method described\poaisly. For visualization purposes, thevsa
solution is loaded into the memory one time step at a time; ang atrenthere are at
most two time steps in memarWFAT computes particle traces in unsteadw8favith
moving grids [Lane ‘94]. The follving types of particle traces can be computed using
UFAT: streaklinestimelines,streamlinesandpathlines UFAT allows theuserto compute
particle traces using mgnime steps. It can assign colalwes to the particles based on



Figure 2. Streaklines about the2¥ tiltrotor aircratft.

their seed points, time at release, ages, positions, and scalar quantAesa#s the
particle traces to a graphics metafile for playback. The graphics metafile is written in a
dataformatthatcanbedisplayedoy FAST [Bancroftetal. ‘90]. UFAT alsocomputegrid
surfaces, ector plots, streamsaes, and color shaded grid sieds. An interacte, dis-
tributed \ersion of URT will be available in the near future viadABT2. This \ersion of
UFAT sends graphics objects tA%T2 as thg are being computed. Figure 2 g%
streaklines about the-22 tiltrotor. The unsteady fl® simulation of the tiltrotor is dis-
cussed in [Meakin ‘93]. The streaklines amoin Figure 2 were computed by AF The
figure shavs streaklines surrounding the tiltrotor after three bladeluéons.

FUTURE DIRECTIONS

Presentlytherearevery few techniquesvailablefor unsteadyflow visualization.Someof
these include: unsteady particle trackingxte core tracking, and swate oil flavs.
Unsteady patrticle tracking has beenwhdo be an ééctive method for understanding
particle paths in unsteadyWs. The trajectory path of axtex core is also helpful in e
eral ways. Bchniques for visualizing unsteady sué oil flavs are interesting and
desere furtherinvestications.A challengeemainingfor thecurrentvisualizationsystems
is the magnitude of disk space and memory required for intezactsteady fl visual-
ization. There is a continuing need to increase the capabilities in meraorgutation,
and disk technologies.
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