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Virtual reality visualization of flows with frozen-in lines

MURATA Kaori

Abstract

To analyze three-dimensional data of computational fluid dynamics and mag-
netohydrodynamics (MHD), a new visualization method based on virtual reality
(VR) technology is developed. In this method, a “tracer line” is transported or
advected by the target flow in three-dimensional VR space. Observing its de-
formation process, one can intuitively understand the flow’s structure, especially
the stretching and twisting components. Since a tracer line is identical to a line
of force of a vector field that is frozen-into the flow, the VR tracer line method
proposed in this study can also be regarded as a new visualization method for the
frozen-in vector field such as magnetic field in the ideal MHD or vorticity field in
the Euler fluid. A program named TubeAdvector is developed for the implemen-
tation of the VR tracer line method. In TubeAdvector, its initial condition or the
initial curve of a tracer line is intuitively specified by moving a portable controller
or a 3D mouse in the VR space. The initial curve is then released to be advected
by the target flow to be analyzed. When a distance between a pair of consecutive
points becomes larger than a pre-defined length, a new point is inserted between
them. Since the stretching and twisting components of the flow are key features
of the magnetic field generation process in the MHD, the VR tracer line method
is useful to analyze geodynamo or solar dynamo simulations. A problem of the
VR tracer line method is that it does not convey local flow information around
the curve. To resolve this problem, wheel-like objects are added to the tracer
line. Radial change of a ring in each wheel shows the divergence component of
the flow away from the tracer line at that position. Local colors of the tracer line
and their temporal change convey stretching rate of the tracer line there. The
original TubeAdvector and the improved one named wTubeAdvector are tested
on three kinds of analytically defined flows as well as output data of a geody-
namo simulation, and the usefulness of the VR tracer line method implemented
by TubeAdvector and wTubeAdvector is confirmed.
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Fig. 1: The concept of magnetic field amplification by the formation of a magnetic
field line of force by a flow with stretching (a) — (c) , twisting (¢) — (d) , and
folding (d) — (f) component.
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Fig. 2: An example of arrow visualization[4]. Arrows show direction and size of
vector at the position.
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Fig. 3: Exxample of flow visualization by tracer particle method[3]. A flow around
a cylinder is visualised. The upper panel shows a horizontal view. The lower panel
shows a vertical view from the top.
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Fig. 4: Examples of LIC visualization method[5]. The left panel shows a circular
flow, and the right panel shows a turbulent flow. The line integrals are applied
with a white noise data in these visualizations.
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Fig. 5: An example of the streakline visualization method[3]. Many tracer par-
ticles are released from the left. A series of particles released from a fixed point
construct a streakline (a white curve) .
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t=t0 t=t1 t=t2

Tracerline

Fig. 6: A tracer line in a flow. The drifting motion with deformation of the curve
visualizes the flow.

Fig. 7: An example of flow visualization by timeline method[3]. A series of tracer
particles released from the left side construct a line. This line is advected by the
flow as each particle in the line is transported by the flow. A series of these lines
are released from the left side before the snapshot picture is taken.
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Fig. 8: A surface S in a flow through which magnetic field goes through.

Magnetic field lines

S"i

Fig. 9: A magnetic field flux that is “frozen-in” the flow.
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¢

Fig. 10: Time development of a short and simple tracer line in complicated flow.
When the background flow is complicated, the initial short line changes rapidly

into a complicated curve.

Fig. 11: Specifying an initial curve in 3-D space by the user’s hand motion.
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Projector Mirage S+4K
Tracking System 15900
Computer

PC Asterism Deskside ADT08C

CPU Quad-Core AMD Opteron 2350 x2
Memory 64GB

GPU NVIDIA Quadro FX4600

OS SUSE Enterprise 10.2

Table 1: Specification of pCAVE
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Fig. 12: The screen of pCAVE system on which stereoscopic images are projected
from behind. The height is 2.6m.

Fig. 13: Liquid crystal shutter glasses for pCAVE. Shutter switches using liquid
crystal are used for the stereo view.

17



Fig. 14: Wand, a potable controller for pCAVE. There are five buttons and one
joy-stick.
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Projector Mirage WU12K-M x6
Tracking System VICON Bonita x10
3D Audio System X-spat boX2
Linux Graphics Workstation
Computer HP 7800
Memory 192GB
GPU QuadroPLEX 2200 D2x3
OS Red Hat Enterprise Linux 5
PC Cluster
Computer HP Z400x7(1Master, 6Slave)
Memory 4GB
GPU NVIDIA Quadro 5000
OS Windows XP Professional x64 Edition

Table 2: Specification of m-CAVE.

Fig. 15: Portable controller and stereo shutter glasses of 7-CAVE. For small balls

are attached each devices for the optical tracking system.
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Fig. 16: An overview of m-CAVE system. Stereo images are projected on the
four(front, right, and left walls, and the floor) screens.
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Fig. 17: A tracer line in a 3D flow data (yellow curve) . It is difficult to grasp
relative positions of each element of the curve, even under the stereoscopic view
is available.
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Fig. 18: Improved tracer line. The line is shown by tube with circular cross
section.
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Fig. 19: Drawing step of the initial tracer line.The initial tracer line is drawn by
the hand (or wand) motion. A thin line is beam from the wand. The initial curve
is interactively drawn along the tracing of the beam’s tip, following the wand
motion in the VR space.
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Fig. 20: Tracing algorithm of TubeAdvector. When a distance between consec-
utive points becomes larger than a pre-defined length, a new point is inserted
between them.
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Fig. 21: Automatic interpolation of normal vectors by OpenGL. If normal vectors
set on for green arrows direction at both ends, OpenGL interpolates other normal
vectors. Then, a blue plane looks like a curved surface of light blue.
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Fig. 22: The algorithm for a tube generation, in case of n=4. Two vectors u and
v is vertical from A calculated vector t, and the base of prism is made from them.
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8 wTubeAdvector

8.1 UUOILIOUOOUO

gbobbuoogbbuooobobbuooobbbuooobbbuooobbogod
gobobooon

O0000000DOCDOO00OOTubeAdvector0 000 O00O0OO0O0ODODODOOO
gobobboooobobobogobbooooooboooobboooooboobo
gogdgggooooobbobbbbbbbbbobbotbogoooooooogo
Obooo0bdb0Fg23000000000O00O0ODO0ODbOODDbOObDOODO0
0000000000000 0DooO00oUooDooOO (Fig24)oooooOo
gobbbooobbobuoooobobobuooooboboooobbobooaon

=@=M
%M 0

Fig. 23: Tracing algorithm of wTubeAdvector. A new point is inserted to a
stretching region with different color.

27



——

Fig. 24: A snapshot of improved TubeAdvector with color change. A yellow part
of the tube denotes a stretching part.
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(a) (b)

Fig. 25: “wheel” object attached to a tracer line for the visualization of vorticity
and local divergence of flow. (a) Rotation rate of the four spokes denote the
vorticity component of the flow parallel to the tracer line. (b) A ring changing its
radius denotes the divergence component of the flow away from the tracer line.

Fig. 26: A snapshot of “wheel” in wTubeAdvector. The wheel is a subsidiary
object to visualize vorticity and local divergence.
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Fig. 27: The structure of the shear flow used for a test of wTubeAdvector.
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Fig. 28: Snapshots of TubeAdvector in the shear flow, whose initial configuration
was parallel to the x-axis. The line is stretched by opposite direction flow.

Fig. 29: Snapshots of TubeAdvector in the shear flow, whose initial configuration
was parallel to the z-axis. The line is flowing without a change of the shape.



Fig. 30: Snapshots of wTubeAdvector with wheels (a ring and four spokes) in
the shear flow whose initial configuration was parallel to the x-axis. The line are

non-uniform stretching.

Fig. 31: Magnified view of a wheel on wTubeAdvector parallel to the x-axis in
the shear flow. The four spokes do not rotate this case, while the ring changes its
radius.
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Fig. 32: Snapshots of wTubeAdvector in the shear flow whose initial configuration
was parallel to the z-axis. The line is flowing without changing color.

Fig. 33: Magnified view of a wheel on wTubeAdvector parallel to the z-axis in the
shear flow. The four spokes rotate this case, while the ring does not change it’s
radius.
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9.2 Rigid-body rotation flow
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Flow

Fig. 34: The structure of the rigid-body rotating flow used for a test of wTubeAd-

vector.

C)
(f)

Fig. 35: Snapshots of TubeAdvector in the rigid-body rotating flow, whose initial

configuration was parallel to the z-axis. The line is moving on a circle without
changing the shape.



(a)i

Fig. 36: Snapshots of spokes and wTubeAdvector in the rigid-body rotating flow,

whose initial configuration was parallel to the z-axis. The line is flowing without
changing the color. It means there is no local stretching component.

Fig. 37: Magnified view of spokes on wTubeAdvector parallel to the z-axis in the

rigid-body rotating flow. The four spokes are rotating. Ring does not appear. It

means flow with vorticity and without divergence.
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9.3 Convergent flow
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Fig. 38: The structure of the convergent flow, which is a divergence-free vector

field.

Fig. 39: Snapshots of TubeAdvector in the convergent flow, whose initial config-
uration was parallel to the x-axis. The line shrinks as it approaches to the z-axis,
and shifts to +z direction.
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Fig. 40: Snapshots of TubeAdvector in the convergent flow, whose initial configu-
ration was parallel to the z-axis. The line is stretched by the z-component of the

(a)
ity | SR

flow.

(c) (d)
WP =

Fig. 41: Snapshots of wheel and wTubeAdvector in the convergent flow, whose

initial configuration was parallel to x-axis. The wheels” distances show the tracer
line’s non-uniform shrinking process.
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Fig. 42: Magnified view of a wheel on wTubeAdvector parallel to the x-axis in the
convergent flow. The four spokes do not rotate in this case, while ring becomes
larger. It means that the flow has no vorticity and it has divergent flow away
from the tracer line.

)

Fig. 43: A wheel and wTubeAdvector in the convergent flow, whose initial con-
figuration was parallel to the z-axis. The tracer line is stretched uniformly in
z-direction.

42



Fig. 44: Magnified view of wheel on wTubeAdvector parallel to the z-axis in the
convergent flow. The four spokes do not rotate in this case, while ring becomes

smaller. It means no vorticity and local negative divergence.
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Fig. 45: Snapshots of wTubeAdvector applied to a flow of a geodynamo simula-
tion. This visualization shows stretching and twisting process of a tracer line (or
a magnetic field line) by the flow.
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Fig. 46: Magnified view of wheels of wTubeAdvector. A rapid rotation of spokes
indicates that there is large vorticity wy there.

Fig. 47: Magnified view of wheels of wTubeAdvector. The growth rate of the ring
shown the amplitude of x,, perpendicular divergence of the flow away from the
tracer line.
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