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Abstract The capabilities and limits of Defocusing DPIV will be demonstrated via two successful
experiments and one failed one. The first successful experiment is that of tracking bubbles through a
propeller flow. The second successful experiment is that of the startup flow from a rigid rectangular flap in
water. Seeding was in the form of neutrally buoyant particles. The failed experiment shows the dangers of
averaging particle tracking data, which has the potential for “infinite” spatial resolution. Data validation
methods are discussed which can help single out such data sets.

1. Introduction
Since its beginnings decades ago, the field of particle image velocimetry has seen many
variants. First came the use of two cameras to extract the third component of velocity from a sheet
domain (Gauthier and Riethmuller 1988). Although all three components were there, the planar
domain still prohibited the calculation of vorticity completely. Volumetric methods like particle
tracking velocimetry (Papantoniou and Maas 1990) developed concurrently, but offered low spatial
density in the results which was typically insufficient for calculating vorticity. Multiplane stereo
PIV (Kähler and Kompenhans 2000) and volumetric techniques like holographic PIV (Katz et al
1983) provided the density and dimensions required for full vorticity calculation at the expense of
ever-increasing complexity in the optical setups.
More recently two more volumetric techniques have been developed. Defocusing DPIV (Pereira et
al 2000, now offered by TSI, Inc. as “V3V”) boasts fast reconstruction times and a single assembly
with a vector density in the tens of thousands in a deep volume (1:1:1). Tomographic PIV (Elsinga
et al 2005, now offered by LaVision Gmbh as “Flowmaster Tomographic PIV”) claims ultra-high
densities at the expense of reconstruction time in shallow volumes (1:1:0.2). Defocusing DPIV
calculates velocity either by two-frame particle tracking methods (Pereira et al 2006) or discrete
cross-correlation. Tomo-PIV performs a direct image correlation on three-dimensional bitmaps.
Both systems result in high-enough densities that a full three-dimensional vorticity calculation can
be performed while being much simpler to setup and use than arrangements such as holographic
PIV and multiplane stereo PIV.

2. The Defocusing DPIV Concept
A point in space off-axis from an aperture will have an image that experiences a lateral offset as
the point moves along the axis of the optical system. The defocusing technique embraces this
phenomenon and images each point in space through multiple apertures. With knowledge of the
basic optical parameters of the system, the relative shift between images can be used to calculate the
out-of-plane position of each point. Each defocused particle in space will generate multiple images
that form a pattern corresponding to the shape of the aperture layout, but at varying scales
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(dependent on the distance from the point to the reference plane). In processing the images, it is
then necessary to look at all the particle images and find the corresponding images that together
complete the aperture layout pattern. Although only two apertures are required to extrapolate the
three-dimensional position of a point, in practice at least three apertures are necessary to decrease
the number of mismatched particle images (“ghost” particles). Each subsequent aperture added ever
decreasingly reducing the position error and the number of ghost particles.
The term “defocusing” in this case is not associated with the blur inherent in the image of a point
not on the focal plane of the system. DDPIV does not rely on the image blur to extrapolate the
spatial position of a point source, and the entire concept can be explained using pin-hole optics
arguments (which imply an infinite depth of field). In practice, the image blur plays a role in the
estimation of the sub-pixel location of the particle images. Using separate sensors for each aperture
allows for an increase in the aperture separation (without the prohibitive cost of enormous lenses)
and for particle image separation so that the particle image matching becomes less ambiguous.
Another advantage of separating the aperture spaces is that the seeding density can be much higher
than if all apertures formed images on the same sensor.

Figure 1. Closeup view of the track of one particle over 100 frames, using the camera and seeding particles of
experiments 2 and 3 below. The particles have a mean diameter of 100 microns and the grid squares above are 10
microns. Illumination was from a 200 mJ laser pulse.
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Figure 2. Performance of relaxation method versus tracking parameter.

The theory behind the imaging system for DDPIV is covered intensively in Pereira and Gharib
2002. Using particle tracking and an extremely slow flow, it is possible to ascertain the actual
precision of the system using actual seeding particles, as opposed to approximations of such using
solid surfaces or marked targets. This is especially important when using laser light as the
illumination source. As Figure 1 shows, it is typical to be able to resolve the position of a particle to
a confidence interval smaller than the diameter of the particle itself. A modern DDPIV camera has a
precision in X and Y two to three times greater than in Z.

3. Particle Tracking Velocimetry
The preferred method of velocity evaluation is particle tracking via a modified relaxation
method (see Pereira et al. 2006). The efficiency of an experimental setup can be directly correlated
to the tracking parameter φ. We define this parameter as
3
1
φ =3
4πρ U max Δt
where ρ is the volumetric particle seeding density, U is the expected velocity, and Δt is the time
difference between exposures. This parameter directly influences the efficiency of the tracking
algorithm. It is the ratio of distance between particles in the cloud to the expected movement of
particles between frames. A high value of φ indicates particles move very little between frames with
respect to the seeding density; this is an “easy” tracking problem. Figure 2 shows that below a φ
value of 2 the tracking problem becomes increasingly more difficult, thus the seeding and interexposure time should be tuned so that the parameter remains greater than 2.
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Figure 4. Left: photograph of the model propeller in the tunnel as illuminated by the laser; right: average of 200
images at one phase station. The concentration of bubbles on the tip vortex is easy to see.

4. Experiment 1: Tracking of Bubbles through a Model Propeller, φ = 1.4
A two-blade model propeller, with approximate tip-to-tip diameter of 65 mm, was mounted in a
pull configuration and driven by a stepper motor via timing belt and pulleys. The pulleys were in
the ratio of 1:2, that is, the propeller spun twice as fast as the motor. A C-shaped photo-interrupter
module was mounted above the motor, and a plate attached to the motor shaft ran between the
emitter and receiver once per turn to generate the phase synchronization pulse. Two hundred pairs

Figure 3. Results of one phase station with bubble concentration visualized by an isosurface of population density
(purple blobs) and bubble velocity visualized by color-coded instantaneous streamlines (units of mm/sec). Note a
secondary internal vortex not visible in the average images.
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Figure 5. 3D vector field through the midplane of the propeller axis for one phase station. The phase averages were
performed without filtering or smoothing.

Figure 6. Detailed view of instantaneous streamlines placed inside the vortex core. Note the direction of flow: the
bubbles are flowing upstream into the strongest portion of the vortex.
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of images were acquired at 37 phases, 5 degrees apart, to resolve the 180-degree span between
blades. The phase delay was calculated based on the angular speed of the motor and was added to
the phase pulse from the photo-interrupter to generate a master synchronization pulse off which the
camera and laser timing was referenced. For the phase-resolved data set, the speed of the propeller
was approximately 15 Hz (3,000 RPM) which gives a Reynolds number of 210,000 based on the
propeller diameter. The free stream speed was approximately 450 mm per sec.
The bubble generator was a porous air stone mounted as the large face of a cylindrical brass
chamber fed by compressed air. By the time the bubbles reached the propeller (almost 1 meter
downstream), extremely large bubbles had already surfaced, and what remained was a semistratified mixture of small to medium-sized bubbles.
It should be understood that the bubbles in the experiment were generated by the air stone and not
cavitation. Moreover, they are definitely buoyant; there is a vertical component in the free-stream
velocity within the measurement volume – they were not intended to be flow tracers. The propeller
was mounted backwards to the configuration of most ships; that is, since the propeller is pulling
(and its shaft is in its wake) there is no typical hub vortex.
The camera used for the experiment was a 3 by 2-megapixel model with a volume about
200x100x100mm some 500mm away from the face of the instrument.
As Figure 4 shows, the collection of bubbles on the tip vortices is easy to see. After processing, the
vortices can be visualized in the same way, by forming isosurfaces at a designated population level.
In the case of Figure 3, isosurfaces are drawn at a level 3 times that of the free-stream population.
This reveals a second vortex pair which hugs the shaft of the propeller which is not visible in the
raw images. (It is thought that these vortices emanate from the trailing edge of the propeller hub,
which is a larger diameter than the shaft.)
With a somewhat low tracking parameter of 1.4, the tracking efficiency was about 65%; that is, for
every 1,000 particles, only 650 vectors were formed. However with 200 pairs per phase and about
9,500 vectors per pair it was possible to reconstruct a phase average with one data point every 1 mm
in each direction (800,000 data points per phase station). Each data point consists of bubble size,
bubble number density (and all associated quantities such as void fraction), and three components
of velocity. This gives at least a few data points within the core of the thinnest part of the tip
vortices, with which the variation of bubble population with radius and distance from the tip can be
estimated. Error! Reference source not found. shows the “equivalent SPIV” data set to indicate
the resulting vector density.

5. Experiment 2: Flow Generated by Startup Flapping Motion, φ = 2.3
In this demonstration, the objective was to map the flow generated by the startup flapping

Figure 7. SPIV equivalent vector fields through the midplane of the flap for the first half-stroke of the decelerating
profile. Time is from left to right.
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motion of a rectangular plate 1.2mm thick and 38mm wide by 76mm long. The flapping stroke was
70 degrees (centered on vertical) with a repetition rate of around 0.8 Hz. Using the maximum
velocity and the flap width, the Reynolds number was 20,000. To increase resolution, the flow was
measured in a phase-locked manner, averaging 30 sets together per phase. The tracking parameter
was at an optimal value which allowed tracking efficiencies of over 80%. The experiment was
performed in a tank full of water and seeding was in the form of 100-micron neutrally buoyant
particles. The resulting phase averages contain one data point every 2.5 mm in each direction; there
is no filtering in the average but there is a slight smoothing (which is essential to reduce the noise in
the visualization of vorticity). The camera used was a 3 by 4-megapixel instrument with a cubic
measurement volume approximately 150mm on the side located about 600mm from the face.
Due to the necessity of completely still startup conditions, the experiment was performed in a fully

Figure 8. Top: instantaneous streamlines of vorticity at the beginning of stage 2, when the wake is starting to
overtake the flap. Note the main vortex, attached near the top of the plate, and the newly-forming ring at the bottom
edge. Bottom left: instantaneous velocity streamlines passing through the bottom edge of the flap. Bottom right:
instantaneous velocity streamlines passing through the sides of the flap.
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Figure 9. Top: instantaneous streamlines of vorticity at the end of the half-stroke, when the ring formed at the start
of stage 2 has combined on one side with the original vortex. Bottom left: instantaneous velocity streamlines passing
through the bottom edge of the flap; the flow is being driven primarily by the ring. Bottom right: instantaneous
velocity streamlines passing through the sides of the flap; the flow is concentrated into thin jets by the interaction of
the two vortices.
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automatic manner. The motor controller and timing synchronization were all controlled from within
a Python script. To check for physical failures of the experimental setup, a webcam was aimed at
the setup so it could be monitored from anywhere. The experiment ran continuously for about 12
days; each acquisition cycle lasted about 20 seconds (the different phases were recorded by
repeating the cycle with a different phase delay on the master timing signal) and 10 minutes elapsed
before the next cycle was initiated. During the inter-cycle downtime, the images were automatically
moved to one of three computers which were set to automatically process the data as it arrived. Two
cycles were tested, one in which the stroke had a constant acceleration and one with a constant
deceleration. Only the latter is discussed here, as its more coherent flow structures are a more
obvious example of the capabilities of DDPIV.
Visualization of the velocity field by instantaneous streamlines of velocity indicates that there are
two stages in the forward stroke. In the first stage, the plate is moving faster than its wake, and it
can be seen that the flow field curves from the front of the plate to the back along all three sides.
This is also evident, to some extent, in the vector fields of Figure 7. The vorticity can also be
visualized by streamlines, though their interpretation is not trivial. If a streamline were placed in the
core of a perfect vortex ring, it would trace a perfectly overlapping circle. If a tube of lines were
placed throughout the core, they would remain a tube. The streamlines tell us about the direction of
the vorticity, and thus something about the axis of vortical structures, however, any strength
information is lost. They can, however, show us the interconnectivity between vortical structures,
give us a clue about the signal-to-noise ratio as well as the coherence of a structure: things that a
magnitude plot by itself cannot do. In the figures below, tubular bundles of streamlines were placed
at distinct cores of vorticity, found by looking at the magnitude of out-of-plane vorticity at the
midplane of the flap.
At the beginning of the stroke, the flow is as expected: the flap is pushing fluid from in front to the
back, and a single vortex develops which is attached to the part of the flap closest to the hinge. But
as stage 2 begins, the plate’s wake is traveling faster than the plate itself (recall that the plate is
decelerating) and flow around the plate takes two paths: flow around the sides is driven downward
by the vorticity in the corners, and flow around the bottom edge is forced upward. Vorticity is being
drained from the large U-shaped vortex generated by the start of the stroke into a ring being ejected
from the bottom edge.
Figure 8 and Figure 9 show the flow at the beginning of stage 2 (when the wake starts to overtake
the plate) and at the end of the first half-stroke, when an elliptical vortex ring is being ejected from
the end of the flap, respectively. The flow is visualized both with vorticity streamlines (top) and
velocity streamlines (bottom).

6. Experiment 3: Jet Flow and the Dangers of Smoothing, φ = 0.6
A laminar jet was introduced into a tank with the same seeding as the flapper experiment above,
but the seeding and timing were tuned so as to produce an unfavorable tracking parameter of 0.6.
The resulting particle tracking vector fields are obviously bad, as shown in the figure below.
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Figure 10. Unfiltered PTV result of the jet flow. Flow is from right to left.

Another unfavorable characteristic of this experiment is that the primary velocity was aligned with
the Y axis. In DDPIV systems, the precision in Z is typically 3 times less than in X and Y, so,
unlike in SPIV, in DDPIV the primary velocity component should be aligned with Z – its capability
of mapping flows in nearly cubic volumes is an asset in this sense. In the case of the jet, the Z
component of velocity, on average, was what is expected to be its accuracy, thus there is very little
hope of resolving any of it with any confidence.
1000 tracking vector fields were averaged with and without filtering. The filtered average included
throwing out vectors which were outside of one sigma of the distribution; the unfiltered average
includes every vector in the set. No smoothing was performed.
In comparing the filtered and unfiltered averages, the first thing to notice is that the maximum
velocity magnitude of the unfiltered vector field is much lower than that of the filtered one (Figure
11). One effect of having too low a value of φ is that in such a directional flow is that mismatched
particles can often result in vectors that are facing the wrong direction, thus the resulting average is

Figure 11. Slice of the 3D vector field taken at the midplane of the jet. Top: results filtered during averaging;
bottom: results without filtering.

- 10 -

14th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 07-10 July, 2008

Figure 12. Net mass flux for 2-mm-thick slices perpendicular to the axis of the jet as a function of distance from the
nozzle.

much lower than it should be. The occurrence of this is directly proportional to the velocity
displacement, and so in the unfiltered data the jet core is almost completely gone. Filtering the
vectors during averaging greatly reduces this pitfall, as is evidenced by the fact that the standard
deviation drops drastically after filtering in the high-speed section of the jet. This, of course, only
works if the initial matching was successful enough that the magnitudes between the wrong vectors
and right vectors differ enough and that there are more correct vectors than incorrect ones. What is
hidden by the average plots is that in the filtered set, the number of vector contributing to the
average inside the core is nearly 3 times less than in the rest of the jet.
One way to ascertain the validity of the data is to calculate the mass flux in different portions of the
jet. Any volume not including the nozzle should have zero net mass flux, since there are no sources
or sinks anywhere (assuming the measurement volume is large enough to enclose most of the
entrainment, which, judging by the magnitude of the inward-facing component of velocity at the
edges, is true in this case). Figure 12 shows this quantity for the filtered data set. Each point on the
plot shows the net mass flux through a slice as a percentage of the mass in-flux at the nozzle. The
slices are only 2mm thick, so the flux of the jet itself dominates over the flux due to entrainment.
The fact that there is systematic error (that is, the net flux is positive) indicates that the
measurement is not good. Another way to look at this is by looking at the magnitude of the
divergence field at each data point. In the case of the jet, many of the points within the core have
divergence values in the hundreds; the equivalent analysis for experiment 2 (the flap) yields
divergence values on the order of 10-6. It seems then that filtering by standard deviation improves
the quality of the flow qualitatively but does not rid it of any quantitative problems.

7. Conclusion
The modern Defocusing DPIV has proven its efficacy in volumetric flow mapping for both
single-phase and two-phase flows. Its advantages include a robust assembly which does not require
frequent recalibration, a truly volumetric (1:1:1) mapping volume, the collection of particle (as well
as velocity) statistics, “infinite” averaging resolution by sorting tracking results into a 3D grid, and
extremely fast processing. As compared to cross-correlation-based solutions, such as TomoPIV,
DDPIV can have a significantly lower instantaneous spatial resolution.
In either case, these systems are collecting an impressive amount of data. Algorithms which use
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neighboring vectors for correction or smoothing are much more powerful in three dimensions than
in two; whereas a typical outlier correction algorithm will use 8 neighbors in 2D, it has 26 at its
disposal in 3D. Care should be taken when examining final results, as with smoothing this powerful
it is easily possible to transform white noise into a turbulent flow.
Luckily with fully volumetric flow mapping comes full calculation of derivative quantities such as
the strain tensor, vorticity, and continuity—and at least for incompressible flows, mass transport
can be used as a check of the validity of the smoothed result.
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