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Rezumat.V3V reprezinta o tehnica noua care permite determinarea cu precizie a cimpurilor de viteza 
tridimensionale, pentru curgerea lichidelor. Cea mai importanta componenta a unui sistem de masurare V3V este 
o camera digitala cu sensor CCD, de 12 Megapixeli care poate inregistra imagini tridimensionale. Miscarea 
particulelor trasoare, iluminate cu ajutorul unui laser Nd:YAG, intr-un volum de analiza de maximum 
140x140x100 mm3 este inregistrata dupa cunoscuta metoda utilizata si in masuratorile PIV: doua cadre cu dubla 
expunere, cu frecventa de capturare de 7.25 Hz. Imaginile brute capturate sint procesate pentru a obtine pozitiile 
in 3D ale particulelor trasoare cu ajutorul unui algoritm rapid de cautare /triangulare. Perechi de cite doua cadre 
sint apoi analizate, urmarirind deplasarea norului de particule, in vederea obtinerii celor trei componente 
ale vectorilor viteza. La fiecare captura facuta se obtin pina la 50 000 de vectori viteza distribuiti in 
volumul de analiza, timpul de procesare fiind intre 1-5 minute/captura, functie de densitatea particulelor 
trasoare. Lucrarea de fata prezinta principiile de baza ale metodei precum si modul de aplicare a acesteia. 
Doua experimente clasice: (i) curgerea peste un cub si (ii) miscarea in jurul unui virtej inelar au fost 
utilizate pentru a demonstra viabilitatea metodei V3V in determinarea cu precizie a cimpului vitezelor intr-
un volum finit. In final sint prezentate citeva  rezultate privind determinarea cimpului vitezelor in suprafete 
curbe tridimensionale  pentru a demonstra potentialul de aplicare a metodei in cele mai provocatoare  
experimente de vizualizare a curgerilor.    
Cuvinte cheie: PIV, Velocimetry, Particle Tracking, V3V, DDPIV, 3D PIV, Volumetric PIV, 
Surface Measurement. 

Abstract. V3V - Volumetric Three-Component Velocimetry is a novel technique for instantaneous 
volumetric measurement of the three-dimensional velocity fields mainly in water/liquid flows. The 
main component of a V3V system is a unique single-body, three-aperture, 12-Mega-pixel CCD camera 
for "point and shoot" 3D image recording. V3V uses volume illumination with Nd:YAG laser so that 
tracer particles inside a large cubic volume up to 140x140x100 mm3 can be recorded based on well 
known two-frame double-exposure at 7.25Hz capture rate used in PIV technique. The raw particle 
images are processed to obtain the 3D positions of tracer particles using a fast and parallel triangle 
search algorithm. Two frame 3D Particle tracking is then performed to process particle cloud data to 
obtain 3D velocity vectors. From each capture up to 50,000 particle velocity vectors randomly spaced 
in the measurement volume are obtained with the processing time between 1~5 minutes per capture 
depending on the particle seeding density.  This paper introduces the basic principle and theory of 
operation of V3V. Furthermore, the capability of the V3V system is assessed in the following classical 
experiments: (1) Flow past a cube and (2) Flow around a vortex ring.  Those experiments are being 
used to show the viability of the V3V for 3D flow measurements in a volumetric domain.  Last but not 
least, 3D surface measurement result obtained with V3V is also shown in the paper to introduce a new 
capability which may find exciting applications in flow visualization.    
Key words: PIV, Velocimetry, Particle Tracking, V3V, DDPIV, 3D PIV, Volumetric PIV, Surface 
Measurement. 

1. INTRODUCTION   

As we all know almost all of the flows in nature that 
are of great importance to both scientists and engineers 
are three-dimensional. The understanding and modeling 
of these complex flows requires advanced experimental 
techniques that provide the ability to extract instan-

taneous flow field information in a volumetric domain 
with acceptable space and time resolution. Unfortuna-
tely, the traditional wide spread PIV techniques [1] and 
[2] can only capture planar (2D) slices of the flow field, 
while stereoscopic PIV methods ([3]; see also review 
paper [4]) that use two cameras with lateral and / or 
angular offset between them are able to extract three 
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components of fluid velocity on a planar (2D) slice but 
not on a volume.  Therefore, none of the above methods 
can reveal the complete topology of 3D flow structures 
at least at a snapshot.  Attempts to acquire quasi-instan-
taneous measurements in volumetric domain employed 
stereoscopic PIV techniques with laser sheet that is 
rapidly scanned in the out-of-plane direction ([5], [6]).   

Holographic imaging methods ([7] and [8]) on the 
other hand are capable of providing truly instantaneous 
volumetric data and they involve illuminating a flow 
field seeded with particles, similar to standard PIV 
techniques. An interference pattern, generated by the 
interference of a reference laser beam (wave) with the 
light scattered by the seed particles, is then recorded and 
interrogated to obtain three dimensional displacements 
over a volume. Traditional Holographic PIV (HPIV) 
uses photographic films as the recording medium. 
Given the time required to process films, this severely 
limits the number of realizations that can be obtained. 
Digital HPIV uses digital cameras as the recording me-
dium. However, the present inferior spatial resolution of 
a CCD array compared to photographic film limits the 
number of velocity vectors that can be obtained. 

Another method of obtaining instantaneous volumetric 
data is tomographic PIV (TomoPIV, [9] and [10]). 
TomoPIV uses diffuse laser light to illuminate seed 
particles over a volumetric region of interest. Scattered 
light from the seed particles is collected by an array of 
cameras (min 3 cameras) oriented at different angles. 
The apertures on the cameras are set to ensure good 
focus over the entire depth of the illuminated volume. 
Three dimensional particle distributions are recon-
structed from the individual camera images and the 
distributions from the two camera exposures are cross-
correlated to obtain the three dimensional particle 
displacement field. However, some of the obvious 
drawbacks of this technique are the time and complexity 
to set up a system that consists of more than 3 cameras 
(couple of days to a week), the very long processing 
time for each of a vector map and the high degree of 
smoothing during the reconstruction of the images and 
the processing of the velocity vectors. 

 Finally, three-dimensional particle tracking velo-
cimetry (3D PTV, [11] and [12]) is similar to TomoPIV, 
but uses lower seeding densities, allowing individual 
particles to be tracked during the time interval between 
successive camera images.  

So, the purpose of this paper is to introduce a truly 
volumetric technique for 3D flow measurement in a 
volume up to 100 mm in depth with cross sectional size 
of 140 mm by 140 mm. The V3V technique is partially 
based on the Defocusing Digital PIV (DDPIV) concept 
originally developed by Pereira and Gharib [13]. The 
key innovation of this technique is a single body 3D 
camera that records tracer particle images from three 
different views simultaneously. The three sensors inside 
the camera are arranged in a coplanar triangle pattern, 
so that a pattern search algorithm can be used to extract 
particle 3D positions directly from the images. This 
approach is fundamentally different from the triangula-

tion methods used in stereo-vision photo-grammetry. As 
a result, 3D particle velocity measurement can be done 
reliably at much higher particle number densities than 
what has been achieved by conventional 3D PTV 
systems. 

The first part of the paper describes in details the 
V3V system configuration, the principle of operation, 
the calibration method, and the Imaging Processing 
technique. The second part presents some 3D flow 
measurement results to demonstrate the capability of the 
system. Those measurements are (a) Flow past a cube 
and (b) Flow around a vortex ring. Also, V3V is used to 
acquire 3D surface measurements. The results from 
those measurements are very promising and do indicate 
that 3D nature of the flow field and the comprehensive 
flow structure can be revealed by using V3V system. 

2. SYSTEM DESCRIPTION 
Figure 1 shows a schematic representation of a 

typical V3V system while Figure 2 provides a photo of 
such a system in actual operation. 

 
Fig. 1. V3V schematic representation. 
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Mirror

 
 

Fig. 2. V3V system in action. 
 

In general the system consists of the 3D camera 
probe, a dual head Nd:YAG double pulsed laser with 
optics to generate the volumetric illumination, a syn-
chronizer as timing control unit, and a computer system 
with the Insight V3V software (not shown in either of 
the figures). The intersection between the camera 
viewing region and the illumination beam defines the 
size, shape, and location of the measurement volume 
(see Figure 3 for more details). A typical volume of 
140 x 140 x 100 mm3 at 670 mm from the 3D camera 
probe can be measured.  



Stamatios POTHOS, Dan TROOLIN, Wing LAI, Rajan MENON 

TERMOTEHNICA     2/2009  27 

Measurement
Volume

 
 

Fig. 3. V3V typical measurement volume representation. 
 

The orientation of the 3D camera with respect to the 
illumination cone is flexible. The camera can be 
positioned to take advantage of the scattered light angle 
from the illumination. The arrangement given in the 
Figures 1 and 2 is just one of the many arrangements 
commonly used. Focusing is not required since the 3D 
camera is designed to have large enough depth of field 
to cover the entire measurement volume. 

The operation of V3V system is very similar to that 
of a typical 2D PIV system. The camera is synchronized 
with the pulsed laser and images of tracer particles are 
captured during two successive laser pulses separated 
by a known time interval. Figure 4 shows the timing 
control of the laser pulses with respect to image capture. 
The laser pulses from each laser (green line) were timed 
to straddle neighboring camera frames (red line) in 
order to produce images suitable for 3D particle 
tracking. The straddling arrangement allows velocity 
range from a few mm/s to several hundred m/s to be 
measured. In situation where external trigger signal 
(orange line) is used to initiate the image capture, the 
system can be set up to capture based on any external 
trigger signal (TTL high signal). The current system 
runs at 7.25 captures per second and can continuously 
capture up to one hour using the „Direct Recording (to 
hard disk)” technology. 

By recording particles images with the 3D camera 
probe the 3D particle positions can be determined. 
Typically between 50,000 and 100,000 particles can be 
measured simultaneously. Figure 5 shows a 128×128 
pixels portion of sample raw image. The particle image 
looks identical to regular PIV images, although these 
images records particles in a large cubical volume 
instead of a thin light sheet. 

 
Fig. 4. Timing diagram for V3V captures.  

 
 

Fig. 5. A portion of raw particle images (128 
by 128 pixels) in V3V. 

3. PRINCIPLE OF OPERATION 
The actual operation of the V3V system is simple 

since the 3D camera probe requires no alignment. The 
probe is pre-aligned to view a volumetric domain of 140 
by 140 by 100 mm3. Two He-Ne laser beams emitting 
from the probe cross at a location of 670 mm in front of 
the camera probe (labeled as Reference plane). The 
measurement region is to taken between the Reference 
plane and probe. The next step in the measurement 
process is to perform a 3D multi-plane system calibra-
tion to account for any deviation of real images and 
perfect images in multiple planes across the entire 
measurement volume. Once the calibration is performed 
the system is ready for actual experimental measure-
ments. Finally imaging processing is used to analyze the 
images captured to provide the velocity results. Detailed 
descriptions of the various steps are given in the follow-
ing sections. 

3.1. 3D imaging principle  
How does 3D imaging work in a V3V system? V3V 

in principle is a multi-view photo-grammetry technique. 
The camera has three image sensors arranged in a co-
planar triangular pattern and assembled into a common 
faceplate. The fields of view of the three sensors inter-
sect to form the camera's mapping region. A particle 
inside the mapping region is recorded by the camera 
from three different angles creating the basis for multi-
view stereo vision. In the image plane, the three particle 
images form a triangle (see Figure 6). 

 

 
 

Fig. 6. Concept of ‘Triplet’ in V3V.  
 

The size of the triangle depends on the depth posi-
tion. The closer the particle is to the common faceplate 
of the 3D camera sensor the larger the size of the 
triangle (see Figure 7 below). On the other hand, the 
center of the triangle determines the x and y position of 
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the particles. This by default makes it simple and easy 
to implement in a measurement technique. 

Particles closer to 
the 3D camera probe Particles further away from

the 3D camera probe

 
Fig. 7. Each particle creates a triangle  

in the image domain. 
 

So, the co-planar sensor arrangement and its single-
body design help the camera to measure particle 3D 
positions through quick search of triangle patterns. This 
is critical in 3D flow measurement where the large 
number of particles, often more than 100,000, makes it 
extremely difficult and unreliable to apply the standard 
triangulation method in photo-grammetry. Depth in-
formation through triangle pattern is also a unique 
characteristic of the V3V system and its predecessor 
DDPIV. The defocusing of DDPIV actually refers to the 
formation of triangles in the "defocused" planes that are 
displaced from the "reference" plane where the three 
views overlap.  

3.2. System calibration 
The simple 3D imaging concept described in the 

previous section is based on pinhole optics and assumes 
there is not optical distortion and mechanical error. 
Obviously a real world camera probe behaves in a 
slightly different way. Therefore a calibration procedure 
is needed in order to remove the imperfection and the 
distortion in the system. First, there is the deviation 
from the pinhole optics model. For example, the 
aperture locations of the objective lens placed in-front 
of the CCD sensors (in this case 50mm) are not known 
apriori. Second, there is the optical distortion introduced 
by the lens and the flow facility. Third, there is always a 
mechanical error such as the misalignment of CCD sen-
sors when the camera is assembled. All these problems 
are taken care of by the multi-plane calibration. In the 
calibration, images of a calibration target are captured in 
multiple planes across the entire measurement volume. 
After processing the calibration images we know the 
difference between the real camera and a perfect 
camera, and then we can transform a real camera to a 
perfect camera in data processing. 

The multi-plane calibration which is employed to 
quantify the deviation is essentially a 2D-to-2D mapping 
between real world images and ‘perfect’ images in 
multiple planes across the entire measurement volume. 
A calibration target with a high precision grid of dots is 
traversed through the entire measurement volume one 

plane at time. The 2D calibration image captured are 
analyzed, and a 2D Gaussian fit is used to find the dot 
locations that are then related to the known geometries 
and fixed alignment of the apertures within the camera 
probe, to determine the 3D dot locations. Figure 8 
shows the schematic of the calibration process and the 
result of a typical calibration. This result shown in the 
lower right corner is the camera signature graph, 
showing the triangles formed by the centers of the 
calibration target in each calibration plane. In most 
cases the RMS error of particle image positions after 
dewarping is less than 0.1 pixels. It is important to 
understand that multi-plane dewarping is essentially 2D 
to 2D mappings between the image plane and the object 
planes at different z. Unlike the calibration in stereo PIV 
and typical stereo vision systems, the calibration does 
not provide direct mapping from the 2D image plane to 
the 3D object space. 

 

Triplet size at each 
calibration plane

 
 

Fig. 8. V3V Calibration Procedure. 

3.3. Image processing 
Since the V3V camera probe has large depth of 

field, the images look identical to regular PIV images 
although these images records particles in a large 
cubical volume instead of a thin planar sheet. The goal 
of image processing is to obtain particle 3D positions 
from raw images captured by a calibrated system. The 
data processing consists of four steps: a) 2D Particle 
Identification, b) 3D Particle Identification (Triplet 
Search), c) 3D Particle tracking and d) Grid Inter-
polation.  

3.3.1. 2D particle identification 
One V3V capture consists of 6 separate images, one 

from each of the three apertures at instance A, and one 
from each of the three apertures at instance B. The first 
stage involves identifying the 2D particle locations in 
each of the individual images. This is done by setting 
two parameters. The first is a baseline intensity 
threshold. Any valid particle must have a peak intensity 
above this threshold. This quickly reduces the search 
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area to include valid particles and eliminate background 
noise. The second parameter is a local ratio, in which 
the particle peak intensity must be larger than the local 
background by this ratio. Finally a Gaussian intensity 
profile is fitted to the particle image, the peak of which 
represents the center of the particle. The 2D Gaussian fit 
algorithm is chosen because of the small RMS errors in 
determining particle locations (less than 0.25 pixels) 
and because of its unique ability to separate overlapped 
particles.  

3.3.2. 3D particle identification (triplet search) 
Images from each of the apertures are effectively 

combined in order to determine the 3D location of each 
particle. Each ‘triplet’ represents a single particle in the 
flow, as seen in Fig. 7. As metnioned previously the 
centroid of the triplet represents the x and y location and 
the size of the triangle represents the z location. The 
correspondence of a 2D particle in one image to the 
same particle in the other two images is achieved 
through a volumetric spatial calibration. The spatial 
calibration is done by traversing a single plane target 
through the measurement region, and capturing images 
at regular intervals. Dots on the calibration target are 
regularly spaced at 5 mm in the horizontal and vertical 
directions, and the target is traverse by 5 mm increments 
in the depth direction. The calibration dot locations 
from each image are combined to define a signature 
graph, in which a defining triplet size is determined for 
each plane. 

Figure 9 shows a schematic of the V3V aperture 
arrangement. The drawing shows each aperture looking 
into the page and to the right. The cube represents the 
measurement volume. For purposes of simplification, 
only one particle is shown within the measurement 
volume.  

 

 
 

Fig. 9. V3V Aperture arrangement. 
 

Figure 10 displays the 2D representations of the 
view from each camera aperture. Green represents the 
ray extending from the left aperture through the particle, 
red represents the ray extending from the right aperture 
through the particle, and blue represents the ray extend-
ing from the top aperture through the particle. Consider 
the 2D particle as seen by the top image (labeled ‘Top 
Image’ in Fig. 10). The blue ray appears as a single dot; 

however, in the left and right images, the blue ray 
appears as a line. The algorithm searches along this 
defining ray in the left and right images simulaneously 
for possible 2D particle matches. The search is done in 
two steps, a coarse search, then a fine search. The fine 
search requires the particle position to match within 0.5 
pixels in all three images. If a triplet is not found that 
falls within the 0.5 pixel criteria, the 2D particles are not 
used. This process is repeated for all particles in the 
field.  

 

 
 

Fig. 10. Principle of ‘triplet’ search. 

3.3.3. 3D particle tracking 
After the particle identification step, particle image 

positions are transformed from the real camera view to 
the perfect camera view using the calibration result. 
Then a triangle pattern search is performed to find 3D 
particles using the transformed 2D position data from 
the three views. The third stage of data processing is 
searching for particle pairs in two successive images to 
obtain 3D velocity vectors. Particle tracking method is a 
natural choice because particle positions are readily 
available. Three algorithms have been implemented for 
3D particle tracking: the nearest neighbor method, the 
relaxation method [14], and the particle matching 
method [15]. Our test results show that the relaxation 
method proposed in [16] is the most robust and 
efficient, while the particle matching method has similar 
performance but is a little slower. The nearest neighbor 
method is obviously the fastest but only works well 
when the particle displacement is small relative to the 
particle mean distance. Note that particle tracking is 
performed without local flow estimation, as it was 
found that the flow estimate has imperceptible effect on 
the performance of 3D particle tracking. Once the 
volumetric particle locations are determined in frame A 
and frame B, the particles are divided into subgroups 
called clusters according to their spatial locations. Clusters 
here can be thought of as similar to interrogation 
regions in PIV. Clusters in B are larger in volume than 
corresponding clusters in A because particles may move 
out of the cluster area. Within a cluster, each pair of cor-
responding particles is assigned a number representing 
match probabilities. For example, P(m,n) is the match 
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probability between particle m in frame A and particle n 
in frame B. Initially each particle pair has the same 
probability, 1/N, where N is the number of possible 
pairs between A and B for each cluster. The probability 
computation is based on the assumption that neighbor-
ing particles move similarly. These probabilities are 
then iteratively recomputed for all particles in the 
cluster, until they converge. For particle m in frame A, 
the maximum match probability P(m,n) is found among 
P(m,1), P(m,2), …If this maximum probability is 
greater than a given threshold, then (m,n) is considered 
a matched pair. As shown in Figure 11, the probability 
is high (case shown on the left) when, if the dis-
placement from particle m to particle n is applied to the 
other particles in the cluster, a matching particle is 
nearby. The probability is low (case shown on the right) 
when the displacement of other particles in the cluster 
results in no nearby particle matches. 

 

 
 

Fig. 11. Illustration of potential (high probability and low 
probability) particle matches between successive camera 

frames. 

3.3.4. Grid interpolation 
After the 3D particle tracking step, the vectors lie on 

a randomly spaced grid, according to particle locations. 
In order to compute quantities such as vorticity, it is 
useful to have vectors on a rectangular grid. This can be 
done through regular Gaussian - weighted interpolation. 
This involves having rectangular „nodes” that fall at 
regular intervals. Now, the velocity at a node is 
proportional to the distance to the nearest randomly 
spaced vectors and Gaussian weighting is used to 
determine the influence of each random vector on the 
nodal values.  

3.4. Accuracy 
Accuracy in V3V measurements is strongly related 

to the accuracy in determining the velocity. Velocity 
accuracy depends on spatial accuracy of particles and 
timing accuracy. In general though since Nd:YAG 
lasers are used and high quality electronics with timing 
resolutions down to 1ns the timing uncertainty is 
negligible so velocity accuracy depends ultimately on 
the spatial uncertainty during particle identification and 
multi-plane calibration. Rigorous studies have shown 
that the current version of the V3V system can achieve 
particle position accuracy of 10 micron in x-y and 40 
micron in z. In some typical water type of applications 
with velocities in the m/sec range and with particle 

displacements of 1mm (~ 8 pixels in displacement for 
both x and y) the uncertainty in both u and v-velocity 
components are < 2%, while for w it can be < 8%.  

4. EXPERIMENTAL RESULTS 
Several experiments were carried out to show the 

capability of the V3V system in the extraction of 3D 
velocity measurements in a volumetric domain. Due to 
limited space available two experimental data will be 
presented in this paper. Those two experiments are: (1) 
Flow past a cube, (2) Flow around a vortex ring and. 
Details of the measurement results are given in the 
following sections. 

4.1. Flow past a cube 
The V3V was used to measure the flow past a cube. 

A one inch cube was mounted on a flat plate and placed 
in a water tunnel (see Figure 12). The measurement 
volume was 140 mm by 130 mm by 70 mm. The 
Reynolds number based on the cube height and the 
mean flow velocity was about 1000. The result 
presented here is the average of 100 frames.  

 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Cube model 
 

Figure 13 shows the 3D vorticity iso-surface that 
wraps around the cube. The velocity magnitude contour 
in the z plane clearly shows the wake behind the cube. 
The vector plot on the center y plane shows the 
acceleration zone and the recirculation zone. Figure 14(a) 
decomposes the vorticity iso-surface into five different 
colored vorticity components. Figure 14(b) shows the 
highly 3D streamlines in the region behind the cube. 

 

 
 

Fig. 13. Quantitative 3D visualization of flow past a cube. 
What’s shown here is the vorticity magnitude isosurface 

(green), the velocity contour at z = 0.5 cube height plane, and 
the velocity vector plot at y = 0 plane. 

(x) 140 mm 
(y) 130 mm 

(z) 70 mm 

(h) 25.4 mm 
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Fig. 14. (a) Vorticity iso-surfaces, colors representing 
different vorticity components, show the topology of 3D flow 
structures. (b) 3D streamlines in the region behind the cube 

shows the rotating flow pattern in that region. 

4.2. Flow around a vortex ring  
The second example is the measurement of flow 

around a vortex ring. A 1” tube injector is used to push 
the water into a water tank illuminated by the laser. The 
vortex ring forms due to the velocity gradient between 
the center high-speed fluid and the surrounding stagnant 
fluid. In Figure 5, the vorticity isosurface clearly shows 
the shape and size of the vortex ring. The rotation 
around the vortex ring is also shown by the vector slice 
in the figure. The dynamic measurement capability of 
V3V is demonstrated in Figure 16, where the impinge-
ment of vortex ring is captured.  

 
 
 
 
 
Fig. 15. Vortex-ring model. 

 
 
 

4.3. Measurement of 3D surfaces  
An interesting application of V3V is measuring the 

surface of a 3D object. Either projected dots or naturally 
occurring dots on the object surface can be used, which 
is equivalent to the tracer particles in flow measurement 
applications. 3D positions of the dots are measured by 
the V3V system, creating the point cloud data. The point 
cloud data can then be processed to obtain polygon 
models of the surfaces. Figure 7 shows an example of 
the 3D surface measurement of a headform. One 
potential application of 3D surface measurement is the 
quantitative visualization of flow-structure interaction. 
The 3D flow field and the surface of the structure can be 
measured simultaneously using the V3V system, pro-
viding complete picture of the flow-structure interaction 
which has only been seen in the CFD simulations before.  

5. CONCLUDING REMARKS 
In this paper the V3Vwas introduced for instan-

taneous volumetric 3D flow measurement. The principle 
of the technique was based on triplet search to locate the 
3D particles in the volumetric space. Using the 3D par-
ticles in two separate frames, particle tracking technique 

was used to measure the velocity vector field. Results 
are showed that the technique can obtained up to 45,000 
randomly located velocity vectors in a volume of 140 mm 
by 140 mm by 100 mm. Three experimental measure-
ments of flow past a cube, flow around a vortex ring 
and wake flow behind rough surface were used to show 
the capability of the V3V technique to obtain the com-
prehensive 3D flow structures for all those experiments. 

 

 
 

Fig. 16. The vortex ring impingement on the wall is captured 
by a sequence of instantaneous snapshots. 

 

         
 

Fig. 17. 3D surface measurement result obtained using V3V 
with projected dots. 

1” 
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