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Abstract Since Bacteriorhodopsin (BR) was presented in 2000 as a high-resolution optical memory, it has
developed quickly as a recording medium for Holographic Particle Image Velocimetry (HPIV). This work
continues to investigate the possibilities of BR by studying the amount of tracer particles that can be
holographically recorded on a BR-film and reconstructed with a sufficient signal-to-noise ratio (SNR) for an
effective correlation analysis. The number of recorded tracer particles is a result of the illuminated crosssection area of the flow volume and the particle-integrated-area-density. These terms are optimized by using
strongly scattering tracer particles, adding a high-pass optical Fourier filter to the recording set-up,
optimizing the energy ratio between the object beam and the reference beam and optimizing of the intensity
of the reconstruction beam. As a result, more than 100.000 particles, distributed over a transverse area of
~800 mm2, are successfully recorded on a BR-film and reconstructed with sufficient SNR to yield correct
velocity vectors with a 3D-PIV-correlation analysis. A part of the flow near a vortex ring in water is recorded
and analyzed to illustrate the system's ability to perform realistic flow measurements.

1. Introduction
Since the 1990's, impressive 3-dimensional 3-component (3D3C) Holographic Particle Image
Velocimetry (HPIV) flow measurements have been performed using silver-halide based films as a
recording medium (Barnhart et al 1994, Herrmann & Hinsch 2004, Meng & Hussain 1995, Pu &
Meng 2000, Sheng et al 2003). Despite positive results, the inconvenience and time-consuming nature
of chemical processing has stimulated further research. Work on digital HPIV has lead to the
realization of some flow measurements (Malkiel et al 2003), however, the severely limited
information capacity of present electronic sensors (i.e. CCD chips) currently prevents this method
from being a realistic tool for turbulent flow measurements (Barnhart et al 2002). The presentation of
bacteriorhodopsin (BR) as a high-resolution optical memory (Hampp 2000) and the suggestion that
BR could be successfully applied as a recording medium for HPIV (Barnhart et al 2004), presents a
solution to the disadvantages of the earlier-described methods. Bacteriorhodopsin does not require
any chemical processing, has a resolution of about 5000 line-pairs per millimeter (Hampp 2000) and
is sensitive to the polarization-state of the recorded light which allows polarization-multiplexing
(Koek et al 2004). These properties make BR a very suitable recording medium for HPIV
measurements.
In 2004, Chan presented the use of BR as a recording medium in an HPIV system (Chan et al 2004).
Displacements of a moving particle field were recorded without directional ambiguity by polarization
multiplexing techniques (Koek et al 2004). However, real flow measurements were not performed as
the particles (glass, diameter 100 μm) were unsuitable as tracer particles in water. Also, the transverse
dimension of the recorded particle field was limited by a configuration where the unscattered object
light was filtered out by a beam-stop on the film.
The current work builds on these results with the aim to increase the measurement volume and
increase the amount of recorded tracer particles while maintaining an acceptable signal-to-noise ratio
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(SNR) of the reconstructed particle field. These aims are realized by applying suitable tracer particles,
applying a high-pass optical Fourier filter in the recording set-up, optimizing the energy ratio between
the object beam and the reference beam and optimizing the intensity of the reconstruction beam.
Section 2 describes the HPIV experimental setup and procedure. Section 3 illustrates how many
particles can be recorded on the BR-film in our current setup. Section 4 illustrates that a part of a
vortex ring in water has been holographically recorded, reconstructed and analyzed. Section 5
presents the conclusions and future work.

2. Experimental procedure
2.1 Recording
Illumination of the recording setup is delivered by a frequency-doubled dual-cavity pulsed Nd:YAG
laser (Spectra-Physics Quanta-Ray PIV) equipped with a seed-injector, wavelength 532 nm, output
power 300 mJ per pulse, pulse duration 7 ns and a pulse separation time of typically 3 – 5
milliseconds. A mechanical shutter allows for the selection of one pulse-pair and a power-meter
monitors the laser output power (figure 1). With a half-wave retardation plate and a Glan polarizer
beam-splitter cube, the object beam and reference beam are split with any desirable distribution of the
available beam energy. A quarter wave plate in the object beam and in the reference beam convert the
polarization of the beam in left and right circular polarization respectively. The two Pockels cells
transmit the first light pulse unaffected, while converting the second pulse to right circular
polarization in the object beam and left circular polarization in the reference beam. (This
manipulation of the polarization is performed to realize polarization multiplexing as described by
Koek et al (2004).) The object beam is expanded and collimated by lenses L3 and L4. The collimated
object beam reaches a water-filled glass tank with a transverse beam-diameter of 32 mm and a typical
fluence of 29 mJ/cm2. The incoming light partially scatters from tracer particles and passes through a
high-pass optical Fourier filter which consists of a lens, L5, a beam-stop and a lens, L6. L5 and L6
have a focal length, f, of 200 mm and a beam stop of 6 mm yields a Fourier filter spatial cut-off
frequency of 28 mm-1. The Fourier filter generates a real image of the tracer particles at distance f
behind L6, which is recorded (380 mm further) on a BR film. The reference beam is expanded and
collimated by lenses L1 and L2 and reaches the BR film with a fluence of 0.53 mJ/cm2. The fluencevalues correspond to a beam-energy ratio between the object beam and the reference beam of 9:2
respectively. These values are a result of (experimental) maximization of the reconstructed signal
intensity.
Fig 1. The holographic recording setup. Nd:YAG
represents a pulsed laser, SH a shutter, PM a power
meter, HW a half-wave plate, PBS a polarizing beam
splitter, M a mirror, QW a quarter-wave plate, PC a
Pockels cell, L1 and L3 plano-concave lenses, L2 and
L4 plano-convex lenses that collimate the beam, L5 and
L6 plano-convex lenses as a part of an optical high-pass
Fourier filter, BS a beam stop, f the focal length of L5
and L6 and RI the real-image of the particle field.

The reference beam reaches the film at an angle of 26 degrees from the film-normal while the filmnormal is positioned parallel to optical axis of the object beam. The BR film is a type D96N, has a
size of 100 x 100 mm2 and has a thickness of 30 μm.
2.1.1 Tracer particles
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The type of tracer particle has a very large influence on the performance of an HPIV system. The
generally used transparent particles are here categorized by two properties: the particle diameter
(typically 10 -100 μm) and the particle specific gravity (w.r.t. the specific gravity of the flow). These
two properties strongly affect the amount of scattered light, which should preferably be as high as
possible. Scattering intensity generally increases with an increasing particle diameter and with a
larger difference of index of refraction of the tracer particle and the flow, which is, in turn, generally
related to the difference in specific gravity.
The maximum particle size, however, is limited by the shadow density which should be sufficiently
small for successful hologram recording and reconstruction. The shadow density is defined as (Malek
2004):
 2
s d= ⋅D p⋅ns⋅L
4

(1)

where Dp is the particle diameter, ns is the number of particles per unit volume and L is the flow
volume depth. The same requirement is stated (in slightly different terms) by (Pu & Meng 2004).
Furthermore, the influence of the tracer particles on the flow should be negligible. This is achieved if
the particle volume load is typically smaller than 10-5 (Elghobashi & Truesdell, 1993) or 10-6
(Elghobashi, 2004). Clearly, these two requirements prefer the use of small tracer particles.
Finally, the particles should follow the flow sufficiently well. Non-neutral buoyancy can result in
floating or sinking behavior of the particles which can be limited to a sufficiently low velocity when
the particle diameter is sufficiently small, as can be seen, for example, by the equation for the rise
velocity of a gas bubble in water (Stokes flow):
 water −air ⋅D 2p⋅g
v rise =
12⋅

(2)

where ρ is the specific gravity, g is the gravitational acceleration and μ is the dynamic viscosity of the
flow. These various effects are together illustrated in table 1.
Table 1. The effects of the tracer particle diameter and specific gravity.

Small Dp

Large Dp

ρparticle ≈ ρwater ρparticle ≠ ρwater ρparticle ≈ ρwater ρparticle ≠ ρwater
Scattering

--

+/-

+/-

++

Shadow density

+

+

-

-

Volume load

+

+

-

-

++

+/-

+/-

--

Buoyancy effects

Because the current study aims to determine the maximum amount of particles that can be
successfully recorded with our bacteriorhodopsin-HPIV system, it is decided to implement small
particles that enable a high seeding density while maintaining a sufficiently low shadow density.
Additionally, particle scattering should be as strong as possible to obtain a sufficient reconstruction
signal intensity. For these reasons, we choose, for the current study, to apply small particles with a
specific gravity that differs significantly from the specific gravity of the surrounding flow. These
requirements are fulfilled with the use of very small gas bubbles in water. Hydrogen bubbles are
easily generated by electrolysis of water. An additional advantage for our system is that, when the
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light beam passes through a hydrogen bubble, the polarization is conserved. This is essential for
successful polarization multiplexing. When particles are made of, for example, a polymer,
polarization of the light may not be conserved when passing through a particle.
2.2 Reconstruction
The double real image of the tracer particles (first and second exposure) can be separately
reconstructed by exposing the film to a phase-conjugate beam with left circular polarization or right
circular polarization respectively(Koek et al 2004). Illumination is delivered by a single-line,
frequency-doubled continuous-wave Nd:YAG laser (Coherent Compass 315M-150) (532 nm, 150
mW) and the available power can be adjusted by the presence of a half-wave retardation plate and a
polarizing beam-splitter after a laser (not illustrated). The appropriate circular polarization is created
by a quarter-wave retardation plate, R3, and a mechanical half-wave retardation plate (MHW).
Moving the MHW in or out the beam allows selection of left- or right circular polarization. The beam
is expanded and collimated by a spatial filter, SF, and a plano-convex lens, L4. In this study, the
intensity of the reconstruction beam is 80 mW/cm2. This value is experimentally determined by
examining two opposing effects: If the reconstruction-beam-intensity is lower, the read-out process
becomes so slow that thermal induced erasure of the hologram prevents successful read-out of all
frames. However, a higher reconstruction-beam-intensity leads to excessive photo-induced erasure
during overhead read-out operations (i.e. stage motion, polarization switching). The two threedimensional particle images are digitized by a LaVision Imager Intense CCD camera (1376x1040
pixels, pixel size 6.45 um), which is traversed along the optical axis. At each depth, two frames are
recorded, which correspond to the first and second exposure.
Fig 2. CW Nd:YAG represents a continuouswave laser, R3 a quarter-wave plate, MHW a
mechanical half-wave plate, SF a spatial
filter, L4 a collimating plano-convex lens, RI
the real-image of the particle field and CCD a
scanning CCD camera.

2.3 Data analysis
Data analysis is performed by Matlab 7 on a conventional desktop computer (CPU: AMD 2.5 GHz,
RAM: 1.8 GB, OS: Linux). Both reconstructions are each split into interrogation volumes. The size of
an interrogation volume varies from 8 to 128 pixels in the transverse direction and is, fixed at 8 pixels
in the longitudinal direction. Interrogation volumes are processed comparably to conventional 2D
digital PIV: the average intensity of the two interrogation volumes is subtracted and both volumes are
zero-padded. A three-dimensional cross-correlation is performed with an FFT algorithm: the FFT of
interrogation volume 1 is multiplied by the complex conjugate of the FFT of interrogation volume 2.
The absolute value of the inverse FFT of the product is calculated and the result then divided by the
square root of the autocovariance of interrogation volumes 1 and 2 to obtain a 3D volume of crosscorrelation coefficients:
E  I 1  
 ⋅I 2  x 
r 12 x  =
 E  I 1   ⋅I 1   ⋅E  I 2  ⋅I 2  
∣IFFT  FFT  I 1⋅FFT ∗  I 2∣
=
(3)
 E  I 1⋅I 1⋅E  I 2⋅I 2 
where r 12  x  is the cross-correlation coefficient, E is the expectation value (or mean), I 1 and
I 2 are the real intensity data of interrogation volumes 1 and 2 respectively after subtraction of the
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mean intensity and after zero-padding, x and 
 are three-dimensional spatial coordinates and
∗
is the complex conjugate.
The integer-pixel-position of the global maximum of the correlation cube (xpeak,ypeak,zpeak) is found and
the correlation cube is then divided by a 3 dimensional kernel to compensate for the fact that each
point in the correlation volume is the result of a different volume overlap between interrogation
volume 1 and 2. Then, a sub-pixel estimate of the z-position of the correlation peak is determined by
making a 7-point least-square Gaussian fit on the points between (xpeak,ypeak,zpeak-3) and
(xpeak,ypeak,zpeak+3). No sub-pixel estimate is made of the x- and y-position of the correlation peak
because the accuracy of the integer-pixel position is currently sufficient.

3. Particle count
3.1 Analysis and measurement
The maximum amount of particles that can be recorded on a BR-film, reconstructed and analyzed
with a correlation method depends on the product of the illuminated cross-section area of the flow
volume and an appropriate particle-integrated-area-density(= ns·L). The maximum illuminated crosssection area, as well as the maximum particle-integrated-area-density (= ns·L) are limited by the
presence of noise in the reconstructed image. Two types of noise in the reconstructed image can be
distinguished: The average intensity of the first type of noise is proportional to the reconstructed
particle-image-intensity (for a constant particle-integrated-area-density (= ns·L)) and is generated by
out-of-focus particles. Because a brighter particle-image leads to a higher signal intensity and a
proportionally higher noise intensity, the SNR of the reconstructed image is independent of the
absolute particle-image-intensity. When considering the first type of noise, the SNR is also
independent of the illuminated cross-section area. This implies that the total amount of recorded
particles could be increased indefinitely by expanding the object beam to a larger diameter. However,
there exists a second type of noise whose average intensity is independent of the absolute particleimage-intensity. It is mainly generated by scattering from granular structures in the BR film and
thermal noise in the CCD camera. The reconstructed particle-image-intensity must be sufficiently
high to compensate for this noise, which is achieved by providing a sufficiently high object-beam
fluence (J/cm2). Because the laser pulse energy in the recoding setup is limited, this implies a
limitation on the maximal diameter of the object beam (or transverse cross-section area of the
illuminated flow volume).
The contribution of the first type of noise to the SNR of the reconstructed image does depend on the
particle density: When the particle-integrated-area-density (= ns·L) increases, more out-of-focus
particles per transverse unit area lead to a higher average noise intensity. This implies a limitation of
the maximum particle-integrated-area-density.
Maximization of the amount of recorded particles on a BR film requires a balance between the effect
of both types of noise. A small recorded volume leads to bright particle-images which suppresses the
effect of the second noise-type. However, the small transverse cross-section area allows only a small
amount of recorded particles before the limit on the particle-integrated-area-density is reached. A
large illuminated volume allows the recording of many tracer particles while remaining within the
limit of the particle-integrated-area-density. However, the decreased reconstructed-particle-imageintensity lowers the SNR due to the second noise type. Regarding these effects, the diameter of the
object beam in our setup is optimized1 to a value of 32 mm. Using this object-beam diameter, the
maximum amount of particles that can be recorded on a BR-film is experimentally investigated:
1 Because this value depends on many system parameters (laser power, particle scattering, specific setup-geometry),
this value is the result of a rough optimization. A slightly different value of the object-beam diameter could yield a
higher particle count in certain experiments.
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A platinum wire (diameter 15 μm) is horizontally suspended in a tank that is filled with demineralized
water and table salt (sodium chloride) and is connected to the cathode of a DC-voltage source.
Another platinum wire is also placed in the tank and connected to the anode. When a voltage is
applied, the horizontal 15 μm-wire generates a 'curtain' of hydrogen bubbles, moving upward with a
fairly constant velocity. The curtain of bubbles is situated perpendicular to the optical axis of the
object beam. Increasing the applied voltage leads to a higher concentration of hydrogen bubbles,
giving us a simple way to control the tracer particle number density.
The rising hydrogen bubbles are holographically recorded with a double exposure dual frame. The
two reconstructed volumes are split into interrogation volumes for further analysis. As shown in
figure 3, only interrogation volumes that are located in the plane of the real image of the 'bubble
curtain' are further analyzed. Other interrogation volumes are not analyzed because they only contain
out-of-focus bubble images. The longitudinal size of an interrogation volume is chosen at 8 pixels (1
longitudinal pixel = 200 μm). The transverse size of an interrogation volume is varied at 8, 16, 32, 64
and 128 pixels (1 transverse pixel = 6.45 μm). Adjacent interrogation volumes have an overlap of 0%.
A smaller transverse size of the interrogation volumes allows for the analysis of more interrogation
volumes.

Fig 4. A holographic reconstruction of a hydrogen
bubble field.

Fig 3. Only interrogation volumes are analyzed that
are located in the plane of the rising hydrogen
bubbles.

Decreasing the transverse dimension of the interrogation volumes can give an impression of the
amount of bubbles that are successfully recorded. Because the bubbles rise with a fairly constant
velocity it is known what displacement a bubble experiences between the two exposures.
N

6V

7V

8V

9V

12 V

128 100.0 % 100.0 % 100.0 % 100.0 % 100.0 %
64 100.0 % 100.0 % 100.0 %

99.6 %

99.5 %

32

99.5 % 100.0 %

99.4 %

98.0 %

92.7 %

16

95.7 %

95.5 %

96.2 %

94.5 %

92.4 %

8

79.0 %

79.9 %

82.0 %

82.1 %

76.5 %

Table 2. Measurement result: Percentage of
interrogations whose measured displacement
matches to the average rise velocity of the
bubble curtain. The setting of the DC-voltage
source is varied from 6 volts to 12 volts towards
the right of the table, corresponding to an
increase of the bubble density. The transverse
dimension of the interrogation volume is
decreased from 128 to 8 towards the bottom of
the table.

When this displacement is found from the correlation analysis, it is certain that the interrogation
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volume contains at least one bubble. A measured displacement that sufficiently matches the average
rise velocity of the bubble curtain is named a 'valid vector'. Table 2 illustrates that the lower voltagesetting (VDC=6 V) yields less valid vectors than an intermediate voltage-setting. This is probably
caused by interrogation volumes that lack the presence of a tracer particle. Table 2 also illustrates that
the higher voltage-setting (VDC=12 V) yields less valid vectors than an intermediate voltage-setting.
This is probably caused by a particle density that is so high that it cannot be analyzed properly with
this method (Pu & Meng 2004).
We name the region that is scanned by the CCD camera, digitized and analyzed RANA. When RANA
(cross section area: 34 mm2 or 9042 pix2) is filled with interrogation volumes with transverse
dimension of 8x8 pixels, and there is no overlap between adjacent interrogation volumes, there fit
1.3·104 interrogation volumes in RANA. By using the result of 82.0 % valid vectors (VDC = 8 V, N = 8)
and assuming that when an interrogation volume yields a valid vector, it must contain at least one
tracer particle, it can be calculated that at least 1.1·104 particles have been successfully recorded in
RANA. The total illuminated region of the flow (named RILL) has a cross section area of 804 mm2
(section 2). The total amount of particles that has been recorded successfully on the BR film can now
be calculated by multiplying the amount of recorded particles in RANA (1.1·104) by the ratio of the cross
section area of RILL and RANA. It can be concluded that there were 2.6·105 particles (= 1.1·104 · 804 / 34)
recorded on the BR film with sufficient SNR to leads to a true displacement vector with a correlation
analysis.
A second experiment is performed to verify this important result: A direct bubble-count in the
available image of the bubble curtain would be a simple method. However, this appeared practically
impossible. Therefore, the hydrogen-bubble-volume-flow-rate and the typical bubble diameter were
measured to calculate the number of recorded bubbles.
The hydrogen-bubble-volume-flow-rate was measured with the following method: A measurement
beaker is placed up-side-down, just below the water surface of a main tank. With a tube and a syringe,
the water level in the beaker is brought to a few centimeters above the water level in the main tank.
The tube was then closed to create a static situation. Electrolysis is turned on and the hydrogen
bubbles from a part of the horizontal platinum wire are collected in the measurement beaker. This is
illustrated below. Over a time period of hours, the water level in the measurement beaker lowered,
indicating the hydrogen-bubble-volume-flow-rate.
Fig 5. 'A' represents a measurement beaker, placed up-sidedown in water. 'B' represents a tube that enables syringe 'C' to
raise the water level in beaker 'A'. 'D' is the voltage-source
that enables electrolysis in the water. The positive electrode is
a platinum wire that generates oxygen bubbles 'E'. 'F' is a
perspex construction that holds the negative electrode 'G', a
platinum wire with a diameter of 15 micrometer . This
generates hydrogen bubbles 'H'. The water 'J' is demineralized
water with added kitchen salt (NaCl) to enable electrolysis.

The lowering of the water level in beaker 'A', directly leads to the measured volume-flow-rate, Qmeas.
This value is related to the volume-flow-rate in the RANA, QANA, via two constant factors, C1 and C2.
Q ANA=C 1⋅C 2⋅Q meas

(4)

Factor C1 corrects for the fact that the diameter of beaker 'A' is larger than the horizontal dimension of
RANA, XANA. Factor C2 corrects for presence of tube 'B' in beaker 'A', making the effective cross-area of
-7-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

beaker 'A' smaller.
The number of particles that pass through the RANA per second, Ṅ ANA , is related to the volume-flowrate through RANA and the average bubble volume Vbubble as:
Ṅ ANA=

Q ANA
V bubble

(5)

Vbubble is calculated from the measured particle diameter, Dp :

3
V bubble= ⋅D p .
6

(6)

Dp must be accurately determined, as the power-3 makes the analysis sensitive to errors in the
measured particle diameter. Two methods are used to measure Dp: The first method follows a
statistical determination of Dp from the autocorrelation curve of an in-focus image. An analytical
calculation illustrates that when particles have a perfect top-hat profile, the full-width-half-maximum
(FWHM) of the central peak of the auto-correlation curve equals 0.80⋅D p . Hence, the particle
diameter can be determined from the width of the central peak of the auto-correlation curve. To
ensure that the particles in the image maximally resemble a top-hat-profile, a threshold operation is
performed on the image. This measure leads to a flat intensity profile within a particle-image while
the full size of the particle-image remains intact. This leads to FWHMauto-corr = 23 μm, Dp = 29 μm and
Vbubble = 1.3·10-5 mm3.
The second method determines Dp from the bubble-rise velocity. When a very small number of
bubbles (+/-5) was generated by electrolysis, a rise velocity of 0.24 mm/sec was observed. (When
large numbers of bubble are continuously generated at VDC = 8 V, the rise velocity is much larger (6.5
mm/sec) because a rising plume of hydrogen bubbles creates a circulating flow in the tank.)
Assuming a bubble-diameter of a few tens of micrometers leads to a Reynolds-number of less than
10-2. The flow around the bubble can therefore be described as a Stokes-flow. The particle diameter
can be calculated from the rise-velocity with equation (2). This leads to Dp = 17 μm and Vbubble =
2.6·10-6 mm3.
The two values of 1.3·10-5 mm3 and 2.6·10-6 mm3 are considered as an upper limit and lower limit of
the estimated hydrogen-bubble-volume. This will lead to a lower limit and upper limit of the bubblecount, respectively.
The average number of particles present in the RANA, NANA, is related to Ṅ ANA as:
Y ANA
N ANA= Ṅ ANA⋅
v rise

(7)

where YANA is the vertical dimension of RANA.
Combining equations (4), (5) and (7) leads to:
N ANA=

C 1 C 2 Q meas Y ANA
V bubble v rise

(8)

The described volume-flow-measurement yields a hydrogen volume of 4 milliliters in 4 hours and 53
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minutes, or 1.76·104 seconds, which corresponds to Qmeas = 0.23 mm3/sec. The bubble rise velocity is
measured at vrise = 6.5 mm/sec (continuous electrolysis, VDC = 8 V). The specific geometry of the setup leads to an estimated C1 = 1/3. The measured diameters lead to C2 = 0.925. YANA equals 6 mm.
These values lead to NANA between 5.1·103 and 2.5·104. These values are multiplied by the ratio of the
cross section area of RILL and RANA to lead to an estimate for the total amount of particles that are
successfully recorded on the BR film, NILL is between 1.1·105 and 5.5·105 .
3.3 Result and discussion
A correlation analysis leads to NILL = 2.6·105. Measuring the hydrogen-bubble-volume-flow and the
hydrogen-bubble-volume leads to a calculated value of NILL between 1.1·105 and 5.5·105 . These
different experimental results are in excellent agreement. Therefore we state with confidence that:
Successfully, more than one hundred thousand particles have been recorded on a BR film and
reconstructed with a sufficient SNR for further 3D-PIV-correlation analysis.
In this study, all particles are located in one plane, perpendicular to the optical axis of the object
beam. It could be debated whether this specific distribution of the tracer particles affects the validity
of the determined value of NILL for a more general case where the particles are distributed in a volume
with a finite depth, L (typically a few centimeters in our experiments). In other words: when a certain
number of particles are distributed in a volume with depth L, can this number of particles still be
recorded and reconstructed with a comparable SNR? A mathematical expression in a publication by
(Pu & Meng 2004) gives a prediction for the maximum amount of tracer particles that can be recorded
while maintaining a sufficient SNR of the reconstruction is:
  tan 2 
n s⋅Lmax=
M 2  I 0 /〈 I N 〉min

(9)

where γ is the so-called image integrity which describes aberrations in particle scattering, 2Ω is the
angular aperture of the scattering particles, Μ is the pixel area of the CCD detector divided by the
mean speckle size, λ is the wavelength, I0 represents the signal intensity and <IN> is the spatial mean
noise intensity. Note that the answer is given as a product of ns·L, (named by Pu & Meng the
integrated area density). It appears irrelevant whether a certain number of tracer particles is tightly
packed in a plane or extended over a finite depth. We therefore believe that the determined value of
NILL in this study is valid for a general distribution of tracer particles in a volume, as long as ns·L is
constant.

4. Recording the flow near a vortex ring
An experiment is performed to illustrate the ability of our HPIV system to record a flow. The flow
around a vortex ring in water is chosen because the solution is known, the typical size matches the
size of our CCD detector and because it can be generated with reasonable reproducibility. The
described experimental procedure (section 2) is used with a few minor changes. The tank size is
increased to 60 mm (along optical axis) x 135 mm (vertical) x 200 mm (horizontal, perpendicular to
optical axis) to minimize the effect of the wall on the flow around the vortex ring. A tube filled with
strongly diluted ink is placed just above the water surface (~5 mm). Labview software controls the
release of one droplet which forms a downward traveling vortex ring. The double laser pulse is fired
1-2 seconds after the release of the droplet. The vortex ring is then in the illuminated part of the tank.
The horizontal size of the vortex ring grows towards a typical size of 2 centimeters nearin the bottom
of the tank.
Hydrogen bubbles are used as tracer particles and are generated as described in section 3. It was
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observed by the eye that the effect of the flow caused by the rising hydrogen bubbles is so small that
the structure of the vortex ring remains intact until it reaches the bottom of the tank. The typical
traveling velocity of the vortex ring is five times larger than the maximum observed rise velocity of
the hydrogen bubbles. This suggests that the hydrogen bubbles are reasonably suitable tracer particles
in this experiment.

Fig 6. Vortex rings are generated in a water-filled
tank. For visualization, three vortex rings are
generated in this photograph.

Fig 7. Velocity field around a downward-traveling vortex ring.
The 'donut' represents the vortex ring and is added for
visualization. The pixel size is 6.45 μm.

Data analysis is performed as described in section 2. The transverse dimension of an interrogation
volume is 64 pixels. In this experiment, the volume overlap between adjacent interrogation volumes is
50%. The resulting velocity field is shown in figure 7. The velocity field is currently measured in only
one plane. The main reason for this is the planar distribution of the hydrogen-bubble-tracer-particles.
The distribution of hydrogen bubbles will be spread more equally over the water volume in the near
future to enable full 3D measurements.

5. Conclusions, discussion and future work
Significant improvement has recently been made on our HPIV setup using a BR film. The particle
diameter has been reduced from 100 μm to 20-30 μm and the transverse size of the illuminated flow
volume has been increased from 8 mm to 32 mm while the particle field is still reconstructed with
sufficient SNR to extract velocity vectors with a 3D-PIV-analysis. This improvement has been
realized by adding a high-pass optical Fourier filter to the recording set-up, by optimizing the energyratio between the object beam and reference beam and by optimizing the intensity of the
reconstruction beam.
It is shown in section 3 that more than 100.000 tracer particles have been successfully recorded on a
BR-film and reconstructed with sufficient SNR to perform a PIV-correlation analysis. Because the
area of the CCD chip that is currently used to digitize the reconstructed field is smaller than the crosssection-area of the total reconstructed field (34 mm2 vs. 804 mm2), only ~1.1·104 particles contribute
to the PIV-analysis in this study. We intend to apply a CCD camera with a larger CCD chip in the
near future to solve this limitation.
The flow near a vortex ring has been recorded, reconstructed and analyzed with a 3D-PIV-algorithm.
The flow pattern qualitatively matches the expected flow near a vortex ring. In this study, the flow is
measured in only one plane. This is caused by the planar distribution of the tracer particles in this
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study. A more equal distribution of the particles in the volume is expected to lead, in the near future,
to a three-dimensional measurement of the three-component velocity field of a flow near a vortex
ring. It is expected that such a measurement will also require stereoscopic holography to obtain
sufficient accuracy of the longitudinal position- and magnitude of the velocity vectors. Construction
of a stereoscopic holographic recording setup is planned for the near future.
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