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An advanced off-axis holographic particle image velocimetry (HPIV) system

Ye Pu, H. Meng

Abstract Holographic PIV (HPIV) is the most promising
candidate for the next generation full-field velocimetry
that can measure high spatial resolution instantaneous
three-dimensional (3D) velocity fields. To explore the
maximum performance capabilities of HPIV including
spatial resolution, off-axis holography based HPIV has
become a major direction of development. A fully auto-
mated off-axis HPIV system based on an injection-seeded
dual-pulsed YAG laser and 3D data processing software
has been implemented in the laser flow diagnostics lab
(LED). In our system, 90-degree particle scattering, dual
reference beams, in situ reconstruction/data processing,
and 3D velocity extraction based on a fast “concise cross
correlation” (CCC) algorithm are utilized. The off-axis
HPIV system is tested for an acoustically excited air jet
and the wake of a surface-mounted tab in a water channel
flow, giving instantaneous 3D velocity fields for both flows.
Experimental data of instantaneously measured 3D flow
structures using this technique show great promise.

1

Introduction

Over the past decade particle image velocimetry (PIV),
which measures two components of velocity in a 2D plane
based on photographic imaging, has become the state-of-
the-art experimental technique for fluid velocity mea-
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surement (Adrian 1991). It employs laser light sheets and
planar imaging media (e.g. photographic films or video
CCD cameras) to measure the two in-plane components of
fluid velocities in a planar domain in a flow, or three
components in a planar domain if a stereoscopic imaging
technique is used (Arroyo and Greated 1991; Prasad and
Adrian 1993). The establishment of PIV clearly marks a
significant advancement in experimental fluid mechanics
from single-point to multi-point velocity measurement
(Adrian 1996; Adrian 1997). This progress, however, is
only half way towards full-field three-dimensional (3D)
measurement of turbulent flows, and by far the easier half.
Attempts have been made to generalize these 2D planar
PIV techniques into 3D volumetric field measurement
through scanning (Guezennec et al. 1994; Bruecker 1995;
Bruecker 1997) with severe limitations in spatial and
temporal resolutions. Hence, planar PIV techniques are
unable to provide detailed space- and time-resolved ex-
perimental data in highly transient and three-dimensional
turbulent flows needed for understanding, modeling and
controlling of turbulent flows.

Recent advancements in both experimental and com-
putational fluid dynamics research has increased the
demand for instantaneous full-field 3D flow velocity
measurements resolved in space and time. Measurements
of turbulent and complex flows require good accuracy and
high resolution in a relatively large volumetric domain.
The requirement for information capacity is far beyond
any photography-based technique. By capturing the phase
information of light waves scattered off the object of in-
terest, holography is an instantaneous 3D imaging process
that offers an enormous storage capacity suitable for 3D
information recording. It is thus an inherently better
solution to 3D measurements than any other available
technique. HPIV records the 3D information of a large
quantity of particles in a fluid volume on a hologram in-
stantaneously and then reconstructs the particle images in
a 3D space. From the reconstructed image field, we can
retrieve the 3D positions (as well as size and shape in-
formation) of these particles. Furthermore, by finding the
3D displacements of the particles in the image volume
between two exposures separated by a short time lapse, the
instantaneous 3D velocities of these particles in the volume
can also be obtained.

The key problems that any HPIV system faces are re-
duction of speckle noise, handling of huge quantities of
data, extraction of 3D velocity in presence of large gradi-
ents/fluctuations, and system complexity vs. user-friend-



liness. While the strategies of handling all these issues
make each setup unique, HPIV configurations can be
broadly classified into two kinds based on the nature of the
holographic scheme: “in-line”, where only one beam is
employed to produce both the object wave and the refer-
ence wave, and “off-axis”, where separate object beam and
reference beam(s) are introduced. Many variations of
these two basic schemes are possible, often blurring such
distinctions.

Classical in-line holography (also known as Gabor ho-
lography) has been traditionally the standard holographic
method to diagnose particle fields (Trolinger et al. 1973;
Thompson 1974; Belz and Menzel 1979) and thus was
employed in holographic PIV (Weinstein et al. 1985; Meng
and Hussain 1991; Scherer and Bernal 1997). While en-
joying simplicity of optical geometry and low require-
ments for laser coherence and energy, standard in-line
method, especially when used in HPIV where the particle
density is usually large, faces a severe problem. Due to the
superposition of the real image, virtual image and refer-
ence waves, excessive speckle noise is produced to inter-
fere with recognition of particle images (Meng et al. 1993).
Another problem with in-line HPIV that affects the mea-
surement accuracy is the large depth of focus in the re-
constructed particle images. This is caused by the small
effective numerical aperture (N.A.) formed by the forward
particle scattering. Efforts have been made to address
these problems to improve the practicality of in-line HPIV
while maintaining its merits (Simmons et al. 1993; Zim-
min et al. 1993; Zimmin and Hussain 1994; Meng and
Hussain 1995a). Among these methods the in-line re-
cording off-axis viewing (IROV) technique appears to be
an efficient way to suppress the speckle noise and improve
the signal to noise ratio (SNR) of the reconstructed particle
images. At the same time, only one beam is used
in hologram recording, thus retaining the advantages of
in-line HPIV. Holographic PIV based on IROV has been
successfully applied to instantaneous 3D flow measure-
ments (Meng and Hussain 1995a, b; Sheng and Meng
1998).

With the innovative IROV approach, in-line HPIV has
reached a certain level of applicability. Indeed, its optical
simplicity makes it attractive for many applications in-
cluding holographic 3D flow visualization, and hence it is
one of the major HPIV techniques this and other labs are
currently pursuing (Sheng and Meng 1998; Meng et al.
1998). However, at a seeding density of no more than a few
particles per mm?, which is a de facto limitation of IROV,
the achievable spatial resolution of in-line HPIV is still far
from fully resolving turbulent flows. In the pursuit of high
spatial resolution measurement, off-axis holography be-
comes the logical choice. With this scheme, the real, vir-
tual images and the reference beam are no longer
superposed, eliminating the major source of speckle noise
inherent in in-line HPIV.

2

Rationale of the off-axis HPIV technique

Compared with in-line techniques, off-axis holography
tolerates higher seeding densities and offers a much better
image SNR, since the directly transmitting wave, the

virtual and real image waves are naturally separated dur-
ing reconstruction. By utilizing wide-spread side scattering
rather than the narrow central-lob forward scattering of
particles, the effective numerical aperture (N.A.) of imag-
ing is drastically increased, thereby reducing the depth of
focus and yielding higher measurement accuracy. Also the
directional ambiguity problem inherent in double-expo-
sure in-line HPIV can be solved by employing dual ref-
erence waves at different angles. These make off-axis HPIV
a desirable configuration despite the optical complexities
and the high requirements on the laser power and coher-
ence. However, the particle scattering characteristics re-
quire a trade-off between the achievable effective N.A. and
the laser energy utilization, since most of the laser energy
scattered by the particles is carried by the narrow-angled
forward scattering. Side scattering is much weaker than
forward scattering and near-forward scattering, thus call-
ing for much higher laser power/energy than what in-line
versions require.

Various off-axis methods have been proposed and
reported since the early years of HPIV development
(Barnhart et al. 1994; Meng 1994; Liu and Hussain 1995;
Zhang et al. 1997), addressing the problem of laser energy
utilization and effective N.A. Encouraged by the high
scattering efficiency of the forward scattering, Zhang et al.
(1997) constructed a hybrid HPIV system, where forward
scattering is combined with off-axis holography. In the
configuration an optical high-pass spatial filter is utilized
to avoid the directly transmitting wave in the object beam.
In contrast, Barnhart et al. (1994) implemented a phase
conjugate HPIV system, where two separate channels of
near-forward scattering are combined to achieve an ef-
fective large N.A. of particle images. To compensate for the
severe optical distortion and aberration imposed by the
complex optics, a phase conjugate reconstruction system
is required. These two approaches exemplify compromises
between the laser energy utilization and the effective N.A.

Such compromises in off-axis HPIV often come with
undesirable problems. In the system of Zhang et al. (1997)
the employment of the central-lob forward scattering and
long recording distance results in low effective N.A. To
make up for the large depth of focus, an extra hologram has
to be placed in the orthogonal axis to provide velocity
component in depth direction. Such a system involves not
only doubling the amount of optics and data processing,
strict coordination of the two orthogonal holograms, and
synthesis of 3D vector map, but also requires the flow do-
main to be optically accessible from two orthogonal di-
rections through four windows. On the other hand, the
phase-conjugate off-axis HPIV system by Barnhart et al.
(1994) involves a different type of practical restriction. In
spite of the low f-number lenses, the two-channel optical
system used for collecting scattering works effectively as a
low-quality imaging system, introducing excessive optical
aberrations that prohibit the reconstruction of particle
images. The only remedy is to employ the so-called phase-
conjugate reconstruction, i.e. extract back tracing of optical
waves from the hologram to the particle images. This re-
quires placing everything, including the original flow me-
dium and its wall, that appeared between the particles and
the hologram during the recording, back into the
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reconstruction system. Often, this is not feasible, and when
it is feasible (as in the case of an open jet in air with no
walls), extremely strict alignment of hologram and optics is
necessary. In addition, both these off-axis HPIV systems
described above resort to the use of a separate laser (a
continuous-wave laser) for hologram reconstruction. Since
misalignment and difference in wavefronts are inevitable,
switching lasers introduces additional sources of image
distortion and noise. Furthermore, when the recording and
reconstruction lasers do not share the same wavelength, as
with the approach of Zhang et al. (1997), extra image
aberration is generated from the wavelength difference.

Among the practical obstacles in HPIV application
noise is the most critical issue. While the use of off-axis
holography eliminates the excessive speckle noise specially
associated with in-line holography (Meng et al. 1993),
other types of noise still exist, among which the super-
position of reconstructed particle images in a volumetric
region is the most prominent. This is because the light flux
from those out-of-focus particle images in the real image
field entering the pupil of the objective lens - although not
imaged - can form a speckle noise background. Such noise
increases with the particle seeding density and the depth of
the image volume. The contribution of particle images far
from the focal plane is a low-intensity, homogeneous white
noise, and we denote it as trivial noise. In contrast, the
contribution of particle images slightly out of focus is a
localized high-intensity noise, and we denote it as critical
noise. It is indicated that the increase of effective N.A. has
different effects on these two kinds of noises. The trivial
noise increases with increasing effective N.A. However, it
can be filtered out easily, since its image characteristics
including power spectrum is quite different from those of
the effective image signal. On the other hand, the critical
noise decreases with increasing effective N.A., because the
image depth of focus becomes shorter, resulting in less
image overlap. Since the critical noise is much harder to
eliminate due to its similarity in characteristics to the ef-
fective image signal, an increase in effective N.A. improves
the overall image quality.

On these considerations, we propose a different solution
than the past approaches to the off-axis HPIV. A high
effective N.A. is achieved by using 90-degree scattering,
which provides homogeneous intensity distribution over a
large solid angle (Meng 1994), and by shortening the re-
cording distance without adding any optics between the
hologram and the particle field. The optical configuration
of the 90-degree scattering HPIV resembles that of planar
PIV to a large degree in that the flow facility is illuminated
from one direction and imaged from an orthogonal
direction. This optical access is more suitable for most
practical application. It is appropriate to point out that
since 90-degree scattering is rather weak, it is essential to
minimize noise introduced by reflection of laser light on
walls and optical components. The short recording dis-
tance also increases the efficiency of the laser energy uti-
lization. To further increase particle image SNR, we reduce
reconstruction aberration by in-situ reconstruction. This
involves the use of both the same laser source and the
same reference-beam optics for recording and recon-
struction.

The high image SNR achieved by the off-axis configu-
ration alleviates the need for de-noising in the data pro-
cessing stage and thus greatly improves the overall
processing speed. The high SNR also brings a highly effi-
cient, yet simple implementation of a centroid finding al-
gorithm. By utilizing only particle centroid locations
instead of raw images, a compression ratio of several
orders has been achieved. This allows the use of a fast
concise cross correlation (CCC) algorithm, which works
on particle centroids, thereby drastically improving pro-
cessing speed over conventional cross-correlation.

In this paper we describe our new off-axis HPIV system
developed in the Laser Flow Diagnostics Laboratory and
show its preliminary applications in 3D turbulent and
vortical flows.

3

System description

Based on the off-axis holography principle, we imple-
mented a fully automated experimental off-axis HPIV,
which employs 90-degree scattering, dual reference beams,
in-situ reconstruction, and novel 3D data processing al-
gorithms. At the core of HPIV data processing, a fast
concise cross correlation algorithm for velocity extraction
has been implemented, which works on particle centroids.
The CCC process consists of correlation based on cen-
troids and (optional) particle pairing. While correlation
results are always statistical averaging of particle groups,
by pairing individual particles in the correlation sets using
the correlation results as a reference, super resolution
(Keane et al. 1995) is achieved. The paired vectors are
actually individual particle velocities, and the positions of
these particles are already extracted through centroid
finding. Such information on individual particles offers
more possibilities for the applications of our off-axis HPIV
technique. In this section we describe the HPIV system in
detail.

3.1

Recording

Recording of particle images is the first step in HPIV
measurement. [llustrated in Fig. 1 is the optical configu-
ration for off-axis HPIV recording. An injection-seeded
dual Nd:YAG laser (Spectra-Physics PIV-400) is employed,
which gives a pair of temporally and spatially separated
laser pulses, each of 8 ns duration, at a repetition rate of
10 Hz. Thus, the system is capable of double exposure to
provide particle velocity measurement.

As in regular PIV applications, the double pulse sepa-
ration At is adjusted according to the estimated flow speed.
The two laser units contained in the dual YAG laser system
are fired by a multi-channel digital delay generator. The
addition of injection seeding to the standard PIV-400 laser
guarantees sufficient coherence length (over a meter). The
increased coherence length enables high-quality off-axis
holographic recording of a large volume while allowing
unmatched optical path lengths between object and ref-
erence beams. To ensure the stability of injection seeding
operation, the pulsed laser system has to fire constantly
during the recording process, and hence a pair of high-
energy shutters operated through a synchronizer are
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needed to generate a single pair of laser pulses. The syn-
chronizer assures each shutter to pass one and only one
laser pulse each time.

Each laser head emits a beam, which, after passing
through a shutter and a pair of high-energy mirrors
(HEM), is split into two parts by a partial reflection mirror
which works as a beam splitter (BS). The majority of the
energy (80%) from each beam is reflected and used for
illumination. The two illuminating beams, very close to
each other, are combined at a common receiving HEM.
The slight angular misalignment between the two beams
becomes negligible after they pass through the illuminat-
ing beam expander. The transmitting part of each laser
beam through the BS is further manipulated by a variable
beam splitter (VBS), which consists of a pair of half-wave
plates (WP) and a polarizing beam splitter (PBS). With the
two VBS, it is possible to adjust the intensity of the ref-
erence beams and thus the reference-to-object intensity
ratio. Evidently, the beam handling unit (enclosed by da-
shed line on the bottom-right corner of Fig. 1) produces
three output beams: two separate reference beams (Ref-
erence 1 and 2) and one combined illuminating beam. It
actually works as a multiplexer during double exposure:
the illuminating beam is double pulsed, while the two ref-
erence beams are alternately single pulsed. This dual-ref-
erence-beam design provides angular separation of the
reference beams for the double-exposure hologram, so that
the two holographic images can be reconstructed alter-
nately in time.

Beamsplitter, HEM High Energy Mirror,
PBS Polarizing Beamsplitter, WP Wave-
plate

I

handling unit

Three beam expanders are used to collimate the three
beams and expand them into proper sizes: 3 ~ 5” diameter
for the illuminating beam and 3” diameter for the reference
beams. Since there is no special requirement on the quality
of the illuminating beam, the beam expander needed is
rather simple, consisting of a concave lens (for expanding)
and a convex lens (for collimating). The two reference
beams, however, should be high-quality plane waves for
easy reproduction during the reconstruction (even with our
in situ reconstruction, plane waves are preferred for pro-
ducing conjugation beams). Hence, two factory-assembled
beam expanders are used here. The reference beams are
then bent over by a pair of flat mirrors to the holographic
plate, which has its emulsion side facing the particle field
(the flow region). The 90-degree scattered light from the
particle field interferes with the reference beams, and the
resultant interference pattern is recorded by the holo-
graphic plate. In this way a 90-degree-scattering dual-ref-
erence off-axis HPIV recording scheme is created.

Reference-to-object intensity ratio (R-O ratio) is one of
the most crucial parameters in making successful holo-
grams. In particle holography, where the object wave is a
complex superposition of numerous weak near-spherical
waves scattered by individual particles, R-O ratio plays an
even more critical role. Both the R-O ratio based on
individual scattering and the R-O ratio based on overall
scattering intensity are important. First, it is the scattering
from the individual particles that is responsible for
forming the useful fringes on the hologram, hence the need
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for appropriate R-O ratio based on individual particles.
Second, the holographic film has a finite dynamic range for
exposure energy. Since the film responds to the summa-
tion of the light energy at every point, the R-O ratio based
on overall scattering intensity must be controlled. From a
practical point of view, it is easier to work with the overall
scattering intensity for the whole particle field since it is
much more measurable and controllable than the scat-
tering intensity of individual particles. Besides, its influ-
ence on film dynamic range is rather critical. The
individual scattering R-O ratio has been found to have a
rather high tolerance (Meng 1994), allowing some varia-
tions of the particle ensemble size under a given overall R-
O ratio. For the range of the image volume (1 ~ 3”) and
the seeding density we are currently interested in, an
overall R-O ratio of 5:1 is found optimal in most cases.
Understandably, its tolerance is closely related to the
particle seeding density and image volume in the actual
flow measurement.

3.2

Reconstruction

After the hologram is recorded and chemically processed,
the 3D particle information contained within must be re-

constructed - normally optically. To minimize aberrations
so as to ensure high SNR, we reconstruct the holograms in
situ, where exactly the same laser and the same reference
beams used for recording are employed. This unconven-
tional approach has proven very effective and convenient.
As shown in Fig. 2, the hologram reconstruction system
shares the same optics as the recording system, except that
the object illustrating beam is blocked since it is no longer
needed during reconstruction. The developed hologram
containing interference fringes is now placed back at the
original position, albeit with the film emulsion facing op-
posite to that of recording, such that each reference beam
incident on the hologram becomes the complex conjugate
of that used in recording. In this way, an unscrambled real
image of the 3D particle field is reconstructed on the
emulsion side, i.e. on the opposite side to the flow field.

The laser shutters are kept open at all times to pass
every laser pulse for continuous hologram reconstruction
and image acquisition. The two laser units are fired al-
ternately, each at 10 Hz, to produce the two reference
beams corresponding to those used for double-exposure
recording. This way, the hologram alternately reconstructs
the particle field recorded before and after the double
exposure At.
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Fig. 2. Schematic of off-axis HPIV reconstruction (in situ).
The hologram is placed at the original location where it is recorded,
albeit with emulsion side facing opposite to the reference beam,

forming a real image of the particle field on the opposite side. A
computer controls the traversing system to move the digital CCD
camera in three directions and acquire images plane by plane



Now that a frozen 3D particle field from each exposure
is reconstructed continuously, it can be interrogated with a
planar imaging device to be converted into digital form. A
high-resolution digital CCD camera (KODAK ES1.0,

1 k x 1k, 30 fps) mounted on a 3D traversing system
(Daedal-Parker) is employed to capture the reconstructed
holographic image. The camera sees only a small area of a
thin slice at a time. The 3D image is interrogated slice by
slice, and area by area. The entire particle field is thus
decomposed into many 3D interrogation cells (IC), similar
to the 2D interrogation spots (IS) in planar PIV. The pitch
in depth direction, i.e. the distance between adjacent slices,
must be small enough to resolve particle images along the
depth direction. The IC size affects the processing speed
and measurement accuracy, as well as the SNR of the ac-
quired image. The choice of a larger IC size enables faster
processing but also leads to a longer effective depth of
focus of the particle image as seen by the CCD camera.
This is because in order to increase the camera viewing
area (zoom out), the effective N.A. of the objective lens on
the CCD camera must be reduced. The increased depth of
focus not only degrades measurement accuracy, but also
causes interference of out-of-focus particle images, pro-
ducing random spots or speckle noise. Therefore a com-
promise between the processing speed and the
measurement accuracy is unavoidable.

In the current system data acquisition and processing
are fully automated and controlled by a PC. A PCI digital
image framegrabber is hosted in the computer to perform
image capturing, and a motion controller is also installed
to position the camera through the 3-axis traverse system.
Image acquisition and camera movement are synchro-
nized with the laser pulses to ensure data integrity. Data
processing is completed on the fly, given that the pro-
cessing is fast enough to follow the image acquisition and
camera positioning. A speed of approximately one pair of
image planes per second is achieved by the system.

4

Data processing

Figure 3 is a schematic diagram of data processing in our
off-axis HPIV system. Digital images captured by the CCD
camera are transferred into the system memory in the host
computer via the framegrabber. The scanned 3D particle
images contain a tremendous amount of data. Since the
particle size and shape are not among the objectives of
HPIV measurement, we compress the data into a list of
particle centroid locations. To further obtain particle
velocities, we correlate two particle centroid files corre-
sponding to the two exposures made on the hologram
using CCC algorithm, which consists of correlation and
particle pairing.

4.1

Centroid finding

It is well recognized that the centroid finding process is the
bottleneck of the processing speed since it is the data
compression stage. Hence the centroid finding is critical to
processing efficiency. Fortunately, because of the high
image quality of the off-axis holography based on 90-de-

Frame- Centroid __CCC___
grabber finding | = ||Correlation|=>[Pairing|

U ¥ 4

Centroid | |Coarse vector||Paired vector
data file data file data file

Digital
camera

Fig. 3. Data flowchart during processing with concise cross cor-
relation (CCC) and particle pairing

gree particle scattering, no de-noising operation is needed
in the centroid finding process.

In the digitized image frames an image of a particle is a
3D cluster of pixels with high intensity. Since intensity
peak of a particle image is typically located at its geometric
centroid, a simple intensity-weighted-mean procedure
(described below) provides the centroid location. The 3D
centroid location coordinates are calculated according to:

n n
Xc = melm/ZIm
m=1 m=1
n n
Yo = Zymlm/z - (1)
m=1 m=1
n n
Zc = szlm/z I,
m=1 m=1

where x., y., and z. are the centroid coordinates, x,,, ¥m»
and z,, are the mth pixel in a 3D particle image, and I,,, is
its intensity, and n is the number of pixels in one particle
image.

To extract centroids by applying Eq. (1), pixels making
up the same particle images must be clustered, and noise
pixels must be filtered out. This process consists of in-
tensity thresholding and centroid computation, followed
by further noise filtering based on 3D intensity summation
of particle images. At first, an appropriate intensity
threshold is set to separate particles from the background.
Then a list of particle centroids is created and updated
throughout the search in the image volume. Each element
in the centroid list corresponds to a particle image, con-
sisting of the 3D coordinates of the centroid and total
intensity of the pixel cluster. During the process, the first
pixel found above the intensity threshold becomes the first
element in the list, and subsequently all other pixels in the
image field are searched to build the centroid list. At any
step, a pixel with intensity above the threshold is com-
pared with other elements in the centroid list. If it is found
to be in the proximity (within 8 pixels in x- and y-direc-
tion and 4 planes in z-direction) of an existing centroid in
the list, it is considered a part of the same particle image.
The data of this centroid is updated according to Eq. (1) to
accommodate the new member in the cluster. If it is not in
the proximity of any centroids, it is added to the list as a
new particle centroid.

Even after the thresholding, the extracted centroid file
may still contain noise, or false particles. This noise can be
further reduced through CCC. We will show that CCC has
certain tolerance to false particles.

As we perform image scanning and centroid finding, the
energy of the laser beam to reconstruct the hologram often
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fluctuates from pulse to pulse. This fluctuation is trans-
lated into intensity variation between interrogation cells
and between different planes within the same 3D particle
image, affecting the criteria of intensity threshold and thus
affecting accuracy of particle centroids. To overcome this
problem, we employ an adaptive threshold calculated
based on the histogram of intensity in a plane that the
CCD camera captures. Illustrated in Fig. 4 is a typical in-
tensity histogram obtained from a plane in the recon-
structed image. The particle images consist of pixels with
high intensities, which appear to be a peak on the high
intensity side of the histogram. Statistically they consist of
an almost constant percentage of the whole image pixels.
Since the laser pulse fluctuation has little effect on the
profile of the histogram but only causes it to shift as a
whole, we can set the intensity threshold at a certain
percentage of the total pixels. Immediately after each im-
age is acquired by the computer, its histogram is com-
puted. The threshold is then calculated by counting pixels
from the highest intensity down to the lowest side until a
fixed percentage of pixels is included.

The accuracy of centroid locations is asymmetric along
the three directions. In x- and y-directions (camera sensor
plane) pixels are usually a few microns apart. In z-direc-
tion, however, sample points are on discrete image planes,
whose pitch distance (between two adjacent planes) is
typically 50-200 pm depending on the image depth of
focus and desired data processing speed. Therefore the
z-coordinate in the centroid finding requires a “sub-pixel”
resolution for higher accuracy.

The uncertainties in finding particle centroids are the
primary sources of error in the paired vector field.
Therefore it is important to quantify such uncertainties.
For this purpose we use simulated 3D particle images to
examine the centroid extraction algorithm. In the simu-
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Fig. 4a, b. Intensity histogram of one acquired image plane in a
logarithmic scale. a With particle images. There is a small peak at
a high intensity value (255). Throughout the entire image volume,
the percentage of pixels in such a peak is roughly constant. b
Without particle images. The peak is absent

lations, numerically generated particles are randomly
distributed in a given volume and projected onto a series
of planes throughout the volume. The image planes are fed
to the centroid finding algorithm. The extracted centroids
are then compared with those initially generated particle
locations to obtain the centroid errors in x-, y-, and
z-directions. To obtain reliable statistical results, a large
number of simulations have been performed.

The simulations indicate that, uncertainty in z-direction
is indeed much more severe than that in x- and
y-directions. In general, x- and y-direction uncertainty is
about 0.5 ~ 1 CCD pixel distance, which translates into
2 ~ 4 pm in our simulation. The z-direction uncertainty is
approximately 0.2 pitch distance, or 18 pum at a pitch
distance of 100 um. Clearly, z-direction accuracy can be
improved by reducing z-direction pitch; for example, the
uncertainty drops to about 8 pm at a pitch distance of
50 pm. However, smaller pitch distance requires to pro-
cess a larger quantity of image data. The uncertainties may
also increase with the increasing particle density, because
the chance of having agglomeration increases, which
makes centroid extraction more prone to errors.

4.2

Concise cross correlation (CCC) algorithm

The essential part of CCC is the correlation, which will be
discussed in detail first. Particle pairing after correlation
will be discussed last.

Conventional FFT-based correlation has been the norm
for velocity field extraction in planar PIV. For holographic
PIV, where 3D velocity components are extracted in a 3D
volume, it is generally assumed that this standard corre-
lation method can be directly extended to 3D by either
working with a 3D matrix (Gray and Created 1993; Huang
et al. 1993) or two stereo 2D matrices (Barnhart et al. 1994;
Meng 1994). Direct 3D FFT correlation appears impractical
for high-resolution, large-volume off-axis HPIV measure-
ment, since there are usually over 100 Gbytes of 3D image
data per hologram, which, with FFT-based algorithms, can
easily take thousands of hours to process. Furthermore,
FFT-based correlation methods are effective only for high-
density particle images and are thus prone to generating
“bad vectors” in regions of low seeding densities (Mein-
hart et al. 1995). Unlike the case of planar PIV, HPIV deals
with 3D volumetric recording, where the high seeding
densities required for successful FFT-based correlation are
difficult to achieve at an acceptable signal-to-noise ratio
due to speckle noise. Hence, 3D FFT-based correlation is
deemed unsuitable for our off-axis HPIV system. On the
other hand, working with two stereo 2D matrices does
provide relatively fast processing speed, but it suffers from
an inherent low accuracy in depth direction and, more
critically, requires a large viewing angle of the hologram to
fit in two cameras. This often imposes difficulties on the
holographic scheme.

We recognize that since only the displacements of
particle images or at most their locations carry the infor-
mation needed for velocity field measurement, it is un-
necessary to store and handle the entire image data (which
include redundancies such as particle sizes, shapes, in-
tensities, background conditions etc.). Hence a correlation



procedure can be applied directly to the 3D locations of
particles. This idea is implemented in the novel CCC al-
gorithm, which yields a compression ratio of 4 to 5 orders
and an increase in processing speed of 3 orders of mag-
nitude.

The basic idea of CCC comes directly from the primary
definition of cross correlation, whose physical meaning is
image translation and multiplication/accumulation. Es-
sentially, to cross correlate a group of particles in two
exposures is to match the morphological patterns of the
two images. The resemblance between the two patterns
depends on the time interval between the two exposures
and the velocity gradient of the flow. Therefore, the mor-
phological deformation between the two patterns can be
limited to an acceptable level by setting a small enough
time interval. It is important to recognize that the corre-
lation (pattern matching) procedure described above can
be performed on particle centroid coordinates. Since most
pixels in the acquired CCD image are dark background,
the whole image data can be represented by a sparse
matrix by taking all the particle centroids in the image as 1
and the background as 0.

The correlation works with two groups of particle
centroids whose 3D coordinates are extracted from a pair
of images in the double exposures. Keeping one of them
fixed in its original place, we translate the other one in the
3D space and compute their correlation intensity. The
displacement yielding the highest correlation peak is
considered the displacement of the particle group and is
the correlation output. Figure 5 illustrates how CCC
works.

To quantify the probability of valid correlation results,
or the “correctness”, of CCC under various conditions,
Monte Carlo simulations are performed. In correlating
double exposures there are always particles in one group
that do not have matching particles in the other group. We
refer to them as “false” particles. Due to velocity gradients,
the morphological patterns of the centroids also change
between the two groups. The false particles and the mor-
phological deformations are the major causes of invalid
correlation. In the simulation we generate one group of
centroids that are randomly distributed in a volume, then
translate them by a given distance, individually shift each
centroid by a small but random amount to mimic fluid
deformation, and add a certain number of false particles to
form the second group. Then CCC correlation is applied to
these two groups of particles, and the correlation result is
compared with the generated translation to validate the
result. If the difference between the correlation result and
the preset displacement is within one particle size, it is
considered “correct”.

lustrated in Fig. 6a is the correctness of CCC as a
function of the percentage of false particles. Performance
under a wide range of densities (10 ~ 270 particles per IC)
has been simulated. In most cases with as many as 40%
false particles the validity is still above 80%. Figure 6b
shows the correctness of CCC as a function of morpho-
logical deformation. In the figure deformation is indicated
as percentage of the IC size. It is found that satisfactory
results can be obtained by CCC even at as high as 10%
deformation.

a @ b

Fig. 5a, b. Principle of concise cross correlation (CCC). a Black
and white balls represent two groups of particle centroids cor-
responding to two exposures. For illustration purpose they are
numbered. Gray balls represent noise. b During the calculation,
white balls and some of the gray balls are translated in 3D space,
until their morphological pattern best matches that of the black
balls

After CCC finds the mean displacements of particle
groups, individual particles are paired to give individual
particle displacements or super-resolution. In each Inter-
rogation Cell, the first set of particle centroids is shifted
towards the second by the mean displacement calculated
from CCC. Now that there is no net displacement of the
particle group but only net deformation between the two
exposures, if the deformation is within a limit (as usually
required by PIV), pairing can be accomplishable on the
basis of the closest distance. Out of one IC, this pairing
process produces multiple vectors corresponding to indi-
vidual particles, achieving higher resolution and accuracy
beyond correlation results. Theoretically, pairing process
can produce hundreds of vectors out of one IC in contrast
to FFT-based approaches, which produce only one vector
out of one IC. Nonetheless, actual gain in spatial resolution
depends on seeding densities used and quality of holo-
grams. Large translational displacements of particle
groups also reduce the number of particles that can be
paired since some of them leave the IC volume.

The key elements of HPIV data processing can be
summarized as follows:

e centroid finding provides large compression of image
data,

e CCC (correlation) gives particle group velocities effi-
ciently and reliably, and

e particle pairing provides super-resolution in velocity
field.

5
Experimental results

5.1

HPIV measurement of a vortex ring in air

The off-axis HPIV system described above has been tested
with measurement of a forced jet. Depicted in Fig. 7 is the
experimental setup for the measurement of the vortex ring.
The airflow, generated by a miniature electric fan, is
seeded with water droplets 5 um in size. It enters a
chamber with a loud speaker mounted on the bottom and
passes through a honeycomb, a contraction, and a circular
nozzle. At 1-in. downstream of the jet exit, a vortex ring is
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Fig. 6a, b. Correctness of CCC algorithm tested by simulation:
a Correctness vs. percentage of false particles (noise) for various
numbers of particles in a group. Average deformation is 2%. Note
that with as much as 40% false particles the validity still reaches
80%. b Correctness vs. the amount of morphological deformation
of the particle group for various percentages of false particles.
The deformation is represented as percentage of the IC size

formed, which travels at ~2 m/s, corresponding to

Re ~ 3400. The acoustic forcing is synchronized by a
phase locked loop (PLL) with the 10 Hz laser pulses at
constant (adjustable) phase delay, producing a stationary
vortex ring located in the center of illumination. The
dispersion of droplets in the 3D vortex ring is rather in-
homogeneous, and the propagation of the vortex ring is
unstable, as illustrated in Fig. 8a and b. The average
seeding density in the vortex ring is approximately 30
particles per mm?, which produces excellent image quality
for data processing.

The R-O intensity ratio used to record the hologram is
approximately 4:1. Depth of focus of particle images in this
experiment ranges from 0.3 mm to 0.5 mm, for which a
pitch distance of 100 um is chosen for depth interrogation.
A 4Xx microscope objective lens is mounted on the CCD
camera to obtain a 2 X 2 mm viewing area, and with 20
image planes in each IC, the IC size is 2 X 2 X 2 mm.

Therefore in the whole image volume, 50 (width) x 40
(height) x 50 (depth) = 12500 interrogation cells are ac-
quired and processed, containing 250000 planar interro-
gation spots. With the CCD resolution of 1 k X 1 k, this
corresponds to 250 Gbytes of data, which took approx.
50 h to process at the time of this measurement in 1997
(the speed has since increased by 7 times).

Shown in Fig. 8c are coarse 3D vector map in the flow
volume extracted with CCC algorithm (correlation only).
This instantaneous 3D snapshot of the test flow consists of
approximately 6000 vectors. Only about 5% of the vectors
produced by CCC are bad vectors, which can be easily
identified and eliminated based on their lower correlation
peak values. After cleanup of bad vectors, the residual bad
vectors are well below 1%.

The 3D vortex ring structure can be identified from this
preliminary 3D vector map. To increase spatial resolution,
particle pairing is further performed on individual parti-
cles using the average vectors generated by CCC as refer-
ences. More than 92,000 vectors are produced after particle
pairing, gaining 15 times higher spatial resolution. The
resulting raw velocity field is shown in Fig. 9, where the
vectors are irregularly distributed in the 3D space. Since
the particle distribution is inhomogeneous, at some test
points there is no data.

From the dense version of the 3D velocity vector field,
3D vorticity field is calculated. To deal with missing data
points and achieve higher accuracy, the velocity vectors
are interpolated on a regular grid prior to the vorticity
calculation. Illustrated in Fig. 10 is a vorticity iso-surface
created from the computed vorticity field. It clearly depicts
the 3D topology of the vortex ring measured.

5.2

HPIV measurement of a tab wake in a water channel

To test the feasibility of the HPIV measurement for water
flows, off-axis HPIV technique is applied to a water
channel flow with a tapered passive mixing tab mounted
on the wall. The wake of such a tab is known to produce
complex 3D vortical motions including a series of hairpin
vortices (Yang et al. 1998; Yang and Meng 1999; Gretta and
Smith 1993) and thus the tab is often called vortab. The
free-stream flow velocity is approximately 16.7 cm/s, cor-
responding to Re ~ 12,000 based on the channel height
and 2080 based on the tab height.

The holographic recording geometry of this flow is
depicted in Fig. 11. The optical configuration is similar to
the one employed in the air jet measurement. Hollow
glass beads sized around 9 pum are illuminated by the
volumetric laser beam at the test section. In this experi-
ment, higher processing speed is achieved by adopting a
large aperture objective lens with a low magnification.

As a result the camera viewing area (and IC size) is
increased to 4 mm X 4 mm and the processing time is
reduced to 7 h.

Figure 12 shows a 3D snapshot of the velocity field
measured in a volume of 44 mm X 56 mm X 32 mm
composed of 9856 ICs. Around 80,000 paired vectors are
produced, which is about 50% of the total number of par-
ticle centroids extracted. The low percentage of pairing is
due to the large displacement between two exposures. The
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paired vectors are gaussian-interpolated onto regular grids
at 0.6 mm x 0.6 mm X 0.6 mm spacing, resulting in ap-
proximately 400,000 vectors. The gaussian radius used in
the interpolation is 75% of the IC size. For clarity only those
vectors on the outer surfaces are plotted, and the mean
velocity averaged over all the vectors in the volume has
been subtracted to make velocity gradients more visible. In

nized with the laser pulse

the figure part of the volume is cut off to show the internal
vortices. Coordinates X, Y and Z denote streamwise, wall-
normal and spanwise directions, respectively. From this 3D
velocity field, instantaneous vorticity field is computed to
identify the hairpin vortex structure found in this flow
using PIV (Yang et al. 1998; Yang and Meng 1999) and flow
visualization (Elavarasan and Meng 1999). Shown in

2000
2500

Fig. 8a-c. 3D vortex ring measured with HPIV. a and b: top view and side view photography. ¢ Coarse 3D velocity vector field
extracted from the hologram by CCC before particle pairing. Mean velocity of the jet has been subtracted from the result
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Fig. 10. Vorticity iso-surface calculated from the 3D velocity field
of the vortex ring shown in Fig. 9. Part of the vortex ring is cut
out to show the vortex core

Channel

8

b

Fig. 9a, b. Detailed 3D velocity vector field after particle pairing:
a side view. b top view. Approximately 92,000 velocity vectors are
inhomogeneously distributed. A velocity vector field on a regular
grid can be generated from this data by interpolation

Fig. 13 is an iso-surface of the vorticity field, where three
hairpin vortices are identified in the 3D volume. Their size
and streamwise spacing match those found by Yang et al.
(1998). Such instantaneous 3D vortex structures, repre-
sented by vorticity magnitude, were only obtainable
through numerical simulations before HPIV.

lluminated area
53
Result validation

The measurement accuracy of HPIV largely depends on Fig. 11. Recording of the wake of a mixing tab in a water channel

the fiata processing. We he'lve Fonducted a series of SIM- by using off-axis HPIV. The optical configuration is similar to
ulations to study the contributions of these factors. In this that used in the vortex ring measurement. The free-stream

paper, however, we restrict our discussion to an evaluation velocity is approximately 16 cm/s



of the accuracy of our experimental results described in
Sect. 5.2.

At first we examine what ultimately limits the velocity
accuracy. Since the velocity field in Fig. 12 is derived from
paired particles, i.e. the connection of particle centroids,
uncertainty in centroid locations is the defining factor to
measurement accuracy. During the data acquisition in this
experiment, a plane pitch distance of 100 pum is employed.
As mentioned in Sect. 4.1, this produces an uncertainty of
approximately 18 um in particle centroid. The mean dis-
placements of particles extracted from the hologram are
approximately 247 pm, or 61 pixels in the digital image
plane (corresponding to a mean velocity of 16.5 cm/s with
the double-exposure time interval of 1.5 ms used in the
experiment). Therefore we estimate an overall velocity
accuracy of no better than 7.3%.

Further validation of the experimental data is accom-
plished through examination of continuity equation. First,
from the measured 3D velocity field, V - u (theoretically
zero for the incompressible flow) is computed based on
finite difference, whose probability density function (PDF)
is depicted in Fig. 14. It is found that the divergence has a
mean value of 0.51 s' and a standard deviation of
6.63 s~'. The absolute value of divergence |V - u| has a
mean value of 5.11 s~' and 95% of data points are within
divergence absolute value of 12.9 s~'.

To provide a relative measure of error, we further resort
to the mass conservation over an arbitrary control volume
CV = AxAyAz. The net flux entering the control volume is

ra=[[[v-uav. )

To estimate the order of the net flux, we introduce a
characteristic velocity U, which is the main flow velocity in

the flow field. The total flux passing through the control
volume can be estimated as

Q=U " AyAz . (3)
Therefore the non-dimensional ratio

AQ
n=— (4)

Q

provides an excellent indication of how well the continuity
equation is satisfied.

For an estimation of the worst case, we choose the 95%
coverage divergence value and the smallest control volume
size (the grid size). In this case AQ is circa 2.78 mm?/s. On
the other hand, the mean flow velocity can be chosen as
the characteristic velocity and Q is estimated to be around
59.0 mm?’/s. Therefore we estimate 1 ~ 4.7%. Hence,
continuity is satisfied reasonably well.

6
Discussions
The main purpose of HPIV is to measure full-field 3D flow
velocity vectors. It is important to point out that, unlike
conventional single-point measurements that rely on the
temporal resolution to give information about turbulent
flows, HPIV provides rich spatial quantitative information
that no other quantitative experimental methods can
provide. It directly probes into the 3D space. As such,
HPIV provides a new way to tackle turbulence, providing
instantaneous 3D flow structures, allowing for the appli-
cation of coherent structures and construction of strain-
rate tensor. These in turn provide new opportunities to
understand turbulence and validate theoretical models.
Currently, our effort has been focused at increasing the
information capacity (a combination of spatial resolution
and measurement volume) and processing speed for in-

Fig. 12. An instantaneous 3D velocity field
obtained from the tab wake obtained by
HPIV. The measurement volume is

44 mm X 56 mm X 32 mm. Approximate-
ly 400,000 3D vectors have been gaussian-
interpolated from about 80,000 paired
vectors extracted by CCC with particle
pairing. Mean velocity of the vectors has
been subtracted and part of the measure-
ment volume is cut out to show flow
structures. For clarity, only surface vectors
are shown

Flow
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stantaneous HPIV realizations. When this stage of single-
instant measurement becomes mature, the pursuit of
cinematic HPIV will become sensible to obtain temporal
resolution.

With the off-axis system described in this paper, the
average particle seeding can reach as high as 50 per mm’,
yielding a spatial resolution (after particle pairing) of
roughly 0.3 mm. The measurement volume, based on
current size of the optics, is roughly 60 mm X 60 mm X
60 mm. Hence the largest-to-smallest length scale ratio of
measurement is roughly 200. Further increase of the ratio
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Fig. 14. Probability Density Function of divergence calculated
from the 3D velocity field shown in Fig. 12. The mean of diver-
gence is 0.51 s~ and its standard deviation is 6.63 s~

Fig. 13. Vorticity iso-surface obtained
from the instantaneous velocity vector
field in Fig. 12, showing three hairpin
vortex structures

can be achieved by scaling up the optics and, possibly, by
increasing seeding density.

The dynamic range of the velocity measurement is de-
termined by the ratio of 1/3 of the IC size (largest dis-
placement allowed) and the particle centroid identification
accuracy (the smallest displacement). By using a cascade
procedure in data processing, the initial IC size can be
rather large. The centroid accuracy is better than 4 um
along the transverse directions (perpendicular to the
optic axis of image acquisition), but approximately twice as
much along the axis with proper z-direction pitch distance
and sub-“pixel” resolution. It is appropriate to estimate
the typical dynamic range of velocity measurement as 500.

Besides 3D fluid velocity field measurement, HPIV can
be used to diagnose particle position and velocity in
multiphase flows. This is particularly straightforward with
our off-axis HPIV technique, which preserves individual
particle information. By using two types of particles with
rather different Stokes numbers (one of them being much
less than 1 and the other greater than 1), we can diagnose
both the continuous phase and the discrete phase.

7

Summary

In this paper we describe an advanced off-axis HPIV
system with fully automated data processing. Its distinct
features include the use of 90-degree scattering, dual ref-
erence beam recording, in situ reconstruction, on-the-fly
processing, and a novel concise cross correlation (CCC)
algorithm based on particle centroids. Our off-axis HPIV
configuration offers superior image SNR at relatively high
seeding density, alleviating the need for de-noising in data
processing and enabling the use of CCC algorithm. A great
gain on processing speed and data compression ratio is



achieved over traditional methods by using CCC. This
innovative correlation approach also makes particle pair-
ing possible, which greatly increases the spatial resolution.
The off-axis HPIV technique has been successfully tested
on two flows including an acoustically excited air jet
seeded with water droplets and a surface-tab water channel
flow. From both flows instantaneous 3D velocity fields are
measured, from which vortex structures (a vortex ring and
a series of hairpin structures) based on vorticity magni-
tude are obtained. Measurement accuracy is tested against
continuity.
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