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Development of a Holographic Particle Diagnostic System
and Its Application to Measurements of Spray Characteristics
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Particle diagnostics involving three dimensional distributions are important topics in many
engineering fields. The holographic system is a promising optical tool for measuring three di-
mensional features of particles. In this study, we developed a holographic particle diagnostic
system with diffused illumination to measure the sizes and 3-D velocities of moving particles
using automatic image processing. First, basic optical systems for pulse laser recording, con-
tinuous laser reconstruction, and image acquisition were constructed. One of inherent limitations
of particle holography is its long depth of focus in particle images, which causes considerable
difficulty in determination of particle positions in the optical axis. To solve this problem, three
new auto—focusing parameters (AFPs) corresponding to particle sizes were introduced. The
developed system was applied to spray droplets to validate its capabilities. Three dimensional
positions of particles viewed from two sides were decided using AFPs and then three di-
mensional particle velocities were extracted using a particle tracking algorithm. Comparison of
measured sizes and three dimensional velocities of particles with those obtained using a laser
instrument, PDPA (Phase Doppler Particle Analyzer), showed that the developed holographic
system produced consistent results.
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Nomenclature Subscripts

D . Particle diameter I . CCD sensor

E . Position error of particle b . Reconstructed particle

R - Moving distance of particle

At ' Laser pulse interval 1. Introduction

u . Uncertainty

V' Particle velocity The particle flow fields encountered in many
X,Y [ x and y axis engineering areas have many complexities and
Z . z axis (optical axis) irregularities, and a three dimensional nature. To
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investigate the characteristics of such particle flow
fields, various measurement techniques and in-
struments have been developed and commercial-
ized. Among these, non-intrusive optical instru-
ments, such as Imaging, LDV (Laser Doppler Ve-
locimetry), PDPA (Phase Doppler Particle An-
alyzer), PIV (Particle Image Velocimetry), have
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advanced remarkably, because of rapid laser, im-
aging system, and computer developments. How-
ever, a measurement tool capable of determining
3-D features of particles over a complete test vol-
ume as a function of time remains on the devel-
opmental wish-list. In recent years, much experi-
mental efforts have been made to try to overcome
limitations of 2-D measurements, for example,
stereoscopic PIV system for 3-D velocity mea-
surements. From this point of view, a holographic
method probably offers the ultimate solution, be-
cause of its superiority at realizing 3-D fields in
itself. However, many problems must be over-
come, and holographic systems very much remain
at the developmental level.

As for spray diagnostic systems, considerable
progress made in laser instrument technologies
like PDPA, which now makes it possible to ob-
tain reliable data on droplet sizes and velocities in
dilute spray regions. However, these methods are
inherently limited in dense spray regions, where
liquid elements are rather large and non-sphe-
rical. In addition, no information on spray struc-
ture can be provided by this kind of instrument.
On the other hand, the holographic technique re-
produces the frozen spray as a 3-D image, from
which droplet sizes and position, 3-D velocities
and spray structures can be investigated.

From early years, the holographic technique
obtained great interests of researchers owing to
methodological possibilities of particle diagnos-
tics and 3-D flow measurements (Vikram, 1979).
The holographic system for 3-D flow field mea-
surements is Holographic PIV, which extends the
correlation technique used in 2-D PIV to three
dimensions. HPIV has been improved remarkably
to satisfy strong demands of 3-D features (Barnhart,
2001). Like conventional PIV, HPIV concerns
only about flow fields using scattered spots by par-
ticles. On the other hand, the holographic system
for particle diagnostics can measure the shapes,
sizes, velocities, and 3-D positions of individual
particles which are important parameters in many
particle fields. Unlike HPIV, few works related to
particle diagnostics have been conducted so far in
the limited range (Haussmann and Lauterborn,
1980 ; Kang, 1995 ; Feldmann et al., 1999).

Hauussman and Lauterborn (1980) measured
gas bubbles in water using the automated digital
image processing system. The focusing parameter
using the differential filter was introduced. How-
ever, they concluded that primary limitation was
imposed by low spatial resolution of image device
(roughly 38 um) and long calculation time. Feldmann
(1999) obtained more successful and quantitative
results for the moving bubbles and spray droplets.
They measured the 3-D positions of particles using
stereo-matching of particle images reconstructed
in two sides. However, he didn’t attempt to com-
pensate geometry distortion made by wavelength
difference between recording and reconstruction
stages. Kang (1995) used a two-reference-beam
double-pulse technique, which featured switching
the polarization of the laser light between pulses
to separate the first and second droplet images,
thus avoiding the overlapping problem and the
directional ambiguity of particle movement. The
method developed was applied to fan-shaped sprays
formed by two impinging high-speed jets.

In the present study, a diffused illumination
holographic system was developed to measure the
sizes and 3-D velocities of moving particles using
automatic image processing. Initially, basic opti-
cal systems for pulse laser recording, reconstruc-
tion with a continuous laser having a same wave-
length with the pulse laser, and image acquisition
were constructed. One of inherent limitations of
particle holography using forward scattered light
is its long depth of focus in particle images. This
characteristic causes considerable difficulty in de-
termination of particle positions in the optical
axis, and prevents full automation of holographic
image processing from image capture to particle
characterization in space and time. To solve this
problem, three auto-focusing parameters (AFPs)
corresponding to particle sizes were introduced
and verified by present authors (2006). The de-
veloped holographic velocimetry system was ap-
plied to real spray droplets to validate its capa-
bilities. Three dimensional positions of particles
viewed from two orthogonal sides were decided
using AFPs, and then three dimensional particle
velocities were extracted using a particle tracking
algorithm. Measured sizes and three dimensional
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velocities of particles were compared with those
obtained using a laser instrument, PDPA.

2. Hologram Recording
and Reconstruction

To obtain the velocity of a particle, position in-
formation of the particle is required at two mo-
ments in time, and double pulse recording in one
direction is usually used to perform this. How-
ever, the quality of reconstructed images is poorer
on doubly exposed film, and it is difficult to dis-
tinguish particles in each pulse. To avoid these
drawbacks, we constructed an orthogonal double
pulse holographic system in two normal direc-
tions, as shown in Fig. 1. In this system, two re-
cording systems are positioned orthogonally and
each hologram is exposed once to record a parti-
cle at one moment in time. One point that should
be considered carefully in this recording system
arrangement is the matching of coordinates in
each direction, which will be discussed in detail

Side2
M : mirror
PBS : polarizing beam spliter
CC : plano-concave lens
PCV : plano-convex lens

BE : beam expander
DS : diffuser

HP : holographic plate
HWP : half wave plate
L: pulse laser

Fig. 1 Holographic recording system

in the section 3.

Each recording system is a typical off-axis holo-
graphic system. The light source was a twin Nd-
YAG laser (Brilliant B, Quantel), which generated
a wavelength of 532 nm, vertically polarized, 300
mJ output energy laser beams of frequency 10 Hz.
An injection-seeder was used to increase the
coherence length of the output laser to more than
one meter for the holographic application. The
pulse interval between two lasers was controllable
from 1 to 900 us, and the short pulse duration (10
ns) used assured the freezing of all moving par-
ticles and the clarity of the resulting images. The
light from the laser was separated using a beam-
splitter, which divided the beam into reference and
object beams. The object beam was expanded and
collimated to a diameter of 10 cm using a Gali-
lean type of beam expander. This plane wave was
passed through the test section and finally was
intercepted at a 10.16 X 12.7 cm? holographic glass
plate. The beam intensity was adjusted using an
attenuator to achieve a reference-to—object beam
intensity ratio of approximately 4 to 1, which was
selected by trial-and-error. A diffuser was posi-
tioned before the test section to provide a uni-
form background and to decrease the depth of
focus in particle images. The path length differ-
ence between the object and reference beams was
minimized to guarantee satisfactory interference
between two beams irrespective of the coherence
length of the laser. The holographic plate was
positioned orthogonally to the plane bisecting the
reference and object beams to reduce astigmatism.

Water spray droplets produced by a commer-
cial full cone spray nozzle with a 1.0 mm orifice
were used as a recording target and their sizes and
velocities were measured. A high-pressure N; cy-
linder with a pressure regulator was used to pres-
surize a liquid reservoir so as to direct a non-
fluctuating stable liquid flow to the spray nozzle.
Water was injected at injection pressures of 147,
196, and 294 kPa to produce droplets within any
range where our system can resolve.

The recorded holograms were developed, fix-
ed, and dried as for photographic film process-
ing, and then reconstructed and analyzed using
an image processing system. To avoid image aberra-
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tions, the optical system used for recording was
also used for the reconstruction process. The light
source used for the reconstruction was a diode
pumped crystal laser (CrystaLaser Co.), which
generated the same wavelength of 532 nm as re-
cording, vertically polarized, and 500 mW output
laser beams. No lens was used for the digital CCD
camera (Kodak Co., MegaPlus ES 1.0, 1,008 X
1,018 pixels, 9 ym pixel size) to exclude the ex-
tension of depth of focus by camera lens, and to
obtain as wide an angular aperture as possible.
The camera was moved automatically using a three-
axis translation stage (PI Inc.) and positioned
with a resolution of 33 nm.

The coordinates of the recording and recon-
struction systems with the origin at the center of
the hologram, are shown in Fig. 2. The object
beam was directed along the Z axis normally to
the X-Y plane. During recording, the diffuser
and test section are in the left space (—Z axis)
of the holographic film. Instead of reconstructing
virtual images, real particle images were recon-
structed in the right space (+Z axis) of the holo-
gram using a conjugate reference beam obtained
by rotating the hologram by 180° with respect
to the Y axis. The plane in which the camera sen-
sor was located was defined as the image plane,
and the coordinates of sensor pixels were defin-
ed as (x1,vr,2r). The image of one particle with
its speckle background was defined as a Region
of Interest (ROI). The predicted coordinate of a
focused particle was defined as (xp, Vp, 25) .
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Fig. 2 Coordinates of the reconstruction system
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Reconstructed images can be analyzed in real-
time or after acquiring all images. In this study,
the latter method was used to avoid long instru-
ment operation times required for real-time anal-
ysis. Thus, all reconstructed images were first cap-
tured by moving the camera in equal increment
along the optical axis. To do this, an adequate in-
crement of camera movement should be predeter-
mined because the minimum resolution of image
analysis along the optical axis is determined by
this pre-set increment, as does the effectiveness of
the image analysis. Considering the depth of field
of the smallest particle, the camera increment was
set at 33 um, which was 1,000 times the minimum
resolution of the translation stage.

3. Algorithms for Particle
Image Processing

The most important prerequisite required to
precisely determine particle velocities is an ade-
quate focusing parameter, which is used to deter-
mine the particle positions along an optical axis.
To facilitate this, present authors (2006) investi-
gated the characteristics of the particle position
along an optical axis in particle holography. The
characteristics of speckles and particle images ver-
sus hologram aperture and particle positions along
the optical axis were investigated. Three auto-fo-
cusing parameters corresponding to the sizes of
particles to determine the focal plane occupied by
particles along the optical axis were introduced
and verified. More details are not discussed here
for brevity but some important points will be
introduced here for the sake of understanding.

3.1 Particle size determination

It is important to define an appropriate image
processing procedure for measuring particle size,
regardless of particle size and image contrast, be-
cause compared with large particles, relatively small
particles possess low image contrast and they are
affected substantially more by speckles. Valida-
tion of the measuring procedure for the particle
size was conducted using a transparent screen of
dark dots as a substitute of real droplets for con-
venience and to aid systematic investigation. The
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screen was a kind of reticle manufactured with
high accuracy and resolution for calibration pur-
pose of optical systems and it contains various dot
sizes ranging from 8 to 300 um.

Figure 3 describes the image processing proce-
dure to determine particle sizes. Figure 3(a) is the
original image of a 300 um particle. To remove
speckle noise, a wavelet technique (Gonzalez et
al., 2004) was used ; Fig. 3(b) represents the image
after this treatment. The gray level of image Fig.
3(b) is transformed to obtain a gray level distri-
bution between 0 and 1. This transformation was
applied to obtain consistent particle size measures
independent of the recording and reconstruction
conditions used. Figure 3(c) shows the final im-
age binarized using appropriate criteria ; this bi-
narized image was used to determine particle size.
The size of a particle was obtained by evaluating
the equivalent diameter of a particle from the to-
tal area of particle image. The binarization cri-

(b) (c)
Fig. 3 Image processing procedure for determination
of particle size ; (a) original image, (b) Wave-

let transform, (c) binarization
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Fig. 4 Size calibration results

teria of normalized gray value (0.637 in the present
experiment), was decided based on considerations
of size measurement consistency during the cali-
bration procedure, which is shown in Fig. 4. The
final size measurements obtained, shown as sym-
bols, agree well with the real sizes shown as a solid
line. For particles below 20 u#m, error is inevita-
ble because the corresponding number of pixels is
only one or two. Therefore, a size of 20 um was
assigned to all particles with a diameter <20 gm.

3.2 Particle position determination

Three auto-focusing parameters introduced by
present authors (2006) are the Correlation Coeffi-
cient, the Sharpness Index, and the Depth Inten-
sity. The Correlation Coefficient Method (CCM)
uses a correlation coefficient between two section-
al images of one particle along the optical axis.
The correlation coefficient can be approximated
using Gaussian curve fitting, and the center of the
curve can be taken to represent the focal plane of
a particle. The Sharpness Index Method (SIM)
uses a cumulative histogram of particle image con-
taining the speckle background. The cumulative
histogram has a linear region connecting the re-
gion for background and that for particle. The
slope of this linear region represents boundary
sharpness so it can be used as a focusing parame-
ter.

The Depth Intensity Method (DIM) uses a
simple concept that the focal image of a particle
would show the darkest intensity at the center of
a particle. The depth intensity distribution can
be obtained if the gray value of the cross-section
images of a particle is plotted along the optical
axis. This distribution has the lowest value at
the focal plane of a particle because the gray value
of a particle center increases as the distance from
the focal plane increases. This method was spec-
ially introduced for relatively small particles (be-
low 50 gm).

The three focusing parameters introduced above
respond differently to particle size. Therefore, ap-
propriate focusing parameters corresponding to
the particle sizes were determined ; 1) Large size
particles (D >300 gm): CCM and then SIM, 2)
Medium size particles (50 xm <D <300 zm): CCM,
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3) Small size particles (D <50 gm): DIM. To vali-
date the above focusing parameters, a plane image
of a dot array screen containing equally spaced
dots (500 ym size) in two directions was recorded
and the positions of each dot along the optical
axis were evaluated. Reconstructed axial positions
of dots on the screen at z=322 mm from the holo-
gram were calculated by CCM or SIM as shown
in Fig. 5. The uncertainty of the CCM is u,=
1+44.74 ym and that of the SIM is #%.=116.07
pum (about 1/3 of CCM). Therefore, the SIM
produces a better prediction of axial position than
the CCM.

More accurate prediction of axial positions for
relatively large particles is possible by the succes-
sive application of the CCM and the SIM. Spec-
ifically, the approximate focal plane of a particle
is determined first by applying the CCM and then
the SIM is used to determine the focal plane ac-

Fig. 5 Reconstructed positions of particles ;
(a) CCM, (b) SIM

curately using the reduced width of particle images.
The results of the successive applications of the
CCM and the SIM to particle images on the
screen located at different axial position from the
hologram are shown in Table 1. The total error,
FE, is defined as the difference between the pre-
dicted and real positions of a particle. The mag-
nitude of errors in the x or y axis is negligible
compared with physical size of a CCD pixel (9
pm). For the z axis, the average value of uncer-
tainties is £19.4 ym, which is really small value
of error considering a few millimeter order of
depth of field in normal holography.

3.3 Coordinate matching

As discussed in the section 2, double pulse
holographic recording system in two normal di-
rections is used in the present study to enhance
image quality and to avoid confusion between
pulses. However, the coordinates in each direction
should be matched carefully. A simple experiment
to correct the coordinates was conducted initially
to solve this problem. Specifically, a single pulse
hologram in both two normal directions was re-
corded. Figure 6 shows the typical single pulse
image of spray droplets, which were holographi-
cally recorded and then reconstructed in two normal
directions. The images of side 1 and 2 were taken
at the center of spray axis in the x and z direc-
tions, respectively. Then a coordinate transfor-
mation matrix, which reflected all involved errors
such as translation, rotation, and scaling, was

Table 1 Means and uncertainties of particle

positions
Zp [mm] Exiux [,Um] Eyiuy [/lm] Eziuz [ﬂm]
170 2.146+16.07 [ 10.725+10.47 01£22.85
208 3.418+14.73| 7.569%11.53 01t25.84
246 —4.733+15.04| 11.311£10.07 0£19.70
284 3.828£15.10( 8.687% 9.66 0+13.47
322 0.153+15.44| 11.814%+10.25 0£16.07
360 1.699+15.76 6.031£10.50 0x£15.68
398 |—0.935+15.39| 6.154£11.81 0£19.08
440 | —4.2391+18.04 | —6.697111.47 01£30.36
Total 0.796+16.28 [ 8.899L11.51 0£19.37
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. 3an = Jom

Side 1 Side 2
Fig. 6 Typical reconstructed images of droplets
captured from two normal sides

constructed. Once this transformation matrix was
obtained, it was used later to match the coordi-
nates in each direction for double pulse hologram
in two normal directions.

4. Application to Spray Droplets

4.1 Procedure for image analysis

The developed image processing algorithms for
the determination of three dimensional coordi-
nates of particles were applied to determine three
dimensional spray droplet velocities. The flow
chart of the full procedure from the recording of
this type of hologram to the final extraction of
three dimensional velocities is shown in Fig. 7.
The procedure consists of three stages. In the first
stage, double pulse holograms in two directions
are recorded and then the reconstructed images
through the entire volume of interest are stored in
a computer by the image acquisition system. In
the second stage, particles are separated from the
background and the ROI-series images of one
particle are combined along the optical axis. The
three dimensional coordinates of this particle are
determined using one of three auto-focusing para-
meters chosen on the basis of particle size. In the
final third stage, the coordinate transform matrix
obtained from two side single pulse holography is
applied to achieve coordinate consistency.

Once the positions of individual particles have
been obtained, the next step involves the applica-
tion of the particle tracking algorithm to identify
same particle pairs. Particle velocities are then
calculated based on these pairings. Of the several
algorithms used for this purpose, Baek and Lee
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Fig. 7 Flow chart for determination of sizes and
velocities of particles

(1996)’s match probability algorithm was adopt-
ed in the present study, because it generates highly
accurate pairing results, although the theory and
the procedure involved are comparatively strai-
ghtforward. The match probability algorithm re-
petitively evaluates the probability that particles
are the same particles, and then particles showing
the highest probability are paired. A more detail-
ed description of this algorithm can be found in
Baek and Lee (1996), Ballard and Brown (1982),
and Lecuona et al.(2000).

4.2 Results of spray measurements
The measurement results of the sizes and 3-D
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Fig. 8 Measurement results of sizes and 3-D veloci-
ties of droplets ; (a) P=147 kPa, (b) P=196
kPa, (c) P=294kPa

velocities of droplets are shown in Fig. 8. As can
be seen from the figure, droplet velocities show a
typical behavior of droplet movements, i.e., ra-
dially outward and axially downward. The sizes
and velocities of droplets become smaller and
faster, respectively, as the injection pressure is in-
creased.

The uncertainties in measurements of droplet
velocities can be estimated from determination of
three dimensional coordinates of particles. The
uncertainty of a moved distance ([R; between
two pulses in each direction, #g,, is related to the
uncertainty of coordinate determination at single
pulse, #;.

=2 u;, i=x,9,2 (1)

The components of particle velocity in each di-
rection are calculated by dividing moved distance
by the pulse interval, Af, and thus the uncertainty
of particle velocity in each direction is expressed

oy (35 < i

2
_\/ At ”’“ Atz ”At>

The uncertainty of laser pulse interval, #as, is

as

(2)

zero. Therefore, the uncertainty of particle veloci-
ty in each direction simplifies to

uy, ”’“ = (3)

Vi—

The magnitude of particle velocity, V=y VZ+ V5 + VZ,

is obtained from the components of particle ve-

locity so the uncertainty of particle velocity mea-
sured using the holographic method, uy, is cal-
culated from

wrm (B (o o P 0

Table 2 shows magnitudes and components of

particle velocities and their uncertainties calcu-
lated by Egs. (3) and (4). In general, the uncer-
tainties of particle velocity were much reduced
in the present study as compared with the high
uncertainties of conventional holographic tech-
niques due to the long depth of focus in the
optical axis.
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Table 2 Particle velocities and their uncertainties

P At Vi Vy Vz 14 Uy, uv, Uv, Uuv
[kPa] [1ss] [m/s] | [m/s] | [m/s] | [m/s] | [m/s] | [m/s] | [m/s] | [m/s]
147 700 0.67 6.05 0.41 6.12 0.033 0.023 0.039 0.033
196 250 0.98 7.66 0.95 7.85 0.092 0.065 0.110 0.096
294 150 1.46 8.93 393 10.05 0.153 0.108 0.183 0.171
10.0 _300__ differences, which were attributed to the small
' HPTV (V,) E number of sample data examined using the ho-
[ —=— PDA(V) = . P &
9.0k —&— HPTV(D,) 1 T  lographic technique.
7 | —e— PDA(D,) 250 @
3 -
= - ] ] .
E £ 5. Conclusions
~ 8.0
2" 2
g [ 1% = In this study, a diffused illumination hologra-
° "oF g phic system to measure the quantitative features of
: C { = particle fields like sizes and 3D velocities of
6ok — | \ ] ISOE moving particles was developed using an autom-
X ;l_"' o  atic image processing technique and the effecti-
| AN
. JI L » veness of the developed system was demonstrated.
5‘900 150 200 250 300 34600
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Fig. 9 Comparison of holographic measurement
results with those of PDPA

4.3 Comparison with PDPA measurements

The measurement results of the sizes and three
dimensional velocities of particles as determined
by the developed holographic particle diagnostic
system were compared with those obtained using
a laser instrument, 2D-PDPA. The PDPA used in
the present study was limited in terms of aspects
like point and two dimensional velocity measure-
ments. Measurement results were obtained by sta-
tistically analyzing data obtained for a large number
samples. Therefore, in a sense it is inappropriate
to compare holographic measurement results, which
are based on an image processing technique, with
those using PDPA. However, this type of com-
parison can be used to verify trends due to changes
in experimental parameters. The comparison results
are shown in Fig. 9. As the injection pressure was
increased, both sets of results showed the same
trend, i.e., droplet sizes and velocities became
smaller and faster, respectively. The difference in
droplet velocities between two methods is not big,
but the results of particle size showed noticeable

The developed system adopts the unique methods
such as auto-focusing parameters and size deter-
mination method. Firstly, orthogonal two-side
optical systems for pulse laser recording, continu-
ous laser reconstruction, and image acquisition
were constructed. The developed system was vali-
dated by applying it to the volume of 2.5 mm?® of
droplet field produced by a commercial spray
nozzle. Three dimensional positions of particles
viewed in two normal directions were decided
using auto-focusing parameters, and three dimen-
sional particle velocities were extracted by the
particle tracking algorithm. Finally, particle sizes
and three dimensional velocities determined by the
developed technique were compared with those
by PDPA. Both results showed the same trend in
sizes and velocities of spray droplets with small
disagreement within acceptable range of errors.
Based on this, we confirmed that the methods in-
troduced in our previous research were effectively
applied to the developed holographic particle diag-
nostic system for the analysis of particle field.
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