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Abstract

In-line digital particle holography is applied to measure the characteristics of spray droplets. Common reconstruction
methods were considered and the best one was selected. Several important parameters at the time of hologram
recording, such as the object distance and the region of laser beam used, are discussed. The feasibility of the correlation
coefficient (CC) method for focal plane determination of 3-D droplets was verified. A double exposure hologram
recording system with synchronization system for time control was established, and two digital spray holograms were
obtained in a short time interval. For post-processing of reconstruction images, the two-threshold and the image
segmentation methods were used in binary image transformation. Using the CC method and some image processing
techniques applied to droplets in each double exposure image, the spatial positions of droplets used to evaluate the three
dimensional droplet velocities were easily located, which proved the feasibility of in-line digital particle holographic
technology as a good measurement tool for spray droplets.
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1. Introduction

Holography allows the light scattered from an
object to be recorded and later reconstructed, thereby
appearing as if the object is in the same position
relative to the recording medium as when it was
recorded. It can instantaneously capture volumetric
information of 3-D fields. Due to the rapid develop-
ment of digital technology, digital holography is tak-
ing the place of conventional optical holography.
Digital holography does not need the physical or
chemical processes of conventional holography, and
its benefits are high efficiency, simplicity, and the
ability to perform real time analysis. Therefore, it can
be used in many practical measurement fields [1].
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There are many techniques for analyzing the fea-
tures of particle sizes, spatial distributions, and velo-
cities. A commonly used laser instrument is the phase
doppler anemometer, but it is a point measurement
method. Particle image velocimetry, which can detect
particles in a two-dimensional plane, can overcome
this problem. Digital particle holography is a good
solution which can obtain a three-dimensional re-
cording of particles. Due to the rapid development of
CCD cameras and computer technologies, the quality
of holograms is becoming better and the computing
speed of image reconstruction is becoming faster.
Therefore, digital particle holography has strong
potential in the measurement of particle features.

The key points in digital particle holographic tech-
nology are high resolution, an appropriate reconstruc-
tion method, post-processing of reconstruction images,
and focal plane determination. Jaquot et al. [2]
showed some techniques for high resolution hologra-
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phy, Lai et al. [3] developed a method to obtain high
quality reconstruction images, and Wang et al. [4]
investigated the optimal recording condition of holo-
grams. Schnars and Jueptner [1] presented several
common reconstruction methods. The post-pro-
cessing of reconstruction images is an image pro-
cessing procedure, and many methods have been
discussed [5, 6]. In addition, various methods have
been developed for focal plane location. Yu and Cai
investigated a criterion based on gradient computation
[7]. Dubois et al. introduced a method that uses the
score of the integrated amplitude modulus [8].
Lefebvre et al. showed that the maximum modulus of
the wavelet transform was reached at the best focal
plane [9]. Zhang et al. located the focal plane using
the Gabor transform [10], and Yang et al. presented
the correlation coefficient (CC) method and verified it
using 2-D calibration targets [11].

In this study, measurements of the characteristics of
spray droplets are attempted by digital particle
holography. Several important parameters for high
quality hologram recording are investigated. The CC
method for 3-D droplets was verified, and this
method was applied to determine the focal plane of
real spray droplets. A hologram recording system was
designed to obtain double exposure holograms. In the
post-processing of reconstruction images, the two-
threshold and the image segmentation methods were
used. After obtaining the x and y coordinates of each
droplet in double exposure images using image
processing techniques, we reconstructed every droplet
and obtained the z coordinates by the CC method.
Then, the three dimensional velocities of droplets
were easily calculated.

2. General principles

2.1 Principle of digital holography

The procedure of digital holography, namely, holo-
gram recording and object reconstruction, is similar to
that of optical holography. However, digital hologra-
phy has several obvious advantages over optical
holography. The recording medium is a CCD camera
instead of photographic film. The reconstruction of
recorded holograms is achieved by computer, which
is called numerical reconstruction.

Digital holography is classified as in-line or off-
axis depending on the optical set-up. In-line digital
holography is widely used because it has a simple
optical configuration. The principle of in-line digital

holography is shown in Fig. 1. An expanded laser
beam goes through the object field. The part of beam
diffracted by objects and arriving at the recording
surface is the object beam, and the beam arriving
without distortion by objects is the reference beam.
The superposition of two beams creates an interfer-
ence pattern on the CCD sensor. This diffraction can
be described by the Fresnel-Kirchhoff integral [1],

T
i o exp(—i—-p)
R(E ) =§ j j h(x,y)ER(x,y>+dxdy
(1)
with
p=yE-x) +@-y) +d’ )

where R(E',n"), h(x,y),and E,(x,y) are functions
of the reconstruction image, hologram, and reference
beam, respectively; d is the distance between two
adjacent planes, A is the wavelength, and o is the
distance between two corresponding points in these
two adjacent planes. The coordinates appearing in
Egs. (1) and (2) are shown in Fig. 2.

2.2 Reconstruction methods

The Fresnel and convolution methods are usually
used for reconstructing holograms [1]. Each method
is a different expression of Eq. (1). The Fresnel
method is expressed as
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Fig. 1. Principle of in-line digital holography.
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Fig. 2. Coordinate system.
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(a) real image

(b) hologram

Fig. 3. A calibration target and its hologram (partial).
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where F7'[] is an inverse Fourier transform. The
expression for the convolution method is
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A Y@ =&Y +(-n)

4)

where F[] is a Fourier transform.

A 2-D calibration target is used to determine which
method is better because it is simpler than a real spray,
and good as a test object. The real image and holo-
gram of this target are shown in Fig. 3. After obtain-
ing holograms at different distances, we reconstructed
them by both methods, and the results are shown in
Fig. 4.

In Fig. 4, the size of reconstruction image using the
Fresnel method depended on the object distance (re-
construction distance), i.e., it changed with the object
distance. On the other hand, the size does not change
when we apply the convolution method to reconstruct
the hologram. In the magnified reconstruction images,
it is clearly shown that the quality of the reconstruc-
tion images by the convolution method is better than
that of the Fresnel method. Therefore, the convolution
method is selected as the reconstruction method.

2.3 Focal plane determination

Determining the focal plane of particles, i.e., the
accurate positioning of particles along the optical
axis, is the most important problem in digital particle

Hologram

Reconstruction image Magnified image

(a) Fresnel method (¢=223.5 mm)

Reconstruction image Magnified image

(b) convolution method (¢=223.5 mm)

Reconstruction image Magnified image

(c) Fresnel method (d =182 mm)

Hologram

® ® 9 e ®

Reconstruction image Magnified image

(d) convolution method (d =182 mm)

Fig. 4. Comparison of two reconstruction methods.

holography because the reconstructed particle images
have a long depth of focus. In this study, we applied
the correlation coefficient (CC) method to locate
droplet positions along the optical axis.

In optical holography, the CC method was first
presented by Choo and Kang [12]. The correlation
coefficient of images is a number between 0 and 1,
which measures the degree to which two images are
similar. The correlation coefficient is defined as

Y (F, - F)G,, ~G)
\/[ZZ(FW, - IY. Y (G, -G)']

cC=

®)
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where F and G are the images, m and »n are
the pixel indices, F,,, and G, are the gray levels of
individual pixel of image F and G, and F and G
are the mean gray levels of F and G . An image
can be denoted by a matrix in the program so the
values of F,,,, G, F ,and G can be obtained easily
after we import the image into the program. Fig. 5
shows schematically how to determine the focal plane
of particles by using correlation coefficients. A series
of images are reconstructed slice by slice with the
reconstruction interval, Az. The correlation coeffi-
cient of a particle on an arbitrary plane along the opti-
cal axis is evaluated by using two images at the same
distance as half of the correlation interval, AC,/2,
from that plane. Two symmetrical images at each side
of the focal plane should be most similar, and thus,
the value of the correlation coefficient at the focal
plane should be maximum. Therefore, the focal plane
can be determined by choosing the peak point from
the correlation coefficient curve.

The CC method has been verified in digital holo-
graphy with the use of simulation holograms and 2-D
dot objects [11]. In a real spray droplet field, droplets
cannot be considered as simple plane dots. Therefore,
we first verified the feasibility of the CC method for
real 3-D droplet location, and then applied this
method to the spray field. Fig. 6 shows the validation
experiments to check the accuracy of the focal plane
determination by the CC method for particles in a real
spray field. At first, a CCD camera was placed at
position 1 (P1) and a hologram of a real droplet gen-
erated by an injector was obtained. Then, the CCD
was moved to P2 and P3, consecutively taking holo-
grams of the droplet at each position. The CCD was
moved by a traverse system whose minimum resolu-
tion is 33 nm. Ad, and Ad, were then determined
by the control software of the traverse system, which
has enough precision for this study. The focal planes
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Fig. 5. Correlation coefficient method.

of these positions (d,;, d.,, and d_;) are shown in Fig.
6 and were calculated using the CC method. The
errors of these focal planes cannot be checked
because the exact object distances are unknown, but
Ad, can be compared to the difference between d,,
and d,; because Ad, is known exactly from the
traverse system measurement. If we assume d,; is the
exact object distance (d), d., can be compared with
d.;+ Ad, and d.; can be compared with d.+Ad, +Ad, -
We can obtain the errors and validate the CC method
for a real 3-D droplet using this procedure.

The hologram and reconstruction image of a
droplet are shown in Fig. 7, and the errors of the focal
plane determination for different sized droplets at
different positions are shown in Fig. 8. The errors are
generally proportional to the particle size, but all the
errors exist within an acceptable range of tolerance,
regardless of the droplet sizes. The results are also
consistent with those discussed in the numerical
simulation of holograms [11]. Thus, the CC method
can be used as an appropriate tool for determination
of the real 3-D droplets.

det
{
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Droplet

generated by injector Ad; Adz

Position 1 Position 2 Position 3 =+xoer
(P1) {F2) (P3)

(a) Schematic of experiment

CCD

PI traverse system Injector

(b) Experimental equipment

Fig. 6. Validation experiments of the CC method for real 3-D
droplets.
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Fig. 7. Hologram and reconstruction image of a droplet; (a)
hologram, (b) reconstruction image, (c) magnified image of (b).
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Fig. 8. Errors of the focal plane determination for different sized
droplets at different positions.

3. Parameters of hologram recording

3.1 Object distance

In analyzing digital hologram recording procedures,
the maximum spatial frequency method is frequently
used [1]. The expression of maximum spatial fre-
quency, f ., of in-line digital holography is

1 1

R — 6
2Ax  2Ay ©

S

where Ax and Ay are the pixel size or the resolu-
tion of holograms. The components of spatial fre-
quency in the x and y directions are

fx:x—fzjsinﬁ
y=n @
5=

where @ is the angle between the object beam and
the reference beam [13]. The x, y coordinates of the
boundaries of an object and a CCD plane are

tx and +y ., respectively. Then,

T Pmax? ~ "/max? T “"max

the maximum of f and /, in Eq. (7) are

Xy + & +d SINO
Ad ®)

p— ymax +77max
S =750
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Combining Egs. (6) and (8) with @ =( for in-line
digital holography, £~ and 5 _  are obtained as

max

£ =20 N

Ax

d )
Ny =——— NAY

Ay

where N is the pixel number.

InEq. (9), wecan find &£ and 5 are propor-
tional to d. That is, the size of the object that can be
recorded increases as the object distance increases.
The size and number of pixels are usually fixed,
namely, the size of the hologram (CCD size) is fixed.
So, the resolution of the far-object hologram is
smaller than that of the near-object hologram, al-
though the recording size of a far-object is bigger than
that of a near-object. This is similar to observing an
object with our own eyes: we can see a whole and
unclear object when a large object is far from us, but
we can only see a partial object when the object is
near to us, although it becomes clearer. Based on this,
the object in digital particle holography should be as
close to the CCD as possible.

The minimum object distance can be derived based
on the distance condition of Fresnel diffraction [1],

dzs\/l[(f_x)z URI N
4 A (10)

Substituting Ax = Ay = 7.4 um, A =0.532 um, and N
= 2,048 for the present study, the minimum object
distance, d = 173.25 mm, is obtained. Thus, the object
should be placed as close to the CCD camera as
possible, but over this minimum distance.

3.2 Used region of laser beam

In this study, the expanded beam of a 10 cm diame-
ter is much bigger than a CCD sensor (about 1.5 cm).
So, only a small region of the expanded laser beam is
used. Ideally, the expanded laser beam should have a
Gaussian distribution, but the laser intensity cannot
follow the ideal distribution in a real situation. The
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Fig. 9. Holograms of a dot array target; (a) center region and (b)
side region of beam.
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Fig. 10. Errors of focal plane determination; (a) center region
and (b) side region of beam.

effect of using different regions of the laser beam on
the CC method was examined. The holograms of a
dot array target using the center region or the side
region are shown in Fig. 9. Using these holograms
and the CC method, the errors of focal plane
determination are shown in Fig. 10. The mean values
of errors using the center and side regions of the laser
beam are 8.194 um and 8.96 um, respectively. The
errors of both regions are acceptable and comparable
to each other, but the use of the center region is
preferable.
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Fig. 11. Experiment setup for recording double exposure
holograms of sprays.
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Fig. 12. Control diagram of synchronization system.

4. Spray experiments

4.1 Experimental setup and hologram recording

The experimental set-up for recording spray holo-
grams is shown in Fig. 11. The control diagram of the
synchronization system for the laser and the CCD
camera is shown in Fig. 12. Each laser fires at Q-
switches, with laser 2 delayed with respect to laser 1.
If two lasers fire in the first and second exposure in-
tervals of the CCD camera, two images can be ob-
tained. The experimental conditions are as follows:
the pixel size of the CCD camera is A= An= 7.4
wm; the pixel number N = 2,048; the distance be-
tween the nozzle and CCD camera d = 180 mm; the
time interval of double pulse = 250 us; and the spray
injection pressure = 200 kPa. The double exposure
spray holograms recorded are shown in Fig. 13.

4.2 Image reconstruction and post-processing

4.2.1 Thresholding

In digital particle holography, droplets are difficult
to identify in the original reconstruction images of
spray holograms because the grey values of droplets
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(@ (b)

Fig. 13. Spray holograms; (a) at first exposure, (b) at second
exposure.

are similar to those of the background. To obtain clear
droplet images, appropriate threshold values should
be determined to transform grey images to binary
images. In this study, two threshold values are evalu-
ated to obtain better results. The first threshold value,
I, is obtained as

I e (11)

=1

thl

where /  and ] are the minimum and average
grey values of the reconstruction image, respectively.
For the second threshold value, I, the pixels
whose grey values are under 7, —are selected first,
comparing 7, with the grey values of every pixel.
The new minimum and average grey values of these
pixels are 7, ~and [, respectively. The second
threshold value is obtained as

= Lyin + 1 (12)

Using the second threshold value, we can transform
grey images to binary images.

4.2.2 Image segmentation

Some useful information about particles can be
lost if only one threshold is applied to the entire im-
age because the intensity of the image is not uniform.
Thus, image segmentation is used in this study. The
entire image is divided into several small regions
which are converted to binary images using different
thresholds obtained by Eq. (12). Comparison of bi-
nary images using different thresholds and only one
threshold is shown in Fig. 14; this clearly demon-
strates that the image obtained by different thresholds
is better than that by one threshold. Based on the
two-threshold and the image segmentation methods,
the final binary images of reconstruction images for

iﬁﬁ‘}'"‘i#ﬁ X };;t f"#é‘#ﬂ e ,..’
(a)

Fig. 14. Comparison of binary images between (a) using differ-
ent thresholds and (b) using one threshold.

Fig. 15. Binary images of reconstruction images; (a) at first
exposure, (b) at second exposure.

double exposure spray holograms were obtained and
are shown in Fig. 15.

4.2.3 Particle pairing

For 3-D velocity measurements of spray droplets,
we must know the x, y, z coordinates of each droplet
in the double exposure images. To find the x, y coor-
dinates of each droplet in double exposure images, we
reconstruct the hologram at an arbitrary distance and
obtain the 2-D coordinates of the center of every
droplet image using simple image processing tech-
niques, regardless of whether or not the image is in
focus. We checked the feasibility of the CC method
for real droplets as described in Section 2, and ob-
tained the optimal parameters used in the CC method
[11]. Therefore, we can determine the focal plane of
each droplet, namely, the z coordinate of each droplet
in the double exposure images.

From the binary images obtained by the two-
threshold and the image segmentation methods, the 3-
D coordinates of every droplet in each image of two
pulses are easily obtained. Then, the next step is to
pair the same particles between pulses. We adopted
Back and Lee’s method of neighboring match
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probability [14]. The method is based on the maxi-
mum velocity theory and quasi-rigidity conditions. A
more detailed description of this algorithm can be
found in [14].

4.3 Velocities and sizes of spray droplets

Combining the 3-D coordinates of paired particles
and the time interval of double exposure, the spatial
3-D velocities of droplets are obtained, as shown in
Fig. 16. Using the focal plane of particles found by
the CC method, the focused images of droplets are
reconstructed from holograms. Then, the edge of a
droplet is located and the number of pixels inside the
edge is counted. From these results, the areas and
diameters of droplets are calculated. The relation
between droplet velocities and diameters is shown in
Fig. 17.

4.4 Uncertainty analysis

The particle velocity, V, are calculated by
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where V,, V,, V. are the particle velocities in each
direction, respectively.

The components of particle velocity in each direc-
tion are calculated by division of moved distances, D,
by the time interval of double exposure, At. For x
and y directions, the distance moved by a particle was
obtained by multiplying the number of pixels between
the center of particles at each exposure, AN, by the
pixel size of CCD, A. They are expressed as

V.=D,/At=AN,-Ai/ At (14)

i=xy
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For z directions, the distance moved by a particle was
the difference of the focal plane of the particle at each
exposure. The velocity can be described as

V.=(d,~d)/ At (15)

where d}, d, are the focal planes of the particle along z
direction in each exposure.

Based on the expression of uncertainties in meas-
urement [15], the uncertainties of the particle velocity
and each the velocity component are expressed as

2,2 2.2 2.2
\/ ul +VouT +Vu
uoo |t T, TR,

4 sz +VJ2 +sz
(AN, Y (avai Y (A Y
BT A A ) A (16)
i=x,y
u; +ul —d )
u, =\/ L3 - d + (dz :11) u?
: At At .

In Eq. (16), the uncertainty of time interval of double
exposure, U,,, approximates to zero because of the

precision of the pulse generator and the laser machine.

The uncertainty of the number of pixels, # AN, » Was
assumed to be £1 pixel. The uncertainty of pixel size,
u,; , was assumed to be zero. The uncertainty of the
focal plane position, u,; and uz, can be obtained by
the calibration target, after calculating the focal plane
of particles in target 10 times. The uncertainty of the
focal plane position was 9.9 um by using the method
of type A evaluation of standard uncertainty [15].

Using the above uncertainties of related variables,
the uncertainties of the velocities of all particles are
calculated. The maximum uncertainty is £0.296 m/s,
which is 3.25% of the measured velocity, and the
mean of all uncertainties is £0.293 m/s.

The uncertainty of particle diameter measurement
was also obtained using the calibration target. The
particle area was calculated by multiplying the pixel
number in image by the pixel size and then the diame-
ter of particle was obtained from the area. Different
size of particles was measured 10 times and the un-
certainties of particle diameters are shown in Table 1.
The maximum uncertainty is +1.55 pm, which is
+0.4% of measured value. The maximum of error is
22.49 um, which is 7.49% of actual diameter.

Table 1. Comparison of actual diameters and measured values.

Actual diameter Measured diameter Error (m)
(um) (um)
31 31.2294+0.98 1.229
70 71.045+0.50 1.045
100 101.67+0.84 1.67
160 161.71+0.59 1.71
230 233.52+1.02 352
300 32249+1.55 22.49

5. Conclusions

The potential of in-line digital particle holography
as a method to measure the characteristics of spray
droplets was presented. Based on preliminary ex-
periments, the convolution method was chosen as the
better reconstruction method. The influencing pa-
rameters at the time of hologram recording, such as
the object distance and the region of laser beam used,
were discussed. To obtain high quality holograms, we
placed the object as close to the CCD camera as pos-
sible, but not closer than a certain minimum distance.
Using the center region of laser beam produced better
results. The feasibility of the correlation coefficient
method for focal plane determination of 3-D droplets
was verified.

The experimental setup to record spray holograms
at two time moments was established with a synchro-
nization system for time control, and two digital spray
holograms within a short time interval were obtained.
For post-processing of reconstruction images, the
two-threshold and the image segmentation techniques
were used in binary image transformation. After ap-
plication of the correlation coefficient method and
image processing techniques to droplets in each dou-
ble exposure image, the spatial positions of the drop-
lets used for the evaluation of droplet velocities could
easily be located. The 3-D velocity and the size
features of spray droplets were measured successfully
using in-line digital particle holographic technology.
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