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ABSTRACT

This study deals with the application of the pulsed laser holography and the digital image
processing in the analysis of flashing sprays. Both the information about the macroscopic
structures of a spray, such as the breakup-length and the spray-angle, and about its micros-
copic structures, such as the number, the size, and the location of the generated droplets
is stored three-dimensionally on a single pulsed hologram. In addition to that, the velocity
of the droplets can be obtained from double pulsed holograms. In every experiment, two
holograms are taken, resulting in two three-dimensional reconstructions of the test section,
seen from different directions. These reconstructions are scanned by video-cameras with
a small depth of field and subdivided into several two-dimensional images. These images
are digitized and binarized, and the information about the droplets depicted sharply on
each image is saved. In case of a double pulsed hologram, a Fourier-analysis based algo-
rythm creates a search volume to detemine the droplets’ second position and thus their
velocity in each view. A stereomatching modulus correlates both views and determines
the position and/or the velocity of each droplet highly accurate. The applicability of the
employed holographic technique and the filtering and correlating moduli is proven by the

presented results.
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INTRODUCTION

In many technical applications sprays play an im-
portant part. Sprays can be formed by:

e mechanical disintegration of the liquid due to
shear forces and induced turbulence,

¢ and thermodynamic disintegration by flashing
of the liquid.

Especially in the field of fuel injection and because
of safety aspects in process engineering the disin-
tegration of a liquid jet by flashing is an intere-
sting phenomenon. This paper reports on a study
of sprays generated by injecting subcooled or su-
perheated liquid through flat spray pressure nozz-
les. ’Superheated’ in this case means that the liquid
temperature is higher than its saturation tempera-
ture corresponding to the pressure in the test cham-

ber the liquid is injected in. Injecting superheated
liquid, its fragmentation is caused by both mecha-
nical forces and the growing of vapour bubbles in
the metastable part of the liquid veil. The pulsed
laser holography was applied to analyze the spray.

In the last 15 years many efforts have been ma-
de to evaluate pulsed laser holograms of particle
fields by applying techniques of the digital image
processing. An insight into this problem was pre-
sented by HAUSSMANN & LAUTERBORN [4]. App-
lying the pulsed laser holography, the conditions in
the measuring volume during the very short expos-
ure time are recorded three dimensionally on the
holographic plates. The holograms contain the in-
formation about macroscopic structures such as the
break up length and the spray angle of the liquic_lif
veil near the nozzle and microscopic structures sucb§



as size, position and velocity of the droplets further
downstream. The recorded holograms can be re-
constructed by means of a continuous laser beam
and analysed any time later. The holographic re-
constructions can be observed directly or with the
help of a microscope lense mounted on a videocame-
ra. The obtained images are delivered to an image
processing system.

The main problem appearing in the evaluation of
holograms consists in selecting and classifying well-
focussed particles while the videocamera scans the
three-dimensional holographic image. An aim of
this work is to describe an approach to evaluate
pulsed laser holograms of particle fields and to re-
construct the spray and its velocity field three di-
mensionally on a computer. In this study, two off-
axis holograms of sprays in an angle of 90° to each
other have therefore been recorded.

This paper presents two computer aided procedu-
res to evaluate and reconstruct three dimensionally
pulsed off-axis holograms of sprays (single and dou-
ble pulsed holograms, respectively). They are based
on techniques of the digital image processing (IP)
and particle imaging velocimetry (PIV) integrated
in a personal computer. Using these procedures,
the operator is released from the situation of ta-
king decisions interactively during the evaluation
process. This allows a more efficient application of
drop focussing and classifying criteria, resulting in
a substantial increase of the measurements’ accura-
cy and an effective reduction of the time necessery
to evaluate the holograms.

EXPERIMENTAL FACILITY

The experiments were carried out in the test facili-
ty illustrated in Fig. 1. After being degased by an
ultrasonic treatment and by boiling, the test fluid
is stored in the pressurized reservoir. The pressure
can be varied by means of nitrogen in the range of
0.1 to 2 M Pa. The liquid can be heated by three
electrical heaters of 1.2 kW each. From an outlet in
the lower part of the vessel the fluid is led through
an oil heated heat exchanger for a fine adjustment
of its temperature and then to the nozzle. The test
section itself comsists of a coflowing vertical wind
tunnel capable of providing air velocities up to 50
m/s and temperatures up to 600°C. In order to ma-
ke the experimental chamber optically accessible, it
is made of a glass-octagon with an inside diameter
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Figure 1: Test facility

of 300 mm and a height of 250 mm. The chamber
was designed for atmospheric pressure. The nozzle,
concentric with respect to the surrounding air flow,
can be moved axially to allow the observation of any
section of the spray. Downstream the test section,
the mixture of air, test fluid and vapour is cooled
down in a heat exchanger. The condensate is sepa-
rated in a demister and collected. Measurements of
temperature and pressure at different points of in-
terest in the facility are carried out by conventional
thermocouples and pressure sensors monitored by a
personal computer.

THE HOLOGRAPHIC TECHNIQUE

The root of the word holography lies in the greek
language and describes the ability of the metk ~ to
record the totality of the light information scat.ered
by or reflected on an object, namely the amplitude
or intensity and the phase distribution. A deeper
insight into this technique can be found in the lite-
rature (LEITH & UPATNIEKS [6], KIEMLE & ROss

(5])-

Recording of the holograms

The pulsed laser holography, applied in this work
represents one of the more suitable non invasive
measuring techniques to study the transport phe-
nomena (e.g. heat and mass transfer) in dispersed
transparent flows. Three dimensional pictures of
the whole volume of interest are taken. Due to the
very short exposure time of about 30 ns, even fast
moving particles are imaged sharply. In this stu-
dy, two three dimensional images, perpendicular to



cach other. are taken. A scetch of the optical setup
is given in Fig. 2.

A pulsed ruby laser generating light pulses with an
energy of 1 Joule for the very short time of 30 ns
is used to record the holograms. This laser is ope-
rated either in single or in double pulse mode. In
single pulse mode the resulting holograms contain
macroscopic information about the geometry of the
spray, the break up of the liquid sheet, and micros-
copic data like the droplet diameter and spatial dro-
plet distribution in the control volume. In addition
to that, the information of the droplets’ velocities
and trajectories is obtained by operating the laser
in double pulse mode. In this case, two sucsessive
conditions of the spray are recorded on each holo-
graphic plate without any restriction to the depth
of the focus range. With the knowledge of the pulse
separation, which can be varied from 1 to 800 us,
and the measured distance between the two suc-
cessive images of one droplet, the velocity of each
droplet is calculated. After being collimated by pas-
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Figure 2: Optical setup of the holographic camera

sing two lenses (DL, CL), the laser beam is split into
two object beams and two reference beams in the
bank of beamsplitters (BS). The object beams are
diverted at the mirrors in a way that they cross
the test section perpendicular to each other after
having been converted into diffuse light at a plate
made of ground glass (Fig. 2). Exiting the test
section, the object beams fall perpendicularly on-
to the holographic plates. In contrast to that, the
reference beams are directly diverted to the hologra-
phic plates. The superposition of the ob ject beam
and the reference beam results in an interference fi-

gure whicl contains the whole optical in{'onnat..iou
and is stored on the holographic plate. Applying
this measuring technique, particles with a diameter
greater than ten times the wavelength of the laser
light are imaged sharply. It yields two 3-D images of
the spray, recorded simultaneously, without any re-
striction to the depth of focus range. The principal
features of this measuring technique are explained
more detailed in MayINGER [7], CHaVEZ (2], and
GEBHARD [3].

Reconstruction of the holograms

The holograms are reconstructed by means of two
continous HeNe-Laser with a wavelength of 632 nm,
simulating the reference beams during their recor-
ding. By illuminating the holographic plates with
these continous laser beams, the real images of
the recorded scenes are formed three dimensionally.
The images are reconstructed simultaneously and
recorded by two Newicon TV-cameras, so that two
views of the spray perpendicular to each other are
obtained. They represent two three-dimensional (3-
D) images corresponding to one "frozen” scene of
the spray, as illustrated in Fig. 3. Because the
video camera only can take two-dimensional (2-D)
pictures, that is its optical plane, it must be focus-
sed stepwise along the depth coordinate in order
to record the entire 3-D information contained in
the holographic image. Therefore the test section
was devided into several subvolumes with the di-
mension of 4 X 4 x 2 mm3, corresponding to the
field of view and the depth of field of the obser-
ving cameras. In this manner, the 3-D holographic
reconstructions are transformed into a series of 2-
D video images. In order to control the position of
the cameras each camera is mounted on a traversing
mechanism, which is controled by a computer. The
optical information contained in the reconstructed
images is scanned by the video cameras and trans-
mitted to the digitizer. The signal is transformed
into digital information and then stored in the digi-
tizer frame memory in form of an array of 512 x 512
picture elements (pixels) of 8 bits. A bus interface
directly connects the digitizer to the host compu-
ter. The processing of the digitized picture is then
carried out by the host computer using the digitizer
frame memory interactively for pixel allocation. In
order to visualize the information stored in the digi-
tizer frame memory, it produces a continuous RGB
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Figure 3: Optical setup for the reconstruction and
scanning of the holograms

(false color: red, green. blue) output signal which
can be seen on the graphics monitor (Fig. 3).

HOLOGRAM EVALUATION

One of the principal problems appearing in the app-
lication of pulsed laser holography consists in hand-
ling the large amount of information stored in the
holograms. Theoretically. holographic materials are
able to store the information about position, tex-
ture and brightness of more than 10% particles per
square millimeter. Though in this study the droplet
concentration was much lower (less than 10 drops
per cubic millimeter), one single hologram still can
contain the information about position, size, and
velocity of thousands of droplets. Comprehensive
studies of the characteristics of the droplets and the
interactions with their gaseous environment neces-
sarily require the help of computer-aided particle
counting and measuring methods.

Single pulsed holograms

Representative stages of the image processing are
presented exemplarily in form of photographs in
Fig. 4 (CHAVEZ [2]). The nozzle is included for bet-
ter orientation. The first modulus of the software
transforms the original image (A), seen by the vi-
deocamera into a binary image. This original image
of a holographic reconstruction is smoothed (B) and
treated with a gradient filter (C). Sharply imaged
structures are detected, edged and filled. Finally
the image is binarized (D). An additional tool in this
modulus allows to analyse either the big structures

fike Lthe liquid veil (150 above) or only the smaller
structures like the droplets (L2, below). These pro-
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Figure 4: Representative steps of image processing
of a slice cutted from a holographic reconstruction

cedures are performed by stretching the histogram
of the grev values of the image and the application
of a threshold filter with values obtained from that
histogram. As a result, binary coloured images are
obtained, which are the basis for the following eva-
luation algorithms. During the calibration of the
optical system it was observed, that the radial and
the tangential error of distortion of the used micro-
objective lenses ( Nikkon 105 mm) was less than one
single pixel on the surface of the camera chip. This
error was assumed to be negligibly small. A com-
prehensive description of hologram evaluatios_ by
applying digital image processing can be found in
CHAVEZ & MAYINGER [1].

To reconstruct the recorded condition three dimen-
sionally, both views of this condition have to be cor-
related. The droplets differ in size and shape, but
this feature-based matching is a weak criterion to
correllate both views because of the influence of the
illumination and the variation of the the droplets’
shape between both views. Generally the experi-
ence shows, that more than two views are needed to
determine the particles’ positions sufficiently accu-
rate due to the large number of ambiguities (physi-
cal possible matches), if this feature based matching
criterion is applied.

A second modulus of the software was developed



to be able to perform the matchizg with only two
views. the stereomatching algorithm. [t determi-
nes the droplets* positions in space from the binary
pictures by applying the focussing criterion. The
physical model used in the stereomatching process
is illustrated in Fig. 5. As expiained above, the
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Figure 5: Physical model of the stereomatching

depth coordinate of a droplet in one view is known
within the small range of the depth of field of the
observing camera. With the agreement of the Y-
coordinate in both views, this is the second criterion
needed to determine the droplet’s exact position in
the second view. The determination of the droplets’
positions is performed by a coordinate transforma-
tion having the knowlege of their Y-position and
the depth of the focussing plane of the observing
cameras, regardless of any feature-based criterion.

Double pulsed holograms

The information about the droplets’ velocities and
trajectories is obtained from double pulsed holo-
grams. The holograms contain a conglomeration of
spot couples. Each couple represents one spray dro-
plet imaged twice at two successive positions corre-
sponding to the time interval (1 — 800us) between
the two exposures to the laser light. In order to eva-
luate the double pulsed images, a routine VEL was
developed. Its task is to identify the spot couples
from the pictures taken by each camera, to mea-
sure the distance between the center points of the
two images, and to compute the droplets’ trajecto-
ries related to the focussing plane of the observing
camera, without taking into account the particles’
off-plane velocity. The routine consists of two mo-
duli: a spatial frequency analyzer and a measuring

algorithm. The different steps of the evaluation of
double pulsed hologram by aplying the moduli of
the routine VEL is illustrated in Fig. 6. Firstly,
the image is binarized as described above. With no
regard the shape and with the assumptions that the
picture was obtained from a double pulsed hologra-
phic reconstruction, and that the depicted elements
(6A) represent droplets which are moving along the
Y-axis within a guessed angle of +:45°, the first mo-
dulus recognizes automatically the two postions of
each droplet. Firstly, the coordinates of the spot
center points Sy, S5, and the vectorial distance d
between each two center points are calculated. The
vectorial distance d can be split into a distance d
and an angle 8 towards the vertical. Then a fre-
quency analysis converts the spatial distribution of
B into a normalized frequency distribution with the
maximum Fi,,; used as a norm (6B). With the in-
formation of this preferential angle, a second fre-
quency analysis with the distance d as the indepen-
dent variable is carried out (6C). The preferential
angle 3, and the preferential distance dp appear as
peaks in the diagrams and form the mean velocity
V.

This algorithm is applied to both views and an ave-
rage velocity projected into the focal planes of the
cameras is obtained. Evaluating the mean veloci-
ties v in both views, the real angle in space, called
Br, which consists of an cylinder coordinate & and
the angle (3, is calculated.

To get the real velocity in space, a second modulus
was developed for the subroutine VEL. Both the
the magnitude dp of ¥ with a tolerance of +0.1dp
and its corresponding angle £, with the tolerance
of £, which can be varied between 7 and 15° we-
re incremented. The chosen tolerances allow strong
variations of the droplet trajectories. Using the-
se variations the algorithm creates a search volume
to find the second position of a droplet (6D). Her-
ein V; and f§; are the real magnitude and direction
of the velocity corresponding to the imaged posi-
tions of the droplet, respectively. At least 75% of
the couples are detected and measured, aplying the
moduli of the subroutine VEL (6E). The trajecto-
ries obtained by applying both moduli of VEL for
the droplets of a spray generated by a hollowed cone
nozzle are shown in Fig. 7. This algorithm is highly
reliable because of the found unidirectional flow of
the droplets with respect to the'analyzed volume.
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Figure 6: The moduli of the routine VEL

RESULTS AND DISCUSSION

As an example of the applicability of the discussed
recording and evaluation technique, the results ob-
tained at a flat spray nozzle with an elliptic orifice
(main axis: 1.19 x 0.49 mm) are presented in the
following. The injection pressure of the test fluid —
distilled, degased water — ranged from 0.025 to 0.8
MPa and the temperature from 20°C (subcooled
liquid) up to 150°C (superheated with respect to
the pressure in the test autoclave of 0.1013 M Pa,
GEBHARD [3]).

Mechanism of the disintegration

Holographic reconstructions of a superheated injec-
tion jet and their binarized images are shown exem-

plarily in Fig. 8 for different injection conditions.
By means of these images the two driving mecha-
nisms of the disintegration of a superheated liquid
jet can be explained: the sheer stress between the
liquid and the adjacent gasous phase, and the L-
quid’s evaporation. In case of a superheat of up
to 10 K, infinitesimal small transient sheer stresses
cause oscillations increasing in amplitude along the
liquid veil. These oscillations lead to the separa-
tion of unstable ligaments disintegrating to stable
droplets further downstream (A). At this low su-
perheat, the activation rate of nuclei is not high
enough to have a noticeable influence on the disin-
tegration process. Rising the superheat results in
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Figure 7: Trajectories of the droplets of a spray for-
med in a hollowed cone noz:zle

a higher activation rate of these heterogen genera-
ted nuclei. These nuclei form growing vapour bub-
bles causing perforations in the veil. Due to surface
tension forces, these perforations grow with the di-
stance from the nozzle, yielding in the separation of
ligaments. These ligaments disintegrate indepen-
dently from the remainig veil (B,C). If the super-
heat exceeds 40K, the very high activation rate of
the nuclei results in an immediate flash evaporation
of the liquid exiting the nozzle (D,E).

Macroscopic Structures

The shape of the liquid veil is characterized by the
breakup length L, and the spray angle o. It deter-
mines size, distribution, and velocity of the genera-
ted droplets. A spray can be subdivided into three
zones:

e the continuous liquid veil zone, formed by the
test fluid exiting the nozzle,

¢ the breakup zone, where the veil is disintegra-
ted and the droplets are generated,

¢ and the droplet zone itself.
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Figure 8: Influence of different injection conditions
on the spray. '

The breakup length L., i. e. the distance between
the nozzle and the breakup zone, is plotted against
the injecton pressure for different temperatures in
Fig. 9A. Subcooled conditions are represented by
solid lines. superheated conditions are represented
by dashed lines. For subcooled conditions, L, incre-
ases with the pressure. After reaching a maximum
it decreases again. The liquid is disintegrated due
to the sheer stress as explained above. By increa-
sing the temperature the viscosity and the surface
tension of the liquid is decreased. This results in
an increase of the breakup length. The appearance
of slightly superheated spray is similar to those of
subcooled sprays. Increasing the pressure leads to
a higher velocity and greater sheer stress. Therfore
the breakup length decreases in the high pressu-
re range. In the range of app. 120 to 130°C, the
breakup length increases with the injection pressure
because of the higher initial velocity of the liquid.
Rising the temperature enhances the acivation rate
of the nuclei. This yields in a decrease of the brea-
kup length. If the injected liquid is highly superhea-
ted, the veil disintegrates directly after exiting the
nozzle. In this case, the breakup length L. is not a
function of the pressure. The sprayangle a is depic-
ted against the pressure for different temperatures
of the injected liquid in Fig. 9B. For subcooled in-
jection (dashed lines), the spray angle « increa..ses
with the injection pressure and reaches a borderline
asymptotically. The influence of the temperature
on the spray angle is small for injection pressures
up to 0.4 M Pa and negligible for higher injection



pressures. In contradiction to that the spray angle
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Figure 9: Breakup length and spray angle as a func-
tion of the injection pressure for different tempera-
tures of the test fluid.

is higly depending on the temperature for superhea-
ted liquid. Higher injection temperatures cause an
increase of the spray angle because of the enhanced
activation rate of the nuclei and thus the stronger
flashing of the injected liquid.

Microscopic Structures

From the analysis of the macroscopic strutures of
the different sprays it can be drawn that for any in-
jection condition the disintegration process is com-
pleted at an axial distance of ¥ = 80mm from
the orifice. Therefore, the results of the analysis
of the sprays’ microscopic structures presented in
the following refer to that Y-coordinate. The found
diameter of the droplets is summarized in form of
their Sauter Diameter as a function of the injecti-
on pressure for different temperatures in Fig. 10.

If subcooled or slightly superheated water is injec-
ted, the droplets’ Sauter diameter strongly decrease
with a higher injection pressure. Increasing the in-
Jection pressure to more than 0.6M Pa only has a
small effect on the Sauter diameter of the genera-
ted droplets. Raising the pressure results in a hig-
her velocity of the liquid and thus in higher inertial
forces and sheer stresses on the veil vielding in its
better disintegration. For higher temperatures in
the subcooled region and for slightly superheated
liquid, the size of the droplets decreases because of
the lower viscosity of the liquid.
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Figure 10: Sauter diameter as a function of the in-
jection pressure at different temperatures of the test
fluid.

Tor a superheat of more than 10 A, the generating
of vapour bubbles becomes the dominating effer* of
disintegrating the liquid veil. In the temperacdare
range from app. 110 °C to 130 °C the separati-
on of ligaments from the veil can be observed. In
this temperature range, the liquid sheet in the brea-
kup zone and thus a separated ligament is thicker
than the wavy sheet obtained by injecting subcoo-
led water. This yields in an increase of the Sauter
diameter of the generated droplets. If the injected
liquid is strongly superheated, the jet is flashed into
the test section. A fine spray with a small Sauter
diameter of the generated droplets is obtained. This
effect can be enhanced by a further increase of the
liquid’s temperature. In this temperature range,
the influence of the injection pressure on the Sauter
diameter is very low.

The radial distribution of the droplets’ diameter



R0mm downstream the orifice is given in Fig.11 for
a injection pressure of 0.4 M Pa. As it can be seen,
the increase of the temperature of the liquid leads
to a more uniform distribution of the diameter.
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Figure 11: Sauter diameter as a function of the ra-
dial distance from the center of the noz:le.

In Fig. 12, the velocity of subcooled jet is plotted
against the axial distance from the orifice for diffe-

rent injection pressures at a temperature of 50°C.
The velocities were derived from the evaluation of
double pulsed holograms.
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Figure 12: Velocity of the liquid veil and the droplets
of a subcooled injetion jet.

The velocities of the liquid veil was determined by
measuring the displacement of specific characteri-
stics in the veil. As it can be seen in Fig. 12,
the veil’s velocity increases and its length decrea-
ses with the injection pressure. Its velocity is con-
stant within 5 % . When the droplets are genera-
ted, their velocity decreases with the axial distance
due to friction. The smaller droplets, generated at
high injection pressures, tend to slow down faster

and lose a higher percentage of their initial velocity
than the bigger droplets generated at low injection
pressures.

The velocity of the droplets of a superheated spray
were determined at an axial distance of 80 mm from
the nozzle. They are plotted - classified in two
diameter classes - for four radial locations in Fig
13. Their velocity decreases with the radial distan-
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Figure 13: Velocity of different droplet classes at an
azial distance of 80 mm from the noz:zle.

ce from the center due to the higher impact of the
friction. Big droplets move faster than small dro-
plets because of their higher inertia. The average
velocity of the droplets is included in Fig. 13 in
form of a solid line to illustrate the loss of the velo-
city of the droplets compared to that of the liquid
veil.



Accuracy

The main source of uncertainty of this measuring
technique was found to be the pixel representati-
on of circular objects (droplets), especially if these
objects are represented by less than 10 pixels (inde-
pendent of the absolute pixel size). The resolution
of the area measurement tool in the developed code
was set to 5 pixels, resulting in the maximum error
of £3% for areas with sizes between 6 and 40 pixels.
In this work, the sizes of the droplets’ images ran-
ged between 14 pixels (¢ 30 um) and 148 pixels (&
310 pum) pixels. The error in imaging larger ob jects
or structures was found to be less than 1%.

The determination of the velocity of one droplet de-
pends on the quality of the stereomatching and the
vield of the found couples. Due to the fact of taking
into account thousands of droplets, their mean ve-
locity can be calculated with the high accuracy of
+5%.

CONCLUSION

In this study, a 3-dimensional particle imaging ve-
locimetry technique is presented, which is based on
the evaluation of pulsed laser holograms. The large
amount of data, stored in a hologram, can be ana-
lvsed correctly without previous knowledge of the
flow in the measuring volume. The code works with
the high accuracy of £3% for the determination of
the droplets’ sizes and £5% for the determination
of their mean velocity. It can be integrated into a
simple digital image processing system with com-
mon digitizers (512x512 pixels, 8 bit depth). The
ap'plica,tion of this technique allows to analyse both
macroscopic structures such as the dimension of the
liquid sheet and microscopic structures such as the
droplets’ sizes and velocities.
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