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Abstract

Optical tomography was used to measure the pattern of spray cross-section. The maximum-likelihood estimation (MLE)
algorithm was used to reconstruct the spray cross-section from the measured transmission rate of the spray. A swirl-type
injector was used to form an optically dense spray, and the test was carried out in a high-pressure chamber, to control the
pressure condition of the test site. Before the experiment, the reliability of the MLE-based reconstruction algorithm was
verified, by comparing it with a conventional filtered back projection reconstruction (FBP) method. The MLE algorithm
showed superior reconstruction of the image. In the spray patternation experiment, the results of the optical tomography and
optical line patternator, which uses Mie scattering signal information, were compared. While measuring the cross-section of
optically dense spray, the intensity of the scattering signal had attenuated to an uncorrectable level, which led to incorrect
spray pattern measurement by the optical line patternator. However, reliable results were obtained by optical tomography,
under the same condition. Finally, the pattern of the optically dense spray was measured at various chamber pressures, of up
to 3 MPa. As the chamber pressure increased, the hollow cone-shaped swirl spray shrank, and the attenuation coefficient value

of the inner region increased.
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1. Introduction

Liquid fuel is widely used in industrial power plants;
combustion engines; and propulsion units, such as gas
turbines, diesel and gasoline engines, and jet engines and
rocket engines. Since most fuel is injected into the combustion
chamber in spray form, spray characteristics have been widely
investigated. Spray pattern study is especially important,
because spray patterns are crucial factors that help determine
combustion characteristics [1].

Various methods have been developed to measure the
spray pattern. Initially, a mechanical method was employed
[2, 3]. This method measures spray distribution by directly
collecting fluids in the measuring area. However, some
problems are encountered in this method of patternation,
namely, difficulty of setup in limited space, low spatial
resolution of patternation, and flow intrusion, resulting
in distortion of the measured results. Therefore, a non-

intrusive patternation method was required, for improved
measurement of spray patterns.

Thereafter, many methods of indirect patternation have
been developed. These methods used various approaches,
including X-ray [4], ballistic image [5], and laser-induced
fluorescence [6], to measure the spray pattern, without
affecting the spray formation process. In particular, optical
patternation methods are widely used, with relative ease in
experimental setup, although some problems that caused
measurement error were encountered — extinction of the
incident light, attenuation of the signal from spray, and
multiple scattering of the signal [7]. Various methods were
suggested to overcome these problems, such as mathematical
correction [8, 9], or reduction of the signal error, by improving
the measurement setup [7]. An optical line patternator,
suggested by Koh et al. [10], used the scattering signal from
a laser beam passing through the spray, and employed an
algebraic reconstruction method to measure the spray area,
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in order to reduce multiple scattering, and ensure correct
signal attenuation, respectively.

Meanwhile, an optical tomography was suggested, for use
as an optical patternation method. Normally, tomography
measures the transmittance of the sample, and reconstructs
the cross-section. This method was first developed for use
in biological research [11], and is used in the measurement
of gas jet [12] and liquid flow [13, 14]. In this method, the
filtered back projection (FBP) algorithm was primarily used
for section reconstruction [12]. The maximum-likelihood
estimation algorithm, which is based on probability statistics,
has recently been adopted for reconstruction in this method
[13, 14].

Since the combustion engine is required to have a large
output, high quantities of fuel are injected in the combustor,
working at higher pressure. In such cases, the increased
mass flow rate and ambient pressure would make the spray
optically dense. Optical tomography is considered a reliable
method for measuring sprays, and previous studies have
conducted spray patternation, in conditions of relatively low
mass flow rate, and ambient pressure up to 1 MPa [14].

In this study, optical tomography was used to measure
the pattern of an optically dense spray. The reliability of
the tomographic reconstruction method was first tested, by
quantitatively analyzing the reconstruction performance of a
sample image. In addition, the scattering-based patternation
method (optical line patternator) and transmission-based
patternation (optical tomography) method were compared.
Finally, optical tomography was conducted, to measure the
cross-section of the optically dense spray with high mass
flow rate, compared to the previous works [10, 13, 14], and
with increased ambient pressure.

2. Experimental Methods

2.1 Tomographic Reconstruction

Optical tomography was used to measure the cross-
section of a spray. Transparent liquid (i.e. tap water) was used
as the working fluid in the optical measurement method,
to ensure light penetration through the spray with less
obstruction. While the physical properties of water (viscosity,
surface tension, etc.) are different to that of conventional
combustion fuels, water is easy to handle. Therefore, many
studies have used water as a simulant of fuel, to investigate
the qualitative characteristics of the spray [3, 7, 8, 10, 13].
The spray cross-section was then reconstructed from the
measured optical signal. The optical line patternator mainly
uses the Mie scattering signal, and optical tomography uses
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the transmission rate of a laser beam through the spray. The
mechanism of the optical line patternator was explained in a
previous study [10]. The mechanism of optical tomography
for measuring spray cross-section is presented below.

In optical tomography, the distribution of the attenuation
coefficientin the spray was calculated. From the transmission
rate, measured from various angle views of the spray, a planar
distribution of the liquid spray was reconstructed, using the
maximum-likelihood estimation (MLE) technique [13, 15].
The MLE algorithm was developed for positron emission
tomography, and its estimation-maximization method has
proven to be useful in various situations [16]. A detailed
theory of the MLE algorithm is based on positivity statistics,
and can be found in previous works. Briefly, the attenuation
coefficient distribution of the spray cross-section can be
calculated using the following iterative equation [13, 15]:
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In Eq. (1), b = I, ..., B denotes the boxes that form the
spray cross-section. Each box has the property y,, which is
the attenuation coefficient in this study. The detector d = I,
..., D is located around the spray cross-section, to measure
the signal generated from the spray. P,, is the probability
that P(deteted in d | emitted in b), and n, is the total signal
detected in detector d. With iteration of the equation, the
iteration number m increases, and a more accurate value of
y, can be calculated.
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Fig. 1. Geometry of spray section for the MLE reconstruction algo-
rithm
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To apply Eq. (1) in spray patternation, some variables in
the equation should be redefined. Before redefinition, as the
method requires the transmission rate of the incident laser
beam through spray, the Beer-Lambert law should be used,
as follows.

1, =106Xp£—jydsj @)

In Eq. (2), [, is the intensity of the incident laser, and I,
is the intensity of the laser that passed the spray area. The
intensity of the laser beam is exponentially decreased, as the
beam passes along the path s. The attenuation coefficient ¥
varies with the value of s. Thus, using Eq. (2), a new equation
can be obtained with respect to Fig. 1.

—log[j—l]:ALyzﬁAZ;/“+A3~7/12 (3)
0

Equation (3) is obtained by taking the logarithm of Eq.
(2). The integral of attenuation coefficients along path s was
written in discrete form according to Fig. 1, in which the
measurement area is expressed as small boxes. The pass
length A and attenuation coefficient 7 varied for each box.
Thus, using Eq. (3) and Fig. 1, redefinition can be initiated.
First, n, is the information obtained from the transmission
rate of the incident laser beam -log (1,/1;), and P, ,is the laser
path length A, where laser passes box b, and goes to detector
d.Figure 1, Eq. (3), and the redefined variables briefly explain
the relations between the transmission rate, attenuation
coefficient, and the laser path length, for reconstruction of
the spray pattern through Eq. (1).

2.2 Experimental Setup

To obtain optical signal information, laser beams were
used in both optical tomography, and optical line patternator.
A laser line beam swept the spray area, to measure the
transmission rate of the beam, and scattering signal through
the spray. With the reconstruction process, the attenuation
coefficient map of the spray cross-section was calculated. An
injector was mounted in a high pressure chamber, to form an
optically dense spray. The chamber contained 6 windows for
optical access, each with a circular view of approximately 80
mm in diameter. The spray cross-section 20 mm downstream
from the injector post was measured. The size of the
measurement area was 60 mm x 60 mm, which sufficiently
covered the entire spray section area, and was smaller than
the diameter of the chamber window.

In the optical line patternator, a He-Ne laser (1 = 632.8 nm)
was used as the incident laser line beam. As the He-Ne laser
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has lower power than other lasers, the scattering signal
would be sufficiently weak to prevent saturation of the signal
detecting sensor. A CCD camera (Kodak ES 1.0) was used to
grab the scattering signal. Traverse units were used to sweep
the measuring area with laser beam, and move the camera.
A convex lens (f = 300 mm) and photodetector (Thorlabs
DET100A/M) were used to measure the transmission rate of
the incident beam. A detailed schematic of the patternator is
shown in Fig. 2.

For optical tomography, an Ar-Ion Laser (4 = 514 nm) with
a power of around 500 mW was used as the incident line
beam. A scanning mirror (General Scanning INC. G325DT)
and 2 convex lenses (f = 700 mm/f = 300 mm) were used to
sweep the spray cross-section, and the photodetector was
used to measure the transmission rate of the laser beam
through the spray. The injector was rotated counterclockwise
at 10° intervals, and the transmission rate was measured at
18 angles. In the reconstruction process, the transmission
data for each angle were obtained, using an average value
of 5 times repeated experiments. Figure 3 shows a detailed
schematic of the method.

High Pressure Chamber

Photo Spray
detector
He—Ne Laser I
Convex
Lens _
(f=300 mm) Traverse Unit
x
CCD
Camera
Traverse Unit

Fig. 2. Schematic of optical line patternato

High Pressure Chamber

Scanning
Photo Spray H
detector N - Mirror
l:ﬁmn N [ —
NV' \ J | I
Convex " Convex
Lens 2 Lens 1
(f=300 mm) (f=700 mm)
i\
Ar—lon
X Laser

Fig. 3. Schematic of optical tomography
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2.3 Experimental Conditions

A swirl-type injector was used to form the hollow cone-
shaped spray of high optical density. Fig. 4 shows a schematic
representation of the injector. Although the injector was
designed to have two sets of tangential entries, to enable
coaxial swirl flow, only one set (oxidizer inlet, Fig. 4) was
used, to obtain a spray with single swirl flow. There were
eight entries in all, and the diameter of each entry was 1.2
mm. The exit nozzle diameter of the injector was 5.5 mm. Tap
water was used as the working fluid, and the mass flow rate
of the spray was 210 g/s, as the injection differential pressure
was maintained at 1 MPa.

The injector was mounted inside a high pressure chamber.
The chamber controlled the conditions of the spray. The
inside pressure of the chamber was adjusted up to 3 MPa with
nitrogen gas. Table 1 shows the experimental conditions.

Tangential entries :
fuel inlet

Tangential entries :
oxidizer inlet

44— Nozzle

e

Fig. 4. Schematic of swirl injector (open type, unit: mm)

Table 1. Experimental conditions
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3. Results and Discussion

3.1 Validation of the Reconstruction Algorithm

To verify the reliability of the MLE reconstruction method,
the technique was compared with the conventional FBP
reconstruction algorithm. To examine the performance
of each method, a 100x100 pixel Shepp-Logan phantom
image was used as a sample. This image is widely used in
computerized tomography (CT) research, particularly for
performance evaluation of reconstruction algorithms. The
sample image was changed with radon transform, and the
transformed image was reconstructed, using each method.

The original sample and reconstructed images are
presented in Fig. 5. The concepts of root-mean-square
error (RMSE), signal-to-noise ratio (SNR), repeatability
index (RI) and relative difference (RD) were adopted
[17], and calculated, for quantitative comparison of each
reconstruction algorithm. Lower values of RMSE and RD
indicated that the difference between the original and
reconstructed images is small, whereas lower values of
SNR and RI indicated the converse. The definitions of the
difference-quantifying values are shown in Egs. (4) to (7).

>6,,

G

SNR=ET
RMSE

B
std (Z GR;j
b=1
~ RMSE

std : standard deviation

Injector type

Single swirl injector

Injection differential
pressure (AP, MPa)

1

Mass flow rate (g/s)

210

Patternation method

optical line patternator

optical tomography

Chamber pressure
(P., MPa)

0.1, 1

0.1,1,2,3
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B
2-|G0s =G|

RD (%) =4=————x100 (7)
E(GOb"'GRb)

M=
Q

b=1

B

where G =

In the above equations, G, is the value of the image at pixel
b, where the image is constructed with b =1, ..., B pixels. In
these equations, the subscripts O and R denote the original
and reconstructed images, respectively.

The results are presented in the second through fifth
columns of Table 2. The results revealed that the MLE
method reconstructed the original image more effectively
than the FBP method. Further, with respect to RMSE and RD,
the MLE algorithm had less than half the errors encountered
in the FBP method. Similar results have been deduced
with respect to SNR and RI-the MLE-reconstructed image
calculated these values to be almost two times higher, than
corresponding values calculated by the FBP-reconstructed
image.

The Patternation Index (PI) [2] and Spray Uniformity
Index (SUI) [18] were also calculated, to find the image
characteristics, which indicate the characteristics of the
planar pattern of the spray. PI and SUI can be calculated, as

(a) Original image

Fig. 5. Original and reconstructed images of the Shepp-Logan Phantom

Table 2. Quantitative analysis of original and reconstructed images

(b) Image reconstructed by MLE algorithm

shown below.

PI and SUI represent characteristics of the spray pattern;
therefore, they would be expected to show the characteristics
of planar images. The values of PI and SUI from each image
are shown in Table 2 (columns 6 and 7). In the investigation,
each reconstruction method reproduced the characteristics
of the original image with high accuracy. In the analysis
of PI, the difference between the original image and the
MLE-reconstructed image was 5.2%, while that between
the original and FBP-reconstructed image was 18.0%. This
result illustrates that the MLE algorithm is superior to the

(c) Image reconstructed by filtered back projection

RMSE

SNR RI RD PI SUI

Original image - - - - 117.21 1.7518
Reconstructed o654 34545 23774 22x10° 11109 15579
image (MLE) ’ ’ ’ ’ ’ )
Recomstructed g 1466 17340 09263  9.1x10° 13833  1.8808
image (FBP)

RMSE : Root-mean-square error RD : Relative difference

SNR : Signal-to-noise ratio PI : Patternation index

RI : Repeatability index SUI : Spray uniformity index
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FBP algorithm. On the other hand, the opposite results were
obtained in the same analysis for SUI: the difference between
the original and MLE image was 11.1%, while that between
the original and FBP was 7.4%. However, the difference in the
latter case was considerably lower than the results obtained
from PI analysis.

3.2 Comparison of optical line patternator and opti-
cal tomography

The results obtained from the two measurement methods
were compared. Figure 6 shows the spray shape at various

(c) P-.=2 MPa

50
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chamber pressures. As the spray was formed by a swirl-
type injector, the shape of the spray was expected to be a
hollow cone, with symmetric ring-like cross-section. When
the ambient pressure increased, the spray angle decreased,
and the spray became optically dense. As a result, serious
attenuation of the optical signal occurred, increasing the
need for signal correction [7].

Figure 7 shows the planar distribution of the attenuation
coefficient in the spray cross-section, obtained by the
optical line patternator. Although the attenuation effect of
the scattering signal was corrected in the reconstruction
process, signal correction was limited in the optically dense

(b) Pc.=1 MPa

(d) Pc=3 MPa

N
a
T

Spray angle (degree)
&
1

/
/

2
P_(MPa)

(e) Spray angle

Fig. 6. Images of the swirl spray and spray angle along ambient pressure
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spray, resulting in asymmetric shape of the reconstructed
cross-section. This phenomenon was intensified when the
chamber pressure was increased from 0.1 MPa to 1 MPa, as a

result of which the spray became optically dense.

1
20 0 =20

=10

10

30

0
X (mm)

(@) P.=0.1 MPa

Fig. 7. Spray patterns measured by optical line patternator (attenuation coefficient, m™)

N

0
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(@) P.=0.1 MPa

The reconstructed spray section obtained from optical

tomography is shown in Fig. 8. Since optical tomography
measured the optical signal at various angle views, it

was not necessary to correct the attenuation effect. The

10

0
X (mm)

(b) Pc.=1 MPa

20

Fig. 8. Spray patterns measured by optical tomography (attenuation coefficient, m)
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Fig. 9. Comparison of the spray patterns measured by optical tomography and optical line patternator, along the X-axis
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reconstructed spray cross-section was in a symmetric ring-
like shape. However, when P, was 0.1 MPa, where the center
region of the spray section would be hollow, the attenuation
coefficient had value that could not be neglected.

In Fig. 9, the spray patterns obtained from each method
were directly compared, along the line passing the center
of the measurement area, in the direction of the X-axis. The
incident laser beam passed the spray from right to left. When
the chamber pressure P, = 0.1 MPa, signal attenuation was
sufficiently weak to obtain similar results (symmetric shape)
from each method. The attenuation effect was severe, when
the P, was increased to 1 MPa, which caused considerable
limitations in correction by the optical line patternator
method. In contrast, the reconstruction by optical
tomography under these conditions was considerably better,
in comparison. However, there was an error in reconstruction
of the central region, where no spray was expected under
conditions of low ambient pressure. The cause of error was
assumed to be areflection in the spray area. Reflection of the
incident laser beam at the surface of the spray would reduce
the transmission rate, resulting in possible error. In most
experimental cases, the effect of the reflection is negligible,
since the effect of extinction of the beam is much larger.

0 20 %0

020 0 .0
X (mm)
(@) P-=0.1 MPa
180
180
170
160
150
140
130
120
110
100
90
80
70
60
50
40
30
20
Mg =20 0 _ 0 T ')
X (mm)
(c) Pc=2 MPa
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However, under pressure of P,= 0.1 MPa, the extinction effect
is relatively small, and the reflection would affect the spray
patternation, resulting in over estimation of the attenuation
coefficient at the central region of the spray.

3.3 Effect of the Ambient Pressure on the Spray

The planar distribution of the spray was measured by
optical tomography, at different values of ambient pressure.
In the experiment, the chamber pressure was changed to
0.1, 1, 2, and 3 MPa. The reconstructed image of the spray
cross-section is shown in Fig. 10. As the chamber pressure
increased, the size of the spray diameter was decreased (Fig.
6). The value of the attenuation coefficient at the central
region of the spray was also increased, suggesting that the
spray pattern was changed from a hollow cone to a solid
cone, with increase of the ambient pressure. The trend was
distinctly observed, when comparing spray distribution
along the X-axis (Fig. 11). Similar results have already been
obtained in many previous works [1, 3, 10]. These similar
trends reported previously prove the reliability of optical
tomography for patternation of optically dense spray.

0 20 %0

@ =20 40 0 _
X (mm)
(b) Pc.=1 MPa
0
190
180
170
@ 160
150
140
1 130
= 120
E 5 110
= 100
= 90
80
10 70
80
50
i 40
30
: ; 20
Mg =20 0 _ 0 W20 %0
X (mm)
(d) Pc.=3 MPa

Fig. 10. Spray Patterns at various chamber pressures (attenuation coefficient, m’)
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4. Conclusion

In this study, planar distribution of the optically dense
spray was measured, using optical tomography. The
reconstruction technique was validated, compared with
another optical patternation method, and the measurements
were performed at various ambient pressure conditions.

1. A recently developed reconstruction technique (MLE)
was compared with the conventional reconstruction
method (FBP). The MLE reconstruction algorithm
showed similar or slightly better performance, as
compared to the FBP method, in reconstruction of the
sample image, and the validity of the MLE algorithm
was confirmed.

2.Spray patternation methods using the scattering
signal (optical line patternator) and transmission rate
(optical tomography) were compared. In the scattering-
based method, patternation failed, because of the
uncorrectable attenuation caused by dense spray. In
contrast, the transmission-based method was not
affected by this attenuation problem. However, the
central region of the spray was falsely reconstructed by
the latter method at P,= 0.1 MPa, by overestimating the
attenuation coefficient at the region.

3.As the ambient pressure increased, the spray shape
and pattern changed. When the chamber pressure
was increased, the diameter of the hollow cone spray
was decreased. The hollow region inside the spray was

reduced, and the attenuation coefficient was increased,
a trend that is similar to those in previous studies. The
result shows that optical tomography can be reliably
used to measure optically dense spray.
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