Attenuation effects on imaging diagnostics of

hollow-cone sprays

Volker Sick and Boris Stojkovic

Detrimental effects to quantitative interpretation of Mie and laser-induced fluorescence images of hollow-
cone sprays were investigated. The attenuation of the laser beam leads to locally unknown intensities

rendering it impossible to obtain high-fidelity images of these sprays.

Two strategies that use bidirec-

tional illumination of the spray are discussed and evaluated. Conditions for which a bidirectional
illumination, single-image detection will allow good recovery of the spray structure are identified. Fur-
thermore, the attenuation of laser-induced fluorescence signals on their path through the spray is
quantified. © 2001 Optical Society of America

OCIS codes:

1. Introduction

With the increased interest in gasoline direct injec-
tion as a possible major improvement toward cleaner
automobile engines, the demand for the application of
laser diagnostic techniques has greatly increased in
recent years.! Optical measurements in engines re-
quire a careful examination of the optical properties
of all processes and equipment involved, in particular
when the measurement of absolute quantities is re-
quired. It has been shown in engine experiments
that laser beam?2 and signal34 attenuations have a
significant influence, eventually perturbing or pre-
venting investigations of extended areas within the
cylinder or leading to significant misinterpretation of
signal intensities. Many of the frequently used la-
ser techniques rely on excitation and detection in the
UV spectral region where absorption by transient
combustion products such as polycyclic hydrocarbons
is strong even at small concentrations. Even before
combustion starts, these effects play an important
role. Among the most important quantities to be
measured are local fuel concentrations and the fuel-
air mixing process. Injectors that produce hollow-
cone sprays are commonly used to introduce the fuel
directly into the combustion chamber. Initially, the
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fuel is a liquid sheet that begins to break up into
droplets and evaporates along its path into the cyl-
inder.

When we study the local fuel distribution with
laser-based imaging techniques, the high density of
the fuel droplets leads to substantial attenuation of
the exciting laser beam and the induced signals. Bi-
directional excitation schemes have been used previ-
ously to address the attenuation of the exciting laser
light.>¢ These approaches used two light sheets to
illuminate the spray from opposite sides in an at-
tempt to overcome at least some of the loss of laser
light. Detection of the signals excited by both beams
is performed simultaneously, thus effectively leading
to a signal that is proportional to the sum of the local
laser intensities of the two beams. Su et al.6 also
report a technique that uses two-dimensional Mie-
scattering images to gain information about the local
attenuation of laser intensity under the assumption
that absorption is negligible. An iterative correction
algorithm was developed by Hertz and Alden? to cor-
rect laser-induced fluorescence (LIF) measurements
for attenuation effects. This requires the spatially
resolved measurement of the fluorescence signals
and the absolute attenuation across the flame. Ver-
sluis et al.® described a bidirectional excitation
method to measure absolute concentrations of hy-
droxyl radicals in flames using LIF. The purpose of
their research was to eliminate the influence of fluo-
rescence quenching and the need for separate cali-
bration to absolute concentration. In contrast with
the other techniques, the signals excited by the two
laser beams have to be detected separately and can
then be processed. This will allow for only single-
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pulse measurements, if two time-separated laser
beams and two cameras are used. The same holds
for an approach that was described by Talley et al.?
After they measured LIF signals with excitation from
counterpropagating sheets, a numerical procedure
was used to recover the true intensity distribution.
The underlying assumption was that only the laser
beam, but not the signals, was attenuated.

However, in addition to distortion of measured
spray images by attenuation of the exciting laser
light, the images can suffer further from nonuniform
attenuation of the signal. As reported by Hilden-
brand et al.* and Knapp et al.,3 the attenuation can be
wavelength dependent. Investigations of the effect
of signal loss that is due to scattering or absorption
therefore need to be carried out with a suitable wave-
length resolution.

We studied and quantified the attenuation of ex-
citing laser beams and Mie, as well as LIF, signals for
a hollow-cone spray with a KrF excimer laser at 248
nm as the light source. We discuss possible ways for
correction and their limitations.

2. Theoretical Background

A. Laser Beam Attenuation

In the case of Mie scattering or LIF in the linear
regime, the measured signals will be proportional to
the number density N of particles (droplets or mole-
cules, respectively) and the laser intensity [;,., at the
location of the measurement:

Isignal = NIlaserUC7 (1)

where o denotes a scattering cross section or absorp-
tion coefficient and C includes information about de-
tection efficiency of the equipment as well as
fluorescence quantum yield where appropriate.
Two mechanisms exist to attenuate the intensity of a
laser beam on its path along an x axis through a
spray. Absorption on a molecular level and scatter-
ing of light from the surface of the droplets can have
varying degrees of contribution to the overall atten-
uation. In practical sprays, this attenuation often
exceeds tolerable levels of a few percent; and, as such,
the measured distribution of, for example, Mie scat-
tering or LIF signals will not reflect the true distri-
bution of the local fuel concentration. Before the
measurements obtained under such conditions are
interpreted, the measured signals must be referenced
to the local laser intensity. Because the local laser
intensity at a position x cannot be measured directly,
other means have to be found to correct the measured
signals for changes in the local laser intensity. This
can be addressed by use of a counterpropagating la-
ser beam arrangement in which the spray is illumi-
nated with two light sheets introduced from opposite
sides of the spray.
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Fig. 1. Schematic view of a vertical cross section through a
hollow-cone spray and nomenclature for the coordinate system and
laser beam direction.

The local laser intensity at position P (Fig. 1) for
the forward-traveling laser beam is determined by

P
Iforward(P) = IO,forward eXp|: _J O-N(x)dx] . (2)

0

Similarly, the laser intensity at position P introduced
by the backward laser beam is given by

L
Ibackward(P) = IO,backward eXp[ _j O-N(x)dx] . (3)

P

This description assumes use of a parallel, top-hat
light sheet as was used for the experiments in this
study. For the case in which both beams illuminate
the spray simultaneously, the total measured signal
at location P will be the sum of two contributions:

Isignal(P) = [Iforward laser(P) N(P)
+ Ibackward 1aser(P) N(P)]UC (4)

We show in Section 4 if and how this procedure will
be suitable for complete correction of attenuation
with the spray.

A second method also uses counterpropagating il-
lumination but with a sequential recording of two
images. The first image is recorded during illumi-
nation by a forward light sheet, and the second image
is recorded during a second, slightly time-delayed
laser pulse. The images can then be processed in a
way that was introduced by Versluis et al.8 for quan-
titative measurements of hydroxyl radicals in flames.

Because the measured signals are proportional to
the local laser intensity, the ratio of the measured
signals induced by the two beams can be written as

R(P) — Isignal forward(P) _ Iforward(P)
I signal backward(P ) 1 backward(P ) ’

We can rewrite the natural logarithm of this expres-
sion using Eqs. (2) and (3) to yield

5)

I P
1nR(P)=1n<‘“°““”‘) - f oN(P)dx

I 0,backward 0

+ jL oN(P)dx. (6)

P



By moving the limits of integration such that the last
term is integrated over the entire path through the
spray, we obtain an expression in which only the first
integral remains a function of x:

o IO,forward P
InR(P)=In|———|-2 | oN(P)dx

0,backward 0

L
+ f oN(P)dx. (7

0

Because the ratio of the initial laser intensities is
constant, the spatial derivative of Eq. (7) yields

i In R(P) = 206N(P). (8)
dx

The local number density is then evaluated as

1 d
N(P) = % dx In R(P). 9

This result shows that the measurement of the num-
ber density is independent of the ratio of the initial
laser intensities, a fact that simplifies the experimen-
tal research.

B. Signal Attenuation

The signals can be diminished in the same way as the
exciting laser beam is attenuated by scattering and
absorption. To study this effect, the wavelength of
the signal must be considered. For information on
attenuation of Mie-scattering signals, the overall at-
tenuation of the exciting beam can provide a first step
toward a correction for measured signals. This will
differ for LIF signals. To investigate the attenua-
tion of LIF signals with a spray, an experiment as
described below was designed for the case in which
the fuel is a mixture of 3-pentanone as a fluorescence
tracer in nonfluorescing isooctane. This is a possible
mixture for optical engine studies addressing fuel
mixing and temperatures.’%11 For the particular
mixture under study, the absorption and emission
bands of the tracer do not overlap. Also, no other
absorbers are present in the fuel-tracer mixture.
Any attenuation therefore will be due solely to scat-
tering effects because self-absorption cannot take
place. This avoids problems that occur when ab-
sorbers trap fluorescence as is discussed for hydroxyl
radicals, for example, by Quagliaroli et al.’2 In gen-
eral, a measurement should be performed with light
at the same spectral intensity distribution as the flu-
orescence light so that possible fluorescence trapping,
which could occur by the absorption by molecules
other than the emitters, will also be included in the
measurement. A setup for this was realized by use
of LIF signals created in a laser-illuminated cuvette
filled with a mixture of 3-pentanone and isooctane as
the light source to measure the spatially resolved
attenuation of fluorescence signals by sprays.

Laser cuvette

p S— —

: Hollow cone spray
e

Excimer loser

Fig. 2. Experimental setup for counterpropagating excitation to
study hollow-cone sprays with Mie scattering and LIF. The dot-
ted laser beam illustrates the setup to measure the signal atten-
uation across the spray structure. ICCD, intensified CCD.

3. Experiment

Experiments were carried out in a static enginelike
spray test rig. A hollow-cone injector (Zexel) with a
nominal spray angle of 30° was used. The tracer—
fuel mixture (0.1% 3-pentanone in isooctane) was de-
livered to the injector at a pressure of 6.5 MPa. The
injector was opened for 1.2 ms during which time the
fuel was injected into an open-atmosphere chamber.
Laser light of 248 nm was produced with a KrF ex-
cimer laser (Lambda Physik EMG 150 TMSC). The
beam was split close to equal intensities, and the two
beams formed two vertical light sheets with cylindri-
cal lenses. The beams intersected the spray sym-
metrically in its center plane. Laser intensities
were kept at 5 MW/cm?, a value that was found to
ensure that the LIF signals would respond linearly to
the pulse energy. The energy for each laser pulse
was measured with a photodiode (LaVision) and re-
corded by a sample&hold board (LaVision) before
storing the information directly with the measured
Mie-scattering and LIF image. The signals were de-
tected with an intensified CCD camera with 14-bit
resolution and 576 X 384 pixels (LaVision FlameStar
II). Blocking either the forward or the backward
beam was the method we used to measure averaged
fluorescence and Mie-scattering images of the spray.
A new beam-splitter and filter setup was used to
separate fluorescence from Mie scattering with high
overall throughput.’3 This setup allows the simul-
taneous detection of both signals with only one CCD
camera. Figure 2 illustrates the setup.

To investigate the attenuation of fluorescence sig-
nals, as viewed from the camera, a dye laser cuvette
was filled with a dilute 3-pentanone—isooctane mix-
ture that was placed behind the spray (see Fig. 2).
Only one of the laser sheets was used for this mea-
surement. The sheet was aligned through the cell,
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exciting the 3-pentanone to fluoresce. When we i3
used the same tracer as for the spray, the emission 02 3
had the same spectral intensity distribution as sig-
nals generated in the spray itself. When recording 0.0 \ . .
an image without the spray, we measured a baseline 0 1 2 3 4 5 6
for the attenuation experiment. This baseline in-

cludes all spatial intensity variations and the filter
function for the fluorescence. After recording this
reference image as an average of 15 individual expo-
sures, we repeated the measurement with the spray.
After the start of fuel injection, single-shot and aver-
aged images taken at the same delays were recorded.
As a result, the ratio of the images represents the
spatial variation of signal attenuation.

4. Results and Discussion

A. Laser Beam Attenuation

To study the advantages and disadvantages of the
two approaches for reconstruction, we conducted a
numerical analysis before reducing the experimental
data from the sprays. A model function for a hori-
zontal cross section through a hollow-cone spray was
chosen as sin”(x). For n = 50, a realistic half-width
for the dense spray region of approximately 350 pm is
obtained with a separation between the two legs of
3.1 mm as shown in Fig. 3. For cases with a broader
fuel distribution, we chose the exponent n = 2, which
yields a half-width of 1.6 mm. The number of data
points was set to 300 to resemble the number of pixels
on frequently used CCD cameras. This corresponds
to approximately 20 pwm imaged onto one pixel.
These data were used to evaluate the performance of
the reconstruction procedures before we applied them
to measured data from a real spray. A variable total
attenuation of the laser beam intensity across the
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Fig. 4. Reconstructed fuel distribution:
ation and (b) 95% overall attenuation.
egies are shown for comparison.

(a) 50% overall attenu-
Both reconstruction strat-

spray was selected for the evaluation. Figure 3
shows the local intensities for an overall attenuation
of 95%. A linear gradient from left to right was su-
perimposed to mimic possible asymmetric fuel distri-
butions that can occur in real sprays. In view of the
ratio of two signals that has to be formed according to
Eq. (5), an offset of 0.01% of the peak signal was
added to the assumed distribution. Evaluation of
real data will have to use a similar offset to avoid

division by zero errors. This will not affect the quan-
titative nature of the measurement, because 0.01% of
the 14-bit resolution of frequently used CCD cameras
for these studies corresponds to less than two counts.
We calculated the local laser intensity for the for-
ward and backward beams assuming equal initial
intensity for both beams (see Fig. 4). With the local
intensities obtained, the expected signal induced by
each beam can be calculated for each position. In
view of Eq. (4), the individual intensities are added.

The analysis of the same data, by use of the deriva-

tive according to Eq. (9), poses the question as to

which method should be used to calculate the deriv-
ative. Although the derivative of the sine function
used for the model fuel distribution can be deter-
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Fig. 5. Observed deviation between true fuel distribution and
reconstructed profiles. Results shown are for both reconstruction
methods and fuel distributions. (a) 50% overall attenuation and
(b) 95% overall attenuation.

mined analytically, this will not be possible with an
arbitrary, and possibly noisy, measured signal. Cal-
culation of forward—backward differences is a simple
and frequently used approach to determine the de-
rivative for signal images.* At a point x,, the deriv-
ative is determined as

d _ fx,1) — flx,9)
3 L) =

(10)

This calculation can be performed quickly and easily.
Given that the spatial resolution of CCD cameras is
quite limited, significant errors for the derivative in
regions where the gradients change rapidly, i.e., the
region near the peaks of the assumed fuel distribu-
tion, would be expected.

Reconstructed distributions for 50% and 95% over-
all attenuation are shown in Figs. 4(a) and 4(b). All
profiles were normalized to unity at their highest
intensity. Deviations are discussed as a percent dif-
ference with respect to the original intensity level.
In the case of 50% attenuation, both reconstruction
methods recover the structure and intensity ratio of
the two peaks within acceptable error limits. Nei-
ther the narrow nor the wide distribution is spatially
overly distorted. Local deviations are shown in Fig.
5. Comparison between the original and the recov-
ered profiles is even more favorable when we consider

30
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20 4

- & Narrow spray
lo Wide spray

Deviation of small peak [%)
&

0 20 40 50 &0 100

Overall attenuation [%]
Fig. 6. Maximum deviation of the smaller peak between the true
and the reconstructed distribution for the narrow and wide distri-
bution as a function of the overall attenuation of the exciting laser
beams. The intensity of the larger peaks was scaled to unity as a
reference.

that skewing the profiles leads to apparently high
local deviations. However, when measured signals
are considered, it will reveal that the deviations
shown in Fig. 5(a) for the low-attenuation case are
insignificant within the noise level of a measurement.

The evaluation of the model distribution by use of
Eq. (9) clearly shows errors that are due to the dif-
ferentiation scheme. Deviations of 15% are ob-
served, yet the overall structure of the assumed
distribution has good recovery. A singularity in the
center of the model profile occurs for the wide model
function because of numerical reasons. In compari-
son with the 50% overall attenuation, the reconstruc-
tion for distributions that attenuate the light by 95%
shows the limitations of the linear addition of the two
signal contributions. For both model distributions,
a substantial spatial distortion is noted, resulting in
unacceptable reconstruction values, in particular for
the wide distribution. The spatial shape of the nar-
row profile could be regarded as sufficient reconstruc-
tion; however, the peak intensity ratio is not
recovered. The error of the peak intensity ratio
when the reconstruction uses Eq. (4) is plotted in Fig.
6 as a function of the overall attenuation. The re-
construction based on Eq. (9) recovers the original
distribution with reasonable accuracy in terms of
spatial shape and peak ratio.

In view of experimental research, it is interesting
to examine how much influence the unequal initial
intensities for the forward and backward beams
have. For both fuel distributions, the change of any
of the initial intensities did not affect the ratio-based
reconstruction method, even in cases in which one
beam was an order of magnitude more intense. For
the simple addition-based approach, the results are
more diverse. In the case of the narrow fuel distri-
bution, differences between initial intensities of a fac-
tor of 2 will result in deviations of as much as 20%, up
from 7% for equal-intensity beams. For the wide
fuel distribution, the errors exceed 200%.

For a successful recovery of the true fuel distribu-
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tion in a spray by use of the counterpropagating illu-
mination and detection of the signals from both
beams simultaneously, the initial intensity of the
beams should be identical as much as possible. The
systematic error introduced by unequal initial inten-
sities is shown for a peak intensity ratio in Fig. 7.

An example of Mie-scattering images of an imping-
ing spray, obtained as an average of 15 individual
exposures, is shown in Fig. 8. It should be noted
that for illustration enhancement the gamma factor
for the display was chosen to be 2.9. Separate im-
ages for forward and backward illumination were re-
corded and then added to analyze the overall
attenuation. The overall attenuation across the
spray should not exceed approximately 80% to keep
systematic errors below 10% (see Fig. 6). A simple
check for the overall attenuation is to record averaged
images with one excitation beam only and then to
calculate the ratio of the two images. A maximum
attenuation of 80% will result in a measured signal
intensity ratio I¢,,warq t0 Ipackwara Of 100/20 = 5 for
the left-hand side of the image whereas the ratio will
be 20/100 = 0.2 for the right-hand side. If the ratio
anywhere in the image is within these limits, the
reconstruction by use of Eq. (4) will be successful.
This is shown in the profile of Fig. 9.

Our attempts to reconstruct the fuel distribution
using Eq. (10) from the measured individual images
of Fig. 8 failed. When the differentiation according
to Eq. (10) is used, the noise in the experimental data
leads to negative values for recovered signal intensi-
ties. We did not obtain a satisfactory improvement
by Gaussian filtering the data to remove noise. Un-
less better filtering schemes are applied, this method
is not suitable to reconstruct the true fuel distribu-
tion, despite its superior theoretical quality.
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Fig. 8. Averaged Mie-scattering images of an impinging spray.
A horizontal profile at the indicated location is extracted for nu-
merical illustration.

B. Signal Attenuation

Attenuation of the LIF signals reaches 60% when the
signals from the cuvette travel through the entire
spray. In a single spray event, as shown in Fig. 10,
an inverse top-hat profile is measured. This type of
profile, and the information obtained from the cor-
rected LIF images, shows that attenuation of the LIF
signals occurs only in the outer regions of the spray
where the droplet density is high. This means that
LIF images measured with the exciting beam located

25

Ratio forward/backward

0.5

5 3 4 i 3 5

x [mm}
Fig. 9. Ratio of Mie-scattering signals obtained by forward and
backward illumination only. The profile is calculated from the
data of Fig. 8.
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Fig. 10. Single-shot transmission measurement for LIF signals
through a hollow-cone spray.

in the center of the spray will be measured with an
attenuation of approximately 25—-30%, which does not
change much spatially. This finding simplifies the
reconstruction of spray measurements considerably.
Caution should be applied for measurement of un-
known sprays, as the spatial distribution of the fuel
will not always be symmetric. The setup for the
laser dye cuvette for the signal attenuation measure-
ments is simple and quick. The performance of such
a measurement, especially when there is an apparent
strong deviation from a hollow-cone structure, is rec-
ommended. Ignoring the attenuation effects would
lead to systematic errors of the order of 30% for ab-
solute data. The relative error, however, as given by
the deviation from a flat profile is considerably
smaller.

5. Conclusions

The detailed investigation of attenuation effects in
imaging experiments of hollow-cone sprays revealed
that a simple bidirectional excitation setup could be
used successfully to measure Mie scattering and LIF
signals for a wide range of conditions. To keep sys-
tematic errors below 10%, the overall attenuation of
each beam should not exceed 80%. The initial in-
tensity ratio of forward and backward beams sensi-
tively influences the measurements. Under these
conditions a bidirectional illumination allows ade-
quate imaging of hollow-cone sprays by use of a single

CCD camera only. Sequential measurement of sig-
nals for each exciting beam and processing the data
with a different algorithm based on spatial deriva-
tives could avoid the discussed restrictions. No de-
pendence of the reconstructed images on initial laser
intensities occurs when this approach is used. The
method that extracts the true distribution by the gra-
dient of the natural logarithm of the ratio of the
measured signals has no restriction for the intensity
or spatial distribution of the fuel. However, resolu-
tion effects are noted in particular when a simple
differentiation scheme is used. Furthermore, noise
from the measured images could not be removed suf-
ficiently to allow the application of the gradient-
based method. New filtering schemes, such as
nonlinear anisotropic diffusion techniques,’® show
promising results and will be tested for this applica-
tion.

Analysis of the attenuation of fluorescence signals
by sprays showed values of the overall attenuation to
be similar to the attenuation of exciting laser beams.
Although a single-shot image reconstruction for this
effect seems difficult because of a lack of three-
dimensional fuel distribution data, information about
averaged signal attenuation can be used to judge the
estimated local error.
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