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Abstract

A methodology to improve the accuracy of liquid volume fraction measurement in a dense spray is presented. A combina-
tion of experimental technique, structured laser illumination and planar imaging (SLIPI) and numerical corrections is used
to overcome losses in conventional planar laser-induced fluorescence (PLIF) imaging. A quantitative distribution of liquid
volume fraction in a plane is obtained using corrected SLIPI-PLIF signal and PDIA (particle/droplet imaging analysis) tech-
nique. The methodology is applied to air-blast sprays for GLRs (gas to liquid mass ratio) 1, 2.5 and 4. The effect of multiple
scattering is significantly high in the conventional PLIF signal imaging. A hollow cone spray geometry is observed at a GLR
of 1 using the improved imaging technique. An increase in GLR from 1 to 4 leads to uniform distribution of liquid in a spray
plane. A significant contribution of multiple scattering (~ 62%) is observed in the conventional PLIF signal at GLR 4 along
the axis of the spray. The symmetry in the SLIPI-PLIF signal is restored using the numerical corrections. The liquid volume
fraction measurements from SLIPI-PLIF technique are further improved with the numerical corrections.

1 Introduction

Atomization of liquid governs process efficiency in many
industrial applications. Distribution of liquid controls
effectiveness of processes in spray coating, pharmaceutical
applications, combustion devices, etc. [19]. Air—fuel mixture
formation process, and hence emissions and combustion, are
influenced by the liquid fuel distribution in a combustor [18,
33, 34]. Therefore, it is important to measure the distribution
of liquid fuel (liquid volume fraction) in a spray.

Planar laser-induced fluorescence (PLIF) and laser beam
extinction are commonly employed optical techniques for
liquid volume fraction measurements in a spray [10, 12, 29].
Labs and Parker [17] measured liquid volume fraction in a
diesel spray using extinction of infrared wavelength laser
beam at various axial and radial locations. This is a point
(probe volume diameter 0.15 mm) measurement technique
and involves longer measurement times to get planar liquid
volume fraction distribution. Liquid mass distribution in a
spray plane can also be obtained using PLIF imaging [11].
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However, various losses in PLIF signal measurement results
in error in the liquid volume fraction measurements [11, 20,
27]. The scattering and the absorption of a laser sheet, due to
droplet clouds in a spray, reduce the intensity of the incident
laser sheet. This loss is termed as laser sheet extinction loss
[6, 7, 20, 31]. The fluorescence signal, which travels from a
laser sheet to a detector, is absorbed in liquid droplets due to
overlapping of emission and absorption spectra of the fluo-
rescence dye [4]. This loss is termed as auto-absorption of
the fluorescence signal. The multiple scattering of a signal,
also called as secondary emission, may be another important
source of an error in laser sheet imaging [9, 13, 20]. Many
attempts have been made to compensate these losses. Talley
et al. [30] proposed a correction for laser extinction using
counter-propagating laser sheets. Koh et al. [11] corrected
signal attenuation using the geometric mean value of the
intensities, obtained using two cameras. The loss in the fluo-
rescence signal due to auto-absorption of the fluorescence
signal and absorption of the laser sheet can be corrected
using Beer—Lambert’s law [26]. Abu-Gharbieh et al. [1] pro-
posed an approach to compensate a loss in a laser sheet due
to scattering [26]. Overall, various correction methods have
been proposed in the literature to correct losses due to laser
extinction and signal attenuation in the PLIF signal.
Deshmukh and Ravikrishna [8] proposed a methodology
to measure planar liquid volume fraction in dense sprays
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using PLIF and particle droplet imaging analysis (PDIA)
techniques. Numerical corrections were used to compen-
sate signal attenuation and laser extinction loss in the PLIF
signals. However, the contribution of multiple scattering
was neglected in this work. Labs and Parker [16] quantified
errors from multiple-scattering effects for the infrared scat-
tering in liquid volume fraction measurement at an ambient
condition, high ambient pressure, and a combusting condi-
tion. Labs and Parker [16] reported a large error in measure-
ment due to multiple scattering effects at the high ambient
pressure and non-evaporative conditions due to higher opti-
cal depths at these conditions. Brown et al. [4] attempted
to reduce multiple scattering by scanning the spray with a
narrow laser beam, instead of a laser sheet, in a fan spray.
They observed that the results were consistent with phase
Doppler anemometry measurements. However, this method
involves a long measurement time. A planar technique,
structured laser illumination planar imaging (SLIPI) reduces
the contribution of multiple scattering in a planar imaging
[2, 3, 13, 14, 22]. The SLIPI technique reduces the effect of
multiple scattering in Mie and PLIF imaging which can be
used in dense sprays to get more accurate measurements of
droplet diameter, spray structure, liquid volume fraction and
temperature [3, 13, 22, 25]. A combination of SLIPI-PLIF
and SLIPI-Mie is used to obtain drop sizing in a plane in a
hollow cone spray [23]. Furthermore, SLIPI-PLIF is used to
measure temperature of liquid using a combination of SLIPI
and two-color PLIF [22, 25]. Mishra et al. [25] used SLIPI
with two-color PLIF to measure water temperature in the
range of 25-85 °C in cuvette and in hollow cone spray. They
reported improvements in sensitivity of the temperature
measurements and more pronounced temperature gradients
within the spray. Air entrainment and local equivalence ratio
measurements are carried out using SLIPI-PLIF technique
in a heavy-duty, optical diesel engine. It was observed that
conventional PLIF measurements overestimate local equiv-
alence ratio due to contribution of multiple scattering [5,
28]. However, SLIPI signals require corrections for laser
extinction and signal attenuation using the numerical models
for reliable measurements. Planar imaging techniques are
preferred in literature since they provide planar distribution.
Various losses in laser sheet and signal poses difficulty in
using quantitative information from these techniques. It is
necessary to improve these methods to get more accurate
measurements.

In this work, the combination of SLIPI and numerical
correction models is used to reduce contribution of multiple
scattering and other errors in the PLIF imaging. A methodol-
ogy to develop a Ronchi grating for high energy density laser
is given. The liquid volume fraction measurements with
SLIPI-PLIF signal are improved with the numerical cor-
rections. The modified methodology is applied to air-blast
sprays which are extensively used in stationary combustion
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devices. Liquid volume fraction from SLIPI-PLIF technique
with numerical corrections is compared with that from PDIA
technique at various radial locations. Planar liquid volume
fraction from SLIPI-PLIF signal with numerical correction
is obtained at GLRs 1, 2.5 and, 4 in the air-blast sprays.

2 Experimental setup

The experimental setup consists of an air-blast spray rig and
optical arrangements for PDIA technique and SLIPI experi-
ments to capture Mie and PLIF signals (Fig. 1).

An optical arrangement consists of an Nd: YAG pulsed
laser (4 = 532 nm, 200 mJ max. energy, 10 ns pulse width)
as an illumination source. A combination of spherical and
cylindrical lenses is used to generate a laser sheet of 60 mm
height and thickness ~ 1 mm. Mie and PLIF signals are
captured using a CCD camera (PCO Sensicam) and a macro
lens. The field of view of the camera including imaging lens
is 88 mm X 60 mm in Mie and PLIF imaging with a pixel
resolution of 88.5 pm per pixel. PLIF signal is acquired
using a bandpass filter (centered at 560 nm, 32 nm FWHM)
and a fluorescent dye (Rhodamine 6G with the concentration
of 20 mg/L in water).

A Ronchi grating is an important element in the SLIPI
experiments. Commercially available Ronchi gratings are
damaged due to a high energy density of pulsed laser beam.
A Ronchi grating (5 Ip/mm) is developed using a sputtered
thin film coating (thickness 500 nm) of aluminum on a glass
slide. A mask is developed using a UV lithography. A wet
etchant of acetic acid, phosphoric acid, and nitric acid is
used for etching at room temperature (27 °C) for 3 min [32].
The developed Ronchi grating is able to withstand the high
energy input of the laser beam. A frequency cutter is used to
minimize unwanted residual line structure in the final SLIPI
image. The Ronchi grating is moved in a vertical direction
using a translational stage (5 pm resolution) to achieve spa-
tial modulation of the structured laser sheet.
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Fig.1 An optical arrangement for SLIPI measurements. A Nd: YAG
Laser, B spherical convex lens, C Ronchi grating with translation
stage, D cylindrical lens, E frequency cutter, F air-blast spray, G CCD
camera with macro lens and optical filter, H optical table
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The experimental setup for the PDIA technique consists
of a long-distance microscope coupled with a CCD camera
to obtain a field of view of 1.92 mm X 1.44 mm. The liquid
volume fraction at a point is determined with PDIA tech-
nique at respective operating conditions using depth of field
of the optical setup [15]. An uncertainty in liquid volume
fraction measurement in the PDIA technique is estimated
as 24%. A commercially available externally mixed Delavan
air-blast atomizer (30609-2) is used to generate an air-blast
spray. The experiments are performed under non-evapora-
tive ambient conditions. The water flow rate is kept constant
(12 mL/min), and air flow rate is varied to get GLRs (gas to
liquid mass ratio) 1, 2.5 and 4.

3 Methodology

The loss in the PLIF signal, due to scattering and absorption
of the laser sheet, absorption of the fluorescence signal, and
multiple scattering, is compensated with experimental and
numerical corrections. The methodology for experimental
and numerical corrections is given below.

e A spatially modulated laser sheet is used in the SLIPI
technique to reduce multiple scattering in PLIF and Mie
signals. The spatial modulation of the structured laser
sheet is obtained by moving the Ronchi grating in the
vertical direction using a translational stage. Three spa-
tially modulated sub-images (I;, I, and I;) are acquired
at the period of one-third of the modulation. The SLIPI
image is calculated using modulated images with Eq. 1.
A conventional image (/) is obtained using Eq. 2. Vari-
ous corrections, such as offset correction, mean intensity
correction, and field-dependent correction, are applied on
a SLIPI image to reduce residual line structure in a SLIPI
image [13, 24]. Final SLIPI images for PLIF (SLIPI-
PLIF) and Mie (SLIPI-Mie) are obtained by averaging
150 SLIPI images.

V2
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The averaged SLIPI images are then corrected for vari-
ous losses with numerical corrections.

e The energy of the laser sheet reduces due to scattering
while passing through the spray of high droplet number
density. This loss in incident laser sheet leads to an error
in SLIPI-PLIF signal. The scattering loss can be cor-
rected using correction matrix (CM,, (x, ) as proposed

by Abu-Gharbieh et al. [1]. The corrected signal is given
by:

_ ¢old
S?;‘;V) - S?x,y) ’ CMMie(xv y)

! 3
where CMy;.(x,y) =exp | K - . S?xe;)
prar

where S;’X'dv) is the observed pixel intensity in the SLIPI-
Mie image, SE‘;‘;’) is the compensated value for that pixel

and K is an unknown constant. x is the distance from the
nozzle tip along the axis of the spray and y is the radial
distance in the direction of laser sheet. The unknown
constant K is selected such that both sides of the spray
image become symmetric about the spray axis assuming
the spray is symmetric. The correction matrix (CMyy;.)
is used to correct SLIPI-PLIF signal for the loss due to
scattering of the laser sheet, using Eq. 4.

PLIFCOIT q¢ring (%, ) = PLIF(x, y) X CMy;;¢(x, ) 4)

The fluorescence signal is proportional to the volume of
the liquid (Vi) present in the total pixel volume (Vi) [8,
26]. This is defined in terms of equivalent density (p,) as
given in Eq. 5:

Pe =P T 4)

Thus, the fluorescence signal in terms of p, is given as:

Se(x,y) = K| - p. (x,¥). (6)
The constant K, in the Eq. 6 is determined using the
PDIA technique by calculating the total volume of drop-
lets present in the measurement volume, i.e., liquid vol-
ume fraction at a point.

The absorption of the fluorescence signal in the spray due
to overlapping of emission and absorption spectra of the
dye is corrected using Beer—Lambert’s law. Similarly,
the loss in the incident intensity of the laser sheet due
absorption in the spray is corrected separately. The com-
bined equation for laser sheet scattering and absorption
correction and auto-absorption correction of the PLIF
signal is given by:

PLIFcorr(x, y) = SLIPI-PLIF(x, y) - CMyy, (%, )

y=L
- exp (/ a-pe(x,y)-dy>
y=0 @)
=t
- exp < / Ao * Pe(X,2) - dz>
z=0
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where a is absorption coefficient (1.5830 m? /kg) and
a,,, is auto-absorption coefficient (0.7352 m? /kg) for the
dye and t is the liquid column present between the detec-
tor and the laser sheet (m), i.e., in z direction. The values
of L and t are calculated as a distance from the spray edge
to a pixel (x, y) in a binary PLIF image assuming the
spray symmetry. The values for a and a,,,, are obtained
using a cuvette experiment and Beer—Lambert law for a
known concentration of the dye. Equations 5 and 7 are
solved simultaneously and iteratively to obtain p.(x,y)
and PLIFcorr(x, y). Equation 5 is then used to determine
liquid volume fraction in a plane. More information on
the numerical corrections can be found in the references
[1, 8, 26].
A detailed methodology to obtain planar liquid volume
fraction in a spray using SLIPI-PLIF technique and PDIA
technique along with numerical corrections is explained in
a flowchart given in Fig. 2.

l SLIPI Measurements

PDIA Measurements

Microscopic
shadowgraphy

Averaged SLIPI-Mie
signal (SLIPI-Mie)

Averaged SLIPI-PLIF
signal (SLIPI-PLIF)

Correction matrix for the laser sheet scattering
correction (CFyy,)

1 I

Image processing

CFic X SLIPI-PLIF .
l Drop sizes
Absorption correction Depth of field
l correction

l

Volume fraction
at a point

|
Equivalent

Corrected SLIPI-PLIF image density (p,)
distribution

Planar liquid volume fraction
stribution

Auto-absorption correction

Fig.2 A detailed methodology to obtain planar liquid volume frac-
tion in a spray using SLIPI-PLIF technique and PDIA technique
along with numerical corrections
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4 Result and discussion

PLIF and Mie images are obtained using conventional and
SLIPI techniques. These images are further corrected for
losses. The improvement in the signals is compared in the
following section.

4.1 Influence of corrections on the SLIPI-PLIF signal

Figure 3 compares PLIF signal from conventional and
SLIPI-PLIF imaging at 30 mm below the nozzle tip for GLR
4. The laser sheet enters the spray from the left side. The
conventional PLIF signal is higher than SLIPI signal at most
of the locations. The difference in the PLIF signals may be
attributed to the contribution of the multiple scattering due
to high optical depth. The difference is significantly higher
(around 62%) along the spray axis. This confirms that the
contribution of the multiple scattering in the conventional
PLIF signal can not be neglected.

Both the PLIF signals, conventional and SLIPI, are
observed to be asymmetric about the spray axis. This asym-
metry can be attributed to the laser sheet extinction. The
symmetry is restored using the laser sheet absorption and
the laser sheet scattering corrections. It is observed that con-
tribution of laser sheet scattering correction is higher com-
pared to that of absorption and auto-absorption corrections.
A large number of small droplets are generated due to better
atomization at this GLR condition. Hence, due to low liquid
volume fraction, the contribution of absorption and auto-
absorption corrections might be lower. Similarly, due to high
droplet number density, the contribution of the laser sheet
scattering correction might be higher. The observations are

---Conventional signal
. —SLIPI

R — Scattering correction
. |~ Absorption correction
“.,.‘ — All corrections

=
(o)
T

=)

=
T
.

Normalized PLIF signal
= =
PR

<
N

e
99

02 -15 -10 =S5 0 5 10 15
Radial distance [mm)]

Fig.3 Conventional and SLIPI-PLIF signals with numerical correc-
tions at 30 mm below the nozzle tip for GLR 4. The laser sheet trav-
els from left to right
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further confirmed in Fig. 4 where the SLIPI-PLIF image at
GLR 4, before and after numerical correction, are compared.

Numerical corrections have improved the symmetry of the

SLIPI-PLIF signal. In the uncorrected SLIPI-PLIF signal,
the right half of the spray shows a lower signal intensity.
The symmetry in the PLIF signal intensity about spray axis

is restored in the corrected SLIPI-PLIF

Fig.4 SLIPI-PLIF images
before and after the numerical
corrections for GLR 4. The

image.

4.2 Comparison of liquid volume fraction profiles
from conventional and SLIPI-PLIF technique

The liquid volume fraction in the axial plane is obtained and
compared for GLRs 1, 2.5 and, 4 using the PDIA technique.
The numerical corrections are applied to improve the accu-
racy of the measurements.

Figure 5 compares liquid volume fraction profiles
from conventional and SLIPI-PLIF techniques at 30 mm
below the nozzle tip for GLR 4. The liquid volume frac-
tion from SLIPI-PLIF is slightly lower than that from con-
ventional PLIF. This lower liquid volume fraction from the
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Fig.5 A comparison of conventional and SLIPI liquid volume fraction profiles at 30 mm below the nozzle tip for GLR 4. The laser sheet travels

from left to right
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SLIPI-PLIF technique may be attributed to the reduction in
the multiple scattering in the PLIF signal due to the SLIPI
technique. The major difference in the liquid fraction profile
is observed along the spray axis, where SLIPI-PLIF tech-
nique showed a bimodal distribution of the liquid volume
fraction (Fig. 5b) compared to that of bell-shaped distri-
bution from the conventional PLIF technique (Fig. 5a). A
bell-shaped distribution shows that most of the liquid is
accumulated along the spray axis, and hence a solid cone
spray. On the other hand, a bimodal distribution indicates
accumulation of the liquid around the edges of the spray.
This implies a semi-solid cone spray at this axial distance.
The bimodal distribution of liquid is further confirmed
at GLR 1 condition. Figure 6 shows a comparison of lig-
uid volume fraction distributions from conventional and
SLIPI-PLIF technique at GLR 1. The spray is observed to
be a hollow cone spray from SLIPI-PLIF imaging (Fig. 6b).
The liquid volume fraction distribution from conventional
PLIF showed a solid cone spray (Fig. 6a). To further con-
firm this finding, the liquid volume fraction profiles obtained
from SLIPI-PLIF and conventional PLIF are compared with
PDIA measurements at various radial locations for GLR 1
(Fig. 7). Liquid volume fraction measurements from con-
ventional and SLIPI-PLIF technique are in good agreement
with that from PDIA measurements at spray periphery.
However, a significant deviation is observed between liquid
volume fraction from conventional PLIF imaging and that
from PDIA technique along the spray axis. A contribution
of multiple scattering in the conventional PLIF signal might
have led to this disagreement. The liquid volume fraction
measurements from SLIPI-PLIF technique are in good
agreement with that from PDIA technique along the spray

Fig.6 A comparison of conven-
tional and SLIPI liquid volume 0
fraction distributions for GLR 1

Distance below the nozzle tip [mm]

-:30 -20 <10 0

10 20
Radial distance [mm]

-4
x 10
T T T
— SLIPI-PLIF signal
12r — After scattering correction
— After absorption correction
- ---All corrections
k) = PDIA
§ 10F
fi=] - --Conventional PLIF imging with all corrections
o
g
=
o
>
S
E
—

Radial distance [mm]

Fig.7 A comparison of liquid volume fraction profiles from conven-
tional and SLIPI-PLIF with various numerical corrections with liquid
volume fraction from PDIA for GLR 1 at 30 mm below the nozzle tip

axis. This confirms that contribution of multiple scattering
is reduced in the SLIPI-PLIF imaging.

Figure 7 compares the contribution of the numerical cor-
rections in liquid fraction measurements using SLIPI-PLIF
signal. The contribution of scattering correction is minimal
due to low droplet number density at GLR 1. Large drop-
lets are generated due to the poor atomization of the lig-
uid at GLR 1. Hence, droplet number density might be low
which might have reduced the contribution of the laser sheet
scattering correction at GLR 1. The auto-absorption cor-
rection showed a marginal improvement. The contribution

| | / "“ ‘L‘. B !
30 -3 -2 -0 0 10 2 X
Radial distance [mm]

(a) Conventional liquid volume fraction dis- (b) SLIPI liquid volume fraction distribution

tribution
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of absorption of the laser sheet correction is high due to
high liquid volume fraction which might absorb energy in
the incident laser sheet. The maximum improvement in the
liquid volume fraction measurement with all numerical cor-
rections (around 18%) is observed at the spray periphery
for GLR 1.

4.3 Radial liquid volume fraction profiles at various
axial locations

Figure 8 compares the radial liquid volume fractions dis-
tribution at 20 mm, 30 mm, 40 mm and 50 mm below the
nozzle tip for GLR 1 and 4. The liquid volume fraction pro-
files at GLR 1 shows that most of the liquid is accumulated
along the spray periphery. This suggests a hollow cone spray
structure at this GLR condition. At higher GLR condition
(GLR 4), two distinct liquid volume fraction profiles are
observed. The profiles at 20 mm and 30 mm below the noz-
zle tip shows bimodal distribution, whereas bell-shaped
profiles are observed at 40 and 50 mm axial locations. This
variation in radial liquid volume fraction profiles suggests a
semi-solid cone spray at GLR 4. The transition of the spray
from hollow cone spray to semi-solid cone spray with an
increase in GLR may be attributed to an increase in axial
velocity of the atomizing gas. The increased momentum of
gas might have promoted uniform liquid distribution [21].

4.4 Planar liquid volume fraction at GLRs 1, 2.5
and 4

The liquid volume fraction distribution at GLRs 1, 2.5 and, 4
is compared in Fig. 9. GLR 1 shows significantly higher lig-
uid volume fraction (max. 2 x 1073) along the spray edges.

12X 10°

=
)

N
'

Liquid volume fraction
IS
(=2

0.2} i
—%0 -20 -0 0 10 20 30
Radial distance [mm]

(a) GLR 1

This gives a hollow cone spray geometry at lower GLR. The
swirling liquid with lower kinetic energy in the atomizing
gas might have caused poor atomization of the liquid and
larger droplets spread around the spray edges. Moreover,
the liquid is spread non-uniformly at this GLR condition.
When GLR is increased to 2.5 (Fig 9b), the liquid volume
fraction decreased considerably (max. 1 x 10~3). This can be
attributed to an improved atomization due to an increase in
kinetic energy of the atomizing air. However, the liquid is
distributed unevenly in the spray plane, which may lead to
arich and lean pockets of the fuel-air mixture in a combus-
tion chamber. At GLR 4 (Fig. 9¢), low liquid fraction (max.
3.5 x 107) is observed. The liquid is distributed uniformly
which may further result in better combustion efficiency and
lower emissions from a combustion device.

5 Conclusion

A methodology is proposed to improve the accuracy of lig-
uid volume fraction measurement in a spray using combi-
nation of experimental and numerical tools. Liquid volume
fraction distribution in a plane of an air-blast spray is meas-
ured using the SLIPI-PLIF technique. The SLIPI technique
is used to reduce the error in the conventional PLIF signal
due to multiple scattering. The errors due to laser sheet scat-
tering, absorption of the laser sheet and auto-absorption in
the SLIPI-PLIF signal are corrected using the numerical
model. The contribution of multiple scattering is significant
(~ 62% for GLR 4, at 30 mm below the nozzle tip along the
spray axis) in the conventional PLIF signal and hence can-
not be neglected in the measurements. The symmetry in the
SLIPI-PLIF signal intensity about spray axis is restored in

15

Ja—
()

-

Liquid volume fraction

2 -15 -10 -5 0 5
Radial distance
(b) GLR 4

Fig. 8 Radial liquid volume fraction profiles at various axial locations for GLR 1 and GLR 4
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Fig.9 Planar liquid volume fraction distribution at GLRs 1, 2.5 and 4 using SLIPI-PLIF technique

the corrected SLIPI-PLIF image using the numerical cor-
rections. The improvement in the liquid volume fraction
measurements is around 18% at spray periphery for GLR
1. The spray geometries from conventional PLIF showed a
solid cone spray, whereas a hollow cone spray is observed
from SLIPI-PLIF images at GLR 1 condition. The hollow
cone geometry is further confirmed by comparing the lig-
uid volume fraction measurements from PDIA technique.
A good agreement is observed between SLIPI-PLIF and
PDIA liquid volume fraction measurements. The modified
methodology is used to measure planar liquid volume frac-
tion in the air-blast sprays at GLR 1, 2.5 and 4. High liquid
volume fraction with unevenly distributed liquid is observed
at GLR 1 and 2.5. A uniformly distributed liquid is observed
at GLR 4 due to improved atomization. The results show that
presence of multiple scattering in conventional PLIF imag-
ing cannot be neglected when these are used for quantitative
or qualitative analysis.

Funding Funding was provided by SERB-DST India (Grant no. SB/
S3/MMER/0028/2013).
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