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Abstract: The present review describes the current achievements in the applications of a planar
laser-induced fluorescence (PLIF) method for the diagnostics of liquid films, bubbles, individual
droplets, and sprays. Such flows are related with strongly curved interphases, which often results in
additional high errors during the PLIF data quantification because of laser light reflection, refraction,
and absorption. The present review demonstrates that a two-color PLIF approach and a PLIF
modification for regularly structured illumination resolves the reflection- and refraction-caused
errors. The latter modification ensures proper phase separation in the measurement cross-section
and visualization of the interface dynamics. The former approach provides the accurate evaluation
of the local temperature and concentration both in liquid and gaseous phases even in the case of
strong variations of the laser sheet intensity. With intensified cameras, the PLIF method is used
for multi-parameter diagnostics of the two-phase combustion of sprays in combustion chambers
with optical access. It visualizes and quantifies the liquid fuel evaporation and mixing, to measure
temperature in the gas and liquid phases and to reveal the regions of pollutant formation. The PLIF
technique can also be easily combined with a particle image (or tracking) velocimetry method, to
evaluate local heat and mass transfer.
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1. Introduction

The Planar Laser-Induced Fluorescence (PLIF) technique has become a powerful tool
for the quantitative imaging of heat and mass transfer and chemical reactions in different
applications of single-phase and multi-phase flows, ranging from micro- and nanoscale
fluidic devices and biological samples to large-scale industrial applications. The current
development of the PLIF technique for micro- and nanoscale problems pursues the super-
resolution imaging of molecular transport, chemical reactions, properties of cells and their
interactions, and single-molecule spectroscopy [1-7]. The operation of many industrial rigs
and chemical reactors is related with interfacial transfer phenomena in two-phase flows,
such as liquid films and bubbles, droplets, and sprays. These flows are associated with
intensive interphase heat and mass transfer during boiling and cavitation, evaporation
and adsorption, freezing and solidification, and often with chemical reactions, such as
spray combustion. The application of PLIF methods allows for the study of these complex
problems in details (e.g., see [6-14]) to improve the efficiency of heat exchangers, powder
sprinklers, chemical reactors, combustors, and other devices. However, the extraction of
quantitative information from the raw PLIF images relies on a number of data processing
routines, including the spatial calibration of images, absorption/attenuation correction,
linearity verification, compensation of the spatial non-uniformity of detector sensitivity,
and illumination (see [15-19], among others).

Liquid films are conventionally defined thin layers of liquid between a solid surface
and gaseous environment. The case when there is a contact line between the solid surface,
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liquid layer, and gaseous environment is usually referred to as a rivulet flow. Liquid
films often form as a liquid layer between two regions, filled with gas, such as the walls
of a soap bubble or a planar/annular liquid sheet in air-blast or simplex atomizers. An
obvious example of the film flows is a gravity-driven thin liquid layer over a vertical
or inclined plate, which is commonly used in chemical reactors, food industry, painting
technology, and decorative installations. The lubrication oil in complex machinery usually
forms a film over the mechanical parts of equipment. Liquid film flowing over corrugated
surfaces is common in distillation columns, refrigeration, evaporators, and desalinators.
Thin liquid films are formed around Taylor bubbles in slug and churn regimes of gas-liquid
and liquid-liquid flows.

The flow of the gas-liquid mixture with high superficial velocity of the gas phase would
eventually transform into an annular gas-liquid flow, where liquid film flows along the
duct walls being sheared by the high-velocity gas stream in the duct center. The multiphase
flow regimes from slug to annular are common in the production and transportation of
hydrocarbons, nuclear reactors, propulsion engines, solar energy plants, cooling systems,
mucus transport in human airways, etc. Liquid films are formed when a spray or jet of
liquid impacts a solid surface, which is related to diesel engines and spray cooling systems.
There are numerous methods of film thickness measurements based on different physical
principles (see, e.g., [20-22]). These include conductance/capacitance techniques, shadow
imaging, absorption of radiation (including visible and near-infrared light, gamma-rays,
and X-rays), methods based on light reflection (Laser-Focus Displacement, Chromatic
Confocal Imaging, and total internal reflection), refraction of light (e.g., Synthetic Schlieren
technique), ultra-sonic reflection technique, etc. Two widely used methods of film thickness
measurements employ the phenomenon of Laser-Induced Fluorescence (LIF), i.e., the
absorption and re-emission of incident light using a fluorescent dye dissolved in fluid.

Bubbly flows are frequently encountered in nature and have several practical ap-
plications. In turbulent flows, the presence of bubbles provides mutual interactions of
continuous and dispersed phases and results in the complication of a flow structure in
comparison to the single-phase case. Starting from the works by Serizava et al. [23], there is
a lot of experiments presented in the literature on studying the suppression or enhance-
ment of turbulence by the bubbly dispersed phase. Depending on the size of bubbles and
characteristic scales of turbulence, various effects can be observed [24]. The trajectories
of bubbles can be affected by the anisotropic turbulence in liquid (turbulent dispersion),
while the motion of the bubbles and their agglomerates have an impact on the turbulence
in liquid (turbulence modulation) due to a number of physical mechanisms. In order to
study the complex structure and mechanisms of mutual interaction between the phases in
bubbly turbulent flows in detail, it is necessary to retrieve spatial distributions of liquid
and bubbles velocities, as well as the locations of bubbles.

Apart from pointwise measurement techniques, such as the electro-diffusion method [25]
and widely used optical fiber probes, there is a number of non-intrusive optical techniques
for the planar diagnostics of two-phase flows. The Shadow photography [26,27] Technique
(ST) is used extensively for the measurements of locations and shapes of bubbles when the
bubble shadow detection faces no difficulties. The main advantage of ST is that it can be
easily combined with Particle Image Velocimetry (PIV) or Particle Tracking Velocimetry (PTV)
techniques, when fluorescent tracers are used for the seeding of the carrier liquid phase. Such
a combination requires two (or even more) cameras with appropriate optical filters and a
diffusive light source (e.g., LED-array with a diffusive screen) with an emission spectrum
at distinct wavelengths than that of the laser source and those of fluorescence by the tracers.
The combination of ST and PIV-LIF allows for the detailed study of the dynamics of bubbles
and their interaction with liquid. One of the main problems faced in ST is the overlapping of
bubbles on images when void fraction is high enough. Nevertheless, the ST has been used
extensively for bubble detection in narrow column or channel flows for volumetric contents
of gas fraction up to 10%.
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The characteristics of heat and mass transfer processes in droplets of liquid in gas
flow or on a solid wall are needed when predicting the operation parameters of a wide
group of setups (for example, surface heat exchangers, counterflow and drip cooling
towers, evaporative cooling and spray drying systems, coating technologies, atomization
of fuels in combustion chambers, flue gas cleaning, etc.). Starting from the middle of the
last century, theoretical and experimental studies on the characteristics of heating and
the evaporation of liquid droplets under the conditions of conductive, convective, and
mixed heat transfer have been actively performed [28-31]. The analysis of reviews [32,33]
shows that the problem of determining the rates of heating and evaporation of droplets
remains the most relevant today. The numerical values of these parameters can be found
primarily by analyzing the dynamics of droplet temperature changes [34-37]. Until now,
the most common approach for the evaluation of droplet temperature was the technology
of thermocouple measurements [38—42].

For liquid droplets, as a rule, miniature fast-response thermocouples with a junction
diameter of several hundred microns are used [39,40]. Along with the availability and
simplicity of this approach [38-43], its application in practice has a number of signifi-
cant drawbacks: radiation losses; the thermocouple junction can significantly affect the
temperature inside the droplet; limited temporal and spatial resolution; and pointwise
measurements. It is very difficult to measure the temperature inside a moving droplet
(especially an aerosol droplet). In recent years, the PLIF method has been widely used to
study the processes of liquid droplet heating and evaporation. The results obtained can
be conditionally divided into three subgroups: droplets suspended on holders; drops on
hard surfaces; and droplets in a free fall or in a flow (including sprays). Further, within
the scope of the present work, the achievements of the PLIF applications, as well as the
limitations of this method, will be described.

The analysis of sprays, produced by different types of injectors, basically relies on
direct and ST visualization with a short-pulse illumination to retrieve the overall spray
shape and resolve possible defects of atomization, such as liquid jets, etc. The measurement
accuracy, acquisition frequency, and spatial resolution of ST based on X-ray radiography
have been improved sufficiently [44,45]. It is used for the spray diagnostics in optically
non-transparent configurations. Diffraction-based particle-sizing instruments are com-
monly used for the quantitative optical characterization of the spraying quality [46]. The
pointwise droplet size and velocity measurements are available by using the Phase Doppler
Particle Analyzer (PDPA) [47] and Time-shift [48] techniques. These two methods are
well-established and robust for the laboratory and industrial diagnostics of sprays (usually
without combustion). However, for the detailed analysis of unsteady sprays and sprays
with combustion, planar methods are indispensable. The PLIF method in combination with
Mie scattering imaging (often also processed using PIV/PTV) are successfully applied for
the visualization of droplet dynamics and fuel vapor concentrations [8,9,14]. Besides, an
interferometric droplet sizing (referred to as ILIDS and IPI) [49,50] can be used for the sizing
of micron-scale droplets by using ordinary optical lenses without special long-distance
microscope optics.

In the present review, we limit our scope using basic and well-established approaches
and optical configurations of the PLIF method for the imaging of heat and mass transfer in
basic two-phase flow configurations with strongly curved interphases: liquid films, bubbles,
and droplets (including sprays with combustion). The present review demonstrates that a
two-color PLIF approach and a PLIF method for regularly structured illumination have
proved to resolve the reflection- and refraction-caused errors and to separate the interphase
in the measurement cross-section. A multi-spectral PLIF imaging for different kinds of
molecules provides the evaluation of temperature and concentration distributions both in
gaseous and liquid phases.
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2. Liquid Films

Here, we consider only the cases when a liquid layer is bounded between a solid
wall and gas. The main parameter characterizing the liquid films is their thickness, i.e.,
the shortest distance from the solid wall to the interface. In the majority of practical
applications, the interface between the liquid and gas is not fixed and the film thickness
varies in time and space. Thus, the measurement technique should provide the value of the
local instantaneous film thickness with the characteristic temporal and spatial resolution
better than the smallest corresponding scales of the flow. Obviously, the more complex the
shape of film surface and its spatiotemporal dynamics, the stronger the requirements for
the measurement technique. Ideally, the measurements should be resolved on two spatial
coordinates and time; the spatial domain should be large enough to cover the important
stages of flow transformation.

Two widely used methods for film thickness measurements employ the fluorescence
phenomenon, i.e., the absorption and re-emission of incident light by molecules of a
fluorescent dye, dissolved in working liquid. For the effective excitation of a specific
fluorescent dye, a monochromatic light source with the wavelength close to the position of
the maximum in the dye absorption spectrum is required. The emission spectrum is shifted
toward larger wavelengths due to the non-radiative energy losses by the molecules (Stokes’
shift), which allows one to separate the re-emitted light (fluorescence) from the exciting light
using a long-pass optical filter. For dyes emitting in the visible spectrum, the fluorescence
intensity can be measured with a simple optical camera. The fluorescence intensity depends
on the intensity of the laser light, dye photochemical properties, dye concentration, and
solvent properties. When applied for the thickness measurements, the LIF technique has
a number of limitations and may yield significant over- or underestimations of the real
film thickness; thus, the LIF results should be handled with a great care. Only some of
these issues were reported in earlier works. In the present chapter, we conduct a systematic
analysis of shortcomings and drawbacks along with possible ways to reduce the error.

One of the aforementioned LIF approaches (in recent papers, it is called Brightness-
Based LIF or BBLIF) is based on the interrelation between the thickness of a liquid layer
and fluorescence intensity emitted by this layer. Each camera pixel collects the fluorescence
intensity along a ray passing through the liquid film. The whole length of this ray inside the
liquid should be illuminated by the light of a pulsed laser. Usually, the optical orientation
of the camera and the laser direction in the BBLIF nearly coincide. The integral value of
fluorescence can be recalculated into the film thickness by integrating the Beer—Lambert
law. This method allows for evaluating the film thickness over two spatial coordinates (e.g.,
see the recent examples [51-53]).

The planar LIF imaging across the films (i.e., the PLIF method) flows is based on the
illumination of the cross-section orthogonal to the wall, whereas the camera is oriented
under a large angle to the plane of the laser sheet. In this case, the thickness of the liquid
film is measured directly based on the size of the glowing area in the camera image. Thus,
in contrast to BBLIF, the PLIF method does not rely on the exact value of fluorescence
intensity: the fluorescence serves only as a marker, denoting the presence of dye-doped
liquid in a particular spatial area. This circumstance causes PLIF to be a very simple
and straightforward way of obtaining film thickness measurements. Table 1 provides a
summary of PLIF-studies of various liquid film flows. The first column lists the relevant
papers; the second column marks the groups of flows under study. Since the film thickness
measurements using PLIF are not directly related to the fluorescence properties, neither the
used laser type nor the dye characteristics are specified.
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Table 1. A summary of experimental works employing PLIF for film thickness measurements.
“X” /“Y”—measurement plane is along/across the flow direction; “W” /”I”"—camera and laser are
directed from the wall/interphase side; “A”—acute angle in unspecified; “C”,”V”, and “T” indicate
velocity, concentration, and temperature measurements, respectively.

Ref. The Object under Study Laser/Camera Angle 0 Sheet/Flow Add. Meas.
[54] W/W 35 X \Y
[55] I/W 90 X C
[56] - W/1 55 Y -
(57] Falling film on a plate W/W 35 X v
[58] 1/1 71 X T
[59] W/W 30 X -
[60] W/W 90 X -
[61] _ . I/1 A X -
[62] Gas-sheared film on a plate W/W 9 X ]
[63] /W 90 X -
[64] W/W 90 X -
[65] W/W 90 X -
[66] W/W 90 X T
[67] W/W 90 X C
[68] Gas-liquid W/W 90, 70 X B
[69] annular/slug/falling film W/W 75 X -
[70] flow in a vertical pipe W/W 90, 70 X -
[71] W/W 90 X -
[72] W/W 90 X -
[73] W/W 40 X -
[74] W/W 90 X -
[75] W/W 90 X -
[76] W/W 45 XY -
[77] I W/1 A Y -
Gas-liquid annular/slug flow
[78] in a horizontal pipe w/w %0 X v
[79] W/1 A Y -
[80] W/W 90 X -
[81] W/W 45 Y -
[82] /1 85 X -
[83] W/I 62 X \Y
[84] e . I/1 A X -
[85] Stratified gas-sheared flow LW 9 X v
[86] I/1 30, 50, 90 X -
(871 W/W 70 X \
[88] 1/1 A Y -
[89] Falling film on outer surface 1/1 90 Y -
[90] of a horizontal pipe I/1 90 Y -
[91] 1/1 90 Y -
[92] I/1 A Y -
[93] o . . I/1 90 Y -
[94] Liquid-liquid flow in a pipe 1 90 Y ]
[92] 1/1 90 Y -
[95] Spray-generated film on W/W 90 X )

a plate

The third column describes the layout of the laser and camera, whether they are
directed to the investigated section through the duct wall (W) or through the interface
(I). Most often, both the laser and the camera are directed to the investigated liquid film
through the duct walls (see Figure 1a). The advantage of this approach is that the effect
of the agitated interface on the measurements is minimized. However, the rays leading to
the camera may undergo refraction both on the inner and outer borders of the wall. This
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leads to the distortion of the image, especially for circular pipes. A method to compensate
such distortions is to use the pipe with the material with a refractive index close to that
of the working liquid (e.g., water is matched by the fluorinated ethylene propylene, FEP)
and to enclose the pipe in a rectangular optical box. However, the investigation through
the wall is impossible in some cases, e.g., when the liquid flows over a non-transparent
surface. In this case, both the laser and the camera rays penetrate the film through the
interface (see Figure 1b). The laser sheet illuminates a section of the film surface and the
film thickness can be estimated based on the position of the illuminated line in the camera
image. Sometimes, if only the position of the interface is of interest, the measurements can
be obtained without using fluorescence. Thus, opaque liquid [96] or infrared radiation [97]
may be used so the camera detects only the radiation reflected from the interface.

— Correction box
Film flow

FEP pipe
Water

PLIF camera (90 ©)

I

Laser sheet

~ Ronchi ruling-plate PLIF camera (70 °)

(a) (b)

Figure 1. Layout of camera and laser in PLIF-method. (a) Annular gas-liquid film in a circular FEP
pipe (enclosed into an optical box) viewed through the pipe wall. Two cameras with 6 of 70° and 90°
to the laser sheet are shown [70]. (b) A sketch of typical layout of laser and camera studying a liquid
film on a non-transparent flat plane through the interface.

The fourth column specifies the angle 6 between the laser sheet plane and the camera.
The angle between the camera axis and the laser sheet, §, is most often equal to 90°. How-
ever, smaller angles (down to 30°) are employed sometimes in order to avoid undesired
optical effects, as will be described below. The letter “A” in Table 1 denotes an unspecified
acute angle. The fifth column indicates whether the investigated section was oriented
along the flow (X) or across the flow (Y). The former is mainly aimed at studying the flow
development and wave propagation and the latter—at studying the three-dimensionality
of the flow. The last column denotes whether any additional measurements were carried
out using the same laser sheet. Here, letters “V”, “T”, and “C” denote the planar measure-
ments of liquid velocity, temperature, and the concentration of additives (mainly oxygen),
respectively. The letter “B” denotes the simultaneous measurements of film thickness using
the BBLIF approach.

Despite its apparent simplicity, the PLIF method has certain limitations and may
encounter numerous methodological difficulties. The list of shortcomings and distortion
sources is provided below.

1.  The PLIF measurements of the film thickness are limited to one section of the film.
This causes it to be inappropriate to study flows with essentially three-dimensional
waves and other flow structures. A way to overcome this limitation is to employ a
scanning device, as in [82,86,98]. In this case, the laser beam hits an inclined mirror
before being converted into a laser sheet. The mirror angle is changed by small
steps; as a result, the laser sheet is shifted normally to its orientation. This way, the
instantaneous film thickness can be obtained in a number of flow sections parallel
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to each other. Obviously, the full period of mirror rotation and acquisition of the
whole set of images must be much smaller than the characteristic time of the flow
under study.

The accuracy of the film thickness measurements is limited by the optical resolution
during the imaging. If the angle 6 is less than 90°, the resolution—and the accuracy
of the measurements—is coarsened as sin~! §. When the camera is viewing the
illuminated film section through an interface, the actual value of 6 will be further
reduced due to refraction, according to Snell’s law. Obviously, the thinner the film
under study, the better spatial resolution is required.

As a consequence, there exists a strong limitation on the maximum size of the region
of interrogation (Rol). If the Rol size is increased, the spatial resolution and, hence,
accuracy of the film thickness measurements decreases. Thus, the long-scale evolution
of the thin films cannot be studied with a single camera. Let us consider a film
with thickness h studied with a camera with N pixels along the longest dimension
of its matrix and the acceptable relative error set to 4. Then, the spatial resolution
is defined as a = h/d and the maximum length of Rol is defined as L = Na = Nh/d.
The intensity-based techniques are free of this limitation, since the accuracy of film
thickness measurements in this case is defined by factors independent from the
spatial resolution.

The measurement accuracy is generally worse than that of the intensity-based methods
due to the limited spatial resolution. The border of the bright area in the PLIF-images
is usually blurred over a certain spatial domain, which is typically larger than the
spatial resolution (see examples of fluorescence intensity profiles across the film in
Figure 2). Partially, it is related to the Gaussian shape of the laser intensity across
the sheet. The presence of the false film image (see below), local transverse slopes
of the agitated interface, and reduction in the #-angle intensify the blurring. There
are several approaches to select the point in the blurred area corresponding to the
assumed true position of the interface, applied with a different degree of justification
and success.

[\

W

o
1

[§]

S

(=]
T

Interface

—

W

o
T

False interface

s pecsmge O

—
(=]
(=]

£-

-

W
(e

Brightness (camera units)

Gas-liquid
interface

(a)

Solid-liquid
interface

(b)

Figure 2. Brightness of raw PLIF signal along the coordinate normal to the wall. (a) Falling film on a
plate, 8 = 35° [54]; (b) Annular gas-sheared film in a pipe, 8 = 70° [68].

5.

If an interface is present on the optical path from a fluorescing area of the liquid to the
camera pixel, the ray will be either totally internally reflected or at least significantly
refracted. In any case, the corresponding pixel of the camera remains dark; hence,
a false-negative error of film identification occurs and the local film thickness is
underestimated. Decreasing the value of 8 helps to reduce the probability of such
distortion, at the expense of lower resolution as described in (2) and (4) above.
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6.  Though the laser light passes only within the sheet, the fluorescence is emitted in all
directions. The rays emitted directly into the camera create the true image of the film
in the camera matrix. However, the rays emitted in other directions may be reflected
by the interface between the laser sheet and the camera into another region of the
camera matrix, creating a false film image. For the case of a circular pipe flow and
6 =90°, the calculation of such rays and created true and false film images are shown
in Figure 3 [99]. If the angle of incidence of a ray creating the false image is close or
larger than the angle of total internal reflection (referred to as the TIR-angle, which is
around 48° for water-air interface), the false image will have the same brightness as
the true image. The false image is adjacent to the true image and it is nearly impossible
to distinguish between them based merely on the local brightness level. For the film
with a constant thickness, the false image width is approximately 30% of the true
image, see Figure 3b [99]. This phenomenon could be treated as a false-positive error
of film identification and overestimation of the film thickness. Sometimes, either
a bright or dark line can be seen in the images, marking the position of the true
interface [68], see Figure 4a. However, this is not always the case. At lower 6, the false
image will increase substantially [68]. Decreasing 6 below the TIR-angle may help to
darken the false image [68,73], sacrificing the spatial resolution and the sharpness of
the image border. For a flat film on a plate, illuminated by a laser sheet normal to the
interface and observed under an acute angle 6, the false image will be of the same size
as the true film image. Fortunately, if 6 is smaller than the TIR-angle, the false image
will be much darker, and the true interface could be detected (see Figure 4b). This is
why low 6 of 30-35° was used in [54,57,59] with the same drawbacks.

tube wall film surface
- r2p :
. liquid film (water) =] 1 1 5
total reflection « i i e
/ — . Z 1o o
. e, — < 7 =
air =~ o 5 = P 2 3
= - —— ' >34 2 0gf! !
— o I !
- »1 tocamera - 06 d, :
= water 2 = :
_ﬂ__.ﬂ)(‘ T 04 !
I ? !
1 FEP tube 1) 1
<) 0.2 Areql i
laser 2 N ] g t
sheet 0.0 = i ;
00 02 04 06 08 10 12 14
Z/mm
(a) (b)

Figure 3. The distortion of PLIF measurements in a pipe due to mirror effect (6 = 90°): (a) Rays
leading from the glowing section of liquid film to the camera. Rays (1-3) go to camera directly, whilst
rays (4-5) go to camera after total reflection at the interface [99]; (b) The modeled distribution of
registered fluorescence intensity created by rays from 1 to 3 (true film image) and rays from 3 to 5
(false film image) [99].

An alternative way to separate the true and false image is to use a modified laser sheet.
In [68], it was noticed that straight shadows cast by non-uniformities of the pipe are broken
at the true interface (see Figure 4a). In [69,70], a structured (periodically blackened) laser
sheet was employed to detect the true interface based on the breaking shadows (Figure 5).
The main drawback of this approach is an effective coarsening of spatial resolution in
the direction of the laser sheet, since the film thickness measurements are actually only
obtained in the blackened areas.
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Figure 5. Identification of the true interface by the breaking shadows cast by the structuring grid at

Gas-liquid

interface

Solid-liquid interface

(a) (b)

Figure 4. Raw PLIF images illustrating the mirror effect: (a) Falling film in a pipe under 6 = 70°.

The true and false film images are separated by a bright line; they are of different size but the same
brightness [68]. Shadows cast by pipe non-uniformities and broken at the bright line can be seen;
(b) Falling film on a plate under § = 35°. The true film image is bright; the false film image above it is
about the same size but much darker [54].

— (Gas-liquid interface S-PLIF
-===» Solid-liquid interface

el

i

the true interface, thick falling film in a vertical circular pipe [70].

It is also important to understand that the apparent (true + false) film image does
not physically correspond to the true film image stretched, e.g., 1.3 times. The false image
is actually the true image turned upside down and compressed. The true image of the
interface remains inside the apparent image. Besides, the dark part of the PLIF-image
“above” the film image does not show the gas area above the illuminated film section: it
appears due to total internal reflection of the rays leading to the camera outside the pipe.
This, in particular, means that the phenomena such as the droplet entrainment or wave
overturning cannot be seen using PLIF through a pipe wall. Some more detailed analysis is
provided in [100].

7. The rays leading to the camera viewing the Rol through the duct wall have a long
optical path in liquid. This may be a problem if the liquid film is seeded with bubbles.
Numerous bubbles are common in boiling flows [87] and in adiabatic annular flow at
high gas speeds [101]. The reduction in liquid surface tension and increase in liquid
viscosity increase the number of bubbles [102]. The probability that a ray leading
to the camera will be broken by a bubble located between the laser sheet and the
camera increases with the length of the optical path in the liquid and the density of
the bubbles. In this case, the investigated section of the film will be hidden from view
(Figure 6), causing the film thickness measurements to be impossible. For comparison,
the intensity-based techniques access the investigated film section directly and only
the bubbles located exactly in the investigated section may affect the measurements.
The length of the optical path can be decreased by decreasing the 6 angle.
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Figure 6. (a) Bubbles preventing the interface detection in boiling stratified gas-liquid flow [87]; (b) A
sketch explaining how the image was obtained [87].

It should be also noted that the issues (5-7) are less crucial for liquid-liquid flows,
where the refractive indices of both phases are close to each other. The film thickness—no
matter how well the measurements are resolved—merely characterizes the first level of
complexity of the film flows, namely, the location of the interface. The more detailed
measurements may include the characterization of the velocity field in a liquid film, which
brings much insight into the flow physics even in purely hydrodynamic studies. In the
case of flows with heat transfer, it is necessary to obtain the instantaneous temperature
field across the investigated film section. The concentration of chemical additives (e.g.,
dissolved oxygen) should be measured when the investigated film flow involves chemical
reactions or complex mass transfer processes.

In the process of measuring velocity/temperature/concentration fields in film flows,
it is still necessary to know the local thickness of the investigated film section. With the
PLIF method, two kinds of the measurements could be performed using the same laser
sheet. In general, the velocity /temperature/concentration field measurements using the
PLIF in liquid films are the same as in single-phase flows. The velocity field is measured
with widely used PIV/PTV approaches by measuring the local shift of tracer particles in
subsequent frames. For the simultaneous PIV-PLIF measurements, the tracer particles are
added into the liquid together with the fluorescent dye. If the reflective particles are used,
the PIV-images should be acquired by another camera without an optical filter. To use
the same camera for both the film thickness and velocity field measurements, the use of
fluorescent tracers is required. The tracer image can be separated from the dye illumination
using simple image filters.

Given that, in film thickness measurements, the fluorescence only plays the role of a
marker of the liquid presence, the local fluorescence intensity may be utilized to reconstruct
the temperature or concentration field. The temperature measurements are based on the
thermal quenching of fluorescence: at higher temperatures, the probability of non-radiative
relaxation of the excited dye molecules increases, thus decreasing the fluorescence intensity.
The dependence of fluorescence intensity on liquid temperature is different for different
dyes, solvents, concentrations, etc., so the calibration is required for each experiment. The
concentration of additives also affects the fluorescence intensity, e.g., by quenching the
fluorescence using molecular oxygen or chloride ions. Again, for reliable measurements, a
proper calibration is necessary. More focused recommendations on such measurements can
be found in the following sections of the present review, as well as in the references with
marks “V”, “T”, and “C” in the last column of Table 1. The review papers [103-105] are
also highly recommended.

As a method for film thickness measurements, the PLIF often loses the competition
to intensity-based techniques in terms of accuracy, reliability, and capabilities. The issues
are less problematic for thick liquid layers without strong agitations, where the PLIF still
can be applied. At the same time, the PLIF technique is perfectly compatible with the
velocity /temperature/concentration field measurements, which is a serious advantage
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over other techniques if such measurements are necessary. In this case, the quality of film
thickness measurements can be sacrificed for the sake of complex measurements inside the
liquid film.

3. Bubbles

The combination of ST (shadow technique) and PIV-LIF (PIV for fluorescent tracers) is
used to study the dynamics of bubbles and their interaction with liquid in detail (e.g., [106-108]).
One of the main problems faced in ST is the overlapping of bubbles on images when
void fraction is high enough. Nevertheless, the ST has been used extensively for bubble
detection in narrow column or channel flows for the volumetric contents of gas fraction up
to 10% [109]. In particular, Broder and Sommerfeld [110] experimentally studied bubble-
induced turbulence in a two-phase column flow for volumetric gas content up to 19%. By
using two cameras, they simultaneously estimated the instantaneous velocity fields of the
liquid and bubbles using the PIV/LIF and PTV approaches. Thus, the advanced image-
processing methods allow for an effective analysis of the bubble shadow images for dense
multiphase flows with irregularly shaped particles of dispersed phases (see [111,112]).
Another significant challenge in ST is that the bubble blurring depends essentially on the
depth of field of the optical lens used, resolution of the camera matrix, and the type of the
image processing algorithm applied to determine the bubble interphase. Thus, when only
one camera is used in an experiment, it is difficult to determine a dynamical link between
the bubble location relatively to the focal plane of the lens (which typically coincides with
the PIV measurement plane) and a threshold value used to treat the bubble image as
focused (sharp) (see [23]). Therefore, two cameras in stereo configuration are often used to
avoid such localization problem (e.g., [113]). Obviously, in the case of high bubble fractions,
it is difficult to identify the same bubble in the images of different cameras and, thus, to
correctly determine the locations of bubbles in 3D space, even in narrow channels.

Interferometric-based techniques (ILIDS, IPI methods) are based on the out-of-focus
imaging of the light, which is reflected and refracted by the bubbles, and should be
mentioned here for completeness [43]. When a laser sheet illuminates a round bubble
located in the focal plane of a camera, it results in glares on the camera image when
the light is reflected and refracted directly to the camera. Typically, the glare images
can be used for the bubble sizing (see [114]) but require a high optical magnification. If
the camera is defocused from the laser sheet of linearly polarized light, it leads to the
formation of an interferometric image, which is used for the sizing of round bubbles and
particles by the interferometric methods. These approaches are widely used for relatively
low concentrations (in most works presented in the literature, the mean gas content is
less than one percent) and small sizes (typically less than one mm) of round-shaped
bubbles/droplets [115-118]. One of the main restrictions of the interferometric approaches
is the requirement for the light to be reflected and refracted into the camera. Thus, typically,
the bubble size should not be greater than the thickness of the laser sheet. Otherwise, there
would be a significant part of the bubbles intersecting the laser sheet, which will not be
detected using the method.

Another alternative technique for the imaging of round bubbles in comparison to the
approaches mentioned above is a Planar Fluorescence for Bubbles Imaging (PFBI) method,
introduced in [119]. This method is based on the laser sheet illumination of a certain plane
in the liquid flow with solved fluorescent die. The imaging is performed in the range of the
fluorescence wavelengths and the laser light, scattered by the bubbles or other obstacles,
blocked by an optical filter. Thus, the fluorescent light, which is emitted by the dye in the
illuminated layer and reflected and refracted by the bubbles located close or inside the laser
sheet, is imaged (see the examples in Figure 7a for laser beam illumination). An important
advantage of the PFBI method is that the bubbles located away from the measurement
plane become defocused rapidly. This circumstance allows for retrieving experimental data
in a certain rectangular measurement volume with a low thickness (typically, it is about the
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laser sheet thickness). Due to this fact, the PFBI method for bubble imaging can be easily
combined with PIV for tracers in the liquid phase.

-0 0 ©

(b)

Figure 7. (a) PFBI image of a round bubble approaching a laser beam; (b) Comparison between ST
and BFBI images and detected boundaries for freely rising bubbles.

As mentioned, the PFBI technique is based on the registration of fluorescent light
from a dye added to the liquid and illuminated by a laser sheet, while the radiation from
the laser is ignored. The dye emission is isotropic since fluorescence is a diffuse process
and occurs at longer wavelengths than that of the laser light due to energy losses. The
local intensity of the dye radiation is proportional to the local intensity of the incident
light (dye concentration is assumed to be uniform), but significantly less than that of the
laser sheet. Thus, the laser sheet propagating through the dye solution forms an “emitting
layer” consisting of the dye molecules radiating light at greater wavelengths than that of
the laser. The bubbles located close to the central plane of the “emitting layer” (i.e., that of
the laser sheet) cause bright rings in images (see Figure 7b) of the registering camera due
to the reflection and refraction of the diffusive fluorescent light (see [119] and examples
in [120]). If an appropriate optical filter is mounted on the camera lens to suppress the laser
emission, an analysis of these ring images can be performed to detect the bubbles located
in the vicinity of the central plane. The bright ring images are formed predominately by
the scattered light of the thin layer by the spherical interphase. Thus, the ring diameter is
smaller than that of the bubble. For the 90° orientation of the camera (normal observation),
the angles of incidence and reflection corresponds to 45° resulting in the ratio between the
observed ring diameter and actual bubble diameter of approximately 0.71 (see Figure 7b).

If two images are captured within a short time interval, the PFBI technique can be
combined with the PTV for the simultaneous measurements of the planar gas fraction
and velocity of the disperse phase. Besides, if one adds tracer particles (which can also
be fluorescent) into the working liquid, the PFBI approach can be combined with PIV for
the estimation of the continuous phase velocity as well (see Figure 8b). The combined use
of PFBI and PIV provides the calculation of joint statistical quantities. In particular, such
experimental data are of a great interest for the development of CFD models of two-phase
turbulent flows. The example of joint statistics measurements for bubbles and liquid phases
can be found in the study of a turbulent two-phase jet flow in [119,121].
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Figure 8. (a) ST image of bubbles issuing from nozzle of an axisymmetric jet [119]; (b) BFBI image
and the result of processing for the same flow [119].

4. Droplets

The PLIF method, being one of the varieties of a wide group of LIF methods [34-37,122],
has recently become extremely widespread in the field of temperature diagnostics for liquid
droplets. The use of PLIF solves most of the mentioned problems faced during contact
thermocouple measurements [39-43]. Due to very small perturbations of the medium
during the PLIF measurements, it becomes possible to register the dynamics of temperature
changes, both in stationary homogeneous [34,123] and multicomponent [124,125] liquid
droplets and in continuously moving droplets [126,127] under various conditions of heat
exchange with the environment [127,128]. Such a development of measurement technolo-
gies leads to the fact that, at present, the use of such non-contact optical techniques allows
for evaluating the influence of a wide group of factors (component composition of liquid,
environmental parameters, and heating/cooling conditions) on the characteristics of heat
and mass transfer processes in a liquid droplet in a gas flow and a liquid droplet on a solid
wall. Despite all the known research results and recent achievements in the development
and improvement of non-contact optical measurements, the PLIF method is characterized
by certain limitations of applicability, which are important to consider when planning and
performing appropriate experimental studies with liquid drops.

The measurement error when using PLIF is affected mainly by: non-uniform distribu-
tion and non-stability of the laser radiation energy [129], a local change in the refractive
index due to temperature gradients along the path of emitted light [130], etc. Seuntiéns
et al. [129] suggested to use more stable continuous argon-ion lasers instead of pulsed
Nd:YAG lasers. Local and temporal laser intensity variations can be compensated by
using a two-color PLIF (2C PLIF) method. In particular, Hishida and Sakakibara [130,131]
used a mixture of two different fluorescent dyes (Rhodamine 110 and Rhodamine B) in
liquid flows, excited by an Ar-ion laser (488 nm) and imaged using two independent CCD
cameras in different spectral regions (495-520 nm and >570 nm, respectively). The intensity
of Rhodamine 110 fluorescence has a weak dependence on temperature in contrast to that
of Rhodamine B. This fact allows to use these images for the compensation of the non-
uniform laser intensity on the Rhodamine B images and to evaluate the temperature field.
Importantly, cameras with a wide dynamic range are suggested, since the temperature
sensitivity for 8- and 12-bit images are evaluated as 0.4 and 0.1 °C, respectively [129].

In recent years, the PLIF method has been widely used in the field of studying the
processes of liquid droplet heating and evaporation. All known results obtained using PLIF
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can be conditionally divided into three subgroups: droplets suspended on holders; drops
on hard surfaces; and droplets in a free fall or in a flow (including sprays). Further, within
the framework of this work, the main significant results obtained using PLIF, as well as
the limitations of this method, are described. Most results specifically refer to the first two
groups due to a simpler mechanism for implementing the measurements. Table 2 presents
the main achievements in the field of using PLIF to study the processes of heat and mass
transfer in the systems of liquid droplets in gas flows and liquid droplets on solid walls.
Figure 9 shows the result of the temperature field evaluation in suspended water droplets
in air flow with different temperature.
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Figure 9. Temperature fields for suspended spherical water droplets (R4 ~ 1.6 mm) in hot air flow
(Ua = 3 m/s) with temperature in the range of T, = 100-500 °C.

The PLIF allows for determining the droplet temperature under various heating
(heat transfer) conditions (see Table 2). For example, the PLIF is actively used to study
the heat and mass transfer processes in convective, conductive, radiant, and mixed heat
transfer [126-128]. Despite the fact that the most common object for research is a water
droplet [31,126,127], recent studies prove the effectiveness of this technique in determin-
ing the temperatures of multicomponent drops [124,125,132,133] (Table 2). In particular,
there are studies using the PLIF method for temperature measurements of drops of salt
solutions [125,134], suspensions [125], water-fuel emulsions and microemulsions [132,133],
unmixed water-fuel drops [124], and three-component (water, fuel, and solid particles)
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compositions [135]. Separately, it is worth highlighting the use of PLIF in determining the
temperature of a water droplet formed as a result of intense phase transformations (melting
of an ice particle) [136]. The results of [136] also suggest the PLIF use for estimating the
temperature and cooling rate during the crystallization of a droplet. Therefore, the use of
PLIF allows for determining such important characteristics as the temperature and droplet
heating rate (Table 2). The values of these parameters, in turn, allow for predicting the inten-
sity of the droplet evaporation/cooling under various conditions of heat exchange with the
environment, corresponding to a wide group of practical gas-vapor-droplet technologies
and applications.

Table 2. The main achievements in the field of using PLIF to study the processes of heat and mass
transfer in the systems “liquid droplet—gas” and “liquid droplet—solid wall”.

Heating Temperature . Droplet Droplet .
Ref. Dye Type Range Medium Radius Temperature Heating Rate
Suspended droplets
Hot air flow 20-79°C  04-134K/s
[127] Rh. B G m/s)
: 100-600 °C Water 1.55 mm
(I mg/L) Muffle °
furnace 20-80 °C 0.4-10K/s
Rh. B Hot air flow o o
[31] (1 mg/L) (3-4.5m/s) 100-600 °C Water 1.33-1.68 mm 10-70 °C -
Rh. B Hot air flow ° °
[40] (1 mg/L) (3m/s) 100-500 °C Water 1.3 mm 20-55 °C -
Rh. B Hot air flow o Water-Kerosene o
[124] (1 mg/L) (3m/s) 100-500 °C emulsion 1.53 mm 10-110 °C -
Salt solution (NaCl, °
CaCly, LiBr) 1-30% 20-84° C
: Graphite suspension,
Rh. B Hot air flow o p >P ’ 20-81 °C _
[125] (1 mg/L) (3m/s) 100-400 °C 0.5-1% 1.3-1.7 mm
Water-fuel emulsion
(kerosene, 20-95 °C
gasoline, oil)
[128] Rh. B Muffle 100-480 °C Water 1.68 mm 20-72°C 2-30K/s
(I mg/L) furnace
Sessile droplets
Rh. B Copper o o
[126] (1 mg/L) substrate 20-100 °C Water 1.68 mm 20-97 °C -
Rh. B Copper o °
[128] (1 mg/L) substrate 50-90 °C Water 1.68 mm 20-70 °C 20-80 K/s
Rh. B Steel o Water-tetrodecane °
[132] (3mg/L) substrate 100-550 °C Emulsion, 91% 1.1 mm 20-110°C 90-450 K/s
Rh. B Steel ° Water-tetrodecane- °
[135] (3mg/L) substrate 400-550 °C coal 1.1 mm 20-90 °C -
Rh. B Steel o Water-tetrodecane o
[133] (2.2 mg/L) substrate 100-550 °C Emulsion, 95% 1 mm 20-90 °C h
Falling droplets
[126] Rh. B 3 30 °C Water, single droplet 2.5 mm 1040 °C _
(0.5-10 mg/L) Water spray 0.01-0.3 mm 10-60 °C
Rh. B A 1 o . o
[127] (1mg/L) }f‘elft‘;rar 600-1100 °C  Water, single droplet ~ 1.5-2.2 mm 28-42°C  35.6-924K/s

Despite the widespread PLIF application, as well as its advantages in comparison

with other methods (primarily, implementation simplicity within a limited material and
technical base), the PLIF method still has a number of limitations and drawbacks. Thus,
the results of the temperature measurements of water droplets show that their shape, as
well as the displacement of a laser sheet relative to the symmetry axis of the drop, can
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significantly limit the use of PLIF in relation to liquid drops [126]. A droplet (usually with
ellipsoidal or spherical shape) provides the effect of a converging lens, thereby refracting
or focusing the laser sheet [126]. The focusing angle, in turn, can reach the values of up
to 60° by varying the angle between the laser sheet plane and the droplet surface in the
range of 90-132° [126]. This leads to the formation of blind zones, where the temperature
registration becomes impossible due to their insufficient illumination. The displacement
of the droplet symmetry axis relative to the laser sheet plane within the range of droplet
radiuses (for example, in the case of determining the temperature of water aerosol drops)
can lead to an increase in the temperature determination error of up to 80 °C [126]. If
the droplet adopts an ellipsoidal shape, in some cases this can also increase the error in
the PLIF determination of the temperature by a factor of 2—4 [126]. This is caused by the
above-mentioned effect of the laser sheet focusing and, as a consequence, an increase in the
local fluence of the laser radiation. In this case, the higher the actual droplet temperature,
the higher the error [126]. For cameras with a high dynamic range, this problem can be
solved by using 2C PLIF. Moussa et al. [133] have used a high-speed camera, equipped with
an image-splitter and optical filters for high-speed temperature measurements in droplets
of emulations in the range from 20 to 100 °C.

An important factor affecting the error, as well as PLIF applicability as a whole, is
the formation of bubbles with air and vapor in a droplet during liquid boiling. The latter
can be observed both under convective and conductive heat transfer conditions [126]. Air
microbubbles, which do not contain fluorophore, are much darker than the liquid itself;
as a result, the temperature found by the PLIF method can be overestimated by 20-50 °C
relative to the real one. This result, in turn, imposes significant restrictions on the values
of heating temperatures allowed for the use of PLIF. Thus, it has been determined that, in
the case of the convective heating of a droplet, the air flow temperature should not exceed
600 °C and, in the case of conductive heating, the temperature of the substrate should not
exceed values close to the boiling point of liquid [126].

Another undoubtedly important point that imposes significant restrictions on droplet
temperature determination under the conditions of intense phase transformations is the
instability of fluorophore concentration in the droplet during evaporation of the latter.
The 2C PLIF method [132,135] is almost insensitive to such a change due to the use of
the intensity ratio when calculating the final temperature. However, in the case of using
PLIF, this process has a significant impact on the measurement results. It is shown in [137]
that, in the range of initial concentrations of Rhodamine B in a droplet of 0.5-10 mg/L,
the PLIF method can be successfully used if the droplet radius decreases by no more than
11% relative to the initial one. The measurement error in this case does not exceed 2.5 °C.
Further droplet evaporation leads to an increase in the relative fluorophore concentration
in the droplet. In this case, a change in the concentration is associated not only with
evaporation of water, but also with the processes of fluorophore deposition on the holder
and its partial “blowing” from the droplet surface [137]. To solve this problem, it is
necessary to correct the temperature values using the mass deposition and evaporation
rates of Rhodamine B [137]. This approach allows for obtaining the reliable temperature
values inside the evaporating water droplet with a decrease in the radius of the latter by
44-45% relative to the initial one with an error of up to 34 °C.

When using the PLIF for the diagnosing of droplet temperatures for solutions, emul-
sions, and suspensions, it is also worth highlighting certain limitations. It is shown in [125]
that, during the evaporation of a salt solution, as in the case of a water droplet without
impurities [137], the concentration of Rhodamine B fluorophore changes. In addition to the
processes described in [137], the fluorophore also undergoes a degradation due to chemical
processes occurring in the used salt solution. At that, the temperature deviations inside
the droplet of salt solution from the actual values can reach 6-8 °C [125]. The maximum
(peak) deviations of thermocouple measurements and PLIF results depend on the type of
salt impurity in the droplet (NaCl, CaCl,, and LiBr) and can vary at the stage of droplet
heating in the range of 0-14 °C [125]. The PLIF method cannot be used for the diagnostics
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of temperature fields in the droplets of water-fuel emulsions based on optically opaque
combustible components (for example, oil and fuel 0il) when the impurity concentration
varies in the range of 5-50%. In this case, most of the light from incident laser light is
absorbed by the dark fuel film on its surface [20]. For transparent impurities, such as
kerosene, gasoline, and turbine oil, the use of PLIF is justified, however, the set temperature
values may slightly (by 1-6 °C) exceed the actual temperatures in a droplet [125], which
should also be taken into account when analyzing the measurement results.

It was also established [125,138] that the implementation of PLIF measurements when
determining the temperature of suspension droplets is not justified when the concentration
of solid insoluble particles in a droplet is higher than 5%. In this case, strong shading of
the suspension drop is observed and, as a consequence, it is impossible to record a reliable
temperature field [125,138]. The agglomeration of particles negatively affects the quality of
the temperature field registration: in a small vicinity of the agglomerate, the temperature is
overestimated by 1040 °C (due to the lack of illumination of the recording area) or, on the
contrary, it is not recorded at all (due to image overexposure) [123,125]. It is also shown
in [125] that the frames, where the particle agglomerates are in the path of the laser sheet,
should be excluded from consideration. The latter leads to the formation of a shadow
in the direction of a laser beam. As a result, the temperature in such a shadow trace of
the agglomerate is overestimated relative to the average temperature in the droplet by
12-20 °C [125].

5. Sprays without and with Combustion

Optical methods are also widely used for the diagnostics of sprays with and without
combustion. For hazardous or flammable liquids, the optical access for the spray is rather
limited because the atomization is studied in enclosed facilities. Similar to bubbles, interfer-
ometric imaging can be used for the diagnostics of sprays in unconfined configurations.
This approach provides both the velocities and sizes of spherical droplets [49,50,117]. The
ST (shadow technique) provides the visualization of the breakup and atomization processes
for sprays, showing the spray angle and the regions of liquid sheet and secondary filaments
breakup (e.g., see [139]). With a high optical magnification, it also can be used for the
estimation of droplets size [140] (see the inset in Figure 10 for example). The recently de-
veloped ballistic imaging technique [141-143] is based on ST for an extremely short-pulse
illumination and the imaging of photons, which penetrated the spray directly. It has a
more complex optical scheme than the ordinary ST but provides the visualization of the
atomization process for very dense sprays, because the scattered light is blocked. Another
line-of-sight method is a laser absorption scattering (LAS) technique, which is based on the
quantification of the scattered and absorbed light from two independent sources [144,145].
The light is scattered by the liquid phases for both sources (i.e., as for the ST method),
whereas it is scattered and absorbed simultaneously only for a single source. This allows for
separating the absorption and scattering in the images. Therefore, this technique provides
line-of-sight integral information about the vapor and liquid concentration and reveals the
regions of the fuel evaporation. It is very useful for the diagnostics of naturally fluorescent
liquid hydrocarbon fuel (such as kerosene or diesel).

Currently, the PLIF technique has also become a very useful tool for studying the shape
of sprays, their evaporation, and combustion [8,9,14]. The combination of PLIF with planar
Mie scattering imaging is known to provide the accurate evaluation of the Sauter mean
diameter in sprays without combustion [146-148]. Besides, the Mie scattering can also be
used for the evaluation of the local velocity of individual droplets or local group velocity
of several droplets using the PTV and PIV approaches, respectively (see [140,146,149]
and Figure 10 for example). The main drawback of the Mie scattering and PLIF methods
for sprays is the impact of the light scattered by the droplets behind and in front of the
laser sheet. A method of structured laser illumination [150,151] has been developed to
distinguish between the droplets inside and outside the measurement plane. It sufficiently
improves the signal-to-noise ratio of the Mie/PLIF method by forming the periodical lines
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of the non-illuminated and illuminated regions, so the background intensity from the
secondary-scattered light can be evaluated directly from the former ones. A combination of
the PLIF with the interferometric imaging is also noteworthy [152]. Besides, one should
keep in mind that the attenuation of the laser sheet intensity through the spray due to the
scattering (and often absorption) should be also considered [153,154]. The algorithm for
the laser sheet attenuation compensation relies on the Beer-Lambert law and is performed
pixel by pixel for the images along the path of the light [153]. Therefore, it is preferred to
use the collimated laser sheet. The necessary attenuation rate coefficient can be assumed,
based on the spray symmetry, for example.

Figure 10. An example of PIV measurements in a cone spray. Inset shows the example of high-
resolution droplet imaging using ST method for the same spray.

For the sprays with combustion, integral methods, namely, a direct imaging, ST, and
Schlieren method (e.g., [155]), are often used for the visualization of the flame front location
regarding the spray structure. The direct imaging relies on the flame chemiluminescence
(usually for OH* and CH*) and is performed by using intensified cameras and optical
filters [149,156—-158]. Planar laser sheet illumination and registration of the Mie scattering
is useful to determine the region of the spray evaporation [156,159-161]. Whereas the
chemiluminescence images provide a line-of-sight integration of the emitted light, an
inverse Abel transform can be used to evaluate the planar distribution of the light source
for the axisymmetric conditions. In contrast, the PLIF is designed to excite and image the
active molecules in the selected cross-section of the spray and flame (see Figure 11). The
PLIF can be applied for kerosene, because it is usually naturally fluorescent. It should be
noted that the fluorescence properties depend on the kerosene type. With a low content of
PAH (polyromantic hydrocarbons), the absorption bands are mainly in the optical range
below 310 nm [12]. Therefore, the fourth harmonic of the Nd:YAG laser (266 nm) can be
used for the excitation of kerosene fluorescence. The fluorescence spectrum in this case
corresponds to two intersecting bands 260-320 nm and 300—400 nm [12,162], related with
mono- and di-aromatics present in kerosene, respectively. The aviation fuel kerosene, such
as Jet A-1, typically has a sufficient concentration of PAH, resulting in additional absorption
bands, including strong absorption for the range 340450 nm with a wide emission range
up to 550 nm, depending on the fuel type [163]. Therefore, the third harmonics of a Nd:YAG
laser (355 nm) can be used for the excitation of aviation kerosene fluorescence.
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Figure 11. (a) Photograph of kerosene flame in a pressurized combustion chamber; Examples of
(b) Mie scattering by droplets, (c) Fluorescence of hydrocarbons and kerosene droplets/vapor, and
(d) OH* chemiluminescence.

Currently, the PLIF has become a powerful and well-established technique for the
diagnostics of gaseous combustion. It can be used for the visualization of specific interme-
diate molecules appearing in the preheat and reaction zones of hydrocarbon flames (such
as CH, HCO, HCHO, and others), for the visualization of the flame structure and studying
the properties of chemical kinetics for specific fuels and conditions [164]. Some of such
molecules serve as indicators of local heat release for certain combustion regimes [165-167].
In a linear PLIF regime, the evaluation of the temperature field for non-reacting (slowly
reacting) molecules in laminar flames can be performed by scanning the fluorescence
spectrum by tuning the laser wavelength or using a single-shot fluorescence excitation for
the assumption of a constant fluorescence quantum yield (for example, for NO [168] and
S0, [169]). Currently, the OH fluorescence for the wavelength near 283 nm has become very
popular for the visualization of chemical reaction zones and hot combustion products. Be-
sides, the OH fluorescence can be used for the evaluation of the instantaneous temperature
field behind the flame, based on two-band imaging via single transition excitation (ther-
mally assisted PLIF [170,171]) or based on single-band imaging during the excitation of two
different transitions (two-line PLIF [172,173]). However, the former method is known to
suffer from a low signal-to-noise ratio for two-phase flows [171]. Acetone or other ketones
are usually added to gaseous fuel to reveal the fuel mixing upstream the flame front [174].
The fluorescence both of OH and the fuel tracer are excited by the laser with the wavelength
near 283 nm. It is important to emphasize that the PLIF data quantification for single-phase
flows also relies on a number of processing routines, including a background removal,
the correction of the spatial non-uniformities of detector sensitivity, and the laser sheet
fluence [175]. The compensation of the laser sheet attenuation during the absorption is also
often required. The used compensation algorithm is also based on the Beer-Lambert law
and performed pixel by pixel [176]. The absorption coefficient is obtained separately, when
the concentration of the fluorescent molecules in the measurement volume is uniform.

Nowadays, the simultaneous PLIF measurements for the gaseous and liquid phases
during spray combustion is also quite common. The OH PLIF or HCHO PLIF are usually
used for the flame front visualization. The third harmonic of a Nd:YAG laser (355 nm) can
be used to excite the HCHO fluorescence and visualize the flame front (preheat zone) in
gaseous and spray flames [177,178]. However, it should be noted that both the HCHO and
OH PLIF can also induce PAH fluorescence [179]. Nowadays, Mie imaging and PLIF are
applied in the studies of kerosene spray flames in model gas-turbine combustion chambers
of an aero-engine (see the example in Figure 11). In particular, the kerosene and OH
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PLIF can be combined to investigate fuel spray transport, evaporation, and combustion,
including those for unsteady regimes, in detail [12,162]. Similar to Mie scattering [8,180],
the kerosene PLIF visualizes the fuel droplets and can be used for the evaluation of droplet
velocity. Besides, it also provides the information about the gaseous fuel concentration
and even temperature [162]. Moreover, the kerosene PLIF can be combined with NO
PLIF (excited near 226 nm) in studies on efficient and low-emission combustion in aero-
engines [181]. Soot formation in gas-turbine combustors can be also studied by combining
the OH or kerosene PLIF with a Laser-Induced Incandescence method (LII) [8,160].

6. Conclusions

The review shows that, with the aid of proper image analysis and calibration, the PLIF
has become a powerful tool to investigate interphase dynamics, local heat and mass transfer,
evaporation and mixing, combustion, and even pollutant formation in two-phase flows in
detail. The PLIF technique for the temperature/concentration distribution measurements
is perfectly compatible with velocity field evaluation using well-established PIV/PTV
methods. This is a serious advantage over other techniques if such measurements are
necessary. However, for quantitative planar measurements inside droplets, in sprays or
bubby flows, the PLIF method requires accurate image processing for the removal of a
background intensity and the compensation of laser sheet intensity non-uniformity and
attenuation during the absorption/scattering. Such processing is commonly applied during
the processing of single-phase PLIF data. Moreover, due to the presence of curved surfaces
in liquid films, bubbles, and droplets, the quantification of PLIF data requires an additional
post-processing to account for the reflections and refractions of the laser light. In particular,
the film thickness measurements using PLIF are accompanied by significant errors caused
by a complex-shaped interface. In evaporating droplets, the PLIF images are significantly
attenuated due the local variations of refractive index and fluorescent dye concentration
near the interphase. In sprays, the primary scattering and absorption lead to significant
attenuation of the laser light, whereas the secondary scattering and fluorescence results in
a strong background both on the Mie and PLIF images. The present review demonstrates
that a two-color PLIF approach and the PLIF configuration for a regularly structured light
sheet have proved their ability to resolve the reflection- and refraction-caused issues in
flows with curved interphases and refraction index variations.
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