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Investigation of the flow characteristics of a falling film along an
inclined surface with planar laser-induced fluorescence method
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ABSTRACT

Planar laser-induced fluorescence technology was used to investigate the three-dimensional film
thickness distribution of falling film on an inclined surface. The film thickness distributions in both
the streamwise and the spanwise direction were presented for various inclination angles, the surface
tensions and the flow rates. The results show that the spanwise liquid film distribution has a “bow”
shape, the film thickness and film width increase with increasing flow rate. The film width decreases
with increasing liquid surface tension, but the film thickness of the ripples increases.
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1. Introduction

Falling film evaporation is widely utilized in nuclear
industry [1], desalination [2], sewage treatment, chemical
engineering [3], food processing [4] and other fields due to
their highly efficient heat transfer. The flow state of the liquid
film on the surface dominates the heat and mass transfer and
greatly influences the system efficiency. Previous study [2]
shows that the film thickness significantly affects the falling
film evaporation efficiency with a thicker liquid film increas-
ing the thermal resistance which reduces heat transfer coef-
ficient. Hence, numerous studies have investigated the flow
characteristics of liquid falling films on solid surfaces.

Moran et al. [5] measured the film thickness on a long
channel (a copper bottom plate and polycarbonate side-
walls) with an 80 mm x 1,920 mm plate at 45° inclination
angle by using photochromatic dye that could be exposed by
UV light. Their result indicated that the film thickness was
slightly underpredicted by Nusselt’s theory at Re = 11-220.
Roy and Jain [6] measured the falling film thickness on a
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190 mm x 318 mm Plexiglas plate with side walls. Two points
on the centerline 76 and 216 mm from the distributor flow
outlet were detected by using two capacitance probes for
various inclination angles and Reynolds numbers. Takamasa
and Hazuku [7] studied liquid falling film thickness fluctua-
tions on a 460 mm x 210 mm sidewall-confined vertical plate
by using laser focus displacement measurements with their
results agreeing well with Nusselt’s theoretical equation and
the film thickness being independent of the entry length at
low Reynolds numbers. Zhou et al. [8] investigated the flow
in a falling film on a confined inclined 622 mm x 155 mm
stainless steel plate. They used the confocal chromatic point
measurement to detect the film thickness with different dis-
tributor designs, inclination angles and Reynolds numbers.
Their results showed that the film thickness decreases with
the inclined angle and increases with the Reynolds number.
Charogiannis et al. [9-11] experimentally investigated the
film thickness and its fluctuations of a confined flow on an
inclined surface with sidewalls. The centerline film thick-
ness along streamwise direction was measured using the
laser-induced fluorescence method.

Besides falling films on plates with confined sidewalls,
studies have also emphasized on unconfined falling films.
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Johnson et al. [12] used a fluorescent imaging method to
study the rivulet flow patterns on an inclined plate and mea-
sured the rivulet thickness from calibrated outgoing light
intensities. They found that the rivulet widths narrowed
with increasing the inclination angles. Zhang et al. [13]
examined the spread area of a falling film along unconfined
vertical heated and cooled surface using an infrared camera
to show that the film width increases on the cooled surface
and decreases on the heated surface. Lan et al. [14] observed
the liquid film flow on an unconfined inclined plate with the
non-sequential film thickness distribution on a cross-section
in the streamwise direction detected by a laser focus dis-
placement instrument. They found that the film thickness
decreases with increasing inclination angle and increases
with the flow rate. They also pointed out that the ripples
form on the two sides of the liquid film along the spanwise
direction and that the ripple thickness increases with the
surface tension. However, the ripple region interface could
not be clearly detected for small surface tension. Lan et al.
[14,15] also used the volume of fluid method to simulate the
three-dimensional film flow and indicated that the surface
tension and contact angle affect the film width obviously, but
the centerline thickness of the liquid film is almost indepen-
dent of the surface tension and contact angle.

Various measurement methods have been developed to
detect the gas-liquid interface for the liquid film. The con-
ductivity method [16] is convenient and has been widely used
despite the relatively large error. The capacitance method [17]
has been developed to avoid contact measurement, but it has
not been widely used due to the restricted usage conditions.
Optical methods, such as the laser confocal method [18], con-
focal chromatic method [8] and laser-induced fluorescence
method [9,19], have been developed rapidly in recent years
to give fast and accurate measurement.

Most previous studies have focused on falling films along
plates with sidewalls, with limited studies of unconfined fall-
ing films. Also, most methods for detecting the interface have
been the point measurements. Hence, planar laser-induced
fluorescence (PLIF) was used here to measure the continuous
three-dimensional thickness distributions of falling films on
inclined plates, in order to investigate the effects of Reynolds
number, surface tension and inclination angle on the film
thickness.

2. Apparatus and methods

The experimental apparatus included a fluid circulation
system and an optical imaging system as shown in Fig. 1. In the
fluid circle system, the experimental fluid was pumped from
the lower tank into the upper tank and then passed through a
valve and a flowmeter before entering the distributor. A fall-
ing film then formed on the inclined plate. The fluid passed
through the optical measurement zone, into the reservoir, and
then was pumped back to the storage tank. The distributor was
designed as a box with a wedge-shaped outlet fixed perpendic-
ularly above the plate. The outlet was 2 mm wide and 60 mm
long, and placed 2 mm above the plate to produce a uniform
liquid film. Rhodamine B solutions and Rhodamine B-surfac-
tant solutions were used as the experimental fluids and the sur-
face tensions were listed in Table 1 (Rhodamine B, CAS81-88-9,
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan); surfactant,
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Fig. 1. Experimental system.

Table 1
Surface tension of the test fluid

Test fluid ~ Composition Surface tension, N/m
Sample #1 ~ Water + Rhodamine B 0.066
Sample #2  Water + Rhodamine B+  0.050

Surfynol-465

Surfynol-465, Air Products and Chemicals, Inc., Allentown,
PA, USA). The addition of Surfynol-465 is 0.75% (wt%). The
surface tension was measured by Wilhelmy plate method
(Kriiss Tensiometer K100). The silica glass base plate was
120 mm wide and 200 mm long.

In optical imaging system, the PLIF method was used
to measure the three-dimensioned thickness distribution as
shown in Fig. 2. The optical equipment and the test plate with
the adjustable support were all fixed on the optical platform
with the movement regulated by micrometers. The PLIF sys-
tem included as follows:

e Laser source with a sheet optical lens: A continuous sol-
id-state laser (Solo XT 532 nm, New Wave Research, Inc.,
Fremont, CA, USA) with A = 532 nm (green laser) was
used in this experiment. The laser sheet was 0.2 mm wide
and 120 mm long, respectively, and the laser source was
located 500 mm away from the test plate.

e Cameras: The test scope for investigating the film thick-
ness along spanwise direction in this experiment was rel-
atively large, so a high resolution camera was needed to
guarantee the accuracy. A high definition digital camera,
a Canon 7D with a Canon EF 100 mm Marco lens, was
used in this experiment as the main camera. Images with
5,184 x 3,456 pixels were obtained at 0.5 fps with expo-
sure time of 1/1,000 s. An electronic front-curtain shutter
and a second-curtain with a time-lag release were used
in the shooting to eliminate the influence of vibration.
With the adjustable support, the viewing angles could
be adjusted at the desired angles to avoid the poten-
tial influence of film fluctuations. A high speed camera,
Basler CCD camera at 1,000 fps with 1,280 x 512 pixels,
was used to detect the variations of local film thickness as
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Fig. 2. Schematic of the planar laser-induced fluorescence system.

an auxiliary camera. A Nikkor AF 50 mm lens and several
extension rings were used to achieve a reasonable view
size. A side view camera and a top view camera were also
used to confirm the equipment positions and the angle
in real time.

e Band filter: A band filter was installed in front of the cam-
era lens to block light with A <550 nm. Thus, the camera
can detect the fluorescent but not the light scattered from
the gas-liquid interface to improve the accuracy.

* Fluorescent dye: Rhodamine B is a common dye that
strongly fluoresces with the maximum wavelength of
about 580 nm when excited by a laser at A = 532 nm [20].
The concentration of the Rhodamine B aqueous solution
was 0.1 g/L, which had little effect on the physical prop-
erties [21,22].

3. Experimental procedure and data processing

The test plate, laser and camera were adjusted as shown
in Fig. 2 for the desired inclination angle. The sheet laser was
aligned perpendicularly to surface at the desired 0.2 mm line
wide scale marks engraved on both edges of the plate. A cali-
bration board was then placed perpendicularly to the surface
at the desired scale marks to focus and calibrate the camera.
The flow rate was then adjusted to the desired value and the
fluorescent agent in the liquid was induced by the sheet laser.
After the falling film became stable, repeated test images of
the gas-liquid interface were captured. Fig. 3 shows a visual-
ized falling film in experiment.

The image processing procedure is shown in Fig. 4. An
in-house MATLAB-based processing program was used
to identify the gas-liquid interface. The original images
were transformed into a two-dimensional matrix. Fig. 4(a)
shows an original image of the gas-liquid interface from the
laser-induced fluorescence; Fig. 4(b) shows the 8-bit gray-
scale image of Figs. 4(a) and (c) shows the matrix of the 8-bit
gray-scale values. The liquid—gas interface, which is the lig-
uid film profile, was obtained from the test images using the
maximum gradient method [9] with a row array shown in
Fig. 4(d). Any point far from the interface was assumed to
be signal noise, and replaced by the value which was lin-
early interpolated from the two adjacent points. The physical
length per pixel was calculated from calibration broad with
the centerline coordinate of the desired marks used as the
baseline coordinate. Hence, the relative film thickness was
obtained by multiplying the physical length per pixel by the

Fig. 3. Visualized film flow.
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Fig. 4. Image processing procedure.

pixel number of the film thickness which was the difference
between the coordinate value of the gas-liquid interface and
that of the baseline. Finally, the absolute film thickness was
calculated after correcting the relative film thickness for the
view angle. All the measurements were taken with the flow
rate being increased at each step.

The PLIF method accuracy was compared with
chromatic confocal displacement sensor (CCDS; ACR-
HNDS100) measurement in initial tests. The compared
tests were performed for sample #2 with [ = 50 mm,
q=2.78 g/s and 0 =20°. A mean film thickness of 0.351 mm *
0.030 mm for PLIF method and 0.340 mm * 0.019 mm for
CCDS system were measured during a test time. These
tests show a good agreement between the two methods. In
this study, the PLIF method can achieve line measurement,
but it is limited by the fluorescence intensity and the gray-
scale recognition of camera, therefore, when the film thick-
ness is less than about 0.08 mm, it will be difficult to detect
the interface.

The experimental system error included the errors in the
angle measurement, flowmeter and image recognition pro-
cess. The angle error was 0.083° and the flowmeter error was
1.5%. Due to the geometrical relationship, the angle error
can be neglected in this experiment. The image recognition
error was due to the boundary detection when the coordinate
value at a noisy point was replaced by the average of the two
adjacent points (a “jump” in the gas/liquid interface along
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the x-coordinate was classified as a noisy point if the varia-
tion was greater than 1 pixel). The boundary identification
error was not more than 2% of the average film thickness in
the center region based on the minimum number of pixels for
the film thickness measurement. The spatial resolution varies
slightly due to the change of target focus plane. For example,
in this study, the physical length per pixel is 0.0096 mm at
=50 mm for the high definition digital camera. The values of
the liquid film thicknesses were time-averaged values unless
otherwise stated.

4. Results and discussion
4.1. Flow state

The relationship between the film Reynolds number and
flow rate can be defined as Re =I'/p, p refers to the dynamic
viscosity and I' = g/I, refers to spray density, g and I, are the
flow rate and effective spray length, respectively. The cen-
terline film thickness for sample #2 at 50 mm from the inlet
with the flow rate g =2.78 g/s and 0 = 20° is shown in Fig. 5.
The film thickness variation with time was detected by the
high speed CCD camera at 1,000 fps. The film thickness var-
ies randomly with time, but the whole fluctuation maintains
in a certain range.

The scatters of gas-liquid interface (namely the film thick-
ness) for five images taken 50 mm from the inlet at g =2.78 g/s
and O = 20° are shown in Fig. 6. The liquid film profile along
the spanwise direction has a “bow” distribution and can be
divided into the “ripple region” with large film thicknesses
on both sides and the “center region” at middle. In the ripple
region, the film thickness increases sharply from the three-
phase contact line and then decreases slightly after reaching
a maximum value. In the center region, the film thickness is
relatively stable, but it also shows a slight rising trend from
side to center.
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Fig. 5. Film thickness variation with time for sample #2 with
I=50 mm, g=2.78 g/s and O = 20°.
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Fig. 6. Film thickness distribution along the spanwise direction
for sample #1 with ¢ =2.78 g/s and 0 = 20°.

A three-dimensional image of the flow in the falling film
along the inclined surface is shown in Fig. 7 for g =2.78 g/s
and 0 = 20°. This figure was obtained by combining multi-
ple images of spanwise sections. It shows that the spanwise
width and the section area of the falling film decrease along
the streamwise direction, because the cohesive force is
larger than the adhesive force, the surface tension reduces
the surface area of liquid film. The film is 46.13 mm wide
at [ = 50 mm while it is 40.75 mm at [ = 85 mm. In addition,
the liquid film shrinkage mainly occurs in center region of
the film.

The shape and height of the falling film in the ripple
region are almost constant along the streamwise direction,
while the film thickness in the center region increases slightly
in the streamwise direction. The thickness in the middle of
the center region increased about 5.3% from [ = 50 to 85 mm.
The flow state shows a good reproducibility, but sometimes
it is affected by the hysteresis. That is why all the measure-
ments were taken with the flow rate being increased at each
step.

4.2. Effect of flow rate on the film thickness

Figs. 8(a) and (b) present the film thickness variations of
sample #1 for various flow rates with [ = 50 mm and 0 = 20°.
In general, the film thickness increases with the flow rate,
which is agreed with Lan et al. [14]. It should be noted that
the increase is not continuous, but in stages. When the inter-
val of the flow rate increase is small, the film becomes thicker
but the width remains consistent, as shown in Fig. 8(a). When
the enhancement in flow rate exceeds a critical value, the film
width extends suddenly and then begins to thicken again till
the next extend, as shown in Fig. 8(b). This shows a phenom-
enon which is similar to dynamic contact angle hysteresis of
a droplet.

4.3. Effect of surface tension on the film thickness

Fig. 9 shows the comparison of the film thickness distri-
butions between samples #1 and #2 for g=2.78 g/s, 0 =40° and
I'=50 mm. The film thickness of sample #1 with the higher
surface tension in the ripple region is about 0.10 mm larger
than that of sample #2. The influence of the surface tension on
the film thickness in the center region is less than in the ripple

0.6000

0.4500

S ST W

Fig. 7. Film flow along the streamwise for sample #1 with
g=278 g/sand 0 =20°.
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Fig. 8. Film thickness variation with the flow rate for sample #1
with [ =50 mm and 0 = 20°.
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Fig. 9. Effect of surface tension on film thickness with g=2.78 g/s,
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Fig. 10. Effect of inclination angle on film thickness for sample
#2 with [ =50 mm.

region with sample #1 in the center region only 0.04 mm
higher. The falling film width of sample #1 with the higher
surface tension is less than that of sample #2 with sample #2
being 17.8% wider than sample #1 in Fig. 9. The larger surface
tension causes the film width to shrink much faster, because
the larger surface tension produces a larger cohesive force
and a lower adhesive force.

4.4. Effect of inclination angle on the film thickness

The effect of the inclination angle on the film profile for
sample #2 at [ =50 mm is presented in Fig. 10. The inclination
angle influences the gravitation force on the falling film with
a larger inclination angle giving a higher gravitational force,
which results in a higher film velocity, a slightly thinner film
thickness and a smaller film width.

5. Conclusions

The laser-induced fluorescence method was used to mea-
sure the three-dimensional film thickness profile of a fall-
ing film along an inclined plate without confined sides. The
effects of flow rate, surface tension and inclination angle on
film thickness were analyzed with the following conclusions:

* The film thickness across the spanwise direction has a
bowed shape with ripple regions on the two sides and
center region between them.

e The film width decreases with the increase of the stream-
wise length; the center region width decreases with the
increase of the streamwise length while the center region
height increases slightly.

e With the flow rate increases, the film thickness and the
film width both increase.

¢ The maximum film thickness at the ripple region
increases with the increasing surface tension; the
liquid film width decreases as the surface tension
increases.

e The film thickness and film width both decrease as the
inclination angle increases.
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Symbols

=
)

OO DT A T =0g

—  Reynolds number

—  Gravitational constant, m/s?
—  Film thickness, mm

—  Streamwise length, mm

—  Effective spray length, mm
—  Spray density, kg/(m s)

—  Dynamic viscosity, Pa s

—  Contact angle, °

—  Wave length, nm

—  Inclined angle, °

—  Viewing angle, °

—  Film thickness, mm
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Fig. S1. The comparison with Lan et al. [14].



