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GRAPHICAL ABSTRACT

The determined thicknesses (a;) (solid square: DLAS; hollow square: UPEM) and temperatures (a;) (solid
triangle: DLAS; hollow triangle: thermocouple) of dynamic liquid films formed with water in the tank at
40.0 °C on the inclined metal plate.

“DLAS
Themocouple

ABSTRACT

The flow and evaporation of liquid films widely exist in various industrial fields. The investigation into
liquid films is essential to design and optimize the relevant industrial processes. In this work, a simulta-
neous measurement method of liquid film thickness and temperature on metal surface based on diode
laser absorption spectroscopy (DLAS) was proposed, and a corresponding measurement system was
developed. First, static liquid films of 200-800 pm on the horizontal metal plate were studied, ultrasonic
pulse-echo method (UPEM) and thermocouple were employed to compare with DLAS data. It revealed
that the relative deviations of film thicknesses and temperatures measured by different methods were
3.3% and 2.0%, respectively. Furthermore, the evaporation processes of static liquid films were investi-
gated. For the liquid films with different initial thicknesses (490.0/624.6/744.5 um), the average relative
deviations of the film thicknesses and temperatures measured by different methods were 0.1%/0.8%/4.1%
and 0.1%/2.6%/3.0%, respectively. Finally, the flow processes of liquid films at different initial tempera-
tures (40.0/60.0/80.0 °C) on the inclined metal plate were researched. It was found that the variation
trends of the liquid film thicknesses and temperatures measured by different methods were in good
agreement. In the stable stages of flow processes, the average relative deviations of liquid film thick-
nesses and temperatures measured by different methods were 9.0%/8.4%/5.1% and 3.6%/1.2%/2.5%,
respectively. This work is helpful to understand the heat and mass transfer mechanisms in the evapora-
tion and flow processes of liquid films.
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1. Introduction

The flow and evaporation of liquid films widely exist in energy,
chemical engineering, and other industrial fields. For example, flow
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of falling film on the horizontal corrugated pipe [ 1], flow of the film
in the passive containment cooling system [2], evaporation of fall-
ing film on the vertical evaporator heating tube [3] and the hori-
zontal pipe in the seawater desalination [4], etc. Since the
variations of film thicknesses and temperatures inevitably influ-
enced on the heat and mass transfer effects in the relevant indus-
trial equipment, the measurement of these two parameters is
helpful to fundamentally understand the relevant mechanisms.
Guo et al. [5] found that the liquid films played a primary role in
flow boiling process in the micro-channel, and the film thickness
affected the thermal load of the fluid greatly. Chauris et al. [6] pre-
sented that film thickness was inversely proportional to the heat
transfer coefficient in the evaporation process of thin film on cap-
illary heated tube. And Li et al. [7] proposed that the falling film
temperature significantly contributed to the film evaporation mass
transfer in the duct.

In order to optimize the relevant industrial processes and pro-
vide reliable data for simulations, simultaneous measurement of
liquid film thickness and temperature with high precision is essen-
tial. Traditional measurement methods of liquid film thickness
were mainly classified into electrical methods [8-9], acoustic
methods [10-11] and optical methods [12-14]. For example,
Jaworek et al. [9] utilized a capacitance sensor to determine the lig-
uid film thickness on the pipe wall. However, the measured liquid
should be with high conductivity. Jiao et al. [ 11] obtained the lubri-
cating oil film thickness between mechanical elements with ultra-
sonic measurement method, but it was difficult to distinguish the
echoes from two interfaces of the liquid film less than 150 pm.
Chang et al. [12] measured the liquid film thickness on the aircraft
by planar laser induced fluorescence method, but the measure-
ment system was complex, and specific tracer should be selected.
Thermal resistance and thermocouple are conventional methods
for liquid temperature measurement, but the status of liquid film
is affected by these invasive methods. Therefore, non-invasive
measurement methods were developed by many researchers. Jiang
et al. [15] measured the liquid film temperature with thermal
infrared imaging technology, and Mignot et al. [16] determined
the liquid film thickness and temperature in the condensation
and re-evaporating environment by mid-wave infrared absorption
method. However, the measurement accuracy was limited by the
resolution of the camera and the quality of the captured image.
Pan et al. [17] obtained the thickness, temperature, and concentra-
tion of static liquid film on quartz glass plate by near infrared
absorption spectroscopy, but it was not appropriate for dynamic
liquid film on the metal surface.

Therefore, a novel method was proposed to simultaneously
measure liquid film thickness and temperature on metal surface
based on diode laser absorption spectroscopy (DLAS). The static
liquid films (200-800 pm) on the metal plate were firstly investi-
gated by the developed DLAS system, ultrasonic pulse-echo
method (UPEM) and thermocouple were employed to validate
the developed system. Furthermore, a series of experiments were
performed to analyze the processes of static liquid films evapora-
tion with different initial thicknesses on horizontal metal surface
and the processes of dynamic liquid films flow at different initial
temperatures on inclined metal surface.

2. Theoretical strategy

Based on the Beer-Lambert law, when the light at a specific
wavenumber v is reflected by a liquid film on a metal surface, con-
sidering the influence of the reflection at the liquid film surface, the
transmittance can be expressed as [18],

©(v) =1;/(Io — I;) = exp[( - ma(v) - L)] (1.1)
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where Iy is the incident light intensity, I is the reflected light inten-
sity at the liquid film surface, I, represents the light intensity
reflected at the metal surface and then refracted on the liquid film
surface, n is the molar concentration, and a(Vv) denotes the infrared
absorption cross section, and L is the optical path length.

The molar concentration can be obtained as follows:

n=p(T)/M (12)

Liquid water was investigated in this work, M is the molar mass,
the density p is depended on liquid temperature T and can be
obtained by following formula [19],

p(T) = 0.73694 + 0.00199T — 3.73881 x 10 °T? (1.3)

In our previous work, the absorption spectra of liquid water at
different temperatures (25-75 °C) in the near-infrared range
(5800-7800 cm~!) were measured by a Fourier-transform infrared
(FTIR) spectrometer [20], and it was found that o(v) was closely
relevant to T. Two diode lasers available in the laboratory (center
wavelengths /: 1420 and 1488 nm) were employed. In the future
work, other wavenumber positions can be chosen and combined
to eliminate non-specific attenuations and improve the measure-
ment accuracy. In order to avoid the interference of water vapor
absorption on the measurement of liquid film, the absorption spec-
tra of water vapor near the center wavelengths of the two diode
lasers (6718.0-6723.0 cm™! and 7040.0-7044.0 cm™') were simu-
lated by the HITRAN database. The temperature was 25.0 °C, the
optical path length was 10 cm, the pressure was 1 atm, and the
water vapor concentration was 0.01 mol/L. As shown in Fig. 1, in
the case that water absorption was negligible, two wavenumbers
at 6721.6 cm~! and 7040.8 cm™~! were selected.

For the two wavenumber positions at 6721.6 cm™ and
7040.8 cm™!, there is a linear relationship between o(v) and T:

o(v))=a;+bT,i=1,2 (1.4)

1

where g; and b; are the corresponding fit coefficients (as shown in
Table. 1). The coefficients of determination R? at 6721.6 cm™! and
7040.8 cm™! are 0.999 and 0.994, respectively. It revealed that there
was a good linear relationship between ¢(v) and T, as shown in

Fig. 2.
Assume that:
r=Inft(v1)]/In[t(22)] (1.5)

The film temperature T can be described as:
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Fig. 1. Simulated absorption spectra of water vapor (6718.0-6723.0 cm™' and

7040.0-7044.0 cm™1).
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Table 1
The fit coefficients of o(v) and T.
i v/ cm™! a; b R?
1 6721.6 452.96 -1.22 0.994
2 7040.8 380.37 2.85 0.999
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Fig. 2. Fit curves of o(v) and T at 6721.6 cm~! and 7040.8 cm™ "
T = (a1 — ayr)/(bor — by) (1.6)

When T was obtained, L can be determined by following
formula:

L=M:In(z(2))/[(—(a+bT)) - p(T)]

Owing to the geometric relationship between the film thickness
d and L, d can be calculated by:

(1.7)

d= 1/2cos{sirr1 [sind - (no/m)}} L (1.8)
where 0 is the incident angle of the light, ng and n, are the refractive
indexes of air and liquid water, respectively.

This method is also applicable to other liquids, but the absorp-
tion spectra of the investigated liquid at different temperatures
should be known in advance.

Laser controller
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3. Experimental setups and results
3.1. Validation

In order to determine the measurement accuracy of the pro-
posed method, a DLAS system was employed. As depicted in
Fig. 3, the temperature and current of the diode lasers (Thorlabs,
LM14S2) were tuned by the laser controller (Thorlabs, PRO8000).
The two light beams with the center wavenumber positions at
6721.6 cm~! and 7040.8 cm~! were coupled by a wavelength divi-
sion multiplexer (Thorlabs, TDQ1315HF). It was found in our previ-
ous research that the incident angle should be chosen as small as
possible [18]. However, the incident angle was fixed at 10° here
due to the limitation of the layout of system. The multiplexed light
from the collimator (Thorlabs, F280APC-C) was led through the lig-
uid film on a horizontal metal plate, then reflected light was
focused by a convex lens (Thorlabs, LB1092-C). A grating (Thorlabs,
GR13-0608) was employed to separate the coupled light. The two
demultiplexed light beams were received by InGaAs photoelectric
detectors (Thorlabs, PDA10CS-EC), and collected by the NI acquisi-
tion card (NI, BNC-2110, frequency: 1 kHz). Finally, the data post-
processing and real-time display of measurement results were
achieved by the LabVIEW (National Instruments) program.

UPEM was employed to determine the liquid film thickness
simultaneously and compared with DLAS results. For UPEM, the
probe (OLYMPUS, V313-SU, diameter:12.0 mm) was connected to
an ultrasonic pulse transmitter and receiver (Panametrics,
5910R). Continuous pulse signal was transmitted, and the reflected
signal was received by the probe. The probe was perpendicular to
the metal plate and the measurement point 1 of DLAS was in the
center of the probe. It should be noted that diameter of DLAS laser
beam was only 1 mm, the corresponding measured area was only
0.7% of UPEM probe, and the film thickness measured by UPEM
was the average value of the measured area covered by the probe.
The temperature obtained by DLAS was compared with the ther-
mocouple data (JINKE, JK840, diameter: 100 pm). The thermocou-
ple was fixed at point 2 keeping 10 mm with point 1 to avoid
affecting the optical path and the status of the liquid film.

The deionized water had been deposited 10 times on the sur-
face of the metal plate (150.0 x 150.0 x 30.0 mm, 304 stainless
steel) with a needle. A metal ring (diameter:100.0 mm, thick-
ness:10.0 mm) was fixed in the center of the plate to avoid liquid
spreading. Then liquid films with different thicknesses were
formed. Here, since it was difficult to form liquid films less than
200 pm, and the absorption was saturated at the employed

Focusing lens Grating

Data acquisition card

Metal plate \

"\
Ultrasonic probe

Thermocouple

Ultrasonic pulse reflector

Computer

Fig. 3. Schematic drawing of DLAS measurement system.
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wavenumber positions when the liquid films were thicker than
800 pm, the validation experiments were only performed with lig-
uid films varied from 200 to 800 pm. It should be pointed out that
the thickness variations of liquid films during the evaporation and
flow processes in Sections 3.2 and 3.3 were all within this range.
For each film thickness, the experiments were repeated for three
times. In addition, the experiments were operated at room
temperature.

The 10 sets of measured liquid film thicknesses (solid square:
DLAS; hollow square: UPEM) and temperatures (hollow triangle:
DLAS; solid triangle: thermocouple) on the horizontal metal plate
were shown in Fig. 4. It revealed that the maximum standard devi-
ations of film thicknesses and temperatures were 3.58 um and
0.51 °C for three repeated experiments, respectively. As shown in
Fig. 4a, the liquid film thicknesses measured by DLAS and UPEM
matched well, it was found that the largest deviation of the film
thickness between two methods was 31.7 pum, and the average rel-
ative deviation was 3.3%. As shown in Fig. 4b, the average relative
deviation of the liquid film temperature measured by DLAS and
thermocouple was 2.0%. It revealed that the simultaneous mea-
surement of liquid film thickness and temperature can be achieved
by the developed DLAS system with high accuracy.

3.2. The evaporation process of liquid film on the horizontal metal
plate

The evaporation process of liquid films with three different ini-
tial thicknesses on the horizontal metal plate was investigated. The
experimental setup was similar to that shown in Fig. 3. The deion-
ized water was firstly heated by hot air gun (Deli, DL5318), and
then injected into the metal plate by the needle. The measured liq-
uid film thicknesses (solid square: DLAS; hollow square: UPEM)
and temperatures (solid triangle: DLAS; hollow triangle: thermo-
couple) were plotted in Fig. 5. As shown in Fig. 5al, b1, and c1,
the three initial film thicknesses measured by DLAS and UPEM
were 490.0/624.6/744.5 pm and 488.3/621.7/717.2 pm, respec-
tively. The variation trends of the film thicknesses measured by
DLAS were in good agreement with UPEM. The film thicknesses
gradually decreased, and the average relative deviations between
DLAS and UPEM were 0.1%/0.8%/4.1%, respectively. Due to the sur-
face tension effect, the convex shape of the liquid film was more
obvious when the film was thicker, the relative deviation
increased. As shown in Fig. 5a2, b2, and c2, the three initial liquid
film temperatures measured by DLAS and thermocouple were
33.4/40.2/36.2 °C and 33.9/40.0/36.4 °C, respectively. The variation
trends of the liquid film temperatures measured by these two
methods matched well, the average relative deviations between

1000 1000

* DLAS
UPEM|
5 500 L 800
i ]
2 s 8
2 600 a I 600
'8 -
; -
% 400 B L 400
:.—l -
«
2 g ®
3 2001 L)
2 200 200
(a)
+——————r———r——1————1+0
0 1 2 3 4 5 6 7 8 9 10 1l

Times

Fig. 4. 10 sets of measured liquid film thicknesses (a) (solid square: DLAS; hollow square

on the horizontal metal plate.
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UPEM measured thickness /pm

the DLAS and thermocouple of three groups were 0.1%/2.6%/3.0%,
respectively. It revealed that there were irregular fluctuations of
liquid film thicknesses and temperatures during the evaporation
processes, it might be caused by the beam steering effects when
the small air bubbles appeared and vibrated on the film surface.

3.3. The flow process of liquid film on the inclined metal plate

The measurement system of liquid film on the inclined metal
plate was shown in Fig. 6, the arrangement of UPEM and thermo-
couple was basically same as that in Fig. 3. A water tank
(20.0 x 20.0 x 10.0 mm, acrylic) was arranged on the metal plate
with an inclination angle of 10° from the optical station, and a flow
channel (100.0 x 10.0 mm, acrylic) was fixed on the metal plate. A
syringe pump (Shenchen, SPLab02) was connected to the needle
and pushed the heated deionized water (40.0/60.0/80.0 °C) into
the tank, mass flow rate was adjusted to 4.0 ml/s to ensure that
the liquid film was distributed on the plate evenly. Here, the syr-
inge pump was running about 1 min and the experiments were
also performed at room temperature.

The measured liquid film thicknesses (solid square: DLAS; hol-
low square: UPEM) and temperatures (solid triangle: DLAS; hollow
triangle: thermocouple) on the inclined metal plate were shown in
Fig. 7.The start of the syringe pump (Abbreviation as SOSP) can be
defined as the initial time (0 s). As shown in Fig. 7a1, b1, and c1 the
liquid film thickness was O pm at the start of the data acquisition
(0-10 s after SOSP). At this stage, the syringe pump was activated,
the water tank was slowly filled and no liquid film was formed on
the metal plate. When the front tip of liquid film flowed through
the measured point 1, partial light was reflected due to the curva-
ture of the liquid film edge. The attenuation of light intensities was
considered as absorption of liquid water, leading to a dramatic
increase of liquid film thickness and temperature at ~10 s after
SOSP. During the periods (11-60 s after SOSP), the film thickness
slowly decreased and reached a relative stable value. The average
film thicknesses of the stable stage measured by DLAS and UPEM
were 379.2/363.0/384.1 pm and 413.0/393.4/403.5 pm, respec-
tively. The average relative deviations of thicknesses were
9.0%/8.4%/5.1%. Due to the surface tension, the liquid film at the
edge of the flow channel was slightly higher than in the center, it
led to the overestimation of the film thickness by UPEM. Since
the deionized water in the needle had been drained in the periods
(60-75 s after SOSP), the remaining deionized water in the tank
continued to flow into the flow channel through the slit and the
pressure in the tank dropped, the film thickness gradually
decreased. In the end, it dropped to be O pm (at 75 s after SOSP)
due to no supplement of the liquid water.
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Fig. 5. The determined thicknesses (a;, by, ¢1) (solid square: DLAS; hollow square: UPEM) and temperatures (a,, b, ¢3) (solid triangle: DLAS; hollow triangle: thermocouple)
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Fig. 7. The determined thicknesses (a;, by, ¢1) (solid square: DLAS; hollow square: UPEM) and temperatures (a,, by, ¢3) (solid triangle: DLAS; hollow triangle: thermocouple)
of dynamic liquid films formed with water in the tank at different temperatures (40.0/60.0/80.0 °C) on the inclined metal plate.

As shown in Fig. 7a2, b2, c2, the liquid film temperatures mea-
sured by DLAS and thermocouple at 11.0 s after SOSP were
24.5/36.5/50.0 °C and 23.6/35.7/47.4 °C, respectively. Due to a cer-
tain amount of heat loss when the deionized water in the needle
flowed through the water tank and the inclined metal plate, the
measured data were all lower than the initial heating temperature.
As shown in Fig. 7a2, the film temperature was relative stable and
the average relative deviation between two methods was 3.6%.
Because of the continuous inflow of heated deionized water (11-
30 s after SOSP), the liquid film temperature measured by DLAS
and thermocouple showed an increasing trend, as shown in
Fig. 7b2 and 7c2, and the maximum temperature rise was 3.1 °C
and 6.5 °C, respectively. In the process of 30-60 s after SOSP, it
revealed that an equilibrium state was reached, and the average
relative deviations of film temperatures between two methods
were 1.2% and 2.5%, respectively. In the process of 60-75 s after
SOSP, the syringe pump stopped and film temperature dropped
to be 0 °C.

4. Conclusion

A novel method based on DLAS was proposed to simultaneously
measure the liquid film thickness and temperature on the metal
surface. The measurement accuracy of the developed DLAS system
was validated with static liquid film ranging from 200 to 800 pm
on the horizontal metal plate, and the measured results were com-
pared with UPEM and thermocouple. It was found that the average
relative deviations of the liquid film thicknesses and temperatures
were 3.3% and 2.0%, respectively. The evaporation processes of sta-
tic liquid films were also investigated. The liquid film thicknesses
and temperatures measured by DLAS matched well with UPEM
and thermocouple. With the increase of initial liquid film thick-
nesses, the average relative deviations of film thicknesses and tem-
perature increased. The flow processes of liquid film on the
inclined metal plate were also studied, the liquid film thickness
slowly decreased and reached a constant value. The variation
trends of liquid temperature were in good agreement with thermo-
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couple. It indicated that the developed DLAS system can be poten-
tially applied in relevant industrial processes for simultaneous
measurement of liquid film thickness and temperature on metal
surface. Since quartz tuning fork is used as a novel detector with
the advantages of no wavelength limit, low cost and tiny volume
[21,22], it can be employed to replace the photodetector to achieve
a more reliable and compact system in the future work.
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