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Abstract

In this paper, a non-intrusive technique was developed to measure falling film thickness and temperature
simultaneously based on the image processing techniques. This non-intrusive technique is used to study the heat
and mass transfer characteristics. The enhanced heat and mass transfer of falling film over the tube will be used
in the desalination system for distillate water production. The A high speed camera and a high speed infra-red
camera are used to record falling film formation and temperature respectively over a horizontal plain tube at the
rate of 10,000 fps by simultaneous triggering. The recorded images are processed using image processing software
packages to determine film thickness and temperature profile at different circumferential angles ranging from 0°
to 180° with tube impingement height of 5 mm. Film thickness over the horizontal plain tube is taken at different
flow rates in the range of 0.6 Ipm to 2 Ipm. Measured film temperatures and film thicknesses are compared with
the literature data. It is observed that the error band for falling film thickness is in the range of £3.20% to +8.29%
for different falling film Reynolds numbers. Also, the error band for falling film temperature is in the range of
+0.08% to +1.57%, when compared with calibrated thermocouples.
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1. Introduction

A falling film is a common and effective mode of heat transfer application in many industries, such as desalination
for potable drinking water, refrigeration for cooling and cold storage, Ocean thermal energy conversion (OTEC)
for power generation, dairy farms and so on. The most common and widely used type of heat transfer is in multi-
effect desalination (MED) application for producing fresh water on a large commercial scale (Al-Shammiri and
Safar, 1999; Khawaji et al., 2008; Nair and Kumar, 2013; Ophir and Lokiec, 2005). In order to enhance the
effective heat transfer using the falling film method, a proper and accurate measuring technique needs to be
developed to measure thin film thickness over the horizontal tubes in the evaporation of the MED system (Chen
et al., 2015; Xu et al., 2004).

Researchers have developed numerical models to determine film thickness at different circumferential angles. In
1916, Nusselt numerically modelled film thickness measurement by considering thermophysical properties, fluid
flow rate and acceleration due to gravity (Nusselt, 1916). Later, researchers found that there was a lacuna in
Nusselt’s numerical model to determine film thickness. In 2012, Hou et al. found that the diameter of the pipe and
impingement height between pipes will play a major role in determining the film thickness. So, authors modified
the Nusselt’s equation by giving the ratio of impingement height between pipes and diameter of the pipe with
constant values based on their experimental trials (Hou et al., 2012; Nusselt, 1916).

Many researchers have attempted to measure film thickness by intrusive and non—intrusive methods. In intrusive
methods, Hou et al. 2012, measured the film thickness using displacement micrometer measurement with the tube
impingement height ranging from 10 mm to 40 mm with Reynolds numbers ranging from 150 to 800. The working
fluids used for their experiment were pure water and seawater. They observed that Nusselt's numerical model gave
arelatively reasonable prediction of the film thickness around the upper perimeter of the tube; but a poor prediction
around the lower perimeter (Hou et al., 2012). Zhang et al. 2020, measured falling film thickness over a horizontal
corrugated tube using a displacement micrometer. They used pure water, maintained at 20°C, as working fluid
with Reynolds numbers ranging from 150 to 1000 and observed that the film thickness of the corrugated tube
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increases with the increase of the film Reynolds number, which is the thinnest for circumferential angle ranging
from 90° to 120°. The film thickness decreases by increasing the tube spacing, increasing the tube diameter and
corrugation radius (Zhang et al., 2020).

Researchers have started developing non-intrusive methods to evaluate the characters of the liquid film. In 2019,
Jayakumar et al. have measured the falling film thickness using an air-coupled ultrasonic transducer for plain
horizontal tube. They used drinking water, maintained at 25°C, as the working fluid for different Reynolds
numbers ranging from 130 to 350. They measured the film thickness for the circumferential angle ranging from
40° to 130°. They observed fluctuation in film thickness with increase in flow rate and this technique can also
process film thickness data with better accuracy in minimal time (Jayakumar et al., 2019). Later in 2021, Maliackal
et al. measured the falling film thickness using a laser interferometric technique. They used drinking water, which
was maintained in the range from 70°C to 90°C, as the working fluid for different Reynolds numbers ranging from
350 to 900. They used an optical shadow graph technique to evaluate the falling film thickness around the
circumference of a horizontal tube. Mach Zehnder Interferometer (MZI) was utilized to visualize the isotherm
formation. The film thickness was measured at the circumferential angles ranging from 10° to 170° and observed
that the film thickness variation around the tube circumference shows an increasing trend with increase in
Reynolds number, but a change in trend with varying feed inlet temperatures (Maliackal et al., 2021). In 2022,
Maliackal et al. were able to measure the film interface temperature (Maliackal et al., 2022a, 2022b). The
characteristics of falling film of a horizontal tube is purely depend on liquid film temperature and thickness. Based
on the work carried out by the researchers using non-intrusive techniques, a simultaneous measurement is
developed for the different film characteristics.

This work presents a novel image processing technique for simultaneous measurements of falling film thickness
and temperature of a horizontal plain tube of a falling film evaporator of a Multi-Effect Evaporator of desalination
system.

2. Principle of operation

Experimental setup consists of a uniform water distributor tank, measuring tube and dummy tubes in a horizontal
arrangement, constant temperature water bath, ultrasonic type flow meter and recirculation pump. The uniform
water distributor tank is of dimension 60 mm x 50 mm x 150 mm (height x width x length). A baffle is provided
at the height of 40 mm from the bottom of the uniform water distributor tank. A slot opening of 1 mm at the top
of the uniform water distributor tank is provided for uniform sheet flow to simulate the flow conditions of the
evaporator in the desalination plant.

The working fluid for the experiment is taken as drinking water. The water temperature is maintained using a
constant temperature water bath. Water is pumped to the uniform water distributor tank from the constant
temperature bath. Water flows through the distributor tank's slot and flows over the first three consecutive dummy
tubes, measurement tube (fourth tube) and dummy tube (fifth tube) as shown in Fig. 1. The first three dummy
tubes are used for flow stabilization and for uniform film formation over the measurement tube. The fifth dummy
tube is used to avoid splashing of water before it collects in the water collection tank. The tube dimension, spacing
and other characteristics are given in Table 1. At the bottom, water gets collected in the collection tank and flows
back to the constant temperature water bath tank. The operating conditions for the experimental study are given
in Table 2. The flow rate and working fluid temperatures before and after the measurement tube are continuously
monitored using a calibrated ultrasonic flow meter and T - type thermocouples respectively. T - type
thermocouples are inserted through the body of the experimental setup and touches the water without disturbing
the film formation. Figure 2 shows the photographic view of falling film experimental setup.

Tab. 1: Tube characteristic.

Tube material Copper
Tube Diameter (1D) 25.4 mm
Tube thickness 0.2 mm
Effective tube length 150 mm
Number of dummy tubes 4
Number of dummy catch tube 1
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Ambient Temperature 28°C

Tab. 2: Experimental operating conditions.

Working fluid Drinking water
Operating working fluid flow rate 0.6 -2 Ipm
Operating working fluid temperature 60 °C
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Fig. 1: Schematic diagram of falling film experimental setup.
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Fig. 2: Photograph of falling film experimental setup.
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3. Falling film thickness and temperature
measurement

Figure 3 shows the flow process for the mean film thickness and temperature measurements at each 10°
circumferential angle of plain horizontal tube. After stabilization of film formation over the measuring horizontal
tube, non — flickering light is positioned. The position of non-flickering light is kept in such a way that reflection
of light from mirror, falling film and other surfaces should be minimal. Phantom VEO 1310L high-speed camera
is made to focus the film formation from the mirror with surface finish of /10 and FLIR X6901sc high-speed
infra-red camera is made to focus the film falling over the horizontal tube. After aligning non-flickering light,
high-speed camera and high-speed infra-red camera, trial shots are recorded to check the focus and aligning. On
completion of this process, high-speed camera and high-speed infra-red camera are triggered simultaneously to
capture the film formation and temperature of falling film over the horizontal tube respectively.
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Fig. 3: Process flow chart for film thickness and temperature measurements.
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After simultaneous capturing, random images of high speed camera are selected for post processing. An in house
MATLAB program is developed to remove unwanted noises like reflection of light and to identify liquid film
flow. Figures 4a and 4b show the raw images of high speed camera without flow and with flow respectively before
post processing. Figures 5a and 5b show the images of high speed camera without flow and with flow respectively
after post processing for the flow rate of 1 Ipm corresponding to Reynolds number of 1008.94.

Fig. 4: Raw image of high speed camera (a) without flow and (b) with flow.

Fig. 5: Processed image of high speed camera (a) without flow and (b) with flow.

An in house ImageJ macro program is developed to identify the circumferential angle and generate radial intensity
profile for without flow and with flow processed images. Figures 6a and 6b show the radial intensity profile for
without flow and with flow processed images respectively. The macro program is developed for each
circumferential angle of the plain tube ranging from 10° < 6 < 170° to obtain film thickness data.

After acquiring film thickness, the selected frames of high speed camera and the corresponding frames in high
speed infra-red camera are used for the post processing using FLIR software. ImageJ macro program and
MATLAB program are developed to identify the circumferential angle and to obtain film temperature. Figure 7
shows the temperature gradient around plain tube using FLIR software.
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Fig. 6: Radial intensity profile for (a) without flow and (b) with flow of processed images at 80° circumferential angel.

Fig. 7: Temperature gradient around plain tube using FILR software.
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4. Empirical relations and Error analysis

4.1. Empirical relations
The falling film thickness (8) over horizontal tube empirical Eq. 1 is given by Nusselt (Nusselt, 1916).

5= (3“—”)1/3 (eq. 1)

pi(pi—pg)gsin6

Where, w — Liquid Dynamic viscosity [kg.m2.s?] ; T — Film flow rate per unit length on one side of the tube
[kg.m1.s1] ; pi — Liquid Density [kg.m®] ; pg — Vapor Density [kg.m?] ; g — Acceleration due to gravity [m.s?] ;
0 - Circumferential angle

In Nusselt’s Eq. 1, falling film momentum effect was not taken into account. Therefore, Hou et al. has modified
the Eq. 1 by considering diameter of the tube and impingement height, and the modified equation is given in
Eq. 2.

1
3T 3 /5\"
sl a2
pi(p1=pg)gsin D (eq.-2)
Where, S — Impingement height [m] ; D — Tube diameter [m] ; n — Refractive index
C= { 0.97540, 0° < B <90° . n= { —0.16670, 0° <6 <90°
~ 10.84978, 90° < B < 180° ’ ~ 1-0.16479, 90° < 0 < 180°

Reynolds number (Re) for falling film around the horizontal tube is given in Eq. 3.
ar

Re = ” (eq. 3)

4.2. Error analysis

A standard error mean analysis is carried out for all data sets for each circumferential angle (6). Mean film
thickness (dmean) @nd mean film temperature (Tmean) are computed by Eq. 4 and Eq. 5 respectively.

_ Z€V=15i=1

Smean = N (eq. 4)
YL Tiz
Tmean = #1 (eq. 5)

The standard deviation (SD) for the data sets is computed by Eq. 6.

Zﬁil(dmean_ai)z
N-1

SD = (eq. 6)

The standard error mean (SEM) analysis is computed by Eq. 7.

SD
SEM = Gmeqn £ N (eq.7)

5. Results and discussion

Experimentation is carried out to determine the falling film thickness and temperature. The circumferential angle
of falling film thickness and temperature are measured simultaneously, in the range 10° <8 <170°and 10° <6 <
180°, respectively, with an increment of 10°.

5.1. Comparison with numerical correlation

Figure 8 shows the variation of falling film thickness around the circumference of the plain tube for the flow rate
of 2 Ipm, which corresponds to the Reynolds number of 1981.82. The momentum effect of liquid film from 80°
of plain tube circumferential angle is accounted as in Eq. 2. The surface tension force of liquid film plays an
important role in the shift in minima from 90° to 110° circumferential angle of the plain tube. The film thickness
at circumferential angels in the range of 0° to 20°and 160° to 180° of plain tube are higher and so, the liquid film
has to slide over the vertical wall, reducing the momentum transfer. These regions are known as impingement
zones and have the maximum error in the range of £10.57% to £12.27% for the film thickness. The average error
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is in the range of £1.77% to £6.00% for the circumferential angles ranging from 30° to 150°. The present study
for the circumferential angle at 80° with variation of Reynolds numbers for plain tube is compared with the
experimental results carried out by Jayakumar and Mani, 2022 for plain tube with varying Reynolds numbers as
shown in Fig. 9. The temperature of working fluid is maintained at 25°C for Reynolds number ranging from 356
to 715, which corresponds to the flow rate of 0.72 Ipm to 1.43 Ipm. It is observed that the maximum error for the
present study is in the range of +3.2% to +8.29%. The local heat transfer coefficient (h) with unit W.m=2.°C™! for
different circumferential angles of plain tube is computed from Eq. 8 and plotted as shown in Fig. 10.

h= eepr (eq. 8)

5mean

Where, ke — effective thermal conductivity [m] ; Smean — Mean film thickness [m]
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Fig. 8: Comparison of film thickness along circumferential angle with literature data.
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Fig. 10: Comparison of heat transfer coefficient along circumferential angle with literature data.

5.2. Effect of Reynolds number

Figure 11 shows the variation of falling film thickness around the circumference of the plain tube as a function of
feed Reynolds number. The range of feed Reynolds number for typical MED operation is 448.213 < Re < 1981.82.
All the film thickness measurements are taken for complete wetting and taken as the effective length of plain tube
and steady flow rate. It is observed that the falling film thickness variation around the circumferential angle of
plain tube shows a strong correlation with Reynolds number variation.
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Fig. 11: Variation of falling film thickness with circumferential angle for different Reynolds numbers.

5.3. Effect of feed inlet temperature

Figure 12 shows the variation of falling film temperature around the circumference of the plain tube for the
Reynolds number of 1981.82 which corresponds to 2 Ipm. The average feed inlet temperature of test tube is 60°C.
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All the temperature measurements are taken for complete wetting of the effective length of plain tube. The
temperature data at 0°, 45°, 135° and 180° circumferential angles are measured using calibrated thermocouples.
The error band of High Speed Infra-Red (HSIR) data is in the range of +0.08% to +1.57% when compared with
calibrated T - type thermocouple. Figure 13 shows the variation of falling film temperature around the
circumference of the plain tube as a function of feed Reynolds number.
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Fig. 12: Variation of falling film temperature with circumferential angle.
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Fig. 13: Variation of falling film temperature with circumferential angle for different Reynolds numbers.

6. Conclusions

In this paper, an image processing technique (non - intrusive method) is used to evaluate the falling thin film
thickness and film temperature around the circumference of a plain horizontal tube. This study is carried out for
the circumferential angles ranging from 10° to 170° for film thickness and 0° to 180° for film temperature. The
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film thickness follows the Hou et al., 2012 empirical model with the error band of +1.77% to +6.00% at non -
impingement zones. Also, the present study of film thickness is compared with Jayakumar and Mani and has error
band of £3.20% to +8.29% for different Reynolds numbers. The error band for falling film temperature is in the
range of £0.08% to £1.57%, when compared with calibrated thermocouples.
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