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Abstract. Falling film evaporation is widely applied in chemical processes, re-
frigeration, and seawater desalination, with its heat transfer efficiency playing a
crucial role in the energy utilization of these systems. However, unstable liquid
film formation and heat transfer bottlenecks during evaporation often limit its
performance. In recent years, nanofluids, due to their high thermal conductivity
and heat capacity, have emerged as a potential solution to enhance heat transfer
efficiency. This study develops a two-dimensional mathematical model based on
the Volume of Fluid (VOF) method to analyze the effects of adding 3% alumi-
num oxide (Al203) nanoparticles on liquid film thickness, heat transfer coeffi-
cient, and evaporation rate under different Reynolds numbers (Re = 600 ~ 2400).
The results show that, compared to water, nanofluids significantly increase film
thickness and improve heat transfer and evaporation efficiency under higher Re
conditions. At Re = 1200, the liquid film temperature reaches its peak, but further
increases in Re reduce the evaporation rate due to the growth of film thickness.
This study offers new insights and theoretical guidance for optimizing falling
film evaporation systems using nanofluids.
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1 Introduction

Falling film evaporation is an efficient heat transfer technology widely used in chemical
engineering, refrigeration, and seawater desalination, with its heat transfer efficiency
directly impacting the energy utilization of these systems [1]. However, traditional fall-
ing film evaporation often faces limitations in heat transfer efficiency during practical
applications, particularly due to unstable liquid film formation and heat transfer bottle-
necks during evaporation. In recent years, the introduction of nanofluids has revealed
that adding nanoparticles to the working fluid can significantly enhance heat transfer
performance [2-3]. Nanofluids, due to their unique thermal properties, including higher
thermal conductivity and greater heat capacity, have become a potential solution for
improving heat transfer efficiency.

Numerous studies have been conducted on various types of nanofluids. For instance,
researchers have observed significant increases in heat transfer coefficients by adding
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nanoparticles such as copper oxide (CuO), titanium dioxide (Ti0:), and silica (SiOz2) to
base fluids like water and ethylene glycol. Hoffmann et al. [4] conducted experiments
on falling film absorption in horizontal tubes, discovering that the falling film heat
transfer coefficient peaked at an additive concentration of 40 ppm. Under varying ad-
ditive concentrations and mass flow rates of LiBr aqueous solution, the heat transfer
coefficient increased by 60% to 140%. Qi [5] found that the addition of isooctanol and
nanoparticles enhanced the ability of lithium bromide solution to absorb water vapor;
at an absorption pressure of 1.6 kPa, the mass transfer coefficient when adding 1%
isooctanol was 1.74 times that of pure lithium bromide solution and 1.32 times that of
nanofluid lithium bromide solution. Jiang et al. [6] investigated the effect of different
amounts of titanium dioxide nanoparticles on the coefficient of performance (COP) of
an ammonia-water absorption refrigeration system (AARS), concluding that titanium
dioxide nanoparticles significantly impact the AARS, with a COP increase of 27 %.
Among various nanofluids, a mixture of 0.5% titanium dioxide and 0.02% SDBS ex-
hibited the most significant improvement in COP.

Despite the extensive research on the enhanced heat and mass transfer effects of
nanofluids in falling film evaporation, previous studies predominantly focused on ab-
sorption refrigeration systems using lithium bromide or ammonia-water solutions, with
a notable gap in research regarding the enhancement of falling film evaporation using
nanoparticles in water. Therefore, this study establishes a two-dimensional mathemati-
cal model for falling film evaporation, analyzing the effects of adding aluminum oxide
(AL205) nanoparticles on liquid film thickness, heat transfer coefficients, and evapora-
tion rates. This research provides new insights and theoretical foundations for further
improving the performance of falling film evaporation systems.

2 Material and Method

2.1 Physical and Boundary Condition
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Fig. 1. Meshing physical model with boundary conditions
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The two-dimensional physical model of the falling film evaporator is shown in Fig-
ure 1. In this figure, the diameter of the horizontal tube is 25.4 mm. The surface of the
horizontal tube is set with a wall boundary condition at a temperature of 62 °C. There
is a liquid distribution inlet on the upper side of the horizontal tube, measuring 2 mm
in length. This inlet is defined as a velocity inlet boundary condition, with water flow
rates set in the range 0f 0.037 kg/s to 0.148 kg/s (Re = 600 to 2400). Liquid water, under
the influence of gravity, falls onto the top of the horizontal tube. Subsequently, a liquid
film forms on the outer surface of the horizontal tube due to the combined effects of
gravity, viscous forces, and surface tension, continuously absorbing the heat released
from the tube and generating water vapor. The physical property parameters of the ma-
terials in the model are listed in Table 1.

Table 1. Physical properties of fluids [7-8]

Name Density Specfiﬁc heat ca-  Thermal conductiv- Dynamic vis-
kg/m? pacity J/(kg'K) ity W(/m- K) cosity Pa- s
Nanofluid 1073 3797.8 0.73 0.000645
Vapor 0.1304 1966.4 0.02119 1.1x10°
Water 983.1 4182.9 0.60 0.000466

2.2 Governing Equation

In the numerical simulation of falling film evaporation, the Volume of Fluid (VOF)
method is used to track the dynamic changes of the gas-liquid interface, combined with
the Lee evaporation model to describe the liquid phase evaporation process. Before
conducting the numerical simulation, reasonable assumptions must be made for the
model, including the following points: (1) The surface tension and curvature of the gas-
liquid interface remain constant, with the Continuum Surface Force (CSF) model ap-
plied to handle the surface tension effects at the interface; (2) The physical properties
of the liquid and gas (such as density, viscosity, thermal conductivity, etc.) are kept
constant throughout the flow process; (3) The shear stress of water vapor on the liquid
film flow is neglected.

The following are the governing equations established for the mathematical model:
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The evaporation rate of the liquid film in Equation (1) can be obtained using the Lee
evaporation model (Equation (4)).

mevap = Cé’vllp p’ (7;"_ T;'at) o (4)

3 Results and Conclusion

3.1 Simulation Verification
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Fig. 2. Comparison between literature and simulation values of liquid film thickness

Figure 2 compares the literature values [9] with the simulated values of the liquid film
thickness outside the horizontal tube when Re = 1250. From Figure 2, it can be observed
that the simulated values align well with the literature values in the range of circumfer-
ential angles from 30° to 150°. The relative deviation between the simulated and liter-
ature values primarily occurs for circumferential angles less than 30° and greater than
150°. The deviation observed in the region where the circumferential angle is less than
30° arises because the liquid height in the literature [9] is lower than that in this study,
resulting in a higher kinetic energy of the liquid when it contacts the horizontal tube in
this research.

3.2  Film Thickness

In the study of falling film evaporation, analyzing the local liquid film thickness is es-
sential. The thickness of the liquid film directly influences the efficiency of heat and
mass transfer, thereby affecting the evaporation rate and the overall performance of the
system. By accurately measuring and analyzing the local liquid film thickness, we can
identify optimal operating conditions, optimize equipment design, and enhance energy
utilization efficiency. Furthermore, understanding the variations in liquid film thickness
can help predict drying and scaling phenomena, thus improving the system's reliability
and stability.
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Fig. 3. Film thickness with respect to circumferential angle

Figure 3 illustrates the variation of local liquid film thickness along the circumfer-
ential direction of a horizontal tube, using nanofluid and water as working fluids within
the range of Re=600 ~ 24002. From the figure, it is evident that the film thickness of
the nanofluid is greater than that of water across this range. This can be attributed to
the higher viscosity of the nanofluid compared to water, which hinders the spreading
of the liquid film and results in increased thickness. Specifically, at Re values of 600,
1200, 1800, and 2400, the film thickness of the nanofluid increased by 27.31% to
36.99%, 1.99 % to 14.71 %, 3.02 % to 9.34 %, and 1.98 % to 9.73% compared to water,
respectively. It is noteworthy that, except for the case of Re=600Re = 600Re=600, the
effect of nanomaterial particles on film thickness remains relatively unchanged with
increasing Re. This may be due to the more laminar flow state at lower Re values (such
as 600), where the influence of the nanoparticles on the liquid film is more pronounced,
leading to a significant reduction in film thickness. In contrast, at higher Re values, the
flow gradually transitions to turbulence, enhancing the fluid's kinetic energy and di-
minishing the effect of nanoparticles, resulting in a smaller variation in film thickness.
This indicates that the influence of nanoparticles on film thickness does not signifi-
cantly change with increasing Re.
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3.3 Liquid Temperature
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Fig. 4. Liquid temperature for different Re

Figure 4 presents the average temperatures of the nanofluid and water outside the
horizontal tube. It can be observed that as the Re increases, the average temperature of
both the nanofluid and water first rises, reaching a peak at Re = 1200, and then gradually
decreases when Re exceeds 1200. As Re increases, the velocity within the liquid film
also increases, leading to an enhanced heat transfer rate between the tube wall and the
liquid film, which in turn raises the temperature of the liquid film. However, with fur-
ther increases in Re, the liquid film thickness continues to grow, resulting in a greater
amount of heat required to raise the temperature of the outer liquid film, causing a grad-
ual decrease in its temperature. A comparative analysis of the average temperatures of
the nanofluid and water reveals that, within the range of Re= 600 to 2400, the temper-
ature of water is consistently slightly higher than that of the nanofluid. This can be
attributed to the fact that although the thermal conductivity of the nanofluid is greater
than that of water, which enhances heat transfer between the liquid film and the tube
wall, thereby increasing the temperature of the liquid film, the thicker liquid film of the
nanofluid and its higher viscosity, as shown in Figure 3, result in lower velocities com-
pared to the water film. This ultimately leads to a cooling effect in the nanofluid film.

3.4  Mass Transfer Rate

While extensive research has analyzed the heat transfer enhancement effects of
nanofluids, most studies have focused on unidirectional heat transfer and have not di-
rectly demonstrated the effects of nanofluids on evaporation enhancement. To better
illustrate the effectiveness of nanofluids in enhancing falling film evaporation, Figure
5 presents the evaporation rates (mass transfer rates) during falling film evaporation
using nanofluids and water as working fluids within the Reynolds number range of 600
to 2400. From Figure 5, it can be observed that as the Re increases, the evaporation rate
gradually decreases. This reduction in evaporation rate is attributed to the increasing
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liquid film thickness, which raises the thermal resistance of the liquid film and hinders
evaporation. However, as Re increases, the flow velocity within the liquid film also
increases, leading to a higher falling film heat transfer coefficient. Therefore, in studies
on nanofluid enhanced falling film evaporation, it is crucial not only to analyze the
falling film heat transfer coefficient but also to examine the evaporation rate from a
fundamental perspective.
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Fig. 5. Mass transfer rate for water and nanofluid

A comparative analysis of the evaporation rates of the nanofluid and water reveals
that at Re=600, the evaporation rate of the nanofluid is lower than that of water. How-
ever, at Re = 1200, 1800, and 2400, the evaporation rate of the nanofluid exceeds that
of water. The influence of the nanofluid on the evaporation rate can be attributed to two
main factors: (1) the thermal conductivity of the nanofluid is greater than that of water,
which aids in falling film evaporation; (2) the thickness of the nanofluid film is greater
than that of the water film, resulting in a significantly higher thermal resistance for the
nanofluid, thereby hindering falling film evaporation. At Re = 600, as shown in Figure
3, the significantly thicker nanofluid film leads to a greater thermal resistance, obstruct-
ing evaporation more effectively. In contrast, at Re=1200, 1800, and 2400, as depicted
in Figure 3, the thickness of the nanofluid film approaches that of the water film, al-
lowing the relative increase in the thermal conductivity of the nanofluid compared to
water to gradually enhance falling film evaporation.

4 Conclusion

This study established a two-dimensional mathematical model for falling film evapo-
ration based on the Volume of Fluid (VOF) method and utilized Fluent software to
solve the discretized mesh. The analysis focused on the effects of adding 3% aluminum
oxide (Al20s) nanoparticles on the liquid film thickness, heat transfer coefficient, and
evaporation rate within the Re range of 600 to 2400. The specific conclusions are as
follows:
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The viscosity of the nanofluid is higher than that of water, which hinders the spread
of the liquid film and results in increased film thickness. At Reynolds numbers of 600,
1200, 1800, and 2400, the film thickness of the nanofluid compared to water increased
by -27.31% to 36.99%, 1.99% to 14.71%, 3.02% to 9.34%, and 1.98% to 9.73%, re-
spectively.

As the Reynolds number increases, the average temperature of the nanofluid and
water outside the horizontal pipe first rises, reaching a peak at Re=1200, and then grad-
ually decreases when Re exceeds 1200.

With the increase in Re, the liquid film thickness gradually increases, and the rise in
thermal resistance of the liquid film hinders evaporation. Consequently, the evaporation
rate decreases as Re increases. A comparative analysis of the evaporation rates of the
nanofluid and water reveals that at Re=600, the evaporation rate of the nanofluid is
lower than that of water; however, at Re=1200, 1800, and 2400, the evaporation rate of
the nanofluid surpasses that of water.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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