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Abstract

Desalination has been recognized as a climate-independent source of producing potable water that
has a great importance due to the lack of drinking water in many countries. One of the methods ex-
tensively used for removing salt from seawater is thermal distillation, which is known as a reliable
technology for producing high-quality water through evaporation. Among different evaporation

methods, a liquid falling film has been widely developed in the thermal desalination industry.

The flow characteristics of the falling evaporation process are complicated, and heat and mass
transfer are strongly interdependent. Some previous numerical studies simplified the solution by
using a boundary layer approximation, which is not capable of modelling reverse flows and recir-
culation zones. The previous models that solved the full governing equations (elliptic approach)
applied the volume of fluid method (VOF), which is not able to precisely determine the location
of the liquid and gas interface, therefore, it cannot accurately apply the interface jump conditions.
Additionally, these studies commonly used mass transfer models based on estimations and empir-
ical correlations, which introduce limitations to numerical simulations. Another limitation found
in the previous studies is that none of them has considered the occurrence of the supersaturation

phenomenon in the mixture phase, which may occur during the evaporation process.

In this research, a two-dimensional, two-phase model was developed using an in-house Fortran
code that solves the steady-state, full elliptic governing equations for the liquid and gas phases.
This modeling represents a significant advancement in the simulation of the evaporation phe-
nomenon that employs innovative methods to address the aforementioned problems. This model is
believed to be the most comprehensive and detailed approach compared to any previous numerical
studies on falling film evaporation. A variety of boundary conditions and geometries have been
utilized to analyze the details of evaporation and desalination phenomena. The results were then
compared to available experimental and numerical data for validation purposes. In each stage, a
new set of detailed results, including the effects of different parameters variation on flow charac-

teristics and heat and mass transfer during the evaporation process are presented.
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Chapter 1

Introduction

1.1 Overview

Falling film evaporation is a dominant process in many practical applications such as desalina-
tion, refrigeration, electronics cooling, and food processing. Film evaporation is used in different
applications with different working principles, and the main objective in all applications is the
evaporation of some working fluid. For example, in cooling applications, the evaporation process
is a mechanism for heat removal from a hot surface. In contrast, it is a means of mass transfer in
the desalination industry to convert seawater into drinking water and water suitable for agricultural
purposes. Also the evaporation process is used in pharmaceutical, petrochemicals, food industries

such as sugar and baby formula production to achieve a desired mass concentration.

The evaporation process provides advantages such as high efficiency in small temperature dif-
ferences, small pressure losses, and short residence time. The most common form of evaporation
is film-wise, which occurs when a thin liquid film in the vicinity of a gas layer covers the entire

surface of a wall or tube in a device called a falling film evaporator.

There are two common geometries used in industrial falling film applications: inside vertical
tubes or channels and over horizontal tubes. Figure 1.1 shows the domain for the simulation of
two-phase flow inside a channel. The falling liquid film flows along the wall surface, exposed to
a uniform heat flux or temperature. In this case, the gas stream is forced to flow downwards. The
applied heat flux leads to the partial evaporation of the liquid film and heat and mass transfer in the
system. Vertical channel geometries are often used in microelectronic devices, combustion cham-
bers, and cooling towers to transfer heat by latent energy transport during the evaporation process
of a liquid film (evaporative cooling). Also, the vertical tube geometries are used in producing

juice concentration and solvent removal.
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Falling film evaporators require a large heat transfer surface area to achieve efficient evapora-
tion. The size of an industrial falling film evaporator can vary depending on the specific appli-
cation, capacity requirements, and design considerations. Falling film evaporators are commonly
sized based on their evaporation capacity, which can range from small-scale systems, processing a
few hundred liters per hour, to large industrial units, handling several thousand liters per hour. For
example, an industrial desalination unit, with a capacity of 800,000 liters per hour, can provide the
urban water for 100,000 people daily. The size of the evaporator unit depends on the capacity and
the number of evaporation stages. In a desalination plant, for example, there might be thousands of
horizontal tubes in each unit. The length of each tube can be between 3 and 10 m, and the diameter

varies between 10 and 20 cm.
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Figure 1.1: Domain for two-phase evaporation in a vertical channel

The domain of falling liquid film over a horizontal tube is shown in Figure 1.2. A thin liquid
flows on the tube surface exposed to a uniform heat flux or temperature, and a gas stream flows

downwards in the vicinity of the film. As the liquid film flows over the tube, its thickness decreases
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due to the evaporation of the liquid. The principles of evaporation phenomenon are similar to those
observed with the vertical channel; however, for a horizontal tube, the thickness of the liquid film
varies and experiences thinning and thickening around the tube. This variation is influenced by
the geometry curvature, the effect of gravity, and the effects of the gas stream. Tracking the film
thickness in the grid generated around the tube is a significant challenge in numerical modeling of
this phenomenon. The complexity arises from several factors such as the tube geometry, the shape
of the liquid film, particularly at the upper and lower part of the tube, the tube surface wetting, and
the droplet or jet formation between the tubes. All these factors contribute to the complexity of
evaporation phenomenon over tubes. The horizontal tube geometries are utilized in the desalination

and food industries.
gas liquid gas liquid gas

A R R R R R AR R R R Ny

interface

tube surface

film thickness

Figure 1.2: Domain for two-phase evaporation over horizontal tubes
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1.1.1 Evaporation Phenomena

In two-phase flow systems, the heat and mass transfer in the liquid film are affected by the interface
shear force and the energy and mass transfer rates. For the gas phase, besides the interfacial
shearing force and vaporization rate, the effects of buoyancy forces can affect the flow behaviour. A
key difference between falling film evaporation and condensation is the effects of buoyancy forces.
In a condenser with a heavier non-condensing gas in a vertical geometry, the result of buoyancy
effects is always downward. In an evaporator, however, the gas phase flow can move upwards or
downwards depending on the thermal buoyancy and solutal buoyancy forces. For instance, for a
system whose liquid film is water in the presence of air, the solutal buoyancy acts upwards because
the molecular weight of water vapour is smaller than that of the air. Also, the thermal buoyancy
always acts upwards due to the higher wall temperature compared to the ambient temperature. In
the case of quiescent gas flow at the inlet, it can be difficult to determine the induced flow direction.
In this regard, heat and mass transfer Grashof numbers are used as indicators of the relative strength
of the buoyancy forces. If the sum of heat and mass transfer Grashof numbers is negative, the gas
stream and liquid film flow downwards. Otherwise, the flow reversal will occur in the gas stream.
To capture flow reversal, fully elliptic governing equations must be solved over the entire domain

simultaneously.

1.1.2 The Desalination Process

Access to high-quality drinking water remains a significant challenge in many countries around
the globe. Despite over two-thirds of the Earth’s surface being covered by oceans, the high salinity
levels makes this water undrinkable. To address this issue, the desalination industry has been
significantly developed in recent years, aiming to provide solutions for accessing potable water.
The most common methods used in the desalination industry are categorized into two main groups:
those based on water filtration and those based on distillation. The former is more effective in

areas with mild weather where energy costs are considerable, such as North America and Europe,
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while the latter is used in hot areas where the water salinity is high and energy is more affordable,
like Middle East. The most common form of filtration method is Reverse Osmosis (RO). This
method operates based on a pressure difference on two sides of a semi-impermeable membrane,
which prevents salt from passing through it. Some common issues in RO plants include membrane
scaling and the presence of suspended solid particles in the produced desalinated water. In the
absence of a practical non-thermal desalination system for high salinity levels, thermal methods
are introduced to enhance process efficiency. There are three different technologies used in thermal
desalination plants that rely on the distillation process and phase change for separation: multi-stage
flash (MSF), mechanical vapour compression (MVC), and multi-effect distillation (MED). In MSF
systems, salt water is preheated by an external energy source and then vaporized in a flash chamber
due to expansion. The produced steam condenses on the outside surface of horizontal tube bundles,
and the distilled water is collected in a tray. The remaining saltwater, called brine, is then passed to
the next flash chamber with lower pressure. In MVC systems, seawater falling film usually flows
over iso-thermal vertical parallel plates and is evaporated to the gas phase. The brine stream is
also partially mixed with the seawater film and flows over the plate again. The MED system is an
evaporator containing horizontal tube bundles where seawater flows over the external tube surface
and is evaporated through different stages. The working temperature in MED is up to 70°C to

reduce the risk of scaling, which acts as a thermal-resistant layer affecting the system efficiency.

1.2 Problem Statement

The objective of this research is to develop detailed numerical models, solving both parabolic and
elliptic governing equations, to study the evaporation of a pure water or salt water falling film, in

the presence of a gas stream, flowing inside a vertical channel or over a horizontal tube.
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1.3 Literature Review

The topic of evaporation has been of interest to many researchers who used analytical, numerical,
and experimental methods to study this complex phenomenon. During evaporation, the heat and
mass transfer occur simultaneously. The gas phase flow may be laminar or turbulent, but the falling
film flow is almost always laminar. The liquid and gas flow can be co-current or counter-current,
depending on the combined forced and natural convection effects. Previous studies have been
carried out on the effects of the vaporization mechanism, soluble material, binary mixture falling
film, enhanced surface shape, and fouling on the evaporation process. In this review, the previous
studies of falling film evaporation and desalination are classified into two main groups: numerical
and experimental. The review is carried out in detail for the cases of flow evaporation in vertical

parallel plate channels and over horizontal tubes.

1.3.1 Numerical Studies

There are two numerical approaches for the simulation of the evaporation process. In the first
approach, the liquid film is assumed to be extremely thin and regarded as a boundary condition for
heat and mass transfer for the gas phase. Therefore, the liquid transport equations are neglected. In
the second approach, the liquid film has a finite thickness, so the transport equations are solved for
both the liquid and gas phases. In a two-phase model, equations are solved for mass momentum,
and energy transport in each phase. Sometimes, the equations are simplified, and the interface
may be approximated or accurately resolved. The first part of this section is a review of numerical
methods presented in the literature for falling film evaporation on vertical plates and inside vertical
plate channels and vertical tubes. In the second part, the numerical studies of flow evaporation

over horizontal tubes are summarized.
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1.3.1.1 Numerical Studies: Vertical Channel Geometry

Preliminary numerical studies in this area considered an extremely thin film thickness, neglecting
the effects of momentum and energy transport equations in the liquid phase [6—8]. The validity of
an extremely thin film thickness assumption was examined by Yan [9]. For ethanol or water films
in air, Yan solved a set of parabolic transport equations for both phases and neglected the inertial
terms in the momentum equation for the liquid phase. He concluded that the assumption of the
extremely thin thickness is valid only for low liquid mass flow rates. His study was extended to
investigate the effects of the vaporization mechanism on the heat and mass transfer characteristics

of test cases with different working conditions [10-14].

Tsay et al. [15] utilized a numerical approach to study the detailed heat transfer characteristics
for a falling liquid ethanol film in air. The convection terms in the liquid momentum equation
were considered negligible compared with the body force. Streamwise gradients of velocity and
temperature were also considered much smaller than those in the transverse direction. Because the
molecular weight is greater for ethanol than for air, the solutal buoyancy acts downwards due to
ethanol evaporation, and reverse flow does not occur in this case. They found that a higher liquid
inlet temperature and a lower liquid flow rate led to a more significant temperature drop of the
liquid film. They also found that, for an insulated system with equal liquid and gas temperature,
sensible heat transfer in the film and gas flow could occur due to the film vaporization because of
the higher mass fraction of ethanol vapour at the interface than in the ambient. This mass fraction
difference causes a mass diffusion of ethanol and consumes a considerable amount of energy by
latent heat transport. The liquid film and gas flow supply this energy through sensible heat loss,

and both phases are gradually cooled.

Tsay and Lin [16] conducted research on the numerical modelling of falling film evaporation
of water on a vertical plate using simplified equations for the liquid phase, as in [15]. They applied
a marching scheme in their simulations and showed that the approach only works for a limited

range of heat flux and a small temperature difference between the liquid and gas flow. When the
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gas velocity was not high enough, the combined buoyancy effects caused a flow reversal for a high
rate of evaporation. It should be noted that the complete simulation of this situation requires the
solution of the elliptic governing equations. Tsay and Lin also found that the evaporative latent
heat transfer was the dominant heat transfer process between two phases and it depended mainly

on the inlet liquid temperature and wall heat flux.

He et al. [17] conducted research to investigate the effects of mixed convection turbulent flow
inside a vertical tube heated with a uniform heat flux. The falling film of water was assumed to be
laminar. They concluded that, depending on the inlet water temperature, the energy supplied by the
wall is used for either evaporation or direct film cooling. They showed that the wall and mixture
temperature increased along the tube length when the water temperature was relatively high. Be-
cause the wall temperature was higher than the mixture temperature, the heat diffused away from
the wall, and evaporation occurred. If the water temperature was relatively low and the mixture
temperature was higher than the wall temperature, the heat diffused from the mixture towards the
interface, and the advection of heat by the liquid falling film was the primary mechanism for heat

removal from the tube surface.

Feddaoui et al. [18—21] and Feddaoui and Mir [22] numerically studied the effects of mixed
convection on the heat and mass transfer of laminar and turbulent flows with different geometries
and boundary conditions. They used a parabolic coupled-equation solution and concluded that
the cooling of the liquid film is essentially affected by the latent heat transfer connected to the
evaporation of the liquid film. A higher cooling rate was observed by increasing the inlet liquid

temperature or decreasing the liquid mass flow rate.

Raach and Mitrovic [23] studied the evaporation of a seawater falling film on a vertical plate
with turbulence-generating wires. They numerically investigated the effects of turbulence wires
that were immersed in the falling film. They also utilized Nusselt’s one-dimensional model for
the evaporation of falling film without wires to study the impacts of salinity. Employing a VOF

approach and a low Reynolds number k-e model in the liquid film, they showed that the salt mass
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fraction increases close to the interface due to evaporation of liquid water into the gas phase and
to impermeabily to salt. They also found that the heat transfer increases significantly by using

turbulence-generating wires.

Raach and Mitrovic [24] also performed research on the numerical simulation of a conjugate
heat transfer system using a 1-D and a 2-D program. They used falling seawater falling film as
the working fluid over a vertical plate, heated by condensing water vapour. They examined the
heat transfer between the condensing water film and the evaporating seawater flowing on each side
of a conductive metallic plate. A comparison of the results obtained from 1-D and 2-D models
demonstrated that both models were capable of capturing the main features of the falling film
evaporation process. Therefore, the 1-D model was selected to use due to its computationally

affordability and sufficiency for practical applications.

The evaporation of a binary (water-ethylene glycol) liquid film inside a vertical channel was
investigated by Nasr et al. [25]. Using the boundary layer assumptions and a finite difference
method, they showed that the heat and mass transfer depended greatly on the inlet concentration of
ethylene glycol. Also, the water evaporation rate, in the case of the liquid mixture, could be higher

than that for pure water.

Nait Alla et al. [26] studied the effects of partially heated walls on the heat and mass transfer in
the evaporation of ethanol liquid film in a vertical channel. The partially heated plate was divided
into sequential heated and insulated sections. An implicit finite difference method was applied to
solve the coupled parabolic governing equations for liquid and gas phases. They found that the
evaporation is more intensified when the insulated section is located at the channel exit. They also

found the same conclusion as in [20] regarding the importance of latent heat exchange.

Ren and Wan [27] presented an elliptic numerical solution for modelling the laminar counter-
current flow inside a vertical channel. Commercial CFD code Fluent was utilized for a 2-D model
of the liquid and gas phases. They used a Nusselt solution to determine the initial water film

thickness. A 1-D model was developed and applied to examine the average Nusselt and Sherwood
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numbers based on the numerical results of the 2-D model.

Najim et al. [28] studied the heat and mass transfer of a salt water solution inside a vertical
tube using a marching procedure. The simulation process was similar to that used by Feddaoui et
al. [20]. Using a finite difference method, they determined the effect of pressure, liquid flow rate,

tube length and wall heat flux on the performance of the desalination process.

Najim et al. [29] performed a study on a cooling approach using binary mixtures inside a
vertical mini channel. They compared the evaporation of different mixture compositions to identify
the appropriate mixture for the cooling purpose, and concluded that the higher concentration of

water at the inlet leads to a higher efficiency with fewer thermal and mass losses.

Nait Alla et al. [30] carried out numerical modelling to investigate the process of evaporating
liquid film mixture of water and ethanol inside a vertical channel and studied the effects of inlet
water mass fraction, wall heat flux, and inlet liquid flow rate. They concluded that the heat and
mass transfer for the binary water-ethanol liquid mixture can be enhanced for the high amounts of

liquid ethanol at the inlet.

Nait Alla et al. [31] investigated the effects of a ternary liquid mixture along the channel wall.
They showed that the high mass fraction of the volatile component and preheating of the liquid

film improve the efficiency of the system.

Tohidi and Ormiston [32] conducted a numerical analysis of evaporation from a laminar falling
liquid film with a co-current laminar gas-vapour mixture flow in a vertical parallel plate channel.
A finite volume method was used to obtain a fully coupled implicit solution of a complete set of
parabolic two-phase governing equations. Water and ethanol falling films were used in order to
study the effects of the buoyancy forces in the system. They also investigated the effects of wall

heat flux, relative humidity, and the inlet pressure on the heat and mass transfer of the system.

Tohidi and Ormiston [33] numerically investigated mixed convection effects on the flow and
thermal characteristics of pure water falling film evaporation in a partially heated vertical chan-

nel. They employed elliptic governing equations and sharp interface tracking and developed a
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methodology to account for supersaturation. They showed that strong thermal and solutal oppos-

ing buoyancy forces can induce reverse flow.

Nait Alla et al. [34] used a finite difference method and parabolic governing equations to study
the impacts of nanoparticles on the desalination process for a falling liquid film inside a vertical
channel. They concluded that adding the nanoparticles into the liquid film increased the evapora-

tion rate due to the change in thermophysical properties.

A two-phase laminar flow model for the simulation of a thermal desalination process was pre-
sented by Tohidi and Ormiston [35]. They employed a finite volume approach and a sharp interface
tracking method for a set of elliptic governing equations in both liquid and gas phases. They inves-
tigated the effects of inlet liquid Reynolds number, wall heat flux, salinity, and air relative humidity
on the details of the flow and heat and mass transfer for falling film thermal desalination in a ver-
tical parallel plate channel. Their results indicate that an increase in the inlet salinity leads to a
reduction in the interfacial evaporation rate. Also, the effects of wall heat flux and inlet liquid
Reynolds number changes on the flow, heat transfer, and mass transfer are more pronounced than

the effects of changes in inlet salinity.

A summary of the numerical studies in vertical channels and tubes is presented in Table 1.1.

11



Chapter 1. Introduction

Table 1.1: Review of numerical studies of flow inside vertical channels

Author(s) Year Phases Solution Wall Liquid
modeled  method 2 B.C."° film
Chang et al. [60] 1986 one P UWT water
Lin et al. [7] 1988 one P A water
Yan et al. [8] 1989 one P UWT water
Tsay et al. [15] 1990 two P A ethanol
Yan [9] 1992 one/two P UHF water/ethanol
TsayandLin[16] 1995 two P UHF water
Heetal. [17] 1998 two E UHF water
Feddaouietal.[18] 2001 two P A water
Feddaouietal.[19] 2003 two P A water
Raach and 2005 one VOF UHF seawater
Mitrovic [23]
Feddaouietal.[21] 2006 two P A water
Raach and 2007 one VOF A seawater
Mitrovic [24]
Feddaouietal.[22] 2007 two P UHF water
Nasr et al. [25] 2011 two P UHF water
ethylene glycol
Nait Allaetal. [26] 2015 two P UHF/A ethanol
Renand Wan [27] 2016 two E A water
Najim et al. [28] 2017 two P UHF water/seawater
Nait Allaetal. [30] 2018 two P UHF/A water/ethanol
Nait Allaetal. [31] 2021 two P UHF/A  water/methanol
benzene
Tohidi and 2022 two P UHF water/ethanol
Ormiston [32]
Tohidi and 2023 two E UHF water
Ormiston [33]
Nait Allaetal. [34] 2023 two P UHF seawater
Tohidi and 2024 two E UHF seawater

Ormiston [35]

4 Method; P: Parabolic, E: Elliptic

bB.C. (Boundary Condition); UWT: Uniform Wall Temperature, A: Adiabatic, UHF: Uniform Heat

Flux

1.3.1.2 Numerical Studies: Horizontal Tube Geometry

Falling film evaporation over a horizontal tube provides a higher heat transfer coefficient compared

to a vertical channel system, therefore it has been more recommended for practical applications.
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One of the prominent criteria in a horizontal tube setup, is the flow mode which has an impor-
tant impact on the surface wetting and heat transfer characteristics of a liquid falling film over a
horizontal tube. Generally, there are three different patterns of the liquid falling film flowing over
a horizontal tube surface: droplet, column, and sheet, which are known as the main stable flow
modes and characterized by the liquid mass flow rate, tube spacing, tube shape, and type of the
working fluid. There are many experimental and numerical works studying the flow pattern tran-
sitions. For example, Mitrovic [36] reported that the transition from droplet to column and from

column to sheet occurs at Reynolds numbers above 150 and 315, respectively.

A literature review has been conducted on previous numerical works studying the flow char-
acteristics and evaporation of falling film over horizontal tubes. They used either CFD in-house
codes or commercial software to perform the simulations. In all those studies that used a commer-
cial code, the Volume of Fluid (VOF) method has been used to determine the location of the two

phases.

Many researchers have conducted numerical studies under adiabatic conditions to analyze the
flow hydrodynamics over horizontal tubes. Both 2-D and 3-D models have been employed in these
simulations. Studies using a 3-D model primarily investigated the flow distribution in the third
dimension [37,38]. Conversely, scholars using a 2-D model typically focused on flow parameters
and operational conditions in the simulations. Sun et al. [39] studied the effects of liquid film mass
flow rate and feed height on the thickness and velocity distribution of a liquid falling film around
a horizontal tube surface. They utilized a numerical method employing the VOF technique on a
two-dimensional configuration using the commercial code ANSYS Fluent. They concluded that
the liquid feed height is of great importance in the formation of the liquid falling film, and a shorter
height leads to the formation of a smooth and continuous liquid film. Additionally, an increase in
the liquid mass flow rate results in an increase in velocity and decrease in the film thickness around

the tube.

Qiu et al. [40] utilized a two-dimensional VOF model to investigate the liquid falling film under
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adiabatic conditions. They concluded that increasing the tube diameter reduces the film thickness;
however, when the diameter of the tube becomes greater than a critical value, its impact on the
liquid film, and thereby on the heat transfer, is not significant. They also showed that the minimum

film thickness could occur at angles between 100 and 140 degrees from the top of the tube.

Qiu et al. [41] investigated changes in the liquid water film thickness on the surface of two
in-line adiabatic horizontal tubes using VOF approach. They observed that the film thickness
increases at the upper stagnation point with increasing liquid Reynolds number, but this can lead to
the formation of a dry zone near the lower stagnation point due to the early departure of the liquid
from the surface, which could cause fouling and negatively affect the heat transfer in a falling film
evaporator. On the other hand, in the lower stagnation point region, for smaller liquid Reynolds
numbers, the location where the liquid film departs from the surface shifts downwards, and the

film remains longer on the surface of the tube.

The effects of spacing between two in-line tubes on the film thickness was investigated by
Hassan et al. [42]. They utilized a two-dimensional VOF approach for the simulation of pure water

falling film and observed that the film thickness is reduced by increasing the tube spacing.

Li et al. [43] conducted research on falling film flow over a horizontal tube with the liquid film
exposed to counter-current gas flow. They utilized a 3-D configuration in ANSYS Fluent. Their
simulations encompassed a wide range of liquid Reynolds numbers and gas flow rates. The results
indicate that increasing the gas flow rate increases the bulk film thickness. They also analyzed
various flow patterns, including droplet, jet, and sheet modes, and their effects on the distribution

of film thickness over the tube surface.

Han et al. [44] used a 2-D transient numerical model using VOF approach to investigate the
effects of tilting on the liquid film distribution around a horizontal tube. They observed that in-

creasing the tilt angle reduces the film thickness at the top of the tube.

Lin et al. [45] utilized the VOF method to simulate falling film flow over a rotating tube. They

demonstrated that when the tube rotates counterclockwise, the liquid film on the left side of the
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tube becomes thinner compared to that of the right side.

Qiu et al. [46] simulated water and ethylene glycol falling films around a horizontal tube using
a 3-D transient solver and the VOF method. They showed that the liquid viscosity is an important
parameter affecting the falling film characteristics. The liquids with higher viscosity that spread
over the tube surface are not able to form crests between adjacent liquid columns, and instead form

an inline column flow.

Zhang et al. [47] investigated the effects of inlet liquid Reynolds number on the falling liquid
film thickness by employing the VOF approach. Increasing the liquid Reynolds number increased
the velocity and thickness of the liquid film. They observed that tube spacing had no effect on the

film thickness at lower liquid Reynolds numbers.

Zhao et al. [48] numerically investigated liquid flow patterns on a horizontal tube by varying
the inlet mass flow rate, tube diameter, and distribution height using a VOF method. Proposing
a correlation for the film thickness, they observed that the minimum film thickness occurred at
angles ranging from 110 to 150 degrees. Additionally, they found that the flow field near the two

stagnation points was significantly influenced by changes in these operating conditions.

Han et al. [49] conducted a numerical study on the flow characteristics of a liquid film over three
in-line horizontal tubes. They employed the VOF method and ANSYS Fluent for their simulations.
They reported that under tilt conditions, the column mode transition to a sheet mode will occur.
They also observed that, under tilt conditions, the average film thickness was greater on the upper
perimeter of the tubes compared to the lower perimeter. This phenomenon was not observed under

regular horizontal (non-tilt) conditions.

Wang et al. [3] employed a 3-D VOF model to investigate the flow of falling film in column
mode using water and seawater liquid films. They observed that the falling film over a horizontal
tube in column flow demonstrates robust 3-D characteristics and can be classified into five distinct
regions. Additionally, they found that, within a stable region, both fluids exhibited similar film

thickness.
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Kumar-Poddar and Singh [50] compared results obtained from a VOF method with those from
an Eulerian multiphase model for simulating the liquid-gas interface in a two-dimensional domain.
They observed that both techniques exhibited similar trends in predicting film thickness. However,
they did not provide enough information regarding the code and the Eulerian model used in their
simulations. Additionally, they investigated the effects of varying liquid Reynolds number and tube

diameter on the distribution of film thickness.

Tahir et al. [51] investigated the influence of gas flow rate on liquid film characteristics. They
concluded that increasing the vapour velocity reduces the film thickness. Additionally, they ob-
served that increasing the inlet liquid mass flow rate causes a slight downward shift in the location
of the minimum film thickness. While a thinner liquid film can enhance heat transfer, they noted
that for certain liquid Reynolds numbers, increasing the vapour velocity can lead to film disruption,

which negatively impacts the heat transfer coefficient.

Zhou et al. [52] conducted research on the effects of various parameters on the distribution of
liquid film thickness over a horizontal tube surface. A VOF method was applied in the simulations.
The results indicate that increasing the gas flow velocity has a more noticeable effect on reducing
the film thickness in the upper part of the tube. Similarly, increasing the tube diameter decreases
the film thickness. Increasing the tube spacing at small tube diameters increases the thickness;
however, it does not change the film thickness significantly at larger tube diameters. Also, in-
creasing the liquid Reynolds number increases the film thickness. They indicated that precautions
should be taken to prevent film disturbance and the formation of dry spots, as these can deteriorate

heat transfer in the system.

The operating conditions and the quantities studied in the previous numerical works for a falling

film on a horizontal tube under adiabatic conditions are presented in Table 1.2

The heat transfer characteristics of a falling film over horizontal tubes were numerically inves-
tigated by scholars, who mainly reported the local and average heat transfer coefficients in their

work. Kocamustafaogullari and Chen [53] used a semi-analytical method to study the effects of
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Table 1.2: Summary of numerical studies on the flow hydrodynamics over adiabatic horizontal

tubes.

Author(s) Year Liquid  Setup? Code® TA ¢ Parameters
film? Studied ©

Sun et al. [39] 2012 W 2D,L,Tr F 1 Re; in, DH

Qiu et al. [40] 2015 W 2-D,L, S F 21 D

Qiuetal. [41] 2015 W 2-D,L, S F 21 Rer in

Hassanetal. [42] 2015 W 2-D,L, S F 21 TS

Lietal. [43] 2016 W/EG 3-D, T.Tr F 21 Rerin, Ug.in

Han et al. [44] 2017 W 2-D,L,Tr F 1 TA

Lin et al. [45] 2018 w 2-D,L, S ns 1 RS

Qiu et al. [46] 2018 W/EG 3-D,L,Tr F 1 Rer in

Zhangetal. [47] 2018 W 3-D,L,Tr F 1 Rer in, TS

Zhaoetal. [48] 2018 W/SW 2-D,L,Tr F 1 Rerin, D, DH, Tp ;s

Han et al. [49] 2019 W 3-D, L Tr F 31 Rerin, TS, TA

Wang et al. [3] 2019 W/SW 3-D,L,Tr F 21 Rerin, TS

Kumar-Poddar 2021 w 2-D,L, Tr ns 21 Rer in, D

and Singh [50]

Tahiretal. [51] 2021 W 2-D,L,Tr F 1 Rerin, UG.in

Zhou et al. [52] 2023 \%% 2-D, T, Tr ns 1 Rerin, TLin, Ugin, D

4Liquid film; W: Water, SW: Seawater, EG: Ethylene Glycol

b Setup; L: Laminar, T: Turbulent, S: Steady, Tr: Transient
¢ Code; F: ANSYS Fluent, ns: not specified

dTA (Tube Arrangement); 1: Single tube, 2I: Two in-line tubes, 31: Three in-line tubes

¢ Parameters; DH: Distribution Height, TS: Tube Spacing, TA: Tilt Angle, RS: Rotational

Speed

the Prandtl number, Reynolds number, and tube spacing on the film thickness of the flow over a

horizontal tube. The tube wall boundary condition was either uniform heat flux or uniform temper-

ature. They found that, at high liquid mass flow rates, the maximum film thickness is located at the
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top half of the tube, and it moves towards the bottom as the liquid mass flow rate decreases. They
also reported a decreasing trend for the local heat transfer coefficient along the tube circumferential

angle.

Bourouni et al. [54] studied the heat transfer of the stagnation region using a boundary layer
approach. They used pure water as working fluid and found that the local heat transfer coefficient

is maximum in the impingement region at the top of the tube.

Hu et al. [55] numerically studied the flow and thermal characteristics of a water falling film
using ANSYS Fluent. Their results indicate that the heat transfer coefficient increases by increasing

the liquid mass flow rate, tube diameter, and evaporation temperature.

Yang et al. [56] studied the effects of inlet liquid Reynolds number and evaporation temperature
variations on the film thickness and heat transfer coefficient. The film thickness was calculated
using correlations presented by Chyu and Bergles [57]. They demonstrated that the local film
thickness reaches a minimum value at a 90° angle, where local heat transfer is enhanced due to

lower thermal resistance.

Yang et al. [58] conducted a numerical study using the VOF method on the effects of Reynolds
number variation on the heat transfer coeflicients and temperature of the falling film over a hori-
zontal tube. Pure water was used as the liquid falling film. They found that convective heat transfer

became dominant at higher Reynolds numbers.

Qi et al. [59] performed numerical and experimental studies on the liquid film flowing outside
of an elliptical tube surface. They employed a VOF method along with k — € turbulence model and
selected seawater as working fluid. Their results revealed that for an elliptical tube case, the heat

transfer coefficient can increase up to 20% compared with a circular tube.

Karmakar and Acharya [60] studied the impacts of different flow modes on the local and aver-
age heat transfer coefficient. They applied a 3-D model in their simulations using OpenFOAM and
employed water, ethylene glycol, and their mixture as working fluids. The interface was modeled

based on a VOF approach. They reported that in sheet flow mode, the highest circumferential vari-
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ation of heat transfer coeflicient around the tube was observed, while in the axial direction, the heat
transfer coefficient was nearly uniform. The highest heat transfer coeflficient was consistently ob-
served in the impingement region for all flow modes. Also, they noted an increase in heat transfer

coeflicient while the tube spacing increased and as the tube diameter decreased.

Wunder et al. [61] analyzed condensation and evaporation processes of pure water inside and
outside of a horizontal tube, respectively. They used a various combination of tube diameters and
lengths and found that the heat transfer increased with tube diameter. They also found that the wall

temperature change did not have a significant effect on the heat transfer coefficient.

Zhao et al. [62] utilized a VOF approach to explore the impacts of surface heat flux and liquid
flow rate on the heat transfer coefficient of falling film over a horizontal tube. They revealed that
the heat transfer coefficient increased with liquid flow rate. They also observed that changing the

surface heat flux had a negligible effect on the average heat transfer coefficient.

Ning et al. [63, 64] used a 3-D model and VOF approach to investigate the effects of oil con-
centration and tube diameter on the heat transfer fluctuations. They observed that the fluctuations
increase with oil mass fraction due to increased liquid viscosity. They also observed a non-linear

increase in heat transfer coefficient with tube diameter due to an increasing impingement region.

Tahir et al. [65] performed an analysis of a heat transfer falling film on a horizontal tube by
varying inlet liquid Reynolds number using the VOF method. They showed that a recirculation
zone created in the liquid film enhances the heat transfer in the system. Additionally, they found
that the heat transfer coefficient was improved at higher inlet temperatures due to a thinner liquid

film, stronger recirculation, and a larger thermal developing region.

Wan et al. [66] conducted research on seawater liquid film over a single horizontal tube using
Fluent. Their results indicate that film thickness increased with inlet liquid Reynolds number and
salinity; however, it decreased with increasing the tube ellipticity. They reported that the heat
transfer coefficient can be improved by increasing the Reynolds number, inlet temperature, and

tube ellipticity. On the other hand, increasing the salt mass fraction in the liquid film caused a
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heat transfer coefficient reduction. They also developed a correlation for the average heat transfer

coeflicient of seawater film over elliptical horizontal tubes.

Zhang and Zhou [67] utilized a VOF method to analyze the influence of tube shape on the
flow and thermal characteristics of water film over a horizontal tube. They compared the results of
a circular tube with oval tubes with different geometrical parameters. Their findings demonstrate
that increasing the ovality reduces the film thickness, thereby enhancing heat transfer in the system.

Table 1.3 summarizes the numerical studies of heat transfer over horizontal tubes.

Previous numerical studies discussed so far, are limited to those who only considered convec-
tive heat transfer and neglected mass transfer and phase change in their work. In case of evapora-
tion occurs in the system, latent heat is transferred through the interface, and mass transfer occurs
simultaneously. Al-Ansari and Owen [70] applied a semi-analytical approach to study the thermal
and flow characteristics of the evaporation process around a horizontal tube and the condensation
process inside the horizontal tube. Using a brine falling film, they concluded that a thicker film
thickness could negatively affect the evaporation rate. Moreover, they noted the existence of a

minimum film thickness limitation to prevent surface dryness.

Kouhikamali et al. [71] performed a numerical study on the effects of different tube arrange-
ments on the heat transfer of tube bundle using a VOF method. They showed that that increasing
the vertical spacing between tubes leads to a thinner falling film on lower tubes, thereby increasing
the heat transfer coefficient. Additionally, a higher temperature difference between the wall and

the inlet results in an increase in heat transfer coeflicient and vaporization rate.

Bigham et al. [72] investigated pure water falling film evaporation on a horizontal tube bundle.
They utilized a finite volume method based on the SIMPLE algorithm plus a VOF approach in
an in-house code. A non-orthogonal grid was applied to solve the elliptic governing equations,
including continuity, momentum, and energy equations. They studied the effects of inlet mass flow
rate and temperature difference on the heat transfer coefficient and showed that the average heat

transfer coeflicient increases by enhancing the inlet mass flow rate. They also indicated that the
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Table 1.3: Summary of numerical studies on the heat transfer over horizontal tubes.

Author(s) Year Liquid Setup®® Coded TA®  Wall Parameters

film? B.C! Studied®
Kocamustafao- 1988 W 2-D, T, S, SA 1 1 UWT/UHF Rer in, TS
gullari and Chen. [53]
Bourouni et al. [68] 2001 W 2-D, /T, S, BL 1 1 UWT Rerin, TLin
Hu et al. [55] 2012 W 2-D,L,S F UWT Rerin, D, Trin
Yang et al. [56] 2013 W 2-D,L, CE ns UWT Rerin, TLin
Yang et al. [58] 2016 w 2-D, L/T, Tr F 21 UWT Rer in
Qietal. [59] 2016 SW 3-D, T, Tr F 1 UWT TSH
Karmakar and 2017 W/EG 3-D, L Tr O 31 UHF Rerin, D, TS
Acharya [60]
Wunder et al. [61] 2017 SW  2-D/3-D,L,S,SA 1 1 UWT TL, D
Zhao et al. [62] 2018  W/SW 2-D, L, Tr F 1 UHF Repin, D, DH, Trin, 4.,
Hao et al. [69] 2019 W and G 3-D,L ns 1 UHF Rer in, D, q;;an
Ning et al. [64] 2020 OS 3-D, T, Tr F 1 UHF Rerin, D
Ning et al. [63] 2020 oS 3-D, T, Tr F 1 UHF Rerin, D
Tahir et al. [65] 2021 W 2-D, L, Tr F 1 UWT Rerin, TLin
Wan et al. [66] 2021 SAL 2-D, L, Tr F 1 UHF Rerin, TrLin, S, D, TSH
Zhang and 2022 w 2-D, L, Tr F 1 UHF Rer in, TSH
Zhou [67]

2 Liquid film; W: Water, SW: Seawater, EG: Ethylene Glycol, G: Glycerin, OS: Oily Sewage, SAL: Saline Water

b Setup; L: Laminar, T: Turbulent, S: Steady, Tr: Transient

¢ All studies used a VOF method except those noted with SA: Semi-Analytical, BL: Boundary Layer, and CE: Correlation
Equations

d Code; I: In-house, F: Fluent, O: OpenFOAM, ns: not specified

¢ TA (Tube Arrangement); 1: Single tube, 2I: Two in-line tubes, 31: Three in-line tubes

fB.C. (Boundary Condition); UWT: Uniform Wall Temperature, UHF: Uniform Heat Flux

€ DH: Distribution Height, TS: Tube Spacing, TSH: Tube Shape, S: Salinity, TL: Tube Length
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net vapour production decreased by increasing the liquid inlet mass flow rate.

Abraham and Mani [73] performed a numerical study on the heat and mass transfer of the
falling film evaporation over a horizontal tube. They used ANSYS Fluent with a VOF approach.
They studied the effects of surface temperature and tube diameter on the local heat transfer co-
efficient and concluded that the heat transfer coeflicient decreases after the impingement region.
Increasing the liquid inlet Reynolds number up to a certain value, improved convective heat trans-
fer which increased the heat transfer coefficient. For higher liquid Reynolds numbers, however,
the heat transfer coefficient did not change due to the increase of the film thickness. They showed
that the increase of the inlet liquid Reynolds number beyond 750 negatively affected heat transfer

and evaporation rate. Also, an increase in the tube diameter reduced the heat transfer coefficient.

Lin et al. [74] used a 3-D VOF approach to model flow over a horizontal tube. They used pure
water as the working fluid and determined the effects of the tube diameter and liquid Reynolds

number on the film thickness and heat transfer coefficient.

Balaji et al. [75] numerically studied the effect of tube geometry and liquid feeder height on
the heat transfer of falling film evaporation over a horizontal tube. They used a 2-D solution of the
elliptic governing equations and a VOF approach. The liquid falling film was either pure or saline
water in their study. They studied the effects of changes in the tube diameter and liquid feeder
height on the heat transfer coefficient. Their results indicated that seawater properties diminish the

heat transfer coefficient compared to freshwater, but do not significantly affect the film thickness.

Balaji et al. [76] extended their research in [75] by the same numerical methodology to predict
the water liquid film thickness around the tube. They observed that the minimum liquid film
thickness is located between 85° and 127°, and that the fully developed thermal region extends

with the increase of the feeder height and heat flux.

There are other numerical studies that investigated other parameters such as surface tension or
non-condensable gas desorption of liquid falling film over a horizontal tube [77,78]. These and

other studies are discussed in notable open literature reviews of liquid falling film over horizontal

22



Chapter 1. Introduction

Table 1.4: Summary of numerical studies on evaporation over horizontal tubes.

Author(s) Year Liquid Setup®* Coded MTM® TA"  Wall Parameters
film? B.C.# Studied"

Al-Ansari and 1999 B 2-D/3-D, L/T, S, SA 1 ns 1  UWT Rer in

Oven [70]

Kouhikamali 2014 W 2-D, T, Tr 1 Lee TB UWT T'rin, Twan

etal. [71]

Bighametal. [72] 2015 W 2-D, T, S 1 Lee 21 UWT Rerin

Abraham and 2015 W/SW 2-D, T, Tr F ns 1/TB UWT Rerin, D

Mani [73]

Lin et al. [74] 2019 W 3-D,L, Tr F Lee 1 UHF Rer in, D

Balaji etal. [75] 2019 W/SW 2-D,L, Tr F Lee 21 UWT Repj, DH,D
Balaji etal. [/6] 2020 W 2-D,L, Tr F Lee 21 UHF Reyj, DH, ¢’

2 Liquid film; B: Brine, W: Water, SW: Seawater

b Setup; L: Laminar, T: Turbulent, S: Steady, Tr: Transient

¢ All studies used a VOF method except the one noted with SA: Semi-Analytical

4 Code; I: In-house, F: Fluent, ns: not specified

¢MTM (Mass Transfer Model); Lee: Lee model, ns: not specified

fTA (Tube Arrangement); 1: Single tube, 2I: Two in-line tubes, 3I: Three in-line tubes, TB: Tube Bundle
£ B.C. (Boundary Condition); UWT: Uniform Wall Temperature, UHF: Uniform Heat Flux

b Parameters; DH: Distribution Height

tube surface [79-82]. Table 1.4 summarizes the numerical studies of evaporation over horizontal
tubes. It is noted that all of the previous models that solved the full governing equations (elliptic
approach) applied a volume of fluid (VOF) to determine the location of the liquid and gas interface.
As shown in Table 1.4, previous numerical studies mostly used the Lee mass transfer model in their
simulations. This model is implemented in commercial software like Fluent and is widely used for
modeling phase-change processes; however, it relies on empirical coefficients that depend on the

working fluid and flow conditions. There are also other studies in the literature that utilize empirical
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equations or theoretical analyses [83,84] to calculate the mass transfer at the interface using Fluent.
Therefore, it would be a significant advance to implement a mass transfer model for the simulation
of the evaporation process that is not restricted by correlations and approximations. In the present
study, a sharp interface model is used that determines the evaporation rate using an energy balance
at the interface. The interface location can also be calculated using a mass balance analysis at
each liquid column in the domain, which has the advantage of precisely predicting the interface
location, unlike methods such as VOF that are not capable of determining it accurately. To the best
of the author’s knowledge, the implementation of a sharp interface model in the simulation of the

desalination process over a horizontal tube has not been previously addressed.

1.3.2 [Experimental Studies
1.3.2.1 Experimental Studies: Vertical Channel and Plate Geometries

There are relatively few experimental studies in this category because of difficulties in measure-
ment inside a channel. Tsay et al. [15] conducted an experimental study to investigate the evapora-
tion characteristics for a single vertical plate. A preheater was used to heat the liquid ethanol film
falling down the plate. The wall temperature distribution and a total temperature drop of the liquid

for different liquid mass flow rates were reported in this study.

Yan et al. [1] studied the evaporation of falling liquid film through interfacial heat and mass
transfer in a vertical channel. They measured the wall temperature and heat and mass transfer rates
for wide variety of values of the inlet temperature, channel width, and liquid mass flow rate for
water and ethanol. They showed that the cooling rate of the liquid film due to the evaporative latent

heat transfer depends mainly on the inlet liquid temperature and liquid mass flow rate.

Tsay and Lin [16] performed a study to measure the heat transfer coefficient for a single plate
for different thermal conditions, inlet liquid mass flow rates, and gas stream velocities. Also, they

proposed a new correlation of the Nusselt number for heat transfer from the wall to the liquid film.
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Table 1.5: Review of experimental studies over plates or inside channels.

Author(s) Year Liquid Wall Trin [°C] Tgin [°C] g in [kg/m-s]
film B.C.?
Tsay et al. [15] 1990  ethanol A 30-35 30 0.01-0.04
Yan et al. [1] 1991 water A 27-60 30-31 0.01-0.04
ethanol
Tsay and Lin [16] 1995 water UHF 30-50 30 0.02-0.04

2B.C. (Boundary Condition); A: Adiabatic, UHF: Uniform Heat Flux

Table 1.5 summarizes the relevant experimental studies of evaporation inside vertical channels.
The inlet pressure is equal to the atmospheric pressure in all studies summarized in this table.
Among the studies listed in the table, the experimental data presented by Yan et al. [ 1] have been
widely used by scholars for validation purposes, so the results of the present study are compared

with those provided by Yan et al. [1].
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1.3.2.2 [Experimental Studies: Horizontal tube Geometry

The falling film flow over a horizontal tube has been investigated by some researchers who primar-
ily study the effects of varying parameters on the film thickness or heat transfer coefficient. There
are two main methods for measuring falling film thickness: intrusive and non-intrusive. The con-
ducting probe method is an example of an intrusive method in which the probe can affect the liquid
film distribution. When the probe touches the liquid, there is a chance that the liquid climbs along
the probe due to surface tension, which affects the accuracy of the measurements. In non-intrusive
techniques like the laser-induced fluorescence method, accuracy is not affected by any external
instrument and mainly depends on the image resolution and number of pixels. For measuring the
heat transfer coeflicient, the surface temperature is recorded using thermocouples embedded into

the tube surface.

Fletcher et al. [85] studied the effects of different parameters on the evaporation of seawater
falling film over a horizontal tube. The liquid, maintained at its saturation temperature, enters the
system through a perforated plate. Electric power was applied to have a constant heat flux at the
tube surface. The temperature of the liquid film was continuously monitored to ensure a steady-
state condition. They reported that, at the highest heat flux, the evaporated liquid was less than two
percent of the feed water, resulting in negligible change in the salinity of the liquid film along the

tube surface. They also concluded that the heat transfer coefficient is higher for smaller diameter.

Chyu and Bergles [57] studied the evaporation of pure water film falling over a horizontal
heated tube used in an ocean thermal energy conversion (OTEC) system. A saturated liquid falling
film was introduced on a tube surface through a slot. The liquid flow rate at the inlet was measured
using a rotameter. Six thermocouples were installed on the tube surface to measure the wall tem-
perature, with the average wall temperature calculated from these six measurements. Because the
wall was sufficiently thick, the tube surface was considered to be at a constant temperature. They
investigated the effects of liquid film mass flow rate and liquid feed height on the heat transfer

coefficient. They observed that the heat transfer coefficient was less sensitive to the variation of
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liquid feed height at low liquid Reynolds numbers. The variation in feed height also had a negligi-
ble impact on the heat transfer coefficient at high heat fluxes due to the nucleate boiling in the film

that controlled the hydrodynamics of the flow.

Parken et al. [86] investigated the local and average heat transfer coefficient over a single hor-
izontal tube surface. The pure water falling film entering the system was either saturated or sub-
cooled. They employed both a perforated plate and a thin-slot water distribution system in their
study. They reported that the thin-slot water distribution system can be more accurately controlled.
On the other hand, a perforated plate provided a thinner boundary layer under similar conditions,
thereby leading to a higher heat transfer coefficient in the system. Eight thermocouples were
utilized to record the wall temperature. The liquid film thickness was visualized through Pyrex
windows surronding the measurement section, and images were captured to record the occurrence
of nucleate boiling. They observed nucleate boiling in the liquid film for subcooling levels less
than 6°C. Also, they found that subcooling within the range of 6°C to 55°C did not significantly

affect the heat transfer coefficient.

Hu and Jacobi [87] investigated liquid falling film characteristics of four different working
fluids flowing over two in-line horizontal adiabatic tubes. The test section was constructed of
transparent plastic to visualize the film modes. They studied different flow modes ranging from
droplet to sheet for different fluids. The tests were conducted either in a quiescent surrounding or in
the presence of a co-current air flow. They observed that in the presence of air flow, the transitional
Reynolds number from droplet to column increased about 25%. Hu and Jacobi [4] also used a
setup similar to [87] to study the impacts of different flow modes on the sensible heat transfer of
a liquid falling film over two horizontal tubes. They measured the surface temperature using 24
thermocouples. They reported both local and average heat transfer coefficients for various liquid

Reynolds numbers and different working fluids.

Fujita and Tsutsui [88] studied evaporative heat transfer of liquid falling films over horizontal

tubes using Freon-11 as the working fluid. They used copper tubes and electrical heaters to obtain a
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uniform wall heat flux. They showed that, for heat flux levels lower than that for boiling initiation,

the heat transfer coefficients of evaporating films are independent of the heat flux.

Gstoehl et al. [89] used an experimental method to measure the film thickness over a horizontal
tube using either water or ethylene glycol liquid film. The liquid film was visualized using the
laser-induced fluorescent method, where a laser sheet illuminated the film over the tube surface,
making the free surface visible due to light interaction with the liquid. Subsequently, a digital
high-speed camera was used to capture images from the film surface. They compared their results
against Nusselt falling film theory results and concluded that the Nusselt theory reasonably predicts
the film thickness on the top of the tube; however, it considerably overestimates the film thickness

on the lower perimeter.

Yang and Shen [90] studied evaporation for seawater and examined the effects of inlet liquid
mass flow rate and the distributor height on the average heat transfer coefficient. Four thermocou-
ples were embedded into the tube surface to measure the temperature. They observed that the heat
transfer coefficient increased by increasing the distributor height and liquid mass flow rate. There

was a slight difference between the heat transfer coefficients for pure water and saline water.

Hou et al. [91] experimentally investigated the liquid falling film of pure water or seawater
over horizontal tubes. A flow distribution system was employed to provide a uniform flow over
the tube surface. To measure the liquid film, they utilized a displacement micrometer that treated
the liquid and air as electric and dielectric media, respectively. A probe was used to detect the
liquid-gas interface. This device was connected to an electric circuit that displayed varying voltage
outputs. When the probe was exposed to air, the electric circuit recorded a low voltage. Conversely,
it registered a high voltage when the probe contacted the liquid. This method was effective at
detecting the liquid-gas interface. They concluded that the intertube spacing and the film Reynolds
number are the main factors affecting the liquid film distribution. They also found that the tube

diameter did not have an impact on the film thickness.

Mu et al. [92] conducted an experimental study to examine the impacts of liquid Reynolds
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number, surface heat flux, and inlet temperature on the heat transfer coefficient for various fluids.
Their results showed that the local heat transfer coefficient decreased along the tube surface initially
but increased towards the lower part of the tube. Furthermore, they identified the maximum film
flow rate at which the highest heat transfer coefficient was achieved. They concluded that, when
the liquid mass flow rate is beyond a certain value, there is not a significant change in the average

heat transfer coefficient with increase of the mass flow rate.

Chen et al. [2] experimentally investigated the effects of the properties of pure and saline water
on the film thickness around a horizontal tube. They utilized a laser-induced fluorescence technique
to measure the falling film thickness. The fluorescent was induced in the liquid by the laser, and
images of the liquid-gas interface were captured using a digital camera. They demonstrated that
under similar working conditions, the heat transfer coefficient of seawater is lower than that of
freshwater. They also concluded that the saline water film thickness is thicker than that of pure

water due to higher surface tension and viscosity.

Narvez-Romo and Simes-Moreira [93] investigated the heat transfer and the thickness of falling
liquid water film over heated horizontal tubes. Flows with gas phase Reynolds numbers up to 940
were examined in both sub-cooled and saturated liquid regimes. An intrusive method was used
for measuring the film thickness. An electronic circuit was utilized to detect electrical continuity
between the probe tip and the liquid film. When the probe contacted the liquid film, the electrical
circuit closed, and the interface location was recorded by a micrometer reading. They observed
that the local heat transfer coefficient was always highest at the horizontal tube top region. Based
on the experimental data, they proposed a new Nusselt number correlation that is a function of

liquid Reynolds number and Prandtl number.

Shen et al. [5] conducted research on the heat transfer process in a horizontal tube seawater
falling film evaporator. An internal electric heater was employed to maintain a uniform heat flux
at the tube surface, and several thermocouples were used to measure the surface temperature.

They demonstrated that the average heat transfer coefficient decreases with increasing salinity and
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remains independent of the wall heat flux.

Recently, Li et al. [94] conducted experimental research on falling film evaporation using both
fresh water and seawater. They investigated the effects of inlet Reynolds number, tube spacing,
and salinity on the heat transfer coefficient. Their findings showed that the heat transfer coefficient
of seawater is lower than that of pure water under similar conditions. Additionally, they developed

a correlation for the Nusselt number valid for liquid Reynolds numbers ranging from 118 to 1979.

Table 1.6 summarizes the relevant experimental studies of evaporation over horizontal tubes.
The number of experimental studies that can be used for the validation of the results presented
in this work is limited. In some studies, the provided information is not sufficient for a precise
comparison, or the liquid falling film is turbulent. The results from the present elliptic model are
compared with the experimental data presented by Chen et al. [2], Hu and Jacobi [4], and Shen et
al. [5] in Chapter 8.

1.4 Contributions of the present work

The two-phase fluid flow and heat and mass transfer characteristics of the evaporation phenomenon
are complicated. The governing equations have strong non-linear and inter-equation coupling ef-
fects plus heat and mass transfer are strongly inter-dependent, so a robust numerical solution ap-
proach is needed. Some of previous studies simplified the solution by using the boundary layer
approximations and a marching scheme. That approach is not capable of modelling reverse flows
and recirculation zones that will occur due to buoyancy effects and flow around a tube. All of the
previous models that solved the full governing equations (elliptic approach) applied a volume of
fluid (VOF) method which solved an additional equation for the gas volume fraction. The main
disadvantage of this approach is that it is not able to determine accurately the location of the liquid
and gas interface. Therefore, it cannot accurately apply the interface jump conditions. It is con-

cluded that, although previous numerical studies have investigated the heat and flow characteristics
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Table 1.6: Summary of experimental studies of liquid falling film over horizontal tubes.

Author(s) Year Liquid Mass Tube Tube Tube  Surface Parameters

film?  transfer " Number Diameter Spacing B.C.¢  Studied ¢
[mm] [mm]

Fletcher 1975 SW Y 1 25.4-50.8 - UHF  Repin, D

et al. [ ] Q(,;au’ TL,in

Chyu and 1987 w Y 1 254 - UWT Rer;,, DH

Bergles [ ] Twall

Parken 1990 W Y 1 25.4-50.8 - UHF  Repin, 4.,

et al. [80] Tpin

Hu and 1996 W/O/EG/A N 2 9.5-22.2 5-50 A Rer in, TS

Jacobi [87]

Hu and 1996 W/EG N 2 15.8-22.2  5-50 UHF Rer in

Jacobi [4]

Fujita and 1998 F Y 1 25 - UWT  Rerin, 4,

Tsutsui [88]

Gstoehl 2004  W/EG N 3 19.05 3.2-194 UWT Repjn, TS

et al. [89]

Yang and 2008  W/SW Y 2 14 7 UWT Rerin, DH

Shen [90]

Hou 2012 W/SW N 3 20-32 10-40 A D, TS

etal. [91]

Mu 2014 W/SW Y 2 254 31.6 UHF  Repin, ..,

etal. [92] Trin

Chen 2015  W/SW N 2 19-25.4 20-40 A Rerin, D

et al. [2] TS

Narvez-Romo 2017 W Y 1 19 - UHF Repin, TrLin

and

Simes-Moreira [93]

Shen 2017 SW Y 2 19-25.4 15.2-31.7 UHF Rer in, D

et al. [5] TS

Li 2024  W/SW Y 2 19-38  5.7-47.5 UHF Repin, TrLin

et al. [94] TS

2 Liquid film; SW: Seawater, W: Water, O: Oil, EG: Ethylene Glycol, A: Alcohol, F: Freon-11
b Mass transfer: Y:Yes, N:No

¢B.C. (Boundary Condition); UHF: Uniform Heat Flux, UWT: Uniform wall Temperature, A: Adiabatic

d Parameters; TS: Tube Spacing, DH: Distributor Height
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of the evaporation process, using a full elliptic model with an accurate method for determination
of the liquid-gas interface is lacking. The aim of this research is to utilize an elliptic approach
with an interface tracking method for the heat and mass transfer simulation. This approach not
only provides the opportunity to study complex cases with reversal flow and recirculation zones,
but also uses an accurate representation of the liquid-gas interface, and the coupled heat and mass

condition there.

The present study comprises four steps. In each step, the numerical model was developed based

on the desired working conditions.

1. Parabolic Pure Water Channel Model: In the first step, a complete parabolic laminar two-
phase flow model is developed to simulate the evaporation from a liquid falling film into a co-
current gas mixture based on the conservation of momentum, mass, and energy. Fundamental
balances of energy, mass, and shear force at the interface assured the proper interaction between
the liquid and mixture phases. The solution fields included the axial velocity, transverse mass flux,
and temperature for both phases plus the air mass fraction, the film thickness, and the axial pressure

gradient.

2. Elliptic Pure Water Channel Model: In the second step, the numerical model utilizes an
elliptic approach to study the laminar two-phase flow phenomenon of the evaporation of pure water
falling film into a co-current gas mixture. The equations for mass, momentum, gas mass fraction,
and energy are solved on a co-located structured non-orthogonal grid for both the liquid and gas
phases. The solution field variables, including the axial velocity, transverse velocity, pressure, and
temperature for both phases, plus the air mass fraction for the gas phase were solved simultaneously
in the entire domain. Once all solution variables are computed on a fixed grid, the interface location
is sharply determined by imposing mass balance at the end of each time step for all liquid columns
within the domain. This precise interface resolution enables more accurate determinations of the
interface location, interfacial shear stress, and velocity profiles compared to methods such as VOF,

where the interface is estimated in control volumes by varying the volume fractions from zero to
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one. The iterative procedure continues until a steady state solution convergence is obtained. The
excess moisture condensation (EMC) model was also introduced as a novel method to address

supersaturation in the system.

3. Elliptic Salt water Channel Model: In the third step, the elliptic model is developed to study
the flow and thermal characteristics of the evaporation process of seawater inside a vertical parallel
plate channel. To the best knowledge of the author, the implementation of an elliptic approach to
a two-phase falling film desalination process inside a vertical parallel plate channel has not been
previously addressed. Therefore, the present numerical model is used investigate the effects of
mixed convection and salt concentration on the flow and thermal characteristics of the evaporation

process of liquid saline water film within a vertical parallel plate channel.

4. Elliptic Salt water Horizontal Tube Model: In the last step, the research is extended to
model the evaporation of fresh water and salt water falling film over a horizontal tube. The elliptic
approach which is capable of capturing the re-circulation zones is used for the simulations. To
the best knowledge of the author, the elliptic model developed in the present study offers a more
comprehensive and detailed approach compared to any previous numerical studies on falling film

evaporation.

1.5 Layout of the Thesis

The remaining chapters of this thesis are organized as follows:

Chapter 2 presents the parabolic and elliptic mathematical models including the governing
equations in both liquid and gas phases along with all the equations at the interface. The interface

moving strategy is explained. The boundary conditions are described in detail in this chapter.

Chapter 3 presents the discretisation of the domain and grid generation for both parabolic and
elliptic models. The transformed governing equations are given for the parabolic model. The basic

nomenclature of the grid system is also illustrated.
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Chapter 4 explains the numerical solution method in parabolic and elliptic models. In this
chapter, discretisation of the governing equations is described. There is a detailed discussion of

the each term in the set of equations, as well as the boundary conditions implementation.

Chapter 5 presents the results of the pure liquid parabolic model for the falling film evaporation
inside a parallel plate vertical channel. This chapter includes the comparison of the results with
previous studies and new results that investigate the effects of different parameters on the flow and

thermal characteristics of the system.

Chapter 6 presents detailed results for the pure liquid elliptic model solution of evaporation
inside a vertical parallel plate channel. The results include comparison with the parabolic model
and a previous numerical study. The effects of buoyancy forces on the flow features and heat and

mass transfer of the system are discussed.

Chapter 7 provides a comprehensive analysis of the elliptic model solution for evaporation of
salt water within a vertical parallel plate channel. The basis of the evaporation model is validated
for pure water falling film evaporation. The performance of this model is illustrated by studying
the impacts of different parameters on the details of the flow and heat and mass transfer of a falling

film thermal desalination system.

Chapter 8 presents the elliptic model results investigating salt water film flow around a hori-
zontal tube in contact with a co-current gas stream. This chapter includes the validation results
and also new results for the cases with different salinity, liquid mass flow rate, mixture Reynolds

number, and gas mass fraction.

Chapter 9 provides a summary of the main results in this work and presents the significant

conclusions.
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Mathematical Model

2.1 Introduction

In this study, the simultaneous heat and mass transfer processes involved in the evaporation of
pure water and salt water are analyzed numerically using conservation laws applied to a domain of
control volumes. Both liquid and gas phases are assumed to be laminar. The governing equations
for describing the two-dimensional, incompressible, Newtonian fluid flows of the liquid and gas are
derived based on the conservation of mass, momentum, and energy under a steady-state condition.
The governing equations are expressed in Cartesian coordinates, x and y, where x represents the
stream-wise direction, and y denotes the transverse (wall-normal) direction. It is assumed that
the interface between the liquid and vapour is smooth, non-wavy, and impermeable to salt in the
liquid and to air in the mixture, respectively. The liquid and gas phase equations are connected by

interface conditions that are applied at the liquid-gas interface.

2.2 Problem Statement

A diagram of the physical model considered for the flow inside a parallel plate channel is shown
in Fig. 2.1. A fully developed two-phase downward flow of a gas-vapour mixture and liquid enters
a vertical channel with a channel half width of H and plate length L. The liquid film with uniform
inlet temperature enters the channel with initial thickness of ¢;,. The gas-vapour mixture enters
with uniform temperature and gas mass fraction. The inlet axial velocity of both the film and
mixture are specified by a fully developed profile; the transverse inlet velocities are zero. The
liquid is flowing over the wall surface at which a constant heat flux is applied. Heat and mass

transfer occur at the phase interface. The liquid film thickness decreases along the channel due
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Figure 2.1: Domain definition and boundary conditions for two-phase evaporation in a vertical

channel.

to mass removal. It is important to note that for the case of pure water evaporation, the salt mass
fraction is equal to zero in all boundaries. The boundary conditions will be discussed in more detail

with the set of governing equations shortly.

A diagram of the physical model of falling film over a horizontal tube is depicted in Figure 2.2.
The liquid and gas phases enter the domain with uniform velocities and temperatures at the inlet
boundary. The liquid film flows over the tube surface while evaporating to the gas phase. Due
to the symmetry condition, only half of the physical problem is solved. The liquid film falling

distances above the tube and below the tube are L; and L;, respectively, and H is the solution
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Figure 2.2: Domain definition and boundary conditions for two-phase evaporation over a horizontal

tube.

domain width. The tube, which has a diameter D, is kept at a constant temperature.

2.3 Parabolic Model Governing Equations

In the parabolic approach, the stream-wise diffusion is assumed to be negligible for the momentum,
energy and air mass fraction equations. The pressure is considered to be uniform in the y direction.

In the present work, the parabolic approach is only used for the simulation of a pure water liquid

film.
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2.3.1 Liquid Phase

The liquid phase mass, momentum, and energy conservation equations are:

e Liquid continuity equation
0GpLUL) 9L VL)

=0
0x ay

e Liquid momentum equation in the x direction

5(PLULUL)+<9(PLVLUL) dP 9 ( oL N
Ox ay i ay ML ay PLEx

e Liquid energy equation

% (PL UCpL TL) + a% (PLVLC L TL) = a% (kL—

2.3.2 Gas Phase

The gas phase mass, momentum, and energy conservation equations are:

¢ Gas continuity equation
d(om Uyn) N d(om Vi)

=0
0x ay

e (Gas momentum equation in the x direction

a(pM UM UM) a(pMVM UM) dP 0 GUM
+ +PoM8x
0x ay dx 6y 8y

e Gas energy equation

Q(PM UMCpMTM) g(PM VMCpMTM)

ox +
o OTy a5 oW,
D —c, ) 2ter
ay( ) ( p) y M)

2.1

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)
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e Gas mass fraction equation

OomUnuWo)  0(ouVuW,) 0 A8 OWa
+ =—|pmD"" ——
dx dy dy dy

(2.7)

The pressure, P, in the governing equations is the local relative static pressure. To calculate the
flow properties in the liquid and gas phases and the interface, a reference pressure of P = Py ;j, is
added to the local pressure. The thermodynamic and transport properties are calculated based on

the local temperature, mass fraction, and pressure using equations found in Siow [95].

The overall conservation of mass is represented as:

H
prULdy + f(; pmUpdy = m,L,in + m;\/l,in (2.8)

This equation is used to implicitly determine the pressure gradient, dP/dx, through coupling

with the momentum equations.

2.3.3 Interface Conditions

The following conditions are applied at the phase interface:

e Continuity of velocity and shear stress

ou, ou,
UL=Uy, pr—s = py—s (2.9)
ay ay
e Continuity of mass flux
9o 9o ’
PLVL +pLUL == =pu Vi +pum Un 5 = ity (2.10)
e Continuity of the temperature
T =Ty = Tins (2.11)
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Saturation is assumed at the interface. The interface temperature is equal to the saturation
temperature corresponding to the partial pressure of the vapour at the interface (P, jnif). Us-

ing the assumption of ideal gas mixture, the partial pressure of vapour is calculated as:

1 - W " tf
Pyjnit = [ - ]Pimf (2.12)
L+ Weing (375 =D

e Impermeability of gas at the interface

ow,
B a - 17
—oM = . W, (2.13)
Oy gime ™
e Continuity of energy
oTr 0Ty .
kp — =ky — -, ch (2.14)
0y L it Oy Dy S

In the coupled equation set, the interface energy balance equation is used to determine the

film thickness, 9, implicitly.

2.3.4 Domain and Boundary Condition Definitions

The boundary conditions shown in Figure 2.1 are prescribed as follows:

e at the inlet (x = 0): uniform temperature and mass fraction and fully developed velocity
profiles
Tr=Trin, Ur=ULin(»), VLin=0 for 0<y<di (2.15)

Ty = TM,in, Uy = UM,in(}’), VM,in =0 W,= Wa,in for oi < y<H (2.16)
PL,in = PM,in = Pin (2-17)
For given film and gas Reynolds numbers, the equations presented in Appendix A are uti-

lized to specify the inlet liquid and mixture velocity fully-developed profiles along with the

corresponding film thickness and pressure gradient.
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e at the wall beside the liquid phase (y = 0): constant heat flux, no slip and no penetration

conditions at the wall

or,
—kLa—yL ¢’ U.=0, V.=0 (2.18)

e At the centre line (y = H)
oT ow ouU
M 0 a 0 M

dy 9y 0y

0, Vu=0 (2.19)

This mathematical model, consisting of governing equations and boundary and interface con-
ditions is used to determine the velocity and temperature in both phases, the air mass fraction in

the gas phase, the film thickness, and the pressure gradient.

2.4 Elliptic Model Governing Equations

2.4.1 Liquid Phase

e Liquid continuity equation

d(pL) N d(pLUr) N 0(pL V1)
ot ox ay

=0 (2.20)

e Liquid momentum equation in the x direction

5(PLUL)+5(PLULUL)+5(PLVLUL) _ 0P, 0 ( %)

o1 ox oy ox ox\" ox

0 oU,
+— [ == +pr g (221)
dy Oy

e Liquid momentum equation in the y direction

5(PLVL)+5(PLULVL)+5(PLVLVL):_C')PL+ 0 VL ﬁ
o1 ox dy oy ox\M x| oy

ovy,
o ( ay )+PLgy (2.22)

e Liquid energy equation

% (pLCp,L TL) + % [PL UL (Cp,L Tr+Ws(hs - f_lw))] + (% [PLVL (Cp,L Tr+Ws(hs — BW))] =

0 o7y, 0 o7y, 0 oWg 0 oWs
(k ) (k ) (DAB (hs—hw))+—y(pLDAB (hs &@3}

— — |+
ax\ “ox ay L6y

Ix PL
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e Liquid mass fraction equation

dpLWs) , d(pLULWs) 9pViWs) _ (pLD/zBa;VS) fy (pLDéBags) (2.24)

ot dx Ay  Ox

In the case that pure water is used as the liquid falling film, the terms including the salt mass

fraction (Wy) are neglected in the equations.

2.4.2 Gas Phase

Gas continuity equation

Opm N 0(om Uy N 0(om V)
ot ox ay

=S¢ (2.25)

e Gas momentum equation in the x direction

5(PMUM)+5(PMUM UM)+5(PMVMUM) 5PM 0 oUy +2 oUy N
o1 ox By ox " ox\MM oy [Ty \HM gy | TPM S
(2.26)
e Gas momentum equation in the y direction
a(pMVM)+a(PMUMVM)+a(PMVMVM) :_GPM+£ OV +£ oVu N
o1 x 3y ay ax\MM Tax | T oy \HM Ty | TPME
2.27)

e Gas energy equation

gt(pMc MTM)"‘%( MUMC,,,MTM)+(%( m Vi Con Tir) = ac? (k 6§f)+é§;(kﬂ4%)

ow,

a (9 1444
+a(pMD§t,B<Cp,g Cpi)—7= TM)+a—y(pMDAB(C,,g pv) TA@)MT

e Gas mass fraction equation

a(pMWa) a(pMUMVVa) a(pMVMWa) 0 ABaWa 0 BaWa <
- 7 D e DA Ya S///

o T ox 5y ox \PMEM T | T s \PMEM 5 o w
(2.29)

42



Chapter 2. Mathematical Model

The pressure, P, in the governing equations is the local relative static pressure. To calculate
the flow properties in the liquid and gas phases and the interface, a reference pressure of
P = Pp i, 1s added to the solution relative static pressure. The thermodynamic and transport
properties and partial massive enthalpies are calculated based on the local temperature, mass
fraction, and pressure using equations in [96]. Source terms S o S 7' and S w are used to
deal with the supersaturation condition when humid air is presented in the system. These

terms are thoroughly discussed in Appendix B.

2.4.3 Interface Conditions

At the liquid-gas interface (y = 9) the following conditions are applied to couple the fields in the

liquid and gas phases:

e Normal force balance

(Tt A+ TK = (- T)pg s - 71 (2.30)
e Tangential force balance
5 . 0o 5 .
(ATt - S — Bsl = Ty inet - S (2.31)
SIL,intf

where 71 and 7 are the local normal unit vector to the interface and the stress tensor, respec-
tively. o is the surface tension and K is the curvature of the interface. Additionally, § is the
local tangential unit vector to the interface. In the present work, the surface tension force at

the interface has been neglected.

e Continuity of tangential velocity

(VI)L,intf - (Vt)M,intf (2.32)
e Continuity of evaporated mass
mZ,intf = m;{d,intf = mgvap (2.33)
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e Energy balance

oTL 0Ty
kp — =ky — — 1l chy (2.34)
0y L jintt O e ™7¢
e Continuity of temperature
Tr=Tm=Tint, Tint =T (Ws inet, Tvintf) (2.35)

T inet 18 equal to the saturation temperature of pure water corresponding to the partial pres-
sure of the vapour at the interface (P, inifc), which is calculated using Equation 2.12. Salt-
water temperature at the interface is calculated based on the equilibrium salinity and vapour

temperature using the correlation presented in Appendix C.

e Impermeability of gas at the interface

puDy — = 1ty Wajinit (2.36)
Y M intf
e Impermeability of salt at the interface
oWs ,
pLDY” == =i W i (2.37)
YL jintf

e Zero pressure gradient in the normal direction at the interface

(GPM

- =0 (2.38)
on )intf

2.4.4 Domain and Boundary Condition Definitions

The following boundary conditions, as shown in Figure 2.1 for a vertical channel and in Figure 2.2

for a horizontal tube, are prescribed:

e at the inlet (x = 0)
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Vertical channel: uniform temperature and mass fraction and fully developed velocity pro-

files

U =Uin(®), VL=0, Ws=Wsin, Tp=Tr;n for 0<y<oi (2.39)

Uu=Upin), Vu=0, Wo=Woin, Tm=Tyin for 6pn<y<H (2.40)
Horizontal Tube: uniform temperature, mass fraction, and velocity

Uo=Urin, Voin=0 Ws=Wsin, To=Trin for 0<y<di (2.41)

Uv =Upmin, Vmin=0, Wa=Wain, Ty =Tpmin for on<y<H (2.42)

e at the boundary beside the liquid phase:

Vertical Channel: constant wall heat flux, no mass transfer, and no slip and no penetration

conditions at the wall

74

6714 9 an 6”5
_ , =0, U.=0, V,=0 2.43
5 = k 5 = L— L— ( )

Horizontal tube: constant temperature, no mass transfer, and no slip and no penetration
conditions at the tube wall

oW
T1 = Twals (9—ns -0, U.=0, V.=0 (2.44)

Zero temperature gradient, no mass transfer, zero U velocity gradient, and no penetration
conditions at symmetry lines L; and L,

6TL —0 8WS _ aUL _

oL _, —0, Y _y v.=0 2.45
e By 9y i) (2.45)

e at the boundary beside the gas phase (y = H):

zero temperature and U velocity gradients and no penetration condition for the gas

oT oW, U,
M_o -0 M_0, Vy=0 (2.46)

ay ’ ay ’ ay
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e at the outlet (x = L)

fully developed conditions in both phases

Ty oWy 1510/3 ovy
L A S it gy == f <y< 2.47
Ox 0 Ox 0 Ox 0 Ox 0 for O<ys<o (247
oT ow,
“M_0 or Ty=Tys Gf Uy<O0),
ox ox

=0 or W,= Wa,intf (if Uy <0),

oUy oV
=0, —=0 f 0<
0x 0x o (%28[}(

In the elliptic model, the relative pressure at the outlet is specified as a reference pressure and the

inlet pressure is determined from the solution.

Once the geometry, the properties, and the interface and boundary conditions are prescribed,
the elliptic model is used to determine the U and V velocities, pressure, and temperature in both
phases and the salt mass fraction and air mass fraction in the liquid and gas phases, respectively.
The location of the phase interface is determined by an adaptive-grid Eulerian method that is

described in the following section.

2.4.5 Interface Moving Strategy

The evaporation phenomenon is a problem involving a moving boundary, where the position of the
interface between the two phases needs to be included in the detailed solution. A major contribu-

tion of this work is the advancement of an accurate phase interface tracking scheme.

After obtaining the solution field on a fixed grid, the interface location is determined by apply-
ing an integral liquid mass balance (ILMB) to each axial column of liquid at the end of each time

step using the following method:

i i1
fJ PLUL dy = f PLy UL wdy + 1 (2.49)
0 0
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The two y-direction
interface nodes are
at the same
physical location.
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Figure 2.3: Grid information of the phases and a typical liquid region used in ILMB method; the

interface nodes are shown separated for illustration purposes.

This equation is defined for a vertical channel grid, with the east and west faces of the control vol-
umes being normal to the x axis. The ILMB equation is provided in a general form in Section 4.3.5.
In Equation (2.49), 6;— and 6; represent the film thicknesses at the axial positions of the west and
east faces, respectively, of a typical control volume column in the liquid. The mass balance is illus-
trated schematically in Figure 2.3. Equation (2.49) indicates that the difference between the total
mass flow rate through the west faces of the control volumes and the total mass flow rate exiting
the column through the east faces must equal the evaporated mass flow rate crossing the interface.
Starting from the inlet of the domain, the downstream side film thickness, J;, is obtained using
the upstream side film thickness, 0;—1, and the evaporated mass at the interface, 7] ., by applying
a forward marching scheme. The details of the grid are described later in Chapter 3 and further

details about discretised form of the ILMB equation are presented in Section 4.3.5.
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Discretisation of the Domain

3.1 Parabolic Model

3.1.1 Introduction

In order to maintain a structured grid system as the film thickness varies along the x direction,
a coordinate transformation is applied in the parabolic model. In this setup, an index in the x
direction represents a station, each of which includes a column of control volumes. At the first
station, a set of parabolic governing equations is solved based on the inlet conditions shown in
Figure 2.1. The finite volume method is used for discretization in this numerical approach. With
the inlet conditions known, the solution progresses sequentially from one station to the next along
the channel. This approach is referred to as a marching scheme. The details of the coordinate

transformation will be explained in the following sections.

3.1.2 Coordinate Transformation

The Cartesian coordinates x and y are transformed into y and n following the work by Siow [95]:

x=x for x>0, (3.1
_y
n= for 0<y<o, (3.2)
y—90

n:H_5+l for 6<y<H. (3.3)

This transformation enables the grid boundary to adjust to variations in ¢ along the channel while
preserving a structured grid in both phases. In the new coordinate system, the liquid region is

clearly defined as 0 <7 < 1, and the gas region is defined as 1 <n < 2. Despite the decrease of
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film thickness in the x direction, the interface consistently remains at 7 = 1. Consequently, all

governing equations and boundary conditions for both phases need to be rewritten according to the

new coordinates. In the following section only the final versions of the transformed equations are

presented. Details of the derivations can be found in Appendix B of Siow [95].

3.1.3 Transformed Governing Equations

The liquid phase governing equations, Equations (2.1) to (2.3), become:

o6ptn) , O07)

=0
% on
6(6PLULUL)+8(JZUL):_5£ 0 (puLoUL .5
Oy on dy on\s oy |TOPLEx
0 0 0 (kp 0Ty
— 0oL UrLCp 1. T J'C, 1 T —
5)(( PLULLpL L) on ( p.L L) 617(6 577)

The gas phase governing equations, Equations (2.4) to (2.7), become:

O(H -DpwUn) , 9i1)

=0
10)'% on
O((H-8)puUnUy) OJIyUnm dP 8 U
((H ~0)pmUnUn) (i ):_( —6)— 9 (_Hm 9\ | g 1o
I on on\(H-06) on
i((H 5)pMUMC MTM)+£(J“C MTM)Z
a P, an M *~D,
8 ( ky T DB ow,
(M MY 2 Py —(Cpg—Cp)Tut
on\H-¢6 0n 677 H-6 O0n ’

01 -0 GpuUnWa)l  IUiWe) _ o (puDAf oW,
10)'% on (977 H-¢6 (977

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9

(3.10)
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The continuity of velocity and shear, Equation (2.9), and mass, Equation (2.10), at the interface

become:
pr 0UL _ _Hu Uy
0 Oon (H-9) on

UpL=Upy, (3.11)

JZ,intf = JI,\;,intf (312)

The impermeability of air, Equation (2.13), and continuity of energy, Equation (2.14), at the

interface become:
PM DA B 0 W,
0 on

=W, (3.13)

kp 0Ty _ ky 0Ty

S 677 - (H_é‘) an - ilrlltfhfg (314)
Overall mass balance, Equation (2.8), becomes:
1 2
f(; oprUrdn+ ﬁ (H-0)pmUndn = mz,in +m;vl,in (3.15)

The transformed governing equations are solved for Uy, J Z T, Uy, J ;1’ T, and W, and scalar
unknowns ¢ and dP/d)y using a marching scheme. In the formulation of the solution variables, the

transverse velocity, V, is replaced by J”/, where:

" do
Ji =pLVL +PLUL77d— (3.16)
X
" dd
Im =PomVum +pMUM(77_2)a( (3.17)

=’ ).

J' is the mass flux in the n direction (e.g., J/ intf

intf

3.1.4 Grid system

The coordinate transformation facilitates dividing the liquid and gas regions to two equal logically

rectangular domains. The Figure 3.1 illustrates a simplified grid, with Ny X N, ;, control volumes
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Figure 3.1: Grid nomenclature in transformed coordinates.

in the liquid region and N, X Ny, y; control volumes in the gas region. The same number of control
volumes is used in the y direction for both phases. Each rectangle in the grid represents a control
volume with a central node where indexing is applied. The index i denotes the station number in
the y direction, jL labels the nodes in the 7 direction for the liquid region (starting from the wall),

and jG labels the nodes in the 7 direction for the gas region (starting from the interface).

The grid spacings in the y direction are uniform and very fine at the beginning of the channel
to capture the sharp gradients at the entrance. The grid then expands exponentially and becomes

coarser at the end of the channel. In the 1 direction the grid spacing is different in the liquid and the
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Figure 3.2: Grid nomenclature in Cartesian coordinates.

gas regions. A sufficient number of nodes is used in the solution film in order to capture the changes
in temperature and mass fraction of the film at the interface. The gas phase also has a fine grid
adjacent to the interface to ensure implementing the continuity of the shear at the interface. Control
volumes at the inlet (i = ip — 1), control volumes at the liquid—gas interface (jL = Ny ; +2, jG = 1),
and control volumes located at the lower and upper boundaries (jL = js— 1 and jG = Ny y +2) all
have zero thickness. Field variables such as U, T, and W, are stored at the nodal point, whereas J
is stored at the north face of a control volume (the mass flow rate is stored instead of the mass flux

value, J”). J is always normal to the north face of the control volume. Because the film thickness &
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and pressure gradient ‘é—)’; are constant at a given y location, they have a single value at each station.

Figure 3.2 represents the actual domain in the x —y coordinate system, showing the film thick-

ness starting at x = 0 and decreasing along the channel.

3.2 Elliptic Model

3.2.1 Introduction

A non-orthogonal structured mesh is used to discretise the solution domain in the elliptic model.
The use of transfinite interpolation in mesh generation as described in Wang et al. [97] provides
the capability of dividing the domain to more than one panel in each coordinate direction. In each
panel, nodes are distributed independently to control mesh refinement in desired areas (e.g., near a
wall or interface). In this work, separate panels are used for the liquid and gas regions. These two
regions are separated by a smooth interface. The non-orthogonal mesh enables the precise grid
adaption to the interface changing shape along a channel or over a tube. The gas region bottom
boundary is spatially coincident with the liquid region top boundary. The liquid-gas interface
consists of two rows of zero-width control volumes as shown in Figure 3.3. Each row represents
the interface of one of the phases. Figure 3.3 shows a sample complete computational grid for
liquid-gas flow in a channel. In the y direction, the liquid region has N, ;, uniform control volumes
in one panel and the gas region has total number of Ny 3; control volumes that could be divided

into more than one panel if necessary. In the x direction, N, interior control volumes are used.

As shown in Figure 3.3, jg; to jg, + 1 and jps — 1 to jgg + 1 belong to the liquid region and gas
region, respectively. Each control volume is identified by a pair of indices (i, j) that is changing
in an organized fashion. The 7 index proceeds from iy = 2 for the first interior control volume on
the west side of the domain to iy = N, + 1 for the last interior control volume on the east. Along
the y direction, the j index proceeds from j; =2 to jg, +1 = N, ; +2 in the liquid region and from

Jec—1 =Ny +310 jgg =Ny +Nyp+3in the gas region.
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Interface nodes at
Jer+1 and jpg —1
are at the same

physical location.
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Figure 3.3: Grid information in the liquid and gas regions; the spacing between the nodes at the

interface is exaggerated for illustration purposes.

The zero-width control volumes of the interface are located at j = jg; + 1 and j = jgg— 1 which
are at the same physical location. In Figure 3.3, however, the spacing between these two rows are
exaggerated to emphasize that they are two separate sets of nodes. The domain boundary nodes are
also zero-width control volumes that are used to implement the boundary conditions and specified

by a grey colour in the figure.

3.2.2 Grid Nomenclature

A typical control volume P and its eight neighbours are presented in Figure 3.4. The neighbouring
control volumes are referred by compass notation relative to the centre node P. The faces of the

central control volume, P, are distinguished by lower case letters according to their relative location
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to the centre. Each control volume consists of four quadrants as shown in Figure 3.5. These

Figure 3.4: Computational molecule: indexing and notation.

quadrants are referred to by geographical directions, northeast (NE), southeast (SE), northwest
(NW), and southwest (SW). The points on the faces of the control volume P are located at the
centre of each face. The location of centre node P is indicated by (XSW(, j), YSW(, j)). The
coordinates of points P, e, n, and ne (the solid points in Figure 3.5) are calculated and stored
for each control volume. The location of other points are derived from the locations stored for

neighbouring control volumes.

The nomenclature for control volume distances, areas, and volumes is shown in Figure 3.6. The
distances are calculated based on the coordinates of the first and second endpoints. Each quadrant
in a control volume is divided into two triangles. The areas of these two triangles are calculated
and then added to calculate the area of each quadrant. Unit depth is used to compute the areas and

volumes.

The accurate evaluation of different quantities in non-orthogonal grid needs introduction of

some local directional unit vectors, because the non-orthogonal grid will not be necessarily aligned
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ne

(XmYn)
(an’?yVle')

(Xe,Ye)
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Figure 3.6: Distances, areas and volumes of a control volume.

with the Cartesian coordinate directions. Figure 3.7 shows directions of unit vectors at the east and
north faces and the central node of the main control volume. In general, the § vectors denote
moving along the i index and the 7 vectors denote moving along the j index and they are not
necessarily aligned with the Cartesian unit vectors 7 and j. The unit vector 7 is normal to the faces

of the P control volume. The unit vectors on the east face, north face, and centre of the control
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v

Figure 3.7: Grid directional unit vectors.

volume are referred by subscripts e, n, and P, respectively. The unit vectors 7, and §,, are tangent
to the east and north face, respectively. §, gives the direction of the line that connects nodal point
P and its first neighbouring node on the east. 7, gives the direction of the line that connects nodal
point P and its first neighbouring node on the north. 7p and §p determine the directions of the
imaginary lines between the nodal point P and the central points of its faces. The unit vectors at
the west and south faces of the control volume P, (i, j), are identical to those at east and north of
the control volumes (i — 1, j) and (i, j — 1), respectively. The unit vectors shown in Figure 3.7 are

defined in terms of their component in the x and y directions as following:
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fip = %nm %n
ﬁe:%ei+ %e
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Figure 3.8: Location of distance variables.

(3.18)
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The variables assigned to distances used in the computations for a non-orthogonal grid are
shown in Figure 3.8. These distances could be calculated using the definitions presented in Fig-

ure 3.6. For nodal point P, (ds), and (dt), are:

(dS)P(i,j) =DIS W(,',j) +DIS E(i,j) (3.19)

(dt)P(i,j) =DJS W(i,j) + DJNW(Z',]') (3.20)

The distances (dt), and (ds), along the east and north faces are defined as:

(dt) =DJSE(,',J')+DJNE(,',J') (3.21)

“(i.j)

(dS) = DINW(Z',]') + DINE(Z',]') (3.22)

i, j)

Equations (3.23) and (3.24) calculate the distance between node P and node E along the S,

vector and the distance between node P and node N along the 7, vector:

2 2
(ds) \/ (XS Wiis1) = XS Wi jy)+(YS Weir.jy = YS Wi j) (3.23)

G

nGj)

2 2
dr), = \/ (XS Wi j1y = XS Wi j)) =+ (YS Wei jery = YS Wi ) (3.24)

Using the definitions for distances in a non-orthogonal grid, the components of the unit vectors
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are defined as follows:

—(YNE(,»=YNE-1,)) ?

(XNE<z H=XNE-1.)) «

Mni,j) = @, @,

A (YNEG:)~YNEGij-n) 5 ~(XNEq)~XNE,-1) 7
e(i.)) = (deg; e,

oo = (XNEG)XNEG-1)) o o (YNBG)~YNE-1))
nep = (@) @S j /
o= XSWp=XSWaip) o (YSWiir1p=YSWaip) o
e = e j (e j

o (XSE(,)~XSE-1,) ; 4+ (YSEi)~YSEi-1.)) »
PG.J) = @), @),

poo o (XSWajen=XSWap) o (YSWiijen=YSWaip) 5
ni.p) = @Dng; j) (Dng; j) /
£ (XNEG,/‘)—XNE@/’—D)i (YNE,»=YNE¢ j-1) «
e(i,)) (dl’)e(l. 0 (dt)E(l

P (XNW(; ) =XNWi j-1)) ; + (YNW )—YNWei 1)) h
P(i,j) = (dl)P(l 0 (dt)P(l h)

3.2.3 Grid Expansion Factor

(3.25)

To refine the grid in the desired regions where rapid changes in solution field variables occur, an

expansion factor could be applied to the boundaries of each panel in the grid domain. An expansion

factor is defined such that the ratio of the length of the neighbouring control volume edges along a

grid boundary is fixed. This geometric expansion factor can be used independently at each side of

a grid segment. Equation (3.26) shows the expansion factor along the south boundary of a grid:

_ (ds)i+1,jB—l
(ds); jg—1

(3.26)

The grid cells are expanding if S > 1, contracting if S <1, and uniform if § = 1. When the control

volumes are non-uniformly spaced between the vertices of the grid in one panel, it is crucial to

ensure smooth transition between grid panels.
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3.2.4 Grid Assembly

Applying a panelling technique provides the advantage of producing grids that matches the shape
of a complicated solution domain and controlling mesh refinement where it is required. In the
case of a parallel plate channel, two separate panels are used for the liquid and the gas regions. In
the y direction, the liquid region has Ny ; uniform control volumes, and the gas region has Ny y
control volumes in one panel. In the gas region, the mesh is refined adjacent to the interface. In
the x direction only one panel with an expanding grid is used in each phase. There is a total of two

panels in the configuration.

In the case of a horizontal tube, more panels and some with an arc along their edges are re-
quired. Figure 3.9 shows an illustrative example of grid assembly around a tube. In this example,
twenty-one panels are used to construct the overall computational domain. In the y direction, one
panel in the liquid region (NY1) and two panels in the gas region are used (NY2 and NY3). In the
x direction, the liquid and gas regions are divided to seven panels, e.g. panels NX1 and NX2 cover
the falling film before the tube top stagnation point, panels NX3, NX4, and NX5 cover the film
around the tube, and panels NX6 and NX7 cover the liquid film after the bottom stagnation point.
The control volumes are uniformly spaced in the y direction in the liquid and are refined in the gas
region toward the interface. To resolve the flow near the top and bottom of the tube accurately, a

sufficient number of nodes are required in the panels 2, 3, 5, and 6.
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Figure 3.9: Example of grid assembly for falling film evaporation over a horizontal tube.
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Numerical Solution Method

4.1 Introduction

In this chapter, the partial differential equations in the liquid and gas phases are discretised using a
finite volume method [98] to obtain a set of algebraic equations for solution variables. The details
of the discretisation approaches in the parabolic and elliptic models are presented in the following

sections.

4.2 Discretisation of the Parabolic Model Governing Equations

The transformed governing equations are integrated over a typical interior control volume of thick-
ness dn and length dy using a finite volume method. The resulting algebraic equations require
north, south, east, and west face values for all the variables and properties. Plus variable gradients
are needed at north and south faces of a control volume. All the properties and the field variables
are stored at the centre of a control volume. In addition, a Newton-Raphson Linearisation is used
for all the non-linear terms. The details of the methods followed in discretising the governing

equations will be discussed in the following sections.

4.2.1 Face values for Variables

The east and west values for ® = {Ur, T, Uy, Ty, Wy}, is calculated using the upwind scheme:
®, =D0p, D, =0y 4.1)
At the north and south faces, an exponential differencing scheme (EDS) is applied:

D, =(05+a,)Pp+(0.5-a,)Pn, Ds=(0.5+a,)Ds+(0.5-a,)Dp 4.2)
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The exponential differencing scheme is also used to determine the derivatives at the north and

south faces:

0D (DN - (Dp oD q)P - (DS
v ﬁn s | = ,Bs (43)
anly, 1N — 1P an = 1s
where, )
0.5Pe? 0.5Pe?
Q= n , Qe = N (44
" 54 Pe? P54 pel )
5, = 1+0.005Pe; 5= 1+0.005Pe? 4.5)
" 14005Pe2° 77 140.05Pe? '
For the liquid region (0 <n < 1):
oJ! — 6J" (np—
Pen _ n (nN nP)’ Pes _ s (77P 775) (46)
D, Dy
For the gas region (1 <n <2):
H-6)J" — H-6)J! (mp—
n:( )y (N np)’ p S:( )J§ (np —7ns) @)

Dy, Dy

The diffusion coefficient D for U, T, and W, equations is pu, CL,,’ and pDAB, respectively. The

normal mass flow rate, J, is stored at the north face of each control volume:
Jo=Jp, Jy=Js 4.8)
The film thickness is assumed to vary linearly across a station:

Oe = 20p =0y 4.9)

4.2.2 Face Values for Properties

The east and west face values for the thermodynamic properties (o,u,k,Cp, and DAB) are deter-
mined using the upwind scheme. For example, the value of density at the east and west faces are

calculated as:

Pe = PP, Pw = PW (4.10)
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The north and south face values are evaluated using a harmonic mean:

o= PP PN po= PS PP @11
" (Win + (1 _(Wn) PN’ ’ (WspS + (1 _(Ws) PP

where,

W= NIy - TR (4.12)
N —np np—1s

4.2.3 Newton-Raphson Linearisation

If ¥=f(®,D,,P3)and O, Oy, and D3 are one of the field variables {Ur, T, Jp, Upr, Tar Jpr, Wa, 0, Z—)I;},
the general Newton-Raphson Linearisation would give the following:

\P”:‘P"+§T\q}:(®’f—®?)+%(@3—@‘2’)+%(®’3’—®‘3’) (4.13)

s

The superscript “*’ refers to the current iteration and ‘°’ refers to the previous iteration.

4.2.4 Algebraic Equations

The coefficients of the algebraic equation are represented as follows:

_ ) Indicates the dependent
Indicates the equation variable being multiplied

Indicates the phase Indicates the node which
the variable is related to

Algebraic equations of all governing equations after discretisation are as follows:

e The liquid phase continuity equation, Equation (3.4), becomes:

AP s +AT S ULp+AT I p+ATS,6p = B] p @.14)
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The liquid phase momentum equation, Equation (3.5), becomes:

dP
AZ’;/ ULs +A§f§ Jrs +A§f}.{ Urp +AZ’1J, Jip +Af;fvf UL +ALU;;‘,5P +A2{’£(a) = BZP
P
(4.15)

e The liquid phase energy equation, Equation (3.6), becomes:

T.J T.T .U T.J T.T T.T T,0 _pT
AL,S JL,S +AL,S TL,S +AL,P UL,P +AL,P‘IL’P +AL,P TL,P +AL,N TL,N +AL,P6P = BL,P

(4.16)
e The gas phase continuity equation, Equation (3.7), becomes:
Ayls Ims + Ay p Unp+Ay] , Jup+ Ay p6p = By p 4.17)

e The gas phase momentum equation, Equation (3.8), becomes:

U.U U.J UU U.J UU Us up(dP\ v
AM UM»S+AM,SJM»S+AM,PUM,P+AM,PJM»P+AM,NUM»N+AM,P6P+AM,P(E) _BM,P

S
P
(4.18)
e The gas phase energy equation, Equation (3.9), becomes:

T,J T,T T.W T.U T,J T,T T.W
AM,S Jms +AM,S Tys +AM,Sa Was +AM,P Um.p +AM,P‘IM’P +AM,P Tmp +AM,Pa apPt+

Ay Tun +Ay N Wan +A30,0p = By
(4.19)

e The gas phase mass fraction equation, Equation (3.10), becomes:

th"l W¢I7W¢l WCI’U Wd?‘] WH’WH WH’WH th ’6 — Wa
AM,S JM,S +AM,S Wa,S +AM,P UM’P+AM,P ‘IM’P+AM,P “’P+AM,N “’N+AM,P 5P_BM,P

(4.20)

The coefficients of the discretised equations in both phases are given in Appendix D of Siow [95].

Algebraic equations of the interface conditions are as follows:
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Discretisation and combination of velocity and shear continuity at the interface, Equation (3.11),

leads to the following equation:

Amth ULs +Ay, tf pUnp+AY v UMN +A1ntf pOP=Bi p (4.21)
e The evaporated mass continuity equation, Equation (3.12), becomes:
Aijrl{f,s JLs +AiJ£1{f,P Iup =By p (4.22)
e The temperature continuity equation, Equation (2.11), becomes:
T.T T.W, r.p [dP T
Aime,p TP+ Al p Wap + A p ( d)() = Biyt.p (4.23)
e The air impermeability equation, Equation (3.13), becomes:
Amtf pImp +A1ntf p WapP +Af§€’f%” Wan +A1ntf pOP= Bmtf P (4.24)
e The energy continuity equation, Equation (3.14) becomes:
AfmTf s TLs +A, ntf pIup A, ntf pTmp +A1ntf N Tmw +A1ntf pOP =Bl p (4.25)

The overall mass conservation, Equation (3.15) is approximated as the summation of the mass

flows at east faces of each column of control volumes:

Ny -1 Ny.m
2 PU . § PU . Po —pP
AL,jLUL»JL+ AM,jG UM,]G+AP 5P—BP (426)
JjL=1 JjG=1

The coeflicients of Equations (4.21) to (4.26) are given in Appendix E of Siow [95]. This complete

linearization introduces the following connections in the algebraic equations:

e between U, J, and ¢ in the continuity equations (Egs. (4.14) and (4.17)),

between U, J, dP/dx, and ¢ in the momentum equations (Egs. (4.15) and (4.18)),

between T, U, J, and ¢ in the liquid energy equation (Eq. (4.16)),

between T, U, J, W, and ¢ in the mixture energy equation (Eq. (4.19)), and

between W, U, J, and ¢ in the gas mass conservation equation (Eq. (4.20)).
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4.2.5 Solution Method

Starting from an existing code for the condensation modeling, an in-house computer code was
developed for the simulation of the evaporation phenomenon using Fortran 95 to compute the
equation coeflicients and solve the above set of linear algebraic equations. Starting at the first
station, a full matrix is constructed using the discretised governing for the liquid region, the gas
region, the interface conditions and the overall mass balance. The unknowns in the matrix are the
variables U, J, T, W,, and scalars ¢ and dP/dy. The U-momentum equations is solved for U,
the continuity equation for J, the energy equation for 7, the gas mass fraction equation for W,
the interface energy continuity equation for ¢ and the global mass balance equation for dP/dy.
Because the off-diagonal entries of the bordered block matrix are mainly zeros, it would be very
inefficient to solve this matrix using a conventional technique such as Gauss elimination. In or-
der to reduce the computation effort, a direct solver was developed based on the bordered matrix
algorithm discussed by Behie et al. [99] and the standard block-tridiagonal matrix algorithm (BT-
DMA). Because of non-linearities, an iterative approach is needed to arrive at a solution. The set is
iterated to convergence at each axial station. The coupling and bordered matrix solution approach
provide robust behaviour and fast convergence. A marching procedure is used starting from the
inlet boundary conditions. Convergence of the solution is declared at each axial station when the
relative change of all unknown values is less than 10~ (described below). Computation proceeds
along the channel until the marching reaches the end of the channel or the axial velocity becomes

negative. The second condition may occur when opposing buoyancy forces are dominant.

The solution procedure is:

1. Form an initial guess of the dependent variables based on the inlet conditions.
2. Calculate local fluid properties based on the current air mass fraction and temperature fields.

3. Compute the coeflicients of the discretized governing equations in both phases for the veloc-

ity, mass flux, temperature, and mass fraction, including interface and boundary conditions.
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10.

These coeflicients form a block tri-diagonal matrix.

Compute the coefficients for the interface energy balance and the coeflicients connecting
the film thickness to all the field variables (via the Newton-Raphson linearizations). These

coefficients form the vectors associated with the film thickness in the bordered matrix.

. Compute the coeflicients of the discretized overall mass conservation equation and the coef-

ficients connecting the pressure gradient to the velocity equations. These coefficients form

the vectors associated with the pressure gradient in the bordered matrix.

Perform a direct solution for all unknowns using a bordered matrix algorithm and a block

TDMA [95].

. Compare the current (new) solution to the previous iteration solution (old) at all control vol-

umes and for the scalar quantities. The relative error of each dependent variable is calculated

using:
rew _ q)old
E®=|——— (4.27)
(Dnew
If the relative error is higher than the convergence criterion, apply relaxation using:
O = "V 4+ 1% (@"Y — @) (4.28)

Typical values of the relaxation factors were 0.5, and 0.8 for T and W, respectively; no
relaxation was used for U and J. Relaxation was used only to reduce the overall iteration

count in some cases.

. Repeat Steps 2 to 7 until a converged solution is reached at the axial station.

. Progress to the next axial station using the converged solution from the previous station as

an initial guess.

Repeat Steps 2 to 9 for the rest of the domain. Terminate computations if a negative value of

U is found in a converged solution.
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4.3 Discretisation of the Elliptic Model Governing Equations

In the elliptic model, a co-located variable storage scheme is applied, so that all the unknowns
are located at the centre, P, of a typical non-orthogonal control volume as shown in Figure 4.1.
The mass flow rate at each face of the control volume is determined by the face velocities. These
velocities are determined at the integration point (ip) located at the centre of the face of the control
volume (e, w, n, or s). Other fluxes are determined using the face value and gradient of the inde-
pendent variables evaluated at the integration points.These fluxes are assumed constant along the

face. Using the non-orthogonal grid results in a nine-point computational molecule, consisting of
iy

o = integration point (ip)

X

Figure 4.1: Co-located variable storage scheme.

the central node and its eight neighbouring nodes shown in Figure 3.4, for each field variable (U,
V, P, T, and W) in both phases. The values at the corners of the control volume (ne, nw, se, and sw)

are estimated by linear interpolation, Figure 3.5.
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4.3.1 Algebraic Transport Equations

In this section, the details of the liquid phase governing equations discretisation are presented. The

same methodology is applied to discretise the gas phase governing equations.

4.3.1.1 Liquid Phase Continuity Equation

The discretisation of Equation (2.20) yields to the following equation:

pAe( Uenye + Venye) —pAW( Uty + anyw)
Vp (op — pP?) (4.29)
+pAn( Unnyn + Vnnyn) —pAs( Usnys+ Vsnys) + T =0

where U, and V, are face velocity components and n,, and n,, are the components of the normal
unit vector on the east face. Note that the normal unit vector is outward on the east and north faces
and inward on the west and south faces. In the development of the coupled algebraic equations,

«0” indicate the

unsuperscripted variable represent values at the new time step; variables with
previous time step values. Equation (4.29) can be written as the balance of the mass flow rates as

follows:
Vp (op — ppP?) _
At

A pressure-weighted interpolation method (PWIM) based on the work of Rhie and Chow [100] is

e — My, + Wy, — g + 0 (4.30)

applied to estimate the face velocities. The PWIM estimations for the east and west face velocities

are as follows. The estimation of the north and south face velocities follows the same procedure.

~ OP
Ue ZWe UP+(1—(We)UE—dZa

+b" (4.31)

. 0P| -
U =W U +(1 = W) Up~di | +B}, (4.32)
X

w

+b) (4.33)

e

P
ve:wevp+(1—we)vE—cz‘;—
y
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A, OP -
VW:(WWVW+(1—‘WW)Vp—dea—y +b,, (4.34)

w

where ‘W is a geometric linear interpolation at the face of the control volume and is defined as

follows for the east and west faces:

W _ DISW(H]J‘) (4 35)
N DISE(Z',]') +DISW(,'+1,]') )
Wi, = We, = DISWe.p 4.36
Yo T L) T DISE -1, ) + DISW( ) (436)
and
Tu Ju oP|° oP ? P C 0 0
b = g {w pr Rt W)_E}+A_t {vg-|w.ug+-wo Uy (4.37)
b= dw, 9B - ww)— 2 afug - [waug +(-wougl)  @38)
v v ox |w X |p At Y
- P() P()
b;:@{(w i (W)a— }+ﬁ (ve-[wevg+a-wovg) (4.39)
(9y P At
R P oP
b;:d;{ww— (1= W) o } 2 anvo - [wavg +a-w vl (4.40)
W dylp) A"
. W, (1-W,
d‘f:Vw{ 7 4 (ﬂ/)} (4.41)
(“P )p (“P )E
N 1-
dﬁ:%{ xw + ;;/W)} (4.42)
("P )w ("P )p

In Equations (4.41) and (4.42), ¢ is u or v and aﬁ"p is the nodal points coeflicients in the U or V

momentum equations. In order to compute the face volumes (¥, and ¥,,), each control volume is
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divided into quadrants by lines connecting the integration points e to w and n to s in Figure 3.7.

The volume at an integration point is the summation of the volumes of the quadrants adjacent

to the face. The pressure gradients at faces in Equations (4.31) to (4.34) are evaluated using the

dx dx Oy Oy

appropriate combination of co-ordinate derivatives (%~,%,7=,=) and derivatives of pressure in the

0s’ 0t°ds’ Ot

§ and 7 directions on a non-orthogonal grid. Using the chain rule and Cramer’s rule, the derivatives

in the x and y directions on face f are defined as follows:

0P oo oo
af_yt’f Ef_ys’f E'f
oo oo 0D
Zo=x | —x
ar 1o ‘f s f
where, 5
X
dsly
Xer=
(o o) 3 B
5Sf8tf 8tfasf
%
oty
X, =
ML D] 0y &
GSfatf (9tf5Sf
9
Osly
Y., =
(o D) 3 B
GSfatf athSf
a
atf
MCEEEE
5Sf8tf ot f@Sf

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

As shown in Figure 3.7, there are two direction vectors, § and 7, for each face and central node

of the main control volume. The x and y derivatives for each face in Equations (4.43) and (4.44)
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should be approximated using the nodal and corner values indicated as ne, nw, se, and sw in

Figure 3.5:

0o

axle

D
Ay

e

o0

ox |y

oD
dy

w

0P

Axly

oD
dy

n

0P

axly

oD
dy

N

(‘Z ;; (cDE—q>p)—(‘ld/—;i(<Dne—<I>se)
= ((Z;)‘; (@ — Dy) — % (O — @p)
_ 531 (®p ch)—(‘Z 5 @ D)
_ %(% Dy) — (?:t;; (Dp - Dw)
= (g ;)n (@pe — Dpyy) — Zt)n (0N — Dp)
(fh)n( N- w—%m )
= (@ ) T (- )
(/fzz),( P S)_(a’ )s  (@se = 0ow)

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)

The values at the control volume corners are calculated using a geometric interpolation in a non-

uniform grid:

q)ne =

chw = anl cI)W + anchP + an3 (DN + an4cDNW

nel q)P + CneZ q)E + Cne3 q)NE + Cne4 q)N

q)se = Csel q)S + CseZQ)SE + Cse3(DE + Cse4(DP

(4.57)

(4.58)

(4.59)
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(Dsw = Cswl(DSW + Csw2q)S + Csw3 q)P + Csw4q)W (460)

where the numbering of C coefficients starts from 1 at the left bottom corner node and goes

counter-clockwise around the control volume.

The nodal gradients of pressure in Equations (4.37) to (4.40) are calculated using the following

equations:
oD yt P ys P
—| =2 (0, -0,) - =2 (0, - O 4.61
Tl = 1) - ) 4.61)
oD Xs.p Xip
- | = — (D, —Dy) - — (D, —Dy) 4.62
dylp (dnp (ds)p (.62

The face values are computed by geometric interpolation using surrounding nodal values.

After substitution of Equations (4.57) to (4.60) into Equations (4.49) to (4.56) for variable P,
the pressure gradients on the faces are approximated in terms of nodal pressure values. Now, the

liquid continuity algebraic equation can be written in terms of nodal velocity and pressure values:
C, C, ’y ’y ’y ’y
aPpPp + ZaNlI;SPNBS + alc)uUP + Za;\I%4UNB4 + a;VVp + Zai\l‘]}MVNB“ = bf, (4.63)

The first and second superscripts of the a coeflicients refer to the equation label and the multiplied
variable, respectively. In summations, NB4={E,W ,N,S} and NB8={NB4,NE,NW ,SE.SW}. The

details of the summations are:

> ahanps = 4 O +ay D+ Oy + g s (4.64)
and,
> A Onps = D ath Onpa+ aGaONE +aS, Onw +aSE Dsp +agy Dsw (4.65)

Therefore, discretisation of the continuity equation produces implicit connections between five U
nodes, five V nodes, and nine P nodes. The coefficients of the liquid continuity equation are given

in Appendix D, Section D.1.

75



Chapter 4. Numerical Solution Method

4.3.1.2 Liquid Phase x-momentum Equation

Equation (2.21) yields to the following algebraic equation for x-momentum:

(op¥p)
At

(Up-Up°)+m.U, — m, Uy, +m,U, — iUy =

(9U ou
Du
" on |,

ou
-DY — P (4.66)

oP (9U
i Ve +ppgiVp + Dy n

In Equation (4.66), D = urAr and mass flow rates from the previous time step (m ) are used
for rin values in the advection terms. The faces U vlocities are approximated in terms of nodal
values using the convective weight coeflicient as at each face and an algebraic approximation to

the exponential differencing scheme by Raithby and Schneider [101]:

®, =(0.5+a,)Pp+(0.5-a,) Dk (4.67)
D, = (0.5+ay,) 0w +(0.5-a,)Dp (4.68)
D, =(0.5+a,)Pp+(0.5-a,)Pn (4.69)
DO =(0.5+a,)Ds +(0.5—ay) Dp (4.70)

a values are computed as a function of the local ratio of advective to diffusive transport rates:

0.5Pe7
af = sign|r 4.71
7 = sign(rg) - el (4.71)
Pe, = 4.72)
er=— .
f D;
The normal derivative of U velocity at the east and north faces is defined as:

ou s .0\ U

oU T le = e te) 57
on —p e O |e 4.73)

nle Ne - Se
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s .7\ oUu ou
oU —(Sn-tn) So| + 57

- Mn ~ A
on |, ty -y

where S is the diffusion weighting coefficient and defined as follows:

1+0.005Pe7
=— 4.75
Pr=1 +0.05Pe? 7>
The gradients at the east and north faces are:
ou Ug-U ou Upe—U
] E P’ gY| - Hne se (476)
s le ds), ot |e (dr),
ou Une—U. ou Un-U
T = e IF) _UNTEP (4.77)
0s |n ds), ot |n (dv),

Une, Unyw, and Uy, are approximated using Equations (4.57) to (4.59), respectively.

Following the discretisation procedure explained above, the final form of the linearised U-

momentum equation is:

a;’” Up + ZaKI’ESUNBg + a;’pPp + Za;’g“PNBA‘ = bllé 4.78)
The coefficients of the U-momentum equation are given in Appendix D, Section D.2.
4.3.1.3 Liquid Phase y-momentum Equation

The discretisation of Equation (2.22) yields to the following equation:

Y
(pPA;P) (Vo= Vo) +teVe = tingViy + i Vy = 1V =
oP oV v ov o
Sl A ) A R 5 +D! -D5 ——| (479
oyl "¢ anl, T Bnly " nl, Sans( :

where D;‘C = ugAyr. Equation (4.79) is discretised in the same manner as was used for the x-

momentum equation:

v,V v,V v,.p 4 _
ap Vp + ZaNBSVNBS + ap Pp + ZaNB4PNB4 = b? (4.80)

The coefficients of the V-momentum equation are given in Appendix D, Section D.3.
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4.3.1.4 Liquid Phase Energy Equation

Equation (2.23) yields to the following equation for conservation of energy in the liquid phase:

Coo ¥
w (Tp —Tp°) +1m, [CpeTe + Wse(ﬁs —ilw)e] — Ny, [CPWTW + WSW(ES —ilw)w]
+my, [CpnT +W5n(ljls—ljlw)n] — Tty [CpsTs+Wss(ljls—ljlw) ]=
oT oT oT oT ~. OWg ~. OWg oWy ~. OWyg
DZ Gne Div an Di’ an Dt‘ Gn DZ on e_Div on |y Di’ on n_D‘i ?iSi)

where Dt =ksAf and D =p fD‘;BA ¥ (f_zs - i_zW) B Discretisation of Equation (4.81) yields to:

ai;tTp + Za;’ltBSTNBS +ai;§W5p + Za;ﬁgSWSNBg = bi;. (4-82)

The mass fraction coefficients and the right hand side of Equation (4.82) are given in Appendix D,

Section D.4.

4.3.1.5 Liquid Phase Mass Fraction Equation

Equation (2.24) yields to the following equation for conservation of mass in the liquid:

(pp¥p) o . . .
AL (WSP WSP )+meWSe—mWWSW+mnWSn _msWSs:
oWs oWg oWy 0Ws
DY -D) —=| +D)] ——| -Dy —— 4.83
““onl, " onl, " onl on |y (4.83)
where DY = p fD?B. Discretisation of Equation (4.83) yields to:
Clg’WWSP + ZGKEEWS NB§ = bi;v (4.84)

The derivations of ag’w and a>"

Npg are analogous to those for the U velocity coefficients in x-

momentum equation using p fD‘}B instead of .
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4.3.2 Algebraic Interface Equations

At the liquid-gas interface, one equation is required to form an algebraic equation for each of the
field variables at either the liquid or gas side. In these algebraic equations, the nodes on both liquid
and gas sides of the interface along with the adjacent nodes in both regions are involved. Figure 4.2
shows the indexing notation of the interface nodes and their neighbouring control volumes. This

naming system is applied to all the algebraic form of the interface equations.

Gas first CV \\

iG,NW
[ J

\

Interface-Gas iG’.N iG,NE
s .
GW J
Interface-Liqui{ &\\\\n xf\\\\\ ‘G, P iG.e iG,E
iLW

JBG

[ J
Liquid last CV iL,SW e :
iL,S @ JEL
\\ lL, SE
\\

Figure 4.2: Indexing notation for interface and neighbouring control volumes; the spacing between

the nodes at the interface is exaggerated for illustration purposes.
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4.3.2.1 Normal Force Balance

The normal force balance, Equation (2.30), is used as an equation for P on the liquid interface

(j = jer+1). The 2D stress tensor 7 is defined in terms of the normal and shear stress:

Tox T
= 7 (4.85)
Txy Tyy
For incompressible fluids, the stress tensor can be written in the compact form of:
ou; 9U;
— P&+ + 4.86
iTH (ax i Ox; ) (4.86)

where i and j refer to the coordinates x and y and ¢;; in the index notation is the Kronecker delta.

Substitution of Equation (4.85) in Equation (2.30) results in the following equation:

2 2
(Txx ny+2 Ty ny ny+ 7y ny)L’imf +0K = (Txx ny+2 Tyy ny ny + 7y y)G i (4.87)

Substitution of all stresses in Equation (4.87) results in:

oU oU oV v\
—P+2u|— 2 ul == 2 K=
[rou (G ozl 5o e ez () ) oo

(—P+ 2 u (aa—g) ny+2 ,u(%—i}] + gx) Ny Ny+2 1 (?9_‘;) ng)G’imf (4.88)
The velocity derivatives are evaluated based on central differencing scheme. One-dimensional
interpolation is employed to determine the corner values (U, and U,,) for the liquid side of the
interface and (U, and Uy, for the gas side of the interface from its interfacial two neighbours.
For example, U, at the liquid side of the interface is determined by (U, = fre Uy + (1 = fye) UNE)
where f;, is a linear interpolation factor based on the grid spacing. The derivatives at the interface

for any transport variable can be given in general forms by the following expressions:

oD oD

— = (— ) =Ay Pips+Ax Qirp+Ax3 Oig+Axu Pirw (4.89)
Ox L,intf Oxly iL.S

oD 0D

- = (— ) =Ay1 Oips+Ay Cipp+Ay3 Cig+Ay Oipw (4.90)
Oy L,intf 0y n iL.S
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oD oD

— = (— ) = Byx1 ®igN+ B2 Oigp+ B3 Picg+ Bu Pic,w 4.91)
0X |G jinef Ox|g iG.N

oD oD

—L = (— ) = By1 OigN + By ®igp+ By3 ig g+ Bys Oigw (4.92)
ay ,intf ay s/iG.N

For the purpose of brevity, the liquid and the gas interfaces are shown with iL and iG, respectively
in the interface algebraic equations. iL,S and iG,N are the last and first control volumes in the

liquid and gas phases, respectively. The coefficients in Equations (4.89) to (4.92) are:

A—L[Sy”] A—l[ (e = (1= )~ ]
L P PN bn '
x3 = (dS)n ne iLs x4 = (d )n LS
1 Sxn 1 Sxn Ixn
—_ Ap=— ( ne (1 n ))]
e \Ijn [(dt)n] L.S 2 \Ijn [(dt)n (d )n f f " iL,S (4 94)
1 tn 1 Ixn '
Ag=—-— A= o | 2 S,
» n [(ds)n Ty, [(ds)nf W]iL,S
1 Sys 1 [ tys
xl =~/ By = (fse (1 fs ))
s [(df)s iGN (ds)s " (d )s iGN (4.95)
L[ tys (- fo) B __1[tysf :
SN (P75 TR ] x“ (ds),
1 Sxs 1 —Sxs Ixs
B, =— - By =— - ( se —Js ))
Ty [(dos iGN 2T, [(dm sy, Pl (4.96)
1 Tys 1 Ixs '
By = se By = | fs
& [(d TR B ST [(ds)gf .
The geometrical terms, ¥, and ¥y, are defined as:
¥, = (an tyn — Il Syn)l.L’S ¥ = (st tys —Ixs Sys)iG,N (497)
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Applying the velocity gradient definitions, Equation (4.88) can be written as:
—Pi+2 (,u n%)l L pAxt Uirs +Aw Uip+ A UiLg +Au UiLw)
+2 (,U nxny)iL,P (Ayl UiLs+Ay Ui p+Ay3 Uggp+Ay UiL,W)
+2 (,U nxny) iLp (Ax1 ViLs+Ax Vip+Ax ViLE+Axu ViLw)
+2 (/l ni)iL,P (Ayl Vies +Ay Viep+Ays ViLg+ Ay V,-L,w) +oK = wos)
—PiG +2 (,U "i)iG’P (Bx1 UigN+Bx2 Ui p+ Bx3 Uige + B Uic.w) |
+2 (/l nxny)iG’P (Byl UicN+By2 Uigp + By UiGE + By UiG,W)
+2 (,u nxny)iG’ p(Bx1 ViGN + B2 Vigp + B Vig e+ B Vicw)
+2 (,U ni) G.P (Byl VigN+Byz Vigp+ By3 Vigg + By ViG,W)

The final form of the normal force balance algebraic equation to calculate the liquid interface

pressure is:

P+ Pi Ui+ a5 Ui+ i Uinw + a6 U+
i pViLp+a Vi + Vi + 5 Vins e Ui +a U et

i wwUicw +aj; Viep +a; \gVicE+di) wwView = b p  (4.99)

The coefficients of Eqation (4.99) are given in Appendix E, Section E.1. In this work, the surface

tension force is omitted.

4.3.2.2 Zero Pressure Gradient

This condition is employed on the gas interface (j = jgc— 1) to govern the pressure P;g p. Discreti-

sation of Equation (2.38) leads to the algebraic form as follows:

oP

o = (BuPicp+BsPicE+ BuPicw + Bx1 PigN) Nxslic N+
iG.P

(ByZPiG,P + By3PiGE+ ByaPigw + ByIPiG,N) nyslicN =0 (4.100)
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which leads to:
¢.p ¢.p c.p 4 —
aiG,PPiG’P + aiG,NPiG’N + aiG,WPiGaW + aiG,EPiG’E =0 (4 101)

The coefficients of Eqation (4.101) are given in Appendix E, Section E.2.

4.3.2.3 Tangential Force Balance

The algebraic tangential force balance condition is used for the calculation of gas interface velocity,
Uicp. Equation (2.31) can be written in terms of the normal and shear stresses at the interface as
follows:

oo

(Txx NxSx+ Txy (nysx + I’ley) + Ty nysy)L,intf B g

= (Txx NySy+ Txy (nny +l’ley) +Tyy nysy)G intf

(4.102)

IL,intf

Equation (4.102) can be expressed in terms of velocity gradients:

2 a—Uns+ 6—U+8—V(ns+ns)+2 8—Vns _8_0'
“ax ““ay Ox JVYTE Y “ay ny,intf s

oU ou ov 191%
(2/1 (a) NySy+ ,u(a—y + a)(nysx+nxsy)+2,u (G_y) nysy)aintf (4.103)

IL,intf
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Using the Equations (4.89) to (4.92), Equation (4.103) can be simplified as follows:

2 (unysy)p(Ax UiLs +Ax UiLp+Axs Ui g+ A UiLw)
+ [,U (nysx + nxsy)]l.L p (Ayl Uis+Ap Uip+Ay3 UiLg+Ay UiL,W)

+ [,u (nysx + nxsy)]l.L P (Axl ViL,S + Ax2 ViL,P +Ax3 ViL,E +Ax4 ViL,W)

oo

+2 (/l nySy) iLp (Ayl ViLs+tAy ViLp+ Ay ViLg+ Ay ViL,W) ~

IL,intf

2(unysy)igp(Bx1 UigN+Bx Uigp+ B3 UigE + Bu Uigw)
+ [,u (nysx + nxsy)]l.G’P (Byl UigN+ By Uigp+By3 Ui+ By4 UiG,W)
+ [,u (nysx + nxsy)]iG,P (Bx1 VigN+Bx2 Vigp+ B3 Vigg+ B Vicw)
+2 (/Jnysy)l.G’P (Byl VicN+ By Vigp+Bys Vige + By ViG,W)

(4.104)

The algebraic equation for tangential force balance that is used to calculate the U;g p at the gas

interface can be written as:

u,u u,u u,u u,u
digpUicp + a4 gUic e+ dig wUicw + ai NUicN+
uy s uy ;. u,v : u,v : u,u ) u,u )
a;gpVicp+ai; gViGE+a;wView taig yVieN+di; JUiLp +di; pUiL g+

u,u ) u,v . u,v . u,v . _u
aiG,SW UzL,W + aiG,S VzL,P + aiG,SEVlL»E + aiG,SW VzL,W = biG,P (4. 105)

The coefficients of Equation (4.105) are given in Appendix E, Section E.3. In this work, % =0

4.3.2.4 Tangential Velocity Equality

The continuity of tangential velocity at the interface, Equation (2.32), can be written based on the

velocity and tangent vectors and used to calculate Uz p:

U i+V Pig-(sxi+sy ). = WU i+V Py -(sci+sy f), (4.106)
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The algebraic form of Equation (4.106) is:
a?[fp UiLp+ a?L,I,lN UiG,P + a?i‘jPViLaP + a?IfNViGaP =0 4.107)
The coefficients of Equation (4.107) are given in Appendix E, Section E.4.

4.3.2.5 Continuity of Mass at the Interface

Equation (2.33) is used to calculate Vg p. Continuity of mass at the interface can be written as:

- . - .
(pA Vv n) = (pA Vv -n) (4.108)
iL,P iG,P
Simple calculation of the dot product results in:
a:-)’GM,PUiG,P + a;')’GM,S UiL,P + a}}’GV’PViG,P + a;'}’GV,S ViL,P =0 (4.109)

The coefficients of Equation (4.109) are given in Appendix E, Section E.5.

4.3.2.6 Continuity of Energy at the Interface

The energy continuity at the interface, Equation (2.34), is used as the governing equation for V;z p.

This equation can be written in terms of velocity and normal unit vectors as:

oT
—kif p—
( LP on

oT
+kigp——
iLP on

AiLp

% A .
(PA 4 n) = it =

— ) (4.110)
iL,P he iG,P

Applying previous approaches for the evaluation of the gradients and calculation of dot product

of vectors gives the algebraic form of Equation (4.110) as:

v,u A% vt vt vt
a; pUiLp+a; pViLp+a; pTirp+a; gTiLg+a; wTiLw+

wt o vt ) vt ) vt ) A
aiL,ST’L’S + aiL,NTlG’P + aiL,NETlG’E + aiL,NWT’G’W = biL,P (4.1 1 1)

The coefficients of Equation (4.111) are given in Appendix E, Section E.6.
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4.3.2.7 Equilibrium Condition at the Interface

The gas-liquid interface obeys the equilibrium condition described by Equation (2.35). The equi-
librium temperature is a function of the salt mass fraction, mixture pressure and air mass fraction
at the interface (7;r = F(Wjr, Pig, Wic)). The equilibrium temperature function, described in Ap-

pendix C, can be written as follows using the Newton-Raphson linearisation:

oF oF oF

— (9 - A 0 - [P 0 - [P 0
Tiw =Ty + 50— (Wi — W3 )+ prom (Pig - Pig) + g (Wic — W) 4.112)
The liquid interface temperature, 7z p, algebraic equation is:
a;Z,PTiL»P + a?Z‘jPWl'L,P + a?Gp,PPiG,P + a;gV’PWiG,P = b?L,P (4.113)

The coefficients of Equation (4.113) are given in Appendix E, Section E.7.

4.3.2.8 Temperature Equality at the Interface

The gas phase interface temperature equation is the equality of 7T, p and T;.p. The algebraic

equation for T p is as follows:

aigpTiGp+aig Tip =0 (4.114)

iG,P

The coefficients of Equation (4.114) are given in Appendix E, Section E.8.

4.3.2.9 Impermeability of Gas

Equation (2.36) has an inter-equation coupling term (sitjes W, ). This term includes the velocity
components and gas mass fraction on the interface. Therefore, it needs to be linearised using the

Newton-Raphson method:

ting Wa = (0AR )G p [UW? + U°W = U'W )i p+ (pAny) . [VWO + VW = VW] 5 (4.115)
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Applying the same approach for the approximation of the gradient term in Equation (2.36) and use

of Equation (4.115) result in the algebraic form of the impermeability equation:
alw();f;, WiG,P + alw();f‘é WiG,E + a;VG‘KN WiG,W + aszf‘lj\I WiG,N + a:?;bfp UiG,P + az%‘,)P ViG,P = szG,P (4'1 16)

The coefficients of Equation (4.116) are given in Appendix E, Section E.9.

4.3.2.10 Impermeability of Salt

Newton-Raphson linearisation is applied to (sitie¢ Ws) term in Equation (2.37).

tiingt Ws = (pAnp p[UW? + UW = U W), p+(pAny). [VWO+VOW = VoW p (4.117)

By Applying Equation (4.117) and the approximation of the gradient term, the Wy interface linear

equation is formed:
WWyrs. WW yr7. w,w _ W,W 17, WU g7, WYy _w
aiL,PWlL’P + aiL,EWlL’E + aiL,WW‘L’W +a; g Wirs+ A p UiLp+ al.L’PV,L,p = biL,P (4.118)

The coefficients of Equation (4.118) are given in Appendix E, Section E.10.

4.3.3 Boundary Condition Equation Implementation

Boundary conditions are imposed by means of utilizing zero-width boundary control volumes.
The boundary integration points are located at the centre of the face of these control volumes. A
linear algebraic equation is used to define the boundary nodal value. When the coefficients of the
linear equation are determined so that they prescribe the required boundary condition, these linear
equations are substituted into the algebraic equations of the control volumes next to the boundaries
(algebraic absorption of the boundary condition into the nearest interior nodal equation). Two types
of boundary conditions are used in this work: Dirichlet and Neumann. A detailed description of

formulation and implementation of these boundary conditions is presented for a general variable
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® = U,V,T,W in this section. The pressure at the boundary nodes is calculated by performing
linear extrapolation of the pressure of interior nodes toward the boundaries. The extrapolation
relations for pressures on the boundaries are subsequently used in all algebraic equations with

implicit pressure terms.

d Sn

(a) nodePat j=j5—1 (b) node P at j = jg

Figure 4.3: South boundary computational molecule.

The south boundary is used to illustrate the formulation of boundary conditions. Figure 4.3(a)
shows a typical boundary node and its neighbours on the south boundary of the solution domain
(i,j = js—1). The algebraic equation that connects boundary node P to its adjacent internal node
is as:

it -1y PP+ NGy PN 1) = B 1y (4.119)
The coefficients of Equation (4.119) are set to the desired boundary conditions at the south bound-

ary. The setting of these coefficients for the two boundary condition types is given below.
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4.3.3.1 Dirichlet

This boundary condition is prescribed when the value of the variable ® at the boundary is given.

For Dirichlet boundary condition, the coefficients of Equation (4.119) are set to:

) _
Ap(j jp—1) = 1
) _
axG iy =0 (4.120)
b = Dppq

(@.js=1

where ®ypq 1s the ® value at boundary.

4.3.3.2 Neumann

A Neumann boundary condition is applied when the gradient of a variable is prescribed at the
boundary (e.g. ‘?%) = Fﬁn 4)- In the case of a non-orthogonal grid, ‘% and %—? are specified in terms
of the gradients along the unit vector directions, § and 7. The gradients along the west to east

direction, §, and south to north direction, 7, can be expressed in a chain rule as follows:

IO 9D Ix 9D dy

— = — 4.121
ds _ 0xds  dy ds (“4.121)
o0 0Dox 0Dy
— = 4.122
o~ ox ot dy or (122)
The gradient of @ in the x direction can be evaluated using Cramer’s rule:
od dy
0s OJs
od dy od oy 900y
L) ot ot Os 0t Ot Os
el = (4.123)

O Jox dy | axdy_iyix
ds Os ds Ot Os Ot
0x Q

ot ot
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The gradient at the east face of a control volume becomes:

0o (9y (9@ Gy oD , 0o
o o | lye ™ Sye
0 _ Gs at at Gs _ ase (9t (4.124)
ax % @ 3 @ % Sxelye = IxeSye
os, otl, 0s|, Ot
A similar approach to Equation (4.124) can be applied to the north face of a control volume:
0o Gy GCD Gy (92 .o 62 s
amL 85, 0tl,  Otl,0s,  0s," o1, " (4.125)
dxl,  dx| ay| Iyl ox Sxntyn — LanSyn '
asl, ot, 0Os|, Ot
The change in @ in the y direction can be evaluate as:
ox 00
ds Os
ox 00 00 ox 0D ox
oD ot ot ot 0s ds ot
= = (4.126)
dy ox Ody oxdy 0Oyox
ds Os ds 0t 0Os ot
ox 0y
ot ot
Equation (4.126) can be written for the east and north face of a control volume as:
00| dx| 0P| Ox oD s oD ;
O xe— 4 | txe
8_ _ ot |, 0sl, aseate: ot |, s, 4.127)
ay e 8.X 8}1 8}1 8.X Sxetye - tngye
dsl, ot, 0s, 0t}
8CDL8x od| 0x oD 8CI)LI
o0 0rl,dsl, 95,0, 9, " Bsk @.128)
vl 0Ox dy| 9y ox] Sxntyn — LxnSyn .
ds}, Otl, Osl, 0t}

To implement the Neumann boundary condition on the south boundary of the domain, %i) on

the north face of the zero-width boundary control volume must be set. The derivatives in Equa-
tion (4.128) are evaluated using nodal and corner values of ®:

cI)N - (DP (Dne - chw

-
S ) W S T M
Ay ~ “bnd T

(4.129)

ay (i, jg—1) antyn - txnsyn
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Equation (4.129) can be rearranged into the form of a linear algebraic equation:

(d)y txn é Sxnlyn = txnSyn
®p-ON = - (D, — D) ——— -1 . (dt),—————— 4.130
P N ( ne nw) (dS)n S bnd ( ) S ( )
The coefficients of Equation (4.130) are as follows:
o, _ ¢, _
Wi L Nijg-n !
(4.131)
¢ _ (dt)n t 03 antyn - txnsyn
b(i,jB—l) - - ((Dne‘ - (an) (dS)n SLXIZZ - Fbl’ld (dt)n —an

The corner values in Equation (4.131) are determined by performing linear interpolation between
the nearest boundary nodal values. Under the circumstances where the control volume is at the
corner of the domain, i.g. (i, jg) and both boundaries are Neumann type, then @, = O(ig, jg). If

one of the boundaries has Dirichlet boundary condition, then @, = Qppq.

4.3.3.3 Algebraic Absorption of the Boundary Conditions

The boundary nodes can be eliminated from the solution fields by being substituted to the algebraic
equations of the interior nodes adjacent to the boundaries. To illustrate the process, Equation (4.78)
is rewritten for node P adjacent to the south boundary in Figure 4.3(b):
¢.9 ¢.¢ ¢.¢ ¢.¢ ¢.¢
aP([,/‘B) P(i,jB) + aE(,"jB)(DE(i,jB) + aW([,jB) q)w(i,jB) + aN(,"jB)(DN(i,jB) + aS(,"jB)(DS(i,jB)

¢.¢

¢.9 &.9 ¢.¢ _ 1o
+ aNE([,jB)(DNE(iJB) + aNW(i’jB) q)NW(iJB) + aSE(i,jB) q)SE(i,jB) + aSW(i,jB) q)SW(,'J'B) - b(i,jB) (4 1 32)

The nodes SW, S, and SE are located at the boundary and controlled by the boundary conditions.

For these nodes, the algebraic boundary condition equation, Equation (4.119), can be rewritten as:

¢ ¢ X
aP(,'_lij_l)(DSW(i,jB) T aN(,'_lij_l)(DW(iuiB) - b(i—lva_l) (4133)
¢ ¢ _p?
p ,B,l)q)sa,jg) tay, jB,l)cDPa,jB) = b1 (4.134)
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¢ ¢ ¢
a, . q)SE(i,jB)+a o (DE(i,jB) b(1+1/B 1 (4.135)

Pii+1,jg-1) Ni+1,j5-1)
The boundary nodes ®gsw, ®@s, and Osg in Equation (4.132) are replaced with Equations (4.133)

to (4.135) in order to eliminate boundary nodes. This substitution results in the following equation:

® ® @
¢.9 ».9 ¢.9 ¢.¢
(aP(i,jB)) (DP(i,jB) + (aE(i,jB)) (DE(i,jB) + (aw(i,jB)) q)w(i JB) ta N(, iB )(DN(i,jB)

Drwey = (B5,) @136)

.9
NE(,-u,-B)q)NE(i,jB) Tanw (irjs)

(@.jB)

The new coeflicients of Equation (4.136) are:

¢¢
( .9 )EB — a¢’¢ ¢¢ N(IJB 1)
P(lJB) P(i,jg) S(IJB) ¢¢
P(l Jjg—1)
¢¢
(a¢,¢ )69 _ 00 ¢ INGi+1,j5=1)
N(.,jB) E(i.jg) SE(lJB) ¢¢
P(l+1]B 1)
¢¢
(a¢¢ )EB — a¢’¢ —a¢’¢ N(l Ljg—1) (4.137)
S(i,jB) W(,jB) SW(,jB) a¢ P
P(i-1,jg—1)
b¢
(b¢ )@ - ¢ ¢ _Gj=D
@.jB) Grjg) — %SG, jp) ¢¢
P(l Jjs—1) p
¢¢ b(H'lJB ) a¢’¢ b(i—l,jB—l)
ASE(, jg) aM SW(,jg) 9.0
P(i+1,/5-1) P(G-1,j5-1)

After the modification of the interior node coefficients to implement the boundary conditions,

¢4 b6 ¢4

SW(i.jm) 95(i.jg)» AN dg; ;o) are set to zero.

4.3.3.4 Face Velocity Boundary Conditions

The face velocity boundary conditions are derived using the nodal boundary conditions and im-

plemented using the coefficients of the continuity equation. The south boundary is used as an
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example to illustrate the derivation of the face velocity boundary condition. The continuity equa-

tion for node P in Figure 4.3(b), can also be applied on the south boundary as follows:

cu c,v c,u c,v
(st o Ueralys 1oy Ve) +(alts sy Un+dig o1y Vio)

+( o Un+d Vn) +( o Us+adl, VS) = b},

nii, jg—1) i, jg—1) Ayi,jp-1) Ayi, jo—1) Pijp-1) (4138)

One can use Equation (4.138) to produce separate equations for U and V:

-1 c,u c,v c,u c,v
Us =~ [(“e(i,js— pUet “e(i,jB—nVé’) + (“w(i,js— pUw+a, oy VW)

a . .
s(i,jg—1)
c,v

c,u c,v c
(gt Un s o Vi) Fas Vs =D o] (44139

-1 c,u c,V c,u c,v
Vs=—25 [("e(i,jB—DUe + “e(i,jB—l)Vé’) + ("w(i,jB—DUW + "w(i,jB—nVW)

(i, jg—1)

cu c,v cu c
# (050 ) Un 5 iy ) V) + 4G iy Us =Bl (44140)

U ,V
(.js—D) (. j8—1)
Equations (4.139) and (4.140), respectively:

The coefficients a© and ¢ are set to be -1 and moved to act as a source term in
S \)

_ (. .cu c,v c,u c,v
Uy = (ae(i,jB—l) Ue+dyi; jy-1) VE) + (“w(i,jB—n Uwta, ip1) VW)

c,u c,v c,v c,u
+ (“n(i,jB—n Un+ “n(i,jB—l)V") tag jp-1)Vs g jpory (414D

_( cu c,v c,u c,v
V= (“e(i,jB—D Ue+dy; jy-1y VE) + ("w(i,js—n Uw+a, jp-1) VW)
c,u c,V c,u c,V
+ (“n(i,jB— pUnt “n(i,jB—nV") +gi -1y Us T jyory  (4:142)

Only south and north mass flow rates in control volume P are needed to set the south bound-
ary condition and the U and V velocity boundary conditions are set independently. These two

requirements change Equations (4.141) and (4.142) as follows:

c,u _cu
Us—ait . Un=aS. (4.143)
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Vs—a ;(tj )Vn: ;JJB 0 (4.144)

To obtain the Dirichlet boundary condition for U and V on the south boundary, the coefficients of

Equations (4.143) and (4.144) are set as:

c,u
@y i.jg-1) = 0
(4.145)
a = Upnd
s(ija=1)
c,V
@y i j-1) = O } (4.146)
c,v _
A jg—1) = Vond

To obtain the Neumann boundary condition for U and V on the south boundary, the %—? 1S approx-
imated from face to face across the control volume P:

q)n - (Ds q)se - q)sw

Sxs— t
82 _ F¢ _ (dt)p xs (ds), * (4.147)
5)’ (i,jB) bnd sttyP - txPSys .
Rearranging Equation (4.147) for @, leads to:
dtpt Sxslyp —IxpPS
ch - ch = _(che sw) Ed ))P i rﬁnd (dt)PM (4148)

The coefficients in Equations (4.143) and (4.144) for U and V Neumann boundary conditions

respectively are defined as:

;’(IZJB—l) = 1

(4.149)
Z}ng—n = 1

(4.150)
dgijpny = (@ Du) EZZZ?)IZ?TIZ bnd (dryp™2E x‘thPsys

The rest of the coefficients in Equation (4.138) are then set to zero.
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To algebraically absorb the face boundary conditions into the interior nodal equations, Equa-

tions (4.143) and (4.144) are substituted to the continuity equation for node P:

(a i joy Ue + i )V)+( iy Uw i oy Vo )+(a i iy Un + i )V")

ac! U,+a

s cv c,v cv c
+“s(zm)( ni,jg—1) " s(i,jB—l))+ v(zJB>("n<i,jB—1)V"+ s(i.ja— 1)) Bpi. ji)

4.151)

Collecting terms yields:

(050 Ue ety Ve) + (006 gy U + 50 gy Vo) + (( Z&B))@ Un+(“2’<¥,j3))® Vn) = ( §<i,jB))®

(4.152)
The new coeflicients are then defined as:
(a"” )® = a +aS" att
na,jg) - n@,jg) Y(l JjB) Mi.jg-1)
(ac,v )EB = 4 +d a&’ (4.153)
NG, j) = “najp) S(z iB) M. jg-1) )
(bc )EB = B B —a g
P(i,jB) = TPG,j) " SG.jp) SG.jg-D Y(z i) S, jg-1)

4.3.4 E-factor

In development of the elliptic model in this work, the governing equations are made fully implicit.
Although the steady-state solution is required in this study, the transient terms are used in the

equations as relaxation in the solution of the coupled non-linear equations.

Van Doormaal and Raithby [102] recommended replacing the transient term with a distorted
transient term. This distorted transient scheme uses a so-called E-factor, E. To use this scheme,

a;’” equation, Equation (D.21), is rewritten as:

(at) = pZ—fP +(as)’ (4.154)

The transient term in Equation (D.21) is redefined using the E-factor:

prt _ (a5")
At Ev

(4.155)
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Substituting Equation (4.155) into Equations (4.154) and (D.56) produces new definitions for alu,’”

and bl’§ coeflicients:

o (@) 1 N
(a") = (as") +(£) :(1+ﬁ)(a;’“) (4.156)
w,u\*
bl = (azu) US +ppg. (4.157)

A similar definition is used for the V, T', and &w equations.

The E-factor allows taking a different Af in each control volume (if control volumes have
different sizes ), which can lead to faster convergence. In the computer code implementation of
the coeflicient calculations, both the E-factor and true transient formulations are available and are

selected through the specification of E and At values.

4.3.5 Interface Movement Procedure

The interface location is determined by imposing the mass balance at each column of the liquid
region using the ILMB method. Equation (4.158) balances the mass crossing the east, west, and

interface of the liquid column shaded in Figure 4.4.

hL,e — hL,w —
f pre (Vi) dh:f P (V) dh+ i (4.158)
0 ’ e 0 ’ w N——

mass crossing the interface

./ -/
me mW

where hy ,, and hp . are the distance of the interface from the domain south boundary at the west

and east side of the liquid column. The integrals in Equation (4.158) can be converted using a

single integration point at each face of the control volumes.

JEL JEL
o1, (Uene+ Ve nye) Mo =" pro, (U ns+ Vi nype) Ay + 1t (4.159)
J=JBL J=JBL
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The two j-direction interface
nodes are at the same

physical location.

Figure 4.4: Nomenclature used in the ILMB method. The interface node spacing is exaggerated

for illustration purposes.

For uniform spacing in the /4 direction: iy . = Ny Ahy .. Rearrangement of Equation (4.159) for

uniform spacing gives:

1 JEL 1 JEL .
o " b1, (Ue nse+ Ve nye) | e = N " o1 (U now+ Vig ) | Ay it (4.160)
5 Lj=jsL 5 Li=jse

Equation (4.160) the interface height at east and west side of each liquid column. The position

of the first node on the interface is fixed and used as Ay, ,,. Therefore, applying forward marching
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gives the position of the interface at the successive stations along the domain south boundary.

4.3.6 Solution Method

Applying a finite volume method with the described techniques results in implicitly coupled al-
gebraic equations. Using the non-orthogonal grid produces a nine-point computational molecule,
consisting of the central node and its eight neighbouring nodes, for each field variable (U, V, P,
T, and W in both phases). Therefore, the coefficients for each node are stored in a nine-banded
5-block matrix. Then all the coefficients are assembled in a sparse matrix. The interface condition
coefficients are also added to the sparse matrix. An in-house computer code implements this nu-
merical solution approach. The coupled algebraic equations are all solved together simultaneously

using the parallelized SuperLU_ DIST [103] direct solver within the PETSc software library.

4.3.6.1 Convergence Criteria

The numerical solution of the algebraic equations is repeated until a converged solution is obtained
for the field variables and the interface movement. At each iteration the matrix equation is solved
on a fixed mesh. Before repeating the numerical solution, the interface is moved based on the most
recent interface height calculations and the entire domain grid is recalculated. The next iteration of
the numerical solution begins with updating the coefficient matrix based on the most recent field

variables and domain grid. The computation proceeds until the desired convergence is obtained.

The steady-state convergence of the field variables is checked using the following:

n o _ ph-1
q)(i,j) (D(i,j)

—min (d)

<e? (4.161)

max ((D allG, j))

n
all(i, j))
where €? is the steady-state convergence criterion for the field variable ® and 7 is the iteration

number. In this study, €V =" =€’ =€" = 1077 and €/ = 10™*. Convergence of the interface
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height is declared when the maximum of all absolute changes in interface node locations between

two consecutive iterations is less than 107! m for the entire domain.

The residual of the linearised governing equations are also monitored during the computation

process using the following equation:
{R"} = [{b} — [A].{®"}| < Réjec 4.162)

where R" is the absolute residual of variable ® algebraic equation and prec is the specified residual
criterion for each field variable. For a typical case in this study, RY. = Rlpee = Rh . = Refee = 107

and RsTpeC = 1074, The time step size was adjusted for the simulations of the elliptic model. No

change in the converged solution was observed with variation of the time step size.
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Evaporation Process inside Parallel-Plate Channels:

Parabolic Model

5.1 Introduction

The results of the parabolic numerical model for the simulation of pure water liquid film in the
vicinity of an gas-vapour stream in a parallel plate channel are presented in this chapter. Domain
definition and boundary conditions for two-phase evaporation in a vertical channel are shown in
Figure 2.1. Detailed results are compared with the literature to demonstrate the validity of the
present approach. In the area of numerical models of falling film evaporation in vertical parallel
plate channels, the present work has a similar formulation to previous studies but differs in two
important ways. First, the method of solution is significantly different from previous studies using
the parabolic equation set. The present numerical model is believed to be the first evaporation
application of a fully-coupled technique in which all the field variables, the film thickness, and the
pressure gradient are solved simultaneously. This technique is based on the approach developed
by Siow [95], and provides robust solution behaviour and fast convergence. A complete set of
parabolic governing equations is solved that includes fundamental interface balances and variable
properties. A dynamically moving mesh is used that matches the liquid-gas interface at every
axial location. Second, the present work provides new, detailed results that examine the effects of
changing key parameters such as the wall heat flux, the inlet relative humidity, inlet film Reynolds
number, and the pressure. Two aspects of the work that have not been seen in previous studies are
(1) a focus on the results near the channel inlet that examines a sharp decrease in interface heat
and mass transfer and (2) the effects of pressure changes on the thermal and mass buoyancy forces.

The effects of parameter changes on the overall effectiveness of the system are also examined.
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5.2 Grid independence study

A grid independence study was conducted using a typical case studied in this work (Case W6
described in Section 5.4). The axial profiles for the interface velocity, temperature, and air mass
fraction were compared for different meshes. The range of the number of nodes in these tests were
as follows: 20 < N, 7, <80, 80 < N, js < 240, and 800 < N, < 3200. Comparing with the finest grid
(Ny,. = 80, Ny p = 240, and N, = 3200), a grid with Ny ; = 40, Ny » = 160, and N, = 1600 had
the maximum percent differences of 0.10, 0.17, and 0.25 for the interface velocity, temperature,
and air mass fraction, respectively. These differences are considered to be sufficiently small, so the

above-mentioned grid was used for all the results presented in this work.

5.3 Comparisons with previous works

5.3.1 Definitions of comparison cases

In this section, the results of the present model are compared to three earlier works that studied
evaporation of air-water and air-ethanol in vertical parallel plate channels. Due to the opposing
buoyancy effects of water evaporation in experimental studies in the literature and the limitation
of the parabolic model for simulating the upward flows, air-water cases are only compared with
the numerical works [9,29]. For ethanol, the present numerical results are compared with previous
experimental results [ 1] and numerical results [©]. Table 5.1 summarizes the operating parameters

of the comparison cases.

In order to compare the results to those presented by Yan [9], the local Nusselt number and

Sherwood number are respectively defined as follows:
I (AH)
Nujp = —d -~ (5.1)
"™ kg (Tins — To)
1 Wineg (4H)
py DAB(Wy — W jit)

Shin = (5.2)
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Table 5.1: Definitions of comparison cases

Case Authors Method’ Repin Frpin m’L’in Trin Tmin Gy,

[kg/(m-s)] [°C] [°C] [W/m?]

Wl-a Yan [9] N 2000 3.34 0.04 20 20 500
Wl-b 1000
Wil-c 3000
w2 [29] N 100  3.66 0.01 25 25 8000
El-a [I] E 650 4.2 0.01 40 315 0
El-b 8.4 0.02

El-c 16.8 0.04

E2-a [Y] N 2000 11.71 0.04 20 20 500
E2-b 1000
E2-c 3000

“N represents Numerical and E represents Experimental

where the local bulk temperature T, and local bulk mass fraction W}, are defined as:

2H
s Pm Cpm Uy Tdy

Ty =35

s om Cpm Uy dy

(5.3)

2H
_ [ pm Uy Wy
T 2H

[ pm Un dy

W, (5.4)

Figure 5.1 compares the results of the present work with Yan [9] for Case W1. The results
for heat and mass transfer of the present work and those of Yan have very similar trends. The
maximum percent differences between the present study and Case W1 are 8.4 and 4.5 for Nujs

and Sh;,¢, respectively. These deviations can be due to the differences in equations solved. In the
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Yan [9] analysis for Case W1, the inertial term in the momentum equation for the liquid phase has
been neglected. In addition, different mass balance and pressure gradient calculations have been
used by Yan [9]. Differences in the calculation of thermophysical properties could also contribute

to the deviations.
200

(a)
—— present study, W1-a
—— present study, W1-b
150 F —— present study, W1l-c i
---- Yan [9], Wl-a
---- Yan [9], W1-b
N int '
et ---- Yan [9], Wl-c
100 | .
¢’y =500 W/m?
50 | i
3000
O
0 0.05 0.1 0.15 0.2
x/(ReM_,m H)
12 T T T T
(b)
—— present study, W1-a
I —— present study, W1-b
10 —— present study, W1l-c i
! ---- Yan[9], Wl-a
---- Yan [9], W1-b
} . 1
Shine | ---- Yan[9], Wl-c
SL 4
- 3000
’l \:
Gt = 500 W/m®
/) P RS S S RS S S S RS S —
0 0.05 0.1 0.15 0.2

x/(Repyin H)

Figure 5.1: Comparison of axial variation of interface (a) Nu number and (b) Sh number, for Case

Wi
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Figure 5.2: Comparison of (a) velocity and film thickness and (b) temperature and vapour mass

fraction for Case W2

Figure 5.2 compares the results of the present study to Najim et al. [29] for Case W2. The

comparison has been done for the film thickness and for the velocity, temperature, and vapour

104



Chapter 5. Evaporation Process inside Parallel-Plate Channels: Parabolic Model

mass fraction in transverse direction at the channel exit. The trends of the results are similar, but
there are small differences between the results which are expected to be due to some differences
in the procedures for calculating the film thickness and pressure gradient. The maximum percent
differences between the current work and Najim et al. [29] are 21.1, 1.6, 0.12, and 0.9 for velocity,

film thickness, temperature, and vapour mass fraction, respectively.

%)

| —— present study, E1-a 1
50 f —— present study, E1-b ]
| —— present study, El-c
45L v Yanetal [1] , m{,=0.01 kg/(ms) ]

O Yan et al. [1] , 72,=0.02 kg/(m-s)

S 40k O Yanetal [1], 1] =0.04 ke/(ms)

in

Figure 5.3: Comparison of temperature distribution at the wall for Case E1

The case of ethanol evaporation is compared with Yan et al. [ 1] for Case E1 in Figure 5.3. The
results are in good agreement with experimental measurements. The highest deviation is for the
lowest liquid mass flow rate with a maximum percent difference of 5.6. The difference can be due
to the presence of ethanol vapour at the inlet, which was inevitable in the experimental study as

mentioned by Yan and Lin [104].

The present results were also compared to Yan [9] for Case E2. Initially, there were some
differences between the results obtained by the present model and Yan for Case E2. It has been
determined that these differences were due to a simplification of the spatial variation of C), ;, made
in the previous work [9]. In the previous study, the specific heat of the liquid film, C),;, did

not change with temperature in axial and transverse directions inside a control volume and was
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Figure 5.4: Comparison of axial variation of interface (a) Nu number and (b) Sh number for Case

E2

. . ocC ocC . .
determined by the temperature nodal value. Therefore, the gradients 8;‘L and 3§’L were ignored in

the advection terms of the liquid energy equation. This simplification is reasonable only when the
change of specific heat with temperature is not significant. In Case E2, it was found that assuming

a constant specific heat at the faces of each control volume resulted in an under-prediction of the
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advected energy. In the present model, the liquid specific heat changes with temperature in the
energy equation, and an upwind scheme is applied at the east face and the west face, so the liquid
specific heat is different at the east and west faces of every control volume. It is important to note
that this issue does not occur for Case W1 because the liquid specific heat of water changes by less
than 0.05% for the temperature range of 290 to 350 K. However, for ethanol, the liquid specific
heat increases by about 33% with increasing temperature over the same temperature range, which
has been shown in Fig. 5 in [29]. For comparison purposes, the present model was temporarily
modified to keep the liquid specific heat constant on east and west faces. Figure 5.4 shows the
good agreement obtained using this approach. The maximum percent differences in Nu and Sh are
7.7% and 4.9%, respectively, for the highest wall heat flux case. The slight differences between

the current results and Case E2 are expected to be due to the reasons mentioned for Case W1.

The good agreement with previous numerical and experimental studies in this area demon-
strates the accuracy and reliability of the present model. The model will now be used for detailed
exploration of aspects of falling film evaporation in vertical channels that were not addressed in

earlier works.

5.4 Results and discussion

5.4.1 Parametric study discussion

In order to study the effects of operating parameters on the evaporation process, the co-current
developing flow of liquid and mixture is modelled using the full original model discussed earlier.
For given film and gas Reynolds numbers, the equations presented in Appendix A are utilized to
specify the inlet liquid and mixture velocity fully-developed profiles along with the corresponding
film thickness and pressure gradient. The common input parameters for all simulations in this
section are: L=2m, H =0.015m, Ty ;, = 20°C, Tyzin = 20°C, and Rep i, = 2000. The wall heat

flux changes from 500 to 4000 Wm™2. The inlet liquid Reynolds number varies between 50 and
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200. The range of inlet pressure is from 1 to 3 atm. The air mass fraction is calculated using the
mixture relative humidity based on the method presented by Hassaninejadfarahani et al. [96]. For
water, the relative humidity changes from 20% to 80%. For ethanol, the relative humidity is always
zero at the inlet. The analysis of ethanol evaporation into air neglects the occurrence of water in

the air and water absorption into the ethanol.

Tables 5.2 and 5.3 indicate the operating parameters for parametric study cases for water and

ethanol, respectively. Some water cases will be used to study the effects of wall heat flux and inlet

Table 5.2: Parametric study cases for water

Case Repin Frrgn Platm] ¢, (%) ¢ [Wm?] Grr Gry Gro(x10™)

wall

W3 50 4.8 1 50 500 244 99 14.6
W4 50 4.8 1 50 1000 512 187 29.2
W5 50 418 1 50 2000 97.1 46.7 58.4
W6 50 4.18 1 50 4000 162.4 136.5 116.9
W7 100 8.36 1 50 1000 293 113 29.2
w8 100 8.36 1 20 1000 277 13.7 29.1
W9 100 8.36 1 80 1000 31.0 8.8 294
W10 100 8.32 2 50 1000 127.3  23.7 116.4
Wil 100 8.31 3 50 1000 2946 36.3 261.6

relative humidity changes in Section 5.4.2 and details of the flow near the inlet in Section 5.4.3.
Ethanol cases will be used for comparison with water cases to illustrate the effects of buoyancy
forces and the effects of pressure change in Section 5.4.4. The Grashof numbers mentioned in

Tables 5.2 and 5.3 will be discussed in Section 5.4.4.
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Table 5.3: Parametric study cases for ethanol

Case Repjy Frpjn Plam] ¢7, [W/m?] Gry Gry Gro(x107™)

E3 50 421 1 1000 322  -60.1 29.0
E4 50 421 1 2000 67.8 -101.4 58.0
E5 50 421 1 4000 117.0 -184.9 116.0
E6 100 8.34 1 1000 18.0 -48.0 29.0
E7 100 8.32 2 1000 89.0 -105.2 116.0
E8 100 830 3 1000 213.8 -163.1 260.9

5.4.2 Effects of wall heat flux and relative humidity change

Figure 5.5 presents the effects of changing the wall heat flux on the interfacial heat and mass
transfer for cases W3 to W6. For Case W6, the supersaturation occurs after x/L = 0.51 due to
the high amount of evaporated vapor added to the mixture, so the data after this location has been
eliminated. As expected, the heat and mass transfer at the interface increase with increased wall
heat flux. A higher wall heat flux adds more energy as sensible heat to the liquid, increasing the
interfacial temperature. As a result, more energy and mass are transferred to the gas phase and the
evaporation rate increases along the channel. By increasing the wall heat flux, the minimum in the
interfacial heat transfer moves towards the channel inlet. Higher wall heat flux significantly affects

the evaporation rate, even in the region near the inlet.

A better understanding of the heat and mass transfer process is obtained by examining the total

evaporation mass flow rate per unit depth up to a given x location:

X
g gor(X) = Z VAED) (5.5)
XI'ZO

’

it o Along the channel for different wall heat flux values.

Figure 5.6 shows the distribution of

A higher evaporation rate is observed for higher wall heat flux. Increasing the wall heat flux
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Figure 5.5: Axial variation of interfacial (a) heat flux and (b) mass flux, for different wall heat

fluxes; T in = Tprin = 20°C

adds more energy to the system as sensible and latent heat. The liquid falling film absorbs the
energy received from the wall. Part of this energy is consumed to increase the liquid and mixture

temperature. The rest of the energy added to the system leads to an increase in the evaporation rate.
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The total evaporation mass flow rate for the entire channel increases more than two times when the

wall heat flux increases from 1000 to 2000 [W/m?2].

01 T T T T T T T T T T T T T T T T T T T
| P =1atm —_ W4
ReLJn =50 ... W5
- Repin = 2000 —-—- W6
-~ L in — 500/
Mint, ot %/H C 1333
7 I
mL,in
0.05} o

Figure 5.6: Axial variation of total evaporation mass flow rate per unit depth for different wall heat

fluxes

Figure 5.7 shows the change of film thickness along the channel length. As the evaporation
process occurs, mass of film is transferred to the mixture stream. The more heat added to the
system, the more liquid is transferred to the gas phase through the latent heat transfer process,

thereby decreasing the film thickness.

Three cases with ¢;, =20%, 50%, and 80% have been studied to investigate the effects of
mixture relative humidity on the evaporation rate. As seen in Figure 5.8a, the interfacial heat flux
is higher for a lower relative humidity. The mass flux changes the amount of energy transfer at the
interface. Therefore, even though the amount of energy enter is the same, the energy transfer at the
interface is different due to the different mass flux at the interface. A higher amount of air in the
mixture leads to a more considerable concentration difference between the interface and gas phase.
A decrease in the relative humidity causes an increase in the mass fraction gradient increases at the

interface and a higher evaporation rate, as seen in Figure 5.8b.
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Figure 5.7: Axial variation of film thickness for different wall heat fluxes

5.4.3 Detail of the flow near the inlet

It was seen in Figure 5.5 that there is a substantial decrease in heat and mass transfer which occurs
near the inlet. Near the inlet, the interfacial heat transfer is higher than the wall heat flux, as seen
in Figure 5.5a. This trend revealed an interesting process that is responsible for the evaporation in
that region and its sudden decrease. Case W3 was selected to study parameters affecting the heat
and mass transfer in the inlet region. To determine the factors leading to the decrease of g;/ . near
the inlet, transverse distributions of the vapour mass fraction and temperature in this region and
farther along the channel were examined. Figure 5.9a shows the vapour mass fraction at selected
axial locations near the inlet. The profiles are all equal and constant for 1.4 < 7 < 2 near the inlet,
so this range is not shown in the figure. There is a significant increase of the vapour mass fraction
near the interface because of the concentration difference between the interface and the mixture.
That difference leads to the mass diffusion of water vapour into the gas near the inlet. As also
observed by Tsay et al. [ 15], the mass transfer process absorbs a substantial amount of energy as the

latent heat for the vaporization of the liquid film. The latent heat transfer to the mixture is always
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Figure 5.8: Axial variation of interfacial (a) heat flux and (b) mass flux, for different inlet relative

humidities

positive, showing that evaporation always occurs instead of condensation. Note that the diffusion
of vapour into the mixture region reduces the vapour mass fraction gradient at the interface; for

instance, the vapour mass fraction gradient decreases about ten times from the region very close
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Figure 5.9: Vapour mass fraction at selected axial locations (a) near the inlet and (b) farther along

the channel

to the inlet to x/H = 0.5. The increase of water vapour near the interface, and the subsequent
decrease in the water vapour mass fraction gradient leads to a sharp decrease of evaporation rate

along the channel length up to x/H = 1. Figure 5.9b shows mass fraction distribution at different
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axial locations farther along the channel. As seen in this figure, the vapour mass fraction increases
in the transverse direction due to the diffusion of vapour into the mixture phase. There is a slight
increase in the vapour mass fraction gradient along x direction because the interfacial heat flux

increases gradually.

Figure 5.10 shows the temperature distributions in liquid and mixture regions at selected axial
locations. The liquid and mixture enter the channel at equal temperature (293.15 K). Just down-
stream of the inlet, the wall temperature increases slightly due to the heat flux at the wall, as seen
in Figure 5.10a. At the interface, however, the temperature distribution is quite different. The di-
rection of heat transfer in the liquid is from the liquid to the interface which corresponds to latent
heat removal due to the mass flux at the interface. For the gas, however, the sensible heat transfer is
from the gas to the interface. As a result, both liquid and gas lose some energy through the sensible
heat transfer, causing a temperature decrease in both phases. This interfacial temperature reduc-
tion, however, is small in magnitude. So, it can be concluded that the temperature reduction does
not affect the evaporation process significantly, and the decrease of mass fraction gradient plays
the most important role in the sudden decline of the evaporation rate near the channel inlet. As
seen in Figure 5.10b, farther along the channel, the temperature of the liquid and mixture increases
due to the wall heat added, and the direction of mixture sensible heat transfer is from the interface

to the mixture.

5.4.4 Effects of buoyancy forces and pressure change

There are two types of buoyancy forces in this system: thermal and solutal. The thermal buoyancy
force always acts upwards and opposes the flow when energy is added to the gas phase and the
interfacial temperature is higher than the mixture temperature. Depending on the molecular weight
of the liquid relative to the air, the solutal buoyancy force can act either upwards or downwards. If
the molecular weight of the liquid is less than the air, the solutal buoyancy acts upwards (opposing);

otherwise, it acts downwards (aiding). As measures of the thermal and solutal buoyancy forces,
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Figure 5.10: Temperature distribution at selected axial locations (a) near the inlet and (b) farther

along the channel

Yan et al. [105] defined Grashof numbers based on the wall temperature and saturated mass fraction

of vapour at the wall temperature and the inlet pressure. In this study, however, local Grashof
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numbers are defined based on the interface temperature and mass fraction:
8 (Tiit = Tagin) H*

GrT (5'6)
Lv3, Ty
My /My —1) Wain — Waing) H
GI‘M _ g( a/ v )( 2,1n ,1ntf) (57)
LVM

The axial variations of the thermal and mass Grashof numbers for Case W4 are shown in Fig-

ure 5.11. Towards the end of the channel, the local Grashof numbers are always increasing. Trends
140
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Figure 5.11: Axial variation of local Grashof numbers

in Figure 5.11 are similar across all cases examined in this study.

Average Grashof numbers can be defined as:

— 1 L
GrT:—f Gry dx (5.8)
L Jo

— 1 L
Gry = —f Gry dx (5.9)
L Joy
A Grashof number can also be defined based on the wall heat flux, which remains constant along

the channel. A
8B a . H

(5.10)
kMV%VI

GI‘Q =
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It is proposed that the buoyancy forces are aiding if the sum of the average thermal and mass
Grashof numbers is negative, and the buoyancy forces are opposing if the sum of the average

Grashof numbers is positive.

As indicated in Tables 5.2 and 5.3, the average thermal Grashof number is always positive for
both substances. The average mass Grashof number is always negative for ethanol and positive
for water, indicating the aiding and opposing effect of solutal buoyancy for ethanol and water,
respectively. For water, the average Grashof numbers increase by increasing the wall heat flux, due
to the higher evaporation rate. The higher evaporation rate increases the vapour mass fraction at
the interface, increasing the mass Grashof number. An increased vapour mass fraction also affects
the vapour partial pressure (Equation (2.12)), resulting in the increase of interfacial temperature
and thermal Grashof number. For ethanol, the increase of wall heat flux increases both Grashof
numbers, but the magnitude of the average thermal Grashof number never exceeds that of the
average mass Grashof number. Therefore, regardless of the value of wall heat flux used in this

study, the net effect of the buoyancy forces is always aiding for ethanol.

The effects of inlet pressure change on the average thermal and mass Grashof numbers is also
presented in Tables 5.2 and 5.3. For the ethanol cases listed at atmospheric pressure, the effect of
mass transfer buoyancy is always more substantial than thermal buoyancy. The increase of pressure
affects both buoyancy forces due to the density change, but it is more significant for the thermal
force. A pressure increase reduces the evaporation rate and the interfacial mass fraction of vapour
in the mixture, so the thermal diffusion becomes more considerable than mass diffusion during the

evaporation process, resulting in a stronger opposing force.

Figure 5.12 depicts the effects of pressure change on the velocity profile at the channel exit.
For constant Re i, the inlet gas velocity decreases when the inlet pressure increases. As indicated
in this figure, the velocity decreases near the interface due to increased opposing buoyancy force
at higher pressures. For both substances, the velocity profiles are in accordance with the trends

in the average Grashof numbers. Figure 5.12b shows that for ethanol the velocity decrease near
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the interface is only observed for the highest pressure where the average thermal Grashof number
exceeds the average mass Grashof number, as presented in Table 5.3. For combinations of higher
inlet pressure and wall heat flux, the interface velocity can become negative, which terminates the

marching solution; an elliptic model would be needed to model the reverse flow.

The effect of inlet pressure change on the interfacial heat flux is presented in Figure 5.13. The
heat transfer decreases along the channel by increasing the inlet pressure. With increased pressure,
the combination of a higher saturation temperature and reduced mixture velocity (for fixed Reyin)
leads to an evaporation rate reduction. As indicated in Figure 5.14, the total evaporation rate of
ethanol at the channel exit is more than four times higher than that of water for all pressure values.
This trend occurs because the ethanol film is more volatile than water film. When changing the
pressure from 1 atm to 3 atm, the total evaporation mass flow rate decreases by 65.4% and 59.61%
for water and ethanol, respectively, showing the effect of pressure change on the evaporation rate

is similar for the two substances.

5.4.5 Effectiveness

Another possible means of evaluating cases is a comparison of the total evaporation mass flow rate
to the mass flow rate that could be evaporated based on the per unit depth total wall heat transfer
rate and latent heat of vaporization. In the present study, this ratio is referred to as the effectiveness,

g, and is defined as: ., .,
&= mL,in - mL,out
(Q:;,an L)/hfg

For calculation of &, hy, was evaluated at the channel inlet conditions. Figure 5.15a shows the ef-

x 100 (5.11)

fectiveness of a system with q;;an = 1000 [W/m?] and Pj, = 1 [atm] at various inlet liquid Reynolds
numbers. The effectiveness decreases by increasing the liquid inlet Reynolds number. A higher
liquid mass flow rate increases the amount of energy needed for heating the liquid film, which re-
sults in lower interfacial temperature for the same wall heat flux. Also, the advected energy by the

liquid along the channel increases for higher liquid flow rates, reducing the amount of latent heat
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Figure 5.12: Velocity profile for different inlet pressure values at the channel exit for (a) selected

water cases and (b) selected ethanol cases

transfer and the evaporation rate. The effectiveness of the system decreases 34.7% when changing
Rey in from 50 to 200 for ethanol. For water, the effectiveness decreases 60.2% when changing

Rey i, over the same range. The effectiveness of ethanol cases is more significant than water due to
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Figure 5.14: Axial variation of total evaporation mass flow rate per unit depth for different inlet
pressures

the higher volatility of ethanol. Figure 5.15b shows the impact of inlet pressure on the effectiveness

of a system with ¢’ . = 1000 [W/m?] and Re; in=100. The effectiveness decreases by increasing
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Figure 5.15: Effectiveness variation with (a) change in inlet liquid Reynolds number and (b) change

in inlet pressure

the inlet pressure for both substances. From P=1 [atm] to 3 [atm], the effectiveness is reduced by

61.4% and 65.88% for ethanol and water, respectively.
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Chapter 6

Evaporation Process inside Parallel-Plate Channels:

Elliptic Model

6.1 Introduction

The results of the elliptic numerical model for the simulation of pure water liquid falling film in-
side a partially heated parallel plate channel are presented in this chapter. Reviewing the literature
indicates that the numerical study of mixed convection of two-phase flows is mainly confined to
the parabolic modelling results, so the effects of opposing buoyancy forces on the evaporation pro-
cess have not been thoroughly investigated. In addition, none of the previous studies discussed the
effect of the supersaturation phenomenon that may occur during the evaporation process. In this
chapter, the effects of mixed convection and buoyancy forces on the flow and thermal characteris-
tics of the evaporation process of liquid water falling film inside a vertical parallel plate channel
are investigated. Moreover, a novel numerical method is proposed to address supersaturation in
the system. The elliptic equation approach enables prediction of reverse flow. By contrast, an
approach using parabolic governing equations must use a marching approach along the channel
that does have influences from downstream, and therefore cannot be used to predict reverse flow.
Comprehensive comparisons with work of Najim et al. [29] and the parabolic approach used by
Tohidi and Ormiston [32] (i.e., the results in Chapter 5) are performed to illustrate the capability
of the elliptic approach to model the evaporation process. A new set of detailed results, including
the effects of liquid and mixture Reynolds number changes on flow, heat, and mass characteristics

during the evaporation process are also presented.
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6.1.1 Problem statement

A diagram of the physical model considered in this study is shown in Figure 6.1. A fully devel-
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Figure 6.1: Domain definition and boundary conditions for two-phase evaporation in a vertical

channel

oped two-phase laminar flow of a gas-vapour mixture and pure liquid flows downward in a vertical
channel with a half width of H and length of L. The liquid film with uniform inlet temperature
enters the channel with initial thickness of dj,. The gas-vapour mixture enters with uniform tem-
perature and gas mass fraction. The inlet axial velocities of both the film and mixture are specified
by a fully developed profile; the transverse velocities are zero. The liquid is flowing over a wall

including a heated entry section and an insulated exit section. A partially heated channel was used
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to enable recirculation zones to be seen while avoiding flow reversal at the channel exit. The liquid
film thickness decreases along the channel at the heated section (Lj,) due to mass removal , and it

remains almost constant along the insulated section (L;).

6.2 Grid independence study

A grid independence study was conducted using a typical case studied in this work (Case W8
described in Section 6.4). The range of the number of nodes in these tests were as follows:
10 < Ny <30, 40 < Ny < 140, and 105 < N, < 400. The transverse profiles for the velocity,
temperature, and air mass fraction at the channel exit were compared for different grids. Compar-
ing with the finest grid (Ny,z = 30, Ny » = 140, and N, = 400), a grid with N, ; =20, N, 5y =70, and
Ny =210 had the maximum percent differences of 0.15, 0.03, and 0.02 for velocity, temperature,
and air mass fraction, respectively. These differences are considered to be sufficiently small, so the

above-mentioned grid was used for all the results presented in this work.

6.3 Comparisons with previous works

In this section, the results of the present model are compared to the two earlier works that studied
the evaporation of air-water inside vertical parallel plate channels with uniform heated walls and
no insulted sections. In the first step, the results of the current elliptic model are compared against
those of Najim et al. [29] who used a marching scheme in their simulations. In the second step,
the results are compared with one of the cases studied by Tohidi and Ormiston [32] who also used

a marching scheme. Table 6.1 summarizes the operating parameters of the comparison cases.

Figure 6.2 compares the results of the present study to results presented by Najim et al. [29].
A comparison has been made for the film thickness along the channel and for the velocity, tem-

perature, and vapour mass fraction in the transverse direction at the channel exit. It was observed
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Table 6.1: Definitions of comparison cases

Case Authors Reyin Repin Friim Trin Tmin Gy,

[°C] [°C] [W/m’]

W1  [29] 100 448 3.66 25 25 8000

W2 [37] 2000 50 418 20 20 500

that the mixture was supersaturated in the region close to the channel exit, where the relative hu-
midity was as high as 105%. Therefore, the code has been run with and without the EMC model
to investigate the effects of excess moisture on the field variables. As seen in Fig. 5.1, the excess
moisture does not affect the velocity, film thickness and temperature; however, it has an impact on
the vapour mass fraction, which decreases when using the EMC model. When the EMC model
is off, the mass fraction distribution is also in good agreement with that presented by Najim et al.
For all variables, the trends of the results are similar, and the small differences between the results
can be due to the differences between the equations, solution procedure, and calculation of the film
thickness and pressure. The difference in the calculation of thermophysical properties could also
contribute to the deviations. Over the gas phase, the maximum percent differences between the
current work and Najim et al. [29] are 9.93%, 1.38%, and 0.09% for velocity, film thickness, and
temperature, respectively, when using the EMC model. The maximum percent difference for the

vapour mass fraction is 3.76% and 0.54% with and without using the EMC model, respectively.

The present results were also compared to Tohidi and Ormiston [32] for Case W2. In this test
case the relative humidity never exceeds 100%, so the results of the code with and without the EMC
model are identical. The results of heat transfer, the film thickness, and outlet temperature and
mass fraction of the present work are in excellent agreement with those of the parabolic approach
used by Tohidi and Ormiston. The maximum percent differences between the present study and the
parabolic results are 0.1% and 7.38%, 0.055% and 0.029% for the interface, heat flux, temperature,

and mass fraction, respectively.
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Figure 6.2: Case W1 comparison of (a) velocity and film thickness and (b) temperature and vapour

mass fraction

The good agreement with previous numerical studies demonstrates the accuracy and reliability

of the present elliptic model. The model will now be used for a detailed investigation of aspects of

falling film evaporation and the effects of buoyancy forces on the flow and thermal characteristics

of the system for the partially heated channel shown in Figure 6.1.
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Figure 6.3: Case W2 comparison of elliptic equation model and parabolic equation model results

for (a) film thickness and interfacial heat flux and (b) temperature and vapour mass fraction

6.4 Results and discussion

The common input parameters for all simulations in this section are: L, = 0.3 m, L; = 0.7 m,

H=0015m, ¢/ =3000 W/m?, Ty =20°C, Tain = 20°C, Piy = 1 atm, and ¢, =50%. The

inlet liquid Reynolds number was either 25 or 35. The range of inlet mixture Reynolds numbers

was from 200 to 800. Table 6.2 indicates the operating parameters for parametric study cases. The

cases will be used to study the effects of Rey i, and Reyy i, on the flow and thermal characteristics
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of the system. Grashof numbers and reverse flow will be discussed later.

Table 6.2: Parametric study cases for water

Case Rerin Frrin Rewyin Gry Gry  Reverse Flow Location [m]!

W3 25 2.081 200 173.53 68.81 Yes 0.181
W4 35 2914 200 13231 47.28 Yes 0.260
W5 25 2.082 400 160.27 61.06 Yes 0.306
W6 35 2915 400 125.11 44.07 No -
W7 25 2.084 800 147.14 53.96 No -
W8 35 2917 800 117.20 40.78 No -

I' Axial location where the flow reversal is initiated.

In order to demonstrate the impacts of the supersaturation phenomenon on the field variables,
results for Case W7 with and without the excess moisture condensation model are presented. Case

W7 was selected because it has the highest evaporation rate among those in the parametric study.

Figure 6.4 illustrates the distribution of the relative humidity in the domain with and without
the EMC model. Before using the EMC model, the area near the interface becomes supersaturated
after X=0.2, and the relative humidity increases up to a maximum value of 115% along the channel.
This excess vapour could affect the field variables in the system. As is seen in Figure 6.4b, the
excess water vapour is removed from the system after using the EMC model, and the relative
humidity is less than or equal to 100% everywhere, showing the capability of the EMC model to

avoid the supersaturation phenomenon in the system.

The transverse variation of the relative humidity at the channel exit is presented in Figure 6.5a.
The mixture is supersaturated at the channel exit before using the EMC model, and the relative
humidity experiences a peak at the mid-width of the channel. The EMC model keeps it under

saturation by removing the excess moisture from the domain. Figure 6.5b shows the U velocity
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Figure 6.4: Relative humidity distribution in the domain (not to scale) for Case W7 (a) without

EMC model, (b) with EMC model

profile in the transverse direction at the channel exit for Case W7 with and without the EMC model.
The use of the EMC model does not affect the velocity profile significantly. The difference between
the two cases is due to the condensation of vapour in the region near the interface leading to a slight
reduction of opposing mass buoyancy force which increases the velocity near the interface. The

velocity also decreases close to the centre line to conserve the mass crossing the axial location.

Figure 6.6 presents the effects on the mass fraction and temperature at the channel exit when

130



Chapter 6. Evaporation Process inside Parallel-Plate Channels: Elliptic Model

1.30 —m————————m—m————
Case W7 (a)
With EMC
L2AF .ol Without EMC ]
Lo ] ]
100 1= \.--—
0.90 ]
080 1 1 1 1
0 0.2 0.4 0.6 0.8 1
y/H
1.00 —m—————————m4—————————————
Case W7 (b)
With EMC
080F ... Without EMC ==
0.60 } i
U [m/s]
0.40 ¢ i
0.20 i
0.00 . L L L
0 0.2 0.4 0.6 0.8 1

y/H

Figure 6.5: Case W7 transverse variation at the channel exit of (a) relative humidity (b) U velocity

using the EMC model. The mass fraction increases by using the EMC model, as is seen in Fig-
ure 6.6a. The EMC model removes the excess water vapour from the mixture and keeps the relative
humidity less than 100% leading to a higher air mass fraction in the system. The temperature de-
creases slightly, as shown in Figure 6.6b, which is due to the energy removed by the moisture
condensation and the temperature adjustment to have a lower saturation pressure and relative hu-

midity. The maximum percent difference for the mass fraction and temperature at the outlet are
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0.34 and 0.37, respectively. These differences are corresponding to about 10% supersaturation.

For Case W7, it was observed that the amount of condensed mass is only 2.05% of evaporated
mass in the entire system and is about 0.1% of the inlet liquid mass flow rate. The EMC model is

used for the rest of the results presented in this study.
1.00

[ Case W7 (a)

- — With EMC
0.99 I Without EMC ]

Case W7 (b)
—— With EMC
310 b \\ """ Without EMC ]

205 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Figure 6.6: Case W7 transverse variation at the channel exit of (a) air mass fraction, (b) temperature

Inside a channel with downward inlet flow, locally the gas-phase flow can move upwards or

downwards, depending on the directions of the shear, thermal buoyancy, and solutal buoyancy
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forces. In a system with a forced convection co-current flow, the interfacial shear force always acts
downwards (aiding). The thermal buoyancy force is opposing and acts upwards when energy is
added to the mixture, and the interface temperature is higher than the mixture temperature. De-
pending on the molecular weight of the liquid relative to the air, the solutal buoyancy force can act
either upwards or downwards. If the molecular weight of the liquid is less than the air, the solutal
buoyancy acts upwards (opposing); otherwise, it acts downwards (aiding). For water, the solutal
buoyancy always acts upwards because the molecular weight of water is less than that of the air.
Therefore, thermal and solutal buoyancy forces can significantly affect the flow characteristics in a
case where the forced convection effects are not very strong. In order to measure the thermal and
solutal buoyancy forces, the local Grashof numbers are defined based on the interface temperature

and mass fraction:
g Tyt = Tagin) H*

Grr (6.1)
Lv2, Tyin
Gy = /My =D Wi~ Woimo) H* 62)
Lvy,
Average Grashof numbers can also be defined as:
— 1 (L
GI‘T = —f GI‘T dx (6.3)
L Jo
— 1 (L
Gry = —f Gry dx (6.4)
L Jo

Figure 6.7 illustrates the change of thermal and mass Grashof numbers along the channel length
for cases with different Reyy;,. For the heated section (up to x/L=0.3), the buoyancy forces are
increasing due to the increase in the evaporation rate along the channel. The buoyancy forces
decrease in the insulated section, however, which is due to the decrease in the temperature and
vapour mass fraction at the interface. For the insulated section, no energy is added to the system,
so the interfacial temperature decreases along the channel. Moreover, the air gradually diffuses
towards the interface reducing the interfacial vapour mass fraction and consequently the mass

Grashof number. The average Grashof numbers for Cases W3 to W8 are listed in Table 5.2. Both
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Grashof numbers decrease by increasing Rey i, which is due to the reduction of the evaporation
rate. A higher liquid mass flow rate raises the amount of the energy required for heating the liquid
film, which results in a lower interfacial temperature at a fixed wall heat flux. Furthermore, the
advected energy by the liquid along the channel increases for higher liquid flow rates, decreasing
the amount of latent heat transfer and the evaporation rate. As seen in Table 5.2, both thermal

and mass Grashof numbers are positive, meaning that the buoyancy forces are opposing the flow

direction.
200 —m—m—mr——m——————————7———
: ReL.in =35 GI}T
I — — —Gry
150 [ i
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Figure 6.7: Axial variation of thermal and mass Grashof numbers for different mixture inlet

Reynolds numbers

Figure 6.8 presents the U velocity change in the transverse direction at the middle (x/L=0.5)
and the outlet (x/L=1.0) in the channel. The inlet average velocity values used to normalize the
velocity were 0.1014, 0.1015, 0.203 and 0.406 m/s for Cases W3, W4, W6, and W8, respectively.
The velocity is positive for all cases at the channel exit, indicating that no reverse flow occurs
at the outlet. In the middle of the channel, however, the negative velocity is observed for Cases
W3 and W4 in the mixture region near the interface, which illustrates that the opposing forces

play a dominant role in the system. For the lowest Reyy;,, the buoyancy forces overcome the
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aiding forces, causing a flow reversal in the domain. Moreover, the evaporation rate is higher for
the lower Re ;, leading to higher heat and mass transfer rate and consequently to more powerful

buoyancy forces.
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Figure 6.8: Transverse U velocity distribution at the middle and outlet of the channel for (a)
Reyzin = 200,400, and 800 for Cases W4, W6, and W8, respectively and (b) Rey i, =25 and 35 for
Cases W3 and W4, respectively

Figure 6.9 shows a part of the domain for Case W3 in which the flow reversal starts to form
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near the interface. The upward streamlines are observed after the midpoint of the heated section,
indicating the strength of the buoyancy forces in the system. The reverse flow occurs near the
interface due to the liquid film evaporation and the high rate of the air replacement with the water

vapour in that region.
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Figure 6.9: Streamlines in a part of domain (not to scale) where the flow reversal is observed (Case

W3)

The axial locations in which the negative U velocity component is initiated are listed in Ta-
ble 5.2. For Cases W6 to W8, no flow reversal occurs because there is strong forced convection.
For Cases W5 and W6, the flow pattern depends on Rey ;,, which directly affects the evaporation
rate. Because the amount of energy needed for heating the liquid film decreases by reducing the
liquid mass flow rate, a lower value of Rey j, results in a higher evaporation rate, which increases
the interfacial temperature and the amount of water vapour in the system. For case W35, the higher
evaporation rate leads to stronger buoyancy forces, causing the flow reversal in the system. For
Case W5, the flow reversal occurs after the heated section because just after the heated zone the
temperature difference between the liquid film and the gas is still high enough to produce the evap-
oration, leading to the dominance of the buoyancy forces in the insulated section. For Cases W3

and W4, the shear force is smaller, resulting in the most substantial flow reversal among the studied
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cases. For cases with more powerful buoyancy forces (Cases W3 and W4), the location where the

negative velocities are initiated is shifted closer to the channel inlet.

The presence of the insulated section affects the flow patterns dramatically. Because the evap-
oration process almost stops in the region far from the heated section, the interfacial temperature
decreases along the channel. Also, the water vapour is gradually replaced with air near the in-
terface. Because the air is heavier than the water vapour, the aiding solutal buoyancy and shear
forces become dominant again, making the flow direction positive. The interaction of shear and
buoyancy forces leads to the creation of recirculation zones in cases where the flow reversal occurs.
The recirculation phenomenon can be further understood by tracking the local Grashof numbers
along the channel length. As indicated in Figure 6.7, the Grashof numbers decrease after the heated

section, suggesting that the forced convection overcomes the natural convection again.

The flow streamlines for all cases listed in Table 5.2 are presented in Figure 6.10. The distance
between the location where the negative velocities are initiated and the channel inlet provides an
indication of the strength of the opposing forces in the system. For example, for Case W3, negative
velocities are initiated at X= 0.181, and for Cases W4 and W35, the location is at X= 0.260 and
X=0.306, respectively. For Case W3, the largest recirculation zone is formed. For the cases having
a recirculation zone, the mixture temperature is higher. This higher temperature occurs because
the water vapour produced at the interface recirculates and transfers energy towards the channel
centre line, resulting in a higher temperature in the mixture region. Furthermore, the size of a
recirculation zone indicates its power to transfer energy and mass to the other parts of the system.
Hence, Case W3 is capable of transferring more energy than other cases to other parts of the system

which causes a noticeable temperature increase in the mixture.

Figure 6.11a presents the interfacial heat flux for different mixture Reynolds numbers at Rey, j, =
35. After the heated zone, the evaporation rate is low, and the temperature gradient at the interface
is not significant, so the heat flux approaches a negligible value at the end of the insulated section.

A higher Re i, results in a higher capacity to carry the energy away from the interface. Moreover,

137



Chapter 6. Evaporation Process inside Parallel-Plate Channels: Elliptic Model

Y Y Y

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1

0 0

0

0.2

0.4

x

0.6

0.8

1

Figure 6.10: Flow streamlines (not to scale) for different cases (a) W3, (b) W4, (c) W5, (d) W6,
(e) W7, () W8

the mass transfer coefficient increases by increasing the gas velocity leading to a higher evapo-
ration rate at higher mixture Re numbers. For cases with Rey i, = 25 (Figure 6.11b), the higher
evaporation rate and interface temperature lead to a higher amount of heat transfer at the interface.
For Case W3, the creation of the recirculation zone affects the interfacial heat flux at the heated
section, and the trend is different from other cases having the recirculation zone (Cases W4 and
W5). Case W3 experiences a heat flux decrease in the middle of the heated zone, which is due to
the strong flow reversal close to the interface (see Figure 6.10a). Cases W3 and W5 also show an
increase of interfacial heat flux at the insulated section which is not observed for the case with the

same Rejin, number (Cases W4 and W6). Thus, it can be concluded that the strong recirculated
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flow can increase the interfacial heat transfer at the insulated section which can be due to the higher

temperature in the mixture region and the energy transported upstream from the mixture flow.

Figure 6.12 shows the interfacial mass flux along the channel length. The mass flux shows the
same trends as that of the heat flux at the interface. This figure indicates that for Case W3, the
evaporation rate is negatively affected by the reverse flow at the heated section, but it increases at

the beginning of the insulated section.

As stated in the previous study [32], the effectiveness is defined as the ratio of the total evap-
oration mass flow rate to the mass flow rate that could be evaporated based on the per unit depth

total wall heat transfer rate and latent heat of vaporization.

./ - 7
mL,in mL,out
E=—

( ypan L )
hyq

For the calculation of €, hf, was evaluated at the channel inlet conditions. Figure 6.13a illustrates

x 100 (6.5)

the effectiveness of a system for different Rey j, and Reys i numbers. As expected, the effectiveness
increases by reducing the liquid Reynolds number because a higher portion of energy is used for
the phase change in the lower liquid Reynolds numbers. The effectiveness of the system increases
31.9% when changing the the liquid Reynolds number from 35 to 25 at Reyy i, = 800. The effec-
tiveness also increases by increasing the mixture Reynolds number due to the higher evaporation
rate at higher Rej;;,. The effectiveness increases by 31.2% when Res i, changes from 200 to 800

at Rey ;, =25.

139



Chapter 6. Evaporation Process inside Parallel-Plate Channels: Elliptic Model

0.50 ———mm—mp—————————r—————
[ g = 3000 W/ m? (a)
[ I%eL,in =35
040F P =1 atm - - = Ease wg ]
I in — 50(7 ase
- ¢ R Case W4
0.30 F ]
Trva
0.20
0.10
0.00-...|...|...|...|...
0 0.2 0.4 0.6 0.8 1
x/L
0'50 T T T T T T T T T N T T T T T T T T T
[ g = 3000 W/m? (b)
[ RreL,in =25
040+ P =1 atm - - Ease wg -
I in = ro()/) ase
L ¢ 7 (/ ------- Case W3
0.30 F 4
g f /)
Ty
0.20
0.10
000 [ 1 1 1 1

0 0.2 0.4 0.6 0.8 1

Figure 6.11: Axial variation of interfacial heat flux for different Rey;, numbers at (a) Rey ;, = 35,

(b) Repin =25
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Chapter 7

Desalination Process inside Parallel-Plate Channels:

Elliptic Model

7.1 Introduction

In this chapter, an in-house code is utilized to simulate the evaporation of fresh water and salt
water falling film in a vertical parallel plate channel. To the best knowledge of the author, the
implementation of an elliptic approach to a two-phase falling film desalination process inside a
vertical parallel plate channel has not been previously addressed. The main objective of the present
study is to numerically investigate the effects of mixed convection and salt concentration on the
flow and thermal characteristics of the evaporation process of liquid saline water film within a
vertical parallel plate channel. The validity of the present model was assessed through comparisons
with a previous experimental study for pure water evaporation [ |]. One of the new features in this
work is the partial enthalpy related transport advection in the liquid energy conservation equation
that has not been considered in the previous desalination studies. Also, the performance of this
new model is illustrated by studying the impacts of inlet liquid Reynolds number, wall heat flux,
salinity, and air relative humidity on the details of the flow and heat and mass transfer for falling

film thermal desalination in a vertical parallel plate channel.

7.2 Problem Statement

A representation of the computational domain is depicted in Figure 2.1. The liquid film mixture
enters with an initial thickness of d;,, a fully developed profile for the axial velocity, Uy, jn(y), and

uniform profiles for the inlet temperature, 77 in, and salt mass fraction, Wy ;. The film flows along

143



Chapter 7. Desalination Process inside Parallel-Plate Channels: Elliptic Model

7

the wall exposed to a uniform heat flux, g7/ ..

The gas mixture enters with a fully developed profile
for the axial velocity, Uy in(y), and uniform profiles for the mixture temperature, Tsn, and the air

mass fraction, W .

7.3 Grid independence study

Case SW3, described in Section 7.5, was selected for the grid independence study. Various sets of
node numbers, N, were tested within the following ranges: 10 < Ny ; <40, 30 < N, )/ < 120, and
90 < N, < 300. The outlet y-direction profiles of the axial velocity, the temperature, and the air
mass fraction were compared for numerous grids. A grid with Ny ; = 20, Ny » =70, and N,, = 180
was found to be suitable because the maximum percent difference between its results and those for
the finest grid (Ny,, = 40, Ny » = 120, and N, = 300) were 0.026, 0.37, and 0.88 for temperature,
mass fraction, and axial velocity, respectively. Because these differences are adequately small, the

grid with Ny ;, =20, Ny ps = 70, and N, = 180 was used to produce the results in this study.

7.4 Comparisons with a previous experimental study

The results from the present model were compared to the experimental results presented by Yan
et al. [1] who examined the evaporation from pure water to humid air an insulated vertical parallel

=0.04 t0 0.06 <&, T i, = 50 °C,

Ain m.s’

Tain = 30.5 °C, Presjn =1 atm, g7/ . =0 W/m2, ¢ = 85%, L =1.0 m, and H = 0.015 m. As

wall

plate channel. The operating parameters in their work are: 77}

mentioned in their work, the measurement of the velocity distribution in the gas phase was difficult.
Therefore, no information regarding the inlet mixture Reynolds number was provided. In the
present study, simulations were performed with Rejz;, values of 500, 1000, and 2000. Figure 7.1
shows the wall temperature distribution along the channel for two different inlet liquid mass flow

rates. The maximum percent difference between Rejy;, = 500 and Reysin = 2000 occurs at the
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channel exit and is equal to 3.1 and 2.2 for the inlet liquid mass flow rate of 0.04 and 0.06 %,
respectively. Hence, the effect of Rey i, on the wall temperature distribution is not considerable
for different r’n’L,in values. Yet, as is seen in Figure 7.1, the results corresponding to Reyzi, =
1000 shows a better agreement with the measurement, and the highest deviation for this Reynolds

number occurs close to the channel inlet with a maximum percent differences of 1.15 and 0.87 for

. !

my = 0.04 and 0.06 %, respectively. This good agreement illustrates the validity of the present

numerical model for evaporation modelling.

7.5 Results and discussion

The parameters that are common for all parametric study simulations are: L = 1.0 m, H =0.015 m,
Repzin = 2000, T7in = 20°C, Tprin = 20°C, Prefin = 1 atm, and inlet relative humidity ¢;,=50%
(Wain = 0.993). In the parametric study, the liquid inlet Reynolds value, Rey i, was 25 or 35, and

the wall heat flux, g/, was 2000 or 4000 W/ m?. The oceanographic range of salinity, S, is usually

all’
from O to 40 g/kg; however, the salinity might be higher in some areas due to a high evaporation
rate and little fresh water inflow. For example, it can be up to 50 g/kg in the Persian Gulf water
or reach a value of 70 g/kg in Australian Shark Bay. Hence, in the present study, a salinity range
of 0 to 70 g/kg was studied. Table 7.1 lists the parametric study cases. In the present work, the
effects of changing Wy in, Rey i, and q;;an on the flow, the heat transfer, and the mass transfer were
studied. Also, the impacts of air relative humidity on the field variables and evaporation rate were

investigated for one case. The EMC model presented by Tohidi and Ormiston [33] was active in

all simulations. In Table 7.1, the liquid froude number is defined as Fry = ﬁi,in /(g0in).

Figure 7.2 shows the y-direction profiles of the axial velocity, U, in both phases at different
axial locations. The non-dimensional transverse-direction coordinate, n, as defined in [106], is
used in Figures 7.2 to 7.4, where the ranges 0 <7 <1 and 1 <7 < 2 represent the liquid and gas
phases, respectively. As seen in Figure 7.2, the liquid film velocity changes very little axially for all

cases considered. Close to the interface in the gas region, the velocity is reduced along the channel
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Figure 7.1: Comparison of wall temperature distribution against experimental data [1] (a) i, . =

Ljin —
0.04 =2 and (b) rir) . =0.06 ;£
because of the evaporation process and increasing water vapour in that region. Replacing the air
with water vapour near the interface yields a lighter mixture and an opposing buoyancy force.
Increases in the interfacial temperature and water vapour mass fraction augment the thermal and
mass opposing buoyancy forces, respectively, which affect the axial velocity close to the interface.

In addition, the gas phase velocity increases slightly with increasing the salinity close to the centre
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Table 7.1: Definitions of cases for pure water and salt-water

Case Rerin Frrin ¢

7 IW/m?] Wi [g/kgl

Wi
W2
W3
W4
SW1
SW2
SW3
Sw4
SW5
SW6
SW7
SW8

25
25
35
35
25
25
25
25
35
35
35
35

2.09
2.09
292
2.92
2.09
2.09
2.09
2.09
292
292
2.92
2.92

2000
4000
2000
4000
2000
2000
4000
4000
2000
2000
4000
4000

35
70
35
70
35
70
35
70

line. That increase occurs because the inlet film thickness increases with increasing the amount of
salt in the liquid mixture leading to a reduced gas section width. For constant Re; ;, and Repy i,

the reduced width results a velocity increase in the gas phase.
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o
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Figure 7.2: U velocity distribution in transverse direction at different axial locations

Figure 7.3 depicts the temperature distribution in the transverse direction at different axial
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locations. The constant wall heat flux increases the liquid temperature along the channel. In
the transverse direction, the temperature decreases from the wall to the interface in the liquid
phase, indicating the direction of liquid sensible heat transfer is from the wall to the interface.
The temperature also decreases from the interface to the centre line in the gas phase region. The
effect of salinity on the liquid temperature is not significant close to the inlet. However, the effect
of salinity on the temperature distribution increases along the channel. The temperature increase
with the salinity is more noticeable at the channel exit because the total energy added to the both
phases is significant at the channel exit, causing the salt mass fraction to increase in the liquid film
at a higher rate. The specific heat of salt-water is lower than that of pure water, indicating a lower
capacity of salt-water to store heat.The heat transfer between the wall and the flow increases the
energy of the system, which is eventually absorbed by the flow as enthalpy. Consequently, enthalpy
increases from the inlet to the outlet. For a lower specific heat, the increase in enthalpy along the
channel results in a larger temperature increase in the liquid film. At the channel exit, the wall
temperature increases about 7.5 K from Case W2 to SW4. Boiling point elevation refers to the
increase in the interface saturation temperature, which corresponds to the vapor partial pressure,
resulting from the presence of salt in the liquid. The increase of the liquid temperature along with
the boiling point elevation of salt-water cause a temperature increase at the interface and gas region

with high salinity values.

Figure 7.4 a presents the salt concentration mass fraction change in the liquid phase at different
axial locations, for Cases SW3 and SW4. The average salt mass fraction increase from the inlet
to the channel exit is 18.6% and 16.4% for Cases SW3 and SW4, respectively. As evaporation
occurs, water leaves the liquid film, but the amount of salt remains intact in the liquid leading to a
higher salt concentration at the outlet. A salt concentration accumulated at the interface is observed
close to the interface that occurs due to the water evaporation and salt impermeability to the gas
phase at the interface. The water vapour mass fraction distribution in the gas phase is depicted in
Figure 7.4 b. The vapour mass fraction increases axially because of evaporation. The wall heat

flux constantly adds energy to the liquid phase and that energy is transferred to the interface to
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Figure 7.3: Temperature distribution in transverse direction at different axial locations

enhance the evaporation rate. The vapour concentration is maximum at the interface and decreases
towards the centre line. The amount of the vapour increases close to the interface because of a high
rate of evaporation and replacement of air with water vapour in that region. The amount of vapour
is not affected by the salinity at the inlet and middle of the channel; however, its interfacial value
increases about 10% from Case SW3 to Case SW4. This increase can be due to the interfacial
temperature increase, discussed earlier, which affects the saturation pressure and consequently the
inlet vapour mass fraction. The vapour mass fraction decreases towards the centre line where it is

nearly the same for different salinity values.

The axial variation of the interface temperature is shown in Figure 7.5. The interfacial temper-
ature increases along the channel because of the constant rate of energy added to the system. The
interface temperature also increases more with higher inlet salinity. Compared to 77 ;,, the inter-
facial temperature increases by about 51, 55.5 and 58.5 K at the channel exit for Cases W2, SW3
and SW4, respectively. This temperature increase can be attributed to the boiling point elevation
of salt-water, along with its lower specific heat and latent heat compared to pure water, resulting in

the transfer of more energy as sensible heat in the system as the salinity increases.
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Figure 7.4: (a) Salt and (b) water vapour mass fraction change with salinity in the transverse

direction at different axial locations

The axial variations of the interfacial salt mass fraction relative to the inlet salt mass fraction
for Cases SW3 and SW4 are presented in Figure 7.6. The mass fraction starts from the inlet value
and increases by about 20% and 18% for Cases SW3 and SW4, respectively, as it approaches the

channel outlet. This increase is a result of water mass transfer to the gas phase.

Figure 7.7 shows the effects changing the inlet salinity on the interfacial heat transfer for dif-
ferent wall heat flux values. The interface heat transfer increases with increasing wall heat flux. A

greater amount of energy is added to the liquid as sensible heat for a higher wall heat flux, thereby
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Figure 7.6: The interfacial salt mass fraction change along the channel

raising the temperature at the interface. Consequently, more heat and mass transfer occurs, leading
to an increase in the evaporation rate. The interfacial heat flux decreases with salinity for both wall
heat flux values. The primary reason behind the decrease in heat transfer at the interface is the
elevation of the boiling point when increasing the inlet salt mass fraction. This implies that more

energy is required to reach the boiling point for water evaporation. However, this decrease is not
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substantial compared to other factors that impact heat transfer at the interface. For instance, the la-
tent heat of vaporization decreases when the salt mass fraction increases in the liquid phase [107],
meaning that less energy is required through the latent heat transfer process to achieve evapora-
tion. Additionally, the specific heat of salt-water is lower than that of pure water, indicating that

salt-water requires less energy for an equivalent temperature increase.
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Figure 7.7: Interfacial heat flux change at the interface along the channel

The total relative amount of evaporated water per unit depth up to a given axially location, x,

is defined as:
X -/ .
x im0 Mg (X0)

i, = o=ttt T (7.1)
tot,x mL’in (1 _ Ws)

*

fot.x for the two different wall heat flux values. The total

Figure 7.8 depicts the axial variation of
evaporated mass decreases with increasing the inlet salinity in the liquid phase. For a wall heat
flux of 4000 W/m?, the total evaporated mass decreases by about 5% and 9.3% compared to the
pure water case, for inlet salinities of 35 g/kg and 70 g/kg, respectively. The decrease in the total
evaporated mass is related to the factors that affect interfacial heat transfer, as discussed earlier.
The effect of salt mass fraction change on the total evaporated mass is the almost the same in

both wall heat flux values. Comparing the pure water with the highest salinity test case, the total

evaporated mass at the channel exit decreases about 12.9% and 9.3% for g, ,, = 2000 W/m? and
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Figure 7.8: Total evaporated mass along the channel

The results were also examined using an effectiveness parameter, € [32]. Figure 7.9 a shows the

effectiveness for different Rey j,, g and Wy ;, values. The effectiveness increases by decreasing

wall
Rey in due to a larger amount of energy available for the evaporation process. It increases 29.1%
when Rey ;, decreases from 35 to 25 at q;;au = 4000 W/m? and Ws in =35 g/kg. The effectiveness is
also improved for a higher wall heat flux because of the higher relative increase in evaporation rate.
The effectiveness increases by 43.8% when q;;an changes from 2000 to 4000 W/ m? at Re Lin =25
and Ws i, = 35 g/kg, which corresponds to a more than 100% increase of the total evaporation
mass flow rate. Conversely, the effectiveness decreases with increasing the liquid salinity. For

example, at q;’/ = 4000 W/m? and Rey in = 25, the effectiveness is reduced by 5.4% and 10.5%

all
as the inlet salinity changes from zero to 35 g/kg and 70 g/kg, respectively. The rate of change of

effectiveness due to the salinity change is almost the same for other Rey ;, and q;;au values.

Desalination plants are mostly constructed close to the sea shores so that the seawater can be
easily transported to the plant. Depending on the plant location and time of the year, the air relative
humidity varies from 10% to 90%. Case SW3 was used to illustrate the impact of changing the

relative humidity. For this case, the relative humidity varies in a range from 20% (W, = 0.997)
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Figure 7.9: Effectiveness change with salt mass fraction for different inlet liquid Reynolds numbers

and wall heat fluxes

to 80% (W, = 0.988). Table 7.2 shows the maximum percent difference, ¥, of interfacial field
variables and m;'(‘)t’x when the relative humidity changes from 50% to 20% or 80%. As is seen in
this table, the maximum percent difference is not significant for any of the studied variables at the
interface. The air relative humidity variation can change the inlet gas-vapour mixture properties,
and based on the inlet fully-developed analytical solution, it affects the inlet liquid film thickness
and consequently the inlet liquid and gas mass flow rates. However, this effect is not significant
enough to noticeably change the inlet transport parameters. Therefore, the conclusion is that the

change of relative humidity does not significantly influence the evaporation rate in the range of

parameters studied here.

Table 7.2: Maximum percent difference of interfacial variables for different relative humidity val-

ues, in comparison with Case SW3 (¢ = 50%)

¢ WU WT) YWy YW, Ying )
20% 0.33 0.14 0.004 0.23 0.05
80% 030 0.12 0.004 0.55 0.17
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Chapter 8

Desalination Process on Horizontal Tubes: Elliptic

Model

8.1 Introduction

In this chapter, the previously developed in-house code is utilized to simulate the evaporation from
falling films of fresh water and salt water over horizontal tubes. The elliptic solution approach,
which is capable of capturing the reverse flow and recirculation zones, is used for the simulations.
The accuracy of the model is verified by comparing the present results with relevant experimental
and numerical data available in the literature. The results from the present two-phase elliptic model
are compared with the experimental data presented by Chen et al. [2], Hu and Jacobi [4], and Shen
et al. [5] and two-phase numerical model developed by Wang et al. [3]. New numerical results are
provided for a parametric study examining how variations in inlet salt mass fraction, inlet pressure,
inlet mixture Reynolds number, wall temperature, and inlet liquid mass flow rate affect the falling

film development, heat transfer, and evaporation rate around the tube.

8.2 Grid Independence Study

A study was conducted to assess the grid independence of the results for a selected grid. A case
with P, = 1 atm, Repzin = 50, m’L”m =0.022 %, and S, = 35 g/kg was chosen for testing with
various grid resolutions. Number of grids in the domain, Ny, Ny ;, and N, g, defined in Chapter 3,
were adjusted to determine their impact on the flow parameters. Different grid configurations were
utilized, ranging from 160 to 580, 15 to 60, and 35 to 145 for Ny, N, 1, and N, respectively.

Compared to the finest grid (N, = 580, Ny ; = 60, and Ny = 145), a grid with N, = 390, N, 1, = 30,
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and Ny ¢ = 105 showed reasonable maximum percent differences in the angular profiles for differ-
ent variables listed in Table 8.1. Because the differences are not significant, the aforementioned

grid was used in all simulations for the present study.

Table 8.1: Deviations between angular profiles for the selected grid and the finest grid for key

quantities
Variable Maximum percent
difference (%)

0 0.17

Uinee 1.58

Tt 0.02

W intf 0.003

W int 0.04

8.3 Comparisons with Previous Work

8.3.1 Definition of Comparison Cases

In this section, the in-house code developed in this work has been validated against previous
experimental and numerical studies. Film thickness is compared with experimental data from
Chen et al. [2] and numerical results from Wang et al. [3] under adiabatic condition for pure wa-
ter and salt water, respectively. Additionally, the local heat transfer coefficient is compared with
experimental studies conducted by Hu and Jacobi [4] and Shen et al. [5], under uniform wall heat
flux condition for pure and salt water, respectively. The geometric and operating parameters used
in comparison cases are summarized in Table 8.2. A tube bundle and the geometric parameters
defined for horizontal tubes are depicted in Figure 8.1. L, is set to 5D for all cases. The grid reso-
lution is the same as the one selected in Section 8.2, with some adjustments made to the grid axial
expansion ratio. In the studies referenced, either the liquid mass flow rate or the liquid Reynolds

number is reported.
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8.3.2 Inlet film thickness calculation

Depending on the experimental setup, the distance between the inlet and the tube surface at 6 = 0°
(Lo) could be different. A greater distance results in a thinner film thickness and a higher local heat
transfer coeflicient around the tube. Thus, Ly is considered a key parameter for improving heat
and mass transfer in the system; however, an excessively high distance can cause a discontinuous
film, which negatively affects system performance. In order to keep the computational domain size
reasonable, the distance L, which is depicted in Figure 8.1 could be adjusted in the numerical
simulations by specifying the velocity and film thickness at the inlet. In an experimental setup, the

inlet velocity is assumed to be equal to the free-fall velocity from the upper tube [108]:

Urin= v2gWLo—Ly) (8.1)

Ly is set to 0.5D in the first three cases listed in the table and is set to 0.77D for Case SW2. There-
fore, the distance (Lo — L) is calculated based on a desired entry length L; in the computational
domain and L defined in the experimental study. The inlet velocity is then calculated using Equa-
tion (8.1). The inlet film thickness, ¢j,, is subsequently calculated based on the specified inlet

liquid mass flow rate per unit depth.
s/
', .
L,in

O:in =
" PL UL,in

(8.2)

Table 8.2: Geometric and operating parameters in comparison cases.

Reference Case D m’L,in Rein Frrin  Oin P ooy TLin TGjin Wsin Gas ¥in

[mm][kgm~'s™!'] — - [mm] [kPa] kWm™[°C] [°C] - phase (%)
Chenetal.[2] PWI 254 - 184 213 01510133 0 20 20 0 AVM 50
Wang et al. [3] SWI 254 - 258 309.6 0.15 101.33 0 20 20 0.03 AVM 50
Hu and Jacobi [4] PW2 22 - 245 491 1 10133 15 30 20 0 AVM 50
Shenetal.[5] SW2 19  0.026 — 42 025 1235 7.75 50 50 0.03 PV 0

AVM: Air-Vapour Mixture; PV: Pure Vapour
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Figure 8.1: Geometric parameters defined for horizontal tubes.

8.3.3 Comparison of the Film Thickness

Figure 8.2 (a) demonstrates the variation in water falling film thickness along the circumferential
angle, compared with Case PW1. The results show a maximum percent difference of 11.03 at the
circumferential location of 30°. This indicates a very good agreement between the present results
and the measurements. Figure 8.2 (b) depicts the salt water falling film thickness compared with
Case SW1. Again, the film characteristics show good agreement with previous numerical results.

The maximum percent difference is 25.02, observed at the circumferential location of 165°.
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Figure 8.2: Comparison of the film thickness variation around the tube for (a) Case PW1 with

experimental data [2], and (b) Case SW1 with numerical results [3].

8.3.4 Comparison of the Local Heat Transfer Coefficient

The local heat transfer coefficient around the tube is calculated using:

’’

9 yan
hg = —wal (8.3)
Twall - TL,in

Figure 8.3 shows the heat transfer coefficient around the tube compared with Case PW2 and
Case SW2 for pure and salt water falling films, respectively. As seen in the figure, the heat trans-

fer coeflicient is over-predicted at the upper stagnation point for both cases. However, the trend

159



Chapter 8. Desalination Process on Horizontal Tubes: Elliptic Model

predicted by the code is consistent with the experimental data. Because ¢, and T i, are fixed in
these cases, the discrepancy at the top of the tube must be related to the under-prediction of T,y at
that region. Figure 8.4 depicts the variation of wall temperature around the tube for Case PW2. As
shown in this figure, the wall temperature is close to the inlet temperature when reaching the tube
surface. Because the velocity is high, there is no opportunity for the film to heat up quickly at that
region, and therefore the wall temperature at the top of the tube remains low. The wall temperature
then increases with a sharp gradient over the tube up to an angular position of 60°, and beyond
that, the increase rate becomes smoother. A sharp decrease of the wall temperature is observed at
the bottom of the tube which is due to the creation of a recirculation zone at that region. A similar
wall temperature spike was observed for Case SW2 at the top of the tube. In the experimental
setup, the wall temperature could be affected by the axial conduction in the tube wall caused the
temperature to be more uniform than that predicted by the numerical simulation at the top of the
tube. For other regions, the results align well with the measurements, and the maximum percent

differences are 18.3 and 16.2 for Case PW2 and Case SW2, respectively.

8.4 New Results for the Elliptic Two-phase Evaporation over a

Horizontal Tube

In this section, flow hydrodynamics and heat and mass transfer of salt water falling film in the
vicinity of a co-current gas flow are investigated. The liquid film is exposed to an isothermal tube
surface. The inlet salinity ranges from 0 to 70 g/kg. The inlet pressure is adjusted to achieve
an inlet saturation temperature ranging from 60 to 100 °C. In cases where only pure vapour is
present in the gas phase (Pj, = 19.9 kPa corresponding to a saturation temperature of 60 °C), the
pure water liquid film is saturated, and the salt water liquid film is slightly sub-cooled. For cases
where the gas phase consists of a mixture of vapour and air, the liquid falling film is sub-cooled.

The relative humidity is set to 50% which corresponds to an air mass fraction of 0.86 and 0.94
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Figure 8.3: Comparison of the local heat transfer coefficient variation around the tube for (a) Case

PW2 with experimental data [4], and (b) Case SW2 with experimental data [5].

for inlet pressures of 47.39 and 101.33 kPa, respectively. The inlet liquid mass flow rate per unit
depth is either 0.022 or 0.033 %, which corresponds to the inlet liquid Reynolds number ranging
from 158 to 284 for different amounts of salinity at the inlet. The mixture Reynolds number varies
between 25 to 100. Ty is either 60 or 70 °C. Other variables common to all simulations are:
Trin=060°C, Tpin =60 °C, diy = 1 mm, D=14mm, Ly =D/2, L, =5D, and H =5D. Based on a
study by Mitrovic [ 09], when the difference between the wall and evaporation temperatures is less

than a certain value, nucleate boiling does not occur in the system. This temperature difference is a
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Figure 8.4: Wall temperature variation around the tube for Case PW2.

critical parameter because nucleate boiling can lead to a dry surface and deteriorate the evaporation
and heat transfer in the system. Mitrovic reported that, for evaporation temperatures of 365 K and
315 K, the temperature differences could be about 3 K and 14 K, respectively, within the inlet liquid
Reynolds number range specified in the present study. Therefore, as the temperature difference
between the tube surface and liquid film does not exceed 10 K in the present study, it is assumed
that for cases where the inlet liquid film is saturated, no nucleate boiling occurs within the falling

film, and the liquid film only evaporates at the liquid-gas interface.

8.4.1 Effects of Pjy, Reysiny Twan and 7} . Variation on the Flow Hydrody-

namics

To investigate the effects of changing the inlet pressure, mixture Reynolds number, wall tempera-
ture, and liquid mass flow rate on the flow characteristics and liquid film thickness, several selected

cases with a salinity of 35 g/kg were studied.

Figure 8.5 (a) shows the flow streamlines for a case with P;;, = 19.9 kPa and Rey;;, = 25. The

x and y axes are scaled by dividing their values by the total length (L; + D + L,) and width (H)
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of the domain, respectively. The liquid in the vicinity of a co-current gas flow enters the system
with a uniform velocity profile. The velocity gradually increases due to gravity until it reaches the
tube surface. When the film hits the tube surface, it suddenly decelerates at the upper stagnation
point. It then flows over the tube surface, where its temperature increases due to heat transfer
from the wall to the liquid. The film velocity decreases again at the lower stagnation point and
finally detaches from the surface. The flow in the gas phase could be affected by buoyancy forces.
In this case, only pure vapour is present in the gas phase; therefore, there is no solutal buoyancy
influencing the flow pattern. Thermal buoyancy acts as an opposing force in the system; however,
in this case, it is not strong enough to affect the co-current gas flow. Consequently, the gas flow
eventually exits the system at the outlet boundary. Figure 8.5 (b) depicts flow streamlines for
a case at the atmospheric pressure (Pj, = 101.33 kPa) where an air-vapour mixture is present in
the gas phase and Rej;, = 25. Although the flow characteristics around the tube are similar to
those at the lower inlet pressure, flow reversal is observed at the outlet boundary, and it affects
the flow upstream up to X = 0.4. In the case that reversal flow occurs, a special treatment for
outlet boundary conditions is needed, as mentioned in Chapter 2. This reversal is thought to be
due to the dominance of upward buoyancy forces over other forces in the gas flow direction. In
this case, both thermal and solutal buoyancy forces are present in the system. The occurrence of
flow reversal at the outlet mainly depends on the mixture Reynolds number, the air mass fraction,
and wall temperature in the system. Figure 8.5 (c) shows the flow streamlines for a case with
P;, = 101.33 kPa and Reyy i, = 50. As shown in this figure, the outlet boundary is still affected by
the dominance of buoyancy forces; however, due to a stronger forced convection, it only impacts a

small area close to the exit boundary.

Before the film detaches from the surface, a recirculation zone forms at the lower stagnation
point, which could affect heat transfer in that region. Figure 8.6 illustrates the recirculation zones
observed for Pj, = 19.9 kPa and P;, = 101.33 kPa, respectively. The recirculation zones are similar

in size and centre location.

To measure the strength of the buoyancy forces, two Grashof numbers are defined for the
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Figure 8.5: Flow streamlines for cases with m’L . = 0.022 %, Twan =70 °C (343.15 K), and (a)
Pi, = 19.9 kPa and Reyin = 25, (b) Piy = 101.3 kPa and Reyy;, = 25, and (¢) Py, = 101.3 kPa and

ReM,in = 50.
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Figure 8.6: Recirculation zones observed in the liquid film for cases with ) . = 0.022 ke
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horizontal tubes:
g (Tiet — Tagin) D

Gry = (8.4)
V%/I TM,in
Gryy = 8 Ma/My— 1) Wi~ ainf) D 8.5)
M
where Grr and Gry, are the thermal and mass Grashof numbers, respectively.
The average Grashof numbers are also defined as:
D
_ 2 7T
Grr = —f Grr dx (8.6)
D 0
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D
S 2 2
Gy = — f " Gry dx 8.7)
7TD 0

Figure 8.7 shows the variation of the thermal Grashof number with the circumferential angle for
Pin = 19.9 kPa, P;, = 47.4 kPa, and P;, = 101.3 kPa, and mass Grashof number variation with the
circumferential angle for P;, = 47.4 kPa and Pj, = 101.3 kPa. The cases with a higher inlet pressure
are affected not only by a higher thermal Grashof number but also by a significant mass Grashof
number. For higher inlet pressure cases where air is present in the gas stream, the thermal Grashof
number is negative in the upper part of the tube. This trend is due to a lower interface temperature
compared to the inlet temperature in that region. In the upper part of the tube, the concentration
difference between the liquid and gas phases leads to the evaporation of some liquid, accompanied
by heat transfer from the falling film to the gas flow. Additionally, because the falling film has just
come into contact with the wall, it has not yet been significantly affected by the surface temperature.
As aresult, a slight drop in the interface temperature is observed at the top of the tube. Because the
interface temperature and air mass fraction are increasing, both Grashof numbers increase along the
tube surface. At Pj, = 19.9 kPa, however, the change of thermal Grashof number is not noticeable,

indicating negligible variation of the interface temperature along the tube surface.

Tables 8.3 and 8.4 list the average Grashof numbers for different variable combinations. The
buoyancy forces are more noticeable for the higher Pj, (higher air mass fraction) due to increased
density, which, at a constant Rey;,, reduces the velocity in the gas phase. Additionally, at a con-
stant inlet pressure, the effects of buoyancy forces are more pronounced for a lower Re, i, because
of smaller downward flow resistance against upward buoyancy forces due to a lower velocity in
the gas phase. An increase in wall temperature raises both Grashof numbers. The thermal Grashof
number increases due to a higher amount of heat transferred to the liquid film, and the mass Grashof

number increases due to a higher rate of evaporation and air replacement with vapour at the inter-

’

face. The effects of buoyancy forces are also more pronounced for lower i} .

, which is expected
n
to be due to a higher evaporation rate at a lower inlet mass flow rate. The cases in which flow

reversal occurs are indicated in the tables. Flow reversal is observed for higher inlet pressures,
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Figure 8.7: Local Grashof numbers for different inlet pressures (a) thermal Grashof number, (b)
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lower mixture Reynolds numbers, and higher wall temperature, which may lead to the dominance
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of opposing buoyancy forces over convective forces in the system.

Figure 8.8 shows the variation in film thickness over the tube surface for different inlet pres-

sures, mixture Reynolds numbers, wall temperatures, and liquid mass flow rates. Film thickness
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Table 8.3: Grashof numbers for parametric study cases (1) , = 0.022 %).

ReM,in Twall Pin =199 Pin =474 Pin =101.3

- |[[°C]| [kPa] [kPa] [kPa]

65 | 517 | 7508° | 439.92°

25 90 [ 538 | 19239° | 984.43°

65 | 515 | 6593 | 42685

Grr | S0 507 538 | 181.97 | 970.07°
65 | 515 | 5637 | 4088

100 =0T 537 [ 171.05 | 949.17

65 | - | 200048 | 3724.08

2 501 = [ 248584 | 458581

65 |  — | 196641 | 3705.00

Gru| S0 0T = [ 244063 | 4561.89

65 | — | 1931.86 | 3673.88

100 0T = 1239542 | 452758

Table 8.4: Grashof numbers for parametric study cases (i) . = 0.033 %).

* Cases with flow reversal at the outlet

ReM,in Twall Pin =199 Pin =474 Pin =101.3
°C]| [kPa] | [kPa] | [kPa]
65 | 507 | 3062° | 237.04°
2 50 522 | 10553 | 581.16°
65 | 507 | 2467 | 22866
Grr | S0 =0T 522 | 9835 | 572.16°
65 | 507 | 1647 | 214.07
100 1267522 [ 8974 | 555.92
65 | - | 183621 | 343292
2 90 [ = [ 2122.00 | 3941.60
65 | — | 181528 | 342041
Grm| 30 T = [ 2004.07 | 392801
65 | — | 1786.86 | 3400.17
100 =5~ 2061.68 | 390355

* Cases with flow reversal at the outlet
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is defined as the normal distance between the tube surface and the liquid-gas interface, so it ap-
proaches infinity at the top and bottom of the tube, where 6 equals 0° and 180°, respectively. The
normalized film thickness is only depicted up to d¢/din = 0.35 in this figure, in order to focus on the
variation over the tube. As the liquid film reaches the tube surface, it becomes thinner over a spe-
cific section (up to 3°) before quickly thickening as it flows over the tube surface. After reaching
its maximum value due to the liquid accumulation in the impingement region, at a circumferential
angle of less than 30°, the film thickness decreases until it reaches a minimum value after 90°. This
decrease is due to the increase of the vertical gravity component along the circumferential angle.
After that, the film slightly thickens under the impact of shrinking vertical gravity component. The
vortex created in the lower part of the tube causes a sharp increase of the film thickness while

detaching from the surface and then approaches infinity at 180°.

As illustrated in this figure, film thickness is not significantly affected by the inlet pressure or
mixture Reynolds number. The film thickness slightly thins by increasing Rey i, and reducing
P;i, at the upper half part of the tube. It decreases with rising wall temperature because a higher
wall temperature facilitates the evaporation of the falling film and mass transfer to the gas phase.
Film thickness also increases with rising inlet liquid mass flow rate, which is due to a higher
inlet velocity and stronger flow acceleration after the impingement region at the top of the tube.
Predicting the minimum film thickness is crucial as it determines the maximum acceptable inlet
liquid mass flow rate to prevent a dry surface. The location of the minimum film thickness shifts

from 99.5° to 105.4° as the mass flow rate increases from 0.022 to 0.033 %.
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8.4.2 Effects of P;, Variation on the Heat and Mass Transfer

Figure 8.9 depicts the variation of interface temperature around the tube. When Pj, = 19.9 kPa,
the interface temperature is nearly constant and similar to the inlet temperature for both wall tem-
perature values, indicating that the vapor pressure does not change significantly at the interface.
This trend results in a constant saturation temperature at the interface. For the two other pressures,
the interface temperature increases around the tube. The interface temperature is lower than the
inlet temperature up to a circumferential angle of approximately 30°. This decrease is due to a
relatively high rate of heat and mass transfer to the gas phase while the falling film has not been
significantly impacted by the temperature difference between the wall and the liquid film, which
consequently lowers the interface temperature. However, the temperature increases after 30° due
to the heat added to the film and an increase in vapor partial pressure and mass fraction at the
interface. For Ty, = 70 °C, the interface temperature increase is more noticeable compared to the
case of Ty = 65 °C. For Pj, = 101.3 kPa, the interface temperature increases about 6.2% at the
bottom of the tube when the wall temperature increases from 65 °C to 70 °C. Additionally, when
Twan = 65 °C, the interface temperature is up to about 1 K higher for P;, = 101.3 kPa compared
to Pj, = 47.4 kPa. As seen in Figure 8.9 (b), the temperature increase around the tube is more
pronounced for a lower inlet mass flow rate. For P;, = 101.3 kPa, the interface temperature at the
bottom of the tube increased about 2 K when the inlet liquid mass flow rate decreased from 0.033

kg
10 0.022 <.

Figure 8.10 demonstrates the local heat transfer changes around the tube. The maximum heat
transfer coefficient is observed at the top of the tube (up to a circumferential angle of 10°) due to
the liquid impingement at that location. The heat transfer coefficient then rapidly decreases in the
developing region (from 10° to 30°), where most of the energy from the wall is used to increase
the film temperature. This decrease continues at a more gradual rate because of a reduction in
the temperature gradient close to the wall. The coefficient increases in the departure region (a

circumferential angle more than 175°) due to the formation of a vortex at the bottom of the tube.
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Figure 8.9: Interface temperature variation around the tube for different amounts of Pj,, m

Twall .

It is important to note that the decrease in film thickness reduces the conduction resistance in the
falling film. However, the heat transfer coefficient does not increase similarly with the decreasing
conduction resistance, indicating that convection effects play a more significant role in the system.
Figure 8.10 (a) shows the variation of hy around the tube at Pj, = 19.9 kPa for two inlet liquid mass
flow rate values. The variation of Ay is smooth from 30° to 150°, reflecting a small temperature

gradient close to the wall in that region. An increase in the inlet mass flow rate increases /g up to
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a circumferential angle of 60°, after which /sy decreases with increasing inlet mass flow rate. As
discussed earlier, film thickness increases with the increase of the inlet liquid mass flow rate. From
30° to 60°, convection effects dominate due to a higher velocity, while a thicker liquid film leads to
stronger conduction resistance beyond 60°, resulting in a reduction in /g. For other inlet pressure
cases, hg increases with increasing r’n’L,in, indicating that the impact of convection on /gy is more
noticeable than the increase in film thickness. Additionally, for higher pressures, the decrease in

hg around the tube occurs at a higher rate due to a larger temperature difference in the liquid film.

The effects of inlet pressure changes on the total evaporated mass are shown in Figure 8.11.
As seen in this figure, the evaporation rate increases substantially for the case with Py, = 19.9 kPa,
which is for pure vapour. These results indicate that the presence of air in the gas phase negatively
affects the mass transfer and evaporation process. Additionally, in subcooled cases, a significant

amount of energy is used to raise the film temperature rather than increasing the latent heat transfer

’

and evaporation rate. For i} ;|

=0.033 % and Ty, = 65 °C, the total evaporated mass increases
by about five times when the inlet pressure decreases from Pj, = 101.3 kPa to Pj, = 19.9 kPa. The
total evaporated mass increases with an increase in wall temperature due to a higher amount of

energy added to the falling film, which facilitates the liquid evaporation into the gas phase. When

. !

n’, . = 0.033 k—% and Pj, = 19.9 kPa, the rise in wall temperature doubles the total evaporation
L,in m-s

’

rate. The total evaporated mass decreases for a higher ] .

. which is consistent with the results
presented by Louahlia-Gualous and Omari [ 10]. This could be due to a longer residence time of
the liquid in contact with the tube surface. By decreasing the liquid mass flow rate, the energy
required to heat the liquid film also decreases. Additionally, the amount of advected energy to
the downstream is reduced, which could enhance the latent heat transfer and the evaporation rate.

For Pj, = 19.9 kPa and Ty, = 65 °C, the total evaporated mass increases by about 40% when

decreasing 7} . from 0.033 to 0.022 %.

Figure 8.12 shows the change in interface salt mass fraction around the tube. The interface salt
mass fraction increases around the tube for all pressures; however, the increase is more pronounced

at the lowest inlet pressure. When m’L o = 0.022 % and Ty, = 70 °C, the amount of salt at the
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0’ and Twall'
bottom of the tube is approximately 6.5% higher for P;j, = 19.9 kPa compared to Py, = 101.3 kPa.

Additionally, an increase in wall temperature leads to a higher salt concentration at the interface.

’

Tin = 0.022 % and P;, = 19.9 kPa, the interface salt mass fraction increases about 4.2%

For m
when increasing the wall temperature from 65 °C to 70 °C. The increase in salt mass fraction at
the interface is directly related to a higher evaporation rate as the high evaporation rate results in
salt accumulation at the interface. When the falling film reaches the tube surface, the interface salt

mass fraction is less than that of the inlet at P;, = 19.9 kPa, but higher than the inlet mass fraction
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at the other two pressures. For Pj, = 19.9 kPa, it is due to condensation of some vapour into the
liquid film. For Py, = 47.4 kPa and Pj, = 101.3 kPa, the higher interface mass fraction is due to
the evaporation of a small amount of liquid into the gas phase in the region above the tube because
of the concentration difference at the interface. However, these amounts are negligible and do not

significantly affect the overall process.
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Figure 8.12: Interface salt mass fraction variation around the tube for different amounts of Pj,,
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8.4.3 Effects of Re),;, Variation on the Heat and Mass Transfer

To investigate the effects of mixture Reynolds number variation on the heat and mass transfer of
the system, two cases are selected: one with a saturated inlet temperature (Pj, = 19.9 kPa) and one
with a sub-cooled inlet temperature (P;, = 101.3 kPa). The impacts of Reynolds number (Rejz;n)
changes on the local heat transfer coefficient, total evaporated mass, and interface salt mass frac-
tion are discussed below. Figure 8.13 shows the effects of Rey i, variation on the aforementioned
parameters at Pj, = 19.9 kPa. No significant changes are observed with increasing Rejy;y,, indi-
cating that varying the co-current gas flow velocity has minimal effect on heat and mass transfer
at Pj, = 19.9 kPa. Figure 8.14 shows the impacts of Reys;, variation on the same parameters at
P;, = 101.3 kPa. The local heat transfer coefficient is not noticeably affected by Repsi,. As de-
picted in Figure 8.14 (b), the total evaporated mass increases with Reyi,. The total evaporated
mass increases about 7% and 28% at the bottom of the tube when Re,;;, increases from 25 to 50
and 100, respectively. Compared to the case with Py, = 19.9 kPa, this increase in the evaporation
rate could be related to the concentration gradient at the interface being more affected by the bulk
flow when air is present in the system. The interface salt mass fraction also slightly increases with
a higher co-current mixture Reynolds number due to a higher evaporation rate, which raises the

salt concentration at the interface.

8.4.4 Effects of Salinity Variation on the flow characteristics and Heat and

Mass Transfer

To study the effects of inlet salinity on the flow, heat, and thermal characteristics of the system,
a pure water falling film case is compared with two cases of salt water falling film with salinity
of 35 g/kg and 70 g/kg at Pj, = 19.9 kPa. Density and viscosity increase with salinity, while
thermal conductivity, specific heat, and latent heat show a decreasing trend as salinity increases.

Figure 8.15 depicts the variation in film thickness around the tube. The film thickness slightly
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increases with higher inlet salt mass fractions due to the increased liquid viscosity, which reduces
the velocity and thickens the liquid film. This trend is consistent with the results found in the
literature [66]. Figure 8.16 (a) shows the local heat transfer coefficient changes around the tube for
different inlet salt mass fractions. Increasing the inlet salinity results in a decrease in /g around the
tube. The same trend was observed in previous numerical and experimental studies [73, 94]. The
increase in film thickness and decrease in thermal conductivity affect the liquid thermal conduction
resistance, which limits heat transfer in the falling film. As shown in Figure 8.16 (b), the total
evaporated mass decreases with increasing inlet salinity. Specifically, the total evaporated mass
at the bottom of the tube decreases by about 6.5% and 9.7% when the inlet salt mass fraction
increases to 35 g/kg and 70 g/kg, respectively. The evaporation of the liquid film also results in
an increase in the interface salt mass fraction around the tube, as shown in Figure 8.16 (¢). This

increase is more pronounced for W, = 35 g/kg.
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Figure 8.15: Film thickness variation around the tube for different amounts of Wg.
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Chapter 9

Concluding Remarks

9.1 Summary and Conclusions

In recent years, the desalination process has been recognized as a climate-independent source of
producing potable water that has a great importance due to the lack of drinking water in many
countries around the globe. One of the methods extensively used for removing salt from the sea-
water is thermal distillation, which is known as a reliable technology for producing high-quality
water by relying on the evaporation process. Among different evaporation methods, liquid falling
film has been widely developed in the thermal desalination industry. In this method, the liquid
falling film flows over a tube surface or inside a channel. During the evaporation process, the wa-
ter vapour is separated from the saline water, which is collected later and turned into fresh liquid
water; the remaining liquid leaves the system as a brine stream. In a desalination system, there
are binary mixtures in the liquid and gas phases comprising salt-water and air-vapour, respectively.
The presence of salt in the liquid mixture can affect the efficiency and performance of the evap-
oration process. Moreover, for the case of horizontal tube geometry, which is a popular set-up
in the desalination industry, the creation of the recirculation zone in downstream of the tube can
affect the flow and thermal characteristics of the system. Considerable experimental research has
been conducted on the study of falling film desalination systems to investigate the heat and mass
transfer over the horizontal tube geometry; however, the number of numerical studies is limited.
Many of the numerical models found in the literature rely on the additional correlations for inter-
face heat, mass, and momentum transfer. These correlations have a limited validity range, so their
use is not always appropriate. Even most advanced numerical methods mostly utilized boundary
layer approximation (parabolic approach) in their simulation, which is not capable of modelling

the recirculation zones created at the flow downstream of the tube surface.
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The key points that have not been sufficiently addressed in previous numerical studies of the

evaporation process inside vertical channels and over horizontal tubes are:

e Utilizing a mass transfer model that is not based on empirical coefficients

Sharp tracking of interface

Consideration of fundamental force balances at the interface instead of using correlations

Addressing the occurrence of supersaturation phenomenon in the mixture phase during the

evaporation process

Including the effect of variations of the thermophysical properties under the influence of

temperature, pressure and salt and gas mass fraction changes

The main objective of the present work was to develop effective numerical models that prop-
erly addressed the limitations of the previous numerical methods and enhance understanding of
the coupled momentum, heat, and mass transfer during the evaporation process through a com-
prehensive simulation of the two-phase flow phenomena inside vertical channels or on horizontal
tubes. The two-phase fully-coupled parabolic and elliptic numerical models were utilized for the
simulation of evaporation process inside vertical parallel plate channels. The elliptic approach was
then applied for the simulation of desalination process inside vertical parallel plate channels and
on horizontal tubes. Both models were able to capture the key features of flow as well as heat and
mass transfer in the system. The parabolic model is more time-effective than the elliptic approach;

however, the model is not capable of capturing reverse flow and recirculation zones.

The present study comprises four steps, and in each step the results have been validated against
previous experimental and numerical data found in the literature. In the first step, a complete
parabolic laminar two-phase flow model was developed to simulate the evaporation from a liquid
falling film into a co-current gas mixture based on the conservation of momentum, mass, and

energy. This model is believed to be the first evaporation application of a fully-coupled technique in
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which all the field variables, the film thickness, and the pressure gradient are solved simultaneously.
This technique provides robust solution behaviour and fast convergence. Fundamental balances of
energy, mass, and shear force at the interface assured the proper interaction between the liquid
and mixture phases. The governing equations were discretized using a finite volume method.
A robust fully coupled solution approach was used to solve the resulting algebraic equations in
a marching scheme along the channel. The liquid-gas interface location was coincident with the
mesh at every axial station in the solution. The solution fields included the axial velocity, transverse
mass flux, and temperature for both phases plus the air mass fraction, the film thickness, and
the axial pressure gradient. The model validity was demonstrated by comparisons with previous
numerical and experimental works. Trends in the evaporation rate and local field profiles have been
discussed in more detail than previous studies. In the present study, the field variables affecting
the evaporation rate near the channel inlet were discussed and the effect of buoyancy forces on
the velocity profile was examined. New findings discussing the effects of inlet pressure change
on the flow, heat, and mass characteristics during the evaporation process were also presented. A
system effectiveness was defined, and the impact of changes to the inlet liquid Reynolds number

and pressure on the effectiveness were examined. The present model predictions indicate that:

1. The high level of evaporation rate near the inlet is mainly due to the concentration difference
between the liquid and mixture. The heat and mass fluxes then experience a sharp decrease

up to x/H =1 due to the decrease of mass fraction gradient at the interface.

2. An inlet pressure increase intensifies the effects thermal opposing buoyancy forces, leading

to a flow deceleration near the interface.

3. The pressure increase also decreases the interfacial heat and mass flux, which reduces the

evaporation rate.

4. The system effectiveness decreases by increasing the inlet liquid Reynolds number and inlet

pressure.
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In the second step, the numerical model utilized an elliptic approach to study the laminar two-
phase flow phenomenon of the evaporation of pure water falling film into a co-current gas mixture.
A finite volume method was used to obtain a fully coupled implicit solution of a complete set of
elliptic two-dimensional governing equations. The equations for mass, momentum, gas mass frac-
tion, and energy were solved on a co-located structured non-orthogonal grid for both the liquid and
gas phases. The pressure field was implicitly computed for the entire domain. A pressure-weighted
interpolation method (PWIM) was applied to estimate the face velocities and to provide implicit
pressure-velocity coupling via the continuity equation. The solution field variables, including the
axial velocity, transverse velocity, pressure, and temperature for both phases, plus the air mass
fraction for the gas phase were solved simultaneously in the entire domain. Once all solution vari-
ables are computed on a fixed grid, the interface location is sharply determined by imposing mass
balance at the end of each time step for all liquid columns within the domain. This precise interface
resolution enables more accurate determinations of the interface location, interfacial shear stress,
and velocity profiles compared to methods such as VOF, where the interface is estimated in control
volumes by varying the volume fractions from zero to one. The iterative procedure continues until
a steady state solution convergence is obtained. The excess moisture condensation (EMC) model
was also introduced as a novel method to address supersaturation in the system. Detailed compar-
isons with previous numerical works demonstrated the validity of the present model. A water-air
mixture was used to examine the effects of buoyancy forces on the flow and the thermal character-
istics of the evaporation process inside a partially heated vertical parallel plate channel. The impact
of changes to the Rey ;, and Reyy i, on the flow features, evaporation rate, and the effectiveness of

the system were studied. The present model predictions indicate that:

1. A supersaturation up to 15% does not affect the field variables significantly.

2. For low liquid and mixture Re numbers, the opposing buoyancy forces can dominate the

aiding forces, and a flow reversal occurs close to the interface at the heated section.

3. At the insulated section, the low evaporation rate and the diffusion of air towards the interface
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weaken the opposing forces leading to the creation of recirculation zones in the system.

4. The creation of a recirculation zone affects the interfacial heat and mass flux at the heated

section due to the strong flow reversal that occurs close to the interface.

5. The system effectiveness increases by reducing the inlet liquid Reynolds number and in-

creasing the mixture Reynolds number.

In the third step, the elliptic model was developed to study the flow and thermal character-
istics of the evaporation process of seawater inside a vertical parallel plate channel. To the best
knowledge of the author, the implementation of an elliptic approach to a two-phase falling film
desalination process inside a vertical parallel plate channel had not been previously addressed.
Therefore, elliptic model was used investigate the effects of mixed convection and salt concentra-
tion on the flow and thermal characteristics of the evaporation process of liquid saline water film
within a vertical parallel plate channel. To achieve this aim, a salt mass fraction equation was
solved along with other above-mentioned equations. The partial enthalpy related transport advec-
tion terms were added to the liquid energy conservation equation. This was a new feature that had
not been used in the previous desalination studies. Moreover, liquid phase equations and interface
conditions were updated to model a binary liquid mixture. The validity of the present model was

assessed through comparisons with a previous experimental study for pure water evaporation. The
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influences of changes to the Rep in, Sin, >

and ¢;, on flow characteristics, evaporation rate, and

system effectiveness were examined. The predictions obtained from the model suggest that:

1. The evaporation rate and effectiveness increase with increased wall heat flux and reduced

inlet liquid Reynolds number.
2. An increase in the inlet salinity leads to a reduction in the interfacial evaporation rate.

3. The effects of q;; al and Rey i, changes on the flow, heat transfer, and mass transfer, more

pronounced than the effects of changes in Sj,.
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4. The evaporation rate and interfacial transport variables are not significantly affected by

changing the inlet air relative humidity.

In the last step, the research was extended to model the evaporation of fresh water and salt
water falling film over a horizontal tube. The elliptic approach which is capable of capturing the
re-circulation zones was used for the simulations. To the best knowledge of the author, the elliptic
model developed in the present study offers a more comprehensive and detailed approach compared
to any previous numerical studies on falling film evaporation. The results were compared to the
previous experimental and numerical studies for both pure and salt water falling films. The results

of a parametric study indicates that:
1. The presence of non-condensable gas in the mixture phase negatively affected the evapora-
tion rate.

2. The decrease of the liquid mass flow rate thins the liquid film and improves the heat transfer

and evaporation rate of the system.
3. The increase of the wall temperature increases the heat and mass transfer in the system.

4. The variation of the mixture Reynolds number has the minimum impact on the flow charac-

teristics and evaporation rate.

5. Increase of salinity in the liquid affects the heat transfer and evaporation rate through the

changes of the liquid thermophysical properties.

9.2 Recommendation for Future Works

To improve the capability and performance of the elliptic numerical model and to examine its

potential the following future work is recommended:
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e Study the desalination process on tube bundles: In a falling film evaporator with a large-
scale tube bundle, the heat transfer coefficient of each individual tube varies depending on
its position within the bundle. The study of various tube configurations and the flow pat-
tern transitions between the tubes could help to better understand the process for practical

applications in desalination industry.

e Add turbulence models to the liquid and gas phase equations: Implementing a turbu-
lence model for the liquid and gas regions would enable the simulation of flows at higher
Reynolds numbers and facilitate the exploration of falling film characteristics over a wider

range of mass flow rates.

o Apply effective iterative solvers to improve the model efficiency: The system of equations
in the elliptic two-phase model is ill-conditioned due to the strong coupling of solution vari-
ables at the interface. Not all iterative solvers can handle such a system effectively. While the
direct solvers used in this study were able to solve this type of equation, they were not com-
putationally efficient. To take advantage of the benefits of both solver types, one could use
iterative solvers for the gas and liquid regions, followed by a direct solver for the interface

equations.

e Couple the interface and mesh movement into the system of equations: Determining
the interface location could be implicitly integrated with the solution for the field variables.
Utilizing a geometric conservation law as the governing equation for both the interface and

mesh movement, and coupling it with all other equations, could facilitate faster convergence.

e Include the surface tension in the interface force balance: Developing a robust, coupled
calculation of the surface tension could improve the prediction of liquid falling film specifi-

cally in the upper and lower stagnation points locations.
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Appendix A

Analytical Solution of Fully Developed Downward

Laminar Two-Phase Flow in a Parallel Plate Channel

Based on the work of Saleh and Ormiston [! | 1], an analytical solution has been obtained for fully-
developed co-current laminar gas-liquid flow inside vertical parallel plate channels with symmetry
condition applied at the channel centre line. The mass flow rates of the phases, the density and

dynamic viscosity of both fluids, and the channel width are used as the input parameters.

For fully-developed conditions with constant properties, the momentum equations for the two

phases reduce to the following:

U, 1 (dP
LR Ll Al
and
Uy 1 (dP
=——- A2

Eq. (A.1) is integrated twice with respect to y for the limits y = 0 to y = 6;,. Similarly, Eq. (A.2),

is integrated twice for the limits y = 9, to y = H. The resulting expressions for the velocities are:

UL:ﬁ(%_pLg)y2+C1y+C2 for OSyS(sin (A.3)
UM:Z#LM(%—ng)y2+C3y+C4 for 6n<y<H (A4)

The constants of integration in Egs. (A.3) and (A.4) are determined by applying no-slip bound-
ary condition at the wall (y=0), continuity of velocity and shear stress at the interface (y = ), and

symmetry at the channel centre line (y = H). The symmetry condition at the centre line is the
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Appendix A. Analytical Solution of Fully Developed Downward Laminar Two-Phase Flow in a

Parallel Plate Channel

difference between this derivation and that in [1 1 1]. The constants of integration are obtained as

follows:

—-H\dP 1

C; = (—) oot [_((PL —PM)0in +pMH)]g

ML
C,=0
-H\dP H
1=+ )
Hm ) dx \ um
11 )l dp 62 E 1

Cy=|D(—-—)|=
! [(,UL um’| dx

2
and
2

6in
D=—*~Hép,

- +HPM5in(— -—
R AMm

(A.S)
(A.6)

(A.7)

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

The velocity profiles can be integrated to obtain the liquid and mixture mass flow rates per unit

depth of the channel:
., Oin dP
1y = PLULdy:PLCSd_+PLC6
0 X
,, H dp
1y, = pMUMdy:pMC7d_+PMC8
Oin X
where

62
Cs = 6%;(5111 - 3H)
2

o
Co = (6 - (5inPL(2 —32My 3PMH)]g
1L PL

C; = F—HR+(D(IuiL = i))(H—(sm)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)
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Appendix A. Analytical Solution of Fully Developed Downward Laminar Two-Phase Flow in a
Parallel Plate Channel

2

6inE 1 1
Cs = —pmF +pyuHR+| =~ + Hpydin(— = — ) |(H = 6in) |2 (A.18)
HL  HM

Given rit; and 7}, Egs. (A.13) and (A.14) can each be solved for pressure gradient, %. An
equation for the film thickness, di,, can then be formed by equating the two equations for pressure
gradient. After solving for dj,, the pressure gradient is determined using either Eq. (A.13) or

Eq. (A.14). Finally, Egs. (A.1) and (A.2) are used to determine liquid and mixture velocity profiles,

respectively.
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Appendix B

Excess moisture condensation (EMC) model

The air is considered supersaturated when the amount of water vapour in the air exceeds the amount
at the equilibrium condition. For the supersaturated state, the creation of liquid droplets in the
mixture may occur due to either homogeneous or heterogeneous nucleation. In the presence of
aerosols like dust and pollutants, the water vapour molecules can accumulate on the surface of
aerosol particles, and heterogeneous nucleation occurs. In clean air, the water vapour molecules
can merge to form a droplet; however, in the absence of aerosol particles, the droplet size is small
and quickly evaporates [ | | 2]. So, no phase change occurs in the mixture unless the amount of water
vapour is higher than a critical value resulting in the formation of large droplets and eventually the
condensation of water vapour in the mixture. Carey [ |3] studied the non-equilibrium condition,
referred to as the metastable state, in which the water vapour is in a supersaturation condition
but no condensation occurs. He presented the following formula for homogeneous nucleation to

calculate the critical partial pressure of water vapor as a supersaturation limit of the system.

P E* (=InJ* 0.5 0.5
SR= (Pssilv _ exp (=InJ") B.1)
(Psat)v 2 (E*)O'S + (—lIl J*)I'S
where 0s
106 M :
7= 0 oL *M RT B2)
NA ZO-NA Psat
and
16 7 o
: 7 (B.3)

3R
The surface tension of droplets, o, is calculated using the formula presented in [107]. It is noted
that Eq. (B.1) is valid only if dust particles and surface imperfections, which can act as nucleation
sites, are not introduced to the system. The pressure ratio, SR, has been calculated explicitly
using Eq. (B.1) for one of the cases studied in this work ,W8, defined in Table 5.2, and the value

was between 2.3 and 2.8. Therefore, in extremely clean air, the relative humidity could be between
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Appendix B. Excess moisture condensation (EMC) model

230% and 280%. Because it is difficult to avoid the presence of the nucleation sites, the evaporation
process can be initiated by heterogeneous nucleation in significantly smaller pressure ratios, and

the relative humidity hardly exceeds 100%.

In the present study, the excess moisture condensation model is proposed as a novel method to
deal with the effects of supersaturation in the system. In order to utilize this model, source terms
S o S 7', and S W are added to the continuity, energy, and gas species equations, respectively. The
term S ¢ removes the excess mixture from the system. Eq. (B.4) is used as an initial guess for S o

(av;;,w)OId ( We . 1)

S/// —
( C )P 'VP

(B.4)

old . . . . . .
Where (ag’w) is the most recent value of the diagonal coefficient in the air mass fraction
discretized equation. The value is updated in every iteration during the simulation using:
wowold
(ap")
Vp

a is a relaxation factor and set to be 0.002 in the present work. The mixture continuity mass

S =Sy +a (Wear - W) (B.5)
sink removes both steam and air, so the air must be added back into the CV. The adding of air is

accomplished using a source term (S W) in the gas species equation:
(S,W”)P - (Sg/)P W (B.6)
The effects on the energy balance are accounted for by using S 7

(87, = (8€),(Co), To=(SE), (1= W) (hre), (B.7)
The first term on the right hand side of Eq. (B.7) compensates for the effect of sensible energy
transported by the removed mixture. The second term on the right hand side accounts for the
condensation of the excess moisture. The terms S g’, S ’T”, and S {){,’ are set to zero for the control
volumes where the relative humidity is less than 101%. At the end of the simulation, all control
volumes where the EMC model is applied will be at saturation (¢ ~ 100%). Therefore, the EMC
model keeps a part of the domain at saturation where needed and leaves the rest under saturation

as naturally predicted by the model equations.
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Appendix C

Interfacial salt-water temperature function

A correlation based on the experimental data in [114] is used as the equilibrium condition. In
equation (C.1), the interfacial salt-water temperature is defined as a function of vapour temperature
and salinity.

2

ST;
T=T,+
13832

1+0.001373 T, —0.00272 S T, + 17.86 S

(C.1)

T,—2259\ 25838 (1-S
-0.0152 S Tv( i )— ( )]

T,—-236 T,
where the validity ranges are 273.15 <7, <473.15 K and 0 < § <0.12 kg/kg. The vapour temper-

ature, T, 1s the saturation temperature, which is calculated based on the saturation vapour pressure

at the interface [96].
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Appendix D

Elliptic Model Coefficients in Algebraic Transport

Equations

D.1 Continuity Equation coefficients

The coefficients of Equation (4.65) are:

a;,u = peAenxe(We _prwnxw(1 - (Ww) +pnAnnxn(Wn _psAsnxs(l - (Ws)

GE’M = peAeniye (1 =W,)

cu _
ay = — oAy Wy

a;}u = PnAnin (1 =Wy)

c,U _
aS - _psAsnxn(Ws

a;’v = peAenye(We _prwnyw(1 -Wy) +pnAnnann _psAsnys(1 - W)

a;:v = peAenye (1- (We)

c,V

Ay

= _prwnyw(WW

(D.1)

(D.2)

(D.3)

(D.4)

(D.5)

(D.6)

(D.7)

(D.8)

209



Appendix D. Elliptic Model Coefficients in Algebraic Transport Equations

ag = pnAnnyn (1-Wp)

ag,v = _psAsnys(Ws
R Yie Yse n Y, Y ]
alc),p = peAedane [(d;)e (dl)e (Cnel Cies) +prwd?anw[(d;)v:} (d;)v:} (Cow2 — sw3)—
Y Y Y Y ]
pnAnd;’: Nxp [(d;)’:z (dt)nn (Cnel - nWZ)] psAsd? Nxs [(d;)i (dt)ss ( sed — Csw3)
_peAedAvn e & + X ( nel — Cies) _prwdAvn W Xt’w X ( w2 — Csw3)
|\ ds), (dt )e ‘ M (ds),, (dt)w |
s,n s,8
n n Che n A, d el OF
+onAndyny [(dt)n s )n( 1= Cnw2) [ +p5 nyv[(dt)s s )s( sed = w3)_

’ . yt,e A Xt,e Au y Ay Xt,n
aEP = —peAe (denxe@ —denye_(ds)e) — PnAn (dnnxn (ds), dn YT 7~ (ds), Che2

Yis 5 X, v Yse s Xse
LS dvl’l i) CS€3 +p€A€ (dznxg d )(CneZ - 563)

Al din, 2t I8 _ i
o ( stedsy, S ), (dn), "),

, A Y t, A X —yt’n 1 —Xt’n
afN”=—prW(d5‘v”xW<ds;V ~ s >W)+p o (d’b'l"’“’%ds)n_d’z’”’y’%ds)n)C”W1

R Y n X; Ysw Xisw
—psAs (d?nxsﬁ - :nysﬁ) Cowa + oAy (d Ryw =" (dr ) drv Nyw (dr ) )(Csw4 Chw1)
s s w w
ys noo4 Xn ys e 4 Xse
_ u v du v “\c
~pd (d ", " an, ) Foel ( e an, " an,)
Ysw & X Yin Ay Xin

_prw (C/Z\tlvnxw dyn &) Cw3 _pnAn (C?Z”xn

m —d,nyy (dt)w )(Cne4 - an3)

@s), ""ds),

y A, X yse v Xse
- A du XS dv K eAe du xe, 5.~ d e_’ CAe
P ( sy, (dr)) P ( edn, ", )
X Yoo X
d’n ﬁ)cswz +psAs (d”nm — d¥ny—22

ys,w Ats
ds), " (ds),

A | d* npy—2 —
+ Pw w( wnxw(dt)w W yw(dt)w

)(Csel - CSWZ)

(D.9)

(D.10)

1 (D.11)

(D.12)

(D.13)

(D.14)

(D.15)
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. Y., Xio Y., X,
p (peA dunxe (dr ) peAed: Nye———— (dl) pnAndnnxn (ds) +Pn ndvnyn (d;; )Cne3 (D.16)
N Y X A Yin Xin
asl :—(p Awd" Ny — — pAndon ﬂ—pnAndan +p,,Andvn " )Cn 4
N, T ), (ds), "ds),)
(D.17)
qu y v X
SE —|peAcd, nxe(d) —peAcdin ye(d) psAsd;nxs(d ) +psAsdy nys(d ). Cse2  (D.1B)
e e s
ys,w Ay s,W Au Ap Xt,s
asw PwAw d’ whxw 77— (dn) _prdenyw(dT) _psAsdsnxs (ds ) +psAsd sthys =5~ (ds) Csw1  (D.19)
w w s s

bp = —peAe (nxef)z + nyel;Z) + pywAyy (nxwgfv + nywl;fv) — A, (nml;Z + nynl;}’l)

+psAy (nesht +nysbY)  (D.20)

D.2 Liquid Phase x-momentum Equation

A4
s = (E22) 0.5+ )i = (0.5 = )iy + (0.5 + )ity = (0.5 —ax g

D¢ D* D D%

+ 2 Eﬁ,\e + 2 S nﬁn ﬁS Du,Be'}/xe(Cnel se4)
Ne - Se Ny - SW nn tn ns : ts
- Dyuvﬁwyx,w (Cl’lW2 - Csw3) + DZﬂn')’y,n (Cnel - an2) - D?,Bs'}’y,s (Cse4 - Csw3) (D21)
uu __ 0 5 . MBE

ag = (0.5 -a,)m, - . +Dn/8n7yn ne2 — Dsﬁs')’y sCse3

+DgBe¥re(Crez—Cye3) (D.22)
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DU
Cli‘f;}” = —(05 + a’w)mw - = W AW 3 DZﬁnyy,nanl +D?ﬁs')’y,scsw4
w ' Sw
- Dbyﬁ;ﬁwyx,w (anl - Csw4) (D23)
D48, " y
all/(fu = (0.5 - an)mn N nth + Dgﬁe'}/x,ecne4 - DWﬁWyX,WCnW3
n-ln
+ DZ;Brﬁ/y,n (Cne4 - an3) (D24)
u,u . D?,BY U u
agm =—(0.5+as)ms— - 7 —D,BeVx.eCsel + DitBuwYxwCosw2
st ls
- D?ﬁs?’y,s (Cse1 = Csn2)  (D.25)
aip = (D4BeYx.e + DisBuYym) Cred (D.26)
ayiny = = (DBu¥xow + DisBuyyn) Cra (D.27)
dt = —(DBeyxe + DBsyys) Cued (D.28)
ag\b;z = (DI:VIBW’}/X,W + D?,Bs')’y,s) Cswi (D.29)
where,
ee A nA” sAs
pu = HeA D = Evtw pi=£ pi=£ (D.30)
(ds). (ds),, (dn), (dn),
ds)p tr-8 (dt)y tr-5
7x,f — _fu 7’y,f = f u (D31)

i)y gy " (ds)p gy
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The pressure coefficients of main node (a,”) and its four neighbours (ayg,) are derived as follows:

Yip Ysp
up =W W,-1+W,)-W W,—-1+W; (D.32
Py )Pu»( : :
Y. p
up = 1-W, D.33
P s )P( ) (D.33)
Yip
wp - Py D.34
Ay _VP(dS)PW ( )
Ysp
= D.35
B @ny (03
Ysp
= D.36
" =g, s (D-36)
The right hand side of Equation (4.78) is:
b = (p lZIP)U” T ppg. Vo (D.37)

D.3 Liquid Phase y-momentum Equation

The coeflicients of V-velocity of the main node and its neighbours are analogous to those of the

U-momentum equation:

v _ uu v,V
' =a sl =a (D.38)

Note that D% changes to D". and D", = D;‘C (Equation (D.30)). The other coefficients are as follows:

f f f
Xs.p Xip
VP — = 1+W,) W W,-1+W, D.39
=Y, )= ) (b-39)
Xip
P =~ — (1-W, D.4
a4y = Vo G (1= W (D.40)
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ayp :Vp(jgi W, (D.41)
ay? :VP();;’; (1-W,) (D.42)
ag’ = —‘VP%(WS (D.43)
by =~ P;P Jve (D.44)

D.4 Liquid Phase Energy Equation

The derivation of ai;t and a;’fB is analogous to those for the U velocity coefficient in the x-momentum

equation using k of ¢ in Dy coeflicients and 7C), instead of 7.

Dl - keAe Dl - kA D - knAp D ksAs
(ds), (ds)y (d1),, (dt),

(D.45)

ag" = 0.5+ ) (ks —hw) e = (0.5 - ) (hs —hw), s,
+(0.5+ay) (i_zs - i_zw)n ity — (0.5 — ay) (715 - Ew)sms
Dig. D! D.p, D <
+ 2 Eﬁ,\ + 2 wﬁ,\W + 3 nﬁ’\ + = SIBAS +D2,Be'}’x,e (Cnel _Cse4)
Ne*Se Ny Sy Nup-ty, Ng-ty

- Df/vBWFy}C,W (an2 - Csw3) + DZIBnyy,n (Cnel - anZ) - Diﬁs’)’y,s (Cse4 - Csw3) (D46)

_ -\ . DB, . -
ag" = (05— ae)(hs = hw), ite = == + D}, BryynCoez = DyBs7y.sCies
e e

+ Dtelgeyx,e (CneZ - Cse3) (D-47)
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- .\ Dy
ay) = =(0.5+ay) (ks —hw) ity === DBy nCot + DBy sCona
- S
- D! ﬁwyxw(cnwl = Cywa) (D48)
L D.p
= (05 —ay) (hS _hW)nm Y X tn +Dt,867xe ned — DW,BW'}’XW nw3
+Dt ,Bnyyn(cne4 an3) (D49)
LW _ 7 7 . sﬁs t
ag = —(0.5+ay) (hS _hW)Yms - P -D eBeVx,eCsel +DWBW7xW sw2
: sts
Dgﬁsyy,s (Cse1 = Csn2)  (D.50)
NE (D ﬁe')’xe+Dan7y n) ne3 (D.51)
tSI‘éV - _(Déﬁe'yx,e +D§,Bs7y,s) Cse2 (D52)
a;}W\;j = _(Diwgw'}/x,w + D;,Bn'}’y,n) an4 (D53)
atst;v\/ ( ~€vﬁw7’x,w + Dgﬁs')’y,s) Cswi (D.54)

where,

peDéBAe (}_ZS - }_ZW)E pWDC‘VBAw (ITLS - ljlW)W

Rt

¢ (ds), v ds),
~ anI;?BAn (ITLS - ljlW)n ~ psD?BAs (}_ZS - }_ZW)S
D = ‘= (D.55)
(dn), (dt)
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Cpi¥h
b, = (’OPA—”;’P)T;' (D.56)
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Appendix E

Elliptic Model Coeflicients in Interface Algebraic

Equations

E.1 Normal Force Balance

The coefficients of Equation (4.99) are:

ail,=1 (E.1)
ajZ’N =-1 (E.2)
di's = =2 pliLp (n)zmA w+n ,mnynAyg)iL’ S (E.3)
afi' = =2 piLp (A + nnnynAy3),, o (E4)
al' = =2 pirp (M A + nxnnynAy4)l. Ls (E.5)
ag's = =2 piLp (nyzmAxl + nxnnynAyl)l. s (E.6)
afy'p = =2 pirp (RannynA 2 + 15, A ), (E.7)
afy' = =2 piLp (nannynAss +15,A33) ) (E.8)
ai'vy = =2 pip (nxanymAs +n5,Ava), (E.9)
aiy's = =2 pir e (RantynAt + 13, Ayt ) (E.10)
aly' =2 piGp(n3Bua +nysysByo). N (E.11)
afLLfNE =2 uigp (n)%SBx3 + nxsnysBy3)i GN (E.12)
a5'ow = 2 1iG P (155 Baa + nsitysBya). . (E.13)
diy' =2 icp (nxsnysBx +15,Bya) . (E.14)
afy'\g = 2 G (nesnysBas + i By3) . (E.15)
a5y \w = 2 HiGp (MastysBaa + 153, Bya) . (E.16)

217



Appendix E. Elliptic Model Coefficients in Interface Algebraic Equations

2
b;':L,P =-0K-2uigp (nstxl + nxsnysByl)l.G N

E.2 Zero Pressure Gradient

The coefficients of Equation (4.101) are:
a;gip = (Bx2nxs + ByZnys)l-G’N

P
aiG,N = (Bxlnxs + Bylnys)

iGN
&P
aiG,W = (Bx4nxs + By4nys)iG,N
&P _
4icE = (B x3hxs+ B y3nys)iG,N

Ui N—2uicp (nxsnysBxl + nisByl )l.G Ny VieN (E.17)

(E.18)
(E.19)
(E.20)
(E.21)
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E.3 Tangential Force Balance

The coefficients of Equation (4.105) are:

u,u

aiG = _ﬂlGP(ansva w2t (nyvsxv +nxssys)By2) iGN
u,u

aiG = —HiG, P(anssxv X3t (nyvsxv + nxssys)By3) iGN

= —MiG,P (znxssstx4 + (nyssxs + nxssys)By4)l.G N

= —MiG,P (anssstxl + (nyssxs + nxssys)Byl )iG N

= —MiG,p (ZnyssysByZ + (nyssxs + nxssys)BXZ)iG N

= —MiG,p 2nys5ysBy3 + (nyssxs + nxssys)Bx3)l.G N

u,v

aié,W = —MiG,P (znyssysByél + (nyssxs + nxssys)Bx4)l.

G,N

wy
digN = THiGP (ZnyssysByl + (nyssxs + Ry Sys)Bxl )iG,N

u

U
aiG,S = MiLP (annsanXZ + (nyn Sxn T Nxn Syn)AyZ)iL,S

wu o _
aiG,SE = MiLP (annsanx3 + (nyn Sxn t Nxn Syn)Ay3)l.L’s

u,u

aié,SW = HiLp (ann SxnAxs + (nyn Sxn t lxn Syn)Ay4)iL,S

wy _
diGs = HiLP (ZnynsynAyZ + (nyn Sxn T Syn)sz)iL,S

wy o _
aiG,SE = MiLP (ZnynsynAy3 + (nyn Sxn t Nxn Syn)AX3)iL,S

u,v _
4G, sw = HiL.P (Z”yn SynAya + (Nyn Sxn + Nn Syn)Axél)l. LS

do

u — .
blG,P - g UlL,S

—HMiLP (znxn SxnAxl + (nyn Sxn T Nxn Syn)Ayl )
IL,intf

iL,S

—MiLP (znyn SynAyl + (nyn Sxn T Nxn Syn)Axl )iL S ViL,S

(E.22)
(E.23)
(E.24)
(E.25)
(E.26)
(E.27)
(E.28)
(E.29)
(E.30)
(E31)
(E32)
(E.33)
(E.34)
(E.35)

(E.36)
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E.4 Tangential Velocity Equality

The coefficients of Equation (4.107) are:

aii'p = Sl s (E37)
a?L’L,{N = _stliG,N (E.38)
aif'p = Sl s (E.39)
a' = =Syslign (E.40)
E.5 Continuity of Mass at the Interface
The coeflicients of Equation (4.109) are:
iz p = (PA)ig p(Nxs)iGN (E.41)
aiy s = —(PA)iL p(anliLs (E.42)
ai; p = (PA)ig p(nys)iG N (E.43)
aiy s = —(EA)iL p(yn)iLs (E.44)

220



Appendix E. Elliptic Model Coefficients in Interface Algebraic Equations

E.6 Continuity of Energy at the Interface

The coefficients of Equation (4.111) are:

a;ilfp = (pA)iL p(Nxn)iLs

ai'p = (A)i p(nyn)iLs

al.inP = % iLp (Ax2nxn +Ay2ny”)iL,S

a;}IiE = 2—2 iLp (Ax3nxn +Ay3ny")iL,S

aivI:t,W = :_27 iLp (Ax“nx" +Ay4nyn)iL,S

a;}IiS = :—fg iLp (Axlnxn +Ay1ny")iL,S

vt kA

a4y N= _h_fg G (Bx2nxs + ByZnys)iG’N

a;}IiNE = —2—2 G (Bx3nxs + By3nys)iG,N

aivI:t,NW = _:_2 G.p (BX“”“ + By4nys)iG,N
bipp= :_2 iGp (B x1fxs + By lnys)iG,N Tig.n

E.7 Equilibrium Condition at the Interface

The coefficients of Equation (4.113) are:

a?[i,P =1
two oF
dirp= oW,
wp _ OF
9GP T TP
fw oF

i =—7——
iG,P aWiG

(E.45)
(E.46)

(EA47)

(E.48)

(E.49)

(E.50)

(E.51)

(E.52)

(E.53)

(E.54)

(E.55)

(E.56)
(E.57)

(E.58)
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OF OF OF
WG - P~ W,

bt =T
iLP — iL aPtG iG aWiG

iLP aW

E.8 Temperature Equality at the Interface

The coefficients of Equation (4.114) are:

t t
lG P~ =1
noo_
digs =1

E.9 Impermeability of Gas

The coefficients of Equation 4.116 are:

= —(pADB)iG p(nn By + nynByZ)iG’N
+(PAU?)iG p ninlic,s + (0AV?)iG.p nynlic N
o = ~(PAD*E)iG p (B3 + 1y By3)
aygty = —(PADAB)i p (nnBya +nynBya).

lG s _(pADA )iG.P (nanxl + nynByl)

a
iG,N

iGN

lGP = (pA)iG p nanlicN (W) p

,G P (pA)lG P nyn|lG N (W )zG P

bip = (PAUW?)ig p nnlic N+ (PAVOW)iG p nynlic N

(E.59)
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E.10 Impermeability of Salt

The coefficients of Equation (4.118) are:

,L P = (pADAB)lL P (nan w2+t nynAyZ)iL S
+(EAU®)iLp nanliLs + (0AVO)iLp nynliL,s
zL E _(pADA )iL,P (nxn 3t nynAy3)

vZV\VN = —(pAD"B);1 p (nanx4 + nynAy4)

iL,S

iL,S
W = (pADAB)iL,P (nanxl + nynAyl)

lL S
lLP (PA)zLP nxnllLS(W )lLP

lLP (pA)lLP nyn|zLS(W )lLP

iL,S

lLP (pAUOWO)lLP nxn|lLS +(pAV0W0)lLP nyn|lLS

(E.69)
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