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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.

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.

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-ǫ 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.
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Table 1.1: Review of numerical studies of flow inside vertical channels

Author(s) Year Phases Solution Wall Liquid

modeled method a B.C. b film
Chang et al. [6] 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
Tsay and Lin [16] 1995 two P UHF water
He et al. [17] 1998 two E UHF water
Feddaoui et al. [18] 2001 two P A water
Feddaoui et al. [19] 2003 two P A water
Raach and 2005 one VOF UHF seawater
Mitrovic [23]
Feddaoui et al. [21] 2006 two P A water
Raach and 2007 one VOF A seawater
Mitrovic [24]
Feddaoui et al. [22] 2007 two P UHF water
Nasr et al. [25] 2011 two P UHF water

ethylene glycol
Nait Alla et al. [26] 2015 two P UHF/A ethanol
Ren and Wan [27] 2016 two E A water
Najim et al. [28] 2017 two P UHF water/seawater
Nait Alla et al. [30] 2018 two P UHF/A water/ethanol
Nait Alla et al. [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 Alla et al. [34] 2023 two P UHF seawater
Tohidi and 2024 two E UHF seawater
Ormiston [35]

a Method; P: Parabolic, E: Elliptic

b B.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.

12
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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 Setupb Code c TA d Parameters

filma Studied e

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

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

Qiu et al. [41] 2015 W 2-D, L, S F 2I ReL,in

Hassan et al. [42] 2015 W 2-D, L, S F 2I TS

Li et al. [43] 2016 W/EG 3-D, T,Tr F 2I ReL,in,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 ReL,in

Zhang et al. [47] 2018 W 3-D, L, Tr F 1 ReL,in, TS

Zhao et al. [48] 2018 W/SW 2-D, L, Tr F 1 ReL,in, D, DH, TL,in

Han et al. [49] 2019 W 3-D, L,Tr F 3I ReL,in, TS,TA

Wang et al. [3] 2019 W/SW 3-D, L ,Tr F 2I ReL,in, TS

Kumar-Poddar 2021 W 2-D, L, Tr ns 2I ReL,in,D

and Singh [50]

Tahir et al. [51] 2021 W 2-D, L, Tr F 1 ReL,in,UG,in

Zhou et al. [52] 2023 W 2-D, T, Tr ns 1 ReL,in, TL,in, UG,in, D

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

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

c Code; F: ANSYS Fluent, ns: not specified

d TA (Tube Arrangement); 1: Single tube, 2I: Two in-line tubes, 3I: Three in-line tubes

e 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 coefficients 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− ǫ 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 coefficient around the tube was observed, while in the axial direction, the heat

transfer coefficient was nearly uniform. The highest heat transfer coefficient was consistently ob-

served in the impingement region for all flow modes. Also, they noted an increase in heat transfer

coefficient 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

coefficient 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 coefficient 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 coefficient 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 Setupb,c Coded TAe Wall Parameters

filma B.C.f Studiedg

Kocamustafao- 1988 W 2-D, T, S, SA I 1 UWT/UHF ReL,in,TS

gullari and Chen. [53]

Bourouni et al. [68] 2001 W 2-D, L/T, S, BL I 1 UWT ReL,in,TL,in

Hu et al. [55] 2012 W 2-D, L, S F 1 UWT ReL,in, D, TL,in

Yang et al. [56] 2013 W 2-D, L, CE ns 1 UWT ReL,in, TL,in

Yang et al. [58] 2016 W 2-D, L/T, Tr F 2I UWT ReL,in

Qi et al. [59] 2016 SW 3-D, T, Tr F 1 UWT TSH

Karmakar and 2017 W/EG 3-D, L,Tr O 3I UHF ReL,in, D, TS

Acharya [60]

Wunder et al. [61] 2017 SW 2-D/3-D, L, S, SA I 1 UWT TL, D

Zhao et al. [62] 2018 W/SW 2-D, L, Tr F 1 UHF ReL,in, D, DH, TL,in, q′′
wall

Hao et al. [69] 2019 W and G 3-D, L ns 1 UHF ReL,in, D, q′′
wall

Ning et al. [64] 2020 OS 3-D, T, Tr F 1 UHF ReL,in, D

Ning et al. [63] 2020 OS 3-D, T, Tr F 1 UHF ReL,in, D

Tahir et al. [65] 2021 W 2-D, L, Tr F 1 UWT ReL,in, TL,in

Wan et al. [66] 2021 SAL 2-D, L,Tr F 1 UHF ReL,in, TL,in, S, D, TSH

Zhang and 2022 W 2-D, L, Tr F 1 UHF ReL,in, TSH

Zhou [67]

a 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

c 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

e TA (Tube Arrangement); 1: Single tube, 2I: Two in-line tubes, 3I: Three in-line tubes

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

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

Author(s) Year Liquid Setupb,c Coded MTMe TAf Wall Parameters

filma B.C.g Studiedh

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

Oven [70]

Kouhikamali 2014 W 2-D, T, Tr I Lee TB UWT TL,in, Twall

et al. [71]

Bigham et al. [72] 2015 W 2-D, T, S I Lee 2I UWT ReL,in

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

Mani [73]

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

Balaji et al. [75] 2019 W/SW 2-D, L, Tr F Lee 2I UWT ReL,in, DH,D

Balaji et al. [76] 2020 W 2-D, L, Tr F Lee 2I UHF ReL,in, DH, q′′
wall

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

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

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

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

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

f TA (Tube Arrangement); 1: Single tube, 2I: Two in-line tubes, 3I: Three in-line tubes, TB: Tube Bundle

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

h 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 TL,in [◦C] TG,in [◦C] ṁL,in [kg/m · s]

film B.C. a

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

a B.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 coefficient, 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 a transfer b Number Diameter Spacing B.C. c Studied d

[mm] [mm]

Fletcher 1975 SW Y 1 25.4-50.8 – UHF ReL,in, D

et al. [85] q′′
wall

, TL,in

Chyu and 1987 W Y 1 25.4 – UWT ReL,in, DH

Bergles [57] Twall

Parken 1990 W Y 1 25.4-50.8 – UHF ReL,in, q′′
wall

et al. [86] TL,in

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

Jacobi [87]

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

Jacobi [4]

Fujita and 1998 F Y 1 25 – UWT ReL,in, q′′
wall

Tsutsui [88] DH

Gstoehl 2004 W/EG N 3 19.05 3.2-19.4 UWT ReL,in, TS

et al. [89]

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

Shen [90]

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

et al. [91]

Mu 2014 W/SW Y 2 25.4 31.6 UHF ReL,in, q′′
wall

et al. [92] TL,in

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

et al. [2] TS

Narvez-Romo 2017 W Y 1 19 – UHF ReL,in, TL,in

and

Simes-Moreira [93]

Shen 2017 SW Y 2 19-25.4 15.2-31.7 UHF ReL,in,D
et al. [5] TS

Li 2024 W/SW Y 2 19-38 5.7-47.5 UHF ReL,in, TL,in

et al. [94] TS

a Liquid film; SW: Seawater, W: Water, O: Oil, EG: Ethylene Glycol, A: Alcohol, F: Freon-11

b Mass transfer: Y:Yes, N:No

c 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 δin. 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 L1 and L2, 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:

• Liquid continuity equation

∂ (ρL UL)

∂x
+
∂ (ρL VL)

∂y
= 0 (2.1)

• Liquid momentum equation in the x direction

∂ (ρL UL UL)

∂x
+
∂ (ρL VL UL)

∂y
= −

dP

dx
+
∂

∂y

(

µL
∂UL

∂y

)

+ρLgx (2.2)

• Liquid energy equation

∂

∂x

(

ρLULCp,L TL

)

+
∂

∂y

(

ρLVLCp,L TL

)

=
∂

∂y

(

kL
∂TL

∂y

)

(2.3)

2.3.2 Gas Phase

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

• Gas continuity equation

∂ (ρM UM)

∂x
+
∂ (ρM VM)

∂y
= 0 (2.4)

• Gas momentum equation in the x direction

∂ (ρM UM UM)

∂x
+
∂ (ρM VM UM)

∂y
= −

dP

dx
+
∂

∂y

(

µM
∂UM

∂y

)

+ρMgx (2.5)

• Gas energy equation

∂

∂x

(

ρM UM Cp,M TM

)

+
∂

∂y

(

ρM VM Cp,M TM

)

=

∂

∂y

(

kM
∂TM

∂y

)

+
∂

∂y

(

ρM DAB (Cp,g−Cp,v)
∂Wa

∂y
TM

) (2.6)
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• Gas mass fraction equation

∂ (ρMUMWa)

∂x
+
∂ (ρMVMWa)

∂y
=
∂

∂y

(

ρM DAB ∂Wa

∂y

)

(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 = PL,in 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:

∫ δ

0

ρLULdy+

∫ H

δ
ρMUMdy = ṁ′L,in+ ṁ′M,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:

• Continuity of velocity and shear stress

UL = UM, µL
∂UL

∂y
= µM

∂UM

∂y
(2.9)

• Continuity of mass flux

ρL VL +ρL UL
∂δ

∂x
= ρM VM +ρM UM

∂δ

∂x
= ṁ′′intf (2.10)

• Continuity of the temperature

TL = TM = Tintf (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 (Pv,intf). Us-

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

Pv,intf =





1−Wg,intf

1+Wg,intf (
Mv

Ma
−1)




Pintf (2.12)

• Impermeability of gas at the interface

−ρM DAB ∂Wa

∂y

∣
∣
∣
∣
∣
M,intf

= ṁ′′intf Wa (2.13)

• Continuity of energy

kL
∂TL

∂y

∣
∣
∣
∣
∣
L,intf

= kM
∂TM

∂y

∣
∣
∣
∣
∣
M,intf

− ṁ′′intf h f g (2.14)

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

film thickness, δ, implicitly.

2.3.4 Domain and Boundary Condition Definitions

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

• at the inlet (x = 0): uniform temperature and mass fraction and fully developed velocity

profiles

TL = TL,in, UL = UL,in(y), VL,in = 0 for 0 ≤ y ≤ δin (2.15)

TM = TM,in, UM = UM,in(y), VM,in = 0 Wa =Wa,in for δin ≤ 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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• at the wall beside the liquid phase (y = 0): constant heat flux, no slip and no penetration

conditions at the wall

−kL
∂TL

∂y
= q′′wall, UL = 0, VL = 0 (2.18)

• At the centre line (y = H)

∂TM

∂y
= 0,

∂Wa

∂y
= 0,

∂UM

∂y
= 0, VM = 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

• Liquid continuity equation

∂ (ρL)

∂t
+
∂ (ρL UL)

∂x
+
∂ (ρL VL)

∂y
= 0 (2.20)

• Liquid momentum equation in the x direction

∂ (ρL UL)

∂t
+
∂ (ρL UL UL)

∂x
+
∂ (ρL VL UL)

∂y
=−

∂PL

∂x
+
∂

∂x

(

µL
∂UL

∂x

)

+
∂

∂y

(

µL
∂UL

∂y

)

+ρL gx (2.21)

• Liquid momentum equation in the y direction

∂ (ρL VL)

∂t
+
∂ (ρL UL VL)

∂x
+
∂ (ρL VL VL)

∂y
= −

∂PL

∂y
+
∂

∂x

(

µL
∂VL

∂x

)

+
∂

∂y

(

µL
∂VL

∂y

)

+ρL gy (2.22)

• Liquid energy equation

∂

∂t

(

ρLCp,L TL

)

+
∂

∂x

[

ρLUL

(

Cp,L TL+WS (h̄S − h̄W)
)]

+
∂

∂y

[

ρLVL

(

Cp,L TL+WS (h̄S − h̄W)
)]

=

∂

∂x

(

kL
∂TL

∂x

)

+
∂

∂y

(

kL
∂TL

∂y

)

+
∂

∂x

(

ρLDAB
L

∂WS

∂x
(h̄S − h̄W)

)

+
∂

∂y

(

ρLDAB
L

∂WS

∂y
(h̄S − h̄W)

)

(2.23)
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• Liquid mass fraction equation

∂ (ρLWS )

∂t
+
∂ (ρLULWS )

∂x
+
∂ (ρLVLWS )

∂y
=
∂

∂x

(

ρL DAB
L

∂WS

∂x

)

+
∂

∂y

(

ρL DAB
L

∂WS

∂y

)

(2.24)

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

fraction (WS ) are neglected in the equations.

2.4.2 Gas Phase

• Gas continuity equation

∂ρM

∂t
+
∂ (ρM UM)

∂x
+
∂ (ρM VM)

∂y
= −Ṡ ′′′C (2.25)

• Gas momentum equation in the x direction

∂ (ρM UM)

∂t
+
∂ (ρM UM UM)

∂x
+
∂ (ρM VM UM)

∂y
=−

∂PM

∂x
+
∂

∂x

(

µM
∂UM

∂x

)

+
∂

∂y

(

µM
∂UM

∂y

)

+ρM gx

(2.26)

• Gas momentum equation in the y direction

∂ (ρM VM)

∂t
+
∂ (ρM UM VM)

∂x
+
∂ (ρM VM VM)

∂y
= −

∂PM

∂y
+
∂

∂x

(

µM
∂VM

∂x

)

+
∂

∂y

(

µM
∂VM

∂y

)

+ρM gy

(2.27)

• Gas energy equation

∂

∂t

(

ρM Cp,M TM

)

+
∂

∂x

(

ρM UM Cp,M TM

)

+
∂

∂y

(

ρM VM Cp,M TM

)

=
∂

∂x

(

kM
∂TM

∂x

)

+
∂

∂y

(

kM
∂TM

∂y

)

+
∂

∂x

(

ρM DAB
M (Cp,g−Cp,v)

∂Wa

∂x
TM

)

+
∂

∂y

(

ρM DAB
M (Cp,g−Cp,v)

∂Wa

∂y
TM

)

+ Ṡ ′′′T(2.28)

• Gas mass fraction equation

∂ (ρMWa)

∂t
+
∂ (ρMUMWa)

∂x
+
∂ (ρMVMWa)

∂y
=
∂

∂x

(

ρM DAB
M

∂Wa

∂x

)

+
∂

∂y

(

ρM DAB
M

∂Wa

∂y

)

+ Ṡ ′′′W

(2.29)
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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 = PL,in is 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 Ṡ ′′′
C

, Ṡ ′′′
T

, and Ṡ ′′′
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 = δ) the following conditions are applied to couple the fields in the

liquid and gas phases:

• Normal force balance

(n̂ ·τ)L,intf · n̂+σK = (n̂ ·τ)M,intf · n̂ (2.30)

• Tangential force balance

(n̂ ·τ)L,intf · ŝ−
∂σ

∂s L,intf
= (n̂ ·τ)M,intf · ŝ (2.31)

where n̂ and τ are the local normal unit vector to the interface and the stress tensor, respec-

tively. σ is the surface tension and K is the curvature of the interface. Additionally, ŝ is the

local tangential unit vector to the interface. In the present work, the surface tension force at

the interface has been neglected.

• Continuity of tangential velocity

(

~Vt

)

L,intf
=

(

~Vt

)

M,intf
(2.32)

• Continuity of evaporated mass

ṁ′′L,intf = ṁ′′M,intf = ṁ′′evap (2.33)
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• Energy balance

kL
∂TL

∂y

∣
∣
∣
∣
∣
L,intf

= kM
∂TM

∂y

∣
∣
∣
∣
∣
M,intf

− ṁ′′intf h f g (2.34)

• Continuity of temperature

TL = TM = Tintf , Tintf = T (WS ,intf ,Tv,intf) (2.35)

Tv,intf is equal to the saturation temperature of pure water corresponding to the partial pres-

sure of the vapour at the interface (Pv,intfc), 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.

• Impermeability of gas at the interface

ρM DAB
M

∂Wa

∂y

∣
∣
∣
∣
∣
M,intf

= ṁ′′intf Wa,intf (2.36)

• Impermeability of salt at the interface

ρL DAB
L

∂WS

∂y

∣
∣
∣
∣
∣
L,intf

= ṁ′′intf WS ,intf (2.37)

• Zero pressure gradient in the normal direction at the interface

(

∂PM

∂n

)

intf

= 0 (2.38)

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:

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

files

UL = UL,in(y), VL = 0, WS =WS ,in, TL = TL,in for 0 ≤ y ≤ δin (2.39)

UM = UM,in(y), VM = 0, Wa =Wa,in, TM = TM,in for δin ≤ y ≤ H (2.40)

Horizontal Tube: uniform temperature, mass fraction, and velocity

UL = UL,in, VL,in = 0 WS =WS ,in, TL = TL,in for 0 ≤ y ≤ δin (2.41)

UM = UM,in, VM,in = 0, Wa =Wa,in, TM = TM,in for δin ≤ y ≤ H (2.42)

• 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

∂TL

∂y
= −

q′′
wall

kL
,

∂WS

∂y
= 0, UL = 0, VL = 0 (2.43)

Horizontal tube: constant temperature, no mass transfer, and no slip and no penetration

conditions at the tube wall

TL = Twall,
∂WS

∂n
= 0, UL = 0, VL = 0 (2.44)

Zero temperature gradient, no mass transfer, zero U velocity gradient, and no penetration

conditions at symmetry lines L1 and L2

∂TL

∂y
= 0,

∂WS

∂y
= 0,

∂UL

∂y
= 0, VL = 0 (2.45)

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

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

∂TM

∂y
= 0,

∂Wa

∂y
= 0,

∂UM

∂y
= 0, VM = 0 (2.46)
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• at the outlet (x = L)

fully developed conditions in both phases

∂TL

∂x
= 0,

∂WS

∂x
= 0,

∂UL

∂x
= 0,

∂VL

∂x
= 0 for 0 ≤ y ≤ δ (2.47)

∂TM

∂x
= 0 or TM = Tintf (if UM < 0),

∂Wa

∂x
= 0 or Wa =Wa,intf (if UM < 0),

∂UM

∂x
= 0,

∂VM

∂x
= 0 for δ ≤ y ≤ H

(2.48)

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:

∫ δi

0

ρL,eUL,edy =

∫ δi−1

0

ρL,wUL,wdy+ ṁ′intf (2.49)
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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), δi−1 and δi 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, δi, is obtained using

the upstream side film thickness, δi−1, and the evaporated mass at the interface, ṁ′
intf

, 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 χ and η following the work by Siow [95]:

χ = x for x ≥ 0, (3.1)

η =
y

δ
for 0 ≤ y ≤ δ, (3.2)

η =
y−δ

H−δ
+1 for δ ≤ y ≤ H. (3.3)

This transformation enables the grid boundary to adjust to variations in δ along the channel while

preserving a structured grid in both phases. In the new coordinate system, the liquid region is

clearly defined as 0 ≤ η ≤ 1, and the gas region is defined as 1 ≤ η ≤ 2. Despite the decrease of
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film thickness in the x direction, the interface consistently remains at η = 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:

∂ (δρL UL)

∂χ
+
∂
(

J′′
L

)

∂η
= 0 (3.4)

∂ (δρL UL UL)

∂χ
+
∂
(

J′′
L

UL

)

∂η
= −δ

dP

dχ
+
∂

∂η

(

µL

δ

∂UL

∂η

)

+δρL gx (3.5)

∂

∂χ

(

δρLULCp,L TL

)

+
∂

∂η

(

J′′L Cp,L TL

)

=
∂

∂η

(

kL

δ

∂TL

∂η

)

(3.6)

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

∂ ((H −δ)ρMUM)

∂χ
+
∂
(

J′′
M

)

∂η
= 0 (3.7)

∂ ((H −δ)ρMUMUM)

∂χ
+
∂
(

J′′
M

UM

)

∂η
= −(H −δ)

dP

dχ
+
∂

∂η

(

µM

(H −δ)

∂UM

∂η

)

+ (H −δ)ρMgx (3.8)

∂

∂χ

(

(H −δ)ρM UM Cp,M TM

)

+
∂

∂η

(

J′′M Cp,M TM

)

=

∂

∂η

(

kM

H −δ

∂TM

∂η

)

+
∂

∂η





ρM DAB
M

H −δ

∂Wa

∂η
(Cp,g−Cp,v)TM





(3.9)

∂
[

(H −δ) (δρMUMWa)
]

∂χ
+
∂
(

J′′
M

Wa

)

∂η
=
∂

∂η





ρMDAB
M

H −δ

∂Wa

∂η



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

become:

UL = UM,
µL

δ

∂UL

∂η
=

µM

(H −δ)

∂UM

∂η
(3.11)

J′′L,intf = J′′M,intf (3.12)

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

interface become:

−
ρM DAB

δ

∂Wa

∂η
= J′′intfWa (3.13)

kL

δ

∂TL

∂η
=

kM

(H −δ)

∂TM

∂η
− J′′intf h f g (3.14)

Overall mass balance, Equation (2.8), becomes:

∫ 1

0

δρLULdη+

∫ 2

1

(H −δ)ρMUMdη = ṁ′L,in+ ṁ′M,in (3.15)

The transformed governing equations are solved for UL, J′′
L

, TL, UM, J′′
M

, TM , and Wa and scalar

unknowns δ and dP/dχ using a marching scheme. In the formulation of the solution variables, the

transverse velocity, V , is replaced by J′′, where:

J′′L = ρLVL+ρLULη
dδ

dχ
(3.16)

J′′M = ρMVM +ρMUM(η−2)
dδ

dχ
(3.17)

J′′ is the mass flux in the η direction (e.g., J′′
intf
= ṁ′′

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 Nx ×Ny,L control volumes
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Figure 3.1: Grid nomenclature in transformed coordinates.

in the liquid region and Nx×Ny,M control volumes in the gas region. The same number of control

volumes is used in the χ 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 χ direction, jL labels the nodes in the η direction for the liquid region (starting from the wall),

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

The grid spacings in the χ 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 η 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 = iB−1), control volumes at the liquid–gas interface ( jL = Ny,L+2, jG = 1),

and control volumes located at the lower and upper boundaries ( jL = jB−1 and jG = Ny,M +2) all

have zero thickness. Field variables such as U, T , and Wa 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 δ
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and pressure gradient dP
dχ are constant at a given χ 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 Ny,L uniform control volumes

in one panel and the gas region has total number of Ny,M control volumes that could be divided

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

As shown in Figure 3.3, jBL to jEL+1 and jBG−1 to jEG+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 i index proceeds from iB = 2 for the first interior control volume on

the west side of the domain to iE = Nx + 1 for the last interior control volume on the east. Along

the y direction, the j index proceeds from jB = 2 to jEL+1 = Ny,L +2 in the liquid region and from

jBG−1 = Ny,L+3 to jEG = Ny,L +Ny,M +3 in the gas region.
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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 = jEL+1 and j = jBG−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

x, U

y, V

P
E

W

N

S

NE

NW

S E

S W

e
w

n

s

(i, j)

(i+1, j)

(i−1, j)

(i, j+1)

(i, j−1)

(i+1, j+1)

(i−1, j+1)

(i+1, j−1)

(i−1, j−1)

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(i, j),YSW(i, 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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Figure 3.5: Coordinates of control volume points and quadrant notation.
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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 ŝ vectors denote

moving along the i index and the t̂ vectors denote moving along the j index and they are not

necessarily aligned with the Cartesian unit vectors ı̂ and ̂. The unit vector n̂ 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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Figure 3.7: Grid directional unit vectors.

volume are referred by subscripts e, n, and P, respectively. The unit vectors t̂e and ŝn are tangent

to the east and north face, respectively. ŝe gives the direction of the line that connects nodal point

P and its first neighbouring node on the east. t̂n gives the direction of the line that connects nodal

point P and its first neighbouring node on the north. t̂P and ŝP 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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n̂n =
∂x
∂nn

ı̂ +
∂y
∂nn

̂ = nxn ı̂+nyn ̂

n̂e =
∂x
∂n e

ı̂ +
∂y
∂n e

̂ = nxe ı̂+nye ̂

ŝn =
∂x
∂s n

ı̂ +
∂y
∂sn

̂ = sxn ı̂+ syn ̂

ŝe =
∂x
∂s e

ı̂ +
∂y
∂s e

̂ = sxe ı̂+ sye ̂

ŝP =
∂x
∂s

P

ı̂ +
∂y
∂s

P

̂ = sxP ı̂+ syP ̂

t̂n =
∂x
∂t n

ı̂ +
∂y
∂t n

̂ = txn ı̂+ tyn ̂

t̂e =
∂x
∂t e

ı̂ +
∂y
∂t e

̂ = txe ı̂+ tye ̂

t̂P =
∂x
∂t

P

ı̂ +
∂y
∂t

P

̂ = txP ı̂+ tyP ̂






(3.18)
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Figure 3.8: Location of distance variables.
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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)P and (dt)P are:

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

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

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

(dt)e(i, j)
= DJS E(i, j)+DJNE(i, j) (3.21)

(ds)n(i, j)
= DINW (i, j)+DINE(i, j) (3.22)

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

vector and the distance between node P and node N along the t̂n vector:

(ds)e(i, j)
=

√

(

XS W(i+1, j)−XS W(i, j)

)2
+

(

YS W(i+1, j)−YS W(i, j)

)2
(3.23)

(dt)n(i, j)
=

√

(

XS W(i, j+1)−XS W(i, j)

)2
+

(

YS W(i, j+1)−YS W(i, j)

)2
(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:

n̂n(i, j) =
−(YNE(i, j)−YNE(i−1, j))

(ds)n(i, j)
ı̂ +

(XNE(i, j)−XNE(i−1, j))
(ds)n(i, j)

̂

n̂e(i, j) =
(YNE(i, j)−YNE(i, j−1))

(dt)e(i, j)
ı̂ +

−(XNE(i, j)−XNE(i, j−1))
(dt)e(i, j)

̂

ŝn(i, j) =
(XNE(i, j)−XNE(i−1, j))

(ds)n(i, j)
ı̂ +

(YNE(i, j)−YNE(i−1, j))
(ds)n(i, j)

̂

ŝe(i, j) =
(XSW(i+1, j)−XSW(i, j))

(ds)e(i, j)
ı̂+

(YSW(i+1, j)−YSW(i, j))
(ds)e(i, j)

̂

ŝP(i, j) =
(XSE(i, j)−XSE(i−1, j))

(ds)P(i, j)
ı̂ +

(YSE(i, j)−YSE(i−1, j))
(ds)P(i, j)

̂

t̂n(i, j) =
(XSW(i, j+1)−XSW(i, j))

(dt)n(i, j)
ı̂+

(YSW(i, j+1)−YSW(i, j))
(dt)n(i, j)

̂

t̂e(i, j) =
(XNE(i, j)−XNE(i, j−1))

(dt)e(i, j)
ı̂ +

(YNE(i, j)−YNE(i, j−1))
(dt)e(i, j)

̂

t̂P(i, j) =
(XNW(i, j)−XNW(i, j−1))

(dt)P(i, j)
ı̂ +

(YNW(i, j)−YNW(i, j−1))
(dt)P(i, j)

̂






(3.25)

3.2.3 Grid Expansion Factor

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:

S =
(ds)i+1, jB−1

(ds)i, jB−1

(3.26)

The grid cells are expanding if S > 1, contracting if S < 1 , and uniform if S = 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,L uniform control volumes, and the gas region has Ny,M

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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Chapter 4

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 dη and length dχ 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 Φ = {UL,TL,UM,TM ,Wa}, is calculated using the upwind scheme:

Φe = ΦP, Φw = ΦW (4.1)

At the north and south faces, an exponential differencing scheme (EDS) is applied:

Φn = (0.5+αn)ΦP+ (0.5−αn)ΦN, Φs = (0.5+αs)ΦS+ (0.5−αs)ΦP (4.2)
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The exponential differencing scheme is also used to determine the derivatives at the north and

south faces:

∂Φ

∂η

∣
∣
∣
∣
∣
n

= βn
ΦN−ΦP

ηN−ηP
,

∂Φ

∂η

∣
∣
∣
∣
∣
s

= βs
ΦP−ΦS

ηP−ηS
(4.3)

where,

αn =
0.5Pe2

n

5+Pe2
n

, αs =
0.5Pe2

s

5+Pe2
s

(4.4)

βn =
1+0.005Pe2

n

1+0.05Pe2
n

, βs =
1+0.005Pe2

s

1+0.05Pe2
s

(4.5)

For the liquid region (0 ≤ η ≤ 1):

Pen =
δJ′′n (ηN−ηP)

Dn

, Pes =
δJ′′s (ηP−ηS)

Ds

(4.6)

For the gas region (1 ≤ η ≤ 2):

Pen =
(H −δ) J′′n (ηN−ηP)

Dn
, Pes =

(H −δ) J′′s (ηP−ηS)

Ds
(4.7)

The diffusion coefficient D for U, T , and Wa equations is µ, k
Cp

, and ρDAB, respectively. The

normal mass flow rate, J, is stored at the north face of each control volume:

Jn = JP, Js = JS (4.8)

The film thickness is assumed to vary linearly across a station:

δe = 2δP−δw (4.9)

4.2.2 Face Values for Properties

The east and west face values for the thermodynamic properties (ρ,µ,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:

ρe = ρP, ρw = ρW (4.10)
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The north and south face values are evaluated using a harmonic mean:

ρn =
ρP ρN

WnρP+ (1−Wn) ρN
, ρs =

ρS ρP

WsρS+ (1−Ws) ρP
(4.11)

where,

Wn =
ηN−ηn

ηN−ηP
, Ws =

ηP−ηs

ηP−ηS
(4.12)

4.2.3 Newton-Raphson Linearisation

If Ψ= f (Φ1,Φ2,Φ3) andΦ1,Φ2, andΦ3 are one of the field variables {UL,TL, JL,UM,TM JM,Wa, δ,
dP
dχ },

the general Newton-Raphson Linearisation would give the following:

Ψn = Ψo+
∂Ψo

∂Φ1

(

Φn
1−Φ

o
1

)

+
∂Ψo

∂Φ2

(

Φn
2−Φ

o
2

)

+
∂Ψo

∂Φ3

(

Φn
3−Φ

o
3

)

(4.13)

The superscript ‘n’ refers to the current iteration and ‘o’ refers to the previous iteration.

4.2.4 Algebraic Equations

The coefficients of the algebraic equation are represented as follows:

Indicates the equation
Indicates the dependent
variable being multiplied

A
T,J
L,S

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

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

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

A
J,J
L,S

JL,S +A
J,U
L,P

UL,P+A
J,J
L,P

JL,P+A
J,δ
L,P

δP = BJ
L,P (4.14)
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• The liquid phase momentum equation, Equation (3.5), becomes:

A
U,U
L,S

UL,S +A
U,J
L,S

JL,S +A
U,U
L,P

UL,P+A
U,J
L,P

JL,P+A
U,U
L,N

UL,N +A
U,δ
L,P

δP+A
U,P
L,P

(

dP

dχ

)

P

= BU
L,P

(4.15)

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

A
T,J
L,S

JL,S +A
T,T
L,S

TL,S +A
T,U
L,P

UL,P+A
T,J
L,P

JL,P+A
T,T
L,P

TL,P+A
T,T
L,N

TL,N +A
T,δ
L,P

δP = BT
L,P

(4.16)

• The gas phase continuity equation, Equation (3.7), becomes:

A
J,J
M,S

JM,S +A
J,U
M,P

UM,P+A
J,J
M,P

JM,P+A
J,δ
M,P

δP = BJ
M,P (4.17)

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

A
U,U
M,S

UM,S +A
U,J
M,S

JM,S +A
U,U
M,P

UM,P+A
U,J
M,P

JM,P+A
U,U
M,N

UM,N +A
U,δ
M,P

δP+A
U,P
M,P

(

dP

dχ

)

P

= BU
M,P

(4.18)

• The gas phase energy equation, Equation (3.9), becomes:

A
T,J
M,S

JM,S +A
T,T
M,S

TM,S +A
T,Wa

M,S
Wa,S +A

T,U
M,P

UM,P+A
T,J
M,P

JM,P+A
T,T
M,P

TM,P+A
T,Wa

M,P
Wa,P +

A
T,T
M,N

TM,N +A
T,Wa

M,N
Wa,N +A

T,δ
M,P

δP = BT
M,P

(4.19)

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

A
Wa,J
M,S

JM,S +A
Wa ,Wa

M,S
Wa,S +A

Wa,U
M,P

UM,P+A
Wa ,J
M,P

JM,P+A
Wa ,Wa

M,P
Wa,P+A

Wa ,Wa

M,N
Wa,N+A

Wa,δ
M,P

δP = B
Wa

M,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:

A
U,U
intf,S

UL,S +A
U,U
intf,P

UM,P+A
U,U
intf,N

UM,N +A
U,δ
intf,P

δP = BU
intf,P (4.21)

• The evaporated mass continuity equation, Equation (3.12), becomes:

A
J,J
intf,S

JL,S +A
J,J
intf,P

JM,P = BJ
intf,P (4.22)

• The temperature continuity equation, Equation (2.11), becomes:

A
T,T
intf,P

TM,P+A
T,Wa

intf,P
Wa,P+A

T,P
intf,P

(

dP

dχ

)

P

= BT
intf,P (4.23)

• The air impermeability equation, Equation (3.13), becomes:

A
Wa,J
intf,P

JM,P+A
Wa,Wa

intf,P
Wa,P+A

Wa,Wa

intf,N
Wa,N +A

Wa,δ
intf,P

δP = B
Wa

intf,P
(4.24)

• The energy continuity equation, Equation (3.14) becomes:

A
δ,T
intf,S

TL,S +A
δ,J
intf,P

JM,P+A
δ,T
intf,P

TM,P+A
δ,T
intf,N

TM,N +A
δ,δ
intf,P

δP = Bδintf,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,L−1
∑

jL=1

A
P,U
L, jL

UL, jL+

Ny,M∑

jG=1

A
P,U
M, jG

UM, jG +A
P,δ
P
δP = BP

P (4.26)

The coefficients 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:

• between U, J, and δ in the continuity equations (Eqs. (4.14) and (4.17)),

• between U, J, dP/dx, and δ in the momentum equations (Eqs. (4.15) and (4.18)),

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

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

• between W, U, J, and δ 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 coefficients 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 , Wa, and scalars δ and dP/dχ. The U-momentum equations is solved for U,

the continuity equation for J, the energy equation for T , the gas mass fraction equation for Wa,

the interface energy continuity equation for δ and the global mass balance equation for dP/dχ.

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 10−7 (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 coefficients 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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These coefficients form a block tri-diagonal matrix.

4. Compute the coefficients for the interface energy balance and the coefficients 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.

5. Compute the coefficients 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.

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

TDMA [95].

7. 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:

EΦ =

∣
∣
∣
∣
∣
∣

Φnew −Φold

Φnew

∣
∣
∣
∣
∣
∣

(4.27)

If the relative error is higher than the convergence criterion, apply relaxation using:

Φ = Φnew +λΦ(Φnew−Φold) (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.

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

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

an initial guess.

10. 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

x

y

PP, TP, WP

UP

VP

Ue

Ve

n̂e

Uw

Vw

n̂w

Un

Vn

n̂n

Us

Vs

n̂s

= integration point (ip)

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:

ρAe

(

Uenxe+ Venye

)

−ρAw

(

Uwnxw+ Vwnyw

)

+ρAn

(

Unnxn+ Vnnyn

)

−ρAs

(

Usnxs+ Vsnys

)

+
VP (ρP−ρP

o)

∆t
= 0

(4.29)

where Ue and Ve are face velocity components and nxe and nye 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,

unsuperscripted variable represent values at the new time step; variables with “O” indicate the

previous time step values. Equation (4.29) can be written as the balance of the mass flow rates as

follows:

ṁe − ṁw + ṁn − ṁs +
VP (ρP−ρP

o)

∆t
= 0 (4.30)

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

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.

Ue =We UP+ (1−We)UE− d̂u
e

∂P

∂x

∣
∣
∣
∣
∣
e
+ b̃u

e (4.31)

Uw =Ww UW+ (1−Ww)UP− d̂u
w

∂P

∂x

∣
∣
∣
∣
∣
w
+ b̃u

w (4.32)

Ve =We VP+ (1−We)VE− d̂v
e

∂P

∂y

∣
∣
∣
∣
∣
e

+ b̃v
e (4.33)
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Vw =Ww VW+ (1−Ww)VP− d̂v
w

∂P

∂y

∣
∣
∣
∣
∣
w

+ b̃v
w (4.34)

whereW is a geometric linear interpolation at the face of the control volume and is defined as

follows for the east and west faces:

We(i, j)
=

DISW(i+1, j)

DISE(i, j)+DISW(i+1, j)
(4.35)

Ww(i, j)
=We(i−1, j)

=
DISW(i, j)

DISE(i−1, j)+DISW(i, j)
(4.36)

and

b̃u
e = d̂u

e

{

We
∂P

∂x

∣
∣
∣
∣
∣

o

P
+ (1−We)

∂P

∂x

∣
∣
∣
∣
∣

o

E

}

+
ρ

∆t
d̂u

e

{

Uo
e −

[

WeUo
P+ (1−We)Uo

E

]}

(4.37)

b̃u
w = d̂u

w

{

Ww
∂P

∂x

∣
∣
∣
∣
∣

o

W
+ (1−Ww)

∂P

∂x

∣
∣
∣
∣
∣

o

P

}

+
ρ

∆t
d̂u

w

{

Uo
w−

[

WwUo
W+ (1−Ww)Uo

P

]}

(4.38)

b̃v
e = d̂v

e

{

We
∂P

∂y

∣
∣
∣
∣
∣

o

P

+ (1−We)
∂P

∂y

∣
∣
∣
∣
∣

o

E

}

+
ρ

∆t
d̂v

e

{

Vo
e −

[

WeVo
P + (1−We)Vo

E

]}

(4.39)

b̃v
w = d̂v

w

{

Ww
∂P

∂y

∣
∣
∣
∣
∣

o

W

+ (1−Ww)
∂P

∂y

∣
∣
∣
∣
∣

o

P

}

+
ρ

∆t
d̂v

w

{

Vo
w−

[

WwVo
W+ (1−Ww)Vo

P

]}

(4.40)

d̂
φ
e = Vw






We
(

a
φ,φ
P

)

P

+
(1−We)
(

a
φ,φ
P

)

E






(4.41)

d̂
φ
w = Ve






Ww
(

a
φ,φ
P

)

W

+
(1−Ww)
(

a
φ,φ
P

)

P






(4.42)

In Equations (4.41) and (4.42), φ is u or v and a
φ,φ
P

is the nodal points coefficients in the U or V

momentum equations. In order to compute the face volumes ( Ve and Vw), 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

appropriate combination of co-ordinate derivatives (∂x
∂s

,∂x
∂t

,
∂y

∂s
,
∂y

∂t
) and derivatives of pressure in the

ŝ and t̂ 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:

∂Φ

∂x

∣
∣
∣
∣
∣
f
=Yt, f

∂Φ

∂s

∣
∣
∣
∣
∣
f
−Ys, f

∂Φ

∂t

∣
∣
∣
∣
∣
f

(4.43)

∂Φ

∂y

∣
∣
∣
∣
∣
f

=Xs, f
∂Φ

∂t

∣
∣
∣
∣
∣
f
−Xt, f

∂Φ

∂s

∣
∣
∣
∣
∣
f

(4.44)

where,

Xs, f =

∂x

∂s

∣
∣
∣
∣
∣
f

(

∂x

∂s

∣
∣
∣
∣
∣
f

∂y

∂t

∣
∣
∣
∣
∣
f
−
∂x

∂t

∣
∣
∣
∣
∣
f

∂y

∂s

∣
∣
∣
∣
∣
f

) (4.45)

Xt, f =

∂x

∂t

∣
∣
∣
∣
∣
f

(

∂x

∂s

∣
∣
∣
∣
∣
f

∂y

∂t

∣
∣
∣
∣
∣
f
−
∂x

∂t

∣
∣
∣
∣
∣
f

∂y

∂s

∣
∣
∣
∣
∣
f

) (4.46)

Ys, f =

∂y

∂s

∣
∣
∣
∣
∣
f

(

∂x

∂s

∣
∣
∣
∣
∣
f

∂y

∂t

∣
∣
∣
∣
∣
f
−
∂x

∂t

∣
∣
∣
∣
∣
f

∂y

∂s

∣
∣
∣
∣
∣
f

) (4.47)

Yt, f =

∂y

∂t

∣
∣
∣
∣
∣
f

(

∂x

∂s

∣
∣
∣
∣
∣
f

∂y

∂t

∣
∣
∣
∣
∣
f
−
∂x

∂t

∣
∣
∣
∣
∣
f

∂y

∂s

∣
∣
∣
∣
∣
f

) (4.48)

As shown in Figure 3.7, there are two direction vectors, ŝ and t̂, 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:

∂Φ

∂x

∣
∣
∣
∣
∣
e
=
Yt,e

(ds)e

(ΦE−ΦP)−
Ys,e

(dt)e

(Φne−Φse) (4.49)

∂Φ

∂y

∣
∣
∣
∣
∣
e

=
Xs,e

(dt)e

(Φne−Φse)−
Xt,e

(ds)e

(ΦE−ΦP) (4.50)

∂Φ

∂x

∣
∣
∣
∣
∣
w
=
Yt,w

(ds)w

(ΦP−ΦW)−
Ys,w

(dt)w

(Φnw−Φsw) (4.51)

∂Φ

∂y

∣
∣
∣
∣
∣
w

=
Xs,w

(dt)w

(Φnw−Φsw)−
Xt,w

(ds)w

(ΦP−ΦW) (4.52)

∂Φ

∂x

∣
∣
∣
∣
∣
n
=
Yt,n

(ds)n

(Φne−Φnw)−
Ys,n

(dt)n

(ΦN−ΦP) (4.53)

∂Φ

∂y

∣
∣
∣
∣
∣
n

=
Xs,n

(dt)n

(ΦN−ΦP)−
Xt,n

(ds)n

(Φne−Φnw) (4.54)

∂Φ

∂x

∣
∣
∣
∣
∣
s
=
Yt,s

(ds)s

(Φse−Φsw)−
Ys,s

(dt)s

(ΦP−ΦS) (4.55)

∂Φ

∂y

∣
∣
∣
∣
∣
s

=
Xs,s

(dt)s

(ΦP−ΦS)−
Xt,s

(ds)s

(Φse−Φsw) (4.56)

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

uniform grid:

Φne =Cne1ΦP+Cne2ΦE+Cne3ΦNE+Cne4ΦN (4.57)

Φnw =Cnw1ΦW+Cnw2ΦP+Cnw3ΦN+Cnw4ΦNW (4.58)

Φse =Cse1ΦS+Cse2ΦSE+Cse3ΦE+Cse4ΦP (4.59)
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Φsw = Csw1ΦSW+Csw2ΦS+Csw3ΦP+Csw4ΦW (4.60)

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:

∂Φ

∂x

∣
∣
∣
∣
∣
P
=
Yt,P

(ds)P

(Φe−Φw)−
Ys,P

(dt)P

(Φn−Φs) (4.61)

∂Φ

∂y

∣
∣
∣
∣
∣
P

=
Xs,P

(dt)P

(Φn−Φs)−
Xt,P

(ds)P

(Φe−Φw) (4.62)

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:

a
c,p
P

PP +
∑

a
c,p
NB8

PNB8 + a
c,u
P

UP +
∑

a
c,u
NB4

UNB4 + a
c,v
P

VP +
∑

a
c,v
NB4

VNB4 = bc
P (4.63)

The first and second superscripts of the a coefficients 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:

∑

a
c,φ
NB4
ΦNB4 = a

c,φ
E
ΦE+a

c,φ
W
ΦW+a

c,φ
N
ΦN+a

c,φ
S
ΦS (4.64)

and,

∑

a
c,φ
NB8
ΦNB8 =

∑

a
c,φ
NB4
ΦNB4+a

c,φ
NE
ΦNE+a

c,φ
NW
ΦNW+a

c,φ
SE
ΦSE+a

c,φ
SW
ΦSW (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.
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4.3.1.2 Liquid Phase x-momentum Equation

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

(ρP VP)

∆t

(

UP−UP
o)+ ṁeUe − ṁwUw+ ṁnUn − ṁsUs =

−
∂P

∂x

∣
∣
∣
∣
∣
P
VP+ρPgxVP+Du

e

∂U

∂n

∣
∣
∣
∣
∣
e
−Du

w

∂U

∂n

∣
∣
∣
∣
∣
w
+Du

n

∂U

∂n

∣
∣
∣
∣
∣
n
−Du

s

∂U

∂n

∣
∣
∣
∣
∣
s

(4.66)

In Equation (4.66), Du
f
= µ f A f and mass flow rates from the previous time step (ṁo

f
) are used

for ṁ values in the advection terms. The faces U vlocities are approximated in terms of nodal

values using the convective weight coefficient α f at each face and an algebraic approximation to

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

Φe = (0.5+αe)ΦP+ (0.5−αe)ΦE (4.67)

Φw = (0.5+αw)ΦW+ (0.5−αw)ΦP (4.68)

Φn = (0.5+αn)ΦP+ (0.5−αn)ΦN (4.69)

Φs = (0.5+αs)ΦS+ (0.5−αs)ΦP (4.70)

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

α f = sign
(

ṁ f

) 0.5Pe2
f

5+Pe2
f

(4.71)

Pe f =
ṁ f

D f

(4.72)

The normal derivative of U velocity at the east and north faces is defined as:

∂U

∂n

∣
∣
∣
∣
∣
e
= βe

∂U
∂s

∣
∣
∣
e
−

(

ŝe · t̂e
) ∂U
∂t

∣
∣
∣
e

n̂e · ŝe
(4.73)
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∂U

∂n

∣
∣
∣
∣
∣
n
= βn

−
(

ŝn · t̂n
) ∂U
∂s

∣
∣
∣
n
+ ∂U

∂t

∣
∣
∣
n

t̂n · n̂n

(4.74)

where β f is the diffusion weighting coefficient and defined as follows:

β f =
1+0.005Pe2

f

1+0.05Pe2
f

(4.75)

The gradients at the east and north faces are:

∂U

∂s

∣
∣
∣
∣
∣
e
=

UE−UP

(ds)e

,
∂U

∂t

∣
∣
∣
∣
∣
e
=

Une−Use

(dt)e

(4.76)

∂U

∂s

∣
∣
∣
∣
∣
n
=

Une−Unw

(ds)n

,
∂U

∂t

∣
∣
∣
∣
∣
n
=

UN−UP

(dt)n

(4.77)

Une, Unw, and Use 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
u,u
P

UP +
∑

a
u,u
NB8

UNB8 + a
u,p
P

PP +
∑

a
u,p
NB4

PNB4 = bu
P (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:

(ρP VP)

∆t

(

VP−VP
o)+ ṁeVe − ṁwVw+ ṁnVn − ṁsVs =

−
∂P

∂y

∣
∣
∣
∣
∣
P

VP+Dv
e

∂V

∂n

∣
∣
∣
∣
∣
e
−Dv

w

∂V

∂n

∣
∣
∣
∣
∣
w
+Dv

n

∂V

∂n

∣
∣
∣
∣
∣
n
−Dv

s

∂V

∂n

∣
∣
∣
∣
∣
s

(4.79)

where Du
f
= µ f A f . Equation (4.79) is discretised in the same manner as was used for the x-

momentum equation:

a
v,v
P

VP +
∑

a
v,v
NB8

VNB8 + a
v,p
P

PP +
∑

a
v,p
NB4

PNB4 = bv
P (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:

(

ρP CpP
VP

)

∆t

(

TP−TP
o)+ ṁe

[

Cpe
Te+WS e

(

h̄S− h̄W

)

e

]

− ṁw

[

Cpw
Tw +WS w

(

h̄S− h̄W

)

w

]

+ ṁn

[

Cpn
Tn+WS n

(

h̄S− h̄W

)

n

]

− ṁs

[

Cps
Ts+WS s

(

h̄S− h̄W

)

s

]

=

Dt
e

∂T

∂n

∣
∣
∣
∣
∣
e
−Dt

w

∂T

∂n

∣
∣
∣
∣
∣
w
+Dt

n

∂T

∂n

∣
∣
∣
∣
∣
n
−Dt

s

∂T

∂n

∣
∣
∣
∣
∣
s
+ D̃t

e

∂WS

∂n

∣
∣
∣
∣
∣
e
− D̃t

w

∂WS

∂n

∣
∣
∣
∣
∣
w
+ D̃t

n

∂WS

∂n

∣
∣
∣
∣
∣
n
− D̃t

s

∂WS

∂s

∣
∣
∣
∣
∣
s

(4.81)

where Dt
f
= k f A f and D̃t

f
= ρ f DAB

f
A f

(

h̄S− h̄W

)

f
. Discretisation of Equation (4.81) yields to:

a
t,t
P

TP +
∑

a
t,t
NB8

TNB8 +a
t,ξ
P

WS P +
∑

a
t,ξ
NB8

WS NB8 = bt
P

(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:

(ρP VP)

∆t

(

WS P−WS P
o)+ ṁeWS e − ṁWWS w+ ṁnWS n − ṁsWS s =

Dw
e

∂WS

∂n

∣
∣
∣
∣
∣
e
−Dw

w

∂WS

∂n

∣
∣
∣
∣
∣
w
+Dw

n

∂WS

∂n

∣
∣
∣
∣
∣
n
−Dw

s

∂WS

∂n

∣
∣
∣
∣
∣
s

(4.83)

where Dw
f
= ρ f DAB

f
. Discretisation of Equation (4.83) yields to:

a
w,w
P

WS P +
∑

a
w,w
NB8

WS NB8 = bw
P (4.84)

The derivations of a
w,w
P

and a
w,w
NB8

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

momentum equation using ρ f DAB
f

instead of µ f .
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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.

iG,P
iG,W

iG,EiG,e

iG,N
iG,NW

iG,w

iG,NE

iL,P
iL,W

iL,w
iL,EiL,e

iL,S
iL,SE

iL,SW

jBG

jEL

Interface-Gas

Interface-Liquid

Liquid last CV

Gas first CV

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 = jEL+1). The 2D stress tensor τ is defined in terms of the normal and shear stress:

τ =





τxx τyx

τxy τyy




(4.85)

For incompressible fluids, the stress tensor can be written in the compact form of:

τi j = −P δi j+µ

(

∂Ui

∂x j

+
∂U j

∂xi

)

(4.86)

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

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

(

τxx n2
x+2 τxy nx ny+τyy n2

y

)

L,intf
+σK =

(

τxx n2
x+2 τxy nx ny+τyy n2

y

)

G,intf
(4.87)

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

(

−P+2 µ

(

∂U

∂x

)

n2
x+2 µ

(

∂U

∂r
+
∂V

∂x

)

nx ny+2 µ

(

∂V

∂y

)

n2
y

)

L,intf

+σK =

(

−P+2 µ

(

∂U

∂x

)

n2
x+2 µ

(

∂U

∂y
+
∂V

∂x

)

nx ny+2 µ

(

∂V

∂y

)

n2
y

)

G,intf

(4.88)

The velocity derivatives are evaluated based on central differencing scheme. One-dimensional

interpolation is employed to determine the corner values (Une and Unw) for the liquid side of the

interface and (Use and Usw) for the gas side of the interface from its interfacial two neighbours.

For example, Une at the liquid side of the interface is determined by (Une = fne UN + (1− fne) UNE)

where fne 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:

∂Φ

∂x L,intf

=

(

∂Φ

∂x n

)

iL,S

= Ax1 ΦiL,S+Ax2 ΦiL,P+Ax3 ΦiL,E+Ax4 ΦiL,W (4.89)

∂Φ

∂y L,intf
=

(

∂Φ

∂y n

)

iL,S

= Ay1 ΦiL,S+Ay2 ΦiL,P+Ay3 ΦiL,E+Ay4 ΦiL,W (4.90)

80



Chapter 4. Numerical Solution Method

∂Φ

∂x G,intf

=

(

∂Φ

∂x s

)

iG,N

= Bx1 ΦiG,N+Bx2 ΦiG,P+Bx3 ΦiG,E+Bx4 ΦiG,W (4.91)

∂Φ

∂y G,intf
=

(

∂Φ

∂y s

)

iG,N

= By1 ΦiG,N+By2 ΦiG,P+By3 ΦiG,E+By4 ΦiG,W (4.92)

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:

Ax1 =
1

Ψn

[
syn

(dt)n

]

iL,S

Ax2 =
1

Ψn

[
tyn

(ds)n

( fne− (1− fnw))−
syn

(dt)n

]

iL,S

Ax3 =
1

Ψn

[
tyn

(ds)n

(1− fne)

]

iL,S

Ax4 = −
1

Ψn

[
tyn

(ds)n

fnw

]

iL,S

(4.93)

Ay1 = −
1

Ψn

[

sxn

(dt)n

]

iL,S

Ay2 =
1

Ψn

[

sxn

(dt)n

−
txn

(ds)n

( fne− (1− fnw))

]

iL,S

Ay3 = −
1

Ψn

[

txn

(ds)n

(1− fne)

]

iL,S

Ay4 =
1

Ψn

[

txn

(ds)n

fnw

]

iL,S

(4.94)

Bx1 = −
1

Ψs

[
sys

(dt)s

]

iG,N

Bx2 =
1

Ψs

[
tys

(ds)s

( fse− (1− fsw))+
sys

(dt)s

]

iG,N

Bx3 =
1

Ψs

[
tys

(ds)s

(1− fse)

]

iG,N

Bx4 = −
1

Ψs

[
tys

(ds)s

fsw

]

iG,N

(4.95)

By1 =
1

Ψs

[

sxs

(dt)s

]

iG,N

By2 =
1

Ψs

[

−sxs

(dt)s

−
txs

(ds)s

( fse− (1− fsw))

]

iG,N

By3 = −
1

Ψs

[

txs

(ds)s

(1− fse)

]

iG,N

By4 =
1

Ψs

[

txs

(ds)s

fsw

]

iG,N

(4.96)

The geometrical terms, Ψn and Ψs, are defined as:

Ψn =
(

sxn tyn− txn syn

)

iL,S
Ψs =

(

sxs tys− txs sys

)

iG,N
(4.97)
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Applying the velocity gradient definitions, Equation (4.88) can be written as:

−PiL+2
(

µ n2
x

)

iL,P

(

Ax1 UiL,S+Ax2 UiL,P+Ax3 UiL,E+Ax4 UiL,W
)

+2
(

µ nxny

)

iL,P

(

Ay1 UiL,S+Ay2 UiL,P+Ay3 UiL,E+Ay4 UiL,W

)

+2
(

µ nxny

)

iL,P

(

Ax1 ViL,S+Ax2 ViL,P+Ax3 ViL,E+Ax4 ViL,W
)

+2
(

µ n2
y

)

iL,P

(

Ay1 ViL,S+Ay2 ViL,P+Ay3 ViL,E+Ay4 ViL,W

)

+σK =

−PiG +2
(

µ n2
x

)

iG,P

(

Bx1 UiG,N+Bx2 UiG,P+Bx3 UiG,E+Bx4 UiG,W
)

+2
(

µ nxny

)

iG,P

(

By1 UiG,N+By2 UiG,P+By3 UiG,E+By4 UiG,W

)

+2
(

µ nxny

)

iG,P

(

Bx1 ViG,N+Bx2 ViG,P+Bx3 ViG,E+Bx4 ViG,W
)

+2
(

µ n2
y

)

iG,P

(

By1 ViG,N+By2 ViG,P+By3 ViG,E+By4 ViG,W

)

(4.98)

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

pressure is:

a
c,p
iL,P

PiL,P+a
c,p
iL,N

PiG,P+a
c,u
iL,P

UiL,P+a
c,u
iL,E

UiL,E+a
c,u
iL,W

UiL,W+a
c,u
iL,S

UiL,S+

a
c,v
iL,P

ViL,P+a
c,v
iL,E

ViL,E+a
c,v
iL,W

ViL,W+a
c,v
iL,S

ViL,S+a
c,u
iL,N

UiG,P+a
c,u
iL,NE

UiG,E+

a
c,u
iL,NW

UiG,W+a
c,v
iL,N

ViG,P+a
c,v
iL,NE

ViG,E+a
c,v
iL,NW

ViG,W = bc
iL,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 = jBG−1) to govern the pressure PiG,P. Discreti-

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

∂P

∂n

∣
∣
∣
∣
∣
iG,P
=

(

Bx2PiG,P+Bx3PiG,E+Bx4PiG,W+Bx1PiG,N
)

nxs|iG,N+

(

By2PiG,P+By3PiG,E+By4PiG,W+By1PiG,N

)

nys|iG,N = 0 (4.100)
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which leads to:

a
c,p
iG,P

PiG,P+a
c,p
iG,N

PiG,N+a
c,p
iG,W

PiG,W+a
c,p
iG,E

PiG,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,

UiG,P. Equation (2.31) can be written in terms of the normal and shear stresses at the interface as

follows:

(

τxx nxsx+ τxy

(

nysx+nxsy

)

+τyy nysy

)

L,intf
−
∂σ

∂s L,intf
=

(

τxx nxsx+ τxy

(

nysx+nxsy

)

+τyy nysy

)

G,intf

(4.102)

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

(

2 µ

(

∂U

∂x

)

nxsx+ µ

(

∂U

∂y
+
∂V

∂x

)
(

nysx+nxsy

)

+2 µ

(

∂V

∂y

)

nysy

)

L,intf

−
∂σ

∂s L,intf
=

(

2 µ

(

∂U

∂x

)

nxsx+ µ

(

∂U

∂y
+
∂V

∂x

)
(

nysx+nxsy

)

+2 µ

(

∂V

∂y

)

nysy

)

G,intf

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

2 (µ nxsx)iL,P

(

Ax1 UiL,S+Ax2 UiL,P+Ax3 UiL,E+Ax4 UiL,W
)

+
[

µ
(

nysx+nxsy

)]

iL,P

(

Ay1 UiL,S+Ay2 UiL,P+Ay3 UiL,E+Ay4 UiL,W

)

+
[

µ
(

nysx+nxsy

)]

iL,P

(

Ax1 ViL,S+Ax2 ViL,P+Ax3 ViL,E+Ax4 ViL,W
)

+2
(

µ nysy

)

iL,P

(

Ay1 ViL,S+Ay2 ViL,P+Ay3 ViL,E+Ay4 ViL,W

)

−
∂σ

∂s L,intf
=

2(µ nxsx)iG,P

(

Bx1 UiG,N+Bx2 UiG,P+Bx3 UiG,E+Bx4 UiG,W
)

+
[

µ
(

nysx+nxsy

)]

iG,P

(

By1 UiG,N+By2 UiG,P+By3 UiG,E+By4 UiG,W

)

+
[

µ
(

nysx+nxsy

)]

iG,P

(

Bx1 ViG,N+Bx2 ViG,P+Bx3 ViG,E+Bx4 ViG,W
)

+2
(

µnysy

)

iG,P

(

By1 ViG,N+By2 ViG,P+By3 ViG,E+By4 ViG,W

)

(4.104)

The algebraic equation for tangential force balance that is used to calculate the UiG,P at the gas

interface can be written as:

a
u,u
iG,P

UiG,P+a
u,u
iG,E

UiG,E+a
u,u
iG,W

UiG,W+a
u,u
iG,N

UiG,N+

a
u,v
iG,P

ViG,P+a
u,v
iG,E

ViG,E+a
u,v
iG,W

ViG,W+a
u,v
iG,N

ViG,N+a
u,u
iG,S

UiL,P+a
u,u
iG,SE

UiL,E+

a
u,u
iG,SW

UiL,W+a
u,v
iG,S

ViL,P+a
u,v
iG,SE

ViL,E+a
u,v
iG,SW

ViL,W = bu
iG,P (4.105)

The coefficients of Equation (4.105) are given in Appendix E, Section E.3. In this work, ∂σ∂s
= 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 UiL,P:

(U ı̂+V ̂)iG ·
(

sx ı̂+ sy ̂
)

iG
= (U ı̂+V ̂)iL ·

(

sx ı̂+ sy ̂
)

iL
(4.106)
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The algebraic form of Equation (4.106) is:

a
u,u
iL,P

UiL,P+a
u,u
iL,N

UiG,P+a
u,v
iL,P

ViL,P+a
u,v
iL,N

ViG,P = 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 ViG,P. Continuity of mass at the interface can be written as:

(

ρA
−→
V · n̂

)

iL,P
=

(

ρA
−→
V · n̂

)

iG,P
(4.108)

Simple calculation of the dot product results in:

a
v,u
iG,P

UiG,P+a
v,u
iG,S

UiL,P+a
v,v
iG,P

ViG,P+a
v,v
iG,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 ViL,P.

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

(

ρA
−→
V · n̂

)

iL,P
= ṁintf =

AiL,P

h fg

(

−kiL,P
∂T

∂n

∣
∣
∣
∣
∣
iL,P
+ kiG,P

∂T

∂n

∣
∣
∣
∣
∣
iG,P

)

(4.110)

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:

a
v,u
iL,P

UiL,P+a
v,v
iL,P

ViL,P+a
v,t
iL,P

TiL,P+a
v,t
iL,E

TiL,E+a
v,t
iL,W

TiL,W+

a
v,t
iL,S

TiL,S+a
v,t
iL,N

TiG,P+a
v,t
iL,NE

TiG,E+a
v,t
iL,NW

TiG,W = bv
iL,P (4.111)

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 (TiL = F(WiL,PiG,WiG)). The equilibrium temperature function, described in Ap-

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

TiL = T o
iL+

∂F

∂WiL

(

WiL−Wo
iL

)

+
∂F

∂PiG

(

PiG −Po
iG

)

+
∂F

∂WiG

(

WiG −Wo
iG

)

(4.112)

The liquid interface temperature, TiL,P, algebraic equation is:

a
t,t
iL,P

TiL,P+a
t,w
iL,P

WiL,P+a
t,p
iG,P

PiG,P+a
t,w
iG,P

WiG,P = bt
iL,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 TiG,P and TiL,P. The algebraic

equation for TiG,P is as follows:

a
t,t
iG,P

TiG,P+a
t,t
iG,S

TiL,P = 0 (4.114)

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 (ṁintf Wa ). This term includes the velocity

components and gas mass fraction on the interface. Therefore, it needs to be linearised using the

Newton-Raphson method:

ṁintf Wa = (ρAnx)iG,P

[

UWo +UoW −UoWo]

iG,P+
(

ρAny

)

iG,P

[

VWo+VoW −VoWo]

iG,P (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:

a
w,w
iG,P

WiG,P+a
w,w
iG,E

WiG,E+a
w,w
iG,W

WiG,W+a
w,w
iG,N

WiG,N+a
w,u
iG,P

UiG,P+a
w,v
iG,P

ViG,P = bw
iG,P

(4.116)

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 (ṁintf WS ) term in Equation (2.37).

ṁintf WS = (ρAnx)iL,P

[

UWo+UoW −UoWo]

iL,P+
(

ρAny

)

iL,P

[

VWo+VoW −VoWo]

iL,P (4.117)

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

equation is formed:

a
w,w
iL,P

WiL,P+a
w,w
iL,E

WiL,E+a
w,w
iL,W

WiL,W+a
w,w
iL,S

WiL,S+a
w,u
iL,P

UiL,P+a
w,v
iL,P

ViL,P = bw
iL,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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Φ = 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.

P
E

W

N
NE

NW

se
sw

(ds)n

(dt)n

(a) node P at j = jB −1

P
E

W

N

S

NE

NW

SE

SW

(b) node P at j = jB

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 = jB−1). The algebraic equation that connects boundary node P to its adjacent internal node

is as:

a
φ,φ
P(i, jB−1)

ΦP(i, jB−1)+a
φ,φ
N(i, jB−1)

ΦN(i, jB−1) = b
φ
(i, jB−1)

(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 Φ at the boundary is given.

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

a
φ,φ
P(i, jB−1)

= 1

a
φ,φ
N(i, jB−1)

= 0 (4.120)

b
φ
(i, jB−1)

= Φbnd

where Φbnd is the Φ 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. ∂Φ
∂x
= Γ

φ

bnd
). In the case of a non-orthogonal grid, ∂Φ∂x

and ∂Φ
∂y

are specified in terms

of the gradients along the unit vector directions, ŝ and t̂. The gradients along the west to east

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

∂Φ

∂s
=
∂Φ

∂x

∂x

∂s
+
∂Φ

∂y

∂y

∂s
(4.121)

∂Φ

∂t
=
∂Φ

∂x

∂x

∂t
+
∂Φ

∂y

∂y

∂t
(4.122)

The gradient of Φ in the x direction can be evaluated using Cramer’s rule:

∂Φ

∂x
=

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

∂Φ

∂s

∂y

∂s

∂Φ

∂t

∂y

∂t

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

∂x

∂s

∂y

∂s

∂x

∂t

∂y

∂t

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

=

∂Φ

∂s

∂y

∂t
−
∂Φ

∂t

∂y

∂s

∂x

∂s

∂y

∂t
−
∂y

∂s

∂x

∂t

(4.123)
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The gradient at the east face of a control volume becomes:

∂Φ

∂x e

=

∂Φ

∂s e

∂y

∂t e

−
∂Φ

∂t e

∂y

∂s e

∂x

∂s e

∂y

∂t e

−
∂y

∂s e

∂x

∂t e

=

∂Φ

∂s e

tye−
∂Φ

∂t e

sye

sxetye− txesye
(4.124)

A similar approach to Equation (4.124) can be applied to the north face of a control volume:

∂Φ

∂x n

=

∂Φ

∂s n

∂y

∂t n

−
∂Φ

∂t n

∂y

∂s n

∂x

∂s n

∂y

∂t n

−
∂y

∂s n

∂x

∂t n

=

∂Φ

∂s n

tyn−
∂Φ

∂t n

syn

sxntyn− txnsyn

(4.125)

The change in Φ in the y direction can be evaluate as:

∂Φ

∂y
=

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

∂x

∂s

∂Φ

∂s

∂x

∂t

∂Φ

∂t

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

∂x

∂s

∂y

∂s

∂x

∂t

∂y

∂t

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

=

∂Φ

∂t

∂x

∂s
−
∂Φ

∂s

∂x

∂t

∂x

∂s

∂y

∂t
−
∂y

∂s

∂x

∂t

(4.126)

Equation (4.126) can be written for the east and north face of a control volume as:

∂Φ

∂y e

=

∂Φ

∂t e

∂x

∂s e

−
∂Φ

∂s e

∂x

∂t e

∂x

∂s e

∂y

∂t e

−
∂y

∂s e

∂x

∂t e

=

∂Φ

∂t e

sxe−
∂Φ

∂s e

txe

sxetye− txesye

(4.127)

∂Φ

∂y n

=

∂Φ

∂t n

∂x

∂s n

−
∂Φ

∂s n

∂x

∂t n

∂x

∂s n

∂y

∂t n

−
∂y

∂s n

∂x

∂t n

=

∂Φ

∂t n

sxn−
∂Φ

∂s n

txn

sxntyn− txnsyn
(4.128)

To implement the Neumann boundary condition on the south boundary of the domain, ∂Φ
∂y

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 Φ:

∂Φ

∂y n(i, jB−1)

= Γ
φ

bnd
=

ΦN−ΦP

(dt)n

sxn−
Φne−Φnw

(ds)n

txn

sxntyn− txnsyn
(4.129)
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Equation (4.129) can be rearranged into the form of a linear algebraic equation:

ΦP−ΦN = − (Φne−Φnw)
(dt)n

(ds)n

txn

sxn
−Γ

φ

bnd
(dt)n

sxntyn− txnsyn

sxn
(4.130)

The coefficients of Equation (4.130) are as follows:

a
φ,φ
P(i, jB−1)

= 1, a
φ,φ
N(i, jB−1)

= −1

b
φ
(i, jB−1)

= − (Φne−Φnw)
(dt)n

(ds)n

txn
sxn
−Γ

φ

bnd
(dt)n

sxntyn− txnsyn
sxn






(4.131)

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. (iB, jB) and both boundaries are Neumann type, then Φse = Φ(iB, jB). If

one of the boundaries has Dirichlet boundary condition, then Φse = Φbnd.

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):

a
φ,φ
P(i, jB)
ΦP(i, jB)

+a
φ,φ
E(i, jB)
ΦE(i, jB)

+a
φ,φ
W(i, jB)

ΦW(i, jB)
+a

φ,φ
N(i, jB)
ΦN(i, jB)

+a
φ,φ
S(i, jB)
ΦS(i, jB)

+a
φ,φ
NE(i, jB)

ΦNE(i, jB)
+a

φ,φ
NW(i, jB)

ΦNW(i, jB)
+a

φ,φ
SE(i, jB)

ΦSE(i, jB)
+a

φ,φ
SW(i, jB)

ΦSW(i, jB)
= b

φ
(i, jB)

(4.132)

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:

a
φ
P(i−1, jB−1)

ΦSW(i, jB)
+a

φ
N(i−1, jB−1)

ΦW(i, jB)
= b

φ
(i−1, jB−1) (4.133)

a
φ
P(i, jB−1)

ΦS(i, jB)
+a

φ
N(i, jB−1)

ΦP(i, jB)
= b

φ
(i, jB−1) (4.134)
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a
φ
P(i+1, jB−1)

ΦSE(i, jB)
+a

φ
N(i+1, jB−1)

ΦE(i, jB)
= b

φ
(i+1, jB−1) (4.135)

The boundary nodes ΦSW, ΦS, and ΦSE 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:

(

a
φ,φ
P(i, jB)

)⊕

ΦP(i, jB)
+

(

a
φ,φ
E(i, jB)

)⊕

ΦE(i, jB)
+

(

a
φ,φ
W(i, jB)

)⊕

ΦW(i, jB)
+a

φ,φ
N(i, jB)
ΦN(i, jB)

+a
φ,φ
NE(i, jB)

ΦNE(i, jB)
+a

φ,φ
NW(i, jB)

ΦNW(i, jB)
=

(

b
φ
(i, jB)

)⊕
(4.136)

The new coefficients of Equation (4.136) are:

(

a
φ,φ
P(i, jB)

)⊕
= a

φ,φ
P(i, jB)

−a
φ,φ
S(i, jB)

a
φ,φ
N(i, jB−1)

a
φ,φ
P(i, jB−1)

(

a
φ,φ
N(i, jB)

)⊕
= a

φ,φ
E(i, jB)

−a
φ,φ
SE(i, jB)

a
φ,φ
N(i+1, jB−1)

a
φ,φ
P(i+1, jB−1)

(

a
φ,φ
S(i, jB)

)⊕
= a

φ,φ
W(i, jB)

−a
φ,φ
SW(i, jB)

a
φ,φ
N(i−1, jB−1)

a
φ,φ
P(i−1, jB−1)

(

b
φ
(i, jB)

)⊕
= b

φ
(i, jB)
−a

φ,φ
S(i, jB)

b
φ
(i, jB−1)

a
φ,φ
P(i, jB−1)

−a
φ,φ
SE(i, jB)

b
φ
(i+1, jB−1)

a
φ,φ
P(i+1, jB−1)

−a
φ,φ
SW(i, jB)

b
φ
(i−1, jB−1)

a
φ,φ
P(i−1, jB−1)






(4.137)

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

a
φ,φ
SW(i, jB)

, a
φ,φ
S(i, jB)

, and a
φ,φ
SE(i, jB)

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:

(

a
c,u
e(i, jB−1)

Ue+a
c,v
e(i, jB−1)

Ve

)

+
(

a
c,u
w(i, jB−1)

Uw+a
c,v
w(i, jB−1)

Vw

)

+
(

a
c,u
n(i, jB−1)

Un+a
c,v
n(i, jB−1)

Vn

)

+
(

a
c,u
s(i, jB−1)

Us+a
c,v
s(i, jB−1)

Vs

)

= bc
P(i, jB−1) (4.138)

One can use Equation (4.138) to produce separate equations for Us and Vs:

Us =
−1

a
c,u
s(i, jB−1)

[(

a
c,u
e(i, jB−1)

Ue+a
c,v
e(i, jB−1)

Ve

)

+
(

a
c,u
w(i, jB−1)

Uw+a
c,v
w(i, jB−1)

Vw

)

+
(

a
c,u
n(i, jB−1)

Un+a
c,v
n(i, jB−1)

Vn

)

+a
c,v
s(i, jB−1)

Vs−bc
P(i, jB−1)

]

(4.139)

Vs =
−1

a
c,v
s(i, jB−1)

[(

a
c,u
e(i, jB−1)

Ue+a
c,v
e(i, jB−1)

Ve

)

+
(

a
c,u
w(i, jB−1)

Uw +a
c,v
w(i, jB−1)

Vw

)

+
(

a
c,u
n(i, jB−1)

Un+a
c,v
n(i, jB−1)

Vn

)

+a
c,u
s(i, jB−1)

Us−bc
P(i, jB−1)

]

(4.140)

The coefficients a
c,u
s(i, jB−1)

and a
c,v
s(i, jB−1)

are set to be -1 and moved to act as a source term in

Equations (4.139) and (4.140), respectively:

Us =
(

a
c,u
e(i, jB−1)

Ue+a
c,v
e(i, jB−1)

Ve

)

+
(

a
c,u
w(i, jB−1)

Uw+a
c,v
w(i, jB−1)

Vw

)

+
(

a
c,u
n(i, jB−1)

Un+a
c,v
n(i, jB−1)

Vn

)

+a
c,v
s(i, jB−1)

Vs+a
c,u
s(i, jB−1)

(4.141)

Vs =
(

a
c,u
e(i, jB−1)

Ue+a
c,v
e(i, jB−1)

Ve

)

+
(

a
c,u
w(i, jB−1)

Uw +a
c,v
w(i, jB−1)

Vw

)

+
(

a
c,u
n(i, jB−1)

Un+a
c,v
n(i, jB−1)

Vn

)

+a
c,u
s(i, jB−1)

Us+a
c,v
s(i, jB−1)

(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:

Us−a
c,u
n(i, jB−1)

Un = a
c,u
s(i, jB−1)

(4.143)
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Vs−a
c,v
n(i, jB−1)

Vn = a
c,v
s(i, jB−1)

(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:

a
c,u
n,(i, jB−1)

= 0

a
c,u
s,(i, jB−1)

= Ubnd






(4.145)

a
c,v
n,(i, jB−1)

= 0

a
c,v
s,(i, jB−1)

= Vbnd






(4.146)

To obtain the Neumann boundary condition for U and V on the south boundary, the ∂Φ
∂y

is approx-

imated from face to face across the control volume P:

∂Φ

∂y (i, jB)
= Γ

φ

bnd
=

Φn−Φs

(dt)P

sxs−
Φse−Φsw

(ds)s

txP

sxstyP− txPsys
(4.147)

Rearranging Equation (4.147) for Φs leads to:

Φs−Φn = − (Φse−Φsw)
(dt)P

(ds)s

txP

sxs
−Γ

φ

bnd
(dt)P

sxstyP− txPsys

sxs
(4.148)

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

respectively are defined as:

a
c,u
n(i, jB−1)

= 1

a
c,u
s(i, jB−1)

= − (Φse−Φsw)
(dt)P
(ds)s

txP
sxs
−Γu

bnd
(dt)P

sxstyP− txPsys

sxs






(4.149)

a
c,v
n(i, jB−1)

= 1

a
c,v
s(i, jB−1)

= − (Φse−Φsw)
(dt)P
(ds)s

txP
sxs
−Γv

bnd
(dt)P

sxstyP− txPsys

sxs






(4.150)

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
c,u
e(i, jB)

Ue+a
c,v
e(i, jB)

Ve

)

+
(

a
c,u
w(i, jB)

Uw +a
c,v
w(i, jB)

Vw

)

+
(

a
c,u
n(i, jB)

Un+a
c,v
n(i, jB)

Vn

)

+a
c,u
s(i, jB)

(

a
c,u
n(i, jB−1)

Un+a
c,u
s(i, jB−1)

)

+a
c,v
s(i, jB)

(

a
c,v
n(i, jB−1)

Vn+a
c,v
s(i, jB−1)

)

= bc
P(i, jB) (4.151)

Collecting terms yields:

(

a
c,u
e(i, jB)

Ue+a
c,v
e(i, jB)

Ve

)

+
(

a
c,u
w(i, jB)

Uw+a
c,v
w(i, jB)

Vw

)

+

((

a
c,u
n(i, jB)

)⊕
Un+

(

a
c,v
n(i, jB)

)⊕
Vn

)

=
(

bc
P(i, jB)

)⊕

(4.152)

The new coefficients are then defined as:
(

a
c,u
n(i, jB)

)⊕
= a

c,u
n(i, jB)
+a

c,u
s(i, jB)

a
c,u
n(i, jB−1)

(

a
c,v
n(i, jB)

)⊕
= a

c,v
n(i, jB)
+a

c,v
s(i, jB)

a
c,v
n(i, jB−1)

(

bc
P(i, jB)

)⊕
= bc

P(i, jB)
−a

c,u
s(i, jB)

a
c,u
s(i, jB−1)

−a
c,v
s(i, jB)

a
c,v
s(i, jB−1)






(4.153)

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
u,u
P

equation, Equation (D.21), is rewritten as:

(

a
u,u
P

)

=
ρPVP

∆t
+

(

a
u,u
P

)∗
(4.154)

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

ρPVP

∆t
=

(

a
u,u
P

)∗

Eu
(4.155)
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Substituting Equation (4.155) into Equations (4.154) and (D.56) produces new definitions for a
u,u
P

and bu
P

coefficients:

(

a
u,u
P

)

=
(

a
u,u
P

)∗
+

(

a
u,u
P

)∗

Eu
=

(

1+
1

Eu

)
(

a
u,u
P

)∗
(4.156)

bu
P =

(

a
u,u
P

)∗

Eu
Uo

P+ρPgxVP (4.157)

A similar definition is used for the V , T , and ξW equations.

The E-factor allows taking a different ∆t in each control volume (if control volumes have

different sizes ), which can lead to faster convergence. In the computer code implementation of

the coefficient calculations, both the E-factor and true transient formulations are available and are

selected through the specification of E and ∆t 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

0

ρL,e

(
−→
V · n̂

)

e
dh

︸                       ︷︷                       ︸

ṁ′e

=

∫ hL,w

0

ρL,w

(
−→
V · n̂

)

w
dh

︸                         ︷︷                         ︸

ṁ′w

+ ṁ′intf
︸︷︷︸

mass crossing the interface

(4.158)

where hL,w and hL,e 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∑

j= jBL

ρLe

(

Ue nxe+Ve nye

)

∆hL,e =

jEL∑

j= jBL

ρLw

(

Uw nxw+Vw nyw

)

∆hL,w+ ṁ′intf (4.159)

96



Chapter 4. Numerical Solution Method

j
h

d

W

E

P

P

hL,i

hL,e

hL,w

ṁw

ṁe

ṁintf

interface

liquid

gas

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 h direction: hL,e = Ny,L ∆hL,e. Rearrangement of Equation (4.159) for

uniform spacing gives:

1

Ny,L





jEL∑

j= jBL

ρLe

(

Ue nxe+Ve nye

)




hL,e =

1

Ny,L





jEL∑

j= jBL

ρLw

(

Uw nxw+Vw nyw

)




hL,w+ ṁ′intf (4.160)

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 hL,w. 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:

∣
∣
∣
∣
∣
∣
∣
∣

Φn
(i, j)
−Φn−1

(i, j)

max
(

Φn
all(i, j)

)

−min
(

Φn
all(i, j)

)

∣
∣
∣
∣
∣
∣
∣
∣

≤ ǫφ (4.161)

where ǫφ is the steady-state convergence criterion for the field variable Φ and n is the iteration

number. In this study, ǫU = ǫV = ǫP = ǫW = 10−7 and ǫT = 10−4. 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 10−10 m for the entire domain.

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

process using the following equation:

{

Rn} =
∣
∣
∣{b}− [A] .

{

Φn}
∣
∣
∣ ≤ R

φ
spec (4.162)

whereRn is the absolute residual of variableΦ algebraic equation and R
φ
spec is the specified residual

criterion for each field variable. For a typical case in this study,RU
spec = R

V
spec = R

P
spec = R

ξW
spec = 10−6

and RT
spec = 10−4. 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.

99



Chapter 5

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 ≤ Ny,L ≤ 80, 80 ≤ Ny,M ≤ 240, and 800 ≤ Nx ≤ 3200. Comparing with the finest grid

(Ny,L = 80, Ny,M = 240, and Nx = 3200), a grid with Ny,L = 40, Ny,M = 160, and Nx = 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 [9]. 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:

Nuintf =
q′′

intf
(4H)

kM (Tintf −Tb)
(5.1)

Shintf =
ṁ′′

intf
Wintf(4H)

ρM DAB(Wb−Wa,intf)
(5.2)
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Table 5.1: Definitions of comparison cases

Case Authors Methoda ReM,in FrL,in ṁ′
L,in

TL,in TM,in q′′
wall

[kg/(m·s)] [◦C] [◦C] [W/m2]

W1-a Yan [9] N 2000 3.34 0.04 20 20 500

W1-b 1000

W1-c 3000

W2 [29] N 100 3.66 0.01 25 25 8000

E1-a [1] E 650 4.2 0.01 40 31.5 0

E1-b 8.4 0.02

E1-c 16.8 0.04

E2-a [9] N 2000 11.71 0.04 20 20 500

E2-b 1000

E2-c 3000

aN represents Numerical and E represents Experimental

where the local bulk temperature Tb and local bulk mass fraction Wb are defined as:

Tb =

∫ 2H

δ
ρM Cp,M UM Tdy

∫ 2H

δ
ρM Cp,M UM dy

(5.3)

Wb =

∫ 2H

δ
ρM UM Wdy

∫ 2H

δ
ρM UM dy

(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 Nuintf

and Shintf , 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.

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

W1
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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
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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.

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 Cp,L made

in the previous work [9]. In the previous study, the specific heat of the liquid film, Cp,L, 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

determined by the temperature nodal value. Therefore, the gradients
∂Cp,L

∂y
and

∂Cp,L

∂x
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 = 2 m, H = 0.015 m, TL,in = 20◦C, TM,in = 20◦C, and ReM,in = 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 ReL,in FrL,in P [atm] φin (%) q′′
wall

[W/m2] GrT GrM GrQ(×10−4)

W3 50 4.18 1 50 500 24.4 9.9 14.6

W4 50 4.18 1 50 1000 51.2 18.7 29.2

W5 50 4.18 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 29.3 11.3 29.2

W8 100 8.36 1 20 1000 27.7 13.7 29.1

W9 100 8.36 1 80 1000 31.0 8.8 29.4

W10 100 8.32 2 50 1000 127.3 23.7 116.4

W11 100 8.31 3 50 1000 294.6 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 ReL,in FrL,in P [atm] q′′
wall

[W/m2] GrT GrM GrQ(×10−4)

E3 50 4.21 1 1000 32.2 -60.1 29.0

E4 50 4.21 1 2000 67.8 -101.4 58.0

E5 50 4.21 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 8.30 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:

ṁ′intf,tot(x) =

x∑

xi=0

J′intf(xi) (5.5)

Figure 5.6 shows the distribution of ṁ′
intf,tot

along the channel for different wall heat flux values.

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; TL,in = TM,in = 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/m2].
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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 φin =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 q′′
intf

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 ≤ η ≤ 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

116



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

numbers are defined based on the interface temperature and mass fraction:

GrT =
g (Tintf −TM,in) H4

L ν2
M

TM,in

(5.6)

GrM =
g (Ma/Mv−1) (Wa,in−Wa,intf) H4

L ν2
M

(5.7)

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
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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:

GrT =
1

L

∫ L

0

GrT dx (5.8)

GrM =
1

L

∫ L

0

GrM dx (5.9)

A Grashof number can also be defined based on the wall heat flux, which remains constant along

the channel.

GrQ =
g β q′′

wall
H4

kMν
2
M

(5.10)
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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 ReM,in, 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 ReM,in)

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,

ε, and is defined as:

ε =
ṁ′

L,in
− ṁ′

L,out

(q′′
wall

L)/h fg
×100 (5.11)

For calculation of ε, h fg was evaluated at the channel inlet conditions. Figure 5.15a shows the ef-

fectiveness of a system with q′′
wall
= 1000 [W/m2] and Pin = 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

ReL,in from 50 to 200 for ethanol. For water, the effectiveness decreases 60.2% when changing

ReL,in over the same range. The effectiveness of ethanol cases is more significant than water due to
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the higher volatility of ethanol. Figure 5.15b shows the impact of inlet pressure on the effectiveness

of a system with q′′
wall
= 1000 [W/m2] and ReL,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
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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.

122



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 δin. 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 (Lh) due to mass removal , and it

remains almost constant along the insulated section (Li).

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,L ≤ 30, 40 ≤ Ny,M ≤ 140, and 105 ≤ Nx ≤ 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,L = 30, Ny,M = 140, and Nx = 400), a grid with Ny,L = 20, Ny,M = 70, and

Nx = 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 ReM,in ReL,in FrL,in TL,in TM,in q′′
wall

[◦C] [◦C] [W/m2]

W1 [29] 100 44.8 3.66 25 25 8000

W2 [32] 2000 50 4.18 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: Lh = 0.3 m, Li = 0.7 m,

H = 0.015 m, q′′
wall
= 3000 W/m2, TL,in = 20◦C, TM,in = 20◦C, Pin = 1 atm, and φin =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 ReL,in and ReM,in 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 ReL,in FrL,in ReM,in GrT GrM Reverse Flow Location [m]1

W3 25 2.081 200 173.53 68.81 Yes 0.181

W4 35 2.914 200 132.31 47.28 Yes 0.260

W5 25 2.082 400 160.27 61.06 Yes 0.306

W6 35 2.915 400 125.11 44.07 No -

W7 25 2.084 800 147.14 53.96 No -

W8 35 2.917 800 117.20 40.78 No -

1 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
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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.

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:

GrT =
g (Tintf −TM,in) H4

L ν2
M

TM,in

(6.1)

GrM =
g (Ma/Mv−1) (Wa,in−Wa,intf) H4

L ν2
M

(6.2)

Average Grashof numbers can also be defined as:

GrT =
1

L

∫ L

0

GrT dx (6.3)

GrM =
1

L

∫ L

0

GrM dx (6.4)

Figure 6.7 illustrates the change of thermal and mass Grashof numbers along the channel length

for cases with different ReM,in. 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 ReL,in 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.
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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 ReM,in, 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 ReL,in 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)

ReM,in = 200,400, and 800 for Cases W4, W6, and W8, respectively and (b) ReL,in = 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.

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 ReL,in, 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 ReL,in results in a higher evaporation rate, which increases

the interfacial temperature and the amount of water vapour in the system. For case W5, 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 W5, 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 ReL,in =

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 ReM,in results in a higher capacity to carry the energy away from the interface. Moreover,
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Figure 6.10: Flow streamlines (not to scale) for different cases (a) W3, (b) W4, (c) W5, (d) W6,

(e) W7, (f) 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 ReL,in = 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 ReM,in 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.

ε =
ṁ′

L,in
− ṁ′

L,out
(

q′′
wall

Lh

h fg

) ×100 (6.5)

For the calculation of ε, h fg was evaluated at the channel inlet conditions. Figure 6.13a illustrates

the effectiveness of a system for different ReL,in and ReM,in 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 ReM,in = 800. The effec-

tiveness also increases by increasing the mixture Reynolds number due to the higher evaporation

rate at higher ReM,in. The effectiveness increases by 31.2% when ReM,in changes from 200 to 800

at ReL,in = 25.
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Figure 6.11: Axial variation of interfacial heat flux for different ReM,in numbers at (a) ReL,in = 35,
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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 [1]. 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 δin, a fully developed profile for the axial velocity, UL,in(y), and

uniform profiles for the inlet temperature, TL,in, and salt mass fraction, WS ,in. The film flows along
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the wall exposed to a uniform heat flux, q′′
wall

. The gas mixture enters with a fully developed profile

for the axial velocity, UM,in(y), and uniform profiles for the mixture temperature, TM,in, and the air

mass fraction, Wa,in.

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,L ≤ 40, 30 ≤ Ny,M ≤ 120, and

90 ≤ Nx ≤ 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,L = 20, Ny,M = 70, and Nx = 180

was found to be suitable because the maximum percent difference between its results and those for

the finest grid (Ny,L = 40, Ny,M = 120, and Nx = 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,L = 20, Ny,M = 70, and Nx = 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

plate channel. The operating parameters in their work are: ṁ′
L,in
= 0.04 to 0.06

kg

m.s , TL,in = 50 ◦C,

TM,in = 30.5 ◦C, Pref,in = 1 atm, q′′
wall
= 0 W/m2, φ = 85%, L = 1.0 m, and H = 0.015 m. As

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 ReM,in 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 ReM,in = 500 and ReM,in = 2000 occurs at the

144



Chapter 7. Desalination Process inside Parallel-Plate Channels: Elliptic Model

channel exit and is equal to 3.1 and 2.2 for the inlet liquid mass flow rate of 0.04 and 0.06
kg

m.s ,

respectively. Hence, the effect of ReM,in on the wall temperature distribution is not considerable

for different ṁ′
L,in

values. Yet, as is seen in Figure 7.1, the results corresponding to ReM,in =

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

ṁ′
L,in
= 0.04 and 0.06

kg
m.s , 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,

ReM,in = 2000, TL,in = 20◦C, TM,in = 20◦C, Pref,in = 1 atm, and inlet relative humidity φin=50%

(Wa,in = 0.993). In the parametric study, the liquid inlet Reynolds value, ReL,in, was 25 or 35, and

the wall heat flux, q′′
wall

, was 2000 or 4000 W/m2. The oceanographic range of salinity, S , is usually

from 0 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 WS ,in, ReL,in, and q′′
wall

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 FrL = U
2

L,in/(gδin).

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, η, as defined in [106], is

used in Figures 7.2 to 7.4, where the ranges 0 ≤ η ≤ 1 and 1 ≤ η ≤ 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) ṁ′
L,in
=

0.04
kg

m.s and (b) ṁ′
L,in
= 0.06

kg

m.s

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 ReL,in FrL,in q′′
wall

[W/m2] WS ,in [g/kg]

W1 25 2.09 2000 -

W2 25 2.09 4000 -

W3 35 2.92 2000 -

W4 35 2.92 4000 -

SW1 25 2.09 2000 35

SW2 25 2.09 2000 70

SW3 25 2.09 4000 35

SW4 25 2.09 4000 70

SW5 35 2.92 2000 35

SW6 35 2.92 2000 70

SW7 35 2.92 4000 35

SW8 35 2.92 4000 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 ReL,in and ReM,in,

the reduced width results a velocity increase in the gas phase.

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 TL,in, 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 7.5: Temperature distribution at the interface along the channel

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.

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:

ṁ⋆
tot,x =

∑x
xi=0 ṁ′

intf
(xi)

ṁ′
L,in

(1−Ws)
(7.1)

Figure 7.8 depicts the axial variation of ṁ⋆
tot,x for the two different wall heat flux values. The total

evaporated mass decreases with increasing the inlet salinity in the liquid phase. For a wall heat

flux of 4000 W/m2, 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 q′′
wall
= 2000 W/m2 and
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q′′
wall
= 4000 W/m2, respectively.

Figure 7.8: Total evaporated mass along the channel

The results were also examined using an effectiveness parameter, ǫ [32]. Figure 7.9 a shows the

effectiveness for different ReL,in, q′′
wall

, and WS ,in values. The effectiveness increases by decreasing

ReL,in due to a larger amount of energy available for the evaporation process. It increases 29.1%

when ReL,in decreases from 35 to 25 at q′′
wall
= 4000 W/m2 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′′
wall

changes from 2000 to 4000 W/m2 at ReL,in = 25

and WS ,in = 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′′
wall
= 4000 W/m2 and ReL,in = 25, the effectiveness is reduced by 5.4% and 10.5%

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 ReL,in and q′′
wall

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% (Wa = 0.997)

153



Chapter 7. Desalination Process inside Parallel-Plate Channels: Elliptic Model

Figure 7.9: Effectiveness change with salt mass fraction for different inlet liquid Reynolds numbers

and wall heat fluxes

to 80% (Wa = 0.988). Table 7.2 shows the maximum percent difference, Ψ, of interfacial field

variables and ṁ⋆
tot,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 (φ = 50%)

φ Ψ(U) Ψ(T ) Ψ(Ws) Ψ(Wa) Ψ(ṁ⋆
tot,x)

20% 0.33 0.14 0.004 0.23 0.05

80% 0.30 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 Pin = 1 atm, ReM,in = 50, ṁ′′
L,in
= 0.022

kg

m·s
, and S in = 35 g/kg was chosen for testing with

various grid resolutions. Number of grids in the domain, Nx, Ny,L, and Ny,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 Nx, Ny,L, and Ny,G, respectively.

Compared to the finest grid (Nx = 580,Ny,L = 60, and Ny,G = 145), a grid with Nx = 390,Ny,L = 30,
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and Ny,G = 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 (%)

δ 0.17

Uintf 1.58

Tintf 0.02

Ws,intf 0.003

Wg,intf 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. L2 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 θ = 0◦

(L0) could be different. A greater distance results in a thinner film thickness and a higher local heat

transfer coefficient around the tube. Thus, L0 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 L1, 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]:

UL,in =
√

2 g (L0−L1) (8.1)

L1 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 (L0 − L1) is calculated based on a desired entry length L1 in the computational

domain and L0 defined in the experimental study. The inlet velocity is then calculated using Equa-

tion (8.1). The inlet film thickness, δin, is subsequently calculated based on the specified inlet

liquid mass flow rate per unit depth.

δin =
ṁ′

L,in

ρL UL,in
(8.2)

Table 8.2: Geometric and operating parameters in comparison cases.

Reference Case D ṁ′
L,in

ReL,in FrL,in δin P q′′
wall

TL,in TG,in Ws,in Gas ψin

[mm] [kg m−1 s−1] – – [mm] [kPa] kW m−2 [◦C] [◦C] – phase (%)

Chen et al. [2] PW1 25.4 – 184 213 0.15 101.33 0 20 20 0 AVM 50

Wang et al. [3] SW1 25.4 – 258 309.6 0.15 101.33 0 20 20 0.03 AVM 50

Hu and Jacobi [4] PW2 22 – 245 4.91 1 101.33 15 30 20 0 AVM 50

Shen et al. [5] SW2 19 0.026 – 42 0.25 12.35 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:

hθ =
q′′

wall

Twall−TL,in
(8.3)

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 coefficient is over-predicted at the upper stagnation point for both cases. However, the trend
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predicted by the code is consistent with the experimental data. Because q′′
wall

and TL,in are fixed in

these cases, the discrepancy at the top of the tube must be related to the under-prediction of Twall 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 (Pin = 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

160



Chapter 8. Desalination Process on Horizontal Tubes: Elliptic Model

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
kg

m·s
, 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. Twall is either 60 or 70 ◦C. Other variables common to all simulations are:

TL,in = 60 ◦C, TM,in = 60 ◦C, δin = 1 mm, D = 14 mm, L1 = D/2, L2 = 5D, and H = 5D. Based on a

study by Mitrovic [109], 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 Pin, ReM,in, Twall and ṁ′
L,in

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 Pin = 19.9 kPa and ReM,in = 25. The

x and y axes are scaled by dividing their values by the total length (L1 +D+ L2) and width (H)

162



Chapter 8. Desalination Process on Horizontal Tubes: Elliptic Model

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 (Pin = 101.33 kPa) where an air-vapour mixture is present in

the gas phase and ReM,in = 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

Pin = 101.33 kPa and ReM,in = 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 Pin = 19.9 kPa and Pin = 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 ṁ′
L,in
= 0.022

kg

m·s
, Twall = 70 ◦C (343.15 K), and (a)

Pin = 19.9 kPa and ReM,in = 25, (b) Pin = 101.3 kPa and ReM,in = 25, and (c) Pin = 101.3 kPa and

ReM,in = 50.
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Figure 8.6: Recirculation zones observed in the liquid film for cases with ṁ′
L,in
= 0.022

kg
m·s

,

ReM,in = 25, Twall = 70 ◦C (343.15 K), and (a) Pin = 19.9 kPa and (b) Pin = 101.3 kPa.

horizontal tubes:

GrT =
g (Tintf −TM,in) D3

ν2
M

TM,in

(8.4)

GrM =
g (Ma/Mv−1) (Wa,in−Wa,intf) D3

ν2
M

(8.5)

where GrT and GrM are the thermal and mass Grashof numbers, respectively.

The average Grashof numbers are also defined as:

GrT =
2

πD

∫ πD
2

0

GrT dx (8.6)
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GrM =
2

πD

∫ πD
2

0

GrM dx (8.7)

Figure 8.7 shows the variation of the thermal Grashof number with the circumferential angle for

Pin = 19.9 kPa, Pin = 47.4 kPa, and Pin = 101.3 kPa, and mass Grashof number variation with the

circumferential angle for Pin = 47.4 kPa and Pin = 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 a result, 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 Pin = 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 Pin (higher air mass fraction) due to increased

density, which, at a constant ReM,in, 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 ReM,in 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 ṁ′
L,in

, which is expected

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)

mass Grashof number.

lower mixture Reynolds numbers, and higher wall temperature, which may lead to the dominance

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 (ṁ′
L,in
= 0.022

kg
m·s

).

ReM,in Twall Pin = 19.9 Pin = 47.4 Pin = 101.3

– [◦C] [kPa] [kPa] [kPa]

GrT

25
65 5.17 75.08 ∗ 439.92 ∗

70 5.38 192.39 ∗ 984.43 ∗

50
65 5.15 65.93 426.85

70 5.38 181.97 970.07 ∗

100
65 5.15 56.37 408.8

70 5.37 171.05 949.17

GrM

25
65 – 2000.48 3724.08

70 – 2485.84 4585.81

50
65 – 1966.41 3705.00

70 – 2440.63 4561.89

100
65 – 1931.86 3678.88

70 – 2395.42 4527.58

* Cases with flow reversal at the outlet

Table 8.4: Grashof numbers for parametric study cases (ṁ′
L,in
= 0.033

kg

m·s
).

ReM,in Twall Pin = 19.9 Pin = 47.4 Pin = 101.3

[◦C] [kPa] [kPa] [kPa]

GrT

25
65 5.07 30.62 ∗ 237.64 ∗

70 5.22 105.53 ∗ 581.16 ∗

50
65 5.07 24.67 228.66

70 5.22 98.35 572.16 ∗

100
65 5.07 16.47 214.07

70 5.22 89.74 555.92

GrM

25
65 – 1836.21 3432.92

70 – 2122.00 3941.60

50
65 – 1815.28 3420.41

70 – 2094.07 3928.01

100
65 – 1786.86 3400.17

70 – 2061.68 3903.55

* 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 θ equals 0◦ and 180◦, respectively. The

normalized film thickness is only depicted up to δθ/δin = 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 ReM,in and reducing

Pin 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
kg

m·s
.
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Figure 8.8: Liquid film thickness variation around the tube for different amounts of Pin, ReM,in,

ṁ′
L,in

, and Twall.
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8.4.2 Effects of Pin Variation on the Heat and Mass Transfer

Figure 8.9 depicts the variation of interface temperature around the tube. When Pin = 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 Twall = 70 ◦C, the interface temperature increase is more noticeable compared to the

case of Twall = 65 ◦C. For Pin = 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

Twall = 65 ◦C, the interface temperature is up to about 1 K higher for Pin = 101.3 kPa compared

to Pin = 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 Pin = 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

to 0.022
kg
m·s

.

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 Pin, ṁ′
L,in

, and

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 hθ around the tube at Pin = 19.9 kPa for two inlet liquid mass

flow rate values. The variation of hθ 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 hθ up to
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a circumferential angle of 60◦, after which hθ 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 hθ. For other inlet pressure

cases, hθ increases with increasing ṁ′
L,in

, indicating that the impact of convection on hθ is more

noticeable than the increase in film thickness. Additionally, for higher pressures, the decrease in

hθ 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 Pin = 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 ṁ′
L,in
= 0.033

kg

m·s
and Twall = 65 ◦C, the total evaporated mass increases

by about five times when the inlet pressure decreases from Pin = 101.3 kPa to Pin = 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

ṁ′
L,in
= 0.033

kg

m·s
and Pin = 19.9 kPa, the rise in wall temperature doubles the total evaporation

rate. The total evaporated mass decreases for a higher ṁ′
L,in

, which is consistent with the results

presented by Louahlia-Gualous and Omari [110]. 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 Pin = 19.9 kPa and Twall = 65 ◦C, the total evaporated mass increases by about 40% when

decreasing ṁ′
L,in

from 0.033 to 0.022
kg

m·s
.

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 ṁ′
L,in
= 0.022

kg
m·s

and Twall = 70 ◦C, the amount of salt at the
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Figure 8.10: Local heat transfer coefficient variation around the tube for different amounts of Pin

and ṁ′
L,in

.
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Figure 8.11: Total evaporated mass around the tube for different amounts of Pin, ṁ′
L,in

, and Twall.

bottom of the tube is approximately 6.5% higher for Pin = 19.9 kPa compared to Pin = 101.3 kPa.

Additionally, an increase in wall temperature leads to a higher salt concentration at the interface.

For ṁ′
L,in
= 0.022

kg

m·s
and Pin = 19.9 kPa, the interface salt mass fraction increases about 4.2%

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 Pin = 19.9 kPa, but higher than the inlet mass fraction
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at the other two pressures. For Pin = 19.9 kPa, it is due to condensation of some vapour into the

liquid film. For Pin = 47.4 kPa and Pin = 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.

Figure 8.12: Interface salt mass fraction variation around the tube for different amounts of Pin,

ṁ′
L,in

, and Twall.
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8.4.3 Effects of ReM,in 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 (Pin = 19.9 kPa) and one

with a sub-cooled inlet temperature (Pin = 101.3 kPa). The impacts of Reynolds number (ReM,in)

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 ReM,in variation on the aforementioned

parameters at Pin = 19.9 kPa. No significant changes are observed with increasing ReM,in, indi-

cating that varying the co-current gas flow velocity has minimal effect on heat and mass transfer

at Pin = 19.9 kPa. Figure 8.14 shows the impacts of ReM,in variation on the same parameters at

Pin = 101.3 kPa. The local heat transfer coefficient is not noticeably affected by ReM,in. As de-

picted in Figure 8.14 (b), the total evaporated mass increases with ReM,in. The total evaporated

mass increases about 7% and 28% at the bottom of the tube when ReM,in increases from 25 to 50

and 100, respectively. Compared to the case with Pin = 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 Pin = 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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Figure 8.13: (a) Local heat transfer coefficient, (b) total evaporated mass, and (c) interface salt

mass fraction variation around the tube for different amounts of ReM,in at Pin = 19.9 kPa.
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Figure 8.14: (a) Local heat transfer coefficient, (b) total evaporated mass, and (c) interface salt

mass fraction variation around the tube for different amounts of ReM,in at Pin = 101.3 kPa.
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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 hθ 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 (c). This

increase is more pronounced for Ws,in = 35 g/kg.

Figure 8.15: Film thickness variation around the tube for different amounts of WS .
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Figure 8.16: Local heat transfer coefficient variation around the tube for different amounts of WS .
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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:

• 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 ReL,in and ReM,in 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

influences of changes to the ReL,in, S in, q′′
wall

, and φin 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′′
wall

and ReL,in changes on the flow, heat transfer, and mass transfer, more

pronounced than the effects of changes in S in.
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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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• 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.

• 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.

• 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.

• 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.

• 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 [111], 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:

d2UL

dy2
=

1

µL

(

dP

dx
−ρL g

)

(A.1)

and

d2UM

dy2
=

1

µM

(

dP

dx
−ρM g

)

(A.2)

Eq. (A.1) is integrated twice with respect to y for the limits y= 0 to y= δin. Similarly, Eq. (A.2),

is integrated twice for the limits y = δin to y = H. The resulting expressions for the velocities are:

UL =
1

2µL

(
dP
dx
−ρL g

)

y2+C1 y+C2 for 0 ≤ y ≤ δin (A.3)

UM =
1

2µM

(
dP
dx
−ρM g

)

y2+C3 y+C4 for δin ≤ y ≤ H (A.4)

The constants of integration in Eqs. (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 = δ), and

symmetry at the channel centre line (y = H). The symmetry condition at the centre line is the
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difference between this derivation and that in [111]. The constants of integration are obtained as

follows:

C1 =

(

−H

µL

)

dP

dx
+

[

1

µL

((

ρL−ρM
)

δin+ρMH
)
]

g (A.5)

C2 = 0 (A.6)

C3 =

(

−H

µM

)

dP

dx
+

(

ρMH

µM

)

g (A.7)

C4 =

[

D
( 1

µL
−

1

µM

)
]

dP

dx
+





δ2
in

E

2
+HρMδin

( 1

µL
−

1

µM

)


g (A.8)

and

D =
δ2

in

2
−Hδin (A.9)

E =
ρL

µL
−
ρM

µM
−

2ρM

µL
(A.10)

F =
1

6µM

(

H3−δ3
in

)

(A.11)

R =
1

2µM

(

H2−δ2
in

)

(A.12)

The velocity profiles can be integrated to obtain the liquid and mixture mass flow rates per unit

depth of the channel:

ṁ′L =

∫ δin

0

ρL UL dy = ρL C5
dP

dx
+ρL C6 (A.13)

ṁ′M =

∫ H

δin

ρM UM dy = ρM C7
dP

dx
+ρM C8 (A.14)

where

C5 =
δ2

in

6µL

(

δin−3H
)

(A.15)

C6 =





δ2
in

6µL

(

δinρL
(

2−3
ρM

ρL

)

+3ρMH
)


g (A.16)

C7 = F −HR+

(

D
( 1

µL

−
1

µM

)
)
(

H −δin

)

(A.17)
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C8 =

(

−ρMF +ρMHR+





δ2
in

E

2
+HρMδin

( 1

µL

−
1

µM

)




(

H −δin

)
)

g (A.18)

Given ṁ′
L

and ṁ′
M

, Eqs. (A.13) and (A.14) can each be solved for pressure gradient, dP
dx

. An

equation for the film thickness, δin, can then be formed by equating the two equations for pressure

gradient. After solving for δin, the pressure gradient is determined using either Eq. (A.13) or

Eq. (A.14). Finally, Eqs. (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 [112]. 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 [113] 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.

S R =
(PS S L)v

(Psat)v
= exp

(

E∗ (− ln J∗)0.5

2 (E∗)0.5+ (− ln J∗)1.5

)0.5

(B.1)

where

J∗ =
106 M ρL

NA

(

π M

2 σ NA

)0.5 [
R T

Psat

]

(B.2)

and

E∗ =
16 π σ3

3 ρ2
L

kB R2 T 3
(B.3)

The surface tension of droplets, σ, 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

Ṡ ′′′
C

, Ṡ ′′′
T

, and Ṡ ′′′
W

are added to the continuity, energy, and gas species equations, respectively. The

term Ṡ ′′′
C

removes the excess mixture from the system. Eq. (B.4) is used as an initial guess for Ṡ ′′′
C

.

(Ṡ ′′′C )P =

(

a
w,w
P

)old

VP





Wsat

Wold
P

−1



 (B.4)

Where
(

a
w,w
P

)old
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:

(Ṡ ′′′C )new
P = (Ṡ ′′′C )old

P +α

(

a
w,w
P

)old

VP

(

Wsat−Wold
P

)

(B.5)

α is a relaxation factor and set to be 0.002 in the present work. The mixture continuity mass

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 (Ṡ ′′′
W

) in the gas species equation:

(

Ṡ ′′′W

)

P
=

(

Ṡ ′′′C

)

P
WP (B.6)

The effects on the energy balance are accounted for by using Ṡ ′′′
T

:

(

Ṡ ′′′T

)

P
=

(

Ṡ ′′′C

)

P

(

Cp

)

P
TP−

(

Ṡ ′′′C

)

P
(1−WP)

(

h fg

)

P
(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 Ṡ ′′′
C

, Ṡ ′′′
T

, and Ṡ ′′′
W

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 (φ ≈ 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.

T = Tv+
S T 2

v

13832

[

1+0.001373 Tv−0.00272 S 0.5 Tv+17.86 S

−0.0152 S Tv

(

Tv−225.9

Tv−236

)

−
2583 S (1−S )

Tv

] (C.1)

where the validity ranges are 273.15 ≤ Tv ≤ 473.15 K and 0 ≤ S ≤ 0.12 kg/kg. The vapour temper-

ature, Tv, is 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
c,u
P
= ρeAenxeWe−ρwAwnxw(1−Ww)+ρnAnnxnWn−ρsAsnxs(1−Ws) (D.1)

a
c,u
E
= ρeAenxe (1−We) (D.2)

a
c,u
W
= −ρwAwnxwWw (D.3)

a
c,u
N
= ρnAnnxn (1−Wn) (D.4)

a
c,u
S
= −ρsAsnxnWs (D.5)

a
c,v
P
= ρeAenyeWe−ρwAwnyw(1−Ww)+ρnAnnynWn−ρsAsnys(1−Ws) (D.6)

a
c,v
E
= ρeAenye (1−We) (D.7)

a
c,v
W
= −ρwAwnywWw (D.8)
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a
c,v
N
= ρnAnnyn (1−Wn) (D.9)

a
c,v
S
= −ρsAsnysWs (D.10)

a
c,p
P
= ρeAed̂u

enxe

[

Yt,e

(ds)e

+
Ys,e

(dt)e

(Cne1−Cse4)

]

+ρwAwd̂u
wnxw

[

Yt,w

(ds)w

−
Ys,w

(dt)w

(Cnw2−Csw3)

]

−ρnAnd̂u
nnxn

[

Ys,n

(dt)n

+
Yt,n

(ds)n

(Cne1−Cnw2)

]

−ρsAsd̂
u
s nxs

[

Ys,s

(dt)s

−
Yt,s

(ds)s

(Cse4−Csw3)

]

−ρeAed̂v
enye

[

Xt,e

(ds)e

+
Xs,e

(dt)e

(Cne1−Cse4)

]

−ρwAwd̂v
wnyw

[

Xt,w

(ds)w

−
Xs,w

(dt)w

(Cnw2−Csw3)

]

+ρnAnd̂v
nnyn

[

Xs,n

(dt)n

+
Xt,n

(ds)n

(Cne1−Cnw2)

]

+ρsAsd̂
v
snys

[

Xs,s

(dt)s

−
Xt,s

(ds)s

(Cse4−Csw3)

]

(D.11)

a
c,p
E
= −ρeAe

(

d̂u
enxe

Yt,e

(ds)e

− d̂v
enye

Xt,e

(ds)e

)

−ρnAn

(

d̂u
nnxn

Yt,n

(ds)n

− d̂v
nnyn

Xt,n

(ds)n

)

Cne2

+ρsAs

(

d̂u
s nxs

Yt,s

(ds)s

− d̂v
snys

Xt,s

(ds)s

)

Cse3+ρeAe

(

d̂u
enxe

Ys,e

(dt)e

− d̂v
enye

Xs,e

(dt)e

)

(Cne2−Cse3) (D.12)

a
c,p
W
= −ρwAw

(

d̂u
wnxw

Yt,w

(ds)w

− d̂v
wnyw

Xt,w

(ds)w

)

+ρnAn

(

d̂u
nnxn

Yt,n

(ds)n

− d̂v
nnyn

Xt,n

(ds)n

)

Cnw1

−ρsAs

(

d̂u
s nxs

Yt,s

(ds)s

− d̂v
snys

Xt,s

(ds)s

)

Csw4+ρwAw

(

d̂u
wnxw

Ys,w

(dt)w

− d̂v
wnyw

Xs,w

(dt)w

)

(Csw4−Cnw1) (D.13)

a
c,p
N
= ρnAn

(

d̂u
nnxn

Ys,n

(dt)n

− d̂v
nnyn

Xs,n

(dt)n

)

+ρeAe

(

d̂u
enxe

Ys,e

(dt)e

− d̂v
enye

Xs,e

(dt)e

)

Cne4

−ρwAw

(

d̂u
wnxw

Ys,w

(dt)w

− d̂v
wnyw

Xs,w

(dt)w

)

Cnw3−ρnAn

(

d̂u
nnxn

Yt,n

(ds)n

− d̂v
nnyn

Xt,n

(ds)n

)

(Cne4−Cnw3) (D.14)

a
c,p
S
= ρsAs

(

d̂u
s nxs

Ys,s

(dt)s

− d̂v
snys

Xs,s

(dt)s

)

−ρeAe

(

d̂u
enxe

Ys,e

(dt)e

− d̂v
enye

Xs,e

(dt)e

)

Cse1

+ρwAw

(

d̂u
wnxw

Ys,w

(dt)w

− d̂v
wnyw

Xs,w

(dt)w

)

Csw2+ρsAs

(

d̂u
s nxs

Yt,s

(ds)s

− d̂v
snys

Xt,s

(ds)s

)

(Cse1−Csw2) (D.15)
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a
c,p
NE
=

(

ρeAed̂u
enxe

Ys,e

(dt)e

−ρeAed̂v
enye

Xs,e

(dt)e

−ρnAnd̂u
nnxn

Yt,n

(ds)n

+ρnAnd̂v
nnyn

Xt,n

(ds)n

)

Cne3 (D.16)

a
c,p
NW
= −

(

ρwAwd̂u
wnxw

Ys,w

(dt)w

−ρwAwd̂v
wnyw

Xs,w

(dt)w

−ρnAnd̂u
nnxn

Yt,n

(ds)n

+ρnAnd̂v
nnyn

Xt,n

(ds)n

)

Cnw4

(D.17)

a
c,p
SE
= −

(

ρeAed̂u
enxe

Ys,e

(dt)e

−ρeAed̂v
enye

Xs,e

(dt)e

−ρsAsd̂
u
s nxs

Yt,s

(ds)s

+ρsAsd̂
v
snys

Xt,s

(ds)s

)

Cse2 (D.18)

a
c,p
SW
=

(

ρwAwd̂u
wnxw

Ys,w

(dt)w

−ρwAwd̂v
wnyw

Xs,w

(dt)w

−ρsAsd̂
u
s nxs

Yt,s

(ds)s

+ρsAsd̂
v
snys

Xt,s

(ds)s

)

Csw1 (D.19)

bc
P = −ρeAe

(

nxeb̃u
e +nyeb̃v

e

)

+ρwAw

(

nxwb̃u
w+nywb̃v

w

)

−ρnAn

(

nxnb̃u
n+nynb̃v

n

)

+ρsAs

(

nxsb̃
u
s +nysb̃

v
s

)

(D.20)

D.2 Liquid Phase x-momentum Equation

a
u,u
P
=

(
ρPVP

∆t

)

+ (0.5+αe) ṁe− (0.5−αw) ṁw+ (0.5+αn) ṁn− (0.5−αs) ṁs

+
Du

eβe

n̂e · ŝe
+

Du
wβw

n̂w · ŝw
+

Du
nβn

n̂n · t̂n
+

Du
sβs

n̂s · t̂s

+Du
eβeγx,e (Cne1−Cse4)

−Du
wβwγx,w (Cnw2−Csw3)+Du

nβnγy,n (Cne1−Cnw2)−Du
sβsγy,s (Cse4−Csw3) (D.21)

a
u,u
E
= (0.5−αe) ṁe−

Du
eβe

n̂e · ŝe

+Du
nβnγy,nCne2−Du

sβsγy,sCse3

+Du
eβeγx,e (Cne2−Cse3) (D.22)
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a
u,u
W
= − (0.5+αw) ṁw−

Du
wβw

n̂w · ŝw

−Du
nβnγy,nCnw1+Du

sβsγy,sCsw4

−Du
wβwγx,w (Cnw1−Csw4) (D.23)

a
u,u
N
= (0.5−αn) ṁn−

Du
nβn

n̂n · t̂n
+Du

eβeγx,eCne4 −Du
wβwγx,wCnw3

+Du
nβnγy,n (Cne4−Cnw3) (D.24)

a
u,u
S
= − (0.5+αs) ṁs−

Du
sβs

n̂s · t̂s

−Du
eβeγx,eCse1+Du

wβwγx,wCsw2

−Du
sβsγy,s (Cse1−Csw2) (D.25)

a
u,u
NE
=

(

Du
eβeγx,e+Du

nβnγy,n

)

Cne3 (D.26)

a
u,u
NW
= −

(

Du
wβwγx,w+Du

nβnγy,n

)

Cnw4 (D.27)

a
u,u
SE
= −

(

Du
eβeγx,e+Du

sβsγy,s

)

Cse2 (D.28)

a
u,u
SW
=

(

Du
wβwγx,w+Du

sβsγy,s

)

Csw1 (D.29)

where,

Du
e =

µeAe

(ds)e

Du
w =

µwAw

(ds)w

Du
n =

µnAn

(dt)n

Du
s =

µsAs

(dt)s

(D.30)

γx, f =
(ds) f

(dt) f

t̂ f · ŝ f

n̂ f · ŝ f
γy, f =

(dt) f

(ds) f

t̂ f · ŝ f

n̂ f · t̂ f

(D.31)
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The pressure coefficients of main node (a
u,p
P

) and its four neighbours (a
u,p
NB4

) are derived as follows:

a
u,p
P
= VP

Yt,P

(ds)P

(We−1+Ww)−VP

Ys,P

(dt)P

(Wn−1+Ws) (D.32)

a
u,p
E
= VP

Yt,P

(ds)P

(1−We) (D.33)

a
u,p
W
= −VP

Yt,P

(ds)P

Ww (D.34)

a
u,p
N
= −VP

Ys,P

(dt)P

(1−Wn) (D.35)

a
u,p
S
= VP

Ys,P

(dt)P

Ws (D.36)

The right hand side of Equation (4.78) is:

bu
P =

(
ρPVP

∆t

)

Uo
P+ρPgxVP (D.37)

D.3 Liquid Phase y-momentum Equation

The coefficients of V-velocity of the main node and its neighbours are analogous to those of the

U-momentum equation:

a
v,v
P
= a

u,u
P

a
v,v
NB
= a

u,u
NB

(D.38)

Note that Du
f

changes to Dv
f

and Dv
f
= Du

f
(Equation (D.30)). The other coefficients are as follows:

a
v,p
P
= VP

Xs,P

(dt)P

(Wn−1+Ws)−VP

Xt,P

(ds)P

(We−1+Ww) (D.39)

a
v,p
E
= −VP

Xt,P

(ds)P

(1−We) (D.40)
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a
v,p
W
= VP

Xt,P

(ds)P

Ww (D.41)

a
v,p
N
= VP

Xs,P

(dt)P

(1−Wn) (D.42)

a
v,p
S
= −VP

Xs,P

(dt)P

Ws (D.43)

bv
P =

(
ρP VP

∆t

)

Vo
P (D.44)

D.4 Liquid Phase Energy Equation

The derivation of a
t,t
P

and a
t,t
NB

is analogous to those for the U velocity coefficient in the x-momentum

equation using k of µ in D f coefficients and ṁCp instead of ṁ.

Dt
e =

keAe

(ds)e

Dt
w =

kwAw

(ds)w

Dt
n =

knAn

(dt)n

Dt
s =

ksAs

(dt)s

(D.45)

a
t,W
P
= (0.5+αe)

(

h̄S− h̄W

)

e
ṁe− (0.5−αw)

(

h̄S− h̄W

)

w
ṁw

+ (0.5+αn)
(

h̄S− h̄W

)

n
ṁn− (0.5−αs)

(

h̄S− h̄W

)

s
ṁs

+
D̃t

e βe

n̂e · ŝe
+

D̃t
wβw

n̂w · ŝw
+

D̃t
n βn

n̂n · t̂n
+

D̃t
sβs

n̂s · t̂s

+ D̃t
e βeγx,e (Cne1−Cse4)

− D̃t
w βwγx,w (Cnw2−Csw3)+ D̃t

n βnγy,n (Cne1 −Cnw2)− D̃t
s βsγy,s (Cse4−Csw3) (D.46)

a
t,W
E
= (0.5−αe)

(

h̄S− h̄W

)

e
ṁe−

D̃t
e βe

n̂e · ŝe

+ D̃t
n βnγy,nCne2− D̃t

s βsγy,sCse3

+ D̃t
e βeγx,e (Cne2−Cse3) (D.47)
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a
t,W
W
= − (0.5+αw)

(

h̄S− h̄W

)

w
ṁw−

D̃t
w βw

n̂w · ŝw
− D̃t

n βnγy,nCnw1+ D̃t
s βsγy,sCsw4

− D̃t
wβwγx,w (Cnw1−Csw4) (D.48)

a
t,W
N
= (0.5−αn)

(

h̄S− h̄W

)

n
ṁn−

D̃t
n βn

n̂n · t̂n
+ D̃t

e βeγx,eCne4− D̃t
w βwγx,wCnw3

+ D̃t
n βnγy,n (Cne4−Cnw3) (D.49)

a
t,W
S
= − (0.5+αs)

(

h̄S− h̄W

)

s
ṁs−

D̃t
s βs

n̂s · t̂s

− D̃t
e βeγx,eCse1+ D̃t

w βwγx,wCsw2

− D̃t
s βsγy,s (Cse1−Csw2) (D.50)

a
t,W
NE
=

(

D̃t
e βeγx,e+ D̃t

n βnγy,n

)

Cne3 (D.51)

a
t,W
SE
= −

(

D̃t
e βeγx,e+ D̃t

s βsγy,s

)

Cse2 (D.52)

a
t,W
NW
= −

(

D̃t
w βwγx,w+ D̃t

n βnγy,n

)

Cnw4 (D.53)

a
t,W
SW
=

(

D̃t
w βwγx,w+ D̃t

s βsγy,s

)

Csw1 (D.54)

where,

D̃t
e =

ρeDAB
e Ae

(

h̄S− h̄W

)

e

(ds)e

D̃t
w =

ρwDAB
w Aw

(

h̄S− h̄W

)

w

(ds)w

D̃t
n =

ρnDAB
n An

(

h̄S− h̄W

)

n

(dt)n

D̃t
s =

ρsD
AB
s As

(

h̄S− h̄W

)

s

(dt)s

(D.55)
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bt
P =

(
ρPCpP

VP

∆t

)

T o
P (D.56)
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Appendix E

Elliptic Model Coefficients in Interface Algebraic

Equations

E.1 Normal Force Balance

The coefficients of Equation (4.99) are:

a
c,p
iL,P
= 1 (E.1)

a
c,p
iL,N
= −1 (E.2)

a
c,u
iL,P
= −2 µiL,P

(

n2
xnAx2+nxnnynAy2

)

iL,S
(E.3)

a
c,u
iL,E
= −2 µiL,P

(

n2
xnAx3+nxnnynAy3

)

iL,S
(E.4)

a
c,u
iL,W
= −2 µiL,P

(

n2
xnAx4+nxnnynAy4

)

iL,S
(E.5)

a
c,u
iL,S
= −2 µiL,P

(

n2
xnAx1+nxnnynAy1

)

iL,S
(E.6)

a
c,v
iL,P
= −2 µiL,P

(

nxnnynAx2+n2
ynAy2

)

iL,S
(E.7)

a
c,v
iL,E
= −2 µiL,P

(

nxnnynAx3+n2
ynAy3

)

iL,S
(E.8)

a
c,v
iL,W
= −2 µiL,P

(

nxnnynAx4+n2
ynAy4

)

iL,S
(E.9)

a
c,v
iL,S
= −2 µiL,P

(

nxnnynAx1+n2
ynAy1

)

iL,S
(E.10)

a
c,u
iL,N
= 2 µiG,P

(

n2
xsBx2+nxsnysBy2

)

iG,N
(E.11)

a
c,u
iL,NE

= 2 µiG,P

(

n2
xsBx3+nxsnysBy3

)

iG,N
(E.12)

a
c,u
iL,NW

= 2 µiG,P

(

n2
xsBx4+nxsnysBy4

)

iG,N
(E.13)

a
c,v
iL,N
= 2 µiG,P

(

nxsnysBx2+n2
ysBy2

)

iG,N
(E.14)

a
c,v
iL,NE

= 2 µiG,P

(

nxsnysBx3+n2
ysBy3

)

iG,N
(E.15)

a
c,v
iL,NW

= 2 µiG,P

(

nxsnysBx4+n2
ysBy4

)

iG,N
(E.16)
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bc
iL,P = −σK−2µiG,P

(

n2
xsBx1+nxsnysBy1

)

iG,N
UiG,N−2µiG,P

(

nxsnysBx1+n2
ysBy1

)

iG,N
ViG,N (E.17)

E.2 Zero Pressure Gradient

The coefficients of Equation (4.101) are:

a
c,p
iG,P
=

(

Bx2nxs+By2nys

)

iG,N
(E.18)

a
c,p
iG,N
=

(

Bx1nxs+By1nys

)

iG,N
(E.19)

a
c,p
iG,W
=

(

Bx4nxs+By4nys

)

iG,N
(E.20)

a
c,p
iG,E
=

(

Bx3nxs+By3nys

)

iG,N
(E.21)
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E.3 Tangential Force Balance

The coefficients of Equation (4.105) are:

a
u,u
iG,P
= −µiG,P

(

2nxssxsBx2+ (nyssxs+nxssys)By2

)

iG,N
(E.22)

a
u,u
iG,E
= −µiG,P

(

2nxssxsBx3+ (nyssxs+nxssys)By3

)

iG,N
(E.23)

a
u,u
iG,W
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(
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)

iG,N
(E.24)

a
u,u
iG,N
= −µiG,P

(
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)

iG,N
(E.25)

a
u,v
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(
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)

iG,N
(E.26)

a
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(
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)

iG,N
(E.27)
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= −µiG,P

(
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)

iG,N
(E.28)
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= −µiG,P

(
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)

iG,N
(E.29)
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= µiL,P

(

2nxnsxnAx2+ (nynsxn+nxnsyn)Ay2

)

iL,S
(E.30)

a
u,u
iG,SE

= µiL,P

(

2nxnsxnAx3+ (nynsxn+nxnsyn)Ay3

)

iL,S
(E.31)

a
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= µiL,P

(

2nxnsxnAx4+ (nynsxn+nxnsyn)Ay4

)

iL,S
(E.32)
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iG,S
= µiL,P

(

2nynsynAy2+ (nynsxn+nxnsyn)Ax2

)

iL,S
(E.33)

a
u,v
iG,SE

= µiL,P

(

2nynsynAy3+ (nynsxn+nxnsyn)Ax3

)

iL,S
(E.34)

a
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= µiL,P

(

2nynsynAy4+ (nynsxn+nxnsyn)Ax4

)

iL,S
(E.35)

bu
iG,P =

∂σ

∂s L,intf

−µiL,P

(

2nxnsxnAx1+ (nynsxn+nxnsyn)Ay1

)

iL,S
UiL,S

−µiL,P

(

2nynsynAy1+ (nynsxn+nxnsyn)Ax1

)

iL,S
ViL,S

(E.36)
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E.4 Tangential Velocity Equality

The coefficients of Equation (4.107) are:

a
u,u
iL,P
= sxn

∣
∣
∣
iL,S

(E.37)

a
u,u
iL,N
= −sxs

∣
∣
∣
iG,N

(E.38)

a
u,v
iL,P
= syn

∣
∣
∣
iL,S

(E.39)

a
u,v
iL,N
= −sys

∣
∣
∣
iG,N

(E.40)

E.5 Continuity of Mass at the Interface

The coefficients of Equation (4.109) are:

a
v,u
iG,P
= (ρA)iG,P(nxs)iG,N (E.41)

a
v,u
iG,S
= −(ρA)iL,P(nxn)iL,S (E.42)

a
v,v
iG,P
= (ρA)iG,P(nys)iG,N (E.43)

a
v,v
iG,S
= −(ρA)iL,P(nyn)iL,S (E.44)
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E.6 Continuity of Energy at the Interface

The coefficients of Equation (4.111) are:

a
v,u
iL,P
= (ρA)iL,P(nxn)iL,S (E.45)

a
v,v
iL,P
= (ρA)iL,P(nyn)iL,S (E.46)

a
v,t
iL,P
=

kA

h fg

∣
∣
∣
∣
∣
iL,P

(

Ax2nxn+Ay2nyn

)

iL,S
(E.47)
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v,t
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=
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h fg
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∣
∣
∣
∣
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(
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)
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(E.48)
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=
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h fg
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∣
∣
iL,P

(

Ax4nxn+Ay4nyn

)
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(E.49)
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=

kA

h fg

∣
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∣
∣
∣
iL,P

(

Ax1nxn+Ay1nyn

)

iL,S
(E.50)

a
v,t
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= −
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h fg

∣
∣
∣
∣
∣
iG,P

(

Bx2nxs+By2nys

)

iG,N
(E.51)
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= −
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h fg

∣
∣
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∣
∣
iG,P

(

Bx3nxs+By3nys

)

iG,N
(E.52)
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= −
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h fg

∣
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(

Bx4nxs+By4nys

)
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(E.53)

bv
iL,P =

kA

h fg

∣
∣
∣
∣
∣
iG,P

(

Bx1nxs+By1nys

)

iG,N
TiG,N (E.54)

E.7 Equilibrium Condition at the Interface

The coefficients of Equation (4.113) are:

a
t,t
iL,P
= 1 (E.55)

a
t,w
iL,P
= −

∂F

∂WiL
(E.56)

a
t,P
iG,P
= −

∂F

∂PiG
(E.57)

a
t,w
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= −
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bt
iL,P = T o

iL,P−
∂F

∂WiL
Wo

iL−
∂F

∂PiG
Po

iG −
∂F

∂WiG
Wo

iG (E.59)

E.8 Temperature Equality at the Interface

The coefficients of Equation (4.114) are:

a
t,t
iG,P
= 1 (E.60)

a
t,t
iG,S
= −1 (E.61)

E.9 Impermeability of Gas

The coefficients of Equation 4.116 are:

a
w,w
iG,P
= −(ρADAB)iG,P

(

nxnBx2+nynBy2

)

iG,N

+(ρAUo)iG,P nxn|iG,S+ (ρAVo)iG,P nyn|iG,N (E.62)
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E.10 Impermeability of Salt

The coefficients of Equation (4.118) are:

a
w,w
iL,P
= −(ρADAB)iL,P

(

nxnAx2+nynAy2

)

iL,S
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