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Chapter

Liquid Film Evaporation: Review
and Modeling
Jamel Orfi and Amine BelHadj Mohamed

Abstract

Liquid film evaporation is encountered in various applications including in air
humidifiers, in multiple effect distillers in thermal desalination, and in absorption
cooling evaporators. It is associated with a falling pure, binary or multicomponent
liquid film with associated complex and coupled heat and mass transfer processes.
This chapter presents important fundamental aspects inherent to falling film evap-
oration in several geometrical configurations such as on horizontal tubes and inside
inclined or vertical tubes or channels. The first part of the chapter concerns a review
of recent works on this topic with emphasis on modeling and simulation features
related to falling liquid films with heat and mass transfers. This document aims also
to establish a frame for the modeling of the fluid flow with heat and mass transfer in
the presence of evaporation. The main governing equations and the appropriate
boundary and interfacial conditions corresponding to the fluid flow and associated
heat and mass transfer and phase change are systematically presented and discussed
for the case of falling film in a vertical channel with the presence of flowing gas
mixture. Various simplifications of the governing equations and boundary and
interfacial conditions have been proposed and justified. In particular, the formula-
tion with extremely thin liquid film approximation is discussed.

Keywords: falling film, evaporation, evaporators, horizontal tubes, extremely thin
films, modeling, thermal desalination, absorption

1. Introduction

Evaporation is a phase change process widely encountered in natural and indus-
trial applications. Evaporation of a thin layer of alcohol or water in ambient air and
evaporation of seawater film on a bundle of horizontal tubes of an evaporator are
examples of such a complex phenomenon. Evaporation of liquid films occurs gen-
erally to ensure a cooling of the liquid itself, to cool the surface on which the liquid
flows or to increase the concentration of some components in the liquid. The
evaluation of the heat and mass transfer coefficients and associated evaporation
rates in various configurations is an important task in the appropriate design and
fabrication of multiple evaporators and heat exchangers needed in different appli-
cations including those related to microsystems. This explains why this topic has
attracted an increasing and significant interest from the scientific and industrial
communities. This chapter includes first, a review on the main recent works on the
falling film evaporation and in a second phase, important fundamental aspects on
modeling of the associated heat and mass transfer and fluid flow.
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2. Literature review

In this section, updated literature survey gathering important studies on
evaporation of single-component and multicomponent liquid films with associated
transport phenomena and related applications will be presented and discussed.
A focus will be on the modeling and simulations aspects of falling film evaporation
systems.

2.1 Examples of applications of falling film evaporation

Falling film has been used in various applications. Two examples are given here.
The first one concerns water desalination using falling liquid films. The second one
is related to absorption refrigeration.

Multiple effect distillation (MED) is widely employed in thermal desalination
industry as a mature and reliable technology. It is considered as best suited, com-
pared to membrane-based desalination for treating feeds with high temperature and
salinity [1].

Falling film evaporators are the core of the MED units. Feed preheated
seawater is sprayed on the horizontal tubes as a falling film and is evaporated
due to the latent heat of condensation of the steam circulating inside the tubes.
The steam itself is condensing as a result of heat exchange with the evaporating
feed water.

Extensive works have been published on modeling the fluid flow with heat and
mass transfer in the evaporators of MED plants [2–5]. It is of interest to mention a
recent work conducted by Jin et al. [5] on scale formation and crystallization
modeling on horizontal tube falling evaporators used in MED. Jin et al. [5] reported
the impact of various conditions of steam flow, seawater flow rate, and inlet tem-
perature, and tube wall material and thickness on the main process performance
parameters including the evaporate rate, scale growth, and overall heat transfer
coefficient. The authors observed in particular that the scale layer thickness
increases sharply as the feed water flow rate decreases or the tube steam tempera-
ture increases.

Another important application of falling film evaporators concerns cooling by
absorption. In such systems, solution, such as LiBr-H2O, is sprayed over a bundle of
horizontal tubes and a thin liquid film of solution is then formed around each tube.
The percentage of the tubes surface covered by the liquid film known as “Wetting
Ratio (WR)” is to be maximized for an efficient evaporation and cooling process.
WR depends on various parameters including the mass flow rate per unit tube
length, the solution surface tension, and the external tube surface roughness. Bu
et al. [6] investigated experimentally and numerically the heat and mass transfer
effectiveness of ammonia water in a falling film evaporation in vertical tube evap-
orators. The numerical model is based on the boundary layer equations of mass,
quality, momentum, and energy for the binary ammonia-water system and solved
by coordinate transformation. The experimental and numerical data are fairly com-
pared for a various range of control parameters. The results show, in particular, that
the inlet solution concentration has a strong influence on the heat transfer mecha-
nism and the ammonia evaporation rate [6]. Papaefthimiou et al. [7] developed a
two-dimensional model to investigate the heat and mass transfer inherent to water
vapor absorption into an aqueous solution of LiBr. The numerical solution is
obtained by solving the two-dimensional energy and species conservation equations
using analytical expressions of the velocity components in x and y directions.
Results on the impacts of various parameters including the liquid film Reynolds
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number and the number of tubes on the total absorption rate, solution temperature,
and mass flux are presented and discussed.

2.2 Overview of falling film and associated heat and mass transfer studies

There exist exhaustive studies on the falling film liquid evaporation. The
particular case of falling liquid film on horizontal tubes has been extensively
investigated theoretically and experimentally [8]. This case has several advantages
that include its high heat transfer rate with low film flow rates, and it involves small
temperature difference and has a relatively simple structure [9]. The heat transfer
coefficients in falling film evaporators are very high and can vary between 700 and
4000 W/m2K depending on the evaporating solution properties [10]. Other inher-
ent advantages of falling film evaporation include short contact time between the
fluid and the heated wall, minimal pressure drop, and minimal static head [11].

Abraham and Mani [12] proposed the thermal spray coatings to enhance the
convective evaporation on horizontal tube falling film evaporators. They conducted
a computational flow dynamic (CFD) analysis to predict the seawater evaporation
rate and heat transfer coefficient on thermal spray-coated tubes with varying
roughness under vacuum conditions. The study shows that the heat transfer coeffi-
cient increases by up to 15% due to increased roughness. However, and despite
other numerous attempts to enhance the overall heat transfer process, there exist
several limiting operating problems such as nonuniformity of the liquid distribution
over the tubes surfaces, the presence of the non-condensable gases, and high
potential of fouling and scaling mainly when dealing with salty waters.

Shear stress, gravity, and surface tension are important phenomena affecting
the behavior of the falling film and the effectiveness of the evaporation process.
Figure 1 illustrates the various heat transfer processes related to liquid film falling
on a horizontal cylinder.

Faghri and Zhang [13] discussed important fundamental and applied features of
falling film evaporators. The basic equations giving the heat and mass transfer
coefficients and the evaporation rates for various cases and configurations have
been compiled and discussed. Evaporation from liquid films circulating inside
channels/microchannels or horizontal/inclined walls has been described, and the
related phenomena have been explained. Ribatski and Jacobi [8] developed a

Figure 1.
Representation of heat transfer and fluid flow processes associated with falling film over a horizontal tube [9].
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comprehensive and critical review on falling film evaporation on horizontal tubes.
The review covers studies on heat and mass transfer performance on single tubes,
finned and enhanced surfaces, and tube bundles. The authors stressed on the need
to develop advanced mathematical models and accurate heat and mass transfer
correlations required for the design and construction of evaporators in various
applications.

The liquid film thickness and behavior are strongly linked to the heat and mass
transfer coefficients and evaporation rates. It is important in the design of falling
film evaporators to ensure that the film thickness is small enough to reduce the
thermal resistance of the liquid layer but not too small to avoid any dry zones that
may appear on the wall surface due to the rupture of the liquid which can result in
various problems including fouling, corrosion, and potentially damage of the tube.

The behavior of liquid films on horizontal tubes has been investigated theoreti-
cally and experimentally in a good number of studies. It is well established that
there exist three different patterns characterizing a liquid film falling over a series
of horizontal tubes depending on various parameters including the liquid flow rate,
the fluid properties, and the tube diameter and spacing. These flow modes are the
droplet mode (the liquid leaves the tube in an intermittent way), the jet mode (the
liquid leaves the tube as a continuous column), and the sheet mode (a continuous
sheet is formed between the tubes) [8]. Figure 2 describes schematically these
modes.

Nusselt, as reported in [9], proposed an analytical investigation for laminar flow
on horizontal tubes and one vertical or inclined wall. An expression of the film
thickness by neglecting the momentum effects of the falling film was given. Similar
correlation was developed by Rogers et al. [14, 15]. Later, advanced experimental
methods have been used to measure the falling film thickness and characterize its
patterns [10–13]. The use of these methods has led to develop clearer picture on the
liquid flow structure and the associated heat and mass transfers. Besides, computa-
tional methods have been used to solve the conservation equations governing the
flow and temperature fields of a falling film over surfaces [2, 14–16]. Qiu et al. [9]
conducted a numerical analysis of the liquid film distribution of sheet flow on
horizontal tubes. The study shows that the transient behavior of the falling film can
have various stages including the free falling stage, the liquid impact stage, the
liquid film developing stage, and the film fully developed stage. The presented
results include the distribution of the liquid thickness with the tube diameter, the
Reynolds number, and the inter-tube spacing.

Stephan [10] conducted a concise review of the heat transfer mechanisms in
falling film evaporators. In particular, results and correlations on heat transfer
coefficients for vertical tubes have been compiled and presented for various cases
including when the falling liquid film flow is laminar, wavy laminar, and turbulent.

Figure 2.
The inter-tube falling film modes: (a) the droplet mode; (b) the jet mode; and (c) the sheet mode [8].
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The correlations show that Nusselt number depends not only on the Reynolds and
Prandtl numbers but also on Kapitza number, which measures the effect of surface
tension compared to the viscous ones. Zhao et al. [17] conducted a comprehensive
review on computational studies on falling liquid film flow with associated heat
transfer on horizontal tubes and tube bundle. Review includes various features on
falling film hydrodynamics, evaporation, and boiling outside the single tubes and
the tube bundle and whole evaporator performance investigated using 2D and 3D
models. Besides, previous results on falling liquid film dry-out and breakout are
screened and discussed. Zhao et al. [17] concluded their review by proposing
recommendations and future needs to be investigated in various fields and
technologies.

There exist in general two approaches to treat numerically the heat and mass
transfer associated with the evaporation of a liquid film in presence of a non-
saturated gas [18–21]. The first one considers an extremely thin layer of liquid.
Therefore, the governing conservation equations are simultaneously solved not only
in the gas region but also in the liquid film. This requires also considering appropri-
ate interfacial conditions between the liquid and gas phases. The second approach
assumes that when the liquid film is extremely thin, the overall heat and mass
transfers are not or slightly affected by the exchanges in the liquid itself. In this
approach, the interfacial conditions are directly applied on the surface wall as
boundary conditions. By neglecting convective terms in momentum and energy
equations of the liquid, it is shown that the assumption of an extremely thin film
thickness is valid only for a low mass flow rate [22]. Refs. [23–30] investigated the
heat and mass transfer associated with liquid film evaporation by considering the
heat transfer and fluid flow within the liquid film.

On another side, several other works have been based on the assumption of the
extremely thin thickness. Cherif and Daif [21] considered the evaporation of a
binary liquid film by mixed convection falling on one side of a parallel plate
channel. The wetted plate is subjected to a constant and uniform heat flux, while
the second one is taken as adiabatic. The authors studied the impact of using the
very thin film assumption on the heat and mass transfer results. They showed in
particular that the overestimation induced by considering an extremely thin
film is greater for the ethylene/glycol-water mixture than for the ethanol-water
mixture.

Recently, Alami et al. [31] studied the evaporative heat and mass transfer of a
turbulent falling liquid film in a finite vertical tube that is partially heated. Using an
implicit finite difference model, the authors solved the governing mass, species,
momentum, and energy equations considering appropriate boundary and interfa-
cial conditions. The obtained data are compared to the case of the entirely heated
tube wall. Belhadj Mohamed and Tlili [32] analyzed the evaporation of a seawater
film by mixed convection of humid air. In another study, Belhadj Mohamed et al.
[33] considered the impact of adding metal nanoparticles to the falling liquid on the
effectiveness of the evaporation process. Ma et al. [34] presented a novel model to
investigate the flow and evaporation of liquid film in a rocket combustion chamber
with high temperature and high shear force.

In addition to the theoretical and numerical studies on falling film evaporation,
the literature includes extensive experimental research activities [35–37]. Yue et al.
[35] designed and conducted a series of experiments to analyze the falling film flow
behavior and evaluate the associated heat transfer outside a vertical tube. New
correlations on the heat transfer coefficient and falling film dry burning have been
proposed. Shahzad et al. [37] considered practical features related to the design of
industrial falling film evaporators. They enumerated the main advantages of these
types of evaporators and reviewed the corresponding heat transfer correlations.
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Besides, they conducted an experimental study and proposed their own falling film
heat transfer correlation.

3. Modeling of the heat and mass transfer with falling liquid film in
confined channels

3.1 Introduction

We present in this section some aspects related to the theoretical formulation of
the heat and mass transfer associated with liquid falling film in confined domains.
We will be limited to the laminar steady state nature of flows and to the two-
dimensional Cartesian configuration. We will give particular interest to the interfa-
cial conditions equations.

3.2 Physical model description

We consider the flow of a thin liquid falling film on a plate of a vertical channel
with the presence of a binary mixture gas flow. The gas and liquid flows are
supposed laminar and in steady state regime. The gas mixture is composed of a non-
condensable chemical species B with high concentration and a species A as vapor.
This mixture can be, for example, a humid air mixture or an air-alcohol mixture.
Figure 3 shows schematically the system under study which can represent a heat
and mass exchanger between a liquid film and a gas in direct contact. Various
phenomena characterize this system such as thin liquid evaporation, vapor conden-
sation, and shear stress between the gas and liquid flows. In addition, the difference
in concentration that can exist between the liquid-gas interface, supposed saturated
in species A as a vapor, and the neighboring gaseous mixture may result in a
diffusion of the component A from the interface to the gas in case of evaporation or
a reverse diffusion (from the gas toward the interface) in the condensation case.

Figure 3.
Representation of the physical model.
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It is worthy to mention that in absence of a forced flow of the gas mixture, the
natural flow induced by the temperature and concentration gradients within the gas
can be upward or downward depending on the two gases and the subjected heat and
mass conditions.

3.3 Governing equations

The equations governing the flows and transfers in the two phases are those of
mass, momentum, and energy equations. For laminar, steady state with no chem-
ical reactions and neglecting the radiative heat transfer in the two fluids, the
viscous dissipation and the pressure work, the conservation equations are as
follows [38, 39]

3.3.1 Continuity equation

∂

∂x
ρuð Þ þ

∂

∂y
ρvð Þ ¼ 0 (1)

3.3.2 Momentum equations

• in x direction:

ρ u
∂u

∂x
þ v

∂u

∂y

� �

¼ ‐

∂p

∂x
þ

∂

∂x
2μ

∂u

∂x
‐

2

3
μ∇V

!
� �

þ
∂

∂y
μ

∂u

∂y
þ

∂v

∂x

� �� �

þ ρgx (2)

• in y direction:

ρ u
∂v

∂x
þ v

∂v

∂y

� �

¼ �
∂p

∂y
þ

∂

∂y
2μ

∂v

∂y
‐

2

3
μ∇V

!
� �

þ
∂

∂x
μ

∂u

∂y
þ

∂v

∂x

� �� �

þ ρgy (3)

where ρ and μ are the fluid density and dynamic viscosity, respectively; u and v

are x and y components of the velocity V
!
; and p is the total pressure, while gx and gy

are the x and y gravity acceleration components, respectively.
The total pressure can be written as the summation of the hydrostatic pressure

p0 and the dynamic pressure (p – p0). The hydrostatic pressure can be expressed as:

∂p0
∂x

¼ ρ0gx ¼ ‐ρ0g (4)

The term ‐

∂p
∂x þ ρgxin the Eq. (2) can be written as:

‐

∂p

∂x
þ ρgx ¼ ‐

∂p

∂x
� ρg ¼ ‐

∂ p‐p0
� �

∂x
þ ρ0‐ρð Þg (5)

ρ0 is the fluid density at the reference 0. The quantity (ρ0-ρ)g refers to natural
convection generation. For small variations within the thermal and concentration
fields, (ρ0-ρ) can be expressed as function of the temperature and the concentration
using the Boussinesq approximation as [39]:

In the liquid

ρ0 � ρð Þ ¼ ρ0βl T � T0ð Þ (6)

βl refers to the thermal expansion coefficient in the liquid.
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In the gaseous mixture

ρ0 � ρð Þ ¼ ρ0 βT T � T0ð Þ þ βw w� w0ð Þð Þ (7)

βT and βw are the thermal expansion and the mass expansion coefficients,
respectively. ω is the mass concentration of constituent A.

When the gas behaves as an ideal gas, βT and βw can be expressed respectively as:

βT ¼
1

T0
(8)

and

βω ¼ ωA0 þ
MA

MB �MA

� ��1

(9)

MA and MB are the molar mass of constituent A (minority constituent) and
constituent B (non-condensable majority constituent B).

For a binary ideal gas,

ρ ¼
pM

RT
, ρ0 ¼

p0M0

RT0
(10)

and (ρ-ρ0) becomes

ρ� ρ0ð Þ ¼ ρ 1�
ρ0

ρ

� �

¼ ρ 1�
p0M0T

pMT0

� �

(11)

M stands for mixture molar mass.
The pressure variation is considered much smaller than the molar mass or

temperature [39]. Then, we can have

1�
ρ0

ρ

� �

≈ 1�
M0

M

T

T0

� �

(12)

The left term in this equation can be expressed as:

1�
ρ0

ρ

� �

≈ 1�
ρ0

ρ

� �

T¼const

þ 1�
ρ0

ρ

� �

w¼const

(13)

or:

1�
M0

M

T

T0

� �

≈ 1�
M0

M

� �

þ 1�
T

T0

� �

(14)

The mixture molar mass can be expressed in terms of the molar mass of constit-
uents A and B and their mass concentrations ωA and ωB as:

M ¼
MAMB

ωAMB þ ωBMA
(15)

Then:

1�
M0

M

� �

≈ 1�
ωAMB þ 1� ωAð ÞMA

ωA0MB þ 1� ωA0ð ÞMA

� �

(16)
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or

1�
M0

M

� �

≈
ωA0 � ωA

ωA0 þ
MA

MB�MA

 !

(17)

Finally:

ρ� ρ0ð Þ ¼ ρ 1�
T

T0

� �

þ
ωA0 � ωA

ωA0 þ
MA

MB �MA

� �

2

6
6
4

3

7
7
5

¼ �ρ
T � T0

T0

� �

þ ωA � ωA0ð Þ ωA0 þ
MA

MB �MA

� ��1
" #

or

ρ0 � ρð Þ ¼ ρ βT T � T0ð Þ þ βω ωA � ωA0ð Þ½ � (18)

where

βT ¼
1

T0
and βω ¼ ωA0 þ

MA

MB �MA

� ��1

(19)

When one neglects ωA0 as compared to MA

MB�MA
, βω can be written as:

βω≈
MB �MA

MA
(20)

3.3.3 Energy conservation equation

ρCp u
∂T

∂x
þ v

∂T

∂y

� �

¼ �
∂qx
∂x

�
∂qy
∂y

(21)

qx and qy are the x and y components of the heat flux q
!
.

3.3.4 Species conservation equation

ρ u
∂ωA

∂x
þ v

∂ωA

∂y

� �

¼ �
∂JAx
∂x

�
∂JAy
∂y

(22)

JAx and JAy are the x and y mass flux components of species A with respect to

average mixture velocity.

3.4 Soret and Dufour interdiffusion effects

The mass and heat fluxes JA
!

and q
!
, respectively, depend on the concentration

and temperature gradients. They are expressed as [39–41]:

q
!
¼ �kgrad

��!
T þ αdRT

M2

MAMB
þ hA � hBð Þ

� �

J
!

A (23)

JA
!

¼ �ρDAB grad
��!

ωA þ αdωA 1� ωAð Þgrad
��!

lnTð Þ
� �

(24)
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αd is a thermal diffusion factor, R is the universal gas constant, h is the specific
enthalpy, k is the thermal conductivity, and DAB is the coefficient of diffusion of

species A in the mixture (A + B). The second and third terms of the equation giving q
!

Eq. (23) refer to the contribution associated with the concentration gradient (Dufour
effect) and with the interdiffusion of species. The second term of the equation giving

the mass flux JA
!

Eq. (24) refers to the temperature gradient (Soret effect).
The Dufour and Soret are neglected in the majority of studies on coupled heat

and mass transfers [34]. Gebhart et al. [39] reported that these effects can be
neglected when the molar masses of the constituents are close and the variations in
the concentration of the diffusing species are not significant. The interdiffusion of
species becomes important when the difference between the specific heat coeffi-
cients of species A and B is high [41].

After substitution and adjustment, the energy and species conservation equa-
tions become

ρCp u
∂T

∂x
þ v

∂T

∂y

� �

¼
∂

∂x
k
∂T

∂x

� �

þ
∂

∂y
k
∂T

∂y

� �

�
∂

∂x

R

MAMB
αdM

2T
� �

� �
"

þ hA � hBð ÞJAx

#

�
∂

∂y

R

MAMB
αdM

2T
� �

� �

þ hA � hBð ÞJAy

	 


(25)

ρ u
∂ωA

∂x
þ v

∂ωA

∂y

� �

¼
∂

∂x
ρDAB

∂ωA

∂x

� �

þ
∂

∂y
ρDAB

∂ωA

∂y

� �

þ
∂

∂x
ρDABαdωA 1�ωAð Þ

1

T

∂T

∂x

	 


þ
∂

∂y
ρDABαdωA 1�ωAð Þ

1

T

∂T

∂y

	 


(26)

3.5 Boundary conditions

Different types of thermal, mass, and hydrodynamic boundary conditions relat-
ing to the physical system shown schematically in Figure 3 can be considered. Thus
and by way of illustration, we consider the situation where the two plates of the
channel in Figure 3 are subjected to constant heat fluxes qw1and qw2. Plate 2 is
impermeable and dry. This translates into:

• On plate 1 (y = 0), one can write

qw1 ¼ qy

�

y¼0
¼ �kl

∂Tl

∂y

�

y¼0

(27)

When the liquid film thickness is negligible, one can have

qw1 ¼ qy

�

y¼0
¼ �k

∂T

∂y

�

y¼0

þ αd
RTM2

MAMB
þ hA � hBð Þ

	 


JAy

�

y¼0
þ ql (28)

ql refers to the latent heat transfer.
For the mass transfer, the saturation is translated by:

ωÞy¼0 ¼ ωsat T x, 0ð Þð Þ (29)

ωsat stands for the saturated vapor concentration.

10

Humidity Sensors



• Plate 2 is impermeable. The mass flux is expressed as:

JAy

�

y¼d
¼ �ρDAB

∂ω

∂y
þ αd

ωA 1� ωAð Þ

T

∂T

∂y

� ��
�
�
�
y¼d

" #

¼ 0 (30)

Therefore, the diffusion mass transfer is balanced by that associated with the
Soret effect.

The thermal boundary condition is reduced in this case to:

qw2 ¼ qy

�

y¼d
¼ �k

∂T

∂y

�

y¼d

(31)

• On another side, the nonslip and impermeability conditions are expressed as
follows:

• On plate 1 (y = 0),

ul x, 0ð Þ ¼ vl x, 0ð Þ ¼ 0 (32)

• On plate 2 (y = d),

u x, dð Þ ¼ v x, dð Þ ¼ 0 (33)

It is worthy to mention that when the liquid film thickness is extremely small,
the normal velocity on the plate is not zero. It can be obtained by applying a
mass balance on the pas-wall interface. Let vA, vB and v be the local velocities
of species A, B, and mixture (A + B), respectively, with respect to fixed reference.
Also, m

:
A and m

:
B are the mass fluxes of A and B with respect to fixed reference.

m
:
¼ m

:
A þm

:
B or ρv ¼ ρAvA þ ρBvB (34)

The diffusion mass flux of A, JA is given by:

JA ¼ ρA vA � vð Þ (35)

then

m
:
A ¼ JA þ ρAv ¼ JA þ

ρA

ρ
ρAvA þ ρBvBð Þ (36)

The interface is supposed impermeable to species B. The mass flux of B m
:
B is

then zero on the interface. We have

m
:
A 1� ωAð Þ ¼ JA ) m

:
A ¼ ρv ¼

JA
1� ωAð Þ

(37)

Therefore

v ¼
JA

ρ 1� ωAð Þ

�

y¼0

(38)

This interfacial velocity is not known a priori because it depends on the concen-
tration and temperature gradients at this location.
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3.6 Liquid-gas interfacial conditions

3.6.1 General condition at the interface of two fluids

The fluid flow governing equations can be expressed in the following general
form of a transport equation:

∂ϕ

∂t
þ div f

!
¼ S (39)

Also on an integral form:

d

dt

ð

τ

ϕdτ þ

ð

A

f
!
:n
!
dA ¼

ð

τ

Sdτ (40)

φ denotes the volume density of any physical quantity. f
!
is the flux of this

quantity and S is the source term. τ and A refer, respectively, to the control volume
and to the control surface considered. For the continuity equation, for example,
we have.

ϕ ¼ ρ, f
!
¼ ρv

!
, S ¼ 0

Hsieh and Ho [42] considered a fixed control volume between two fluids (fluid 1
and fluid 2) as shown in Figure 4. This is a base cylinder B and height L. The height
above the mobile interface is denoted by L1.

Let the mathematical function F x
!
, t

� �

define the interface. F x
!
, t

� �

is positive in

the region of fluid 1, negative for region of fluid 2, and zero on the interface.
Applying the general Eq. (40) on the control volume of Figure 4:

d

dt
ϕ1BL1 þ ϕ2B L� L1ð Þ½ � þ f

!

1:
grad
��!

F

gradF
���!�
�
�

�
�
�

� f
!

2:
grad
��!

F

gradF
���!�
�
�

�
�
�

2

6
4

3

7
5B ¼ SLBþ o Lð Þ (41)

o(L) refers to the flux through the lateral sides of the cylinder.
The source term can be composed of a volumetric source Sv and a surface source

Ss [42, 43]:

SL ¼ SvLþ Ss (42)

Figure 4.
Control volume at the interface between two fluids.
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When L tends toward 0, Eq. (41) becomes

ϕ1 � ϕ2ð Þ
dL1

dt
þ f

!

1 � f 2
!� � grad

��!
F

gradF
���!�
�
�

�
�
�

¼ Ss (43)

Consider a point M on the interface. n
!
s is the normal vector to the surface on M.

d OM
��!� �

is the change of OM
��!

¼ x
!
. The variation on n

!
s is n

!
s:d OM

��!� �

.

On the interface, F x
!
, t

� �

¼ 0. Then, one can have

dL1

dt
¼ �n

!
s:
dx
!

dt
¼ �

gradF
���!

gradF
���!�
�
�

�
�
�

:
dx
!

dt
(44)

and

dF ¼
∂F

∂t
dtþ gradF

���!
:dx

!
¼ 0 (45)

Combining Eqs. (44) and (45), one gets

dL1

dt
¼

∂F
∂t

gradF
���!�
�
�

�
�
�

(46)

After substitution, a general condition expressing the conservation equation on
the interface between the two fluids (1) and (2) can be obtained as:

ϕ1

∂F

∂t
þ f

!

1:gradF
���!

¼ ϕ2

∂F

∂t
þ f

!

2:grad
��!

F þ Ss grad
��!

F
�
�
�

�
�
� (47)

In the following, we give some examples on how to apply this general equation
to develop the mass, momentum, and energy conservation equations on the inter-
face of two fluids. We consider the case where the fluid 1 is a binary gas mixture
and the fluid 2 is a homogeneous liquid.

The function F can be chosen such as:

F ¼ y� δ (48)

δ ¼ δ x, tð Þ is the liquid film thickness; x and y are the axial and transversal
coordinates, respectively; y is measured from the wall on which the liquid flows.

Table 1 compiles the expressions of ϕ, f
!
, and S quantities associated with

conservation equations of mass, momentum, energy, and species.

• The indices i and j refer to x and y coordinates, respectively.

• e stands for the internal energy and V is the magnitude of the velocity V
!
.

• σij refers to the normal and tangential constraints. They are expressed for a
Newtonian fluid [40] as:

σii ¼ �p�
2

3
μ:div V

!� �

þ 2μ
∂ui

∂xi

σij ¼ μ
∂ui

∂xj
þ

∂uj

∂xi

� �

when i 6¼ j

8

>
>
>
>
>
<

>
>
>
>
>
:

(49)
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• Bi is the surface source term in the momentum equation. It is given by [42, 43]:

B
!
¼ �n

!
div γn

!
� �

þ grad
��!

γ (50)

n
!
is the normal vector of the interface at the point M. γ is the coefficient of

surface tension. Eq. (50) shows the superposition of the tangential and normal
effects of the surface tension.

• qi and JAi represent the heat and mass fluxes on i direction.

• Q is the source term in the energy equation.

• gi (γ) refers to the energy quantity associated with surface tension work.

3.6.2 Continuity equation case

For the conservation of mass equation, the physical quantity of interest is the

mass. ϕ, f
!
and S become ρ, ρv

!
, and 0, respectively, as shown in Table 1. The

interfacial general Eq. (47) becomes

ρg
∂δ

∂t
þ ug

∂δ

∂x
� vg

� �

¼ ρl
∂δ

∂t
þ ul

∂δ

∂x
� vl

� �

¼ �ξ (51)

The indices g and l refer, respectively, to the gas and liquid.
Under steady state conditions neglecting the liquid film thickness variation, one

can get

ρgvg ¼ ρlvl (52)

This equation states that the mass flow rate of the gas (fluid 1) leaving (arriving
to) the interface is equal to the mass flow rate of the liquid (fluid 2) which arrives to
(leaves) the interface.

3.6.3 Conservation of species equation case

For the case of a liquid film (fluid 2) in contact with a nonreactive gas mixture
(fluid 1) composed of A (minority species) and B (noncondensable majority spe-

cies), quantities ϕ and f
!
and S are as follows:

Conservation equation φ f
! Ss

Mass ρ ρv
! 0

Momentum ρvi f j ¼ ρvivj � σij Bi

Energy ρ eþ V2

2

� �

f i ¼ ρ eþ V2=2
� �

vi

�σijvj þ qi þ gi γð Þ

Q

Species ρωA f i ¼ ρωAvi þ jAi 0

Table 1.
Expressions of ϕ, f

!
, and S as function of conservation equations (compiled, adjusted and adapted from

[42–44].
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for the liquid

ϕ ¼ ρ, f
!
¼ ρ u i

!
þ v j

!� �

and S ¼ 0 (53)

for the gas

ϕ ¼ ρωA, f
!
¼ ρωAuþ JAxð Þ i

!
þ ρωAvþ JAy

� �

j
!
and S ¼ 0 (54)

The general equation on the liquid-gas interface becomes under these condi-
tions:

ρgωA �
∂δ

∂t

� �

þ ρgωAug þ jAx

� �

�
∂δ

∂x

� �

þ ρgωAvg þ JAy

� �
	 


¼ ρl �
∂δ

∂t

� �

þ ρlul �
∂δ

∂x

� �

þ ρlvl

(55)

For steady state regime, one can have

ρgωAug þ jAx

� �

�
∂δ

∂x

� �

þ ρgωAvg þ JAy

� �
	 


¼ ρlul �
∂δ

∂x

� �

þ ρlvl (56)

When in addition the liquid film thickness varies very little, one can get

ρgωAvg þ JAy ¼ ρlvl (57)

Under these conditions, we have also based on Eq. (52) ρgvg ¼ ρlvl,

or

vg ¼
JAy

ρg 1� wAð Þ
(58)

JAy can be given by the Fick’s law, the gas velocity on the interface is expressed

as:

vg ¼ �
DAB

1� wAð Þ

∂wA

∂y
(59)

3.6.4 Momentum equation case

In this case, the variable of interest is the momentum equation in the i direction.

The variables ϕand f
!
can be expressed as:

In the x direction:

ϕ ¼ ρu and f
!
¼ ρuu� σxxð Þ i

!
þ ρuv� σxy
� �

j
!

(60)

In the y direction:

ϕ ¼ ρv and f
!
¼ ρuv� σxy
� �

i
!
þ ρvv� σyy
� �

j
!

(61)

σxx, σyy, and σxy are the normal and tangential constraints for a Newtonian fluid.
They are expressed in Eq. (49).
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The surface source term Ss, which is related to the surface tension effects, is
given by Eq. (50). The surface tension coefficient γ can vary along the interface if
this interface is nonhomogeneous for example. For a homogeneous interface, this
coefficient can be taken as constant. Eq. (50) becomes

S
!

s ¼ � γn�!div n
!
� �

(62)

n
!
is the normal vector to the fluid 2 surface:

Given that

div n
!
� �

¼ div
gradF
���!

gradF
���!�
�
�

�
�
�

0

B
@

1

C
A ¼

1

R1
þ

1

R2

� �

(63)

where R1 and R2 are the radii of curvature of the interface.
Therefore, the general equation at the interface (16) becomes the momentum

conservation case:
in x:

ρgug �
∂δ

∂t

� �

þ ρgugug � σxx,g

� �

�
∂δ

∂x

� �

þ ρgugvg � σxy,g

� �
	 


¼ ρlul �
∂δ

∂t

� �

þ ρlulul � σxx,lð Þ �
∂δ

∂x

� �

þ ρlulvl � σxy,l
� �

	 


�γ
1

R1
þ

1

R2

� �

�
∂δ

∂x

� �

(64)

in y:

ρgvg �
∂δ

∂t

� �

þ ρgugvg � σxy,g

� �

�
∂δ

∂x

� �

þ ρgvgvg � σyy,g

� �
	 


¼ ρlvl �
∂δ

∂t

� �

þ ρlulvl � σxy,l
� �

�
∂δ

∂x

� �

þ ρlvlvl � σyy,l
� �

	 


�γ
1

R1
þ

1

R2

� �

(65)

Or after substitution and arrangement:
in x:

ugζ þ �pg �
2

3
μg

∂ug
∂x

þ
∂vg
∂y

� �

þ 2μg
∂ug
∂x

	 


∂δ

∂x

� �

� μg
∂ug
∂y

þ
∂vg
∂x

� �

¼

ulζ þ �pl �
2

3
μl

∂ul
∂x

þ
∂vl
∂y

� �

þ 2μl
∂ul
∂x

	 


∂δ

∂x

� �

� μl
∂ul
∂y

þ
∂vl
∂x

� �

þγ
1

R1
þ

1

R2

� �

∂δ

∂x

� �

(66)
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in y:

vgζ þ ðμg
∂ug
∂y

þ
∂vg
∂x

� �

∂δ

∂x

� �

� �pg �
2

3
μg

∂ug
∂x

þ
∂vg
∂y

� �

þ 2μg
∂vg
∂y

	 


¼

vlζ þ ðμl
∂ul
∂y

þ
∂vl
∂x

� �

∂δ

∂x

� �

� �pl �
2

3
μl

∂ul
∂x

þ
∂vl
∂y

� �

þ 2μl
∂vl
∂y

	 


� γ
1

R1
þ

1

R2

� �

(67)

ζ is defined in Eq. (51).
Eqs. (66) and (67) express the momentum conservation on the liquid-gas inter-

face in presence of phase change (evaporation/condensation) and surface tension.
They can lead to easier expressions depending on the approximations considered.

Thus, for steady state and neglected liquid thickness, one can get in x
direction:

ρgugvg � μg
∂ug
∂y

þ
∂vg
∂x

� �

¼ ρlulvl � μl
∂ul
∂y

þ
∂vl
∂x

� �

(68)

Considering Eq. (52) and the nonslip condition between the two phases (liquid-
gas) (ug = ul) Eq. (68) becomes

μg
∂ug
∂y

þ
∂vg
∂x

� �

¼ μl
∂ul
∂y

þ
∂vl
∂x

� �

(69)

in y direction:

ρgvgvg � �pg �
2

3
μg

∂ug
∂x

þ
∂vg
∂y

� �

þ 2μg
∂vg
∂y

	 


¼

ρlvlvl � �pl �
2

3
μl

∂ul
∂x

þ
∂vl
∂y

� �

þ 2μl
∂vl
∂y

	 


� γ
1

R1
þ

1

R2

� � (70)

We can observe that in these conditions, the surface tension effects appear just
in y direction.

When the boundary layer approximations are used neglecting the surface ten-
sion effects, the following equations widely adopted in the literature are obtained:

μg
∂ug
∂y

� �

¼ μl
∂ul
∂y

� �

(71)

pg ¼ pl (72)

3.6.5 Conservation of energy equation case

For the energy equation, the variables ϕ and f
!
should correspond to the follow-

ings (see Table 1):

ϕ ¼ ρ eþ
V2

2

� �

(73)
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f
!
¼ ρ eþ

V2

2

� �

u� σxxu� σxyvþ qx þ gx γð Þ

	 


i
!

þ ρ eþ
V2

2

� �

v� σyxu� σyyvþ qy þ gy γð Þ

	 


j
!

(74)

When the source term is zero and the work associated with the surface tension
forces is neglected, the use of the general Eq. (47) gives

eg þ
Vg2

2

� �

ζ þ �pg �
2

3
μg

∂ug
∂x

þ
∂vg
∂y

� �

þ 2μg
∂ug
∂x

	 


ug

(

þ μg
∂ug
∂y

þ
∂vg
∂x

� ��	 


vg � qx,g

)

∂δ

∂x

� �

� μg
∂ug
∂y

þ
∂vg
∂x

� ��	 


ug

"

þ �pg �
2

3
μg

∂ug
∂x

þ
∂vg
∂y

� �

þ 2μg
∂vg
∂y

	 


vg � qy,g

#

¼

el þ
V l2

2

� �

ζ þ �pl �
2

3
μl

∂ul
∂x

þ
∂vl
∂y

� �

þ 2μl
∂ul
∂x

	 


ul þ μl
∂ul
∂y

þ
∂vl
∂x

� ��	 


vl

(

� qx,l

)

∂δ

∂x

� �

� μl
∂ul
∂y

þ
∂vl
∂x

� ��	 


ul þ �pl �
2

3
μl

∂ul
∂x

þ
∂vl
∂y

� �

þ 2μl
∂vl
∂y

	 


vl

"

� qy,l

#

(75)

If in addition, the flow is steady state and the work of the friction forces and
kinetic energy terms are ignored, and Eq. (75) becomes

eg þ
pg
ρg

 !

�ρg ug
∂δ

∂x
� vg

� �	 


þ qy,g � qx,g
∂δ

∂x

¼ el þ
pl
ρl

� �

�ρl ul
∂δ

∂x
� vl

� �	 


þ qy,l � qx,l
∂δ

∂x

(76)

This equation can be further simplified by assuming a small axial variation of the
liquid film thickness. Using the specific enthalpy h, one can obtain

hgρgvg þ qy,g ¼ hlρlvl þ qy,l (77)

Knowing in these conditions that ρgvg ¼ ρlvl (Eq. (52)) and assuming the inter-

face is impermeable to the species B, one can write

ρgvg ¼ ρAvA þ ρBvB ¼ ρAvA (78)

ρgvghg ¼ ρAvAhA þ ρBvBhB ¼ ρAvAhA (79)

or

hg ¼ hA (80)
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Eq. (75) becomes

qy,g þ _mhfg ¼ qy,l (81)

_m is the liquid evaporation rate and hfg is the latent heat enthalpy.
By substituting the expressions of qy,g and qy,l, one can have

_mhfg � kg
∂Tg

∂y
þ αdRTg

M2

MAMB
þ hA � hBð Þ

	 


JAy,g ¼ �kl
∂Tl

∂y
(82)

When the Dufour and the interdiffusion of spices effects in the heat flux
expression are neglected:

_mhfg � kg
∂Tg

∂y
¼ �kl

∂Tl

∂y
(83)

This equation is a simplified condition expressing the energy balance at the
liquid-gas interface.

It is important to mention that in the majority of the theoretical works published
on the coupled heat and mass transfers in the presence of falling films, numerous
assumptions and approximations are retained and used which leads to simple and
flexible balance equations on the interfaces.

4. Conclusion

Falling film evaporation is widely encountered in various natural and industrial
applications. It encompasses multiple physical phenomena associated with surface
tension, shear stress, heat and mass transfer, and others. This book chapter reviews
the main studies on falling film evaporation, especially those related to numerical
treatment and modeling.

Besides, a frame for the modeling of the fluid flow with heat and mass transfer in
presence of evaporation has been established and explained. Therefore, we have
presented various aspects related to the formulation of the coupled heat and mass
transfer problem with or without falling film. A general interface balance equation
was derived and subsequently used to establish the conditions expressing the con-
servation of energy, mass, and momentum at the interface between a falling liquid
and a gas mixture inside confined domain.
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