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a b s t r a c t
Desalination is a sustainable solution for water stressed countries. Among thermal desalination 
technologies, multi-effect desalination (MED) offers lower specific energy consumption. Falling film 
evaporators are extensively used in MED plants. This type of evaporator can achieve higher overall 
heat transfer coefficient and requires low liquid charge. The major challenges in these evaporators 
are (i) attaining uniform liquid load over tube bundle to avoid dry patches and scale formation, 
and (ii) achieving higher overall heat transfer coefficient. Although, experiments can characterize 
on a macroscopic scale, for microscopic understanding detailed numerical analyses is needed. This 
study focuses on critically analyzing the CFD works for MED falling film evaporator available in 
the literature. CFD modeling and methodologies have been presented followed by identification of 
key research gaps based on comprehensive discussion on hydrodynamics and heat/mass transfer 
aspects of falling film evaporators. The effects of thermophysical properties variation for broadening 
the operating range of MED plants, scale formation, CO2 release, liquid load maldistribution outside 
tubes, uneven vapor flow inside vapor box and vapor flow in co-current/cross direction need more 
insight. Addressing these research gaps could assist in the development of optimum evaporator 
design with higher overall heat transfer coefficient, improved wettability and less susceptibility to 
scale formation can guarantee the evaporator performance.
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1. Introduction

In order to overcome the growing need for fresh water, 
desalination is one of the promising and resilient solutions 
for countries adjacent to sea. Among desalination technolo-
gies, multi-effect desalination (MED) has gained an increas-
ing attention in the past decade because of its lower specific 
energy consumption as compared with multi-stage flash 
(MSF) desalination, in addition, as a thermal desalination 
technology, it is more suitable for harsh seawater conditions 
as present in Gulf region. Furthermore, MSF technology 
has matured and reached its theoretical improvement 

limits whereas MED still has room for further improvements 
potentially leading to further energy efficiency, emission 
reductions and productivity [1–3].

A typical MED plant consists of series of evaporators 
(effects) as shown in Fig. 1, which are usually of horizon-
tal falling film type. These falling film exchangers have 
wide range of applications ranging from MED desalination, 
ocean thermal energy converters, Lithium bromide (LiBr)/
ammonia-based air conditioning equipment (absorber and 
generator), petrochemical and food processing industries 
[4,5]. The advantages of falling film evaporators over flooded 
evaporators are their high heat transfer coefficient and low 
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liquid charge. These evaporators may achieve overall heat 
transfer coefficient up to 3,000 W/m2-K [6].

MED research has been focused to improve MED design 
for higher top brine temperature (TBT), lower scaling 
problem, reduced thermal losses and higher performance 
ratio. Mabrouk et al. [2,3] proposed integration of absorp-
tion vapor compression (AVC) instead of thermal vapor 
compression system to existing MED plants and modified 
evaporator design for uniform liquid load. Theoretical 
results have showed an increased performance ratio and 
reduced CAPEX and OPEX. In a design by Shahzad et al. [7], 
adsorption vapor compression (AdVC) was incorporated 
and distillate productivity was experimentally found to be 
doubled. Moreover, hybridization of desalination processes 
such as MED-RO, MED-MSF and RO-MSF have also been 
recommended in many studies [8–10] by enhancing pro-
ductivity and reducing thermal losses and to minimize cost 
per unit distillate.

The main drawback of falling film evaporators in MED 
plants is the scale formation on tubes due to salts precipi-
tation at high temperature and dry out regions. Due to salt 
precipitation problem, the TBT of MED plants is limited 
to 65°C and is preferred to the use of plain tubes. Tubes 
with enhanced heat transfer surfaces will be subjected to 
increased salt precipitation than the plain tubes due to more 
contact area and dry out regions. The lowest temperature, 
that is, in the last effect is restrained by ambient conditions 
[11,12]. The last effect temperature is mostly 42°C–45°C for 
Gulf Cooperation Council (GCC) region [13,14]. The num-
ber of effects in MED plants is dependent on TBT and last 
effect temperature difference. If this temperature difference 
is increased, it will thermodynamically allow more num-
ber of effects to be utilized, and hence, resulting in higher 
performance ratios.

Extensive experimental work has been carried out to 
characterize falling film hydrodynamics, flow pattern recog-
nition, heat and mass transfer on plain and enhanced tubes 
[15–22]. Film distribution and flow patterns were found to 
be affected by different operating conditions such as liquid 
load and thermo-physical properties. Flow patterns were 
characterized into droplet, droplet-jet, jet (in-line and stag-
gered), jet-sheet and sheet modes based on film Reynolds 
number and modified Galileo number [23,24] as shown in 
Fig. 2. The flow pattern mode and tube morphology have 

significant effects on heat and mass transfer in falling film 
evaporators.

Although a significant number of experimental investi-
gations have been carried out, falling film hydrodynamics 
is not fully understood yet. Improved evaporator design, 
increase in evaporator size, hybridization, improved tube 
materials and incorporation of AVC/AdVC will affect oper-
ating conditions, which may change falling film behavior. 
Therefore, it is important to characterize falling film for 
various operating conditions to identify optimal parame-
ters for given goals and conditions. Computational fluid 
dynamics (CFD) is an effective tool to study fluid flow, 
heat and mass transfer on micro scale. In order to provide 
a comprehensive hydrodynamic understanding, this review 
focuses on numerical analyses and methods that have been 
carried out for horizontal falling film evaporator used in 
MED plants and other similar applications such as absorber, 
generator and evaporative condensers available in literature. 
The purpose of this study is to consolidate related numerical 
studies and methodologies in order to analyze and identify 
key research gaps. In addition, some experimental investi-
gations have been discussed which are important in devel-
oping initial and boundary conditions for CFD case setup. 
Finally, an extensive and comparative discussion on CFD 
metho dologies and recommendations are presented.

2. CFD approach

2.1. Mathematical modeling

There are three basic governing equations that describe 
flow dynamics and heat transfer of falling film; namely con-
servation of mass, momentum and energy.
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Fig. 1. Multi-effect desalination plant (MED) schematic.
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where ρ is density, V is velocity, P is pressure, τ is tensor, g is 
acceleration due to gravity, F is force, S is source term, T is 
temperature, k is thermal conductivity, Cp is specific heat and 
t is time.

Fig. 3 shows schematic of a single falling film horizontal 
tube evaporator used in MED desalination plants. Usually 
falling film evaporator is not studied numerically as a whole 
due to CFD model limitations, computational accuracy 
required, and computational power needed. Several regions 
within the evaporator require different CFD models. These 
CFD models cannot be coupled easily at the same time and 
are implemented separately for each region. In order to 
spread seawater feed uniformly over tube bundle and to 
avoid uneven distribution, solid cone nozzles are commonly 
used in industrial-scale evaporators [25–27]. These nozzles 
distribute feed into tiny droplets and spreading of drop-
lets depends on solid cone angle θc as shown in region 1 in 
Fig. 3. The number of nozzles is selected based on evaporator 
dimensions, solid cone angle, height from nozzle to first row 
and overlapping of sprays required as shown in region 2. 
For numerical investigations of droplets spreading and non- 
uniformity, dense discrete phase model is recommended 
but mostly in-house developed codes were developed by 
researchers to characterize spray hydrodynamics and save 
computational cost [28].

As the spray spreads over tubes, falling film is developed 
as shown in region 3. Falling film moves downward and heat 
is transferred from tubes to the film. Evaporation starts as 
the film temperature meets or exceeds saturation tempera-
ture. Vapors generated via evaporation gathers and moves 
towards demister. Vapor density is much lower than seawater 
density, so vapor flow may achieve higher velocities affecting 
falling film as shown in regions 4 and 5. Vapor flow direction 
may be either co-current or both co-current and cross flow. 

2.1.1. VOF model

Falling film problem is complex in nature and with the 
increasing computational power; numerical modeling has 

become feasible to analyze different flow modes dynam-
ics. Capturing and tracking interface in multiphase flows 
efficiently is one of the key challenge. Hirt and Nichols [29] 
proposed volume of fluid (VOF) model based on Eulerian 
approach to locate and track free surface in multiphase flows. 
They modified conservation of mass for each phase using 
void fraction α. 

∂( )
∂

+ ∇× ( ) = =( )α ρ
α ρi i
i i l mt
V S i g l


or  (4)

where subscript g represents gaseous phase and l represents 
liquid phase.

Similarly, conservation of momentum and energy are 
solved for each phase as per Eqs. (2) and (3). The fluid prop-
erties such as density and viscosity µ for each phase are 
computed based on volumetric average.

ρ α ρ α ρ= + −( )l l l g1  (5)

µ α µ α µ= + −( )l l l g1  (6)

where:

α αg l= −1  (7)

Apart from falling film application [30–33], VOF model 
is widely used in multiphase flow problems such as capil-
lary flows, bubble rise in quiescent liquid, Taylor bubble 
hydrodynamics, fluidization systems, reactors, flashing and 
open channel flows [34–37]. The accuracy of VOF model in 
capturing and tracking of liquid-gas interface is good but this 
model is transient and stability depends on Courant num-
ber. The Courant number is controlled by efficient meshing 
and lower time step, which make this model computationally 
expensive. The Courant number is discussed in detail in 
section 2.2.3.

a. Droplet mode
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Fig. 2. Flow patterns in falling film horizontal tube.



299F. Tahir et al. / Desalination and Water Treatment 166 (2019) 296–320

2.1.2. CSF model

Brackbill et al. [38] proposed continuum surface force 
(CSF) model to incorporate surface tension force. This model 
is used in falling film in conjunction with VOF model for 
better characterization of liquid gas phase interface. The 
volumetric surface tension force Fvol is added to momentum 
Eq. (2):


F K l

l g

vol = ∇
+( )

σ α
ρ

ρ ρ
1
2

 (8)

where K is the surface curvature and is evaluated from local 
gradients in the surface normal at liquid–gas interface.

K n= −∇×  (9)

The surface unit normal vector n at cell next to wall for 
specified contact angle θw is

n n tw w w w= +cos sinθ θ  (10)

where nw and tw are normal and tangential unit vectors, 
respectively. Although, CSF model gives results that are 
more accurate where surface tension effects are important, 
however this model requires additional term to solve in non- 
conservative and explicit manner. The continuum surface 
stress model can be used as an alternative. 

2.1.3. Evaporation and condensation model

Lee [39] proposed a mechanistic model for evaporation 
and condensation, which can be coupled with VOF model 

by source term as in Eq. (4). Based on this model, the mass 
source term will be as follows:

S
T T
Tm i i i=
−

β α ρ sat

sat

 (11)

where Tsat is the saturation temperature, i = l for evapora-
tion, i = g for condensation and βi is the mass transfer time 
relaxation factor, which is usually 0.1 but can go up to 1,000 
[40]. Large βi values may induce numerical perturbation 
and instability and very small values may result in different 
interfacial temperature [41]. The required heat transfer for 
phase change can be evaluated by energy source term as:

S S He m= × lg  (12)

where Hlg represents latent heat of vaporization or energy 
released/absorbed due to phase change phenomena.

2.2. CFD methodology

2.2.1. Correlations

In order to generalize experimental data, several cor-
relations have been developed in the literature. These 
correlations can be used in conjunction with CFD modeling 
for comparison, developing boundary conditions and to 
save computational effort. Table 1 shows commonly used 
formulations for film thickness δ, spacing between two 
neighboring jets λ and minimum film Reynolds number 
Refmin. Nusselt’s empirical relation [42] for film thickness is 
widely used in CFD work for comparison purpose [43–45]. 
As film thickness around the tube is usually less than 1 mm, 
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Fig. 3. Falling film horizontal tube evaporator for multi-effect desalination (MED) plant.
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for which fine grid is required to capture hydrodynamics 
of falling film with accuracy; this makes VOF model quite 
computationally expensive. This is the reason that a sec-
tion of tube(s) is considered for numerical domain. From λ 
correlations in Table 1, tube section length can be computed 
for droplet and jet modes and only section equivalent to this 
length will be enough to generalize flow around the tube 
using symmetric boundary conditions. From Refmin empir-
ical relations, liquid load and heat flux may be computed 
and used to investigate other parameters. Table 2 includes 
the empirical relations developed for transitional film 
Reynolds number as a function of modified Galileo num-
ber Ga. These relations differ slightly from each other as 
these were developed using different experimental data and 
operating conditions. The dissimilarities in transitions are 
quite evident in Fig. 4. Apart from the transitions overlap-
ping, there is a wide range where flow pattern is fixed, from 
which liquid load can be computed to investigate certain 
mode as required.

2.2.2. Meshing

Mesh size, quality and type of elements are key factors 
that affect rate of convergence, accuracy and computa-
tional time. Structured elements (hexahedral in 3D and 

quadrilateral in 2D) have good precision, better process 
adaptability and robust boundary recognition ability as 
compared with unstructured grid (tetrahedral/pyramid in 
3D and trigonal in 2D). In addition, coarser elements, high 
skewness and aspect ratios can lead to unwanted errors [46]. 
Mesh type, no of elements, elements per unit area/volume 
for VOF model studies are listed in Tables 3 and 4. It is evi-
dent from these tables that relative coarser grid was used in 
some literature [33,47–49] and fine grid was used in some 
studies [31,32,44,50–55]. Most of the studies implemented 
quad/hexahedral elements except [33,56], they used trigonal 
elements instead.

Based on numerical studies and CFD best practices, 
quad-pave/quad o-grid for 2D and hexahedral with o-grid 
for 3D are recommended elements for VOF model. Most of 
the researchers have chosen minimum element size in the 
range of 0.01–0.02 mm near tube wall to capture film dis-
tribution accurately around the tube. If the whole domain 
is meshed with fine elements, it will be computationally 
expensive. However, region where gradients are expected 
to be high or where liquid phase (in case of no vapor flow) 
may exist can be meshed with fine elements and coarser ele-
ments can be used for rest of the domain. This can be accom-
plished by either incorporating boundary layers as shown 
in Fig. 5 or employing mesh adaption techniques [57–59]. 

Table 1
Falling film correlations for δ, λ and Refmin

Parameters Studies Correlation Remarks

Film thickness δ

Nusselt [42] δ θ
µ

ρ ρ ρ θ
( ) =
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3 1 23 l

l l g g
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General correlation for δ. It was assumed that 
falling film flow pattern is in sheet mode
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Mabrouk et al. [81] 
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Yung et al. [83] λ π
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General correlation for λ, strongly depends on 
surface tension and density of liquid phase
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experimental data for isopropyl alcohol and 
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Minimum 
Reynolds number 
Refmin for wetting 
of bottom row

Lorenz and Yung 
[135]

Re minf = 300

Based on experiments, conducted on tube 
bundle with 30 rows. Refmin was introduced 
as fixed number and independent of 
thermophysical properties, heat flux and 
bundle configuration

Fujita and Tsutsui [17] Re minf
q

=
48

Based on refrigerant R-11 experimental data 
conducted on five tubes under constant heat 
flux condition

Roques and 
Thome [18]

Re .minf
q

= +164 6 8
1000

Based on refrigerant R-134a experimental data 
under constant heat flux condition



301F. Tahir et al. / Desalination and Water Treatment 166 (2019) 296–320

Hosseinnia et al. [43] used adaptive mesh technique known 
as h-refinement. In this refinement, region that is subjected 
to dynamic volume fraction gradient is divided into finer 
elements.

2.2.3. Solver settings and time step independence check

Based on the CFD studies, solver settings are summa-
rized in Table 5. Mesh and time step independency are crucial 
for computational accuracy and time. These independency 
checks are made to ensure trade-off between accuracy and 
power required and these checks should be made available 
in the study for re-production and comparison purposes. 
Many studies as shown in Tables 3 and 4 did not provide 
mesh and time step details. Furthermore, studies that men-
tioned time step size, it varied from 0.03 [48] to 1 ms [60], 
which is a wide range. Such time step size, mesh size per 
unit area/volume variation and incomplete data may reflect 
discrepancies in the results.

Table 2
Summary of correlations for flow mode transitions available in literature

Studies Transition

Droplet to droplet-jet Droplet-jet to jet Jet to jet-sheet Jet-sheet to sheet

Hu and Jacobi [23,132,133] Ref = 0.074Ga0.302 Ref = 0.096Ga0.301 Ref = 1.414Ga0.233 Ref = 1.448Ga0.236

Roques et al. [24]
Roques and Thome [134]

Ref = 0.0417Ga0.3278 Ref = 0.0683Ga0.3204 Ref = 0.8553Ga0.2483 Ref = 1.068Ga0.2563

Mitrovic [22] Ref = 0.34Ga0.25 Ref = 0.34Ga0.25 Ref = 0.92Ga0.25 Ref = 1.08Ga0.25

Armbruster and Mitrovic [64] Ref = 0.2Ga0.25 Ref = 0.26Ga0.25 Ref = 0.94Ga0.25 Ref = 1.14Ga0.25

Where: Ga = ρσ
µ
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Fig. 4. Flow pattern transitions based on experimental data 
(a) Hu and Jacobi [23,132,133], (b) Roques et al. [24], Roques 
and Thome [134], (c) Mitrovic [22], and (d) Armbruster and 
Mitrovic [64].

Table 3
Mesh and time step details of VOF studies for 2D

# Studies Mesh type Elements 
(Minimum size)

Elements per unit 
volume/area

Time step 
(ms)

1. Qiu et al. [32,52] Quad 70 k
(0.01 mm)

87a 0.10

2. Abraham and Mani [60,106] Quad – Pave 10 k – 1
3. Yang et al. [51] Quad 52 k 89.8a 0.05
4. Hassan et al. [70] Quad –

(0.4mm)
– Variable

5. Sun et al. [49] Quad 8.6 k 5.9a 1
6. Zhao et al. [45,90] Quad 7.63 k

(0.1 mm)
– 0.005–0.050

(Co < 0.15)
7. Lin et al. [115] Quad – O grid 9.12 k

(0.1 mm)
– –

8. Luo et al. [112] Quad 10.6 k – –
9. Fiorentino and Starace [33] Triangular – pave with 

quad boundary layer
24.5 k
(0.15 mm)

5.4 –

10. Ji et al. [56] Triangular 75.93 k 33 –
aApproximated due to unavailability of data.
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For the VOF model, Courant number Co should be kept 
low ≤0.25 as a stability criterion, for 3D it is defined as follows:

Co = + +
u t
x

v t
y

w t
z

∆
∆

∆
∆

∆
∆

 (13)

where u, v and w are respective velocities in x, y and z 
directions.

It is clear from above equation that by adopting good 
mesh and lower time step, Courant number can be controlled. 
For large inter-tube spacing where free falling velocity may 
be high or larger liquid load, time step can be made variable 
to control required Courant number.

3. Hydrodynamic characteristics

CFD studies based on VOF methods for falling film 
hydrodynamics are listed in Table 6.

Fig. 5. (a) Quad mesh and (b) quad mesh with boundary layers.

Table 4
Mesh and time step details of VOF studies for 3D

# Studies Mesh type Elements (minimum size) Elements per 
unit volume/area

Time 
step (ms)

1. Ding et al. [44] Hexahedral – O-grid 1.8 M
(0.2 × 0.2 × 0.02 mm3)

101 0.05

2. Fernandez de Arroiable  
 et al. [72,73]

Hexahedral 1.04 M
(0.06 mm)

– –

3. Li et al. [48] Hexahedral 1.4 M
(0.075 mm and 2.22 mm)

3.93 0.03

4. Chen at al. [62] Hexahedral – – –
5. Hosseinnia et al. [43] Hexahedral with adaptive 

mesh refinement
–
(0.2 × 0.2 × 0.0125 mm3)

– –

6. Qiu et al. [31]
Zhang et al. [65]

Hexahedral – O-grid 780 k
(0.02 mm)

171a <0.05

7. Killion and Garimella [53]
Subramaniam and Garimella [54,55]

Hexahedral 1.19 M
(0.1 mm)

474a 0.20

8. Qi et al. [50] Hexahedral 1.42 M
(0.1 mm)

263.8a –

9. Qiu et al. [66] Hexahedral – O-grid 780 k
(0.02 mm)

– 0.10

10. Zhou et al. [47] Hexahedral 10.21 k 22.7 –
aApproximated due to unavailability of data.

Table 5
Recommended solver settings for VOF model

Settings Recommendation

Flow regime Laminar or turbulent  
 (as per [136])

Surface tension modeling CSF model
Volume fraction cut-off 10–6

Courant number  ≤0.25 (≤1.0 [48])
Transient formulation 1st order implicit
Pressure velocity coupling PISO/SIMPLE algorithm
Pressure interpolation 

scheme 
PRESTO algorithm

Discretization 2nd order upwind (momentum 
and energy)

Surface tracking/volume 
fraction

Geo reconstruct

Evaporation model Lee model [39]
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3.1. Wettability effect

3.1.1. Flow modes

Based on developed empirical relations in Table 2, tran-
sitions from one flow mode to another depends on film 
Reynolds number and modified Galileo number. These cor-
relations do not account for tube morphology/wall adhesion, 
as most of the experiments were performed with surface 
treated tubes with lower contact angle and excluded the 
effects of vapor flow, which may affect transitional film 
Reynolds number. For flow mode recognition and quan-
tification, high speed image processing is commonly used. 
Most of the experimental work are focused on macroscopic 
phenomena, however in order to fully understand the tran-
sitional behavior at the microscopic level due to complexity 
of the falling film, numerical studies were implemented.

Generally droplet and jet modes are investigated as most 
of the commercial units such as absorber, generator and 
evaporators are designed based on droplet and jet modes 
[43,44,61]. Killion and Garimella [53] were amongst the first 
to study droplet formation in horizontal tubes using VOF 
model in 3D domain. They used initial film thickness with 
periodic boundary conditions instead of liquid load via 
orifice, which is nowadays, has become usual practice. The 
shape of droplet formation, falling, merging, spreading and 
detachment were compared experimentally and numerically 
and found to be in good agreement. Results showed that 
impact time decreases from 611 to 98 ms when initial film 
thickness in increased from 0.23 to 0.40 mm, which is due to 
the higher liquid load and velocity field.

Qiu et al. [31] investigated formation and hydrodynamic 
characteristics of in-line and staggered jet modes using two 
sets of fluids, that is, water–air and ethylene glycol–air. Their 
CFD model was validated qualitatively with the experimen-
tal data. They found that formation of in-line and staggered 
mode is related to Plateau-Rayleigh instability. As the fluid 
impacts on tube, it moves downward and in axial direction 
due to which propagation waves underside of tube may gen-
erate excess liquid at either beneath the upstream jet (in-line 
mode) or in between two upstream jets (staggered mode). 
This excess liquid from departure site detaches and form 
downstream jet. In-line jet mode was developed in ethylene 
glycol case, where two adjacent jets impact and spread over 
tube surface. Fig. 6a shows formation of trough in between 
two adjacent jets as liquid spreads and then jets are formed 
under the tube in same line (in-line) before the whole tube 
is fully covered. The film continues to spread axially caus-
ing whole tube to cover with liquid film. However, staggered 
jet mode was formed in water case where two adjacent jet 
impacts and a crest is formed (Fig. 6b) in between two adja-
cent jets and jet under the tube is not formed until whole tube 
is covered with liquid film. In addition, viscous force plays 
vital role in developing in-line or staggered jet mode.

Chen et al. [62] experimentally and numerically found 
critical mass flow rate for flow pattern transition using three 
14 mm diameter tubes in triangular configuration. Critical 
mass flow rate for droplet to columnar was found to be 
0.0125 kg/s from simulations and 0.013 kg/s from exper-
imental data. Critical flow rate for columnar to sheet was 
found to be 0.02 kg/s from simulations and 0.0215 kg/s from 
experiments. The difference in both methodologies may Zh
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come from uncertainties in experimental setup and simpli-
fied assumptions in CFD setup. However, modeling details 
such as mesh details, time step, mesh and time indepen-
dency checks were not provided. Recently Ding et al. [44] 
studied hydrodynamics of droplet and jet modes in falling 
film horizontal tubes using commercial CFD software Ansys 
fluent. In their study, first they validated their model by 
flow comparison with experimental data available in the 
study by Killion and Garimella [63] and film thickness with 
Nusselt correlations [42]. Then they analyzed the effect of 
contact angle, liquid load and initial conditions on droplet 
formation, droplet detachment, droplet impact, flow stabil-
ity, formation and wettability. They considered three tubes 
of 12.7 mm diameter with 22 mm section length calculated 
by Armbruster and Mitrovic [64] correlation as shown in 
Table 2. It was found that when a droplet influences the tube 
surface in a droplet mode, circumferential film thickness 
raises and then decreases as the droplet leaves for the next 
tube. So, in a droplet mode, film around the tube changes as 
droplet impacts and leaves; making this process unsteady 
and cyclic. Whereas, falling film in a jet mode may achieve 
steady state with weak perturbations. Although, numerical 
studies helped in understanding flow mode transition but 
still more insight is needed to address the effect of ther-
mophysical properties variations such as salinity, viscosity, 
surface tension and addition of chemical agents from one 
effect to another, for MED evaporators.

3.1.2. Falling film formation and force analysis

Fig. 7 shows different type of forces acting on falling film 
with an assumption of insignificant vapor flow (shear force 
may be neglected). These forces exert on film due to grav-
itation, adhesion, viscous effects and surface tension. From 
numerical studies, falling film formation can be summarized 
into following stages [32,44,45,65,66]. 

• Free falling of film: Through the orifice or before tube 
liquid phase moves in y direction under the action of 
gravity and surface tension force as shown in Fig. 8a. 
If liquid load is small, the surface tension force will be 
substantial to oppose gravitational force causing the 
liquid phase to form droplets and flow mode will be 
droplet. For higher liquid load, gravitational force is 

much greater than surface tension force, which raises 
y-velocity hence producing jet mode.

• Falling film stagnation and impact/impingement zone: 
As free falling film strikes tube surface at θ = 0°, y-velocity 
becomes zero and there is a sudden pressure loss and 
turbulence in the film. Film then spreads over tube sur-
face in axial and downward direction as shown in Fig. 8b. 
Because of the turbulence and high velocity gradients, 
heat transfer coefficient is expected to be high in this 
region. 

• Developing region: In this region, falling film moves 
under tangential gravitational force opposes by viscous 
drag force as shown in Fig. 8c. The velocity profile within 
the falling film develops and laminar sub-layer thick-
ness decreases with angular position. Laminar sub-layer 
thickness decreases film heat transfer resistance and 

trough crest(a) (b)

Fig. 6. (a) Trough formation in in-line jet mode and (b) crest formation in staggered jet mode.
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 Fig. 7. Type of forces acting on falling film at different stages.
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increases heat transfer due to the presence of laminar and 
turbulent regions. For small tube diameter and higher 
liquid load, developing region is expected to be high 
which means higher average heat transfer coefficient.

• Developed region: In this region, velocity profile is 
fully developed and liquid film covers most of the tube 
surface as shown in Fig. 8d, which results in higher con-
duction resistance. In the lower part of the tube, surface 
tension force is accompanied by gravitational force com-
ponent in the radial direction. However, in the upper 
part, surface tension is opposed by radial gravitational 
force. This is the reason that results in asymmetric film 
distribution in the upper and lower half of tube. 

• Detachment region: Liquid film moves downward 
from both sides and meet at the lowest position of tube 
(θ = 180°). As more liquid film is added, it detaches from 
the tube surface and now there are only surface tension 
and gravitational force as shown in Fig. 8e. For lower 
liquid load, surface tension force gathers liquid as much 
as possible and shape of liquid becomes more spheri-
cal (droplet). When liquid gathers enough to counter 
surface tension, it detaches and falls freely over next tube.

• Necking: As droplets detach, the thickness of remaining 
film decreases as shown in Fig. 8f. Surface tension force 
becomes high and lift the remaining liquid upwards 
momentarily and again more liquid gathers and form 
droplet shape. For jet and sheet modes, falling film is 
continuous but the thickness reduces due to higher liq-
uid load which overcomes surface tension effects making 
flow steady state with some weak perturbations.

3.1.3. Falling film thickness

Falling film thickness δ was measured experimentally 
in many studies but the limitations exist, such as number 
of locations covered and readings of certain location may 
be affected by upstream sensor. Roger and Goindi [16] mea-
sured film thickness with an uncertainty of ±5% at three 
different locations θ = 45°, 90° and 135° using dial gages con-
nected with an electrical circuit. Hou et al. [67] measured film 
thickness for θ = 15°–165° using a displacement micrometer. 

Gstoehl et al. [68] used laser technique to examine film thick-
ness with an uncertainty of ±7%; but due to visualization 
restraints, they could only measure for θ = 22°–62° and 
θ = 112°–152°. However, their technique avoided distribution 
in the film. These experimental studies are widely used for 
CFD model validation.

There are many inconsistencies for film thickness pat-
tern, like it was observed experimentally and numerically 
that the minimum film thickness in a jet mode is half of 
the maximum film thickness [44,48,69]; while in another 
study maximum film thickness was found to be more than 
three times of minimum film thickness for jet mode [66]. In 
another study [60], film detachment, film disintegration, 
splashing was reported for an array at higher Reynolds 
number (Ref = 1,250) but no such phenomena was reported 
in other studies at higher Ref [45,49,51]. Furthermore, min-
imum thickness δmin location from numerical studies var-
ies from θ = 90°–140° for different operating conditions as 
shown in Table 7. However, consensus was made for asym-
metric film profile in the upper and lower half of tube as 
compared with symmetric profile as inertial forces were 
neglected in Nusselt correlation [45,49].

Hassan et al. [70] studied inter-tube spacing effects on 
film thickness. In their study, it was observed that increasing 
inter-tube spacing results in reduced film thickness due to 
added momentum and higher velocity field within the film. 
They compared their results with Hou et al. [67] correlation 
for film thickness and found within +50%. Another study 
by Sun et al. [49] supports above finding that an increase in 
inter-tube spacing decrease film thickness. These findings 
align with film thickness correlation developed by Hou et 
al. [67] in which inter-tube spacing effects are incorporated. 
However, according to Zhang et al. [65] inter-tube spacing 
has minimal effect on film thickness.

Qiu et al. [32,52] studied effect of films Reynolds number/
liquid load under adiabatic conditions. They considered two 
horizontal tubes with d = 19.05 mm in a 2-D domain. CFD 
model was compared with Nusselt correlation and error 
was found within 20%. It was observed that increasing Ref 
from 480 to 880 leads to liquid film detachment near bottom 
stagnation point causing an early departure. The inter-tube 

a. b. c. d. e. f.

 Fig. 8. Falling film formation (a) free fall, (b) stagnation point and impingement zone, (c) developing region, (d) developed region, 
(e) film detachment and (f) necking.
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spacing was also varied from s = 6 to 19 mm and film 
thickness was reduced by 15% due to added momentum, 
which causes rapid liquid spreading over tube. In addition, 
the effect of diameter was observed, and it was deduced that 
increment in diameter leads to reduced film thickness. This 
happens because more curvature effect assists gravitational 
force and rise in tangential force results in increased veloc-
ity field, but the effect is minimum for diameter d > 32 mm. 
Qiu et al. [31,66] concluded that regions where film thick-
ness is low, spreading velocity is high as compared with 
other regions; so spreading velocity and film thickness 
have inverse relation. In addition, in the axial direction of 
in-line jet mode, maximum film thickness was found at jet 
and minimum film thickness was found in between two 
adjacent jets/at the center of trough. For staggered jet mode, 
maximum film thickness was found in between two adjacent 
jets/at the center of crest and minimum film thickness was 
located at upstream jet.

Nusselt correlation is commonly used but it assumes 
symmetric profile. Hou et al. [67] modified Nusselt cor-
relation and incorporated asymmetric, inter-tube spacing 
and diameter effects with the help of experimental data. 
There are also some correlations that were developed using 
numerical data. In one study, Ji et al. [56] found minimum 
thickness at θ = 120° for different operating conditions. So, 
they modified Nusselt correlation [42] and shifted minimum 
thickness to 120° as per below:

δ θ
µ

ρ ρ ρ
θ

( ) =
−( ) 
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Lately, Zhao et al. [45] numerically studied falling film for 
various liquid load Γ1/2, viscosity µ, tube diameter d, surface 
tension σ and impingement height hi. They found that each 
parameter affects falling film to some extent and presented 

a new correlation incorporating all these factors, which is 
as follows:
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where films Reynolds number Ref = 400 – 2,485, modified 
Weber number We = 4.55 × 10–4 – 21.4 × 10–4, Archimedes 
number Ar = 7.17 × 106 – 3.67 × 109, impingement height to 
diameter ratio hi/d = 0.12 – 2, Ca, a1, a2, a3, a4 and a5 are con-
stants, which are evaluated for θ = 2°–15°, 15°–165° and 165°–
178° using regression analysis. They tested above correlation 
for presented and available data in the literature and found 
most data fit within ±20% error for θ = 2°–165° and within 
±30% error for 165°–178°.

However, above correlation accounts for surface tension 
effects but in development process, numerical cases were set 
with and without surface tension. The variation of surface 
tension with temperature was not incorporated. The location 
of minimum film thickness is not fixed at 90° as per Nus-
selt solution and depends on several factors, Table 7 shows 
minimum film thickness variation for different operating 
conditions and configuration. The minimum film thickness 
location needs more insight as it may define the limitation of 
liquid load in MED evaporators and susceptibility to scale 
deposition.

3.1.4. Effect of wall adhesion

In most of the CFD studies [31,32,48,52,65], wall adhe-
sion effects are neglected, and it was assumed that the tubes 
are completely wet (contact angle θw = 0°/super hydrophilic) 
for simplicity. For super hydrophilic materials, tubes may 
achieve 100% wettability for very low flow rates but as the 
contact angle increases, wettability depends on flow rate 
and initial conditions. However, for materials commonly 
used for evaporator tubes in MED plants, static contact 
angle varies from 60° to 90° [71]. There are limited numbers 
of CFD studies, which addresses the effect of wall contact 
angle on wettability. Zheng et al. [21] conducted experiments 
on super hydrophilic (θw < 5°), hydrophilic (θw = 27.8°) and 
plain copper (θw = 43.7°) horizontal tubes under heat trans-
fer and low liquid load conditions. Super hydrophilic tubes 
were established by using strong oxidant. It was observed 
that heat transfer coefficient for super hydrophilic tubes was 
higher than that of plain tubes for the same Reynolds num-
ber. This was due to the fact that at even low liquid load, 
liquid spreads over tubes rapidly and there were no dry 
patches, which caused lower thermal resistance and high 
heat transfer coefficient was measured for super hydro-
philic tubes. At lower liquid load, super hydrophilic and 
hydrophilic were found completely wet while plain tubes 
had some dry patches. However, controlling contact angle is 
difficult and costly for experiments.

Fernandez de Arroiable et al. [72,73] conducted CFD 
simulations for various contact angels θw = 0°–120° with lith-
ium bromide LiBr solution as a working fluid. They started 
their simulations with 2D and 3D model’s comparison, it 
was concluded that 2D models are not good enough to cap-
ture wall adhesion effects as the variation in axial direction 

Table 7
Angular position for δmin

Studies θ for δmin Remarks

Qiu et al. [31] 90° In-line jet mode
120° Staggered jet mode

Wang et al. [137] 90° Γ1/2 = 0.4 kg/m-s
Qiu et al. [52] 90°–140° Ref = 480–880
Li et al. [48] 90°–100° Without vapor flow

70°–80° Counter current vapor flow
Sun et al. [49] 120°–130° v = 0.05–1 m/s
Zhao et al. [45] 110°–150° Γ1/2 = 0.103–0.284 kg/m-s
Lou et al. [112] 125° Circular tube

160° Oval shaped tube
170° Drop shaped tube

Zhou et al. [47] 100°–140° Coupled heat transfer
Ji et al. [56] 120° Wall adhesion effects
Hou et al. [67] 90°–115° Experimental study
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is not incorporated. Results showed that for each θw there is 
a minimum value of Ref at and above which tube is com-
pletely wetted or wetting ratio WR (which is defined by ratio 
between wetted area and total area) is 1. Below this mini-
mum value of Ref , decrease in Ref causes film to cover less 
area and WR decreases. Ji et al. [56] investigated the effects 
of wall adhesion contact angle for different liquid load. They 
used VOF model to capture liquid–gas interface. They found 
that contact angle affects wettability considerably and higher 
contact angle leads to reduced wettability and increased 
time to reach steady-state conditions.

Ding et al. [44] investigated the effect of wall adhesion 
by changing contact angle to fixed values, that is, 30° and 
60°, respectively, and dynamic values based on advancing 
and receding contact angles. It was found that wall adhe-
sion significantly affects wettability. As the contact angle 
increases, inertia force increases which limits the liquid 
spread due to surface tension force in the axial direction and 
decreases elongation distance for the same liquid load. The 
effect on film thickness due to shrinkage of wetted area was 
not reported. The initial conditions may also affect the final 
wetted state as fully wetted state was observed when initial 
conditions were set to fully wetted however when zero ini-
tial conditions were set, partial wetted state was obtained. 
They also used dynamic contact angle modeling and found 
that liquid film covers most of the tube as compared with 
fixed contact angle modeling. It was deduced that dynamic 
modeling would represent realistic scenario.

Thus, it is quite evident from these studies that wall 
adhesion plays an important role in wettability and heat 
transfer. The hydrophilic materials (lower contact angle) 
are suited for boiling and evaporation applications, while 
hydrophobic materials (higher contact angle) are adopted 
for condensation applications [74]. Lower values of contact 
angle results in enhanced wettability and lower suscepti-
bility to dry patches. Static, advancing and receding angles 
are different from each other [75,76] and contact angle is 
also affected by temperature [77]. Therefore, it is needed to 
compare different methodologies (fixed and dynamic con-
tact angle values) with experimental data of wettability, to 
ensure which modeling will leads to accurate results. There 
are some CFD studies such as by Liu et al. [78], in which 
droplet dynamics via numerically and experimentally are 
compared and was found in good agreement. However, 
in this study only droplet dynamics have been discussed 
excluding wettability. The experimental and numerical 
evaluation of dynamic contact angle and its influence on 
wettability is lacking in the literature. 

3.2. Effect of vapor flow

In horizontal falling film exchangers, liquid film that 
forms on tube surface is very thin and usually a fraction 
of millimeter. Heat and mass transfer mechanisms such 
as evaporation, absorption and generation depend on this 
thin falling film. If this film formation is disturbed by any 
means, the efficiency of heat exchanger will be affected. 
Gaseous flow influences film thickness which is inversely 
proportional to local heat transfer coefficient as reported 
in the literature [67,68,79]. Heat and mass transfer may be 
enhanced by gas flow as it creates waves on film surface 

causing turbulence within the liquid layer as reported in the 
study by Gonzalez et al. [80]. In MED evaporators, vapors 
are generated by evaporation and flashing and all vapors are 
directed to next evaporator via demister and vapor route. 
Vapor velocity near evaporator exit may reach up to 8 m/s 
[81], which is high enough to cause instability in film for-
mation, dry patches and brine carryover at lower rows of 
evaporator. There can be co-current and cross flow types 
of vapor in MED evaporator as shown in regions 4 and 5 
of Fig. 3. 

Ji et al. [82] experimentally investigated counter current 
effects on heat and mass transfer in falling film evaporator 
for refrigerant R-134a. It was found that heat transfer may 
increase or decrease depending on the tube location. Yung 
et al. [83] studied liquid entrainment in vapors moving in 
cross flow. They defined actual deflection angle ϒ represent-
ing droplet and jet inclination and critical deflection angle 
ϒc above which liquid film does not impinge over next tube 
as shown in Figs. 9a and b. ϒ and ϒc can be evaluated by:
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where ddp is the droplet diameter and ϕ is pitch.
If ϒ < ϒc, liquid film falls over next tube but wetting ratio 

may be affected. If ϒ > ϒc, liquid film will not fall over next 
tube and probability of liquid entrainment will be high. 
With If ϒ = ϒc, critical velocity ug can be calculated for tube 
arrangement and design purposes. In another study by 
Zhao et al. [84], vapor cross flow over refrigerant R-134a 
evaporator were examined. The vapor velocity was varied 
from 0 to 2.4 m/s for heat flux ranging from 20 to 60 kW/m2

 
under different liquid load conditions. For lower liquid 
loads, heat transfer coefficient was found to remain con-
stant and then decreases for reduced liquid load.

In an experimental and CFD study conducted by Li et 
al. [48], counter current gas flow was introduced to lami-
nar falling film flow over horizontal tubes. Liquid flow was 
fed from top through 28 holes of d = 1.5 mm, 7 mm apart 
and gas flow was fed from bottom via air compressor. The 
model was validated qualitatively with flow patterns cap-
tured in experiments and quantitatively with transitional 
Ref between flow patterns. The maximum deviation from 
experimental and CFD transitional Ref was less than 10%. 
Air velocity was varied from 0 to 0.5375 m/s and it was 
found that the flow pattern transitional Ref and film thick-
ness are affected by gas flow rate. The counter current gas 
flow assists and stables liquid film because it counter acts 
gravitational effects; which results in lower liquid film 
velocities and thicker film due to more residence time over 
tube. Gas flow also affected thinnest film thickness posi-
tion from 90°–100° to 70°–80°. They concluded that drop-
let mode is transient in nature at it has more effect of gas 
flow, jet and sheet modes are steadier and sheet mode has 
minimal effect of counter current gas flow. Fiorentino and 
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Starace [33] investigated effect of counter current moist air 
on falling film stability in an evaporative condenser. In this 
type of falling film condenser, refrigerant flows inside tube 
and losses heat to water film. This heat transfer mechanism 
allows part of water to give off vapors, which are swept by 
counter current airflow. They found that mass flow rates 
and bundle configuration should be optimized for film 
stability. An increase of 73% in vertical pitch requires 66.7% 
more water mass flow rate for film stability and to avoid 
film break up. 

As shown in Fig. 3, there are two types of flow affecting 
falling film co-current and cross flow. Both of which may dis-
turb film formation, thickness, entrainment and deflection. 
Numerical studies characterizing vapor flow and its effects 
are lacking in the literature and need to be studied in detail 
as it may quantify entrainment and provide limitations for 
MED design and operating conditions. 

3.3. Spray system and bundle arrangement

Industrial-scale evaporators are equipped with solid 
cone spray nozzles for liquid load distribution. Number of 
nozzles are selected on the basis of evaporator size, nozzle 
to first row height, solid cone angle and nozzle spacing [85]. 
Zeng et al. [27,86] experimentally investigated performance 
of standard and wide angle nozzles for ammonia spray 
evaporators. Spray evaporation was found to be close for 
both cases, which shows minimal effects of cone angle. Since 
numerical modeling of atomization, droplets propagation 

and coalescence is computationally expensive, single droplet 
model for spray evaporation in MATLAB was developed by 
Chen et al. [28]. The model was validated against 14 experi-
mental data groups with ±12% error. It was concluded that 
smaller droplet diameter and higher initial velocity lead to 
better performance. However, smaller droplet and higher 
velocity require higher injection pressure and pumping 
power, so droplet diameter of 0.5 mm was recommended to 
achieve better thermal utilization with an adequate pumping 
pressure of ≤2 bar.

Mabrouk et al. [81] developed a mathematical model 
using visual design and simulation software [14]. This 
model was used to evaluate liquid load maldistribution, 
CO2 release and scale formation for different bundle config-
urations. It was assumed that liquid spray before reaching 
tubes has uniform mass flux, all tubes are heated with 
constant heat flux and scale deposition is constant around 
one tube. Triangular 60° is the most common configuration 
used in industrial MED evaporators due to its compact-
ness, overall efficiency and lower footprints. Therefore, 
this configuration was considered as a base study and they 
distinguished two types of liquid load, that is, columns 
based on first row (odd number) and columns based on sec-
ond row (even number) as shown in Fig. 3. They found that 
liquid load on odd and even number rows varied signifi-
cantly, and this maldistri bution can be expressed as follows:

Γ
Γ
2

1

1= −
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 Fig. 9. Falling film deflection by vapor cross flow (a) critical deflection angle (b) actual deflection angle.



F. Tahir et al. / Desalination and Water Treatment 166 (2019) 296–320310

Above expression shows that tube configuration with a 
pitch of ϕ = 1.3 d, even number rows receive 70% less liquid 
load as compared with odd number rows and all tubes 
receives equal liquid load when the tube configuration is 
either square or with pitch ϕ = 2 d. Their results showed that 
doubling the liquid load reduces scale deposition by 15%. 
Also, scale deposition for tube configuration with ϕ = 2 d is 
30% less as with tube configuration ϕ = 1.3 d.

A simplified 2-D study was carried out by Tahir et al. 
[85] to evaluate liquid load over columns based on first and 
second row, in an evaporator with triangular pitch config-
uration. In this study, effect of mass flow rate, number of 
nozzles, nozzle spacing, cone angle, nozzle to 1st row height 
on liquid load was evaluated. Liquid load over column 
based on second row was found to be less than liquid load 
over column based on first row. So due to maldistribution 
and reduced liquid load, column based on 2nd row will be 
more susceptible to dry patches and fouling. Their results 
align with the study carried out in Mabrouk et al. [81]. 
However, maldistribution inside tube through vapor route 
and outside tube due to uneven liquid load distribution still 
need to be addressed.

The commercial MED plant normally operates from 
65°C to 40°C depending upon ambient conditions. With the 
incorporation of AdVC, the lower temperature can go up to 
5°C and TBT can be increased up to 85°C [87–89]. From TBT 
to last effect temperature, thermophysical properties such as 
viscosity, surface tension, thermal conductivity and specific 
heat capacity will change and the change in properties could 
affect film distribution and heat transfer. For each effect 
operating under same liquid load and temperature differ-
ence, heat and mass transfer could be different and need to 
be considered for research and development. For wall adhe-
sion, dynamic contact angle would give better results as was 
suggested in the study by Ding et al. [44] but wetting ratio 
from experiments should be compared with numerical work 
to conclude which methodology can lead to realistic results. 
In addition, contact angle dependency on temperature [77] 
need to be incorporated. Vapors generated in the MED evap-
orator flow downward and in cross flow directions. These 
vapors exert shear force on falling film surface, which may 
induce waviness and turbulence. These disturbances could 
affect film distribution and thermal boundary layer within 
the film. Therefore, effects of vapor flow need to be studied 
numerically for quantification of above-said phenomena. 
There are four types of entrainment that may exist in falling 
film evaporator, namely splashing, nucleate boiling, deflec-
tion and stripping [83]. Splashing is related to high liquid 
load. Nucleate boiling happening takes place when heat 
flux is high. Chances of both splashing and nucleate boil-
ing processes are low for MED evaporator with TBT ≤ 65°C, 
low liquid load and heat flux. Nevertheless, nucleate 
boiling may occur for higher TBT > 65°C. Stripping and 
deflection become important at the lower section of bundle 
where vapor velocity is high and need to be investigated. 
There are two kinds of maldistribution in MED evaporators; 
one is the liquid load distribution due to spray system and 
bundle configuration [81,85] and other is vapor flow rate 
inside tubes. Vapors generated in MED effect flow to next 
effect via vapor route. These vapors enter inside tube of 
next effect as a heating medium and each tube has different 

vapor flow in practical scenario that can cause uneven heat 
flux in the bundle. Hence, optimizing liquid load and vapors 
distribution is of quite importance as performance and siz-
ing of evaporator depend on this maldistribution.

4. Heat and mass transfer characteristics

There are different heat and mass transfer modes in 
falling film around the tube in MED evaporator as shown 
in Fig. 10. Steam flows inside the tube and condenses by 
transferring heat to the film on the outer tube side. This 
amount of heat raises film temperature, and when the film 
tem perature is equal or more than saturation temperature, 
vapors are generated via evaporation. These vapors are 
gathered and exit from the evaporator to the next effect 
for the heating purpose. Overall heat transfer coefficient U 
depends on several thermal resistances/heat transfer modes 
in falling film [20,51,60,90], which are as follows:

• Steam inside tube transfers heat by convection mode.
• Due to heat transfer, some of the vapors condense and 

form thin liquid film around tube, which acts as thermal 
resistance that include both conduction and convection 
heat transfer. The convection part of condensate film 
may be neglected.

• Heat is then transferred through tube wall by conduc-
tion, so thinner wall with high conductivity represents 
lower thermal resistance. If the heat flux is high, nucle-
ate boiling may occur at tube surface but in case of MED 
operating conditions, heat flux is small enough to neglect 
nucleate boiling.

• As the falling film is flowing around tube, it gets heated 
by conduction and convection mode. The convection 
mode is often not considered, as it is insignificant as 
compared with film conduction thermal resistance. At 
the film vapor interface, evaporation starts if T ≥ Tsat.

• Overall heat transfer coefficient may be affected by 
vapor flow in co-current and cross direction at the lower 
portion of tube bundle. However, in the upper and 
middle part, convection heat transfer by vapor flow may 
be neglected.

Numerical studies based on VOF model for heat and 
mass transfer are listed in Table 8 and studies based on 
semi-empirical or distributive parameter model are listed in 
Table 9. The heat and mass transfer section is further divided 
into seawater (desalination) and LiBr applications. LiBr-
based falling film absorber and generator are currently being 
used in refrigeration industry. However, for MED-AVC, 
LiBr absorber and generator can be coupled with MED for 
enhanced gain output ratio [3].

4.1. Seawater applications

Researchers have performed experiments on plain and 
enhanced tubes for falling film applications [18,19,91–93]. 
Enhanced tubes are more thermodynamically superior to 
plain tubes due to more heat transfer area and turbulence 
within the liquid film. But the scaling problem limits the use 
of enhanced tubes in MED evaporators [51]. Heat transfer 
in these evaporators strongly depends on film Reynolds 
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number, flow pattern, inter-tube spacing and thermophys-
ical properties [6,15]. For a single falling film tube experi-
ments, falling film heat transfer coefficient decreases with 
an increase of liquid load [25,64,94]. Xu et al. [79] came to 
conclusion that the overall heat transfer coefficient increases 
with an increase in liquid load. They performed experi-
ments for a wide range of film Reynolds number, that is, 
Ref = 200–2,500. In contrary, Zeng et al. [25] found minimal 
effects of liquid load on overall heat transfer coefficient. 
Newson [95], Slesarenko [96], and Yang and Shen [97] found 
insignificant effect of salinity in heat transfer coefficient. 
However, Fletcher et al. [98] concluded a decreasing trend 
of heat transfer coefficient when shifted from fresh water to 
seawater. With respect to heat transfer, there are four regions 
in falling namely stagnation, impingement, thermal devel-
oping and thermally developed based on thermal boundary 
layer [99]. Local heat transfer coefficient is expected to be 
high in first three regions due to high thermal gradients as 
compared with fully developed region. In MED falling film 
evaporators, mostly vapors generated in the upper section 
by flashing and in the middle and lower section of evap-
orator by conduction/convective heat transfer. Evaporation 
dominates instead of nucleate boiling in these evaporators 
due to low heat flux conditions. Mitrovic [100] calculated 
the temperature limit above which nucleate boiling starts 
and below which evaporation dominates. If by any means, 
nucleate boiling occurs, it may lead to dry patches and scale 
formation due to nucleation and bubble growth in the fall-
ing film. The effect of high TBT needs further investigation 
for nucleate boiling, liquid load and scale formation.

For microscopic understanding of heat and mass transfer, 
numerical studies have been carried out. Jin et al. [101] devel-
oped a mathematical model and concluded that tube with 
constant heat flux boundary condition would provide 12% 

enhanced heat transfer coefficient as compared with tube 
with constant temperature boundary condition. Kouhikamali 
et al. [102] used Eulerian multiphase model coupled with Lee 
evaporation model [39] to quantify heat transfer coefficient, 
vapors generation and pressure drop for different tubes 
arrangement and operating conditions. Results showed rise 
in temperature difference would increase heat transfer coef-
ficient, pressure drop and evaporation. Furthermore, vertical 
array was found to be more effective than horizontal array. 
Bigham et al. [103] have reached similar conclusion by using 
VOF model and Lee model, considering the flow is turbu-
lent; that higher temperature difference and feed flow rate 
leads to higher heat transfer coefficient and evaporation 
rate. However, in MED plants, the temperature difference 
depends on number of effects and usually in the range of 
3°C–5°C [8,12,104]. Yang et al. [105] evaluated heat transfer 
coefficient and axial temperature distribution along the tube 
by coupling external film distribution with internal conden-
sation. They developed 2D numerical code in which phase 
change mass transfer was evaluated by:

m H k T
yl gor × = −
∂
∂lg

int

 (19)

It was concluded that performance could be optimized 
by controlling liquid load as per internal condensation 
variation. Internal condensation was also taken in account 
by Zhou et al. [47] for falling film evaporation. They mod-
eled 14 mm diameter tube with 1 mm thickness in the axial 
direction in 3D domain. Numerical results showed that 
overall heat transfer coefficient mainly depends on internal 
heat transfer coefficient and internal heat transfer coefficient 
increases inside tube as steam condenses. In addition, liquid 
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Fig. 10. Heat and mass transfer in a falling film flow.
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ṁ

s =
 8

.2
8–

12
5.

96
 to

n/
h

h,
 Γ

1/
2, 

X
St

ea
m

 is
 n

ot
 u

ni
fo

rm
ly

 d
is

tr
ib

ut
ed

. 
Γ 1/

2 
de

cr
ea

se
s 

fr
om

 to
p 

to
 

bo
tto

m
 ro

w
 d

ue
 to

 e
va

po
ra

tio
n 

an
d 

no
n-

un
ifo

rm
ity

A
zi

m
ib

av
il 

an
d 

Ja
fa

ri
an

 D
eh

ko
rd

i 
[1

18
] 

d 
= 

28
.5

75
 m

m
, L

 =
 4

.5
 m

Tu
be

s =
 5

9 
ro

w
s ×

 1
00

 c
ol

um
ns

, 
T s =

 6
8°

C
, ṁ
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load has minimal effect on internal heat transfer coefficient. 
The phase change models for evaporation outside tube 
and condensation inside tube were not incorporated and 
discussed. Abraham and Mani [60] conducted both exper-
imental and numerical studies on in-line and staggered 
tube, falling film configuration. In their set-up, evaporator 
was equipped with 15 tubes (3 columns and 5 rows). CFD 
results showed that staggered configuration has 31% less 
evaporation than in-line configuration due to less overall 
heat transfer coefficient. However, from their volume frac-
tion contours, falling film is not formed except for the first 
tube and it shows splashing which is contradictory to other 
studies. Therefore, overall evaporation results may differ if 
the film is formed completely. In addition, details for evap-
oration model were not provided. In their another study by 
Abraham and Mani [106] flame coated spray was used to 
control surface roughness and it was found that heat trans-
fer coefficient increases as roughness increases but after 
certain roughness values, heat transfer coefficient decreases.

Usually, in modeling falling film heat transfer mecha-
nism, it is assumed that the temperature profile within the 
liquid layer is linear causing heat transfer mode to be mainly 
conduction and convection effects are usually neglected 
[107,108]. However numerical study by Yang et al. [51] 
showed enhanced heat transfer at θ = 5° due to the presence 
of laminar sublayer. Laminar sublayer was distinguished 
from laminar flow with the help of normal velocity profile 
within the film. This sublayer causes turbulence within the 
film that leads convection heat transfer to dominate and 
results in improved overall heat transfer. The laminar sub-
layer diminishes as the inclination angle increases. In a CFD 
study by Zhao et al. [90], effects of subcooled falling film 
on heat transfer coefficient were investigated. As the falling 
film was considered subcooled, phase change mass and heat 
transfer were neglected. They found that heat transfer coef-
ficient on smaller tube diameter is higher than that of larger 
tube diameter because thermal boundary develops faster in 
larger tube diameters. They developed heat transfer coef-
ficient correlation using 141 cases for different liquid load 
Γ1/2, viscosity µ, tube diameter d, surface tension σ, inlet tem-
perature T, heat flux q and impingement height hi. However, 
the correlation only accounts for subcooled conditions and 
evaporation effects are neglected. This correlation may be 
used for upper part of evaporator where evaporation can be 
neglected. Furthermore, the author tried to reproduce the 
correlation but it showed decreasing trend with increasing 
Ref as it should have shown increasing trend as per their 
results and comparison. This may be due to typo mistake in 
correlation.

Apart from circular tubes, tubes with other geometries 
have also been considered for falling film applications. 
Evaporators with elliptical tubes have been studied for air 
conditioning, chemical and refrigeration industries [109–
111]. Qi et al. [50] evaluated heat transfer coefficient for 
elliptical tube in seawater desalination application. They 
implemented VOF model and phase change effects were not 
considered. In their experimental and numerical work, film 
formation on elliptical tube with ellipticity = 1.5 was found 
to be faster than circular tube. Rapid film formation causes 
thinner and even distribution, which results in enhanced 
heat transfer coefficient 20%–22% more than circular tubes. 

In another study, drop and oval shaped tube performances 
were compared with circular tube numerically [112]. Drop 
and oval shaped tube was found to have thinner thermal 
boundary layer and heat transfer coefficients were 12.6% 
and 34% higher as compared with circular tube, respectively. 
To author’s knowledge, tubes other than circular geometry 
have not been commercially used for MED evaporators and 
need more in-depth study for feasibility. A rotating tube is 
an enhanced tube which gives higher heat transfer rates 
as compared with fixed tubes in falling film applications 
[113,114]. Lin et al. [115] conducted experimental and CFD 
analysis (VOF model) on radially rotating tube for offset 
angle characterization, which may affect heat transfer coef-
ficient. The analysis showed that when the counter clock-
wise rotation is increased from 0 to 400 rpm, liquid film 
on the left hand of column gets thinner as compared with 
right hand side and offset angle decreases. This can cause 
asymmetric film profile along vertical plane and resulting 
in better heat transfer coefficient on one side of tube. This 
type of tube configuration may not be feasible for desali-
nation application as asymmetric liquid load distribution 
may increase dry patches. Also, MED evaporator consists of 
tubes in thousands and cost for developing these tubes will 
be very high due to rotating system which makes these tubes 
not feasible for desalination application.

As the VOF model limits to study only fewer tubes in 
detail because of computational cost and time, to character-
ize whole bundle, researchers have applied semi-empirical 
and distributive models. In these models, whole domain is 
discretized into small elements and global conservations 
of mass, momentum, energy are solved for each element. 
Hou et al. [6] used distributive parameter model (DPM) for 
designing and optimizing falling film evaporator perfor-
mance used in MED plants. In this 2D model, general conser-
vation equations along with correlations are implemented 
instead of differential conservation equations, Chato’s 
[116] correlation was used to evaluate two-phase flow heat 
transfer coefficient. Results showed maximum overall heat 
transfer coefficient of 3,300 W/m2-K was observed at the 
entrance of tube and then decreases gradually in the axial 
direction. The average overall heat transfer coefficient of 
evaporator was 2,800 W/m2-K. Liquid load decreases from 
0.063 kg/m-s to minimum value of 0.04 kg/m-s due to evap-
oration and non-uniformity. Gong et al. [117] simulated 
3-D modeling of horizontal falling film evaporator with 
aluminum–brass tubes in triangular configuration. They 
used DPM with empirical correlations to quantify heat 
transfer coefficient variation with respect to liquid load, 
salinity and along tube row, column and length direction. 
It was shown that heat transfer coefficient increases as liq-
uid load increases or salinity decreases, while condensation 
heat transfer coefficient was found insensible to liquid load. 
Heat transfer coefficient was higher for preheating zone 
(2nd pass) as compared with evaporating zone (1st pass). 
Azimibavil and Jafarian Dehkordi [118] developed in-house 
code and analyzed transient process of MED evaporator 
during startup till it reaches steady-state condition. They 
solved simplified differential equations along with the 
correlations available in the literature for one column. In 
their modeling, they assumed that all columns have same 
heat and mass transfer characteristics, so modeling of one 
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column is enough to represent all columns and tube can be 
considered as vertical wall instead of cylindrical wall for the 
sake of simplicity. They found that if feed is cut by, half of its 
nominal value at any time, then brine salinity may increase 
more than design limit and tubes will be more susceptible 
to fouling. Louahlia-Gualous and El Omari [119] developed 
numerical model based on finite difference method to com-
pute boundary layer thickness, heat transfer coefficient and 
evaporation rate. In their model, co-current airflow rate 
with was assumed to be in contact with film. Conservation 
equations of mass, momentum and energy were devel-
oped for each phases and modified for presented problem. 
Evaporation rate was computed by energy balance at the 
interface. In longitudinal direction, backward difference 
was adopted and in radial direction, central difference was 
adopted for velocity, mass fraction and temperature. These 
equations were solved along with evaporation model in a 
marching manner. Numerical results showed that rise in 
liquid load enhances heat transfer coefficient and decreases 
evaporation rate. Lately, Wunder et al. [61] developed 3D 
model of one tube using semi-empirical method. They con-
sidered both heat transfer mechanisms; steam condensation 
inside tube and film evaporation outside tube via conduc-
tion mode. It was observed that when the temperature dif-
ference increases condensation process enhances, which 
thickens the condensate film inside tube; this causes overall 
heat transfer coefficient to decrease. In addition, they evalu-
ated different tube diameter to length ratios for better over-
all heat transfer coefficient. These semi-empirical studies are 
quicker and whole domain can be analyzed. However, sim-
plified assumptions such as negligible effects of vapor flow 
and liquid load uniformity with the accuracies of film and 
heat transfer correlations may reflect some inconsistencies 
in the solution.

This section concluded that numerical studies for seawa-
ter applications are still limited, as more insight is needed 
to develop better understanding of falling film evaporators. 
VOF model is used in some studies, which is computation-
ally expensive, only small part of domain can be analyzed, 
other used empirical correlations to examine whole domain 
but the accuracy of surface tracking/film thickness, and 
evaporation rate is limited which varies from one correlation 
to other. However, some researchers developed in-house 
modified CFD code as a tradeoff between accuracy and 
computational time but these models are specific to certain 
geometry and operating conditions. Furthermore, the accu-
racy of evaporation model (specially Lee [39] model), effect 
of non-condensable gases, nucleate boiling, effects of CO2 
release and vapor flow on evaporation are some research 
gaps that is still need to be addressed. Substantial experi-
mental work has been carried out to assess CO2 release and 
scale formation/fouling [71,120,121] in horizontal falling 
film evaporator used in desalination plants. Three main 
salts namely calcium carbonate (CaCO3), magnesium sulfate 
(MgSO4) and calcium sulfate (CaSO4) present in seawater, 
participates in scale deposition. There are zero dimension 
models available in the literature addressing CO2 release 
and scale formation [81,104,122]. CFD models need to be 
developed for CO2 release and fouling in falling film evapo-
rators; and how this mass transfer and deposition may affect 
falling film hydrodynamics and heat transfer mechanism. 

A CFD model for CaCO3 deposition [123] in internal flows 
is available in the literature that might help researcher to 
implement or modify for particular application. 

4.2. Lithium bromide (LiBr) falling film applications

For numerical model development of LiBr falling films, 
Min and Choi [124] examined surface tension effects by 
solving conservation equations in dimensionless form for 
water vapor absorption in LiBr solution. Incorporation 
of surface tension modeling was recommended to accu-
rately predict mass transfer process in falling film absorber. 
Ouldhadda et al. [125] developed falling film model for 
Newtonian and non-Newtonian fluids by solving conser-
vation equations using implicit finite difference scheme. 
Giannetti et al. [126] established analytical solutions for 
heat and mass transfer coefficients of LiBr absorption on a 
partially wetted horizontal tube. They assumed constant 
wall temperature, small impingement zone, very small δ 
as compared with tube diameter and tube length, laminar 
flow and negligible heat transfer to environment for their 
solution developed. Analytical results were compared with 
numerical [127] and experimental results [128,129] available 
in literature and were found in good agreement.

Subramaniam and Garimella [54,55] developed 3D CFD 
model to address falling film heat and mass transfer pro-
cesses. They modeled one tube of 15.9 mm diameter with 
constant temperature at wall and periodic conditions at 
inlet/outlet for LiBr solution baser absorber. They evaluated 
heat and mass transfer coefficients of LiBr solution drop 
at different stages and found that during drop impact on 
tube, solution is mixed and concentration on the film sur-
faces becomes high which enhances heat and mass transfer 
mechanism. Chen et al. [130] conducted CFD analysis of 
mesh guider inserts in a staggered tube bundle for vapor 
absorption in LiBr solution. The purpose of using mesh 
inserts was to avoid uneven liquid load distribution and 
results showed that heat and mass transfer coefficient were 
33.4% and 55.4% higher than that of plain tube. Hosseinnia 
et al. [43] studied water vapor absorption in LiBr solution 
over horizontal tubes using in-house CFD code. Two fall-
ing film regimes, droplet and jet mode were considered 
to address this combined heat and mass transfer problem. 
The CFD model was compared with experimental data and 
numerical model presented in the literature [63,131], respec-
tively, and the results were found to be in good agreement. 
The amount of vapor absorbed and heat of absorption were 
evaluated by using Fick’s law.

m D
C

C
nabs = − ×
∂
∂

ρ

int int

 (20)

q H mabs abs abs= ×   (21)

The initial concentration of LiBr solution was 0.6 but 
as it absorbed vapors, heat of absorption is released and 
transferred to the cooling water inside tubes. It was assumed 
that the heat of absorption is constant and equal to 2.74 MJ/
kg. At the lower tube, the concentration reduces to 0.54 
and temperature reduces to 35°C in droplet mode while 
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0.565 and 39°C, respectively, in jet mode. Their results 
showed that vapor absorption rate depends on flow regimes 
and average vapor absorption rate decreases by one order 
of magnitude when flow regime changed from droplet to 
jet mode. 

Although, LiBr falling film evaporator can be coupled 
with MED to increase productivity, there is no numerical 
studies for LiBr-based evaporator for desalination applica-
tions. The vapor absorption rate in Eq. (20) can be modified 
and implemented for CO2 release application. Furthermore, 
in MED-AVC design [3], absorber generates steam instead of 
using cooling water which may affect absorption rate out-
side tube. In principle, this can be studied numerically for 
improved performance.

5. Concluding remarks

Comprehensive and critical review focusing on CFD 
analyses for horizontal falling film evaporators in MED 
plants, and key research gaps are presented in this paper 
which can be summarized as:

• Experimental correlations can be used in selecting the 
proper CFD domain size, liquid load for particular flow 
mode and for comparison purposes.

• VOF model is accurate in tracking liquid–gas interface 
but is computationally expensive while semi-empirical or 
DPM models can assess larger domain but the accuracy 
is compromised.

• Commercial MED plants operate from TBT of 65°C to 
lower brine temperature of 40°C. However, there are 
recent works focused on working beyond this tempera-
ture limit. In this case, change in thermophysical proper-
ties with temperature would affect film distribution and 
heat transfer. Therefore, it is needed to evaluate falling 
film characteristics at different operating conditions for 
accurate MED evaporator design calculation.

• For wettability, researchers have used static and dynamic 
contact angle but CFD comparison and verification with 
experimental data is not available. A comparison study 
will provide the proper contact angle to be used for realistic 
results to avoid scale formation. In addition, contact angle 
dependency on temperature need to be incorporated. 

• Zero dimension models of CO2 release and scale for-
mation are reported in the literatures; however, the CFD 
models need to be established which may develop bet-
ter understanding of mass transfer and deposition and 
how it affects film hydrodynamics and heat transfer 
mechanism.

• Liquid load maldistribution due to nozzle spray system/
bundle configuration not only affecting the variation in 
heat transfer coefficient and evaporation rate but also 
influencing the liquid load distribution among tubes and 
accordingly the scale deposition formation rate.

• Non-uniform vapor flow rate inside tubes may cause 
uneven heat flux in the tube bundle. Hence, optimiz-
ing vapors distribution is of quite importance for bet-
ter evaporator performance and accurate sizing of the 
evaporator.

• The vapor flow in co-current and cross direction may 
disturb falling film flow by inducing waviness and 

entrainment. Quantification of these effects using CFD 
will help in developing safe operating conditions to avoid 
abrupt heat transfer, dry patches and scale formation.
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Symbols

A — Area, m2

AdVC — Adsorption vapor compression
Ar — Archimedes number
AVC — Absorption vapor compression
C’ — Constant
C — Concentration
Co — Courant number
Cp — Specific heat, J/kg-K
CFD — Computational fluid dynamics
CSF — Continuum surface force
D — Diffusivity, m2/s
d — Diameter, mm
DPM — Distributed parameter model
DDPM — Dense discrete particle model
F — Force, N
g — Acceleration due to gravity, m/s2

Ga — Modified Galileo number
GCC —  Gulf Cooperation Council (Qatar, Bahrain, 

Kuwait, United Arab Emirates, Oman and 
Saudi Arabia)

H — Enthalpy, kJ/kg
h — Heat transfer coefficient, W/m2-K
hi — Impingement height, mm
K — Surface curvature
k — Thermal conductivity, W/m-K
L — Tube length, mm
ṁ — Mass flow rate, kg/s
MED — Multi-effect desalination
MSF — Multi-stage flash
mtc — Mass transfer coefficient
LiBr — Lithium bromide
n’ — Power constant
n — Unit normal direction vector at interface
NF — Nano filtration
Nu — Nusselt number
O — Orifice
PR —  Performance ratio (amount of distillate pro-

duced by unit mass flow rate of steam)
q — Heat flux, W/m2

Ref — Film Reynolds number = 4Γ1/2/µ
RO — Reverse osmosis
S — Source term
s —  Inter-tube distance – tube wall to tube wall, 

mm
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T — Temperature, °C/K
t — Time, s
TBT — Top brine temperature, °C/K
TPP — Themophysical properties
U — Overall heat transfer coefficient, W/m2-K
u — Velocity in x-direction, m/s
V — Velocity, m/s
v — Velocity in y-direction, m/s
VOF — Volume of fluid
w — Velocity in z-direction, m/s
wd — Width, mm
We — Weber number
WR — Wetting ratio
X — Salinity, ppm

Greek

α — Void fraction
β — Mass transfer time relaxation factor
ϒ — Deflection angle
Γ1/2 — Liquid load-one side, kg/m-s = ṁ/L
ρ — Density, kg/m3

σ — Surface tension, N/m
Δ — Difference
ϕ — Tube pitch, center to center, mm
θ — Angle of inclination, degrees
θc — Solid cone angle, degrees
θw — Contact angle, degrees
µ — Viscosity, kg/m-s
α  — Volume fraction
δ — Film thickness, m
λ —  Spacing between two neighbor droplets 

or jets

Subscripts

1 — Column based on 1st row
2 — Column based on 2nd row
abs — Absorbed
avg — Average
cond — Conduction
conv — Convection
c — Critical
d — Distillate
dp — Drop
e — Energy 
ex — external
f — Feed
g — Gaseous phase
gen — Generated
in — internal
int — interface
l — Liquid phase
m — Mass
min — Minimum
sat — Saturation
s — Steam
vap — Vapors
vol — Volumetric
w — Wall
x — x-direction

y — y-direction
z — z-direction
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