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Abstract

In the European project EasyMED an innovative, multi-effect distillation plant for seawater desalination has been
developed. The basic elements of each effect are vertical plates. On one side of a plate, seawater is distributed as a
falling film, whereas on the other side, the plate is heated by condensing vapour generated in the previous effect. Our
Institute is concerned with the heat and mass transfer in a system based on numerical experiments. Good agreement
was achieved between a one-dimensional (1D) and a two-dimensional (2D) model capturing the evaporating falling
film. Being less computationally expensive and sufficient for practical requirements, a 1D model was adopted for
conjugate heat transfer between condensing and evaporating cells.
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1. Introduction are partners from France, Italy, and Germany.
The objective was to develop a prototype plant
which is easy to operate and which makes
efficient use of energy.

The basic elements of each effect are vertical
plates. On one side of a plate, seawater is distri-
*Corresponding author. buted as a falling film, whereas on the other side,

In the European project EasyMED [1], an
innovative, multi-effect distillation plant for sea-
water desalination has been developed. Involved
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Fig. 1. Cross-sectional views of the EasyMED desali-
nation unit as provided by our French partner from
Nancy.

the plate is heated by condensing vapour gene-
rated in the previous effect (Fig. 1). In the
evaporating cell, the seawater film immerses
horizontal wires. On the one hand, these wires
homogenise the film, preventing it from breaking
up and leaving dry patches on the heating plate.
On the other hand, they promote turbulence also
at lower Reynolds numbers, thus augmenting the
heat transfer across the falling film. This is the
reason why they are called turbulence wires.
Our Institute is concerned with the heat and
mass transfer in the system based on numerical
experiments. In a previous publication [2], much
of our results obtained in the project were sum-
marised. This publication deals mainly with the
improvement of the heat transfer by means of the
turbulence wires. A 1D model was formulated
that ignores the wires but captures the heat and
mass transfer of the entire film. In the present

work, the 1D model is further developed and
compared to a 2D model. As will be shown, the
1D description of the system is sufficient for
practical needs. Therefore, a 1D program has
been written that treats simultaneously vapour
condensation and falling film evaporation, mass
transport inside the saltwater film, and conjugate
heat transfer through the conducting metallic
plate.

2. Nusselt’s water—skin theory

For thin liquid films, evaporating as well as
condensing, there is already a theory [3], which
shall be briefly outlined here. Further improve-
ments that are possible with the aid of computers
are pointed out below.

For an evaporating film, Nusselt’s theory
gives a parabolic velocity profile

2 2
V= 9-5 x_1rx (1)
v |[d 2.0
and a linear temperature distribution
X
T=Ty-(Tw-T, )g )

where X denotes the distance from the heating
plate; T, is the wall temperature; and T, the satu-
ration temperature of the vapour, which is
assumed to be equal to the temperature of the
liquid—gas interface (Fig. 2). Then the film
thickness 6 at distance y from the inlet is given by

1/4
4 KV(TW —T|)
= —4—
5()’) Y 5-g-Ah (3)

where 9, denotes the initial (inlet) film thickness,
Ah the evaporation enthalpy, A the thermal con-
ductivity, and p the density of the liquid phase.
For a condensing film, the velocity profile
obeys Eq. (1). The temperature distribution
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Fig. 2. Physical model.

between the cooling wall and the vapour at
saturation temperature is still linear, and Eq. (2)
is appropriate. In this case, however, T, is greater
than T, and the second term in brackets changes
sign. Also Eq. (3) is valid in the case of film
condensation. Again the temperature difference
changes sign and there is an increase of the
thickness farther downstream. Note that the deri-
vation of this equation rests on the assumption
that a constant driving temperature difference,
disregarding at the same time the energy change
of the film due to heating or cooling. For details
concerning these effects, refer to the literature,
e.g., Mitrovic [4].

3. Models of evaporating saltwater film
3.1. One-dimensional model

A 1D model of an evaporating seawater film
that is heated by a plate of constant temperature
was described earlier [2]. Only a major change is
noted here. As the film is heated, its properties
change, namely the density and kinematic vis-
cosity. Assuming a Nusselt velocity profile,

Eq. (1), the mass flow rate is

|\]|:£.g.b.§53 4)
3v

where g is the gravitational acceleration, b the
width of the film (plate), and § the film thickness.
As follows from Eq. (3), the change of the film
thickness 6 along the flow direction y depends on
the physical properties and the driving tempera-
ture difference, T,~T, Neglecting, for the
moment, the evaporation effect, that is to say,
omitting the second term in brackets of Eq. (3),
Eq. (4) gives

1/3
d= EML] 3N (5)

P VIN

where v and p are the average properties in the
cross-sectional flow area of the film at distance y.
We have replaced 6, in Eq. (5) by d(y) according
to Eq. (3) and used it in the present model.

3.2. Two-dimensional model

In order to check the 1D model, a more real-
istic 2D description of the system was formulated
and implemented in a computer program which
includes the heat and mass transfer by diffusion
and convection according to the expression

O(pCD) + 8(pCDV) = diV(Fq) gradCD)+ Ro

In our case, the scalar @ is the temperature T or
salinity S. The second term on the left-hand side
of Eq. (6) is the convective part corresponding to
velocity V in the y direction. The first term on the
right-hand side is the diffusion term containing
the coefficient I'g. To solve for the temperature,
I'; = Mc,, where ¢, is the specific heat. If salinity
S is to be determined, I's = D-p, where D is the
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salt diffusivity. The term R, denotes numerical
sources that usually appear when a certain boun-
dary condition is to be imposed (e.g., a constant
wall temperature).

For the solution of Eq. (6), the finite volume
method is employed with a fully implicit scheme
for temporal changes and central differences for
the spatial derivatives [5,6]. An adaptive mesh is
used, which means that the number of cells in the
X direction is kept constant, while the film thick-
ness & and thus the cell size Ax changes due to
evaporation. During a time step At, the film thick-
ness d is reduced by A.6 according to

AoT /ox|,
§=—— At

2p-Ah @)

e

Also the convective change must be taken into
account; thus,

A8 =—-V-(88/0y)- At—Ad (®)

The velocity is calculated according to the
Nusselt formula, Eq. (1), and it depends on the
fluid properties and the film thickness.

On the film surface, water evaporates, leaving
the salt in the remaining seawater film. This leads
to an increase of the salinity in the cell next to the
interface:

In Eq. (9), S|\ denotes the initial salinity, A0 the
change of the film thickness by evaporation
[Eq. (7)], and AXx,y the initial cell size in the X
direction. As the amount of salt in the film does
not change, the conservation integral

8
J.de = const (10)
0

is required to hold.

3.3. Comparison of 1D and 2D models

A comparison was performed between the 1D
and 2D model that both describe a falling eva-
porating seawater film heated by a vertical plate.
The wall temperature was kept constant at T,, =
65°C and the seawater inlet temperature and the
salinity were at T,y = 60°C and S,y = 35 g/kg,
respectively. The temperature difference of 5°C
relates to the temperature decrease between
neighbouring effects in the EasyMED desalina-
tion plant. The Reynolds number Re is defined by

Re:i:p's'v (11)
b-u u

where M denotes the mass flow rate, b the plate
width, p the viscosity, p the density and v the
average velocity, was varied.

Table 1 shows a comparison of the models for
selected Reynolds numbers. The flow rates cor-
responding to Re in the case of the EasyMED
desalination plant are also displayed. The first
comparison deals with the decrease of the film
thickness at the bottom of the 1.5 m long plate.
The reduction of the film thickness is measured in
terms of the initial film thickness. The second and
third comparison criteria are the salinity at the
interface Sgyp, and the temperature of the inter-
face Tgypj, both determined at the bottom of the
plate, the index I referring to the interface. As the
interface salinity depends on the number of cells
in the X direction, this number was the same in the
1D and 2D program. The interface temperature is
higher than 60°C because the average salinity in
the film increased due to evaporation. It was
observed in the numerical experiments that, after
a short entrance region of approximately 10 cm,
the temperature profiles of the 1D and 2D pro-
grams were both linear [Eq. (2)].

It can be seen from Table 1 that the agreement
of the 1D and 2D models is good. Considering
that calculations with the 2D program take



420 H. Raach, J. Mitrovic / Desalination 204 (2007) 416-422

Table 1
Comparison between 1D and 2D programs, S, = 35 g/kg

Flow rate,/h  Re Adgnp/Oin, Y0 Senps 2kg Teno °C

1D 2D 1D 2D 1D 2D
25 37 53.7 60.3 92.44 108.4 61.55 62.11
50 73 13.3 12.5 52.66 53.76 60.17 60.14
100 147 5.3 44 43.62 44.09 60.06 60.05
150 220 3.5 2.5 41.77 41.19 60.04 60.03

several days, whereas the results with the 1D
model are obtained in several minutes, the 1D
program should be preferred.

4. Conjugate heat transfer
4.1. Method

For the reasons stated above, we adopted the
1D program for simulating the conjugate heat
transfer between the condensing water film on the
one side of the plate and the evaporating seawater
film on the other side. In this program an adaptive
grid was used, i.e., the number of cells was con-
stant whereas their coordinates varied according
to the changing film thicknesses. The film thick-
ness of the evaporating saltwater film is calcu-
lated by

1/4

Note that the above relation is more accurate than
Eq. (3) of the Nusselt theory since all quantities
in the integral kernel can be treated as functions
of the distance from inlet y. For the condensing
water film, the same equation is used. In this
case, the variables in Eq. (12) may have other
values for the temperatures on the other side of
the plate and the initial film thickness are dif-
ferent and the condensate film does not contain
any salt.

To calculate the salinity in the seawater film,
again Eqgs. (9) and (10) are employed and a 1D
diffusion equation is solved in the domain of the
saltwater film. The energy equation is simul-
taneously solved for in the condensing film in the
plate and in the saltwater film. The surface tem-
perature of the condensing film is assumed to be
equal to the constant vapour temperature. The
surface temperature of the saltwater film is the
saturation temperature which basically may
change along the film flow because of the salinity
increase due to evaporation. The simulation is
transient. The elapsed time is worked out in the
distance from the inlet y according to the velocity
at the interface of the evaporating film.

4.2. Representative results

Numerical experiments were performed with
a temperature of heating, condensing vapour of
65°C and an initial temperature of 60°C for the
seawater film and the plate. Again, a temperature
difference of 5°C is assumed as in Section 3.
However, the simulation is now more realistic
since the temperature drop in the condensate film
and inside the plate is determined and the wall
temperatures are no longer constant. The initial
salinity was 35 g/kg. An initial thickness of the
condensing film of 0.05 mm was chosen. The
stainless steel plate was 1 mm thick.

As an example, Fig. 3 shows the temperature
distribution along the falling film at a Reynolds



H. Raach, J. Mitrovic / Desalination 204 (2007) 416-422 421
Table 2
Results from 1D simulation of conjugate heat transfer
Evaporating film Wall temperatures Heat flux
Flowrate,/h  Re Adero/Sps % Tenon °C Ta, °C Teows °C Genp, KW/m?
25 37 16.5 60.2 62.31 63.09 11.5
50 73 6.7 60.07 62.68 63.36 10
100 147 3 60.03 63 63.59 8.6
150 220 2 60.02 63.14 63.68 8
66 Table 2 summarises the results. It shows the
65 4 Ll Tc | ]| ?e_: 7_3 _ relative decrease of the seawater film thickness,
| 1 T T T T T the surface temperature of the evaporating film,
o 64 the wall temperatures and the heat flux. The
- Tew values listed in Table 2 all refer to the bottom of
& 63 = ————u the plate, which has a height of 1.5 m. A com-
= Tevw parison to the data in Table 1 reveals that the
% 62 1 evaporation is weaker now. This is due to a lower
[ wall temperature, which arises from the tempera-
= 61 . ..
w ¢ Tew ture drop in the condensate film and inside the
60 A ——t———t———t—— plate.
59 T T
0.0 0.5 1.0 1.5

DISTANCE FROM INLET y/m

Fig. 3. Temperatures at the boundaries of the two films in
dependence of distance from the inlet.

number of 73. The temperature of the vapour, the
temperature of the wall on the condensation side
and on the evaporation side, and the interface
temperature of the saltwater film are displayed.
These profiles correspond to the heat flux g that
is at the inlet zero in the plate and in the seawater
film but (for numerical purposes) 65 in the con-
densing film. When the heat flux approaches a
common value in the three parts of the system,
the temperatures in Fig. 2 have an approximately
constant value. The wall temperatures then
undergo a slight decrease along the plate because
the film thicknesses change due to condensation
on one side and evaporation on the other side.

5. Conclusions

An evaporating seawater film running down a
vertical plate of constant temperature was simu-
lated with a 1D and a 2D program. Because of
good agreement of both models, the 1D descrip-
tion was considered as sufficient for practical
purposes. Being at the same time considerably
more efficient, a 1D program was written that
captures the conjugate heat transfer between the
condensing film, plate, and evaporating saltwater
film, allowing for the surface temperature of the
plate to adjust itself according to the heat and
mass transfer conditions in the films falling
across the plate.

The main result of our numerical simulations
is the change of the plate temperature along the
film flow. Because of the specified inlet con-
ditions, the temperature of the plate first increases
downstream, reaching a maximum that is fol-
lowed by a temperature decrease. The decrease of
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the plate temperature is rooted in the corres-
ponding changes of the heat transfer resistances
in the films due to vapour condensation and film
evaporation.

All three programs developed within the
EasyMED project are available on the internet

[6].

6. Symbols

—  Width of plate

— Diffusion coefficient

—  Acceleration due to gravity
Enthalpy of phase change
—  Mass flow rate

Source

—  Seawater salinity

—  Temperature

—  Time

—  Velocity in y direction

—  Average of v

—  Orthogonal coordinate
—  Vertical coordinate

=
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—  Film thickness

—  Thermal conductivity
—  Dynamic viscosity
—  Kinematic viscosity
Density

—  Dummy variable

—  Dummy parameter

— 80 <TE P o
|

Subscripts

END —  Atplate bottom
EV —  Evaporation

C —  Condensation

I —  Film interface

IN — Atinlet, plate top
\% —  Wall, plate surface
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