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Abstract

Brine entrainment in the multistage flash desalination depends on the stage temperature. In the once through
and the brine circulation systems, brine entrainment is high in the low temperature stages. In the brine
circulation system and during winter operation, decrease in the feed seawater temperature requires operation
of the cooling seawater recycle pump. This is to control the intake seawater temperature. Adoption of this
technique might not be the optimum choice. This is because of the short duration of the winter period. Also,
preparation and maintenance of this large size pump might not be technically feasible and would come at very
high cost. Failure to operate the cooling seawater pump results in large increase in the product salinity.
Therefore, it is necessary to extract product water from the first stages to supply the makeup boiler water. In
the once through system, there is no control on the feed seawater temperature. Therefore, the product salinity
increases during winter operation. This would also call for product extraction from the high temperature stages.
makeup water. Parametric analysis is presented for variations in the product salinity as a function of the feed
seawater temperature.
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1. Introduction desired composition or quality. In thermal
desalination processes, the flashed or boiled
vapor may entrain brine droplets, which
would result in higher salt concentration in
the product stream.

Several configurations can be used for mist
or droplet removal;, these include settling
tanks, filters, electrostatic precipitators,
cyclones, baffles/vanes, and wire mesh demis-
ters. Selection among these devices depends

Demisting of vapor or gas streams is a
very important industrial process. Carry
over liquid droplets or mist is not desirable
since it would affect the product purity. In
distillation columns, the enriched vapor
stream rising in the column might carry over
liquid droplets, which are not of the same
composition as the vapor stream. As a result,
the condensate product might not be of the
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on the composition of the mist/droplets, size,
flow rate, and temperature. Originally, the
thermal desalination processes did not utilize
any form of mist or droplet removal [1]. As
result, the product salinity was found to fluc-
tuate over a wide range. In some instances,
such large variations were not a problem as
long as the water use was limited to house-
holds, agriculture, or industrial processes.
However, water use as a makeup feed for
boilers requires stricter limits. This is to pre-
vent rapid consumption of the water polish-
ing chemicals or exhaustion of the ion-
exchange and demineralization resins. In the
late 1950s baffles were introduced in the last
flashing stage of the MSF [1]. This has lead to
some improvement of the product quality.
However, the product quality was not tightly
controlled. In addition, the baffles/vanes
caused large pressure drop in the vapor
stream, which resulted in decrease of the
vapor temperature. These drawbacks are
eliminated through the use of wire mesh
demisters, which was installed in all
stages. Proper design of the wire mesh
demisters is found to provide close to
100% mist elimination. In addition, pres-
sure drop across the demisters is almost
negligible, as long as the demister is kept
in clean conditions.

Rognoni et al. [2] presented an innovative
system for spray enhanced demisting, which
reduces the product salinity to values below
0.1 ppm. The proposed system includes two
demister pads in addition to the distillate
spray system. The proposed system is thought
to maintain high quality distillate and to
eliminate the down stream polishing units,
1.e., ion exchange resins.

A limited number of literature studies is
found on demister performance evaluation or
modeling. The common design procedure for
vapor release velocity and the vapor velocity
within the demister is given by

= k() " 1)

Pv

Values for the k constant are reported
equal to 0.058 and 0.078, for the vapor
release velocity and the vapor velocity within
the demister, respectively [3]. Use of Eq. (1) is
not practical, since, it would require prior
knowledge of the k value. Careful evaluation
of the k value might require careful experi-
mentation and measurements over a range of
temperature and vapor velocities. An empiri-
cal correlation is developed by El-Dessouky
et al. [4] for removal efficiency of large mist
droplets. This correlation has monotonic
dependence on the vapor velocity, which lim-
its its use to the droplet capture.

A better approach for demister design is
found in the study by Brunazzi and Paglianti
[5]. They have presented a semi-empirical
model for the demister design. The model
builds on previous analysis presented by Lang-
muir and Blodgett [6], Pich [7], who evaluated
the inertial capture efficiency for a single wire,
expressed in terms of a dimensionless stokes
number. The analysis for industrial wire mesh
packing is presented by Carpenter and Othmer
[8] as a function of the demister pad thickness,
the demister specific area, the stocks efficiency,
and the number of mesh layers. The semi-
empirical approach is further revised by Bru-
nazzi and Paglianti [5]. They performed experi-
mental and mathematical analysis for the
removal of fine mist particles. The analysis is
presented as a function of various design and
operating parameters. The equation presented
by Brunazzi and Paglianti [5] fits well the
experimental data; however, it is limited to the
range of droplet capture. The correlation does
not take into account effects of very large vapor
velocity, were droplet detachment and re-
entrainment into the vapor stream takes place.
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This study focuses on droplet and mist re-
entrainment from the demister, which occurs
for large vapor velocities. This condition may
arise due to reduction in the intake seawater
temperature and subsequent reduction in the
brine temperature in the last flashing stages.
The analysis is presented as a function of the
stage temperature and other demister properties.

2. MSF flashing stage

This section includes brief description of the
MSF flashing stage; more detailed discussion,
modeling, and analysis can be found in the text-
book by El-Dessouky and Ettouney on desali-
nation processes [9]. A schematic for the MSF
flashing stage is shown in Fig. 1. Critical design
elements of the flashing stage includes the stage
dimensions, the demister, the brine orifice,
venting lines, and the condenser tube bundle.
The width of the flashing stage is set by the
brine load or the flow rate of brine per one
meter. Low loads would affect brine mixing,
which may reduce the bubble formation and
release rates. Higher loads are not either desir-
able; this condition might cause vibrations

within the flashing stage increase the erosion
rates of the brine gate and splash plate.

The length of the flashing stage together with
its width sets the stage cross section area. This
design parameter together with the flashing rate
within the stage sets vapor velocity, which in
turn affects the ratio of entrained/settled brine
droplets. The demister design depends on two
important factors that affect the demister effi-
ciency; the first is the distance between the dem-
ister and the top of the brine pool. Small
distances would imply reduction of the settling
length of the brine droplets. A large distance is
not also desirable, because of the increase of
energy losses as well as the cost of stage and
the system foundations. A distance of 2 m
between the lower face of the demister and top
of the brine is found to provide sufficient length
for settling of brine droplets. The second factor
is the demister area; which is set to limit the
vapor velocity between 4 and 5 m/s, especially
at low temperature stages. Smaller areas would
result in large vapor velocity within the demister.
This would result in the increase of the
re-entrainment rate of the brine droplets and
subsequent increase of the product salinity.
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Fig. 1. Schematic of the MSF flashing stage.
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Fig. 2. (a) Balance of forces for a settling liquid droplets. (b) Balance of forces for a droplet attached to a

demister wire.

The remaining system dimensions to be set
include the thickness of demister pad and the
height of the flashing stage. The thickness of the
demister pad is usually set at 0.15-0.2 m. The
thickness of the demister pad together with the
wire diameter and the number of wire layers have
a strong effect on the demister removal efficiency.
The stage height should accommodate the
required height for the flashing brine pool,
which is about 0.4 m. That height includes
0.2 m for the height of the brine gate and 0.2 m

for the brine height above the gate. Also, the stage
height includes 2 m for the distance between the
top of the brine pool and the demister. The
remaining length of the stage height should
accommodate the condenser tube bundle.

3. Settling velocity and critical droplet
diameter

Droplet settling velocity and the critical dro-
plet diameter, which is defined as the smallest
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droplet diameter that would settle by gravity
within the flashing stage. Both parameters are
obtained through balance of forces on brine
droplets traveling between the brine surface
and the lower face of the demister. This requires
droplets forces balance, which includes, drag,
buoyancy, and gravity, which is shown in
Fig. 2(a). This balance is given by

wd’ 1
— L Capyvy = Zndy(p1 = pu)g (2)
4 6
The general form of the drag coefficient
used in Eq. (2) is given by

24 3
=— 4+ —= 34
Ca e TR T 0.3 (3)

The critical droplet diameter is obtained
from Eq. (2) for an MSF system operating
at the conditions given in Table 1. Figure 3
shows variations in the critical droplet dia-
meter as a function of the stage number.
The figure also shows variations in the
vapor velocity as a function of the stage num-
ber. In addition, the droplet settling velocity
is obtained as a function of the stage number
and the droplet diameter.

The results shown in Fig. 3 shows that the
critical droplet diameter varies over a range
of 10-80 mm. This is associated with a velo-
city range of 1-5 m/s. It should be noted that
these calculations are obtained for an intake
seawater temperature of 34°C and brine reject
temperature of 40°C.

4. Semi-empirical models

Semi-empirical models are found in the
works by Carpenter and Othmer [7]
and Brunazzi and Paglinati [3]. Both models
are based on the Stokes number, which is
given by

2
_ pivdg (4)
181y dy

Common assumptions for the two models
include no re-entrainment from the demister
into the vapor stream and no-build up of
liquid within the demister. The first assump-
tion is the main shortcoming in all of these
since it overlooks an important physical
aspect of demister design and operation. The
second assumption implies steady state opera-
tion, which is the case for normal operation;
this is other than startup, shutdown, or dur-
ing change of operating conditions. Brunazzi
and Paglinati [5] assumed also assumed no
mixing after vapor passage through each
layer of the demister.

The Carpenter and Othmer [8] suggested
the following semi-empirical equation

2 H n
Th=1- <1 —§AanT7p> : (5)

The stocks number efficiency (nsr) IS
defined by the following relations

nst = Stfor St < 1 (6)

nst = 1for St > 1 (7)

Equation (5) shows increase in the droplet
removal efficiency upon increase in the vapor
velocity, the droplet diameter, the demister
pad thickness, and the demister specific area,
and the number of layer in the demister. On
the other hand, the removal efficiency
decreases with the increase in the demister
wire diameter and temperature.

The following equations is proposed by
Brunazzi and Paglianti [5]



H. Ettouney | Desalination 182 (2005) 87-97

92

YL6YS6°0 [L866°0 9050 £16905°0 L9€°0 8¢ 0S1 [ LTO 860 o—0I X G 0S
LT19€8°0 8679L6°0 9050 £1690S°0 LITO 8¢C 0ST 1 LTO 86°0 o0 X G 0S
SEYS68°0 €0L066°0 9050 €16905°0 L9T0 8¢ 0S1 I LT0 860 001 X G 0S
SEYS68°0 £0L066°0 9050 £1690S°0 L9T0 8¢ 0ST I LTO 860 o0 X G 0S
SEPS68°0 Seel660 900 90570 L9T0 T 0ST 1 LTO 860 -0 X G 0S
SEYS68°0 9817660 9050 9050 L9T0 0cC 0S1 I LT0 860 -0 X G 0S
0560 8660 900 90570 L9T0 8¢ 00¢ I LTO 860 o—01 X G 0S
S68°0 0660 9070 90570 L9T0 8¢C 0ST 1 LTO 860 001 X ¢ 0S
LLLO 1560 9050 90570 L9T0 8¢ 001 I LTO 860 001 X ¢ 0S

1 6660 I LT0°C L9T0 8¢ 0ST 14 LTO 860 001 X G 0S

1 6660 I 0Cs'1 L9T0 8¢C 0ST ¢ LTO 860 o0 X ¢ 0S

1 6660 I €10°1 L9T0 8¢ 0S1 4 LTO 860 -0 X ¢ 0S

680 0660 9050 90570 L9T0 8¢ 0S1 I LTO 860 o—0I X G 0S
0260 £66°0 LYS0 LYS 0 L9T0 8C 051 1 S0 860 o001 X G 0S
£v6°0 9660 S65°0 650 L9T0 8¢ 0S1 I €C0 860 001 X ¢ 0S
80670 0660 900 90570 L9T0 8¢ 0S1 I LT0 60 001 X G 0S
1060 0660 9050 90570 L9T0 8C 0S1 1 LTO S6°0 9o—01 X G 0S
680 0660 9050 90S°0 L9T0 8¢ 0S1 I LT0 860 001 X ¢ 0S

1 6660 I w9l L9T0 8¢ 0S1 I LTO 860 o—0I X 6 0S

I 6660 £€66°0 £66°0 L9T0 8C 0S1 1 LTO 860 o001 X L 0S

680 0660 9050 90570 L9T0 8¢ 0S1 I LT0 860 -0 X G 0S
0880 8860 S81Y°0 810 L9T0 8¢ 0S1 I LTO 860 001 X G 09
680 0660 9050 90570 L9T0 8C 0S1 1 LTO 860 901 X ¢ 0S
0160 660 0€S0 0€S0 L9T0 8¢ 0S1 I LT0 860 901 X G (14

(€] ¥l o] " sk 1S wwjwwdy % wwy  swte ww > w5,

s1ojowered uSisop pue Sunerddo SNOLIBA JO UONOUNJ B SB AJUIIDNJO [BAOWAI ) UI UOIIBLIBA

[ A1qeL



H. Ettouney | Desalination 182 (2005) 87-97 93

/ /

)| ®)

=1—(1—nst)" =

The parameters 77 depends on the demister
wire diameter, the demister porosity, the
number of demister layers, the demister
length, and specific demister area. Expres-
sions for 77 and »n’ can be found in ref [5].

Variations in the removal efficiency are
shown in Table 2 as a function of the vapor
temperature, droplet diameter, demister por-
osity, wire diameter, demister pad thickness,
number of demister layers, demister specific
area, and vapor velocity. As is shown, there is
large discrepancies between the three models
especially at low velocities and small droplet
diameter. The removal efficiency for the two
models becomes similar upon the increase in

the vapor velocity, droplet diameter, and the
specific area.

5. Modeling of settling/re-entrained droplet

Flow of brine droplets in the distillate
vapor is affected by several parameters,
which includes the stage or vapor tempera-
ture, the range of droplets diameter, and the
salinity of the droplets. Several mechanisms
affect the motion of the brine droplets upon
their release from the surface of the flashing
brine and until reaching the lower surface of
the demister. Fine and small droplets may
coalesce to form larger size droplets. Once
the particle size exceeds a certain limit it will
start to settle back to the brine pool. This is
because its settling velocity would become
larger than the vapor velocity, once its size
exceeds a certain limit. Also, droplets may

7 150
—— Vapor Velocity =
6 1 —=— 1.E-04 E
—=—5.E-05 T120 5
g 51 —a L.E-05 2
8
= T90 A
.8 §
= o
2 + 60 g
3
1 2
30 5

T 0
0 5 10 20 25 30
Stage Number

Fig. 3. Variation in the vapor and the droplet settling velocity as a function of the particle diameter and the

stage number for the MSF process.

, Vapor velocity;—a—, 1.E-04;—8—, 5.E-05;—&—, 1.E-05;——, 5.E-06.



94 H. Ettouney | Desalination 182 (2005) 87-97

Table 2

MSF and demister design parameters

Parameter Value Units

Xp 70000 ppm

X¢ 36000 ppm

Tew 15 °C

T, 21 °C

AT, 1.5 °C

Cp 4.2 kJ/kg K
Un 2.48 kW/(m? K)
U, 2.19 kW/(m? K)
Uy 2.12 kW/(m? K)
H, 2.12 kW/(m? K)
A, 0.267 kW/(m? K)
[N 0.98

N 24

T, 90 °C

T 100 °C

Yy 4 m/s

w 180 kg/(m s)
My 378 kg/s

Tk, 83.5 °C

dy mm 0.27

dy 5x107° m

n 28

reduce their size as a result of water evaporation
from their surface to the surrounding vapor.

As the vapor/droplets flow through the
demister, the droplets are captured and
accumulated on the surface of the demister
wires. The brine droplets are captured on
the wires because of their larger density.
The vapor stream can bend around the
demister wires, while, the brine droplets
would continue to flow in a straight line.
As a results, the droplets would hit the
demister wires and loss their momentum.
Droplet accumulation might result in
increase of the droplet size or formation of
a small thin film. As the size of the droplets
captured by the demister wires increase it
may starts to detach from the wire and
drop back to the brine pool.

The vapor velocity is set by the stage
dimensions and temperature. Since the stage
dimensions are unaltered then the only thing
that would change the vapor velocity is the
brine temperature. This occurs during winter
operation, where, the feed water temperature
may drop to values below 20 °C. This would
result in reduction in the stage pressure and
large increase in the vapor specific volume
and the vapor velocity. As a result, the criti-
cal size for the droplets to settle increases.
Also, the drag effects of the vapor flowing
in the demister would increase to the point
that droplets would detach from the wire sur-
face and entrains in the rapidly moving vapor
stream.

Various forms can be assumes for the
liquid shape covering the demister wires. For
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example, a whole liquid drop can be assumed
to be trapped within the demister wires. Also,
a liquid film with a perfect or partial cylind-
rical shape can be assumed. The condition
considered in the analysis is that for liquid
droplet. Figure 2(b) shows a brine droplet
entrained by the demister wires. The droplet
experiences the balance of the following
forces; surface tension, drag, gravity, and
buoyancy. For a droplet to be re-entrained
in the vapor stream the drag and buoyancy
must be equal to or greater than the gravity
and surface tension adhesion. The force bal-
ance on a stationary droplet at this critical
condition is given by

ﬂ'd§ ) |
e CapyVv, = mdgoo + gﬂdd(p; —pv)g 9)

In Eq. (9) the drag coefficient is given by
Eq. (3). The parameter o appearing on the
right hand side of Eq. (9) is used to define
the fraction of the droplet perimeter which
is attached to the demister wires. At the re-
entrainment point the vapor velocity pas-
sing through the demister should be greater
the vapor velocity obtained from Eq. (9). It
should be noted that Egs. (9) and (3) would
give a specific critical velocity, which applies
a specific droplet diameter. A Gaussian dis-
tribution for the droplet particle diameter
can be used to obtain an average value for
the critical velocity. The resulting ratio of
the critical re-entrainment velocity together
with the actual vapor velocity can be used
to determine the fraction of re-entrained
vapor.

At steady state conditions, the demister
wire will be covered by a thin layer of liquid
brine. The mass the liquid brine covering the
demister wires can be obtained as a function
of the demister specific area and by assume
the fraction of the wires covered by the liquid
brine and the thickness of the liquid film.

Therefore, the mass of the brine covering
the demister wires is given by

my = OQAp Vp§fpb (10)

In Eq. (10), the parameter a, defines the
fraction of the demister area covered by
liquid brine. The demister volume (Vp) is
obtained through definition of the demister
length, height, and width.

The rate of brine re-entrainment is
obtained by dividing the brine mass given by
Eq. (10) by the vapor residence time within
the demister, which is given by

7= PoloWollp (11)
D;
Figure 4 shows the variation in the pro-
duct salinity for an MSF system with 24
stages. The results are shown as a function
of the intake seawater temperature. The cal-
culations assumes that the entrainment results
for an MSF system with 24 stages. The sys-
tem is designed at the conditions shown in
Table 1. As is shown in Fig. 4, the product
salinity remains within limits at values below
25 ppm as long as the intake seawater tem-
perature is above 30 °C. Rapid increase the
product salinity occurs as the intake seawater
temperature drops to values of 20 and 15 °C.
Another feature of these results is that most
of the salinity increase in the product water
occurs in the low temperature stages; espe-
cially, in the heat rejection section and the
last stages in the heat recovery section.

6. Conclusions

Design and analysis of various elements of
the desalination processes is an essential part
in process development. In this study focus is
made on design and performance analysis of
the wire mesh demister. The results presented
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Fig. 4. Variation in the product salinity as a function of the intake seawater temperature and the stage number.
Intake seawater temperature, °C:——, 35;,—o—, 30;—&—, 25;——, 20;,—8—, 15.

in this study show the complexity of such
system. A fully empirical or semi-empirical
approach to address system design and perfor-
mance evaluation is the only feasible mean for
development of useful design equations. In
either case, experimentation requires careful
execution, detailed measurements for a num-
ber of parameters that include droplet radius,
vapor velocity, temperature, and other charac-
teristics of the demister pad (length, packing
density, wire diameter, and specific area).

An important finding in this analysis is the
possibility to operate the brine circulation
MSF without the need the winter time tem-
perature control loop. Although, would
increase the final product salinity, which
might not be suitable for use a boiler make
up water. This problem can be either
addressed by the use of an RO system to
reduce the feed water salinity from high
values of 200-400 to practical limits of less
than 10 ppm. Another approach might be the
use of product water generated in the first few

stages, where the salinity remain less than
10 ppm.

Nomenclature

Ap — Demister specific area, m?/m°.

Cqy — Drag Coefficient, dimensionless.

dqy — Diameter of brine droplet, mm d,,
Diameter of the wire, mm.

D; — Mass flow rate of distillate pro-
duct in stage i, kg/s g Gravita-
tional acceleration, m/s”.

Hp — Thickness of demister pad, mm.

Lp — Length of demister pad, mm.

My — Total mass flow rate of distillate
product, kg/s.

ngs  — Number of flashing stages.

n; — Number of flashing stages in the
heat rejection section.

n, — Number wire mesh layers.

Re — Reynolds number of settling dro-

plet, Re = pvlvl—vd“, dimensionless.
"V
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_pvdg
St = iy

Stokes  number,
dimensionless.
Intake seawater temperature, °C.
Brine reject temperature, °C.
Brine temperature entering the
brine heater, °C.

Top brine temperature, °C.
Heating steam temperature, °C.
Average temperature losses per
stage, °C

Overall heat transfer coefficient
in the condenser tubes in the
heat rejection section, kW/m? K.
Overall heat transfer coefficient
in the condenser tubes in the
heat recovery section, kW/m? K
Overall heat transfer coefficient,
kW/m? K.

Volume of demister pad, m>.
Vapor velocity, m/s.l

Orifice loading, kg/(m s).

width of demister pad, mm.
Brine salinity, ppm.

Feed seawater salinity, ppm

Greek Symbols

nst —

Tn 7

Pp -

Demister separation efficiency
defined by constraints of . (2).
Demister separation efficiency
given by Egs. (2) and (3).
Surface tension, N/m.

Demister porosity.

Demister packing density, kg/m?
Liquid density, kg/m®

— Vapor density, kg/m’

Pv

Ly — Dynamic viscosity of vapor, kg/
(m s).
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