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ABSTRACT

Distillation is the simplest technique for preducing fresh water. A thermal
model for a Multi-Stage Fiash (MSF) distillation piant is constructed ‘o calcutate
the preliminary values for different design parameters. For a specified values of
input heat per unit mass flow rate of distilled water, sea water temperature, sea
water concentration, and maximum brine temperature, the values of most
impartant design parameters are obtained. These parameters are the total
number of stages, total heat transfer surface area, performance ratio,
temperatures and mass flow rates for MSF distiliation plant.

To perform this study, a sst of noninear simultaneous equations is
developed and solved by iteration methods. Then the values of the design
parameters are evaluated for the specified requirements of the MSF distillation
piant to produce unit mass flow rate of distilled water.

1. Introduction

The adequate sclution for the fresh water shortage problem in arid areas
is achieved by adopting the distillation techniques, which is the simplest
techniques for producing fresh water,

In MSF distillation plant, sea water or brine is heated under pressure to just
below the saturation temperature (i.e. boiling is not allowed). Then, hot sea
water is discharged through heat recovery and heat rejection sections. The
pressure of each stage is reduced compared with the previous stage. Hot sea
water is evaporated or flashed due to the reduction in pressure to obtain
thermal equilibrium with stage saturation conditions prevailing in each
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individual stage. Input sea water is wormed inside condenser tubes due to the
condensation of the released vapor on the autside of condenser tubes, as

shown in Fig. 1. Brine heater raises the sea water temperature to the required
maximum temperature, Timax.

Mostafa, H. M. [1] introduced a theoretical analysis of MSF evaporator
plant. This analysis was achieved by applying the mass and energy balance for
every stage. The plant performance was predicted for different operating
parameters. Fath, E.S.H. {2], developed a computer program to calculate the
main performance parameters, such as pedormance Ratio, flash range and
heat fransfer coefficient. Aiso, the analysis indicated that increasing the
capacity of the MSF plant up to 50 MIG/D (called the Jambo size) would
reduce the capitat operational and other water production costs. A model for
MSF desalination plant has been developed by Ali, A H. {3] to simulate the
behavior of MSF distillation plant. A stage to stage interactive procedure was
carried out to solve this model. Also, mathematical models for MSF distillation
plant were proposed by Al et al [4} and El-Doussouky et al {5]

The main objective of this work is to optimize the design parameters of
MSF distillation plant by construction a thermal model for the specified
requirements of the MSF distillation plant.

2, Thermal Model

Thermal model represents the formulation of the goveming equations of
mass, concentration and energy for MSF distillation plant. The solution
technique required to solve the resulting nordinear simultaneous aquations is
also introduced.

21. Mass, concentration and Energy Balance

To obtain the unit mass flow rate of distilled water {(mp = 1 kg/s), the mass
balance for rejection section is given by:

Mon = Map + M — Man + 1 (1)

Also, the mass balance for recovery section is given by:
Mac = Mgy + Mon (2)

To perform complete condensation for the vapor flashing in rejection
section, the mass flow rate of sea water inside condenser tubes hastabe

greater than the mass of sea water which passes to the recovery section by a
certain value as follows:

Msw = Mg + Mso {3)
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Recirculated sea water flow rate to the recovery section is given, (as
shown in Fig.1) by the fellowing equation:

Mg = Mgo - Mg (4)

The c¢conceniration balance for node (b), which is in between refection
and recovery sections, (as shown in Fig. 1) is given by:

Mg - Xsw = Mo . XBo — Mg . Xgo {5)

The concentration balance for rejection and recovery sections are
formulated as follows:

Men . Xen = (Map + Mgr) . Xgo (6)

Mao - Xgo = Mex . Xen {n

The energy balance for rejection section is formulated as follows:
{Map + Mg) Cepp . Tap + Maw Cesw . Tso + Mp Cpp . To =
Msw . Cosw - Tsw + Max Cpen .Tan + Mon Ceon - Ton (8}
Brine and distiled water temperatures outlet from rejection section are
given by:
To=Tao - Ly (9)

Where, L, is sum of boiling point elevation of the brine and brine temperature
loss in rejection section and defined as follows{1}:

L,=06872-0.185. Xgp-0.01. Tep {10}

The energy balance for recovery section is obtained as follows:
Mgo . Ces0 . Tr + Mao Ceeo . (Tuax - Tin) = Mon Ceon . Ton+ Men Cean - Ton
{11)

And the total input heat to brine heater per unit mass flow rate of distilled water
is given by:

Q = Mgag Ce.pa. {Tmax - Tin) {12)

Brine and distilled water temperatures outlet and inlet from recovery
section are given by:

Tan = Ton + Lr {13)

Where, Lg 18 sum of bolling paint elevation of the brine and brine temperaiure
{oss in recovery stages and defined as follows {1]:
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Lr=0.6872 - 0.185 . Xgy—0.01. Ty (14)

Evaporation in recovery section is defined as:
Mon . hgy.r = Mao . Cergo . Twax - Man . Coan . Ten {15}

Where, hy, 18 the latent heat calculatsd at the average temperature,
Treax + Tox
2

Also, condensation over condenser tubes in recovery section is given by:

Moy . bey.r = Meo. Creo. (T — Tr) {18)

Evaporation in rejaction section is defined as:

{1 — Mow) . hirg.s = Msw Cpsw. {Tso — Tsw) (17}

Where hygs is the latent heat calculated at the average temperature,
Tax+ T

2

Also, condensation over condenser tubes in rgjection section is given by:
{1- Mow) . hgu = May Cpan . Ten— {Map + Mr)Cpap . Tap (18)

The heat balance of node (b) is giver as fallows:

Msi Cpso. Tso + Mr Cpap. Ten= Mag Crp. Tr {19)

The total input heat to the condenser tubes {Q= U . A . LMTD) is equal to
the fotal input heat which is defined in equation 12. Then, the total surface area
is defined as follows:

A= Mpn. Cplso (Tmnx—- Tm) fu. (LMTD) [20)
Where, LMTD is the Jogarithmic mean temperature difference calculated as:
LMTD = [(Tmax — Tw) ~ (Tan — Tr)} / Log{{Tmax — Tiw} / {Ten — Tri]

Where, U is the overall heat transfer coefficient, and the approximate value is
about 3000 Wim? °C [3].

Plant thermal performance ratio is defined as:
PR = hg! Mgo . Cr,au {Tuax—~ Tin) {21)

Total input heat per unit mass of distilled water is defined as follows [1]:
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ua
Meo Cp

n (22)

Q = Mo Ce (Lwﬂm‘f—aﬁ}.{uﬁ- EXP(-

Then, the total number of stages for a specrfied value of input heat per unit
mass flow rate of distilled water is found to be:

= Tamax - Tap
N = (@ Meo . Cre) - LR)] . [1-EXP{- U A Mso. C#)] {23)

2.2 Soiution Technigue

The set of simultaneous nonlinear equations 1 through 19 represents a
thermal model for MSF distillation plant. The solution for this set of equations
produces the vaiues of mass flow rates, concentrations and temperatures at
inlet and outiet from rejection and recovery sections. The values of the design
parameters are obtained for different values of input heat per umt mass flow
rate of distilled water at known inlet sea water temperature, concentration and
maximum brine temperature.

3. Results and Discussion

3.1 Optimization of the Design Parameters for the Specified
Requirements of MSF Plant:

Figure 2 shows tne variation of the required total surface area with the
total input heat for different number of stages to preduce unit mass flow rate of
distilled water. It is noticed that for higher values of input heat the effect of heat
lransfer area is negligivle. Also, for lower values of Qi the required A is very
high. For both cases it is expensive, so that there is an optimum or economic
values for Q and A. The vanation of A with N for different input heat Q is
represented in Fig. 3. It is noticed that A decreases with increasing the total
number of stages N and can be ignored for N greater than 40 stage for all
values of total input heat to produce unit mass flow rate of distilled water. Also,
it is known that for higher values of N the temperature drop per stage will be too
small. For example if the total number of stages equal to 40, Twax equal o 90
°C, and blow-down temperature equal to 30 °C, the temperature drop per stage
will equal to 1.5 °C. This is in good agreement with practical designs of MSF
evaporators [6].
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Figure 4 shows that the required total surface area increases shamly for
the higher values of PR for different values of N.

From the discussion given above, it could be found that to obtain 1 kg/s
of distilled water with an input 250 kW, the reguired surfzce araa for MSF
distillation plant is apout 153 m?® for total number of stages about 40 and PR
equal to 9 This plant operates at inlet sea water temperature 20 °C,
concentration 4% and maximum brine temperature 20 °C.

3.2 Effect of the Specified Requirements for MSF Plant on the Design

Parameters

The variation of the mass flow rate inlet to the recovery section per uni
mass flow rate of distilled water, Mgo with inlet sea water temperature, Tsw for
different salt concentration, Xsw i8 shown in Fig. 5. Most sea water
concantration lies between 3-5%, then it is noticed that the vanation in Mag i
ignored for different values of Xgw for the same values of Q and N. Increasing
Tsw needs more pumping power due to increase in Mao. As long as, the
temperature of sea water decreases in deesper positions, then it is
recommended to pump the inlet sea water through a submerged tubeina
deeper position where temperature leve! is desired.

Figure B shows that decreasing Tew decreases the required surface
area for the same value of Q and N. Also it is noticed that decreasing Xsw
decreases the required A for fixed values of Tew. .

Figures 7 and 8 show that Increasing maximum brine temperature
decreases the requirad pumping power due to decrease of Mgo and decreases
the required total surface area. Also, decreasing Xsw decreases the required
total surface area, A for fixed values of Tuax.

It is known that Tsw and Xew are restricted by a specified values
according to the position of the MSF plant, but a suitable value for Tuax can be
chosen to adequate the abave menticned specified values.

3.3 Validity of the Proposed Thermal Model

The data of a reference MSF plant (Doha, West Plant in Kuwait) are
operated at maximum temperature 80 °C, PR = 8, brine recirculation to
distillation rate ratio equal to 12.67, specific heat transfer area 292 m*/kg/s and
input heat 280 kWkg/s [6]. Fig. 9 shows that the data for both the reference
plart and the proposed thermai mods! are in good agreement.
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4.

Conclusions

A proposed thermal modei for 3 MSF distillation plant is constructed and

soived. Predetermination of the most important design parameters is performed.
The design parameters are evaluated and selected o provide the optimum

pe

domance for the specified requirements of the MSF distillabon plant. Itis

found that to produce | kgfs of distilied water from sea water at 20 °C, x=4% and
maximum bring temperature 90 °C, a MSF distillation plant with 40 stage, total
surface area is about 152 m?, input heat 250 kW and performance ratio equal to
8 is proposed. A comparison was made between the rasulls of the present work
and that of the previgus studies to validate the present model.
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Nomenciatures

A Total heat transfer surface area per unit mass flow rate of distilled water,

[m*f(kg/s)]

Ce  Specific heat, [kJikg °C]

He Latent heat of evaporation, {kJ/kg]

m Mass flow rate, (kgfs]

M Mass fiow rate per unit mass fiow rate of distilled water,[-]

N Total number of stages,[-]
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PR Performance ratio {-]

G Total input heat per unit mass flow rate of distilled water, [kWi/(kg/s)]
T Temperature [°C}

X Salt concentration  [%]

Subscripts

an Brine blow-down

BN Brine outlet from recovery section

BO Brine inlet to the recovery section

D Distiiled outlet from MSF distiilation plant
DN Distilled outiet from recovery section

J Rejection

IN Inlet brine to the brne heater

max  Maximum brine

r Recovery
R Recirculated Brine
sl Make-up water

SO Qutlet sea water
SwW Inlet sea water
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