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sea water stream in each stage. A portion of the flashing stream is
evaporated in each stage and condensed to produee fresh water.
Performance ratioc of a Multi-Stage Flash evaporator is important in
calculating energy cost. A high performance ratio plant would be specified
for a location where fuel is expensive while the low performance ratio
plant would be used where fuel is very cheap. This fact illustrates and
insures the relation between the capital cost for the plant and energy cost.

2-THEORETICAL ANALYSIS

In MSF evaporator shown in Fig. (1) sea water is heated in the brine
heater to just below the saturation temperatire ,Tmay . Then it enters the
recovery and rejection sections respectively. Flashing of sea water occurs
due to the reduction in pressure in each stage in these two sections.
Dastillcd water is obtained in each stage due to vapor condensation over
condenser tubes, which are placed at the top of each chamber. The
interstage temperature difference iIs taken as a constant in each stage of
heat recovery and rejection sections (AT, and AT; ). The ratio betwcen
the number of stages in the recovery to rejection sections is taken as the
same value as that for the performance ratio of the plant[!].

2.1 Mass and energy balance:
It is convenient to start with the equations of mass and energy balance for
the MSF evaporator.
The mass balance equation is,
Myw = Mgy T M'; (l)
where :
M =Mig t Mg
Also , salt coneentration balance is given by,

m's Xsw = Mg Xpg T Ma Xd (2)
where,
Xd =0.0

Therefore, the concentration ratio (CR) which is defined as (Xyg /Xsw )
takes the following form,
CR=my /My
Substituting for CR, equation (2) takes the following form,

mg =nrg (CR/(CR - 1)) 3

The equation (1) can be rearranged as follows,
M gw = Mg + g (CR/(CR -1)) (4)
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Recirculation ratio (R) is defined as,
R= My / my (5)

Inlet brine water mass flow rate to the first stage of recovery section is
obtained as follows,

Mg = My + M, )]
Also, salt concentration is given by,
Mpo Xoo = My X + M Xoa Q)
Combining equations 3,5,6 and 7 one obtains the following form,
m;/myp=CR/R(CR-1) (8)
Total input heat to MSF evaporator plant is given by,
Q=M b+ Myly + Mpd Ina = Mgy low
(%)

=m'b0 CP oo (Toax - tin )

-

The heat balance for recovery section takes the following form, as it is
clear on Fig.(1),

Mpo CPpoo Tmax +mao Cpr & =mpp Cpi tin
+myn Cpan Tan+mun Cpon Ton (10)

In addition, application of the heat balance for rejection section gives the
following relation,

Mo Cpaw tew ¥ My N CPo N Ton *manCpan Tan =mMaw Cpas b
H My + M )Cpoa Toa + ma Cpa Tam (1
2.2 Brine temperatures for different stages of MSF plant:
Heat is transferred from the flashing vapor to the sea water which is

flowing inside the condenser tubes in each stage of MSF plant. The latent
heat of evaporation is thus recovered and re-used to increase the sea water
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temperature. Energy balance is performed for the i® stage according to the
following equation, (Fig.(2)),

Qi=myo Cp; (4 -ty ) =U; Ay (LMTD) (12)

where,
(LMTDY, =[(Tqi -t J-(Tai -t Y]/ [Lnf(Ta; ~tier )/ (Tai -4 )]

={ti~tiy 1/ [Lnf(Tai -ty )/ (Tai -]
From equation (12}, t; is obtained as,
b =ty + [Ui A (LMTDY; / (mryo Cp)) |

The dimensionless parameter (U; A; /mpg Cpi) includes the condenser
heat transfer area, brine flow rate and the overall heat transfer coefficient.
Therefore, this parameter can be called the dimensionless energy
parameter, denoted by Z, . In this case t; can be estimated from the
following relation,

t, =Ty - [(Tay -tin ) Exp(- Zi)] a3

To obtain the temperature of the brine at the outlet of the rejection section
it is necessary to apply equation (13) on stage number M , hence one gets,

ty =Tam = [(Tam - tsw ) Exp(- Zn)]
Referning 10 Fig.(2) , let 4= Tam - taw

Then,
v = Tanr - {3y Exp(- Zn)) (14)

Also , for stage number (M-1} the outlet temperature is obtained as
follows,
tma =Tamar = [(Tamt - tw ) Exp(- Zpea )] (15}

Combining equations 14 and 15, ty., can be obtained as,

Mt = Tamo = [Tamr - Tam +ay Exp(- Zm) ] Exp(- Zpma }]
tmet = Tamet = (Tantet = Tam Y Exp(- Zmet )~ a5 Exp(- Zm-Zm ) (16)
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The distilled water temperature and brine flow temperature is obtained
from the following equation,

Td,lq = ijn -Lj

where , L; is the sum of the botling point elevation (Bpe) of the brine and
temperature losses (TL) whieh corresponds to pressure losses suffered by
flashed vapor in rejection stage[2].

Lj =(Bpe); HTL)
where, (Bpe)=-04628+0.185X for T<70 °C
=-0.1543+0.165X for 70 °C<T<90 °C
(TL)y = 115-001T for 40 °C < T<90 °C

The stage temperature drop in the heat rejection siages, AT, 1s expressed
as follows,

AT, =Tama - Tam= (Toama = L) -(Tem - 1)
= (Toat-r =Tom )

Accordingly, the outlet temperature from stage number (M-1)canbe
obtained from,

tver =Tama -~ ATj Exp(- Zyer ) - ar Exp(- Zyg= Iy ) an

Repeating the above proeedure unti! stage number (N+1) in the heat
rejection section, the inlet brine temperature can be expressed by,

M Y M
et =Tane - AT; 2 [T Exp(-Z) - a5 [1 Expi(-Z) (18)
Y=NEL RN =N

Distilled temperature at outlet from the first stage of heat rejection section
1s expressed as follows,
Tapsr = Tan - AT,
= Tb.N - Lj - ATJ

where , Ton Is the temperature of the brine at inlet to the heat rejection
section.
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The brine temperature at outlet from the heat rejection section, t;o=tn+i
1s expressed by,

M Y M

to=Ton -1 -AT[1+Z [T Exp¢-Z)1- 3 1T Exp(-2)]
J=N+1

Y=N+L j=N+1

(19)
Generally for the ™ stage in the heat rejection section, the outlet
temperature t; 1s given by,

M Y M

=Ty - L, _ATJ.[1+Y§ jIJI Exp(-Zj) ]- g J_=IH Exp(- Zj) ]

(20)

FFor the different heat rejection stages, the value of Z; is substituted by an
average value denoted by Z,, .

Then, equation {19) takes the following form,
bo =Thx - Lj - aj Exp(- MZ ja } - AT; {{1- Exp(- MZ,3 )V [1- Exp(- Z;a )}
(21)

Inlet brine temperature to the heat recovery section , t; is obtained from
the following relation,

b= [mg Cpy tyo 7 (Mpo- Mg ) Cpb Tam ]/ (Mpo Cpo) (22

Inserting the expression for ( mg / mye ) from equation (8), then
equation (22) becomes,
te = Trin * (0 = Trin ) { CR/[R(CR -1} } (23)
Inlet brine teinperature to the brine heater can be expressed by,

N N Y
tin= Tmax - Lr-ar I1 EXP(’Zi)‘ATr[l+ DI B | EXP('Zi)]
=t Y=1 =1

(24)
where, a,=Tyn-1;
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Qutlet brine temperature in the eondenser tubes for the i stage in the heat
recovery stages can be obtained as follows,

N N L
ti=Thit ~Le-a, T] Exp(-Zy)-AT [1+ 2 T1 Exp(-Zv)]
Y=i L= Y=
Similarly, one gets,
N NoL
ter=To ~Le-ar T1 Exp(-Zy)~ AT, [1+ X [T Exp(-Z¢}]
Y141 L=rr1 Y=t}

N

=Toi - Lo-a Bxp (-2 ) I Exp(-Zv) - AT,

N L
AT Exp(-Zo[ 1+ T T Bwpl-Zy))

The brine temperature rise inside the condenser tubes in the i stage is
given by,

Al =t - I
N NoL
Ay =[Exp(-Z) -1 ][ YI'[ Exp(- Zy) + AT (1+ ?T: Yﬂ Exp(- Zy))}
= =1 =1
(25}
Temperature rise in the brine heater {s expressed by,
ATpn = Thax ~tin
N NoL
=L, +aq Y[_]_ Exp(- Zy) + AT, f_‘;— {[ Exp(-Zy) (26)

For diffcrent heat recovery stages the value of Z, is substituted by an
average value denoted by Z, . hence one obtains,

ATpu=L, + a, Exp(-NZ,) + AT, { [1-Exp(- NZ,)] / [1-Exp(-Z,)] }

For complete condensation of all flashed vapor over condenser tubes n the
hcat recovery section, the value of a, is given by |



M. 8 Hesham M. Mostafa
a= ATsy -L;
Accordingly,
ATpp= L, + AT, / [1-Exp(-Z,)] en

Equation (12) shows that the Logarithmic Mean Temperature Difference
can be expressed by,

LMTD =A ;/ Z, (28)
2.3 Produced mass flow rate:

The fraction (f; ) of the production rate of fresh water, in the first stage
of heat recovery section, (g ) 1s expressed as follows,

fi=mq1/ Mug
=Cpir AT/ Ok
The residual brine is then, mrpg (1-1;)
Similarly , for stage number, N the flashed fraction is expressed by ,
t=Cpn (& T/ (i Iy

The residual brine from stage number N is the product of each residual
brine in each stage, [myo (- ) (1-6) (16 ). .(1-& ) ]

In fact, the variation of i and Cp with tcmperatrre for water can be
ignored in the low temperature level. In this case the ratio (Cp/ig ) can be
considered constant, that is,

Cpi/ (i =Cpa/ Gk = .- = Cpn/ (iaghs = Cpu/ (i
where |
Cp. = average speeific heat for the brine in every stage
(ir)a = average latent heat of evaporation for the brine in every stage

Assuming equal interstage temperature drop (which is a reasonable
assumption),

AT H=0@Tih=.. . =(AT)n=(AT)=FTRN
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Substitution with the foregoing average values yields the brine residual
from stage N given by , mpe(l- )N
where ,

f= (Cpa (At Y (igg s
={Cpa FTR}/N (i )a
Also, the production rate is obtained from the following relation,

man =mg [1 - (1-F )]

For high values of N, the above equation can be written in the following
form (based on the definition of the exponential function),

Man=Mso [! - Exp (-Cps FTR/{ig)s )| (29)
Then , the recirculation ratio can be expressed by,
R=[1-Exp (- Cpa FTR/(igg)e) ] (30)
2.4 Total input heat per unit distilled mass flow rate:
The required total input heat for MSF evaporator plant is given by ,
Q =m0 Cpen &Tpx

Substituting for ATey , from equation (27}, the total input beat per unit
distilled wass flow rate can be obtained as,

Q/me=R Cpgy { L, + FTR/ [N {1- Exp(-Z,)] } (31
2.5 Performance ratio:
it 1s known that, plant thermal performance ratio, PR is defined as {1},
PR=(2.23*10° mgy)/(muo Cpau ATer )

The total amount of heat transferred from the flashing vapor to the sea
water flowing inside condenser tubes ts given by,

my (ig)s = Mo Cpa (FTR)
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Then, PR can be expressed as,
PR={2.23*10% (FTR) Cp. ]/ [(ir)a Cpou ATzn ] (32)

For simplicity the value of Cp in the above equation can be considered
constant. Under this assumption the expression for PR can be reduced to
the following form,

PR=(FTR)/ ATgy
Substituting for ATpe from equation (27), then the foregoing equation
takes the following form,

PR=(FTR) /{ L, + [(FTR/N)/(1-EXP(-Z,)) |} (33)

2.6 The required heat transfer area per unit distilled flow rate:
The total required heat transfer surface area is obtained from,

A =me Cp, {FTR) /U (LMTD)

Using the dimensionless encrgy parameter {Z;) then,

A/mag=NRCp.{(Z.)/ U 34

The following simplified form of surface area per unit mass flow rate of
distilled water Is derived from the forgoing equations in terms of
performance ratio, number of stages and flash temperature range,

A/ e={Nigg)e/U(FTR)J{Ln{((FTR/PR) - L, J/[ (FTR/PR)-L, - (FTR/N]) }}}

(35)
2.7 Operating conditions

The calculations are performed for the following operating conditions,
Inlet brine sea water temperature, te =20 °C.
Maximum brine temperature, T, =90 °C.
Blow down temiperature, Ty, =30 °C.
Flash temperature range, FTR =60 °C.
Concentration ratio, CR=1.3.
Sea water concentration, Xp, =4 %.
Distilled water mass flow rate, m 4 =100 Tonshr.
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In addition the value of the overall heat transfer coefficient in condenser is
taken as an average value of 3000 W/ m?°C [1].

3- RESULTS AND DISCUSSION

A computer code is designed to predict the performance of MSF plant
for different operating conditions. The behavior of the performance ratio
PR, versus dimensionless energy parameter Z, for different number of
stages N, is shown in Fig.(3) for the specified value of fresh water flow
rate (100 Tow/hr ) and flash temperature range (60 °C ). The obtained
results show that the PR increases rapidly with increasing Z , up to the
value, Z =4 After this value of Z, the increase of PR, with Z, is marginal.
This means that, there i1s an economic value of the parameter Z ( Z
indicates the heat transfer area), beyond which there is a very small
increase in the PR . From the same figure, it is ctear that the PR, increases
with increasing number of stages N, for a certain vaiue of Z.
To evaluate the effect of increasing the number of stages on the
performance ratio, the percentage increase of PR, must be estimated for
the same Z. The perfoninance ratio increases by 59.1% as N, increases
from 20 to 40 stages, and PR, increascs by 23.6% as N, increases from 40
to 60 stages. On the other hand PR, increases by 13.7% as N, increases
from 60 to 80 stages. Tlus indicates that the rate of increase in PR,
deereases as N, increases for the same Z. This indicates that there is a
value of N afier which the gain in the performance ratio ean be considered
unimportant. This number of stages lies between 40 to 60 stage, where the
gain 1n the performance ratic after this range is less than 13.7% (as shown
in Fig (3)).

Simtlar results can be obtained from Fig.(4) on which the total surface
condenser area A, is plotted against the performance ratio PR, for different
number of stages N. Froin this figure, it is clear that the total condenser
surface area increases rapidly and sharply beyond a certain values of PR
according to the number of stages.

Figure (5) illustrates the behavior of the total input heat Q, in MW with
the dimensionless energy parameter, Z . ltis clear that the requircd total
input heat decreases sharply with increasing valtue of Z up to Z=4. After
this value of Z. the required total input heat remains approximately
epnstant.

Examining figures (3) and (5), it is clear that the value of Z=4 is an
economic operating value for the pre-specified operating condition. At this
value, the total input heat is munimum and the performance ratio is
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maximum for all values of number of stages. For this value of Z, it is aiso
important to note that for all values of N, the minimum total input heat is
less than 5 MW.

Figure (6) shows a comparison between the present results and the results
obtained by K. Minnich et al [4], which indicates a fair agreement.

4- CONCLUSIONS

A theoretical analysis of MSF cvaporator plant is developed to predict
the plant performance for different operating parameters. From the above
discussion one can conclude that there is a recommended number of stages
(N=40-60) to produce a pre-determined fresh water flow rate of 100
Ton/hr for aflash temperature range of 60 °C. In addition, 1t is found that
there 15 an economic value for the dimensionless energy parameter, which

15 Z=4.

NOMENCLATURE

A Heat transfer surface area (m?)
Cp Specific heat (J/kg®°C)
CR Concentration ratio. {CR = Xpg Xew ) L
FTR Flash temperature range, (Tmas =T ) (°C)

i Enthalpy. (J/kg)
iz Latent heat of evaporation. (J/kg)
my Brine water mass flow rate. (kg/s)
mypo Inlet brine water to the first stage of recovery section. (kg/s)
M,y Brine blow down mass flow rate. (kg/s)
my Distilled or product mass flow rate. (kg/s)
m, Brine recirculation mass flow rate. (kg/s)
mg I[nlet sea water mass flow rate. (kgss)
m, QOutlet sea water mass flow rate. (kg/s)
N Sea water mass flow rate, (kg/s)

M Number of stages in heat recovery section.
N Number of stages in heat rejection section.
PR Performance ratio

Q  Total input heat (W)

R Recirculation ratio (R =myo/ myq )

T  Temperature °C)

t Brine temperature inside condenser tubes (°C)

tr  Brine temperature inlet to the recovery section °C)
tin  Inlet brine temperature (o the brine heater, (°C)
Tme« Maximum brine temperature. °C)

Twin Minimum brine temperature. (°C)H
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At;  Brine temperature rise inside condenser tubes in stage i (°C)
ATpy Brine heater temperature rise . {°C)
AT; Temperature drop in each stage of heat rejection stages (°C)
AT, Temperature drop in each stage of heat recovery stages (°C)
X Salt concentration. Yo
Z  Dimensionless energy parameter.

SUBSCRIPTS

bd Blow down

pp Inlet to first stage of the recovery section
« Distilled

. Recovery stage

s Inlet sea water

« Outlet sea water

w Sea water
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