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ABSTRACT

Seawater desalination has emerged as an important source of fresh water. Low-temperature multi-
effect distillation (LT-MED) is one of main methods of seawater desalination. LT-MED desalination
system consists of a few types, such as forward feed configuration, backward feed configuration,
parallel feed configuration and mixed feed configuration. Among them, the mixed feed configura-
tion can process higher concentration ratio of seawater than that of the others and the spray density
of this configuration can be easily designed to achieve a reasonable range which are important for
operation. In this study, a mathematical model of mixed feed LT-MED desalination system with
thermal vapor compressor (TVC) has been established based on the mass and energy conservation.
In this model, the temperature losses are calculated in terms of boiling point elevation (BPE) of sea
water and steam flow pressure drop during tube bundle, demisters and pipelines. To develop this
model, the property parameters of seawater are considered as the functions of temperature and
concentration, and the property parameters of fresh water and saturated steam are considered
as the functions of temperature. The model simulation is based on the system with a rated water
production of 3500 t d'. Taking actual operation into account, some related factors on the system
performance have also been analyzed such as entrained steam position of TVC, heating steam
temperature of the first effect, motive steam parameters of TVC, and position of preheater. The
results show that when the entrained steam position of TVC is located at the effect just behind the
mixed feed position, the gained output ratio (GOR) reaches the maximum value and the total area
of evaporators reaches the minimum value, which will benefit to reduce the water cost. It is also
observed that the impact of motive steam parameters of TVC on GOR is greater than on total area
of evaporators. The increase of motive steam parameters and a design with the preheater before
the entrained steam position of TVC will greatly contribute on reducing the cost of water.

Keywords: Seawater desalination; Low-temperature multi-effect distillation; Thermal vapor
compressor; Mixed feed; Boiling point elevation

1. Introduction

Water is available in large quantities on earth. It cov-
ers about 3/4 area of the earth surface, while only 3%
of which is available for drinking. About 25% of the

*Corresponding author.

world’s people lack the quality and quantity of fresh-
water supplies. More than 80% of the countries are fac-
ing serious water problem [1]. The oceans represent the
earth’s major water reservoir. By removing salt from the
virtually unlimited supply of seawater, desalination has
emerged as an important source of fresh water [2-4]. A
variety of desalination technologies has been developed
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over the years on the basis of thermal distillation, mem-
brane separation, freezing, electrodialysis, etc. [4-11].
Researchers show that three processes of desalination—
multi-stage flash distillation, reverse osmosis, and
multi-effect distillation (MED)—will be dominant and
competitive in the future [12,13].

The MED process is the oldest desalination method.
In the middle stage of 1980s, large scale plant of LT-MED
appeared. The character of LT-MED system is that the
range of the heating steam temperature of the first effect
is 65=75°C [14], which reduces the potential for scale
formation and corrosion. Most of LT-MED plants are
built combined with power plant, which is called Dual
Purpose Power Plant, so that the cost of water can be
reduced greatly.

According to brine flow direction and the vapor flow
direction, flow configuration in a MED system can be
classified into four types: forward feed configuration,
backward feed configuration, parallel feed configuration
and mixed feed configuration [15]. In the forward feed
configuration, both feed seawater and heating steam to
the evaporators flow in the same direction, hence the
least salinity is in the first effect with the highest tem-
perature. In the backward feed system, the flow direc-
tions of heating steam and seawater feed are opposite
to each other. This is rarely used in desalination since
the first effect has the highest temperature and salinity
[16]. In the parallel feed arrangement, the feed seawater
is divided and distributed almost equally to each effect
[17]. In the mixed feed configuration, the ways of feed
seawater entering into the effects before and behind the
mixed feed position are both parallel, but for the mixed
feed position, the total flow arrangement including sea-
water flowing into effects before mixed feed position and
the feed seawater entering into the left effects is current.
However, not so much researches have been done in the
mixed feed configuration. As a potential configuration,
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its concentration ratio of seawater can be higher than
that of other configurations and the spray density can be
easily designed to achieve a reasonable range which is
important for operation purpose.

2. The mixed feed LT-MED desalination system with
thermal vapor compressor

The mixed feed LT-MED desalination system with
TVC is shown in Fig. 1. In this figure, the mixed feed
position is between the second and the third effect. The
first two effects’ feed seawater flow from the condenser
and the way of feed seawater enters into each effect
is parallel. The feed seawater of the left No.3 to No. n
effects is the concentrated brine discharged from the first
two effects and the way of feed seawater enters into the
left No.3 to No. n effects is also parallel. Because the tem-
perature of the concentrated brine discharged from the
effects before the mixed feed position is higher, a brine
cooler is used at the mixed feed position which makes
use of the heat of brine to heat the sea water directly
from condenser. The mixed feed position can be selected
between No.1 to No. n effect.

For Dual Purpose Power Plant, high pressure and
temperature steam extracting from turbine is used as
the motive steam of TVC. Part of the secondary steam
from certain effect of LT-MED system is used as the
entrained steam of TVC. The steam from the outlet of
TVC is usually desuperheated and then used as the
heating steam of the first effect of LI-MED system.
Theoretically, when the number of total effects is n,
the number of optional mixed position is # — 1 and the
number of optional entrained steam position of TVC
is n. So the number that the optional configurations of
the mixed feed LT-MED desalination system with TVC
is n* — n.

spray desuperheater TVC  spray desuperheater
": D - P Returned to the sea
hoati HA F2 oLt S
eating steam
M3l At |
i H3 i Hn-1 i
[y [y W= [y [y :I_ c
E1 E2 En-1 En
[ 1 [
5 |_,_®_ [ \Y| [ ] PO® P
condensing water P PY
brine| fresh water | | sea water

P- Pump, TVC- thermal vapor compressor,
E1=En- Evaporator,

H1=Hn-1- Preheater,
C- Condenser

HL- Brine Cooler,

Fig. 1. Schematic diagram of mixed feed LT-MED desalination system with TVC.
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3. Mathematical model

Based on the mass and energy conservation, a
mathematical model of the mixed feed LT-MED desal-
ination system with TVC has been established. The
temperature losses are evaluated in term of BPE of
sea water and the flow resistance when steam flowed
through the tube bundle, demisters and pipelines. The
property parameters of sea water are considered as
the function of temperature and concentration, and
the property parameters of fresh water and saturated
steam are considered as the function of temperature.
A software is designed using Visual Basic to simulate
this mathematical model.

3.1. Evaporator

The mass conservation, salt balance and energy con-
servation equations of the No. i effect evaporator are
defined by Egs. (1)—(3) separately:

Mb.in = Mb.out + Mvi (1)
Xpin X Mpin = Xb.out X Mb.out (2)

My 1y X Ai 1+ Mo 1) X Vi + M ouiii 1) X Coboutii 1) 3)
Xty out(i-1) — Mb.in XCpb.in Xtp.in) XN=My; X I;

where M, X, A, h, n, t and Cp denote mass flow rate (kg
s™), salt concentration (kg kg™), latent heat of vapor-
ization (kJ kg™), enthalpy (kJ kg™), adiabatic efficiency
of evaporator, temperature (°C), and the specific heat
(k] (kg°C)™), respectively. The subscripts b, v, i, in, out
denote brine, steam, the number of effects, inlet, and
outlet, respectively. The superscript” denotes flash distil-
lation.

For the first effect, there is no flash vapor. The energy
balance equation is as follows:

(MVO X 7\'O + Mb.outO X Cpb.outO X tp.outd — Mb.in 4
X CpbAin X tb.in) xXn= le X hl ( )

The temperature of secondary steam of the No. i
effect (¢ ) and the temperature of the heating steam that
enters the next effect (t ) are defined as follows:

tyi =ty; — BPE; — Al;; 5)

fej = byj = A1y — Afgi—ny — Ay (6)

where BPE is the boiling point elevation of seawater
(°C), a function of temperature and concentration of

sea water. In this case, the temperature loss caused by
static pressure of liquid layer At is zero (°C), because the
liquid film thickness is very thin in the horizontal tube
falling film evaporator. The subscripts h, d and t denote
tube bundle, demister and pipeline, respectively. The
At,, At and At, denote the steam temperature loss (°C)
caused by the steam flow resistance during tube bundle,
demisters and pipelines, respectively.

The heat transfer equation of the No. i effect is writ-
ten as follows:

My X Mizg + M7y X My = Aj X ki X (t —tpin)  (7)

where A denotes heat transfer area (m?), and k denotes
heat transfer coefficient (W (m? °C)™).

3.2. Preheater

The system studied in this paper uses external
heat source to preheat feed seawater. The energy con-
servation equation of the No. i effect preheater can be
expressed as follows:

QOut = Mr X (Cpri X tri - Cpr(i+1) X tr(iﬂ)) (8)

Also, the heat transfer equation of the No. i effect
preheater is as follows:

Qout = kpi X Api X (LMTD)pr (9)

where the subscripts r and p denote feed seawater
and preheater, respectively; LMTD denotes logarith-
mic mean temperature difference (°C); Q_ denotes the
amount of external heat (kJ).

3.3. Condenser

The energy conservation equation of condenser is
defined using Eq. (10):
Mlast X Xlast = Mcw X (Cpbout X tout

- Cpbm X tin) (10)

The heat transfer equation of condenser is defined
using Eq. (11) as follows:

Mlast X Xlast = kc X Ac X (LMTD)C (11)

where M, , and M_ denote the mass flow rate of steam
that enters into the condenser and the mass flow rate
of sea water (kg s™), respectively; the subscripts last, c,
out and in denote the last effect evaporator, condenser,
outlet and inlet, respectively.
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4. Flash distillation process

The energy conservation equation of the No. i effect

is:

Mo; X N = M1y X Cpgiio1y X teizry — Mi X Cppi X tjout
(12)

ti,cut = tvi + (NEA)I (13)

The mass conservation equation of the No. 7 effect is
as follows:

M, = M1y — Mg (14)

The non-equilibrium temperature rise of flash is as
follows [18]:

teiopy —
(NEA), =0.33 <D ¢ (15)
vi

where, the subscript f denotes fresh water.
4.1. Brine cooler

The energy conservation equation is as follows:
Mqt X (Cpqout X tout - Cpqin X tin) = Mgr X (Cpgout X tout (16)

- Cpgin X tin)

The heat transfer equation is as follows:

Mqr X (Cpqout X tout - Cpqin X tin) = kl X Al X (LMTD)I (17)

where, the subscripts q, g and 1 denote the effect before
the mixed feed position, effect behind the mixed feed
position and brine cooler, respectively.

4.2. Thermal vapor compressor

As shown in Fig. 2, TVC includes nozzle(1-3), suction
chamber(3—4), mixing chamber(4-5) and diffuser(5-6).
Mach number of nozzle exit is defined as Eq. (18):

2 L_‘l
Maj = [n, — (&) 7 -1) (18)
y-1

Ps

where, P, v and 1, denote the pressure of the steam
of nozzle exit (MPa), polytropic exponent of steam at
nozzle exit and isentropic efficiency, respectively. The
saturated motive steam expands in nozzle, and its

1 ﬁ_/” 6
— 2
—_— h"“‘"")s 4 5 ?
motive r—/“"\ heating
stream stream

7

entrained
stream

Fig. 2. Schematic of TVC.

temperature is T, (°C), pressure is P, (MPa), and speed
is 0 (m s™).

Based on momentum and energy equations, Mach
number of mixing chamber exit can be reformulated as
follows:

M * anMas* + MaSvV T7v /Tls
a, =

Jo+ )+ T, /Ty,)

(19)

mm*—JlgiNb2/0+zziNb% (20)

where Ma’ denotes the ratio of steam flow rate and the
sound speed when the Mach number of mixing chamber
is 1, r denotes mass flow rate ratio of motive steam and
entrained steam, n_ denotes mixing efficiency.

Mach number of diffuser inlet and pressure ratio of
outlet and inlet of mixing chamber are as follows:

2 2
Mas = \/< +Ma,?) / (—=Ma,> - 1) 1)
y-1 y-1
1+ yMa,>
/ps = 22
Ps/ P4 1+ yMa.2 (22)

The pressure ratio of outlet and inlet of diffuser is as
follows:

-1 X

Pe/Ps = (Mg YT May” + )7 (23)

where, 1, denotes diffusion process efficiency.

4.3. GOR
The GOR of the system is as follows:

GQR:%
M

S

(24)
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where M, and M_ denote the mass flow rate of the total
freshwater production and the mass flow rate of heating
steam (kg s™), respectively.

5. Results and discussion

Based on N300-16.17/550/550 condensing turbine,
the steam that come from 3, 4, 5, 6 extraction ports is
chosen as the motive steam of TVC. Parameters of
motive steam are listed in Table 1. The total effects num-
ber of the LT-MED desalination system is 7 with the
rated fresh water production 3500 t d™'. The tempera-
ture difference between adjacent effects is 3°C. Taking
the actual operation into account, spray density of sea-
water inside evaporator with the range of 0.03-0.08 kg
(mes)™ are selected. The selected parameters of system
performance are GOR and the total area of evaporators
which are the most important factors for the total cost of
water [19,20]. The factors impacting on the system per-
formance are analyzed in term of the entrained steam
position of TVC, the heating steam temperature of the
first effect, the motive steam parameters of TVC, and the
position of preheater.

The heating steam temperature of the first effect is
65°C. The steam coming from No.4 extraction port is used
as the motive steam. The variations of GOR and the total
area of evaporators with the entrained steam position of
TVC are shown in Figs. 3 and 4 (TVC 1 + m represents the

Table 1
Extraction steam parameters of turbine [21]

Extraction 3 4 5 6
port number

Pressure (MPa)
Temperature (°C)

1.63
436.6

0.803
3374

0.341 0.314
2371 145
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Fig. 3. Variation of GOR with entrained steam position of TVC.
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Fig. 4. Variation of the total area of evaporators with
entrained steam position of TVC.

entrained steam position of TVC is just behind the No. n
effect and the whole number of effects is 11 + m. Mixed feed
n + m represents the mixed feed position is just behind the
No. n effect and the whole number of effects is n + m).
With the entrained steam position of TVC moving from
front effect to back effects, GOR increases firstly and then
decreases. When the entrained steam position of TVC is
at the effect just behind the mixed feed position, GOR
reaches the maximum value. With the entrained steam
position of TVC moving from front effect to back effect,
the total area of evaporators changes unsteadily. When
the entrained steam position of TVC is at the effect just
behind the mixed feed position, the total area of evapora-
tors reaches the minimum value. Therefore, to lower the
cost of water, the optimal position of the entrained steam
of TVC is just behind the mixed feed position.

The steam coming from No.4 extraction port is used
as the motive steam. The processes that TVC3 + 4 and
mixed feed 2 + 5, TVC4 + 3 and mixed feed 3 + 4 and
TVC5 + 2 and mixed feed 4 + 3 are selected to analyze
the variations of GOR and the total area of evaporators
with the heating steam temperature of the first effect. The
results are shown in Figs. 5 and 6. With the increasing of

125
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£BX +-TVC5+2 & mixedfeed 4+3
10.7 !
60 65 70
heating steam temperature of the first
effect/'C

Fig. 5. Variation of GOR with heating steam temperature of
the first effect.
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Fig. 6. Variation of the total area of evaporators with heating
steam temperature of the first effect.

the heating steam temperature of the first effect, GOR of
TVC3 + 4 and mixed feed 2 + 5 reduces gradually. When
the heating steam temperature of the first effect is 70°C,
GOR reaches the minimum value. GOR of TVC4 + 3 and
mixed feed 3 + 4 and TVC5 + 2 and mixed feed 4 + 3
firstly increases and then decreases. When the heating
steam temperature of the first effect is 65°C, it reaches
the maximum value. With the increasing of the heating
steam temperature of the first effect, all the total areas of
evaporators reduce.

The heating steam temperature of the first effect is
65°C. The processes that TVC3 + 4 and mixed feed 2 + 5,
TVC4 + 3 and mixed feed 3 + 4 and TVC5 + 2 and mixed
feed 4 + 3 are selected to analyze the relationship of GOR
and the total area of evaporators with the motive steam
parameters of TVC. The results are shown in Figs. 7 and 8.
With the decrease of the temperature and pressure of
motive steam, GOR of the three processes are all reduced

14,
- TVC3+4 & mixedfeed 2+5
13+ - TVC4+3 & mixedfeed 3+4
= TVC5+2 & mixedfeed 4+3
12}
&
S nt
10}
9t
B 'l L L

3 4 5 6
extraction port number of TVC

Fig. 7. Variation of GOR with motive steam parameters of
TVC.

15000 ¢ :
?E -+ TVC3+4 & mixed feed 2+5
; ol -8 TVC4+3 & mixed feed 3+4
£ 14800 -+ TVC5+2 & mixed feed 4+3
i
S 14600 |
=
@
© 14400
®
2 r—h%::
©
& 14200} =3
°

14000 4 ' . s

3 4 5 6

entrained steam position of TVC

Fig. 8. Variation of the total area of evaporators with motive
steam parameters of TVC.

and the total area of evaporators changes slightly. The
impact of motive steam parameters of TVC on GOR is
greater than on total area of evaporators. Hence, it is
suggested to increase the parameters of motive steam
for reducing the cost of water.

External heat source is used to preheat feed water.
The steam comes from No.4 extraction port. The heating
steam temperature of the first effect is 65°C. The number
of the preheaters is 1 and the quantity of external heat
source is 500 kW. The configurations that TVC3 + 4 and
mixed feed 2 + 5, TVC4 + 3 and mixed feed 3 + 4 and
TVC5 + 2 and mixed feed 4 + 3 are selected to analyze
the variations of GOR and the total area of evaporators
with the position of preheater. The results are shown in
Figs. 9 and 10. With the position of preheater changes
from H1 to H6, GOR of TVC3 + 4 and mixed feed 2 + 5
and TVC4 + 3 & mixed feed 3 + 4 decreases firstly and
then increases, and GOR of TVC5 + 2 and mixed feed

GOR

|~ TVC3+4 & mixed feed 245
- TV C4+3 & mixed feed 3+4
M2 4 TYC5+2 & mixed feed 4+3

11 L n " " L "

H1 H2 H3 H4 H5 HE
position of preheater

Fig. 9. Variation of GOR with position of preheater.
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Fig. 10. Variation of the total area of evaporators with posi-
tion of preheater.

4 + 3 decreases gradually. When the position of pre-
heater is put at the effect just behind the entrained steam
position of TVC, GOR of all the three configurations
reaches the minimum value. GOR for the position of
preheater before the entrained steam position of TVC
is higher than that of the position of preheater behind
the entrained steam position of TVC. The total area of
evaporators changes slightly when the position of pre-
heater changes from H1 to H6. The total area of evapo-
rators for the position of preheater behind the entrained
steam position of TVC is higher than that of the position
of preheater before the entrained steam position of TVC.
Therefore, the optimal position for preheater is before
the entrained steam position of TVC, which is benefit to
reduce the water cost.

6. Conclusions

The study is based on the mixed feed LT-MED system
with TVC, and the rated water production is 3500 t d™".
Taking the actual project into account, some factors
impacting on the system performance are analyzed
such as the entrained steam position of TVC, the heat-
ing steam temperature of the first effect, the motive
steam parameters of TVC, and the position of preheater.
According to the simulation results, we can conclude:

1. When the entrained steam position of TVC is at
the effect just behind the mixed feed position, GOR
reaches the maximum value and the total area of
evaporators reaches the minimum value, which is
benefit for reducing the cost of water.

2. With the increasing of the heating steam temperature
of the first effect, GOR of TVC3 + 4 and mixed feed

2 + 5 reduces gradually, when the heating steam tem-
perature of the first effect is 70°C, it reaches the mini-
mum value. GOR of TVC4 + 3 and mixed feed 3 + 4
and TVC5 + 2 and mixed feed 4 + 3 firstly increases
and then decreases, when the heating steam tempera-
ture of the first effect is 65°C, it reaches the maximum
value. With the increasing of the heating steam tem-
perature of the first effect, all the total areas of evapo-
rators reduce.

3. With the temperature and pressure of motive steam
reducing, GOR of the three processes are all reduced
and the total area of evaporators changes slightly. The
impact of motive steam parameters of TVC on GOR
is greater than that of total area of evaporators. It is
better to increase the parameters of motive steam for
reducing the cost of water.

4. When external heating source is used to preheat feed
water, the optimal position of preheater is before the
entrained steam position of TVC, which is benefit to
reduce the water cost.
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Symbols

M —  mass flow rate, kg s

X —  salt concentration, kg kg™

A —  latent heat of vaporization, k] kg™

h —  enthalpy, k] kg™

n — adiabatic efficiency of evaporator

t — temperature, °C

Cp —  the specific heat, k] (kg°C)™

BPE —  the boiling point elevation of seawa-
ter, °C

At —  the temperature rise caused by static
pressure of liquid layer, °C

At, —  the steam temperature loss that is
caused by the flow resistance when
steam flowing in tube bundle, °C

At, —  the steam temperature loss that is
caused by the flow resistance when
steam flowing in demisters, °C

At, —  the steam temperature loss that is

caused by the flow resistance when
steam flowing in pipelines between
adjacent effects, °C



Subscripts

b _
v _
i _
in —
out —

o
|

Q™o 5m R as

Superscript

’
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heat transfer area, m?

heat transfer coefficient, W(m?- °C)~!
logarithmic mean temperature differ-
ence, °C

the amount of external heat, kJ

the mass flow rate of steam that enters
into the condenser, kg s™

the mass flow rate of sea water, respec-
tively, kg s™

pressure, MPa

temperature, °C

polytropic exponent of steam
isentropic efficiency

the ratio of steam flow rate and the
sound speed

mass flow rate ratio of motive steam
and entrained steam

mixing efficiency

diffusion process efficiency

the mass flow rate of the total freshwa-
ter production, kg s

the mass flow rate of heating steam,
kg s™

brine

steam

the number of effects

inlet

outlet

the original parameter of brine that
enters the first effect

tube bundle

demister

pipeline

feed water

preheater

the last effect evaporator

condenser

fresh water

the effects which are front of the mixed
feed position

the effects behind the mixed feed
position

brine cooler

flash distillation
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