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ABSTRACT

The operation parameters and performance comparison analysis of seven-effect 2 x 4500 m?/d
low-temperature desalination system matched with the Indramayu 3 x 330 MW coal-fired power-
plant were highlighted in this paper. The mathematical model, parameters and materials of the plant
are described in detail. The coupling technologies of multi-effect evaporation, multi-stage flash and
steam compression are discussed. The influences of the number of effect evaporator on the system
GOR, amount of intake seawater, mass flow rate of motive steam and the specific heat transfer area
were investigated. The thermal efficiency of the system is fully improved by using a steam compres-
sor during desalination. The best suction pressure of TVC is obtained through numerical analysis of
the effect of suction pressure on GOR and amount of cooling seawater. The testing results under the
design condition demonstrated that the gained output ration could be increased to 10.3. The error
between the operation performance parameter and model values is less than 5%.The operation per-
formance parameters are better than the model calculation values, thereby confirming the accuracy
of the established model. This model can provide a reliable tool for approach and determination
method of key technical parameters of large scale MED-TVC device, especially for the research and
application of desalination facility in the dual-purpose power plant.

Keywords: Number of effect evaporator; Design calculation model; Thermal efficiency; Energy

consumption; Performance analysis

1. Introduction

Desalination is a key component toward a sustainable
water supply for the continuously population growth and
industrial development, given the vast sources of accessi-
ble saline water. More than 18,000 desalination plants have
been commissioned globally, providing an online capacity
of more than 90 million m® of water every day [1]. Various
approaches have been implemented to desalinate saline
water with different performance characteristics [2]. Cur-
rently two conventional desalination methods used in
seawater desalination are thermally-driven multi-effect
desalination (MED) and pressure-driven reverse osmosis
(RO) [3].Thermal desalination processes currently account
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for more than 65% of the production capacity of the desali-
nation industry [4]. Among the thermal desalination
systems, multi-effect distillation and thermal vapor com-
pression (MED-TVC) systems with top brine temperature
(TBT) lower than 70°C have received considerable atten-
tion [5,6]. In these systems, a steam jet ejector is added to a
multi-effect distillation (MED) system to reduce the amount
of required steam (motive steam), boiler size, and amount
of cooling water, thereby reducing pumping power and
pretreatment costs [7]. The system gain output ratio (GOR)
is much higher when the thermal vapor compression (TVC)
system is used compared with that of standalone MED sys-
tems. The modeling and single optimization of MED-TVC
systems have been investigated. Bin Amer’s [8] approach
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was applied to maximize the GOR of a MED-TVC system.
El-Dessouky et al. [9] and Zhao et al. [10] developed steady-
state mathematical models to represent a MED-TVC desali-
nation system in which parametric techniques were used to
determine the optimum operating and design conditions.
Meanwhile several technologies have been developed and
investigated to improve the thermal efficiency of MED
system, such as the coupling of multi-effect distillation
and adsorption desalination (MED-AD), absorption heat
pump, low grade heat utilization technologies, humidifica-
tion-dehumidification desalination (HDH) and heat trans-
fer enhancement technology [11-14]. Muhammad Wakil
Shahzad et al. proposed a hybrid desalination process in
order to break the last stage temperature limitation in Gul-
fand constructed a MED-AD hybrid pilot, with a nominal
water production of 10m?®/d. It has found that the proposed
hybrid MED-AD cycle has the lowest water production
cost compared to conventional ever reported MED process
[15,16].

The previous studies have always been focused on
the modeling approach and thermo dynamic analyses of
MED-TVC desalination systems. Alasfour et al. [17] and
Ettouney [18] performed thermal analysis simulations for
MED systems. A.S. Hanafi et al. [19] described a 1-D math-
ematical modeling and conducted CFD investigation on
supersonic steam ejector in an MED-TVC system. Aly and
Marwan [20] developed a dynamic model for a multi-effect
process which laid the foundation for other dynamic mod-
els, such as the six-effect evaporator model built by Kumar
et al. [21]. De la Calle [22] described a model to simulate
the thermal transient behavior of the first cell of a solar-as-
sisted MED plant. Chunhua [23] designed and analyzed
the performance of a 30 t/d low-temperature multi-ef-
fect evaporation seawater desalination system based on
the mathematical model. Although these studies present
the operation characteristics for MED or MED-TVC sys-
tems, they do not illustrate how process parameters were
selected in the MED system. Especially there are few stud-
ies focused on the problem ‘how to designate the num-
ber of effect evaporators in thermal desalination system
according to the design conditions’.

On the other hand, a number of reports about the sim-
ulation of MED or MED-TVC (including modeling and
heat and mass transfer) and performance analysis of small
devices has been published. However, the practical desali-
nation equipment are developed towards large-scale, which
can reduce the processing, construction, operation, and
management costs of equipment, share communal facilities
investment, and reduce labor and maintenance costs. Ulti-
mately, this technology can effectively reduce investment
and water-making cost per ton.

This paper focuses on the application of MED plant
located in Indramayu, Indonesia. The following sections
discuss the elements of the desalination plant, which
include design conditions, brief process description,
modeling, three-dimensional visual design, installation,
especially the relationship between number of effect evap-
orators and the system performance. The Indramayu 2 x
4500 m®/d MED desalination device supplies fresh water
for power plant domestic water and boiler feed water.
This device is an important corollary equipment of the
Indramayu 3 x 330 MW coal-fired power station project.

The project is one of 10 coal-fired power plant projects
of the Indonesian government. The project has a total
installed capacity of 10,000 MW and is located in west
Java province, approximately 180 km east of Jakarta. The
performance test of the MED plant was completed, and
the testing results showed that the technical indicators
achieved the design requirements.

2. Design parameters and requirements

The technical process design of desalination depends
on many factors, such as the required gained output ratio,
cost of fuel energy charged to the desalting process, electric-
ity sales, capital costs, and local requirements [24,25]. The
device operating conditions and design requirements are
described as follows.

2.1. Design conditions
(1) Raw water sources and water quality

Raw water of the desalination equipment was taken
from the coastal area of Java Island around the north of the
power plant. The suspended solid content of the raw water
varies from 100 up to 150 mg/L, and the salinity ranges
from 33000 mg/L to 34000 mg/L. The design temperature
of raw water are determined to be 30°C. Specific water qual-
ity indicators are shown in Table 1.

Seawater quality limitation in the desalination system
to reduce corrosion of the heat transfer tubes is shown in
Table 2.

(2) Steam

The quality indicators of motive steam was 0.8 MPa at
350°C. The quality of steam for driving the steam-jet pump,

Table 1
Analysis of seawater quality

No. Parameter Water analysis

Location A Location B

Physical
1 TDS, mg/L 33,415 33,575
2 Temperature,°C 30 30
3 Conductivity, ps/cm 423 42.3
Chemical
4 pH 797 790
5 Silt, mm <1.0 <10
6 Free chlorine, mg/L 0.67 0.86
7 Petroleum like matters, mg/L  <1.0 <1.0
8 COD,, , mg/L <5 <5
9 H,S, mg/L <0.1 <0.1
10 Free oil, mg/L <1.0 <1.0

Location A: 2 km away from the coastal of Java Island north of
the power plant
Location B: near the coast of Java Island north of the plant.
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which forms the vacuum condition of the desalination
system, was similar to motive steam.

2.2. Device design requirements

The capacity of water produced by the single device
was not less than 4500 m®/d, not including the first-effect
production, under the following operating conditions:
steam, 0.8 MPa; operating temperature, 350°C; original
water temperature, 30°C and salinity, from 33000 mg/L to
34000 mg/L. The total dissolved solid of freshwater was not
less than 10 mg/L. GOR was not less than 10. The amount
of steam consumed in the GOR calculation refers only to the
motive steam, that is, the amount of steam consumed by the
vacuum pump was not considered.

Table 2
Seawater quality requirements

3. System modeling

The single-effect evaporation process is the techno-
logical base of multi-effect desalination regardless of the
flashing process. The mathematical model of a single-effect
distillation system includes mass balance, energy conserva-
tion in the evaporator and condenser, boiling point rise, and
thermal loss [26]. These parameters reflect the laws of sin-
gle-effect evaporation. Modeling approach and process of
the shell-and-tube falling film evaporator are the most basic
elements for a multi-effect distillation process. El-Dessouky
et al. discussed the modeling approach of parallel feed
and forward feed, and evaluated systematically the per-
formance of the multiple effect evaporation systems com-
bined with various types of heat pumps [27]. Bourouni and
Martin [28] developed a model for heat-and-mass transfers
in an air-water-vapor mixture desalination plant, thereby
resulting in a set of classical equations. The model can well
predict the trends of the heat and mass characteristics of
the evaporator. The mathematical model of the 2 x 4500
m?/d desalination system was established according to the

Symbol Value design requirements and multi-effect evaporation specific
Suspended solids, mg/L <20 technological process.
pH 6.8~8.8
Silt, mm <1 3.1. Model description
I, mg/L 5~1. ) .
¢ nig/ ik 25 0 The technological process of the MED plant is illus-
Petroleum like matters, mg/L <10 trated in Fig. 1. As shown, the system includes n effect
COD,,,, mg/L <8 evaporators and n — 1 flashing boxes. Each effect evapora-
TDS, mg/L <50000 tor includes vapor space, demister, condenser/evaporator
H,S, mg/L 01 tubes, brine spray nozzles, and brine pool. In the system,
Free oil, mg/L 1 the effect evaporators are numbered 1 to n from the left
d to right (the direction of the heat flow). Vapor flows from
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Fig. 1. MED-TVC process model.
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left to right, in the direction of pressure drop, and the feed
seawater flows in a perpendicular direction. Compressed
vapor is introduced into the tube side in the first effect;
while, on the shell side, feed seawater is sprayed on the
top rows of the tubes. The brine spray forms a thin falling
film on the succeeding rows within the evaporator. In the
first effect, the brine falling film absorbs the latent heat of
the compressed vapor (as shown in Fig. 2). As a result, the
brine temperature increases to saturation, where, evapo-
ration commences and a smaller amount of vapor forms.
This vapor is used to heat the second effect, where, it con-
denses on the tube side and releases its latent heat to the
brine falling film. This process is repeated for all effects,
until effect n.

The vapor formed in the last effect evaporator is
imported into the condenser. A controlled amount of intake
seawater is routed into the tube side of the condenser,
where it condenses part of the vapor formed in the last
effect. The steam jet ejector entrains the remaining part of
the vapor, where it is compressed by the motive steam to
the desired pressure and temperature. The warm intake
seawater stream leaving the condenser is divided into two
parts; the first is the feed seawater stream, which is sprayed
distribution among the effect evaporators, and the second
is the cooling seawater stream, which is rejected back to the
sea. The cooling seawater stream removes the heat added to
the system by the motive steam.

The condensate from the first effect evaporator enters
into the condensate balance box, and it is delivered sepa-
rately to the chemical system provided inside the power
plant via the condensate heat exchanger, not mixing with
the condensate from other effects. The condensed vapor in
effects from 2 to n is introduced into the associated flash-
ing box, where the temperature of the condensed vapor is
reduced through flashing of a small amount of vapor. The
flashed off vapor is routed into the tube side of the next
effect together with the vapor formed by evaporation or
flashing within the previous effect. All the product water
is collected and delivered to the product heat exchanger,
where the product water is cooled by intake cooling seawa-
ter. The brine leaving the first effect is introduced into the

2.2 2
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Fig. 2. Condensation (inside of the tube) + Evaporation (outside
of the tube).

brine pool of effect 2. As a result of the positive temperature
difference of the brine in effect 1 and 2, a small portion of
the feed brine flashes off as it is introduced into effect 2. The
flashed off vapors improves the system productivity and
thermal efficiency. This process is repeated until effect 3.
The remaining concentrated brine from effect 3 enters into
the brine flashing boxes to repeat the above process because
of temperature difference until effect n. Then, the concen-
trated brine goes through the system in turn. Finally the
brine is collected and delivered to the brine heat exchanger
in which recovery heat from brine, then directly rejected to
the sea.

3.2. Process modeling

The following sections include discussion of the model
equations for various components within the system. Com-
mon components among various models include constant
heat transfer area in each effect, negligible heat losses to the
surroundings, and salt free distillate product at steady state
operation.

(1) Balance equations for each effect evaporator

The mathematical model for each effect includes the
material and energy balances as well as the heat transfer
equation. The thermodynamic model was developed based
on the mass and energy balance. Total mass and salt balance
in effect evaporator i could be described as

E=D,+B, @
and
XFE=XgB; + Xp,D; )

In Egs. (1) and (2), B, D, and F are the flow rate of brine,
distillate, and feed respectively. X is the salinity, and the
subscripts b, f and i represent the brine, feed, and the effect
number. After evaporation the salinity of rejected brine
could be obtained as

X, = 0.9(457628.5 — 11304.11T, +107.5781T7 — 0.3604747T;)  (3)

This equation is used to calculate the reject brine salinity
in each effect as a function of the brine temperature. This
equation is obtained by curve fitting of the salinity/tem-
perature relation for the solubility, 90% of the solubility of
C_SO,. The upper limit on the rejected brine salinity is set at
70,000 ppm.

Total energy balance in effect evaporator i could be
expressed as

Di-17"i-1 + di—ly\’i—l + dil—l 7‘:,1 = PiCp (T,-T)+ Diy\’i 4
In the above equation, d is the amount of vapor formed
by brine flashing in effect i-1, d’,is the amount of vapor
formed by distillate flashing, A is the latent, C_is the specific
heat at constant pressure, T, is the brine temperature after
evaporation, and T, is the feed seawater temperature.
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According to the theory of heat transfer the vapor tem-
perature in effect i can be calculated as
T, =T, - BPE, ©)
where BPE is the boiling point elevation and T is the vapor
temperature. The BPE is the boiling point elevation of the
liquid, which means that the boiling point of a liquid will
be higher when another compound is added. Boiling point
elevation effect is affected by many factors during evapora-
tion. There is a nonlinear relationship between the BPE and
process parameters in each effect evaporator, such as liquid
concentration, operating temperature, etc. In engineering
BPE can be estimated as following [8]

BPE, =(8.2543 %107 +1.883x 10T, + 4.02x10°T,,)X,

+(=7.625%107 +9.02x10°T,, —5.02x 107 T,,)X,,
+(1.552x107° =3x10°T,, +3x 107 T,,) X,

(6)

Similarly the temperature of vapor condensation in
effect i can be figured out by
T, =T, - BPE, - AT, (7)
In Eq. (7), the condensation temperature, T, is lower
than the brine temperature, T, by the difference in the evap-
oration temperatures between the effects (AT). Thus the

heat transfer area needed in effect i can be derived based on
the energy transfer rate equation.

D A +dh g+ dil—l}\'li—l = Ficp (T,-T))+ D\

®)

=AUy (LMTD); + AU, (T; - T;)
oDy jAiy Ay + di,-lxﬂ )=Dyyy = AUL(T, - T)) )
(LMTD), =(T, - T,) / In(T, - T;) / (T, - T,)) (10)

whereA  is the heat transfer area for sensible heating of
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in each effect and A, is the heat transfer area for evap-
oration, U, and UL, are the corresponding overall heat
transfer coefficient, LMTD is the logarithmic heat transfer
coefficient, and o is the fraction of input heat consumed
by vapor formation.

(2) Balance equations for flashing boxes

In a multi-effect plant, the brine and the distillate are fed
from effect to effect. Both brine and distillate enter a box in
which a lower pressure and a lower boiling point tempera-
ture exist. The only possibility to release this surplus energy
present under these conditions is through spontaneous
vapor production. This process is known as “flashing”.

Fig. 3 shows two effects of an evaporation plant with
the relevant temperatures and mass flows. If boiling point
elevation is neglected, the mass and energy balance leads
to two equations for the mass flows produced by brine and
distillate flashing.

Amount of vapor formed by the brine flashing inside
the effect i can be obtained as

T,-T
d; = Bi—lcp 17\'—1 (11)
with
T =T, + NEA, (12)

In Eq. (11), T/ is the temperature at which the brine cools
down to as it enters the effect i. Also, the latent heat A, is cal-
culated at the effect vapor temperature, T . The term NEA,
is the non-equilibrium allowance and is calculated from the
correlation developed by Miyatake [29]:

33.0(T,, —T)"”
T

vi

(NEA), = (13)

Similarly amount of vapor flashed off by the distillate
flashing boxes can be calculated according to the formula

”

1 1 ’ Tci- — Tl
the brine from the feed to the evaporation temperature d'=D,C, 1 : (14)
di el'i
AT, J
L Tia Ty Toi
Brine flashing boxes | Distillate flashing Brine flashing boxes | Distillate flashing
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Fig. 3. Illustration of the flashing process in a thermal desalination plant.
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with

T” =T, +(NEA), (15)

where T, is the temperature at which the condensing vapor
cools down to as it enters the flashing box.

(3) Balance equations for the condenser

The condenser balance equations include the energy
balance and heat transfer rating equation. Energy balance
of the condenser was represented as

d,+d,"+D)r, =(M,, +M,)C,(T,-T,,) (16)

Heat transfer rate of the condenser can be shown as

(d,+d, + D)\, =U.A(LMTD), 17)
(LMTD), = (T, - T,,.) / In(T,, ~ T.,,) / (T, = T,))

where A, U, and (LMTD), are the heat transfer area, overall
heat transfer coefficient, and logarithmic mean temperature
difference for condenser respectively.

(4) Model of the steam jet ejector

The calculation model of steam jet ejector is based on
the semi-empirical model developed by El-Dessouky [30].
The entrainment ratio is flow rate ratio of the motive steam
and the entrained vapor. The entrainment ratio, R , is calcu-
lated from the following relation

P1.19 P 0.015 PCF
R,=0296 =S| = —)
P\ e, ) \1CF

(18)

where P_, P_and P, are the pressures of the motive steam,
compressed vapor, and entrained vapor respectively, PCF is
the motive steam pressure correction factor and TCF is the
entrained vapor temperature correction factor. The follow-
ing equation can be used to calculate PCF and TCF.

PCF =3x107 P,> - 0.0009P, +1.6101

19
TCF =2x10°T, > —0.0006T,, +1.0047 a9

where the units of P_ and T_ are kPa and °C respectively.
In presence of the steam jet ejector, the thermal load
of the down effect i or condenser is lower since part of the
vapor formed in the former effect and the associated flash-
ing box is entrained in the steam jet ejector. Therefore, the
vapor formed in the entrained vapor effect is defined by

M, +M,=d+d +D)

e

(20)

where M_ and M, are the flow rates of the entrained and
un-entrained vapor, respectively.

(5) Performance of MED

For most of the current desalination applications, fuel
costs are proportional to the energy input to the system.

These costs can either be of a direct nature, when for exam-
ple fossil fuels are used to drive the system, or of an indirect
nature, when for example low pressure steam is extracted
from a power plant turbine. Consequently, the rational
definition of the efficiency of these systems is related to
the specific energy consumption per product water. This
is exemplified by the industrial standard GOR for steam
driven MED systems, which is the ratio of the distillate pro-
duction to the steam input,

GOR =M,/M_ 1)

M,=D,+D,+...+D_+D_ (22)
where M_ is the mass flow rate of motive steam supplied
to the system, and M, is the mass flow rate of the distillate
product. It is worth noting that the contents of distillate pro-
duction and the steam input is easy to understand combin-
ing with the MED-TVC process model shown in Fig. 1. It
can be seen from Fig. 1 that the steam input consists of the
mass flow rate of motive steam supplied into the system
(M, ) only, and does not include the mass flow rate of steam
extracted by TVC (M, ). The distillate production (M,) was
formed by the residual fluid of all distillate flashing boxes
after flashing. The GOR is a simplification for steam driven
systems, where the difference between the latent heat of
condensation of the heat source medium and the evapora-
tion energy of the feed can be neglected. It facilitates a quick
and effective benchmark for steam driven systems.
The specific heat transfer area is

_ Zin:lAi +AC
_Td

where A, is the heat transfer area in effect i and A_is the
condenser heat transfer area.

5, (23)

4. Results and discussion

The mathematical models for the system are interlinked
and highly nonlinear for some process parameters such as
heat-transfer temperature difference and boiling point ele-
vation of each effect evaporator. Therefore, iterative solu-
tion is necessary to calculate the system characteristics. The
calculation was specifically implemented using the self-de-
signed software ‘"MEDGYV2010” which was programmed
based on the mass and energy conservation equation, and
the nonlinear relationship of heat-transfer temperature dif-
ference and boiling point elevation with process parameters.
The algorithm embedded in the software of ' MEDGYV2010’
is traditional numerical iterative method. The initial condi-
tions adopted in the solving algorithm during numerical
calculation were shown in Table 3.

It is worth noting that the overall heat transfer coeffi-
cients in the effects are specified and assumed to be constant
throughout the paper during the numerical simulation.
Evaporation temperature is 70°C. Overall heat transfer
coefficient (L) is set to 3.49 kW/(m?-°C). The heat transfer
coefficient is reduced by 1% as the temperature decreases
by 1°C, and the overall heat transfer coefficient in the con-
denser (LI ) is set to 1.63 kW /(m*°C) [31].



20 C.-H. Qi et al. / Desalination and Water Treatment 87 (2017) 14-26

Table 3

The initial conditions using in the solving algorithm during

numerical calculation

Parameters Value
Number of effect evaporators 4-11

Motive steam pressure, MPa 0.8

Heating steam temperature (T)), °C 60-80
Seawater temperature (T ), °C 30

The raw seawater TDS, ppm 33000-34000
Salinity of rejected brine (X,), ppm 66000
Outside (§) and inside (8) diameters of 19.00 and 17.70
heat transfer tube, mm

Temperatures difference in the effect 2-7
evaporations (AT)), °C

Heat loss coefficient 0.99
Evaporation temperature in the last effect, ~ 46.5

°C

The number of effects is one of the most important char-
acteristics of a MED system. Fig. 4 shows the changes in
GOR and amount of intake seawater for a constant system
capacity when the number of effects is increased. The tem-
peratures of the last effects are the same, but their tempera-
ture differences vary. The extraction ports are all located at
the last effect. Hence, the operation parameters for the steam
jet pumps are the same. Part of the steam in the last effect
is drawn by the TVC into the system for recycling. GOR
reaches a maximum magnitude of 10 for the seven-effect
MED. The feed water flow rate is increased by the model as
the number of effects increases to prevent fouling. Heating
this amount of feed water to the temperature of the effects
reduces the primary steam potential for vapor generation,
thereby resulting in lower GOR.

Fig. 4 shows that the GOR continues to grow with
increasing number of effects. However, the growth rate
is slowly reduced because the temperature difference
between effects decreases gradually with an increasing
number of effects. Fig. 5 shows that the temperature differ-
ence is changed from 6°C to 2.2°C, which indicates that the
driving force of evaporation is reduced. The heat transfer
efficiency is reduced, although the steam utilizing cycles are
increased with the number of effects. The GOR grows fast-
est from five effects to seven effects and reaches 10 at seven
effects. The growth rate of the GOR gradually slows down
from nine effects to 11 effects. The GOR will reach to 12.11
when adopting 11 effect evaporators.

The total amount of intake seawater usually includes the
cooling seawater and feed water. The amount of required
cooling seawater is directly proportional to the condenser
inlet steam flow rate, which is equal to the amount of steam
produced in the last effect minus the amount sucked out by
the TVC. Fig. 4 shows that the total amount of intake seawa-
ter first decreases and then increases with increasing num-
ber of effects. This phenomenon is due to the decrease in the
amount of steam entering the condenser with the increase
in the number of effects. The amount of cooling water for
condensation of the steam is reduced as the steam to be con-
densed is reduced when the latent heat of vaporization and
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Fig. 4. Changes of GOR and amount of intake seawater with re-
spect to variations in the number of effects.
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Fig. 5. Changes of the mass flow rate of motive steam and the
specific heat transfer area with respect to variations in the num-
ber of effects.

the temperature of the seawater are constant. Fig. 4 shows
that the total amount of intake seawater at seven effects is
676 m®/h, which is half the amount at four effects. Thus,
the energy consumption of the pump is largely reduced.
Moreover, the electricity consumption of each ton of water
is reduced by 0.3 kWh, because the amount of steam to be
condensed at seven effects is 4.1 kg/s, which is 41% lower
than at four effects.

However, the amount of steam entering the condenser
at nine effects is 2.0 kg/s, and the amount of cooling water
needed is 311 m?®/h, which is lower than the amount of feed
water (M,), which is 479.2 m*/h. The amount of steam enter-
ing the condenser at 11 effects is 0.98 kg/s, and the amount
of cooling water needed is 143 m*/h, which is lower than
the amount of feed water, which is 520.8 m®/h. Fig. 6 shows
that the total amount of intake seawater is the sum of the
amount of feed water and the amount of cooling water (M,
+ M,,) when the number of effect is lower than nine, and
M, when effects are larger than nine. The feed water flow
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Fig. 6. Changes of the amount of seawater with respect to varia-
tions in the number of effects.

rate M, is increased by the model as the number of effects
increases to ensure sprinkle density and prevent fouling.
The amount of the total intake seawater at a certain number
of effects is determined by the quantity of water rather than
the amount of the cooling water to condense the steam at
the last effect to ensure the spray density (generally 240 L/
(m-h) ~300 L/(m-h)) in the evaporator. Sprinkle density is
the spraying volume of per meter length on the surface of
one heat exchange tube in one hour. This parameter can be
calculated as follows:

Sprinkle density = F,x1000/LxN (1/h/m) (24)
where F, is the flow rate of fed seawater of effect i, L is the
length of heat exchange tube, and N is the total number of
pipes on the same layer.

Fig. 5 illustrates the variations in the specific heat trans-
fer area of effects and the mass flow rate of motive steam
when the number of effects is changed. The increase in the
specific heat transfer area of effects is due to the increase in
the number of effects when the production is constant. This
result is in agreement with the charts presented by El-Des-
souky [9]. Assuming that the seawater temperature is 30°C,
the temperature difference at the same end (TBT) is 68°C,
and the evaporation temperature in the last effect is 46.5°C,
the seven-effect model has a lower specific heat transfer
area and less motive steam than the other models. Specific
heat transfer area is the ratio of the heat transfer surface of
the effects to the production flow rate.

Approximately 3°C is the commonly adopted tem-
perature difference for conventional systems. However,
temperature drops of as low as 1.5-2.5°C can be achieved
for commercial applications with a cost-optimized mate-
rial selection and heat exchanger design. Temperature
difference is restricted to the range of 3-4°C based on typ-
ical operating conditions. This limited range is critical to
obtain a high heat transfer coefficient and a steady oper-
ating condition.

Figs. 4-6 show that the seven-effect MED process has
many advantages, namely, higher GOR, lower amount of

10z sl6"effect , " GOR _ o 300
N /‘,7 —a— Amount of cooling seawater ,
0L m- L - P
/ sl 5 effact \ =
& os sl 77 effect . 4280 g
o ¥ V4 =
Q o y 1 ®
S 98| TBT=88°C sl 4" effect Vs g
g AT=35°07 \ 2 513" effect 1% §
= 5 sl 3 effec
S eal M=452m'h -
= Pm=0.8MFa %
<] P
< 92 \ H240 3
8 H AN | =
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\ g \ - 220 g
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suction location=sl ¥ sl 2" effect
3.6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Suction pressure,kPa

Fig. 7. Changes of GOR and amount of cooling seawater with
respect to variations in the suction pressure.

intake seawater, lower specific heat transfer area, and less
motive steam, compared with the other models. The TBT is
the highest temperature the seawater can reach in the sys-
tem, which is typically the temperature of the brine in the
first effect. The TBT is imposed by either the heat source
temperature or material limitations to avoid excessive scal-
ing and corrosion. This maximum temperature for seawa-
ter applications is commonly set to between 62 and 75°C
depending on the local seawater composition. In this paper,
a set of multi-effect, flash, and TVC technology as one of the
overall process scheme (MED-TVC) is formed. The process
scheme uses seven effects of MED with each effect using the
same structure. The key design parameters were selected
based on the pilot test and laboratory findings [23]. The
heating steam temperature of the first effect is 71°C. The
temperature difference between each effect is 3.5°C. The
steam jet ejector is set up for steam recycling and pumping
part of the secondary steam in the seventh effect to the first
effect.

Fig. 7 shows the GOR and amount of cooling seawater
as a function of the suction pressure of the thermo com-
pressor. Moving the suction location of the thermo com-
pressor to the middle effects increases the entrainment ratio
of the thermo compressor. This phenomenon is due to the
decrease in the compression ratio. Increasing the entrain-
ment ratio will reduce the energy consumption of the sys-
tem. However, that part of vapor is recycled in the system
by moving the suction location. Therefore, shifting the suc-
tion location of the thermo compressor in the effects with
higher pressure will increase energy consumption. At the
same time, the amount of cooling seawater is increased,
which will increase the energy consumption of the cool-
ing seawater pump. The best suction pressure is always an
intermediate pressure, that is, between 10.4 and 14.6 kPa,
to achieve the maximum GOR of the system regardless of
the amount of the motive steam pressure. This is consistent
with what the published articles recommends [23,32]. In the
design, the diameter of the evaporator cylinder is generally
kept constant such that the length of the heat transfer tube
of the effects after the extraction port is reduced, and the
structure of the evaporator differs from the effects ahead.
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If the extraction port is set in the condenser (the second-
ary steam is extracted from the seventh effect), then the size
and structure of the effects ahead are basically the same.
Thus, the processing accuracy will be improved, costs will
be reduced, and higher GOR is obtained. Therefore, in the
process discussed in this article, the extraction port is set
on the condenser, and the secondary steam of the seventh
effect is extracted.

Fig. 8 includes profiles for the distillate flow rates
generated in the flash box and in the effect by evapora-
tion and flashing. Results indicate that the major portion
of the total product is formed by evaporation within the
effect. In addition, evaporation rates are higher at the first
effect and decrease in subsequent effects, where the latent
heat of vaporization is smaller at higher temperatures. An
upward trend in production is observed at effects greater
than five. This production growth in the last effect at a
higher number of effects is due to the significant steam
production by brine and distillate flashing. The amount
of the flash steam is gradually increased as the distillate
is accumulated gradually from the first effect to the last
effect. The amount of flash steam is gradually increased,
because the amount of brine increases as the grouping of
the first three effects. However, the amount of the brine
is not increase dafter the fourth effect. The amount of

the flash steam is gradually decreased as the flash effi-
ciency is reduced by the heat loss. Brine flashing, which
accounts for 3.9% of the total water production, has a
larger contribution than distillate flashing. Brine and dis-
tillate flashing accounts for 6.0% of the total water pro-
duction, which indicate the significant effect of such heat
recovery method.

Through the above analysis the main process design
parameters could be obtained based on the above-men-
tioned design model, which is shown in Tables 4 and 5. As
the core component of TVC, the steam jet vacuum pump
plays an important role in the performance of the desalina-
tion system. The main performance indicator of the steam
jet vacuum pump is injection coefficient (R ). The simula-
tion result of this indicator was calculated according to the
compression ratio and expansion ratio during operation,
and shown in Table 5.

5. System structure and materials

The desalination plant consists of seven evaporators
and a condenser in series, which are connected by welding.
A flow schematic containing process parameters such as
steam flow, temperature and pressures at key point under
the design condition is illustrated in Fig. 9. Total length of
the plant is 56 m, height at the center line is 7.8 m, and total

100 weight is 331 t (as shown in Fig. 10).
g 951 =— Vapor formed by evaperation The evaporators and condenser are cylindrical (4.5 min
_§“> 9.0 - —e— Vapor formed by distillate flashing diameter and 5-6.8 m long) and weigh 3648 t. The evapo-
'-(% 851 —a— Vapor formed by brine flashing rators are bolted to the supports, which are welded by the
T s'g C columns and connecting rods. A total of 34 columns made
s 7 0 L from steel tubes (5.3 m high, 377 mm outside diameter and 9
£ 7or
3 65F
& 6ok =
-g 06 - Table 5
8 oal Simulation results of flow rate in the MED system
‘g_ 4 |
.fg 02 i Parameter Value
5 L °oC 30
§ 00 ow,
I M, mi/d 4400
_02 1 1 1 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 5 7 R, 09
Number of effects Mf’ m?/d 10850
M,, m*/d 6350
Fig. 8. Changes of amount of vapor formed by boiling and flash- M., m/d 4500
ing with respect to variations in the number of effects. &
Table 4
Simulated calculation results of process parameters
Effect/ condenser 1 2 3 4 5 6 7 Condenser
T,°C 67.5 64 60.5 57 53.5 50 46.5
T,°C 68.2 64.7 61.2 57.5 54.0 50.5 46.9 434
T,°C 54.02 54.02 54.02 43.00 43.00 43.00 43.00 30.00
BPE 0.70 0.68 0.65 0.46 0.45 0.44 0.44 0.00
X, ppm 44.68 44.68 44.68 34.00 34.00 34.00 34.00 34.00
an/ ppm 62.18 60.36 59.58 44.56 44.38 44.58 45.21 34.00
Product water of each 35 32 30 29 28 27 28 14

effect D, m*/h
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Fig. 9. The flow schematic containing process parameters at key point under the design condition.

Fig. 10. Indonesia 2 x 4500 m*/d MED plant.

mm thick) are installed. Some auxiliary equipment, namely,
one main steam compression injector, one three-stage vac-
uum pump, one start vacuum pump, two heat exchangers,
and thirteen flashing boxes, are also equipped according to
the process.

Metals and FRP are the two main materials for all pipe-
lines. Steam pipes are metal pipelines made from stainless
steel. Seawater and fresh water pipes are FRP pipelines. All
piping systems are low-pressure pipelines. The pressure of
the steam inlet pipeline varies from 0.8 MPa to 1.2 MPa, and
the rest are less than 0.2 MPa. The main pipelines have neg-
ative pressure from 0.02 MPa to 0.07 MPa.

Table 6 shows the plant configurations and materials
used in manufacturing the plant.

6. Performance of system operation

The measuring instruments including pressure gauge,
temperature gauge, flowmeter, fluid level meter online
conductivity and pH were used to monitor the operating

state of the desalination device. In our operational test, the
orifice plate flowmeter is used to measure steam flow rate
with temperature and pressure compensation to ensure a
measurement error of less than +0.1%. Product water qual-
ity was monitored by using an online conductivity meter
and a pH meter installed on the product pump outlet. The
host computer records and stores all in situ operation data
automatically.

Motive steam fluctuates slightly during operation.
However, the operating conditions are constant, as follows:
pressure, 0.8 MPa; temperature, 350°C; salinity, from 33000
mg/L to 34000 mg/L; and average seawater temperature,
30.2°C. A single unit capacity of produced water is 196.4 t/h
(4712.4 t/d), product water conductivity is 15.9 ps/cm (7.98
mg/L), and condensate water conductivity is 3.43 ps/cm.
Consumption of motive steam is approximately 18.98 t/h.
GOR of the device is 10.3, which is higher than the design
value of 10. The system operation performance parameters
are given in Table 7 and compared with the design value
that was obtained by solving the established model with the
help of the iterative algorithm.
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Structure size and configuration

Serial Description of the Type Dimensions/ Material and brand Remarks
number  structure/configuration model
1 Shells of the evaporator Horizontal 04.5m,/=6m  SS316L /
2 Pipe bundle in evaporator Smooth tube ¢19,1=4m The first threerowsis  Titanium tube to
titanium tube, othersis  prevent erosion
Aluminium brass tube
3 Tube plate Block assembly Thickness § =20 SS316L /
4 Vapor compressor(TVC) Thermo-compression DN250/1200 SS 304 Nozzle of the
injection is SS316L
5 Shell of the condenser Falling film 04.5m, [ =4m SS316L /
6 Pipe bundle in condenser ~ Smooth tube 019, /=2m Titanium tube /
7 Mist eliminator Louver type / SS316L /
8 Exhaust system and Three-stage steam jet DN50/450 / The operational
vacuum pump pump pressure of
the steam:
0.26~1.4MPa.a
9 Heat exchanger Shell-and-Tube type 69.8 m?/72 m? Titanium Condensate
exchanger/
Product exchanger
10 Pipes / / Stainless steel or fiber /
glass steel
11 Valves Butterfly valve, gate / SS316 or rubber lining  /
valve, shut-off valve, etc
Table 7

System operation performance parameters when the motive steam pressure is 0.8 MPa

Serial Items of parameters Operation value Model Remarks

number value

1 Production capacity, m*/d 4712.4 4500

2 GOR 10.3 10.0

3 Steam consumption, t/h 18.98 18.75 Only heating steam
consumption is included

4 Product water quality, ppm 798 10

5 The first effect vapor temperature, °C 67.36 67.50

6 Condensate flow, t/h 35.1 35.0

7 Condensate temperature, °C 36.12 40

8 Flow of brine discharge, t/h 261.0 264.6

9 Top brine temperature (TBT), °C 67.7 68.3

10 Amount of intake seawater, t/h 626.2 635.4

11 Flow of discharge cooling seawater, t/h 179.7 183.3 Seawater temperature is 30°C

Table 7 shows that the operation value of the system
GOR is higher than the design value, which is probably
caused by two reasons. First, the heat transfer coefficient
varies according to the variation in the evaporation tem-
perature. Data are derived from the experimental results
obtained on the multifunction heat transfer platform and
engineering experience. Second, the processing costs of the
evaporator are reduced, and the precision of the tube plate
evaporator is improved. Moreover, the heat transfer tubes

are arranged in the same way, as much as possible, as that
of a certain effect. Thus, the actual number of installed heat
transfer tubes is slightly greater than the simulation num-

ber, and the fresh water ratio increases.

Table 7 shows that the error between the operation per-
formance parameters and the model value is less than 5%.
The operation performance parameters are significantly
better than the model value. This characteristic indicates
that the simulation model established in this article is accu-
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rate and can provide a reliable tool for designing future
desalination plants.

established in this article is accurate and can provide
a reliable tool for designing future desalination system
especially the design and construction of desalination
facility in the dual-purpose power plant.

7. Conclusions
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ity of raw seawater and conditions of steam source, =~ Symbols

wc%r\l;gts ar.1d de51gf1 r(teqlllngeTepts. Slmu:;aneousl}ﬁ A, — Heat transfer area for sensible heating of the
a Vi device was Installed 1o 1mprove the overa brine from the feed to the evaporation tempera-
efficiency of the desalination system. On this basis ture in each effect, m?

the thermodynamic calculation model of the total A, — Heat transfer area for evaporation, m?
desalination system was formulated. The injection A — Heat transfer area for condenser, m?

coefficient was introduced to manifest the perfor-
mance of TVC in the simulated model.

(2) On the basis of the model, the influences of the num-

is less than 5%. The operation performance parame-
ters are significantly better than the model value. The
operating results illustrate that the simulation model

9O,

Flow rates of brine, m®/h
Specific heat at constant pressure, k] / (kg-°C)
Flow rates of distillate, m3/h

ber of effect evaporator on the system GOR, amount of % - Ar3nount of vapor formed by distillate flashing,
intake seawater, mass flow rate of motive steam and the m’/h
e . . . F — Flow rates of feed, m3/h
specific heat transfer area were investigated emphati- , , — Flow rate of the vapor for TVC, m*/h
cally. The number of effect evaporators selected in the —  Number of effect evaporators
large scale seawater desalination equipment should p —  Pressure, MPa
take into consideration the factors of the equipment P — Pressure of motive steam for TVC, MPa
investment and operational performance. The case P, — Pressures of compressed vapor for TVC, MPa
study of 2 x 4500 m’/d practical desalination project ~P,, ~ — Pressure of entrained vapor for TVC, MPa
could provide a good guidance in the determination R, ~ — Injection coefficient of steam injection pump
method of key technical parameters (number of effect T — temperature, °C .
evaporators) for large scale MED-TVC device. Besides Uy Uy — E\?\;ﬁjgggmg overall heat transfer coefficient,
simulation r.esults showed. that the .best suction pres- — Opverall heat transfer coefficient for condenser,
sure of TVC is always at an intermediate value between ¢ KW/ (m2°C)
10.4 and 14.6 kPa to achieve the maximum GOR for the ~ x —  Salinity, mg/L
seven effects system regardless of the amount of the ¢ —  Fraction of input heat consumed by vapor for-
motive steam pressure. Simulation results show that mation
heat recovery method by brine and distillate flashing A — Latent heat, k] /kg
has a significant effect. Brine flashing, which accounts AT~ — Temperature difference between the effect
for 3.9% of the total water production, has a larger con- evaporator, °C
tribution compared with distillate flashing. Brine and
distillate flashing account for 6.0% of the total water Subscripts
production. )
(8) n accordance with the simulation results, Indonesia B — Brine
Indramayu 2 x 4500 m*/d MED desalination device f — Feed
. . . i — Effect number
with seven effect evaporators and TVCis designed and — Condenser
built. The plant has a total length of 56 m. The evapora- o _  Seawater
tor has an inner diameter of 4500 mm, and the shell cyl- ¢ —  Motive steam
inder material is SS316L. The height of the center line is —  Vapor
7.8 m, and the total weight is 331 t. The tested data indi-
cated that the error between the actual operation per-
formance parameters and the simulated model value = References
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