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Abstract: Seawater desalination is classified as thermal
type and membrane type. Although the membrane type,
which is usually reverse osmosis (RO), which will be main
in future desalination market due to its simplicity and
operational economy, the thermal type is still dominant in
large scale seawater desalination plants. In the case of the
thermal type desalination, it is known that the multi-effect
desalination with a mechanical vapor compressor (MED-
MVC) is best economical. In this study, the energy
consumption for the thermal type seawater desalination is
compared between MED-TVC and the conventional multi-
stage flashing type (MSF), the latter of which is the main of
a large scale plant. For the evaluation of the required
energy to product fresh water, the MED-TVC is based on
the CFD simulation result for the MED-TVC and the MSF is
based on the theoretical calculation. The CFD simulation
for the MED-TVC system was analyzed by using a
Reynolds-Averaged Navier Stokes equation with an SST
k—wturbulence model using a frozen rotor interface. The
best and the worst operational cases of the MED-TVC were
compared with the MSF type under the assumptions of the
same operating conditions. The results of this study
indicates that the MED-MVC type is best efficient in the
thermal type seawater desalination and provides the
operational ranges of the centrifugal type vapor
compressor, which will be guidelines for designing it.

Keywords: CFD simulation, seawater desalination, multi
effect distillation, mechanical vapor compressor, multi-
stage flashing

1. INTRODUCTION

The enrichment of liquid has performed through membrane
type or thermal type processes; the former is usually
adopted in desalination and the latter in polluted water
treatment, liquid food concentration or chemical distillation.

Although the membrane type is dominant in recent seawater
desalination market to a capacity of 5000 ton/day, the

thermal type is still effective in a large scale capacity plants
over it. The thermal type seawater desalination process is
classified into multi-stage flashing (MSF) distillation and
multi-effect distillation (MED).

The MED process recompresses the evaporated vapour form
seawater and reutilizes it to heat seawater while the MSF
type simply evaporates seawater through the multi-stages.
Therefore, the MED type is more economic than the MSF
type from the viewpoint of operating cost. In the MED type,
the evaporated vapour is recompressed through the thermal
vapour compressor (TVC) or the mechanical vapour
compressor (MVC); the former is called the MED-TVC
type and the latter is called the MED-MVC type. At present,
the commercial experiences of the MED type is up to
70,000~80,000 ton/day capacity in the MED-TVC and
under 10,000 ton/day capacity in the MED-MVC type [1,2]
while the MSF type has many experiences in the capacities
over 100,000 ton/day.

In the Middle East region, the existing desalination plants
are almost the MSF type because the water shortage is
serious and, therefore, a large scale is required as possible;
the desalination plant is constructed together with the power
plant and, therefore, the steam required for desalination can
be easily supplied from it. The steam to be used as a heating
source for the MSF process is extracted from the low-
pressure steam turbine and the temperature of an extracted
steam is usually in the range from 110~120 °C, which is
called top brine temperature (TBT). In the contrast with the
MSF type, the TBT of the MED type is usually about 70 °C
due to its evaporating characteristics.

In this study, the authors performed the theoretical study to
compare the required energy for unit fresh water production
of the MSF and MED-MVC, which will provide the design
criteria to the engineers related with the seawater
desalination process. For evaluating the performance of the
MED-MVC, the CFD simulation for the MED-TVC system
was performed by using a Reynolds-Averaged Navier
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Stokes equation with an SST [1[J[] turbulence model using
a frozen rotor interface.

2. THE SEAWATER DESALINATION SYSTEM
2.1 MSF DESALINATION

The process of the thermal type seawater desalination is
basically to evaporate seawater; the evaporated vapor from
seawater is condensed on the surfaces of the cooling tubes,
which are installed in the upper section of the evaporators as
shown in Fig. 1 (a); the evaporated steam is condensed on
the outside surface on the tubes, in which the cooling
seawater is flowing; the condensed fresh water is supplied to
the utilities after post-treatment, which are usually
sterilization and re-hardening. The purity of produced fresh
water from the thermal type can maintain less than 10 ppm
salinity because the evaporated steam from seawater is pure
water while the RO membrane type is about 200~400 ppm.
The MSF type desalination plants have been introduced and
operated commercially from 1970s and this type is already a
considerable market share in the Middle East [3,4].

The basic configuration of the OT-MSF type desalination
plant is shown in Fig. 1. The seawater is supplied to the last
evaporating chamber by the seawater supply pump and
flows into the cooling tube banks installed on the top section
of the evaporating chambers; after passing the cooling tube
bank, the cooling seawater is supplied to the next
evaporator’s cooling tube bank and so on; this cooling water

condenses the evaporated steam in the brine pool and the
steam is converted to the fresh water; the produced fresh
water in each stage is collected in the condensate tray and
discharged out in the cascade way.

The cooling seawater passing through the tube banks of
each stage is discharged from the first stage and its
temperature has already increased because it absorbed the
latent heat of the evaporated steam in each stage. The
cooling seawater discharged from the first stage is heated
over the operating temperature of the first stage by the brine
heater as shown in the left side of Fig. 1; the heating source
of the brine heater is the steam extracted from the low
pressure turbine of a power plant.

The heated seawater in the brine heater is supplied into the
brine pool of the first stage and the supplied seawater is
evaporated because its temperature is higher than the
saturated temperature corresponding to the operating
pressure of the first stage. The evaporated steam passes
through the demister, which performs the role of screening
the seawater liquid droplets. Since the flashing evaporation
is occurred violently on the surface of the brine pool, a
number of tiny seawater droplets even micro-sized are
sufficiently floated in the evaporator space. The demister,
which is the fine metallic meshes stacked in a number of
layers, prevents the entrainment of such tiny seawater
droplets and therefore maintains the purity of the condensed
fresh water to a required salinity.
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Fig. 1. Schematic diagram of the OT-MSF seawater desalination system.
This figure was cited from the reference [S] under the author’s permission.
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2.2 MED-MVC DESALINATION

The mechanical vapor compression (MVC) desalination
process is generally used in combination with other
processes and by itself for small and medium scale seawater
desalting applications. The heat for evaporating the water
comes from the compression of vapor rather than the direct
el

The plants that use this process are also designed to take
advantage of the principle of reducing the boiling point
temperature by decreasing the operating pressure. Steam
ejectors (thermal vapor compression) and mechanical vapor
compressors (MVC) are used in the compression cycle to
run the process. The mechanical compressor is usually
electrically or diesel driven, allowing the sole use of
electrical or mechanical energy to produce water by
distillation.

The MVC units have been built in a variety of
configurations to promote the exchange of heat to evaporate
the seawater. Fig. 2 illustrates a simplified method in which
a mechanical compressor is used to generate the heat for
evaporation. All steam is removed by a mechanical
compressor from the last effect and introduced as heating
steam into the first effect after compression where it
condenses on the cold side of the heat transfer surface.

Seawater is sprayed, or otherwise distributed on the other
vapor compression desalination is a distillation process
where the evaporation of sea or saline water is obtained by
the application of heat delivered by compressed vapor.

One of the main features of a detailed MVC model is the
model for the power consumption of the vapor compressor,
which is developed as a function of the compressor
efficiency and isentropic power, as well as the actual and
ideal isentropic vapor temperatures. An important parameter
for increasing the MVC capacity is developing a higher
volumetric flow and head or pressure ratio. A higher head
makes it possible to effectively utilize the MED-MVC [6].

In addition, the most desirable compressor is one that is able
to operate at the highest mass flow rate and highest possible
discharge pressure. One requirement for turbomachinery is
an extended operation range because of the sensitivity of
transient operation on the compressor surge margin [7]. The
extension of the operation range and continuous
improvements in the stage performance have been achieved
through a better understanding of the flow physics such as
secondary flow field development [8]. The accurate
prediction of the MVC performance is needed to promote
the reliability of the process. Flow visualization methods are
useful to determine the different flow patterns at each
operating  condition [9]. [Even some additional
improvements are still possible through a better
understanding of the flow behavior over the entire
operational range. Currently, centrifugal compressors are

designed for optimal operation at a single speed based on
the design speed. The design speed is usually set at the point
where the compressor will operate for the longest duration.
However, compressors must also operate at speeds other
than the design point for various amounts of time [10]. A
low efficiency at these off-design points can lead to
problematic engine starts and poor performance during
acceleration. Furthermore, as the compressor becomes more
optimized for the design speed, it is increasingly likely that
this effort can adversely affect its performance at off-design
conditions [11].

In this paper, a compressor model is used for a multistage
centrifugal compressor that will be implemented in an
MED-MVC desalination system. The compressor is
designed without a twist angle for the impeller blade at each
stage out of consideration for a low manufacturing cost.
Based on the blade shape, this centrifugal compressor is a
backswept type.
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Fig. 2. Schematic diagram of MED-MVC desalination

3. RESULTS OF CALCULATION AND CFD
SIMULLATION

3.1 MSF DESALINATION

The whole heat energy consumed in the MSF system is the
low pressure steam, which is supplied to the brine heater
and the steam ejector. The former is to evaporate seawater
and the latter is to operate the vacuum system. Since the
steam flowrate required for the steam ejector will be varied
with the plant capacities and the makers’ intrinsic designs, it
is not considered in this study. Therefore the pump powers
for the transportation of seawater and fresh water are
considered including the heat energy for the brine heater.

The evaporated quantities of each stage can be calculated as
follows;
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In the above equations, my is the brine quantity supplied to
the N stage, which is the rested brine after evaporating in
the N-1 stage; mey.n iS the evaporated quantity in the N
stage; Ty is the operating pressure of the N stage, which is
the saturated temperature corresponding to the N stage’s
operating pressure; cpy is the specific heat of the brine
supplied to the N stage and hy,y is the latent heat, that is the
enthalpy for phase change, in the N stage. These two values
are the properties of fluid and will be varied with the
pressure and the temperature of each stage.

Table 1 is the summarized calculation results when the
variations of the TBTs were applied to an assumed existing
plant. It should be noticed that, in the table, the unit of
thermal energy is MW and the electrical energy is kW. The
calculated values are well consistent with the existing
research results [12,13]. From Table 1, the energy consumed
to make the unit mass of fresh water is clearly reduced with
increasing the TBT and this means that the operating cost
can be saved for producing fresh water although the total
required energy is increased.

TABLE 1: Calculation results by the variation of the TBT's

TBT=90 TBT=100 TBT=110 TBT=120
Te” 5 3.0 3.5 4.0
M, 6169.0  7607.0 9042.0 10475.0
T 76.02 85.01 93.86 102.56
Ep ¥ 1592.5 1708.6 1842.1 1992.9
P, 1636.8 1636.8 1636.8 1636.8
Py, 471.4 581.3 690.9 800.4
p,” 731.3 720.1 708.9 697.8
E 1595.4 1711.5 1845.1 1966.0
Eunit 0.259 0.225 0.204 0.191

Note (1) Temperature difference between the evaporators
°C)
Note (2) Production of fresh water (kg/hr)

Note (3) Temperature of cooling seawater from the first
stage (°C)

Note (4) Heating energy for brine heater (MW)
Note (5) Power of seawater supply pump (kW)
Note (6) Power of condensate pump (kW)
Note (7) Power of brine rejection pump (kW)
Note (8) Total energy for fresh water (kW)

Note (9) Required energy to produce the unit mass of fresh
water (MW/kg)

3.2 MED-MVC DESALINATION

The compressor was modeled as 3D periodic model in a
commercial CFD software package (CFX 12). Three
sections were used for the multistage centrifugal compressor
simulation. To reduce the computational cost, only single
passage on each stage was considered as a part of the
computational domain .The simulation was modeled as a
steady state problem using frozen rotor interface.

The grid structure was tetrahedral unstructured, as shown in
Fig. 3. The grid was made 119,291 nodes and 613,893
elements. The grid density was concentrated at the critical
areas where the significant phenomena were expected.

The inlet boundary condition was defined as a subsonic
inlet, and the temperature and total pressure were measured.
The turbulence intensity was defined to be about 5%.
Periodic boundary conditions were applied to the impeller
periodic plane at the middle of the impeller passage. The
blade hub and shroud were defined as adiabatic walls.

0.200 (m)
]
0.050 0.150

Fig. 3. Grid computational domain

The 3-D Reynolds averaged compressible Navier-Stokes
equations together with an SST [I[I[] turbulence model
were solved using a commercial CFD package, CFX 12.
The mass and momentum conservation equations are given
as follows. [ represents the density (kg/m3), u is the
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velocity (m/s), p is the pressure (Pa), k is the turbulence
kinetic energy (m”/s”), u is the laminar viscosity (kg/m s),
and 7, is the turbulence viscosity (kg/m s). The subscripts i,

J» and [ represent the directions (x,y,7). 5"/‘ is the kronecker
delta; it is equal to one when i = j, otherwise it is zero [14].

2 (ou)=0 ©
ox,
B ou, Ou; 2 . 9 ou, ou;)| 2 adu,
(ﬂ‘ ) ==L g{ a"’g‘g‘%aﬁ%ﬂ g[ﬂ,[i g]‘g[ﬂk‘*ﬂrg}i,}
(7

The shear-stress transport (SST) model is a non-algebraic
two-equation turbulence model suggested by Menter as a
combination of the kK —@ model and & —£ model. To take
advantage of both, Menter applied the Wilcox & —@ model
in the near wall region and gradually changed it into the
standard % —€ model in the outer wake region. This model
is considered one of the best two-equation RANS models
and is particularly suitable for a flow separation scenario
such as cavity flow [15].

ok
; [(,uwkﬂ, —1
' ax J a j
(3)
9. 9 oy 0 ow 1k
aw%w@—rym -Bp &ng Wro i) 1+2/x1 F)o,—~ ",
)]

The turbulent shear stress is defined based on Bradshaw’s
assumption that the shear stress is proportional to the
turbulent kinetic energy, k, in the boundary layer, ¢ = pak,

where a, is a constant.
The eddy-viscosity is given by

- ak
max(a,w; QF)) , (10)

in which ¢ is the absolute value of the vortices and F; is
given by

F, = tanh| max?| 2 Jk ;50201/ . (11)
0.090y y @

For the steady state cases, a constant total pressure and total
temperature distribution was applied at the inlet of the
domain. The fluid properties were set as shown in table 2.
An assumption of temperature dependence was made for the
fluid property characteristics. Fig. 4 shows the compressor
performance map.

Because the compressor model was simulated only at low
rotational speeds, only the surge phenomenon can be

described by this graph. From this graph, the surge term
indicates an instability phenomenon, which occurs at a low
flow value. Because of the low flow value, the stage
pressure ratio or head does not vary in a stable manner with
the flow rate. For a higher rotational speed, the surge margin
was narrower than at a lower rotational speed for a low mass
flow rate. As seen in fig. 4, it was very dangerous to operate
the compressor at a higher rotational speed at a low mass
flow rate. Surge from the incidence angle of the fluid flow
(stall) was generally caused by important separation
phenomena. Surge is characterized by intense and rapid
flow and pressure fluctuation throughout the system. Fig. 4
shows that surge occurred when it had a positive slope. This
phenomenon was generally accompanied by loud noise and
violent vibrations.
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Fig. 4. Compressors performance
map at various rotational speeds

4. CONCLUSIONS

The heat input of the MED-MVC was calculated by the law
of ideal gas and the mass flowrate of vapor to the
compressor, which is the in temperature increase of the
vapor due to the compression. In the high pressure ratio of
compression, the compressibility factor should be
considered. However, in the MED-MVC system, the
compressibility effect can be ignored since the vapor
supplied to the compressor is very low pressure that is
vacuum state. In addition to it, in this study, the
compression ratio is only from 1.10 to 1.30, this assumption
is reasonable.

The temperature increase by vapor compression was about
2~5 °C in this study, which is controlled by the rotational
speed of blades, that is rpm. If the rpm of the compressor is
increased to the order of 10000, the higher heating
temperature of vapor, which means the discharge
temperature of vapor, will be obtained.

In this study, the maximum rpm was selected upto 5000
because the motor driven compressor was assumed to be the
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two stages. To reach over 10000 rpm, the compressor driver
should be changed such as turbine. Nevertheless, the MED-
MVC desalination system showed the high efficiency more
than 20 % compared with the conventional MSF type.

However, it should be noticed that the MED-MVC type is
for small capacity and the MSF type is for large capacity.
Since this study was compared only the required energy for
producing a unit fresh water, a more in-depth evaluation is
needed in order to take into account the economies of scale.
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