¢! Desalination and Water Treatment
www.deswater.com

33 (2011) 300-308
September

1944-3994 / 1944-3986 © 2011 Desalination Publications. All rights reserved.

O doi: 10.5004/dwt.2011.2653

Study of steam parameters on the performance

of a TVC-MED desalination plant

Shenggiang Shen*, Shihe Zhou, Yong Yang, Luopeng Yang, Xiaohua Liu

Key Laboratory of Liaoning Province for Desalination, School of Energy and Power Engineering, Dalian University of Technology,

Dalian 116024, China

Tel. +86 (411) 84708464, Fax +86 (411) 84707963; email: zzbshen@dlut; email: zzbshen@dlut.edu.cn, zhoushihe2006@163.com

Received 30 November 2010; Accepted in revised form 11 May 2011

ABSTRACT

For a dual-purpose power plant with low temperature multi-effect distillation (LT-MED) desalina-
tion plant, the heating steam is normally extracted from steam turbine with pressure much higher
than needed. In order to use the steam energy more efficiently, the thermal vapor compressor (TVC)
isnormally adopted to form the vapor recirculation utilization. A mathematical model for a multi-
effect desalination with thermal vapor compression (MED-TVC) desalination plant was developed
and the model validity was examined by comparing with a commercial MED-TVC plant which
showed good results in this paper. It also presents the performance calculation of the MED-TVC
desalination system with different steam pressures and temperatures. With higher steam pressure,
the gained output ratio (GOR) of the desalination plant could get higher values. The recirculation
position of vapor in a multi-effect distillation system has a great effect on the GOR as well.
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1. Introduction

During the last few years, rapid developments have
occurred in the MED desalination system because new
designs with operation at a lower top brine temperature
(TBT) and the uses of cheaper material and TVC solved
the scaling problem and reduced the expenditure cost.
It has a lower need for heating steam and electricity in
comparison with the other desalination system such as
multi-stage flash (MSF) and reverse osmosis (RO) [1].
Many researches have been carried out for the related top-
ics. Darwish and El-Dessouky [2] compared the economy
of the MED, MSF, and MED-TVC system, and the results
show the lowest unit product cost for MED-TVC, fol-
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lowed by MEE and MSF successively. El-Dessouky and
Ettouney et al studied the single effect thermal vapor
compression, single effect vapor compression systems,
MED combined with heat pumps, and mechanical va-
por compression, [3-6]. Results of these studies show a
large enhancement in the performance of MED systems
combined with vapor compression in comparison with
stand-alone MED and the advantage of MED-TVC for
high-capacity desalination systems.

Hamed performed the study of the effect of different
process variables on the performance of the MED system
as number of effects, TBT, inlet seawater and the amount
of product. The dependence of the water production cost
on the performance of the plant was also studied [7]. The
results show that the performance ratio is highly depen-
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dent on the number of effect, and both the inlet seawater
temperature and TBT are slightly affected on the plant
performance ratio. Ameri et al. [8] presented a concep-
tual design for a four-effect MED system with TVC. The
results show that when the heating steam temperature
is assumed to be constant, TBT has a minor effect on the
performance ratio (PR), while heat transfer surface signifi-
cantly decreases with increasing TBT. Ameri [9] studied
effect of inlet steam pressure on PR, the required heat
transfer surface area of the plant and the cooling seawater
mass flow rate for a MED-TVC desalination system with
a production rate of 2000 m?/d. The results show that an
increase in boiler pressure increases the performance
ratio, decreases the cooling seawater mass flow rate,
and brings about the increase at 1% in total heat transfer
area. The selection of the best value for boiler pressure
requires economical optimization including the effect of
pressure on the boiler’s capital and operation costs. Ka-
mali et al. [10,11] developed a mathematical simulation
model for MED-TVC systems and analyzed the effect of
the number of evaporators, heating steam temperature
of the first effect evaporator, and concentration ratio on
the GOR respectively. Amer [12] developed a steady
state mathematical model of the MED-TVC desalina-
tion system, and solved an optimization problem of the
mathematical model using a MATLAB algorithm. The
optimum operating and design conditions of the system
are the maximum gain ratio varied between 8.5 and 18.5
for 4 and 12 effects with the optimal top brine temperature
ranging between 55.8 and 67.5°C.

The MED desalination plant is normally built with a
power plant to form a dual-purpose power plant for its
economy and thermal efficiency. In this case, the heating
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steam for a MED desalination plant is extracted from
steam turbine normally with much higher pressure and
temperature than the desalination plant needed. For the
enhancement of the energy utilization efficiency, a TVC
could be used to make the vapor recycle as the pressure
reducer. Since the performance of a TVC is controlled
by the pressures of entrained vapor and motive steam,
the thermodynamic state of the heating steam and the
position of TVC in a MED desalination plant will affect
its performance significantly and will decide the GOR
of a MED-TVC desalination plant. Therefore the heating
steam parameters and the TVC suction position ina MED
system are concerned by both academic researchers and
engineers. This paper presents the effect of heating steam
pressure and temperature on the performance of a MED-
TVC desalination plant. In addition, the influence by the
various recirculation position of vapor on the GOR s also
analyzed. The parallel feed MED model by El-Dessouky
and Ettouney [13] and the TVC model by Shen [14,15]
provide the basis for the development of the MED-TVC
simulation.

2. Process description

A schematic of the MED-TVC desalination system is
shownin Fig. 1. It includes mainly evaporators, a TVC and
an end condenser. Other auxiliary equipments include
distillate flashing boxes, brine flashing boxes, a venting
system, sea water feeding, and brine and distillate expel-
ling facilities.

For a low temperature MED desalination plant, the
heating steam should be saturated and the temperature
should not be higher than 70°C. As the external heat, the
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steam extracted may be from a turbine or other steam
supplier, so it is normally much higher than needed. The
high pressure steam will be taken as the motive steam
of the TVC. The mixture of motive steam and vapor
sucked by the TVC from k-effect evaporator is taken as
the heating steam of the first effect evaporator of the MED
desalination plant. This entrainment process of the TVC
reduces the need for external steam by reusing vapor as
the heating steam. Therefore it reduces the consumption
of input energy. The entrainment ratio of a TVC is defined
as the mass flow ratio of the entrained vapor to the mo-
tive steam. The higher the entrainment ratio, the lower
the consumption of external steam for a certain amount
of heating steam. The pressure of the mixed steam at the
discharge connection is set to that corresponding to the
saturation temperature of steam for the first effect evapo-
rator, which is higher than the suction vapor pressure
and lower than motive steam pressure. The discharge
steam, which is superheated, passes through the desu-
perheater and leaves as saturated steam by mixing with
the saturated water. Though the process in a TVC is not
high efficient, the thermal compressor increases the GOR
of the desalination plant and reduces the steam consump-
tion significantly.

3. Mathematical modeling

A mathematical model of the MED-TVC desalination
system as shown in Fig. 1 is presented in this section. To
simplify the analysis, it is assumed that the system is oper-
ated at steady-state conditions. Features of the developed
mathematical models are as follows:
® Thermodynamic losses are considered in the model,

which include the boiling point elevation with the
temperature and salinity, non-equilibrium allowance
inside evaporators and flashing boxes, temperature
depression corresponding to the pressure drop from
evaporation to condensation.

* As the standard practice in design of desalination
plant, constant and equal heat transfer areas in all
effect evaporators before TVC suction point (vapor
recirculation position) and evaporators behind TVC
suction point respectively are considered.

* Physical properties of water and vapor are taken as
a function of temperature and pressure, and variable
physical properties of seawater and brine with tem-
perature and salinity are considered.

Based on the assumptions above, the mass and energy
conservation equations for each effect evaporator are
developed, similar to those presented by El-Dessouky et
al. [13] for parallel/cross flow system. The calculations
of some parameters are presented in this paper, which
deserve to pay special attention for a MED system with
the TVC.

The heating steam flow rate of the first effect evapora-
tor is as follows:

M =M,+M,+M, (1)

where M is the mass flow rate. The subscripts m, s and w
are the motive steam, the suction vapor and saturation
water sprayed in the desuperheaters. The value of M
depends on the superheating degree and flow rate of
the discharge steam and the motive steam of the TVC.

The heating steam flow rate of the first effect evapora-
tor behind the vapor recirculation position is

Mk+1 = Me/k +Mb,k + Md,k _Ms (2)

The subscripts k, ¢, b, d, s are respectively the effect
number of the evaporators at the vapor recirculation
position, vapor generated on the surface of horizontal
tube bundles, vapor from brine flashing in number k
evaporator and from number k distillate flashing box,
and vapor sucked by the TVC.

The inlet seawater mass flow rate of the condenser
is as follows:

Mcan = Mf + Mr (3)

where the subscripts con, fand r are the inlet seawater of
the condenser, the feed seawater into the evaporators and
the rejected seawater which takes some heat away from
the condenser. As for a system with constant production
capacity and concentration ratio, M__ is an indicator for
reflecting the thermal loss of the condenser because the
feed seawater remains the same.

Some evaluation parameters for a MED desalination
plant are as follows. The gained and output ratio is

GOR=—o__ @
Mm + MNCG
where M, . and M, are respectively the mass flow rates

of the steam extracting the non-condensable gases and
the total distillate. The specific energy consumption is
M, (h,, —h
v = Mo (= ho) )
M,

where i and & are specific enthalpy of the motive steam
and the condensate in the environmental condition. The
definition of specific exergy consumption is

Ex,m _ Mm [(hm _ho)_’Ib (S_SO):I
M, M,

Voo = (6)

where E_ and s are exergy and entropy of the motive
steam. s, is entropy of the outlet condensate as saturated
liquid at the ambient temperature. The specific heat
transfer area as the equipment cost criteria is

Y A+A
s =
Mp Mp

@)

ASHTA =
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Fig. 2. Schematics of the thermal compressor.

where A is the total heat transfer area, including the heat

transfer areas of evaporators z A; and the heat transfer
area of condenser A . =1

The diagram of the TVC adopted in this system is
shown in Fig. 2. The mathematical model for its per-
formance calculation was developed in the previous
publication [14,15].

The definition of entrainment ratio :

= ®)

The calculation formula of entrainment ratio ¢ is

a .
K1 - 7“_K37‘43
a .

g= : - 9)
K47”d3 - Kz f 7‘52

o

where Ki (i=1-4) is velocity coefficient, a is critical veloc-
ity, “*” is critical value, A is superficial isentropic velocity.
The subscripts d and s mean the discharge steam and
suction vapor respectively. Besides, the subscripts 2 and
3 are the section positions in Fig. 2.

Table 1

Mathematical model simulations against the commercial plant

discharge steam

4. Solution procedure

A computer program is developed based on the math-
ematical model using Visual Basic 6.0, whose flow chart
is shown in Fig. 3.

The validation of the simulation results was ac-
complished by comparing with the MED plant built in
Huanghua, China. Its distillate production is 10,000 t/d
with 4 effect evaporators. The results of the comparison
are listed in Table 1.

At the same given parameters, the relative errors of
parameters including distillate production, GOR and
heat transfer area of evaporator are —0.02%, 1.08% and
-5.06% respectively. The results of the mathematical
model simulations show a good agreement with the
actual plant. Thus it can be verified that the calculation
method is accurate and reliable for engineering practice.

A 10-effect desalination system with 10,000 m?/d pro-
duction is taken as the example to study effects of steam
parameters and recirculation position (pressure) of vapor
on the system performance. The required input variables
are summarized in Table 2.

Parameters Actual Model Error (%)
Number of evaporator effect 4 4

Seawater temperature, °C 25 25

Seawater salinity, ppm 36,000 36,000

Feed water temperature, °C 52.6(1th)/48(2th—4th)  52.6(1th)/48(2th—4th)

Heating steam temperature, °C 65 65

The last effect temperature T, °C 51.8 51.8

Distillate production, t/d 10,000 9998.4 -0.02
GOR 8.33 8.42 1.08
Heat transfer area of evaporator, m? 10,188 9672 -5.06
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Fig. 3. A schematic of programming flow chart.
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Table 2
The required input parameters for the program
Parameters Value
Production capacity, m*/d 10000
Number of evaporator effect 10
Seawater temperature, °C 20
Seawater salinity(X), ppm 32,000
Feed water temperature, °C 38
Concentration ratio 2.0
Heating steam temperature, °C 68
Motive steam pressure, MPa 0.3-1.0
Motive steam temperature, °C 133-300
Recirculation position of vapor 6-10
Heat transfer tubes length, m 8.0
Tube outer radius, m 0.025
Radiation loss, % 2.0

T, in the last effect, °C 43

5. Results and discussion

The effects of motive steam pressure on the perfor-
mance of MED-TVC system are shown in Figs. 4-7. The
recirculation position of vapor is set behind the 6th effect
evaporator. The motive steam temperature is correspond-
ing to the saturation pressure.

In Fig. 4, the entrainment ratio € of TVC and the GOR
of the desalination plant increase with the enhancement
of motive steam pressure. The motive steam with higher
pressure will have higher working ability to enhance the
vapor recycling amount. With more recirculation vapor
amount, the thermal loss in the end condenser will be
reduced and less motive steam is needed. This makes
the GOR of the desalination plant increased. With higher
motive steam pressure, although the amount of required

1.3 13
1.2 12.5
w
Q
-ﬁ 1.1 12
1S
g 1 11.5 no:
£ 0.9 1 O
c /
© 0.8 10.5
= —&—entrainment ratio
v 0.7 10
—-GOR
0.6 9.5

0.3 0.4 05 0.6 0.7 0.8 09 1
motive steam pressure(MPa)

Fig. 4. Effect of motive steam pressure on entrainment ratio
€ and the GOR.

external steam is decreased, the heating steam M1 to
the first effect evaporator increases. This means that the
evaporators before the recirculation position will be larger
and the evaporators behind the recirculation position
will be smaller.

The effects of motive steam pressure on specific exergy
consumption and specific energy consumption are shown
in Fig. 5. As is shown that, with higher motive steam pres-
sure, the specific energy consumption becomes lower,
while specific exergy consumption increases. The specific
enthalpy of motive steam increases with the rising pres-
sure correspondingly. The increasing rate of the specific
enthalpy is less than the decreasing rate of the amount
of required motive steam, so that the specific energy
consumption decreases. The specific energy consumption
and the specific exergy consumption reflect the energy
consumption characteristics of the MED-TVC system
from quantity and quality aspects respectively. For a dual
purpose power plant, the exergy consumption of a MED
desalination plant could probably be taken as a better
energy consumption index since the exergy consumption
is positive to the power generation.

The increasing of the entrainment ratio increases the
amount of steam sucked out from the 6th effect evapora-
tor and decreases the flow rate of steam to the condenser,
which cuts down the condenser inlet seawater mass flow
rate as it is shown in Fig. 6.The effect of motive steam
pressure on specific heat transfer area is shown in Fig. 7.
It demonstrates a small reduction of specific heat transfer
area by 2% approximately with the increase of motive
steam pressure from 0.3 MPa to 1.0 MPa. With motive
steam pressure rising, the raised entrainment ratio of
TVC causes the cutdown of the generated vapor in the
last effect evaporator, which results in the decreasing of
the heat transfer area of the condenser. As mentioned
before, the area of evaporators before the vapor recircula-
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Fig. 5. Effects of motive steam pressure on specific exergy
consumption and specific energy consumption.
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Fig. 6. Effects of motive steam pressure on condenser inlet
seawater mass flow rate.

tion position is larger and the area of evaporators behind
the vapor recirculation position is smaller. As a result, the
specific heat transfer area decreases.

Obviously, the advantages of increasing motive steam
pressure include the increase of the GOR, the reduction of
specific energy consumption and cooling seawater mass
flow rate and specific heat transfer area. On the other
hand, its disadvantage is the increase in specific exergy
consumption, which also affects the power production for
a dual-purpose power plant. Therefore, further analysis
and evaluation for the parameter is necessary.

The optimal range of TVC compression ratio is be-
tween 1.81 and 3.68 for 4-12 effects of the MED-TVC
system [12]. Referring to the literature, the applicable
range of suction steam pressure is between 0.00806
and 0.0158 MPa when the motive steam pressure is set
at 1.0 MPa in this paper. Therefore, the recirculation
positions of vapor are behind the 10th-6th effect, corre-
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Fig. 7. Effects of motive steam pressure and suction steam
temperature on specific heat transfer area.

sponding to the suction steam temperature ts of 43, 45.5,
48, 50.5 and 53°C respectively. The influences of vapor
recirculation position on the performance of the MED-
TVC desalination system are demonstrated in Figs. 7-11.
The parameters of motive steam are 1.0 MPa and 300°C
in Figs. 8, 9 and 11. The motive steam pressure of Fig. 10
is 1.0 MPa.

As shown in Fig. 8, with suction steam temperature
increasing, the entrainment ratio ¢ gets higher values and
the motive steam mass flow rate decreases. It is shown in
Fig. 9 that both specific energy consumption and specific
exergy consumption become lower with suction steam
pressure increasing. Based on Egs. (5) and (6), itis caused
by the decreasing motive steam mass flow rate at the
same motive steam pressure and production capacity.
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Fig. 9. Effects of suction steam temperature on specific exergy
consumption and specific energy consumption.
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Fig. 10. Effects of suction steam temperature and degree of
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The effect of suction steam temperature on specific heat
transfer area is also shown in Fig. 7. The decrement of
specific heat transfer area is due to the raised entrainment
ratio as the suction steam pressure is higher, similar to
that of the motive steam pressure increasing. Actually, it
reduces the amount of vapor entering the condenser so
that the heat transfer area of the condenser also decreases.

The change trends of the GOR with superheating
degrees of motive steam and suction steam temperature
are demonstrated in Fig. 10. The GOR becomes higher
when the superheating degree of motive steam is raised.
The value of the GOR arises with the increases in suc-
tion steam temperature, but the growing rate decreases
gradually. It is caused by two reasons: (1) The increasing
entrainment ratio with suction steam temperature re-
sults in higher reuse of the produced vapor, which will
cause a higher GOR. (2) The evaporators ahead of the
recirculation position have more contribution to distillate
production than the ones behind it due to the existence of
the suction vapor. The further forward the recirculation
position, the less the number of evaporators ahead of the
recirculation position, which may make the growing rate
of the GOR decrease.

The effect of suction steam temperature on the con-
denser inlet seawater mass flow rate is shown in Fig. 11.
The increasing entrainment ratio with the growth of suc-
tion steam temperature increases the vapor recirculation
amount and decreases the cooling load of the condenser.
According to Eq. (3), the thermal loss in the condenser
is decreasing as a result. Due to the given production
capacity and concentration ratio, the demand for the
feed seawater of the desalination system is 231.5 kg/s.
The values in Figs. 6 and 11 are calculated according
to the thermal balance of the condenser. Therefore, the
point with lower values than the demand in Figs. 6 and 11
should be revised to 231.5 kg/s in the practical operation.

290
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220

210
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200 T T T T

43 45.5 a3 50.5 53
suction steam temperature{ C)

Fig. 11. Effect of suction steam temperature of the condenser
inlet seawater mass flow rate.

With a TVC in the MED desalination plant, most, or even
the total, of the cooling water of condenser will be used
as the feeding water. The thermal loss by cooling water
is less than the simple MED system.

Itis observed that the GOR gets higher and the specific
heat transfer area and the cooling water of condenser are
cut down as the suction steam pressure rises. Therefore,
the optimal suction steam temperature is 53°C behind the
6th, in the applicable range of the TVC and the maximum
gained output ratio is 14.1 correspondingly for a given
system as Table 2.

6. Conclusions

A mathematical model of the MED-TVC desalination
system was developed in this paper and its validity is
examined by comparing with a commercial MED desali-
nation system which showed good coherence. From the
calculation, the following are concluded for the 10-effect
MED-TVC desalination system as Table 2:

1. The enhancement of the motive pressure will increase
the GOR, decrease the condenser inlet seawater mass
flow rate, the specific energy consumption and the
specific heat transfer area, which could reduce the
expenditure cost. The increasing of superheating
degrees of motive steam can also benefit for the GOR.

2. The motive steam with high pressure and high tem-
perature will raise the specific exergy consumption.
For a dual purpose plant, the optimal motive steam
pressure and temperature needs to balance the elec-
tricity generation and the performance of TVC-MED
system. Therefore, an economical analysis for the
whole system is necessary in further analysis.

3. Anincrease in suction steam temperature cuts down
the specific energy consumption, the specific exergy
consumption, the cooling load of the condenser and
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the specific heat transfer area. The value of the GOR
arises with the increases in suction steam tempera-
ture. The optimal suction steam temperature is 53°C,
behind the 6th, in the applicable range of the TVC
and the maximum gained output ratio is 14.1 for the
given system.

Symbols

A — Heat transfer area, m?

a  — Critical velocity, m/s

Ex — Exergy kJ

h  — Specific enthalpy, k]/kg

K. — Velocity coefficient (i=1-4)

M — Mass flow rate, kg/s

s  — Specific entropy, kJ/(kg-°C)

T — Temperature, °C

Greek

€ — [Entrainment ratio

Y,, — Specific energy consumption, kJ/kg

Y, — Specific exergy consumption, k]/kg

L — Superficial isentropic velocity, m/s

Subscripts

b — Vapor from brine flashing in evaporators

¢ — Condenser

d — Vapor from distillate flashing box

dis — Discharge steam

e — Vapor generated on the surface of horizontal
tube bundles

k — Number of the effect in the recirculation posi-
tion of vapor

m — Motive steam

s  — Suction steam

w — Water sprayed in the superheater

0 — The environmental condition

*  — Critical value

Acknowledgement

This research is supported by the Fundamental Re-
search Funds for the Central Universities (DUT10ZD109
& DUT10RC(3)104), the Liaoning Province Science and

Technology Schemes (No. 2008220040, No. 20082173),
the Foundation of Key Laboratory of Liaoning Province
for Desalination, Shanghai Science and Technology in-
novation Scheme (No. 09DZ1200502) and the China Post-
Doctoral Science Foundation (20110490139.

References

[1] M. Abdel-Jawad, Energy Options for Water Desalination in
Selected ESCWA Member Countries. UN, New York, 2001.

[2] M.A.Darwish and H.T. El-Dessouky, The heat recovery thermal
vapour-compression desalting system: a comparison with other
thermal desalination processes, Appl. Thermal Eng., 18 (1996)
523-537.

[3] H.T. El-Dessouky and H.M. Ettouney, Hybrid multiple effect
evaporation/heat pump water desalination systems, in: 1st IDA
Int. Desalination Conference in Egypt, Cairo, Egypt, September,
1997.

[4] H.T. El-Dessouky and H.M. Ettouney, Single effect thermal
vapor compression desalination process: thermal analysis, Heat
Transfer Eng., 20 (1999) 52-68.

[5] E Al-Juwayhel, H.T. El-Dessouky and H.M. Ettouney, Analysis of
single-effect evaporator desalination systems combined with va-
por compression heat pumps, Desalination, 114 (1997) 253-275.

[6] H.M. Ettouney, H.T. El-Dessouky and Y. Al-Roumi, Analysis
of mechanical vapor compression desalination process, Int. J.
Energy Res., 23 (1999) 431-451.

[7] O.A. Hamed, Thermal assessment of a multiple effect boiling
MEB desalination system, Desalination, 86 (1992) 325-339.

[8] M. Ameri, M. Hosseini, S. Seif Mohammadi and M.R. Sham-
shirgaran, Steady-state mathematical modeling of multi-effect
desalination to produce potable water using gas turbine flue
gas. Proc. Intern.Conference on Modeling and Simulation,
Kualalumpur, Malaysia, 2006, Paper No. 66.

[91 M. Ameri, S.S. Mohammadi, M. Hosseini and M. Seifi, Effect of
design parameters on multi-effect desalination system specifica-
tions. Desalination, 245 (2009) 266-283.

[10] R.K.Kamali, A. Abbassi, S.A. Sadough Vanini and M. Saffar Av-
val, Thermodynamic design and parametric study of MED-TVC.
Desalination, 222 (2008) 596-604.

[11] R.K.Kamali, A. Abbassi and S.A. Sadough Vanini, A simulation
model and parametric study of MED-TVC process. Desalination,
235 (2009) 340-351.

[12] A.O. Bin Amer, Development and optimization of ME-TVC
desalination system. Desalination, 249 (2009) 1315-1331.

[13] H.T. El-Dessouky, H.M. Ettouney and F. Mandani, Performance
of parallel feed multiple effect evaporation system for seawater
desalination. Appl. Thermal Eng., 20 (2000) 1679-1706.

[14] H.-J.Li, S.-Q. Shen, B. Zhang and S.F. Li, Numerical analysis on
flow parameters and performance of steam ejector. J. Thermal
Sci. Technol., 4 (2005) 52-57.

[15] S.-q.Shenand K. Zhang, Calculation and analysis on the perfor-
mance of adjustable ejector. J. Petrochemi. Univ., 20 (2007) 74-76.



