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ABSTRACT

A new multiple-effect desalination system in vacuum powered by geothermal energy consid-
ered as clean and renewable natural energy resource is proposed. Every effect includes an
evaporator and a condenser which are composed of heat pipes to work in vacuum. The per-
formance of one effect was studied by employing a mathematical model based on energy
and mass balance equations. The performance of system was evaluated through several indi-
cators: performance ratio, heat transfer area of per-water production, and coefficient of per-
formance. The results showed that freshwater production ratio increased with the
geothermal water flow and geothermal temperature, but could not increase with the conden-
sation vacuum enhancing. In conclusion, the analysis has shown that geothermal resource in
the temperature range of 50-100°C has a good potential to power seawater vacuum desalina-
tion system. It would be beneficial for people in the areas with abundant seawater/brackish

water resources and good geothermal conditions.
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1. Introduction

Part of the world is experiencing a water crisis [1],
and the United Nations Environment Program has
estimated that from now up to 2,027 approximately
one-third of the world’s population will suffer serious
water scarcity problems. Desalination, that is the sepa-
ration of saline seawater/brackish water into two
streams: a freshwater stream containing a low concen-
tration of dissolved salts and a concentrated brine
stream, has been as an important approach to get
freshwater. Today, some countries depend on desali-
nation technologies for the purpose of meeting their
freshwater requirements. In particular, in the Middle
East, in countries such as Saudi Arabia, United Arab

*Corresponding author.

Emirates, and Kuwait, seawater desalination is a vital
and dependable freshwater resource [2]. Desalination
technologies that have been developed over the years
are thermal distillation, membrane separation, freez-
ing, and electrodialysis [3-7]. Now, the most widely
used desalination technologies are multi-stage flash
distillation (MSF), multiple-effect distillation (MED),
and reverse osmosis (RO) [8].

Various renewable energy sources such as solar
energy, geothermal energy, and wind power are used
in desalination to reduce the fossil fuels consumption
and to protect the environment. Patricia et al. [9]
studied a solar multi-effect desalination plant and
analyzed the heat transfer characteristic in the
system. Mahmoudi et al. [10] presented a desalina-
tion system powered by solar and wind energy.
Mahmoudi et al. [11] proposed a new brackish water
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greenhouse desalination unit powered by geothermal
energy and assessed geothermal desalination. Jouhara
et al. [12] brought to light a new concept for nuclear
desalination system based on heat pipe technology
and discussed the anticipated reduction in the tri-
tium level resulting from the use of heat pipes.
Tanaka and Park [13] analyzed theoretically a distil-
lation utilizing waste heat from a portable electric
generator by means of a heat pipe. The system could
produce 20kg of distilled water in 2h of operation.
Having the virtue of cleanness, less pollution to the
environment, and reserves hugeness, geothermal
energy is now being exploited and used to generate
electricity and heat for heating processes and refrig-
eration system. Some examples of application are
Reykjavik power station of Iceland, Queensland
electricity plant, Nevada geothermal power station,
Yangbajing power station of China, and Tianjin
geothermal heating system of China.

This paper present a new vacuum evaporation—
condensation desalination system driven by geother-
mal energy. The desalination process is working in
the vacuum to debase the boiling point temperature
of seawater/brackish water and powered by geother-
mal energy mainly. The seawater/brackish water
evaporation and the water vapor condensation take
place on the surface of heat pipe. The influence of dif-
ferent parameters on water production will be investi-
gated to assess the advantages of using geothermal
sources to power the seawater/brackish water
desalination system.

————=> vapour
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2. Process equipment

Geothermal resources are classified according to
their reservoir enthalpy/temperature: low (<100°C),
medium (100-150°C), and high temperatures (>150°C).
Considering evaporation in the vacuum, the boiling
point temperature of liquid reduces to about 50°C
when the pressure is 0.011MPa. So, geothermal
energy could play an important role as a source of
energy for low temperature desalination system.

An evaporation—condensation desalination system
in vacuum powered by geothermal energy is devised.
The schematic diagram of the system is shown in
Fig. 1. For the system could have many effects, the
centerline denotes the ellipsis of other effects. Every
effect includes an evaporator and a condenser which
are composed of heat pipes and works in the vacuum.
In evaporator of the first effect, one side of heat pipes
is heated by the geothermal hot water and the heat is
transferred by the heat pipe to the other side of the
heat pipe on which seawater is sprayed to evaporate.
The water vapor produced from here is pumped into
the condenser of the next effect to get the freshwater
and to provide heat to evaporate the next effect spray
seawater.

A portion of vapor from the evaporator exchanges
heat with feed seawater before it is sprayed. The other
vapor is carried out to the next condenser to produce
freshwater, simultaneously, it is as heat source to evap-
orate seawater. The new evaporation vapor is carried to
the neighboring effect to begin a new process. The
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Fig. 1. Principle and schematic diagram of vacuum evaporation—condensation desalination system powered by

geothermal energy.
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schematic diagram of one effect is shown in Fig. 2.
Every effect is operating in the given negative pressure
to ensure evaporation temperature low and to keep
temperature difference in every effect. Heat pipes make
the evaporation process and condensation process to
progress respectively. The vacuum of evaporator and
condenser is gained by the vacuum pump.

3. Theoretical model

A nine-effect desalination system driven by the geo-
thermal energy is analyzed in this paper. In the design,
the heat pipe’s diameter is 25 mm and the length of the
heat pipe is 1500 mm. Heat pipes’ disposal (row x line)
is 36 x 3. Every effect operation parameter of the desali-
nation system is shown in Table 1.

The mathematical model is developed according to
energy and mass balance equations. It includes energy
conservation, mass conservation, and heat exchanger
energy balance of evaporation and condensation
processes.

In order to calculate the system, certain idealiza-
tions need to be made.

o The system works in steady-state conditions, and
thus all processes can be analyzed as steady-flow
processes.

e The system is assumed to be adiabatic and the
evaporation and condensation processes are taking
place at the boiling point of the fluid.
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e The properties of water are considered constant
here.

3.1. Theoretical model of the first effect
3.1.1. Geothermal energy balance equation

Geothermal hot water is pumped into the side of
the evaporate and its heat is transferred to the other
side by the heat pipe to evaporate. The energy
equation is as follows:

qge = (sew (1)
It can be denoted:
Moo Fgews — Fgew) = M 7+ Ml Co (o — biews)  (2)

3.1.2. Heat transfer equations of evaporation and con-
densation processes

(I) Heat transfer equation of evaporation is:

tsewi) = Aev ' hev - A0 (3)

/ "o
Mgy = T+ msewcp(tsewo -

In Eq. (3), hey is the heat transfer coefficient of evapo-
ration [14,15], which is:

1 AT\ 024 066 7y N 1.505
hey = N®920.0175k; <§2> <—> <ﬁ> : (l> Pl
v )\ 1 as t

‘ <&> 0.1277
Po

(I) Heat transfer equation of condensation is:
Mya * 7 = Acond * Bicond * Al

)

In Eq. (4), heong is the heat transfer coefficient of con-
densation [14], which is:

heona = N1 4+ 0.2{(N — 1)]

102 13 1/4 . —0.02

o .0.541 |: gt pl /Z :| . Pr](:].961 . <p_> (6)
Fig. 2. The schematic diagram of one effect. t(ts — tw) Po
Table 1
Every effect operation parameter of the desalination system
Effect number 1 2 3 4 5 6 7 8 9
Evaporating temperature (°C) 69.1 67.3 65.3 62.2 58.8 56.5 53.2 50.5 47.5
Pressure (MPa) 0.0300  0.0278  0.0253  0.0221  0.0189  0.0170  0.0145  0.0129  0.011
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3.1.3. Mass balance equations
For the evaporator, the mass balance equation is
described as:

Msew = m/sew + m;/ew (7)

where m._,, is the vapor quantity produced by evapo-
ration and ml,, is the un-evaporation seawater
quantity.

The salt quantity balance equation is:
. Cout (8)

1
Moew - Ci = My,

3.2. Calculation model of one effect from the second effect
to the (N — 1)th effect

The mass balance equation is listed as:
G =G+ W, 9)

In the formula, G;_; is the inlet seawater flow of the
effect, kg/h; W; is the steam produced from this
effect, kg/h; and G; is the outlet seawater flow of the
effect, kg/h.

Salt balance equation is listed as:
G- -C=Gi1-Ci4 (10)
In the formula, C; and C;_; are the outlet and inlet
brine consistencies, %.

The energy balance equation is:
Wi-ri=[Diy - 1i1 + Gi - Cpicny - (Tisn = Th)] -1 (11)
In the formula, D is the steam mass flow which is
produced by the prior effect, #; is the steam latent heat
of the effect, ]/Kg, and # is the thermal efficiency of
every effect.

The brine boiling point of the effect is:
T; = T; + BPE(C;, T)) (12)
In the formula, boiling point elevation (BPE) is the
seawater boiling point [16], which is:

BPE(C,T) = (5.28764 x 107% 4 8.2603 x 10~*T — 3.15082
x 1078T?)C + (3.20553 x 107° — 1.44367
x 107°T — 1.84416 x 107" T?)C?

The steam temperature of the effect is:

Jie1 = Tiy — BPE(Ci1, Tiq) (13)
The temperature difference of the effect is:
Si=Jia—Ti (14)
The consuming quality for pre-heater is:
Go-Cpoi - (Ti =T
w, = S G L= o) (15)
The heat transfer formula is:

Di1 x ri_1 + Cpizny x Giog % (Tizg = Ty)

= A,‘ X k,‘ X (T,‘,] — T,) (16)

In Formula (16), A; is the falling film evaporation
area of heat pipe and k; is the total heat transfer coeffi-
cient of the effect which is the base of the falling film
evaporation area of the heat pipe.

1
ki = ) hrdinGt) (17)
1 TN 1 U hi + Ry
hy; 24 27i°hi hajli !

In Formula (17), I; is the heated length of the heat
pipe, I> is the heat discharged length of the heat pipe,
and hy; is the heated heat transfer coefficient of the
heat pipe [14,17], which is:

CRe" Pr'/? (a)
hy = 0.541 [ grp2i} }1/4. PI‘?'%l ) (p_v)—0.0Z (b)

’7l(fs*tw> Po

(18)

hy; is the discharged heat transfer coefficient of the
heat pipe [3,5], which is:

: 3
i) ews a
hyi = Lm—pvﬁg%@m)% sin%%J @)

CRe" Pr'/? (b)

(19)

The heated steam quality for heating the next
effect is:

D; = W; — Wy (20)

3.3. Evaluation parameter

(1) Performance ratio
It is calculated by the formula:
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(21)

where M is the water production rate of system and
Dy is the vapor quantity that is needed to heat. Here,
Dy is equivalent to the heat quantity with geothermal
water quantity.

(2) Area of per-water production

Aall
M

V= (22)

where A,y is the heat transfer total area of the desali-
nation system.
(3) Coefticient of performance (COP)

cop = 1 (23)
Age

where g. is the heat of evaporation from effects and

qge is the geothermal heat.

4. Simulation results
4.1. Performance of one effect

The performance of one effect is studied in the dif-
ferent working conditions and temperature of geother-
mal source based on the energy and mass balance
equations mentioned above. The geothermal source
temperature, the geothermal water flow, and the vac-
uum of evaporation and condensation processes are
analyzed to make clear the performance.

Fig. 3 shows that the vapor production ratio in the
evaporator varies with geothermal water flow in dif-
ferent vacuum when the geothermal source tempera-
ture is 58°C, the spray density is 0.25kg/(m s), and
the spray seawater temperature is 38°C. From the fig-
ure, the vapor production ratio increases with the vac-
uum increasing. In given vacuum, the vapor
production ratio increases with the geothermal water
flow increasing.

Fig. 4 shows the variation of the vapor production
ratio with geothermal water flow in different spray
density when the geothermal source temperature is
58°C, the vacuum is 0.07MPa, and the spray seawater
temperature is 38°C. From the figure, the vapor pro-
duction ratio increases with the spray density increas-
ing. In a given spray density, the vapor production
ratio increases with the geothermal water flow
increasing.

The effect of condensation vacuum on the freshwa-
ter production at different vapor flow that are 100,
125, and 150kg/h, respectively, is illustrated in Fig. 5.
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Fig. 3. Variation of vapor production ratio with geothermal
water flow at different vacuum.
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Fig. 4. Variation of vapor production ratio with geothermal
water flow at different spray density.

The working conditions are that the temperature of
vapor is 60°C, the cool water flow is 1,500kg/h, and
the temperature of cool water is 18°C. It can be seen
that the water production reduces with the condensa-
tion vacuum increasing because the liquid film out-
side of the heat pipe becomes thicker as the
condensation in bigger vacuum and the heat transfer
obstruct increases. So, the heat transfer process is
weakened and the condensation mass reduces. But, at
definite condensation vacuum, the water production
increases with the vapor flow increasing.

The effect of inlet temperature of cool water on the
freshwater production at different cool water flow that
they are 2,000, 3,000, and 4,000kg/h, respectively, is
illustrated in Fig. 6. It can be seen that the water pro-
duction ratio reduces with the inlet temperature of
cool water increasing. The reason is that the inlet
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Fig. 5. The effect of condensation vacuum on the
freshwater production at different vapor flow.
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temperature of cool water is improved and the cool
quantity from the cool water is reduced. At the same
inlet temperature of cool water, the water production
ratio increases with the cool water flow increasing.

4.2. Performance of system

The performance of system is analyzed and evalu-
ated by parameters of performance ratio, area of per-
water production, and COP.

The variations of performance ratio of system with
geothermal water flow rate in three different geother-
mal water temperatures of 60, 80, and 100°C are
shown in Fig. 7. The performance ratio of system
increases with the geothermal water flow rate. The
performance ratio of geothermal water temperature
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Fig. 7. Variations of performance ratio of system with
geothermal water flow rate.

100°C is larger than geothermal water temperatures of
80 and 60°C. This is because the higher geothermal
water temperature and the flow rate can provide more
and higher grade heat to produce the vapor, thus
making the system produce more freshwater.

The variations of performance ratio of system with
the number of effects in three different geothermal
water temperatures of 60, 80, and 100°C are shown in
Fig. 8, when the geothermal water flow rate is
1,000kg/h. From the figure, the performance ratio
increases with the effect number and the performance
ratio variation tendency in three different geothermal
water temperatures of 60, 80, and 100°C is similar and
nearly equal. In practice, the effect number of system
can make six or more effects.

2
® 2
§ 6 7
5 5[ e
E 7
2
oL E
g 5
3L / geothermal water temperature 60°C

LT e geothermal water temperature 80°C
geothermal water temperature 100°C

£ S T S N Y NS Y NV S Nt
2 3 4 5 66 7 8 9 10 N 12

Effects of system

Fig. 8. Variations of performance ratio of system with
effect number.



82
)
£
as
600 |-
E
5 —— 3 effects
g ®r S e 6 effects
E ) 9 effects
a 500 |
5 N
G AN
= 450 | N
o ~
= N
a .
5 400 | B
8 o
@ 350 | VoL
=
% \\\\_ Tre-
E 300 “\-._“_‘ﬁ .
E 250 1 I R | I T 1 — ]
I 60 65 70 75 80 85 90 % 100

Geothermal water temperature('C)

Fig. 9. Variations of heat transfer area of per-water
production with geothermal water temperature.

——— geothermal water temperature 60°C
----- geothermal water temperature 80°C
geothermal water temperature 100C

COP (coefficient of performance)
\

2 3 4 5 6 7 8 9 0 1 12
Effects of system

Fig. 10. Variations of COP with effect number.

The variations of heat transfer area of per-water
production with geothermal water temperature in
three different effects of 3, 6, and 9 are shown in
Fig. 9, when the geothermal water flow rate is
1,000kg/h. From Fig. 9, the heat transfer area
decreases with geothermal water temperature. This is
because that higher geothermal water temperature can
make the temperature difference of heat transfer
increase and favor heat transfer. The heat transfer area
increases with the effect number. The reason is that
temperature difference of more effects is decreased
when the temperatures of geothermal water and feed
seawater are determinate.

The COP with the effect number in three different
geothermal water temperatures of 60, 80, and 100°C
are shown in Fig. 10, when the geothermal water flow
rate is 1,000kg/h. The COP increases with the effect

P. Gao and G. Zhou | Desalination and Water Treatment 43 (2012) 76-83

number increasing and is larger than 1.0 when the
effect number is larger than 4, since the geothermal
energy is utilized gradually in the succeeding effects
of the desalination system. The COP is larger at a geo-
thermal water temperature of 100°C than others at the
geothermal water temperatures of 60 and 80°C. This is
because that higher temperature of geothermal water
can provide higher grade heat and drive the system to
produce more vapor and obtain more freshwater.

5. Conclusions

An evaporation—condensation desalination system
in vacuum powered by geothermal energy is devised.
A calculation model of system is developed to analyze
and evaluate the performance of system.

The following conclusions have been concluded:

e Geothermal resource is available in the tempera-
ture range of 50-100°C and has a good potential
to power seawater vacuum desalination system.

e Freshwater production ratio increases with the
geothermal water flow, evaporation vacuum,
and spray density. It is advertent that the fresh-
water production ratio does not increase with
the condensation vacuum enhancing.

e In order to produce more freshwater, the lower
cooling water temperature helps in freshwater
production. Higher geothermal temperature and
bigger geothermal flow helps in freshwater pro-
duction.

e Effect number is obtained from a compromise
between performance ratio, heat transfer area of
per-water production and COP. The reason is
that the performance ratio and the COP of sys-
tem increase with the effect number, but the
heat transfer area of per-water production
decreases with the effect number increasing
when the temperatures of geothermal water and
feed seawater are determinate.

In conclusion, this analysis has shown that there is
great potential for use of geothermal energy to power
the seawater/brackish water desalination units that it
can help people in regions where there is a good geo-
thermal resource.
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Symbols
q —  heat transfer rate, kW
Cp —  specific heat capacity, J/ (kg K)

m —  mass flow rate, kg/s

t — temperature, °C

r — latent heat, J/kg

N —  pipe number

k —  heat transfer coefficient, W/ (nk)
v —  kinetic viscosity, m?/s

U — dynamic viscosity, kg/(ms)

r —  spray density, kg/(ms)

a —  thermal diffusion coefficient, m?/s
P —  pressure, MPa

¢ — dimensionless coefficient

A — thermal conductivity, W/ (m °C)
P, —  Prandtl number, dimensionless
C — salinity, g/kg

A0 — temperature difference, °C
Subscripts

ge —  geothermal

gew —  geothermal hot water

gewi — inlet of geothermal hot water
gewo — outlet of geothermal hot water
sew —  seawater

Sewo —  outlet of seawater

sewi — inlet of seawater

ev — evaporation

va —  water vapor

w —  wall

f —  liquid
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