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B.II. Kpasuenko, C.B. Cypxos, Xyccam [anem. MoaenioBaHHsI i ONTHMIi3amisi Iponecy onpicHeHHsI MOPCHKOI BOJH B YCTAHOB-
KaX 3 MeXaHiYHHM CTHCHEHHSIM napu. B ymoBax rioGanbHHUX 3MiH KIIMaTy HecTada MpICHOI BOAU CTA€ aKTyalbHOIO IPOOIIEMOIO UL BCe
OinpImoi KibKocTi kpaiH. OnHi€I0 3 HaWOUIBII IEPCIIEKTHBHHUX TEXHOJIOTIH ONpPICHEHHS MOPCHKOI BOAM € MeXaHiuHe CTHCHEHHS IapHh
(MCITI), mo 3abe3nedye HU3bKE €HEPrOCHOKHBAHHS 3aBISKH BUKOPHCTAHHIO MIPUHITHILY TEIUIOBOrO Hacoca. Mema: MeToro poOOTH € BHSIB-
JICHHST PE3ePBIB MiABHILICHHS ¢()EeKTHBHOCTI OMPICHIOBAIBHIX CHCTEM, 3aCHOBAHHX HA MEXaHIYHOMY CTHCHCHHI MapH, HUIIXOM ONTHMI3awil
cxemu i mapameTpiB ycTaHoBoK 3 MCII. Mamepianu i memoou: 3anpornoHOBaHO HOBHUI THUII ONPiCHIOBAJIBHOI YCTAHOBKH, T'OJIOBHUM
€JIEMEHTOM SIKOI € TEIII00OMIHHUK TPUXOBAHOI TEIIOTH. Mopchka BOa MiC/sl MONEePeIHbOr0 HArpiBaHHS B TEIIOOOMIHHHKAX HAAXOIHTH Y
BUIIAPHUK-KOH/ICHCATOP, JIe OTPUMYE OCHOBHY KiNBKICTh TEIUIOTH BiJl ITapH, 0 KOHIEHCYeThCs. YacTHHA MOPCHKOI BOJM BHIIAPOBYETHCS, a
KOHIIEHTPOBAHUI PO3YMH COJi (PO3CiN) BUXOAUTH 3 BHIIAPHUKA 1 ITICIST OXONOMKEHHS CKUIAEThCS Ha3aq B Mope. [lapa, 10 yTBOPIOEThCS,
CTUCKA€ETHCS 32 JIONOMOTOI0 KOMITpecopa 1 HaXOAUTh y KoHneHcaTtop. CyTTeBOIO 0COOJIMBICTIO TAHOT CXEMH € Te, 10 KOHJeHcalis BinoyBa-
€ThCS IIPU BUIUX TEMIIEPATypax, HiXK BUIIAPOBYBAHH. 3aBISKH [IbOMY TEIUIOTA, IO BUIUIETHCS P KOHIEHCALIT TapH, BUKOPHCTOBYETHCS
U1 BUMIAPOBYBAHHS MOPCHKOT BoAu. Pesynsmamu: Byio BupinieHo HACTYNHI MUTAaHHS: MOAM(IKOBaHA i JOMOBHEHA MaTeMaTH4Ha MOJIEIb
yeraHoBok 3 MCII, moxudikoBaHO cxeMy BKIIOYEHHS TEIUIOOOMIHHHKIB, TOCTIIXKEHO BIUIMB KOHCTPYKTHUBHHUX ITapaMeTPiB yCTaHOBKH HA
BapTICTh OOJAHAHHS 1 ENEKTPOeHeprii. AHaI3 CXeM YCTaHOBKHM i MaTeMaTHYHOI MOZEINI J03BOJIMB BU3HAYMTHU IIUIAXU 3HWKEHHS €HEpPro-
ButTpat. [IpoaHani3oBaHO BIUIMB JBOX OCHOBHHX IIapaMeTpiB — MUTOMOI IOTY)KHOCTI KOMIIpecopa  MUTOMO] IUIOIIi OBEPXHi BUIIApHUKA-
KOH/ICHCATOpa — Ha BEJNYHMHY IPUBEACHUX BUTPAT OHPiCHIOBAIBHOI yCTAHOBKU. BH3HAYEHO ONTUMAJIbHE CIiBBIAHONICHHS LUX ITapaMeTpiB.

Knrouosi cnosa: onpicHeHHs MOPCHKOT BO/IH, MEXaHIYHE CTUCHEHHS TapH, YHCEIbHE MOICIIFOBAHHSI.

V.P. Kravchenko, S.V. Surkov, Hussam Ghanem. Modelling and optimization of seawater desalination process using mechanical
vapour compression. In the conditions of global climate changes shortage of fresh water becomes an urgent problem for an increasing
number of the countries. One of the most perspective technologies of a desalting of sea water is the mechanical vapour compression (MVC)
providing low energy consumption due to the principle of a heat pump. Aim: The aim of this research is to identify the reserves of efficiency
increasing of the desalination systems based on mechanical vapour compression by optimization of the scheme and parameters of installa-
tions with MVC. Materials and Methods: The new type of desalination installation is offered which main element is the heat exchanger of
the latent heat. Sea water after preliminary heating in heat exchangers comes to the evaporator-condenser where receives the main amount of
heat from the condensed steam. A part of sea water evaporates, and the strong solution of salt (brine) goes out of the evaporator, and after
cooling is dumped back in the sea. The formed steam is compressed by the compressor and comes to the condenser. An essential singularity
of this scheme is that condensation happens at higher temperature, than evaporation. Thanks to this the heat, which is comes out at devapora-
tion, is used for evaporation of sea water. Thereby, in this class of desalination installations the principle of a heat pump is implemented.
Results: For achievement of a goal the following tasks were solved: the mathematical model of installations with MVC is modified and
supplemented; the scheme of heat exchangers switching is modified; influence of design data of desalination installation on the cost of an
inventory and the electric power is investigated. The detailed analysis of the main schemes of installation and mathematical model allowed
defining ways of decrease in energy consumption and the possible merit value. Influence of two key parameters — a specific power of the
compressor and a specific surface area of the evaporator-condenser — on a value of given expenses of desalination installation is analyzed.
The optimum ratio of these parameters is defined.

Keywords: desalting of sea water, mechanical vapour compression, numerical modeling.

Introduction. Now the need for fresh water, both for domestic needs and for the production
enterprises, grows in many countries of the world. Especially this problem is particularly acute in the
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countries of the Arabian Peninsula and the Persian Gulf. As of 2008 the Persian Gulf countries were
producing 58% of the bulk world volume of desalinated water. Global climate changes and population
growth do a problem of fresh water more and more urgent for the majority of regions of the Globe [1].

Especially high requirements for the consumed water are placed by heat power production. On
nuclear power plants water is used as a working medium and as the coolant. Effectiveness of thermal
energy transfer and the its subsequent transformation into a mechanical energy is defined by purity of
surfaces of metal contacting with water and steam. According to technical requirements, the quantity
of permeates in working water must be no more than 10 ug/l [2].

The required quality of water can be reached only by means of technologies of a thermal desal t-
ing (distillation) which have several modifications. Multistage installations of instantaneous flashing
(MSF) are mainly used in large stationary installations. In the presence of the industrial vapor sources
the installations with thermal vapour compression (TVC) are optimum. Far from the industrial vapour
sources and in mobile installations the technology of a desalting with mechanical vapour compression
(MVC) has the greatest advantages. In this research this technology is chosen for the detailed analysis.

In the works of El-Dessouky [3] and Al-Juwayhel et al. [4] the mathematical models of systems
with MVC are developed. Further researches were devoted to decrease in prime cost of the water
freshened with MVC use. In particular, Lara [5, 6] investigated the prospects of use of high
performance gerotor compressors and hydrophobic evaporators-condensers, and Cherkasskiy [7]
investigated high-temperature working modes.

The aim of this research is to identify the reserves of efficiency increasing of the desalination
systems based on mechanical vapour compression by optimization of the scheme and parameters of
installations with MVC.

To achieve the goal, it is necessary to solve the following problems:

— to modify and complete the mathematical model of installations with MVC;

— increase the convergence of iterative methods and the reliability the obtained results;

— to modify the scheme of heat exchangers plug-in;

—to research the influence of design parameters of desalination installation on the cost of an
inventory and the electric power. ,

Materials and Methods. The scheme of the offered desalination instal- —@1VBPOUT
lation is submitted in Fig. 1. Evaporator Condenser

The main element of this installation is a uniform block of the e
evaporator-condenser, or the latent heat exchanger.

Seawater after preliminary heating in heat exchangers comes to the
evaporator-condenser where receives the main heat amount from the
condensed vapour. A part of seawater evaporates, and the strong solution of
salt (brine) goes out of the evaporator, and after cooling is dumped back in AAA
the sea. The formed vapour is compressed by the compressor and comes to T

il

the condenser.
The T(s) — chart of process is schematically shown in Fig. 2. Here, the 2
piece 1-2 shows the process of evaporation of seawater; 2—3 — compression 1
of vapour in the compressor which can be considered as adiabatic; 3-4 — %
isobaric cooling, 4-5 — devaporation. %
Essential singularity of this scheme is that condensation takes place at < Brine ] I [Distillate
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higher temperature, than evaporation. Due to this the heat evolved at
devaporation is used for evaporation of seawater. Thereby in this class of

desalination installations the principle of a heat pump is implemented. Fig. 1. The scheme of
desalination installation

with mechanical vapour
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Fig. 2. The T(s) —chart of desalting process with mechanical vapour compression
Now let’s write down a weight conservation law for water and for salt respectively:
G, =G, +G,, (1)
G, X, =GX,, (2

where G — mass flow of substance (water, salt);
X — salt concentration.
Here indexes f, d and b belong to the feeding ocean water, the distillate and a brine dumped in the
sea respectively.
The energy balance for the device in general is calculated according to the equation

h,G; +WG,; =h,G; +h,G,, (3)
where h— enthalpy,

W — specific energy, transferred to the steam flow from the compressor.
Using mean specific heat ¢, the equation (3) can be rewritten as

WGd = (Gb + Gd)cp (Tout _Tcw) )

where T, , — temperature of the output streams of a brine and distillate,
T., — temperature of the input seawater.
From here it is possible to obtain
WG
=Tt @

TOLIl cw + "
C, (G, +Gy)
For a numerical example is set that a mass output of distillate is 1 kg/s.
The amount of heat needed to evaporate the second mass of vapour is calculated using the formula
Q, =Gy, (5)
where r, — latent heat of vaporization at boiling point of a brine.
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The quantity of heat Q, has to be transmitted to the boiling brine through evaporator-condenser

walls.
The temperature of vapour which is formed during salty water boiling can be calculated as

T, =T, - BPE,
where BPE — boiling point elevation, which can be calculated according to [3, 4].

The saturation pressure in an evaporator corresponding to temperature T, is calculated by the
formula

P, =P(T,)-
For further calculations it is necessary to set first approximation for temperature T, at which the
vapour in the condenser is condensed. Further value of T, is defined by method of simple iterations

The compressor has to create pressure in the condenser that would be equal to saturated vapor
pressure at temperature T, , i.e.

Pq = Ps (Td)'
Vapor pressures on the saturation line p,(T,) and p,(T,) are also calculated according to the
ratios given in [4].
Estimation of minimum necessary intensity of vapour compression in the compressor is made
according to the equation

Cr= Ps (Td )/ Ps (Tb) . (6)

The specific power consumed by the compressor electric motor according to [7] is calculated
using formula

r-1

W, ot P [D_J a1 @)
v-1 n (R

where v, — specific volume of a saturated vapour at a temperature 7 ;
vy — heat capacity ratio;
n — compressor efficiency.
Apparently, the following ratio is fair in adiabatic process:

y-1

T [pg )"
f_(m) ' ®

From here it is possible to evaluate the temperature of compressed vapor
v-1

T, =T, (&]Y .
P,

The heat amount allocated during devaporation process is calculated according to the ratio
Q =G [rd +C; (Ts Ty I 9)
where r, — latent heat of vaporization at condensation temperature.
As calculations show, this power, as a rule, is more, than Q, because of the “excess” values of T,

arising at adiabatic vapour compression in the compressor. Excess of power (Q,—Q,) in practice
leads to boiling temperature T, rise, and together with it — the rise of all other specific temperatures.
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However, in this work authors assume that excess of power is compensated by a thermolysis to
ambient medium, and process can be considered as conservative one.
The heat transfer equation can be written as

Q, =UA(,-T,), (10)
where U, — total heat transfer coefficient of the evaporator-condenser;
A, — area of surface-heat transfer of evaporator-condenser.
At predefined values of A, and U, the condensation temperature id determined uniquely

Q
T, :Tb+Ue1 , (11)

but, because U, depends on temperature [3], it is necessary the iterative refinement of T, .
The loop body containing the equations (6...11) repeats until change of T, value becomes less

than the preset small value. Calculations show that the iterative cycle converges quickly.

Results and Discussion. All calculations were performed for a hypothetical machine which mass
yield of distillate is 1 kg/s. Thus, all values of power and areas can be considered as appanage. The
heat transfer coefficient was calculated by the integral relations given in [3, 4], and average value of it
is 2.45 KW/(m*K).

In fig. 3 the dependence of power and excess of power of the compressor on a heat exchange
surface area is shown.

From Fig. 3 it is evident that the necessary compressor power significantly decreases at increase
of a heat exchange surface area of evaporator-condenser. The optimum ratio between these parameters
can be found based on the economic calculation.

Specific energy consumption on production of one cubic meter of desalinated water is bound to a
specific power with the ratio

W=36-N,
where W — specific consumption of the electric power, (kW-h)/m®;
N — specific power, kW/kg.
In Fig. 4 the dependence of specific power consumption of W on temperature of seawater boiling
at two various values of heat-transfer coefficient in evaporator-condenser is shown.

N, kW W,
kwh/m?
50
10
40
8 ————————
30 ] (S | BRY (I (R s e
20 4
______________ 5
— e e
0
0 50 60 70 80 90 100 T, °C
250 300 350 400 Ao, m?
Fig. 3. Dependences of necessary power Fig. 4. Dependence of specific power consumption on
of the compressor («—») and excess of a thermal temperature of seawater boiling at two various values
power («---») on a surface area of heat-transfer coefficient in evaporator-condenser:
of heat exchange of evaporator-condenser «—» —U, =2,5 kW/(m*K);

«-—-» —U, =50 kW/(m?-K)
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From Fig. 4 it is evident that at increasing of boiling temperature the specific energy consumption
and the surplus of power lost are simultaneously decrease. However, at increasing of boiling tempera-
ture above 70 °C the speed of adjournment of a scum on device walls sharply increases that leads to
growth of operational expenses.

The system of preliminary water heating consisting of two heat exchangers is offered.

The energy balance for the smaller heat exchanger utilizing heat of distillate can be calculated
from the equation

Q :Gdcpl(Td =T,) :GprZ(Tb -T); (12)
in turn, for the second heat exchanger utilizing heat of a brine and distillate can be calculated from
the equation

Qb :GbCpS(Tb _Tout) +Gdcp4(Tb _Tout) zGcprS(Tx _Tcw) ' (13)
The T, we evaluate of (12)
G,c
T, =T,-(T,-T,)—=
b d b Gprz

and substitute in (13).

When all temperatures at input and output for each heat exchanger are determined, it is possible
to calculate the necessary areas of surfaces of heat exchange. We will calculate log mean temperature
pressures according to the following ratios:

ATdIm — (rd _Tb) _(Tb _Tx) , ATbIm — (rb _Tx) _(Tout _Tcw) ) (14)
T, -T, T, T,
In-&—> In—2>—>*
Tb _Tx Tout _Tcw
The necessary surfaces areas of heat exchange are calculated by the formulas:
Qq
_ , 15
A U, AT," (15)
Q
= , 16
A U, AT" (16)

The equations (12...16) give the only solution in whole studied range of temperatures and
provide heating of seawater to temperature T, .

In Fig. 6 the dependence of the necessary surfaces areas of heat exchange on boiling temperature

is shownT, .
Ty 4 Ta
Th Gy A, m?

Gy gé 60
Cp2 Cp1
50
'
T [T 40
Y h 4
S 30
Cpd = Cp5 o [Cps
.; 20
< I | » 10
Tout Gy Tout e S S T I e
Tew 50 60 70 80 9 100 Ty, °C
Fig. 5. The scheme of plug-in of heat exchangers of Fig. 6. The necessary surfaces areas of heat exchange
seawater preliminary heating with the indication of for preliminary heaters of seawater:
temperatures and mass expenses of water —»— A «—» — A
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From the plot it is visible that the areas of surfaces A, for preliminary heat exchangers are 10
times less than the areas of surfaces of evaporator-condenser A . The area A is greatly rises at rise of
boiling temperature T, . Therefore, in economic calculation the main attention needs to be paid to the

cost of evaporator-condenser.
Criterion of technical and economic optimization. As criterion of comparison the annual given
costs are accepted [8, 9]:

C=eC, +C,, (17)

where e, — normative rate of return (assumed equal to 0.12);
C.— capitalized expenses;
C,, —annual expenditure.

Annual expenditure C,, may be calculated by the formula

COp =C, +C +C,, +C (18)

clean. expl. !

where C, — annual power expenses;
C.ean. — costs of water purification and transfer of salts to a soluble state for prevention of

salts loss on the heating surfaces (we accept equal 0.3 USD/m? of initial water);
C,. — annual costs for depreciation of capital investments and maintenance estimated at

am.

10...20 % of depreciation expense;
Cexpr. — Operating expenses.

Annual energy costs are calculated by the formula:
Ca.=Aien P> (19)
where P, — national electricity cost (for UAE P, =0.04 USD/(kW-h));
A, ., — annual energy consumption, KWh.
Annual costs on depreciation of capital investment and maintenance calculated by the formula
C,, =p,C.+C,=p,C.+0.1p,C. =1.1p,C. , (20)
where p, — depreciation rate (assumed equal to 0.06).
C, — maintenance costs.
Maintenance costs are determined according to the ratio
Cexot. =Ciab. + Cotn.»

expl.

where C,_, —annual salary of the staff;
C, — other manufacturing expenses.
The value of manufacturing expenses C,, is 20...30 % total costs for depreciation, maintenance
works and wages, i.e. operating costs are in accordance with the ratio:
Ceot =Cip +0.2(p,C, +0.1p,C. +C,,, ) =1.2C_, +0.22p,C.. (21)

expl.

Substituting the values of all components in the expression (18), we obtain the formula for annual
operating costs:

Cyy =Cu +Coemn +1.1p,C, +1.2C,,, +0.22p,C, =C,, +1.32p,C, +1.2C,, . (22)

clean.
The expression for the given expenses can be written as

C=eC, +C, +Cy, +1.32p,C, +1.2C,, =C, (e, +1.32p,)+C, +C
=0.1992C_ +C, +C,,, +1.2C_, .

+1.2C,, =

clean. clean.

(23)

clean.
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Then, the final expression for the variable part of given expenses takes the form:
C=0.1992C_ +C, . (24)

The needs for the electric power are determined under condition of installation operating within
22 hours a day and 360 days within a year. During the choice of the equipment was accepted that
productivity of installation makes 25 m® per day.

Capital expenditure consists, mainly, of the cost of evaporator-condenser, preliminary heat
exchangers and the compressor.

As evaporator-condenser and preliminary heaters of seawater it is expedient to use the lamellar
heat exchangers differing in high coefficient of a heat transfer. The analysis of cost of heat exchangers
shows that in approximate calculation it is possible to accept their cost of directly proportional to
surface area of heat exchange.

For typical in the studied range heat exchanger Ridan NN 41 the surface area of heat exchange is
217.35 m’ at the price of 4806 USD [10]. Then the total cost of heat exchangers can be estimated
using the formula

C. =2211(A+A +A).

Compressor cost C can be averagely set to proportional power of electric engine. According

compr.

to [11], Cppppr. =645-N, .
Total capital expenditure will be
Cc = Ch.e. +Ccompr.'
The given annual costs (17) have been c

calculated taking into account the power of the  usDiyear
compressor and the areas of heat exchange 18650
surfaces obtained higher. Results of calculation

- i . ; 14000
of the specified cost for installation with a
12000 .

productivity of 1 kg/s of desalinated water are ~.l
presented in Fig. 7. 10000 i oT—

The analysis of the plots shows that the R T [epe P RS e 7 P
minimum of the given capital expenditure is 6000 i
reached at the specific area of evaporator- 4000
condenser of 570 m®. The electricity cost 2000
continuously drops at increase of surface of 0 )
heat exchange of evaporator-condenser A, . 400 500 600 700 800 900 A.m
Total annual costs decrease up to value Fig. 7. The given annual costs as function
A, =1000 m’. But at such great areas the heat of the surface area of heat exchange

exchangers have the large weight and of evaporator-condenser:
«—» —total annual costs;

dimensions and therefore A needs to be . .
«---» —reduced capital costs;

limited accordingly to transportation cost. «~ »—» —the annual cost of electricity
Conclusions. Numerical modeling has
shown that in systems with adiabatic compres-
sion of steam there are losses of power which are 26...29 % of the general expenses of energy. These
losses can be reduced when using advanced processes of compression of vapour along the line of
saturation, for example — at injection of water in the compressor.
Decrease in prime cost of desalinated water can be reached mainly due to increase of efficiency
of the compressor and increase of a heat transfer coefficient of evaporator-condenser.
With the given productivity of desalination installation, the optimum parameters of the compres-
sor (from the economic point of view) and evaporator-condenser can be found.
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