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ABSTRACT 

 

Multi Effect Desalination with Thermal Vapor Compression (MED-TVC) is one of the most 

effective desalination methods. It plays a vital role in the production of fresh water in many 

regions of the world especially in the Arabian countries. Parallel feed MED-TVC system has been 

modeled mathematically based on the first and second laws of Thermodynamics. A computer 

program has been developed using MATLAB program to simulate the system. A comparison 

between the program results and the data of actual plants has been conducted to verify the 

program’s validity. The deviation between Model results and actual data has been found to be very 

small. The main design parameters that greatly influence the performance of MED-TVC plant 

have been identified. A parametric study has been carried out to investigate the effect of these 

parameters on the gain Ratio (GR), specific heat transfer area (SHTA) and specific total exergy 

destruction (STED). The obtained results indicated that the GR increases with increasing each of 

number of effects (NE), last effect temperature, salt concentration up to 2, and motive steam 

pressure. The SHTA increases with decreasing the top brine temperature (TBT) and/or motive 

steam pressure, while the SHTA decreases with increasing each of NE, the last effect temperature, 

and the salt concentration ratio. Moreover, the study has shown that STED increases with 

decreasing NE and/or TBT and increasing the motive steam pressure. The total and subsystems 

exergy losses of MED-TVC desalination system have been evaluated. The results show that the 

higher percentage of exergy destruction occurs in the ejector, which represents about 60% of the 

total exergy destruction. Meanwhile, the exergy destruction inside effects itself represents about 

33% of the total exergy destruction in MED-TVC system. 

 

فعانٛح. ٚهعة  عزابيرعذد انرأثٛش )انًشاحم(انًضٔد ترقُٛح الإَضغاط انحشاس٘ نهثخاس أحذ أكثش أَظًح الا اعزاب انًٛاِٚعرثش َظاو 

انعشتّٛ. نزنك ذى عًم ًَٕرج سٚاضٙ نُظاو  فٙ اَراج انًٛاِ انعزتّ فٙ يُاطق يرعذدِ يٍ انعانى خاصح انذٔل احٕٛٚ اْزا انُظاو دٔس

 ٍٛعهٙ انقإََ تالاعرًاديٛاِ يرعذد انرأثٛش )انًشاحم( رٔ ذغزٚح يٕاصٚح ٚحرٕٖ عهٗ يُظٕيح الإَضغاط انحشاسٖ نهثخاس  اعزاب

MATLAB  تشَايح الأٔل ٔ انثاَٙ نهذُٚايٛكا انحشاسٚح. ٔذى عًم تشَايح حاسة آنٗ تاسرخذاو و. ٔتًقاسَح نًحاكاج ْزا انُظا

انُرائح انرٗ ذى انحصٕل عهٛٓا تاسرخذاو ْزا انثشَايح يع انثٛاَاخ انًراحح نثعض انًحطاخ انًٕخٕدِ فٙ انٕاقع ثثرد إيكاَٛح 

انثشَايح اندٛذج عهٗ يحاكاج يثم ْزِ انٕحذاخ. ٔقذ ذى ذحذٚذ انعٕايم انرصًًٛٛح انرٙ ذؤثش عهٙ أداء انًحطح. ٔ ذى إخشاء دساسّ 

ٖ ذأثٛش ْزِ انعٕايم عهٙ تعض يعايلاخ الأداء كُسثح الإَراخٛح ٔ انًساحح انُٕعٛح لإَرقال انحشاسج تالإضافح انٙ نرٕضٛح يذ

ٔقذ أظٓشخ انُرائح اٌ َسثح الإَراخٛح ذضٚذ تضٚادج كم يٍ عذد انًشاحم ٔ دسخح حشاسج انًشحهح .انفقذ انُٕعٙ فٙ انطاقح انًراحّ

ٔ ضغظ انثخاس انذافع. كًا ذٕضح انُرائح اٚضا أٌ انًساحح انُٕعّٛ لإَرقال انحشاسِ ذضٚذ  2الأخٛشِ ٔ َسثح ذشكٛض انًهح حرٙ 

ترقهٛم كم يٍ عذد انًٕاحم ٔ دسخح حشاسج انًشحهح الأٔنٙ ٔ ضغظ انثخاس انذافع تًُٛا ذقم  تضٚادِ دسخح حشاسج انًشحهح الأخٛشِ 

انطاقح انًراحح ٚضٚذ ترقهٛم كم يٍ عذد انًشاحم ٔ دسخح حشاسج أخش ٔ َسثح انًهٕحح. ٔذٕضح انذساسح اٚضا أٌ انفقذ انُٕعٙ فٙ 

يشحهح أٔ تضٚادج ضغظ انثخاس انذافع. كًا ذى حساب انفقذ فٙ انطاقح انًراحح نهُظاو ككم ٔلأخضائّ كم عهٗ حذِ. كًا أٔضحد 

ٔٚهّٛ انفقذ فٙ انًشاحم ٔٚكٌٕ فٙ حذٔد  %06انُرائح اٌ انُسثح الأكثش نهفقذ فٙ انطاقح انًراحح ٚكٌٕ فٙ انقارف ٔٚكٌٕ فٙ حذٔد 

.% يٍ انفقذ انكه33ٙ  
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1 INTRODUCTION 

Water is one of the most important 

substances on earth. Nearly three quarters of the 

earth's surface are covered with water. However, 

97.5% of this amount is represented by the oceans.  

A major portion of the remaining 2.5% is frozen in 

glaciers, permanent snow cover, ice and permafrost. 

Less than 0.007% of the world’s water is thus readily 

accessible for direct human use, and even that is very 

unevenly distributed. These limited freshwater 

resources in rivers and lakes are rapidly dwindling 

because of over-exploitation, consequent water 

quality degradation, increasing population and 

standards of living, and rapid industrialization and 

urbanization [1].The race for the second generation 

of the seawater desalination systems has been settled 

with Reverse Osmosis (RO) and low temperature 

MED. Both systems are characterized by their low 

energy consumption as compared to the Multi Stage 

Flash (MSF) system [2]. 

  

Conventional MED desalting system uses about half 

of the MSF pumping energy, and almost the same 

amount of thermal energy used by the MSF, if both 

have the same gain ratio [3]. However, a recent trend 

of using low-temperature MED allows the use of low 

temperature steam (lower than 70 °C) as heat source, 

and consequently low equivalent work. This can 

bring the consumed mechanical energy of MED to be 

close to that consumed by the efficient RO system. 

Horizontal tubes falling-film evaporation with 

thermal vapor compression is the most dominating 

process in today’s MED systems as adding the 

ejector to the MED system increases drastically the 

GR[4,5] . Low scale formation, easy operation, high 

GR, and operating with any available source of heat 

energy (e.g. waste heat from power plants), have 

caused the MED- TVC system to be used widely in 

Middle East countries [6]. GR is defined as the ratio 

of produced distillate mass flow rate to mass flow 

rate of external heat source steam.  

 

Several studies have been reported on MED 

desalination system. Different mathematical models 

have been developed and most of these publications 

are based on the first law of thermodynamics [7–21]. 

A few researches are concerned with exergy analysis 

and calculation of exergy destruction [22-24]. 

 

El-Dessouky and Assassa [7] developed a 

mathematical model for each of MED and MED-

TVC system. It was concluded that the GR of the 

MED-TVC system is much greater than that for the 

MED system. 

 

Darwish et al. [8] performed a thermal analysis of 

MED-TVC system and compared between the MED-

TVC system and MSF desalting system. They 

concluded that the conventional MED system can 

produce desalted water at a lower cost than the MSF 

system when both systems are supplied with steam 

extracted from a turbine of a power plant. The results 

also indicated that mechanical or thermal vapor 

compression desalting systems are more cost-

effective when compared with directly boiler-

operated MSF systems. 

 

Ettouney et al. [10] developed a computer package 

for the design and simulation of thermal desalination 

processes including single effect desalination (stand-

alone and vapor compression), Multi Stage Flash 

(brine circulation, brine mixing, once through and 

thermal vapor compression), and Multi Effect 

Desalination (parallel and forward feed, stand-alone 

and vapor compression).  

 

El-Dessouky et al. [11] studied the effect of the 

heating steam temperature, salinity of the intake 

seawater, and NE on performance parameters 

including GR, SHTA, specific cooling water flow 

rate, and conversion ratio for parallel and 

parallel/cross feed MED. It has been concluded that 

the parallel/cross feed MED system has a better 

performance than parallel feed MED system and the 

forward feed MED system has better performance 

compared with parallel feed MED and MSF systems. 

 

Jernqvist et al. [12] developed a general computer 

program to simulate, rate and optimize all types of 

thermal desalination processes. Ashour [13] showed 

that the GR increases by increasing the TBT due to 

decreasing the required sensible heat to warm-up the 

feed water to saturation temperature. 

 

Aybar[14] presented the results of using waste heat 

from the North Cyprus steam power plant to produce 

make-up water for the boilers using a simple MED 

system. The results showed that the simple MED 

system can supply 83% of the water required by the 

power plant and the system productivity increases 

with decreasing temperature difference between hot 

and cold sides of the effects. 

 

Ettouney [15] developed a visual basic computer 

package for the design and analysis of thermal and 

membrane desalination processes including reverse 

osmosis, single-effect MED with/without thermal or 

mechanical vapor compression, and MSF systems. 

Nafey et al. [16] developed a visual design and 

simulation package using Visual Basic to simulate 

different types and configurations of desalination 

processes including MSF, MED, MED–TVC, MED–

MVC, and RO.  

 

Ameri et al. [17] presented a conceptual design for a 

four-effect MED-TVC system that uses waste heat 
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from gas turbine power plant to produce potable 

water. The results showed that the TBT has a minor 

effect on GR, while the SHTA significantly 

decreases with increasing TBT. 

Jiangang Ji et al. [18] developed a mathematical 

model for a single-effect TVC desalination system. 

The effects of the operating conditions on the system 

performance were studied. The results showed that 

the GR increases with increasing the cooling water 

flow rate to values higher than design value. The GR 

reaches a peak point when the cooling water flow 

rate increases to a definite level. 

Kamali et al. [19] developed a mathematical model 

which predicts the influence of different parameters 

on heat transfer coefficient, temperature and 

pressure, total capacity and GR of the MED-TVC. It 

was concluded that temperature and pressure inside 

the system directly depend on temperature and 

pressure inside the condenser. It was also concluded 

that increasing in condenser heat transfer surface area 

decreases TBT and increases GR. 

Ameri et al. [20] studied the effects of different 

design parameters, including number of effects, 

temperature difference across effects, feed water 

temperature, and boiler pressure on the specifications 

of a MED–TVC system including GR, SHTA and 

cooling sea water mass flow rate. It was concluded 

that increasing boiler pressure increases both GR, 

SHTA and decreases the cooling seawater mass flow 

rate. 

Bin Amer [21] developed a steady state mathematical 

model of the ME-TVC desalination system. The 

model was solved using Engineering Equations 

Solver (EES) to evaluate the system performance. 

Mathematical modeling optimization was studied for 

different NE using two different MATLAB 

algorithms; Smart Exhaustive Search Method and 

Sequential Quadratic Programming. The Results 

showed that the maximum GR 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 optimal ranges of compression and entrainment 

ratios are between 1.81 to 3.68 and 0.73 to 1.65 

respectively. 

Al-Mutaz et al. [22] developed a steady-state 

mathematical model of MED-TVC system. The 

model equations are solved using a developed 

MATLAB code. The influence of important design 

and operating variables such as NE, motive steam 

pressure, TBT, temperature difference across effects, 

and feed water temperature on the performance of the 

plant was investigated. 

Hamed et al. [23] compared between the exergy 

destroyed from conventional MED system, 

mechanical vapor compression (MVC) system and 

TVC system. It was concluded that TVC system has 

the lowest exergy destruction. The study also showed 

that The main sources of the exergy destruction in the 

TVC system are the first effect and ejector. It was 

also concluded that overall exergy losses can be 

significantly reduced by increasing NE and the 

ejector entrainment ratio, and by decreasing the TBT. 

Chennan Li [24] proposed a combined power and 

desalination system driven by low grade heat sources 

such as solar energy, geothermal or waste heat. This 

system combines a Supercritical Organic Rankine 

Cycle (SORC), an ejector and a Multi Effect 

Desalination system. A parametric study and exergy 

analysis were developed. The combined system has 

overall exergy efficiency close to 40% for salt 

concentration of 35 g/kg using a low temperature 

heat source at 150C. 

It can be concluded from the above literature review 

that there is a need to perform a comprehensive 

parametric study on the performance of the MED-

TVC system basing on the first and second laws of 

thermodynamics. 

The present paper presents a mathematical 

model for parallel feed Multi Effect Desalination 

Thermal Vapor Compression system (MED-TVC-

PF) with feed heaters and flashing boxes. The 

mathematical model is based on mass, energy, and 

exergy balances. Moreover, a parametric study has 

been conducted to investigate the effect of different 

design and operation parameters on the performance 

parameters such as Gain Ratio (GR), Specific Heat 

Transfer Area (SHTA) and Specific Total Exergy 

Destruction (STED) of the system. 

 

2 PROCESS DISCRIPTION 

Figure (1) shows the layout of MED-TVC-PF 

system. The system consists of (NE)
 

falling film 

evaporators (effects), (NE-1) feed heaters, (NE) 

flashing boxes, steam jet ejector, and a condenser. 

The seawater at mass flow rate (MSW) and 

temperature (TSW) enters the condenser. Therefore, 

the temperature of seawater increases to (TF
n
) while a 

part of the generated vapor in the last effect (DF) is 

condensed. The condensation of (DF) requires more 

water than that is needed to feed all effects (Ft). The 

additional amount of water is termed as cooling 

water (MCW) which is returned back to the sea. The 

feed water (Ft) passes through successive feed 

heaters and is divided over effects into F1, F2,….,Fn 

at temperatures TF
1
, TF

2
,….., TF

n
. The motive steam 

(S) enters the steam jet ejector as a saturated steam 

with a pressure (Ps). This steam (S) is taken from an 

external boiler or extracted from steam turbine of a 

steam power station. In the nozzle section of the 

ejector, the steam pressure is reduced to a vacuum 

pressure causing the entrained steam (Dr) to be 

withdrawn to the ejector. The two streams (S) and 

(Dr) are mixed then the mixture pressure is raised to 

the discharged pressure (Pd) in the diffuser section of 

ejector. 
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Dt 

Motive Steam 

Sea Water 

Brine Water 

FH1 FH2 FHi 

FB1 FB2 FBi FBn 
Desalinated Water 

Steam Ejector FH: Feed Heater 

FB: Flashing Box 

 S Ps 
Dr PVn 

S+Dr 
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W 

Bn 

Cooling Water 

MCW 

S 

D1 D2 
F1 F2 

B1 B2 

Ft Dn 

T1 Ti Tn 

TF1 
TF2 TFn 

Dr 

Bi 

Tn 

TS

W 

TFn 

Figure (1) Parallel feed MED-TVC system with FH and FB 

Pd 

y.Dr 

TFi 

T2 

Fn Fi 
Di 

In the first effect, the stream (S+Dr) condenses and 

exists as a saturated liquid. The heat liberated during 

condensation heats up the feed water (F1) from (TF1) 

to (T1) at which boiling occurs and an amount of 

vapor is released. The generated vapor enters a wire 

mesh demister to remove the entrained brine 

droplets. The vapor (D1) is at a temperature (TV
1
) 

which is lower than (T1) by Boiling Point Elevation 

(BPE) because the boiling process occurs in salty 

water and the generated vapor is salt free. The 

condensate (S+Dr) is divided to (S) which is pumped 

back to the boiler or to the steam power station and 

(Dr) which enters the 1
st
 flashing box where the 

pressure is reduced from (Pd) to (PV
1
) that 

corresponds to the saturation pressure at (TV
1
). So, a 

flashing process takes place and an amount of vapor 

(DFB
1
) is generated. This amount of vapor is added to 

(D1) before entering the first feed heater in which, the 

feed water (F1) is heated from (TF
2
) to (TF

1
) and a 

small part of the entering vapor condenses. So, the 

saturated vapor is converted to wet vapor which 

condenses in the second effect. The heat librated 

during condensation process is used as the heat 

source for the second effect. The brine rejected from 

the first effect (B1) enters the second effect to 

generate more vapor by flashing. This is because of 

decreasing the pressure of brine from (P1) which is 

the saturation pressure at (T1) to (P2). 

 

These processes are repeated from the second effect 

to the n
th

 effect. The condensed water from each 

effect except that of the first one is collected in the 

desalinated water pipe. The total brine (Bn) is rejected 

from the n
th

 effect at (Tn). 

 

 

 

 
 

3 MODEL ASSUMPTIONS 

The following assumptions have been made during 

the model development process: 

1. The system operation is in the steady state 

conditions.  

2. The generated vapor in each effect is salt free. 

 

3. The heat loss to surroundings is neglected. 

4. Non-condensable gas is removed by the 

pretreatment and venting system. 

5. The demister friction, pipe friction and the 

condensation pressure drop are negligible. 

 

4. Model equations 

Mass, material, energy and exergy balances are 

applied to each component in addition of calculating 

the rate of heat transfer as follows: 

 Mass and Salt balance of the whole system. 

ntt BDF 
                                                      

(1) 

nntF BXFX 
                                               

(2) 

By substitution from (1) into (2), the total feed water 

can be related to the total desalinated water as 

follows: 
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Fn

n
tt

XX

X
DF




                                              

(3) 

Where XF, Xn 
are the salt concentration of feed 

seawater and brine rejected from the n
th

 effect in ppm 

respectively. 

 

 Mass, Salt and Energy balance of 1
st
 effect 

 

111 DFB 
                                                        

(4) 

111 BXFX F 
                                                 

(5) 

   
11 111 FPVdr TTCFLDLDS 

    
(6) 

Where X1 
is the salt concentration of the 1

st
 effects 

brine. 

Ld is the latent heat of condensation of the heating 

steam at the temperature of Td. 

LV1 is the latent heat of evaporation at a temperature 

of  TV
1
 which is lower than T1 by an amount of BPE.  

Both BPE and CP are functions of boiling 

temperature and brine salt concentration. Values of 

BPE and CP can be obtained from [22]. 

 

 Rate of heat transfer of 1
st
 effect 

 

   1111
TTAULDSQ dEdrE 

      
(7) 

where UE
1
 is the overall heat transfer coefficient of 

the 1
st 

effect. 

 

 Exergy balance of 1
st
 effect 

 

The exergy destruction of any system component can 

be obtained by applying the exergy balance which is 

generally expressed as: 

01 









  

out

dest

in

k

k

o XmmWQ
T

T


  

(8) 

where  is the specific exergy of inlet or exit stream. 

Deducing the above equation releases the exergy 

destruction of 1
st
 effect in the following form: 

 
















































1

11

1

1

1

1

111

ln

11

T

T
CTTCF

T

T
LD

T

T
QX

F

PFP

V

o
V

d

o
EE

   

(9) 

The first term represents the exergy of the heat input 

to the 1
st
 effect. The second term represents the 

exergy of heat of evaporation on the effect tubes 

while the third term can be deduced from the 

difference in exergy between the inlet and outlet 

steams. 

 

 Energy balance of 1
st
 flashing box 

 

In the 1
st
 flashing box, the pressure of the saturated 

liquid Dr is reduced from Pd to PV
1
. So, the saturated 

liquid converts due to flashing to wet vapor with a 

dryness fraction of (y). So, the 1
st
 flashing box’s 

energy balance can be expressed as: 

 
1111 VFBVrVdPr LDLDyTTCD  (10) 

 

 

 

 

 Exergy balance of 1
st
 flashing box 

 

Applying exergy balance on the 1
st
 flashing box, the 

following equation can be obtained: 

 
  

  
1111

111
ln

LVOVFB

VdOVdPrFB

ssTLD

TTTTTCDX





    

(11) 

 

 Energy balance of 1
st
 feed heater 

 

The energy generated during the partially 

condensation of saturated steam is equal to the 

energy gained by the feed water of the first effect 

(F1). So, 

   
1121 11 VFBFFP LZDDTTCF 

       
(12) 

where Z is the amount of condensed vapor. 

 

 Mass, Salt and Energy balance of 2
nd

 effect 

 

21212 DDFFB 
                                    

(13) 

22111 BXBXFX F 
                             

(14) 

    

 
22

11

222

2111 1

FPV

PVFB

TTCFLD

TTCBLZDD





    

(15)
 

By substitution from equations (4), (9) and (11), the 

energy balance equation is expressed as: 

    
    

 
2

212

11

22

2112

211

FP

PFFPV

PVVdPr

TTCF

TTCTTCFLD

TTCLDTTCD







      (16) 
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 Rate of heat transfer of 2
nd

 effect 

 

   
 22

111

12

2112

TTAU

TTCFLDTTCDQ

VE

FFPVdPrE





 

(17) 

 

 Exergy balance of 2
nd

 effect 

 

 

 



















































































2

2

2

2

1

22

1

ln

ln

1

2

2

1
211

2

22

V

o
V

op

F

oFp

V

o
EE

T

T
LD

T

T
TTTCB

T

T
TTTCF

T

T
QX

        (18) 

 

 Mass, salt and energy balances of i
th

 effect 

 



i

j

jji DFB
1                                               

(19)

 

iiiiiF BXBXFX   11                            
(20) 

 

    

  

    

 
i

ii

ii

ii

ii

FiPi

iiFFP

i

j

j

ViiiPVi

i

j

iiVVPj

VVPr

TTCF

TTTTCF

LDTTCLD

TTTTCD

TTCD

















































1

1

1

11

2

1

1

1

1

12

12

    

(21) 

 

 Rate of heat transfer of i
th

 effect  

 iViEFP

i

j

j

ViEP

i

j

jrE

TTAUTCF

LDTCDDQ

ii

ii

















































1

1

1

1

1

2

1

  

(22) 

 

 

 

 

 

 

 Exergy destruction of the i
th

 effect  

 

 


























































































i

i

i

i

i

ii

V

o
Vi

i

i
oiipi

i

F

oiFpi
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o
EE

T

T
LD

T

T
TTTCB

T

T
TTTCF

T

T
QX

1

ln

ln

1

1
11

1

      

(23) 

  Energy balance of i
th

 flashing box 

 

i

ii

V

i

j

jr

VVP

i

j

jr

LyDD

TTCDD












































1

1

1

1
1

 

(24) 

 Exergy balance of i
th

 flashing box 

  
iii

i

i

i

VOVFB

V

V

OEP

i

j

jrFB

TTLD

T

T
TTCDDX












































 







1

ln 1

1

1

  

(25)

 

 

 Energy balance of i
th

 feed heater 

 

 

 
1

1j

jF









ii

iiii

FFP

i

VFBiVFH

TTC

LZDDLD

          

                                                                               

(26) 

 

 Rate of heat transfer of i
th

 feed heater 
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where UFH
1
 is the overall heat transfer coefficient of 

the 1
st
 feed heater. The logarithmic mean temperature 

difference of the feed heater can be obtained from: 
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 Steam jet ejector  

 

The most essential part in modeling the MED-TVC 

desalination system is to determine the entrainment 

ratio   which is the ratio of the entrained steam to 

the motive steam       ⁄  . This ratio depends on 

the discharge pressure Pd, motive steam pressure Ps 

and entrained vapor pressure PVn. In this work, the 

entrainment ratio   is calculated through using the 

chart developed by Ropert Power [26]. This chart 

was based on the values of both compression ratio 

(CR) and expansion ratio (ER). These ratios can be 

obtained from: 

 
nVd PPCR 

                                                   
(30) 

 
nVs PPER 

                                                     
(31) 

 Exergy destruction of steam jet ejector 

 

The rate of exergy destruction inside ejector can be 

calculated from the following equation: 

  
  dVodVr

dsodsejector

ssThhD

ssThhSX

nn




1

          

(32) 

 

 Energy balance of condenser 

 

The energy generated during condensation of the 

amount of vapor entering the condenser (DF) heats up 

the seawater from TSW to TFn 
. So, 

 SWFPSWVF TTCMLD
nn


                   
(33) 

 

 

 

 

 

 Rate of heat transfer of condenser 
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(34) 

where UC is condenser overall heat transfer 

coefficient. The logarithmic mean temperature 

difference of condenser can be expressed as: 
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 Exergy destruction of the condenser 

 

The exergy destruction of condenser can be 

expressed as: 
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(36) 

Each of UE, UFH, UC can be obtained from 

correlations from ref.[22]. 

 

 Performance parameters. 

The most essential performance parameters are: 

1- Gain Ratio (GR) which is the ratio of the rate of 

desalinated water to the rate of motive steam. 

SDGR t /
                                                       

(37) 

 

2- Specific Heat Transfer Area (SHTA) which is the 

total heat transfer area per 1kg/s of the 

desalinated water. 

tT DASHTA 

                                                  

(38) 

where TA is the total heat transfer area which is the 

sum of effects area, feed heaters area and condenser 

area. 

C

n
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ET AAAA
ii
 

 11                             

(39) 

3- Specific Total Exergy Destruction (STED) which 

is the total exergy destruction per 1kg/s of the 

desalinated water. 

tT DXSTED 
                                               

(40) 
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4 SOLUTION ALGORITHM 

 

The model developed in the previous section is 

highly nonlinear. The model can be solved in the 

following procedure: 

1. Specify the input variables and assign for these 

variables as shown in table (1). 

2. Calculate the total feed water from Eq.(3). 

3. Assume constant rate of feed water for each effect 

and equal temperature difference across effects and 

feed heaters. Then calculate T2:Tn-1, TF
1
: TF

n
 and  

F1:Fn. 

4. The entrainment ratio is obtained from a developed 

subprogram that fits the power’s chart[26]. 

5. Assume initial values X1:Xn-1 . 

6. Calculate CP and BPE at different temperatures and 

salt concentrations. 

7. Solve the energy balance equations using gauss 

elimination method to obtain the values of S and 

D1:Dn.  

8. Calculate the brine rejected from each effect from   

X1 to Xn-1 using equations (4) and (24). 

9. Check if the error in the salt concentration values 

becomes lower than a specified tolerance otherwise 

the previous steps from the 6
th

 step are repeated. 

10. Calculate the heat transfer area and rate of exergy 

destruction for the different system components. 

11. Calculate GR, SHTA and STED. 

 

5 MODEL VALIDATION 

The model validation is shown in Table (2) where the 

present results are compared with the corresponding 

available data obtained from three commercial plants. 

These plants are Rabigh, Trapani and another plant. 

The table shows that the deviation between present 

model results and actual data falls within the 

acceptable range and good agreement can be 

inferred. This means that the present model is reliable 

and capable of simulating the MED-TVC-PF systems 

accurately. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table (1) Initial values of parameters 

Input variable Value Unit 

NE 6 - 

Dt 1 kg/s 

Xf 36000 ppm 

Xn 70000 ppm 

Tsw 30 
C 

ΔTC 10 
C 

TBT 69 
C 

Tn 43 
C 

Ps 2500 kPa 

Td 74 
C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table (2) Model comparison against three plants 

 

Rabigh[22] Trapani[9] Ref. [25] 

Model Actual Model Actual Model Actual 

NE 6 12 6 

Ps      (kPa) 1770 4500 2500 

TBT  (
ᵒ
C) 70 62.2 61.8 

Tn      (
ᵒ
C) 49.4 37 42.8 

Td      (
ᵒ
C) 73 64.5 65 

TSW   (
ᵒ
C) 22 27 30 

TFn    (
ᵒ
C) 32 35 40 

Dt   (kg/s) 57.9 105.2 103.3 

(S/Dr) 1.49 NA 1.66 NA 1.363 1.36 

S    (kg/s) 7.18 7.06 6.37 6.67 10.65 10.65 

GR 
8.06 8.2 16.53 16.7 9.7 10.05 

-1.70% -1% -3.48% 

SHTA      

       
(m

2
/(kg/s)) 

311 312.5[22] 697.7 708.6[21] 345.9 326.2 

-0.47% -1.50% 6% 

STED      

   kJ/kg 
102.4 NA 61.7591 NA 

90 87.91 

3.37% 
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6. Results and Discussions 

Once the present model proves to be capable to 

simulate efficiently MED-TVC-PF systems, a series 

of runs is carried out to study the effect of different 

design and operating parameters on the performance 

parameters such as GR, SHTA and STED. The 

design and operating parameters include: number of 

effects (NE), temperature of heating steam (Td), 

temperature of the last effect (Tn), salt concentration 

ratio (Xn/Xf), top brine temperature (TBT), motive 

steam pressure (Ps) and temperature of feed seawater 

(Tsw). 

 

In this study, the effect of parameters will be studied 

one at a time. During studying the effect of a 

specified parameter on the system performance, the 

other parameters are kept at fixed values. These 

values are listed in Table (1). 

 

6.1 Effect of NE on performance parameter. 

 

6.1.2 Effect of NE on GR 

 

The effect of NE on GR is shown in figure (3). The 

figure shows that the GR increases with increasing 

NE. The main reason of this increase is the increasing 

of the number of vapor reuse which causes more and 

more desalinated water. The second reason of 

increasing GR with NE is decreasing the value of the 

temperature difference across each effect (ΔTE). 

 

Figure (3) Effect of NE on GR 

 

6.1.2 Effect of NE on SHTA 

 

Figure (4) shows the effect of NE on SHTA. It can be 

noticed that the SHTA increases with NE increasing. 

This is because increasing NE tends to decrease ΔTE 

which inversely affects the value of SHTA. 

 

It should be mentioned here that increasing SHTA 

means higher capital cost and consequently 

distillated product cost. Therefore, the choice of 

suitable NE is very important in the design of the 

MED system to keep the balance among the more 

distillated product, higher capital cost, and heat 

transfer requirement. 

 
Figure (4) Variation of SHTA with NE 

 

6.1.3 Effect of NE on STED 

 

The effect of NE on STED is depicted in figure (5). 

The STED decreases with increasing NE. This may 

attributed to increasing NE decreases the temperature 

difference between effects. This tendency causes to 

decrease the entropy generated inside effects. 

Therefore, the total exergy destruction decreases.  

 

Figure (6) presents through a pie chart the exergy 

destroyed within the different parts of the system. It 

can be seen that the Exergy destruction through 

ejector is about 60% of the total Exergy destruction.  

 

Figure (5) Effect of NE on STED 
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6.2 Effect of Td on performance parameters 

In this section the effect of temperature of the heating 

steam (Td) on the performance parameters is studied. 

Td has been changed from 72

C to 76


C so as not to 

exceed the Power’s chart limit of CR. 

 

6.2.1 Effect of Td on GR 

The effect of Td on GR is shown in figure (7). The 

figure shows that the GR slightly decreases with Td. 

This is because of the decrease in the latent heat of 

condensation with increasing the heating steam 

temperature, so the system needs more of the heating 

steam, consequently GR decreases. Another reason 

of the slight decrease in GR or the slight increase in 

the motive steam is the decrease in the entrained 

vapor Dr. This is because of increasing the ejector 

compression ratio which accompanied by increasing 

both the pressure and temperature of heating steam.  

 

Figure (7) Effect of Td on GR 

 

6.2.2 Effect of Td on SHTA 

Effect of Td on SHTA is shown in figure (8). The 

figure indicates that SHTA decreases slightly as Td 

increases. This is because increasing Td increases the 

difference between TBT and Td. So, the area of first 

effect decreases which consequently decreases the 

SHTA. The figure also shows that increasing Td from 

72 
ᵒ
C to 76 

ᵒ
C causes a decrease in SHTA by about 

12%.  

It is recommended that the temperature difference 

between Td and TBT to be equal to ΔTE. Therefore, 

the areas of all effects are equal, which is a practical 

demand.  

 

6.2.3 Effect of Td on STED 

 

The effect of Td on STED is presented in figures (9), 

(10) and (11). Figure (9) shows that STED increases 

with Td. This is because increasing Td increases the 

difference between TBT and Td so the exergy 

destruction in the first effect and ejector increases as 

shown in figure (10).  

 

 
Figure (8) Effect of Td on SHTA 

 

 
Figure (9) Effect of Td on STED 

NE = 4 

 

NE = 12 

 Figure (6) Effect of NE on Exergy destruction 

components 
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6.3 Effect of Tn on performance parameters. 

 

 In this section the effect of temperature of the last 

effect (Tn) on the performance parameters is studied. 

Tn is changed while the seawater temperature is kept 

constant. 

 

6.3.1 Effect of Tn on GR. 

 

Effect of Tn on GR is presented in figure (11). It can 

be seen that increasing Tn causes a decrease in ΔTE 

which decreases the generated vapor by flashing 

inside both flashing boxes and effects. So, the 

required steam for heating the first effect (S+Dr) 

increases. 

 

It is obvious that the increase in Tn at constant TSW 

increases the difference between the temperature of 

feed water to effects and the boiling temperature 

inside effects. So, the required sensible heat to reach 

the boiling temperature increases. Also, this increases 

the required heating steam for the first effect. 

 

On the other hand, increasing Tn causes to increase 

the suction pressure of ejector. Therefore, both 

compression and expansion ratios of the ejector 

decrease so the entrainment ratio increases and 

consequently the entrained vapor (Dr) increases. If 

the rate of Dr increase is more than the rate of 

increase in (S+Dr), the motive steam rate (S) 

decreases and GR increases and vice versa. This 

interprets why for ten number of effects, the gain 

ratio decreases and then increases.  

 

 
Figure (11) Effect of Tn on GR 

 

6.3.2 Effect of Tn on SHTA 

 

Effect of Tn on SHTA has been released in figure 

(12). The figure shows that SHTA increases with Tn 

increasing. This is because increasing Tn decreases 

both ΔTE and ΔTF. Therefore the required area of 

heat transfer of effects and feed heaters increases. So, 

SHTA increases. 

 

6.3.3 Effect of Tn on STED 

 

Effect of Tn on STED is shown in figures (13) and 

(14). These figures show that increasing Tn decreases 

the STED. This is because the motive steam (S) 

decreases with Tn. Therefore the exergy input 

decreases with Tn.  

 

Increasing Tn leads to increase the temperature of 

both total brine and desalinated water rejected from 

the system and consequently the exergy of the output 

streams. The rate of decrease in exergy input is 

higher than the rate of increase in exergy output. So, 

the STED decreases with Tn. 

Figure (14) shows that increasing Tn causes the 

exergy destruction to increase in condenser and to 

decrease in ejector. 

 

Td = 72
ᵒ
C 

 
Td = 76

ᵒ
C 

 Figure (10) Effect of Td on Exergy destruction 

components 
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Figure (12) Effect of Tn on SHTA 

 

Figure (13) Effect of Tn on STED 

 

 
6.4 Effect of salt concentration ratio (Xn/Xf) on 

performance parameters 

In this section the effect of the ratio of salt 

concentration of rejected brine to the salt 

concentration of the feed seawater on the 

performance parameters is studied. This ratio is 

changed from 1.2 to 4.2 at a constant concentration 

of feed water at 36000 PPM. 

 

 

 

6.4.1 Effect of (Xn/Xf) on GR 

The effect of (Xn/Xf) on GR is shown in figure 

(15).The figure shows that the value of GR increases 

at lower concentration ratios then decreases slightly 

at higher ratios. This is because at lower 

concentration ratios, the feed flow rate decreases 

rapidly and then decreases slightly in the higher 

ratios as it can be noticed from equation (3). 

 

Decreasing the feed flow rate causes decreasing the 

flow rate of the heating steam of the first effect. This 

is because of decreasing the required sensible heat to 

raise the temperature of feed water to the boiling 

temperature so, the GR increases. 

 

On the other hand, increasing concentration ratio 

means increasing the value of Xn, so the BPE for the 

last effect, which depends on Xn, increases. 

Therefore, TVn and consequently Pn decrease, causing 

the ejector both compression and expansion ratio to 

increase. So the entrainment ratio decreases causing 

the entrained vapor Dr to decrease, and motive steam 

S to increase. Therefore GR decreases. 

  

If the effect of decreasing the feed flow rate on the 

GR is more than the effect of decreasing Pn, the GR 

increases and vice versa.  

 
Figure (15) Effect of Xn/Xf on GR 

 

6.4.2 Effect of (Xn/Xf) on SHTA 

The effect of (Xn/Xf) on SHTA is shown in figure 

(16). The figure shows that the SHTA increases with 

(Xn/Xf). This is because increasing Xn decreases the 

total feed flow rate which decreases the sensible heat 

required for feed heaters. So, the remained vapor to 

condense inside effect increases. Therefore the area 

of heat transfer of effects increases. 

Tn= 43
ᵒ
C Tn= 55

ᵒ
C 

 Figure (14) Effect of Tn on Exergy destruction 

components for NE=6 
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Figure (16) Effect of Xn/Xf on SHTA 

 

6.4.3 Effect of (Xn/Xf) on STED 

 

It can be seen from figure (17) that at lower 

concentration ratios the STED decreases then 

increases at higher ones. This is due to decreasing the 

exergy input in the lower values of (Xn/Xf) and 

increasing it for higher ones at a constant value of 

exergy output. 

 
Figure (17) Effect of Xn/Xf on STED 

 

 It can be seen from figures (15,17) that the 

maximum GR and minimum STED can be achieved 

be setting the salt concentration ratio in the range of 

1.8 to 2.2. 

 

6.5 Effect of Top Brine Temperature (TBT) on 

performance parameters 

 

In this section the effect of the TBT on the 

performance parameters is studied. The TBT has 

been changed from 55
ᵒ
C to 71

ᵒ
C at a constant 

temperature of the first effect heating at 74
ᵒ
C. 

 

 

 

 

 

6.5.1 Effect of TBT on GR 

 

The effect of TBT on the GR is given in Figure (18). 

It can be noticed that the GR slightly decreases with 

TBT. This is because increasing TBT increases both 

ΔTE and ΔTF. 

Increasing ΔTE increases the generated vapor by 

flashing inside both flashing boxes and effects so, the 

required steam as a heat source to the first effect 

decreases. On the other hand, increasing ΔTF 

increases the sensible heat used for feed water 

heating inside feed heaters this increases the required 

heating steam for the first effect. 

 

The rate of increasing of the first effect heating steam 

due to increasing ΔTF is more than the rate of 

decreasing due to increasing ΔTE. Therefore the rate 

of motive steam slightly increases and the GR 

slightly decreases. 

 
Figure (18) Effect of TBT on GR 

 

6.5.2 Effect of TBT on SHTA 

 

The effect of TBT on SHTA is shown in figure (19). 

It can be noticed that SHTA decreases with TBT. 

This is because increasing TBT increases the 

temperature difference across each effect ΔTE which 

consequently decreases the heat transfer area of each 

effect. Therefore the SHTA decreases. 

   
Figure (19) Effect of TBT on SHTA 
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6.5.3 Effect of TBT on STED 

 

The effect of TBT on STED is shown in figure (20).It 

is noticed that the STED increases slightly with TBT. 

This is because of the slight increase the exergy input 

to the system due to the slight increase in the motive 

steam. 

 

 
Figure (20) Effect of TBT on STED 

 

6.6 Effect of motive steam pressure (Ps) on 

performance parameters. 

 

In this section the effect of the pressure of the motive 

steam entering the ejector on the performance 

parameters is studied. The Ps has been changed from 

400 to 4900kPa. 

 

6.6.1 Effect of Ps on GR 

 

The effect of Ps on STED is shown in figure (20). It 

is seen that the GR increases with Ps. This is because 

Increasing Ps, increases expansion ratio of ejector 

while it’s compression ratio remains constant, so the 

entrainment ratio and consequently entrained vapor 

increase. Therefore the motive steam decreases, so 

the performance ratio increases. 

 

 
Figure (20) Effect of Ps on GR 

6.6.2 Effect of Ps on SHTA 

 

The effect of Ps on SHTA is depicted in figure (21). 

The figure shows that the SHTA decreases slightly 

with Ps. This is because Increasing Ps causes 

increasing Dr which decreases the amount of vapor 

entering the condenser as a heat source; this 

decreases the amount of heat transfer and accordingly 

the area of condenser, which is a part of the total heat 

transfer area. 

 

 
Figure (21) Effect of Ps on SHTA 

 

6.6.3 Effect of Ps on STED 

 

The effect of Ps on STED is shown in figure (22). It 

is clear from these figures that the STED increases 

with Ps. This is because increasing in Ps means 

increasing in Ts which is the saturation temperature at 

Ps. Increasing Ts at constant temperatures at the 

suction and discharge of ejector causes increasing in 

the entropy generation and exergy destruction inside 

ejector. 

 

 
Figure (22) Effect of Ps on STED 

 



A. O .Abd El-Monaem, A. R. Alghalban, F. Mahfouz and E. H. Farag "THERMODYNAMIC..” 
 

Engineering Research Journal, Menoufiya University, Vol. 39, No. 2, April 2016 
 

153 

6  CONCLUSIONS 
 

In this paper a mathematical model for the parallel 

feed MED-TVC system is developed. The model is 

based on the first and second laws of 

thermodynamics. A MATLAB code is developed for 

the solution of the model. The comparison between 

the developed program results and data obtained for 

actual plants shows a good agreement which 

indicates the model accuracy. The effects of different 

design and operation parameters of parallel feed 

MED-TVC system on its performance parameters are 

investigated. From this parametric study it can be 

concluded that: 
 

1- As NE and Tn increase, both GR and STED 

decreases while SHTA increases. Therefore the 

values of NE and Tn must be optimized costly. 

2- Although the heating steam temperature has a 

slight effect on the performance parameters. So, 

it is recommended that the temperature between 

Td and TBT to be equal to ΔTE. 

3- GR increases with increasing each of NE, 

temperature of last effect, salt concentration up 

to 2 and motive steam pressure. While GR 

decreases with increasing TBT and Td.  

4- To achieve the maximum GR and minimum 

STED, the salt concentration ratio must be in the 

range of 1.8 to 2.2. 

5- Increasing the value of TBT affects GR and 

STED very slightly but it drastically decreases 

the SHTA. A value lower than Td by ΔTE is 

recommended for TBT. 

6- Increasing the motive steam pressure increases 

GR and decreases SHTA but it greatly increases 

the STED. 

Nomenclature 
 

AC Heat transfer area of the condenser, m
2
 

AFHi Heat transfer Area of i
th 

feed heater, m
2
 

Ai Heat transfer Area of i
th 

effect, m
2
 

AT Total heat transfer area, m
2
 

Bi Flow rate of brine leaving the i
th 

effect, 

kg/s 

Bn Total rate of brine leaving the system, 

Kg/s 

CR Ejector’s Compression Ratio 

ER Ejector Expansion Ratio 

Cp Specific heat capacity, kJ/kg.K 

Di 

DF 

DFBi 

Dr 

Dt 

Fi 

Ft 

Generated Vapor of i
th 

effect, kg/s 

Vapor condensed in condenser, kg/s 

Generated Vapor of i
th 

flashing box, kg/s 

Entrained Vapor flow rate, kg/s 

Total desalinated water, kg/s 

Feed water to i
th 

effect , kg/s 

Total feed water rate, kg/s 

Ld 

LVi 

Latent heat of heating steam, kJ/kg 

Latent heat of vapor generated from the i
th 

effect, kJ/kg 

MCW 

MSW 

NE 

Cooling water flow rate, kg/s 

Seawater mass flow rate, kg/s 

Number of Effects 

m
o 

Mass flow rate, kg/s 

Ps Motive steam pressure, kPa 

PVi 

PVn 

Pressure of vapor leaving i
th

 effect, kPa 

Pressure of entrained vapor, kPa 

QC 

QEi 

QFHi 

Rate of heat transfer of condenser, kW 

Rate of heat transfer of i
th 

effect, kW 

Rate of heat transfer of  i
th 

feed heater, kW 

S Motive steam flow rate, kg/s  

Td Heating steam temperature, 
◦
C 

TFi 

Ti 

TSW 

TVi 

 

TBT 

TFn 

Temperature of feed water to i
th

 effect, 
◦
C 

Boiling Temperature of i
th 

effect, 
◦
C 

Seawater Temperature, 
◦
C 

Temperature of vapor generated from i
th

 

effect, 
◦
C 

Top Brine Temperature, 
◦
C 

Feed water temperature after condenser,
◦
C 

UCi Overall heat transfer coefficient of i
th

 

effect, kW/m
2
.
 ◦
C 

UEi Overall heat transfer coefficient of i
th

 

effect, kW/m
2
.
 ◦
C 

UFHi Overall heat transfer coefficient of i
th

 feed 

heater, kW/m
2
.
 ◦
C 

   

  Exergy destruction of i
th 

effect, kW 

        
  Exergy destruction of ejector, kW 

    

  Exergy destruction of i
th

 feed heater, kW 

    

  Exergy destruction of i
th

 flashing box, kW 

Xi Salt concentration of brine leaving the i
th

 

effect, ppm 

Xn Salt concentration of brine leaving the last 

effect, ppm 

  
  Total Exergy destruction , kW 

 

Greek symbols  

 

  Specific exergy, kJ/kg. 

ΔTC Condenser temperature difference, 
◦
C 

ΔTE Effect temperature difference, 
◦
C 

ΔTF Feed heater temperature difference, 
◦
C 

 

Abbreviations 

 

BPE Boiling Point Elevation, 
◦
C 

FB 

FH 

Flashing Box 

Feed Heater 

GR Gain Ratio 

LMTD Logarithmic Mean Temperature 

Difference, 
◦
C 

MED Multi Effect Desalination 

MSF 

MVC 

Multi Stage Flash desalination 

Mechanical Vapor Compression 

RO Reverse Osmosis 

SHTA Specific Heat Transfer Area, m
2
/(kg/s) 

STED Specific Total Exergy Destruction, kJ/kg 

TVC Thermal Vapor Compression 
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