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Abstract

Nowadays people are moving towards renewable source to ensure the sustainable
development. Many new green technologies have been introduce in order to sustain the
development had been done by human. There are a few method of desalination that is
multi stage flash desalination, multiple effect distillation, and reverse osmosis. In this
paper, we have discussed one of method to produce potable water from sea water, which
is multistage flash desalination. The main focus in this paper is the modelling of
multistage flash desalination process. This is because MSF is applied in real world
compare to other type of desalination. Many papers had been published for MSF in the
Middles East but none had been done for South East Asia. This paper is focused on
environment in Malaysia, using the characteristic of the Malaysia seawater at different
temperature, pressure and salinity. Moving on we have study the market price of water
in Malaysia and the price for desalination water. After that we had develop the
simulation of multistage flash desalination using mathematical method with the aid of
Microsoft Excel, MATLAB. We started the modelling by developing a mathematical
method. Next we set the parameters and run the modelling. The total distillate yield is
1653m? /hr that are 16.53% of the initial water intake. In the final part we had discuss the

thing that can be improve this model.
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CHAPTER 1

INTRODUCTION

1.1 Background

Distribution of Earth's Water

Fresh-
water 3% Other 0.9% i
a _Surface Rivers 2%
water EE—
0.3%
Earth’s water Freshwater Fresh
surface water
(liquid)

Figure 1: Global Water Distribution[10]

Water has always been earth’s most valuable resource. All ecosystems such as
animals, plants, and humans depend on water for their daily activities such as for food,
cleaning, process plant and etc. Although the world is covered by 71% of water, the
access for the fresh water is limited because 97.5% of the global stock of water is saline
and only 2.5% is fresh water. Furthermore out of 2.5% fresh water that is available, 80%
of this global freshwater stock is locked up in polar icecaps or combined as soil

moisture. (See Figure 1) The main sectors that consume water are:
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Figure 2 : Pattern of Water Consumption

From figure 2 we can see that agriculture has consumes most of water that is 67
and industrial has come to second with total 24%. By increasing in the number of
population and growth of industries this kind of trend was expected to be change. In
order to show their effort on to conserve the natural resources use a few global
companies has started to report their total water consumption in their sustainability
report to show their commitment to ensure the supply of water is can sustain much
longer. Figure 3 shows PETRONAS domestic operation water consumption as per

reported in their 2010 Sustainability Report.

Water Cfgnﬂ én }igon
50,000,000 46,997,479 ’ ’
40,000,000 —— I ——
30,000,000 —— _ ——
20,000,000 —— I — Water Consumption
10,000,000 —— I ——
2008/2009 2009/2010

Figure 3: PETRONAS Water Consumption for 2 Years [9]



Human has invented in desalination using a few method s that are:

1. Multi Stage Flash Desalination
2. Multiple Effect Distillation

3. Reverse Osmosis

In this paper we will further discuss on the Multi Stage Flash Desalination

process.

1.2 Problem Statement

The number of populations and industries are increasing from year to year and the
world will be expecting to face shortage in fresh water supply. Since 1900, more than
50% of the world’s wetlands have disappeared .By the year 2025, 48 countries will be
affected by water stress or scarcity, affecting around 35% of the projected global
population in that year. Only 64 of the world’s 177 large rivers (1,000km and longer)
remain free-flowing, unimpeded by dams or other barriers [7]. Table 1 show the water

consumption in Malaysia in m* according to state.

Table 1 :Malaysia Water Consumption According to State

State Domestic Hon-Domestic Total
Kedah 141,065,583 42,133,488 183,188,082
Sarawak” 28,825 262 14,326,328 43,151,580
Labuan 5,620,598 4,240,100 0,280,608
Perlis 16,287,280 2, B65 442 18,162,722
Pahang 74, 186,060 45,027,407 119,213 467
N._Sembilan 61,771,174 42 919,044 104,600,218
Sabah 57.344 442 5. 568 700 55 813,151
Perak 180,367,293 51,186,283 211,553 57&
Melaka 47,131,780 40,624,006 57,756,775
Kuching"" 42 016,780 27,015,851 69,032 641
Sibu"" 13,214 841 6,035 664 19,850,605
Pulau Pinang 135,541 870 29,080,321 224,832,200
Terzsngganu 54,251,838 36,542,830 a0,704 768
Selangor"™’ 451,420,188 223 480,450 874,800,842
Johor 218,245 217 31,457 GaEB 309,702,805
Kelantan 32,119,120 11,325,681 43,444 811
LAKU"" 23,815 431 24 G20, 142 48 405 573
Total 1,663,224,887 762,120,534 2,325, 345,431

Meote: * Excluding the province of Kuching, Sibu and LAKLU;
“*Province within Sarawak

""" Ingludes Kuala Lumpur and Putrajaya
Source: MWA [2004)




With the 70% of the world is being covered by seawater, studies had been made
to produce fresh water from sea water. Multi stage flash is one of the desalination
processes to produced fresh water from seawater. At Malaysia there is still no study had
been done on MSF. In order to develop the model of MSF first we have to study the

characteristic of the sea water as it change due to the salinity and the temperature.

1.2 Objective and Scope of Study

The objectives of this study are:
1. The study on characteristic of seawater and it properties
e We will study on:
a. Vapor Saturation Pressure
b. Boiling Point Elevation
c. Latent Heat of Evaporation
d. Specific Enthalpy
e. Specific Heat at Constant Pressure

2. To design multistage flash desalination process that focused on the total distillate

yield, final temperature and salinity of the brine.

3. To find potential improvement in MSF in term of cost, method, or energy

efficiencies.



CHAPTER 2

LITERATURE REVIEW

2.1  Seawater Properties
To undergo this project first we need to know the properties of the seawater and
different temperature, pressure and salinity.

Figure 4 : World Sea-Water Temperature Plot

Figure 4 shows the plot of world sea water temperature. From figure 4 we can
see that Malaysia is located at the area with temperature >30°C. From that it had been

agreed to take Malaysia sea water temperature is 32°C.

Figure 5 : World Sea-Water Salinilty Plot



Figure 5 shows the plot of salinity for world sea water. From figure 5 we can see
that Malaysia is located at the area with salinity between the range (33-35)g/kg. From
that it had been agreed to take Malaysia salinity is 35g/kg.

Table 2: Malaysia Sea Water Properties

Malaysia Sea-Water Properties
32°C
35 g/kg

Temperature

Salinity

For Malaysia area we can see the average temperature and salinity from table 2.
These mean that every kg of seawater there is 35g of dissolved salt that contributed from
different elements. Due this dissolved salt the seawater become denser compared to fresh

water.

Table 3 : Component and Percentage in Sea Water Salinity

Component Concentration in ppm % of Total Salinity
Chloride 19.345 55.03
Sodium 10.752 30.59
Sulfate 2.701 7.68

Magnesium 1.295 3.68
Calcium 0.416 1.18

Potassium 0.390 1.11

Bicarbonate 0.145 0.41

Bromide 0.066 0.19

Borate 0.027 0.08
Strontium 0.013 0.04
Flouride 0.001 0.003

Other <0.001 <0.001

From table 3 we can see the components that contribute to the salinity of

seawater. We can see that chloride has the highest mass percentage that contributes to

the salinity of seawater. Besides that another factors that contributes to the salinity of

seawater is the rate of evaporation or precipitation in an area. If there is more

evaporation than precipitation then the salinity increase meanwhile if there is more rain




in an area the salinity will decreases. So to produce fresh water from seawater we need

to reduce the salinity to <0.5g/kg as shown in figure 6.

Figure 6 : Water Type According to Salinity

After we know the temperature and the salinity of the seawater, we need to know
the physical properties of seawater such as, specific heat, latent heat of vaporization,
saturated pressure and Boiling Point Elevation. All of these properties were important in
order to model a MSF.

Specific heat at constant pressure, J/kg.K
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Figure 7 : Specific Heat at Constant Pressure [8]



Specific heat is the measurable physical quantity that characterizes the amount of
heat required to change a substance's temperature by a given amount. In SI unit the unit
of specific heat is J/kg.k. In modeling a MSF plant specific heat was very important in
order to calculate the heat required to heat up the seawater to top brine temperature.
Figure 7 show the graph for specific heat at constant pressure against temperature for

seawater.

Latent Heat of Vaporization,kJ/kg
2450

2400

2350
2300 ‘.\\.’}.\
2250
‘\‘.}.\ ——5=20
2200
‘-\.\ —8—-5=40
2150
y = -2.3759x + 2403.7

2100

y =-2.4008x + 2428.7

Latent heat of vaporization,kJ/kg

2050 T T T T T T 1
0 20 40 60 80 100 120 140

Temperature,°C

Figure 8 : Latent Heat of Vaporization [8]

Latent heat of vaporization is the heat absorbed by a chemical substance or a
thermodynamic system during a change of state that occurs without a change in
temperature, meaning a phase transition from liquid to gas. In this modeling the latent
heat of vaporization was very important in order to determine the mass of flash vapor.
Figure 8 shows the graph for latent heat of vaporization against temperature for

seawater.



Vapor(saturation)pressure,kPa
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Figure 9 : Vapor (saturation) Pressure [8]

Vapor (saturation) pressure is the pressure of a vapor in thermodynamic
equilibrium with its condensed phases in a closed system. All liquids have a tendency to
evaporate, and some solids can sublimate into a gaseous form. Vice versa, all gases have
a tendency to condense back to their liquid form, or deposit back to solid form, as long
as the temperature is below their critical temperature or decomposition temperature. In
plain terms, a liquid will evaporate at all pressures below its vapor pressure while
remaining stable at pressure above the vapor pressure. Figure 9 is a graph fresh water
vapor (saturation) pressure against temperature. In order to get sea water vapor
(saturation) pressure we need to insert the salinity and the vapor (saturation) pressure at

certain temperature in Equation 2.1.

Pow — 14057357 x (—
Pv,sw 1000-S

) (2.1)



Another importance property is BPE. BPE is a phenomenon where boiling points
become higher due to appearance of others compound in this case it was salinity. To

calculate the BPE we can use equation 2.2
BPE=AX+BX?+CX® (2.2)
Where A = (8.325x10%+1.883x10*T+4.02x10°T?)

B = (-7.625x10™+9.02x10°T-5.2x10"'T?)

C = (1.522x10-*-3x10°T-3x10-8T?)

2.2 Overall Process

Saline Water
(Brackish or sea water)

Fresh water

Brine

Figure 10 :Overall Flow of Desalination[10]

Desalination is a process that removes salt from sea water. Water is desalinated
in order to produce fresh water to suit human consumption. In order to desalinate the
water energy was required. In MSF fossil fuel is use as source of energy to heat up the

water to top brine temperature.
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HEAT TRANSFER and EVAPORATION

take place in different areas, resulting *
in a minimized risk of scaling. EJECTOR SEA WAT2

JACKET
WATER

HEAT TRANSFER}

STEAM‘

SEAWATER

Qg

DISTILLATE

o ®

FLASH CHAMBER

LAST STAGE

L
& STAGE No.1

Y

BRINE

CONDENSATE EVAPORATION

Figure 11:Flow Diagram of MSF

Figure 11 sows the process for MSF. The main components of the plant is the
heat rejection, recovery section, and brine heater. The process starts when the seawater is
pumped from the source that is sea. After that it will go through along heat exchanger
that was heated by hot steam of distillate that produces at every stage. After going pass
through the 1% stage the seawater will be heated until it meet the top brine temperature.
The water will be flash at every stage due to pressure drop at every stage. The process
will go through the stage until the last stage [1][2][3][4][5]. Table 4 show the real plant
condition of an MSF plant.
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Table 4 : Real Plant Condition

Comparison of model predictions against field data

Topbrine Stage PR Stage Stage Weir  Demister Specific heat

Number Capacity temperature width — length height loading length  transfer area

(°C) (m) m  (m) (m (m) [1112,"[kg,"5]] Mew sMg

Plant of stages (m’/d)
Al Taweelah “B” (Abu 20 57600
Dhabi-UAE)
Al Hidd (Bahrain) A 300
Ruwais (UAE) 15 15000
Jebel Ali “G” (Dubas UAE) 21 34080
Jebel Ali “K” (Dubai UAE) 21 45480
Jebel Ali “K” 2 (Dubai UAE) 19 60530
Mirfa (Abu Dhabi-UAE) 21 34000
Ras Laffan (Qatar) 1 45400
Shuweihat (Abu Dhabi-UAE) 21 75670
Subyia (Kuwait) p! 58000

112 9 8 3% 61 299 23 174 9.53 830
07-112 142 9 4606 56 200 21 198 § 86
105-112 8 6 364 47 195 23 141 1282 885
113 4 88418 54 % 12 184 888 8

105 178 9 47 58 3 1 189 86 8

105 B8 57 64 W25 194 857 927
110 4 8944 55 M 1 197 § 86
105 8 865 59 M 22 199 79 93
111 B9 6 66 31 23 199 § 845
110 0 9552 62 2 2 205 74 86

2.3 Cost Estimation

Unit cost ($/m3)

6.0

30

0.0

\0 ¢
9.0

1955 1960 1965

1970

1975 1980 1985 1990 1995 2000

Year

Figure 12 :Cost Analysis of MSF [10]

MSF at early of its innovation the cost per m® is as high as USD 9 but as
innovation has been done by years to years the cost of fresh water that been produced
has reduced to around USD1-2 per m® as per what we can see in figure 12.

12
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Table 5 : Economis of Desalination [10]

MSF MED vC RO
Specific
Investment Cost 1,200 — 1,500 | 900 — 1,000 | 950 — 1,000 700 - 900
[$/m3/day] I
Total Cost
Product [$/m] 1.10 —1.25 0.75 - 0.85 0.87 - 0.95 0.68 — 0.82

Hypothesis: FPlant Capacity 30,000 m*/day
Interest Rate 7 %
Project Life 20 years
Price Elactrnicity 0.065 $/kKWh

Source: Kaufler

From Table 5 we can see that the total cost of fresh water from MSF is about
USD 1.25 and in Malaysian Ringgit it is RM 3.58. In Malaysia the normal water charge
is between RM 1-2. The water charge is depends to the state companies that give water

services. Table 6 shows the water charge according to the state in Malaysia.

Table 6 : Malaysia Water Charge per State

State Water Charge per m® (RM)
Johor 2.96
Kedah 1.80
Kelantan 1.25
Melaka 1.47
Negeri Sembilan 1.60
Pahang 0.84
Penang 1.00
Perlis 1.30
Sabah & Labuan 1.20
Sarawak 1.21
Selangor 2.28
Terengganu 1.15

13




3.1 Project Activities

Start

CHAPTER 3
Methodology

—)

Identify Problem
Statement

¥

Gather Information

¥

Perform Literature Study

¥

Study on Characteristic
of Seawater

¥

Modeling 1 stage of
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$
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¥

Developing of
Mathematical Model

\ g

Figure 13 : Project Activities

Modeling 10 stage of
MSF

¥

Recommendation on
suitability to operate in
Malaysia

End
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For this project we have start with studying the background of this project and

gather all the information needed to run the modelling. After that we continue with the

study on characteristics of sea water. We have study the difference properties of

seawater at difference salinity and temperature that is:

Vapor Saturation Pressure
Boiling Point Elevation
Latent Heat of Evaporation
Specific Enthalpy

Specific Heat at Constant Pressure

After that we continue with developing the model. First we understand the
concept of the mass balance and energy balance. After that we develop a model of single
stage MSF. We need to understand the relationship between all the data. Moving on we
start to develop second stage of the MSF. When the 2 stage of MSF have been developed
we start to develop the mathematical model that will assist us in order to finish the
modeling of MSF.

3.1.1 Mass Balance and Energy Balance

Condenser Tubes Inlet Seawater

2 M R: XR‘ TI]H_

Otlet Seawater Flashing

My, Xps T[.I Vapor
/ D.l' T'f-']

Inlet Distillate J_/_f‘/f-""f Outlet Distillate
i1 i
Y DTy [ ¥ IDp 1y
k=1 | s k=1
Brine Orifice
Demister
Inlet Brine  po—— Outlet Brine
By_1-Xbj_1: Tbj_y Bj. Xhj. Thj
Flashing Vapor Brine Pool

Dy Tvy

Figure 14: Mass Balance for 1 Stage [2]

In order to develop a model first we need to know the mass and energy balances

of the process. The process of a stage in a flash desalination is shown in figurel14 and the

15



overall mass balance and energy balance was shown in figure 15 [2]. In this part it will
discuss on the mass transfer and heat transfer in a stage for a flash desalination plant.

The overall mass balance for a stage is given by

It should be noted that for the first stage the value B;_, is equal to Mg and the

term Z{;ll D, is equal to zero. Therefore the equation (3.1) can be reduce to following

Mr=D; + B4 (32)

And for the salt concentration for each stage is given by
Xbj-1 Bj1 = Xp;B; (3.3)

It should be noted that Bj.; is equal to Mg and Xp;.1 is equal to X for the first

stage. Thus the equation can be reduce to

XrMg=Xp1B1 (3.4)
The energy balance for the flashing brine is given by

Ditvi=Bj-1CPo(Toj-1 —Th)) (3.5)

It should be noted that for the first stage Bj.; is equal to Mg and Ty;.1 is equal to

Tpo. Thus the equation can be reduce to
Diivi= Mg Cpo(Tho —Tha1) (3.6)

The temperature for the unevaporated brine flowing to the next stage is related to
the saturation temperature of the formed vapour, boiling point elevation (BPE) and

nonequilibrium allowance (NEA). The equation is given by

Tbj:ij +BPEJ‘+ NEAJ' (3.7)

16



NEA is a measure of the thermal efficiency. The equation is given by

NEAy, = (0.9877)™(15.7378)"(1.377) 1%

Heating

Cooling Seawater

Removes Excess Heat

A

Feed Seawater

Steam_ |

MSF Plant

Flashing

vapor
Energy Recovery
>

(3.8)

Feed and cooling
Seawater

Distillate Product

\ 4

Brine Recycle

| "
# Brine Blow Down
|

Mixer/splitter

Figure 15 : Overall Mass & Energy Balance
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3.2.2 Mathematical model

Start

At J=0
Define
‘MR, Tj+1,Xpj-
1, Tbj-1,Pbj-1

y
At J=0
Guess: Tfj
Calculate : Qg

At J=1,2,3...J+1
Calculate,
Thj=Thjo-1 fOr Th1=Tho,
TsatjAvj, Coj, BPE;j, Ty, Thjo, D
»Q;,NEA,H,LW,
Total Distillate =

A

YiZoDj J=1+1

YES

NO

]

Figure 16 : Mathematical Model for MSF
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In this mathematical model a few assumption has been made that is:

e This operation is a steady state operation

e Heat loss to the surrounding are negligible

e The heat capacities for feed seawater, brine and distillate product depend on
temperature and composition.

e The distillate is product salt free.

As shown in the figure 14, first we need to define seawater intake (Mg), inlet
seawater temperature (Tr+1), inlet seawater salinity (Xy;-1), top brine temperature (Ty;.1)
and top brine pressure (Ppj.1). After that we need to guess the seawater temperature
through a condenser at stage 1(Ts;) and then we can calculate the heat required by the
brine heater (Qg).

For every stage we need to calculate the brine temperature (Ty;) using equation 3.7,

flash vapor temperature (Ty;) , distillate flowrate(Dj) using equation 3.5,NEA using

J+1

equation 3.8 and ijo Dj . The modeling will stop if Dj is less than 1% the inlet water

J+1

j=o Dj is between 10-20% of the water intake flowrate and the number of

flowrate or )’

stage is greater than 10. This is because due to economical restriction.
For the modeling of MSF there software that will be need to us is:

1. Microsoft Office Excel
2. MATLAB
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Result & Discussion

4.1.1 MSF Design

Operating Variable

Seawater Flow rate 10000m>/hr
Seawater Temperature 32°C
Seawater Salinity 35g/kg

Top Brine Temperature 120°C
Height 5.8m
Length 4.86m
Width 15.4m
Number of Stage 10

Table 7 : Operating Variable for MSF

The dimension of the MSF plant is same for every stage. This is because we had
made the assumption that all stage has the same heat transfer area. We also had stop the

modeling at stage number 10 because it has reach the %yield between 10-20 that is 16%

10000 m3/hr 10000 m3/hr
4274 °C < 4155 °C
\I/ Sle/kel= 35
Q= 3.92E+09 kJ/hr 110.3 °C 4272 °C
192.9 m3/hr 192.9 m3/hr ‘H
10000 m3/hr T T /]\ Platm)= 2
120 °c
Platm)= 225 _—
Sig/kel= 35 112.3 °C >
9807.1 m3/hr
Sle/ke)= 357
cp 4.05327 kI/kgK Height S8 m
Latent heat of
Evaporation 2094.83 kl/kg Length 485 m
Boiling point
elevation 0.6123 °C Width 154 m
MEA 1723

Figure 17 : 1st stage of MSF
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Operation Conditions

1 2 3 4 5 6 7 8 9 10
Brine Inlet
Temperature(OC) 120 112.3 104.6 96.3 88.5 80.8 72.4 64.7 58.3 50.4
Brine Outlet
Temperature(oC) 112.3 104.6 96.3 88.5 80.8 72.4 64.7 58.3 50.4 42.9
Flash Water
Temperature(OC) 110.3 102.7 94.2 86.6 78.6 70.2 62.3 56.8 48.9 40.4
Distillate
Temperature(OC) 42.74 41.55 40.37 39.37 38.43 37.65 36.6 35.6 34.3 32.1
Inlet
Flowrate (m3/hr) 10000 9807.1 9623.8 9442.2 9267.8 9096.8 8930.4 8771.6 8647.2 8495.6
Brine
Flowrate (m3/hr) 9807.1 9623.8 9442.2 9267.8 9096.8 8930.4 8771.6 8647.2 8495.6 8346.1
Distillate
Flowrate (m3/hr) 192.9 183.3 180.6 175.3 170.1 165.4 159.8 123.4 151.6 1485
Inlet
Salinity(g/kg) 35.0 35.7 36.4 37.1 37.8 38.5 39.2 39.9 40.5 41.2
Brine
Salinity(g/kg) 35.7 36.4 37.1 37.8 38.5 39.2 39.9 40.5 41.2 419
Distillate
Yield(%) 19 19 1.9 19 1.8 1.8 1.8 14 1.8 1.7

Table 8: Operating Conditions of MSF
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By using the mathematical model that we have discussed in methodology we
have finally setup a model as per shown at Table 8. In order to build up the model there

are a few thing that should be take note that is:

e The top brine temperature is 120°C
e The inlet water intake is 10000m®/hr
e The inlet water salinity is 35g/kg

e The heat transfer area for is stage is constant.
After the modeling had been done we can see that:

e The heat needed to heat up the seawater to top brine heater is 3.92X10°kJ/hr

e The average distillate yield at every stage is 1.65% and the total distillate yield is
16.52% that is 1653m*/hr that equivalent to 39672m®/day

e The number of stage is 10

e The final temperature of the brine blowdown is 42.9°C

e The final salinity of the brine is 41.9g/kg

From the result that we have obtained we can see that the brine temperature is
higher compared to normal sea water that is 35°C. Another main concern is the salinity
of the brine that is 41.99/kg compared to normal that is 35g/kg. These two properties
were very important because by increase the salinity the density of the seawater will

increase and make it less soluble to carbon dioxide.

22



ool Alil G Model Study
sture Aisas - Aun 13 B B0G Hre

Figure 18: Temperature Plot At Al -Jebel Plant

4.2 Recommendation
There are some improvements that still can be done that is

1. Energy efficiency

Fixed Charges Energy
41%

(primarily _
capital cost)
42%

Chemicals

\__I__ 2%

Maintenance

and Parts —
8 o
Membrane Supervision
Replacement and Labor
0% T%

Source: Ebensperger and Phyllis Isley (2005)

Figure 19 :Cost Segregation for MSF

From figure 19 we can see that almost half of the cost of to produce fresh
water is from energy consumption that is 41%. So if the cost of production to be
reduces it must be reduce from the energy use. One of the methods to reduce the
energy use is by changing to membrane process. It has been prove that by using

membrane process it can reduce the energy use to 20 %. [10]
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CHAPTER 5
CONCLUSION

From the result that we obtain we have studied the characteristic of the sea water
that varies on different salinities and temperature. The sea water properties that had been
studies is vapour saturation pressure, latent heat of vaporization, specific heat at

constant pressure, boiling point elevation.

After that a MSF model with 10 stages has been model using all of the properties
that had been studied before. 1653m * that is equal to 16.53% of fresh water had been
yield out of 20000m3 of the inlet flowrate. The modeling was done by using the
Microsoft Excel and MATLAB.

In the end a few improvement was suggested to improve the efficiency and
reduce the cost per m3 of produce fresh water that is improvement in energy efficiency
by suggesting a new method of desalination has been suggested that is membrane
process that have been proved can reduce the energy consumption
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Vapor (saturation

ressure, kPa

APPENDIX A

Vapor Saturation Pressure

Salinity, g/'kg
Temp, °C 0 10 20 30 40 a0 60 70 80 90 100 110 120
0 0.611 0.608 0.604 0.601 0.597 0.593 0.590 0.586 0.582 0578 0575 0.571 0.567
10 1.228 1221 1214 1.207 1.199 1.192 1.185 1177 1170 1.162 1.154 1.147 1.139
20 2339 2325 2312 2293 2284 2270 2256 2242 2228 2213 2.199 2184 2169
30 4247 4222 4197 4172 4147 4122 4.096 4070 4.044 4.018 3992 3.965 3.938
40 7.384 7.341 7.298 7.255 7211 7.167 7123 7078 7.033 5.987 6.941 6.895 6.848
a0 12.251 12.279 12.200 12135 12.062 11.988 11.914 11.839 11.763 11.687 11.610 11.532 11.454
60 19.946 19.829 19.713 19596 19.478 19.359 19.239 19.118 18.996 18.873 18.749 18.624 18.497
70 31.201 31.018 30.837 30654 30470 30284 30096 29907 29716 29523 29329 29133 28935
80 47415 47139 46.863 46585 46305 46022 45737 45449 45159 44866 44571 44273 43972
90 70182 B9.776 69.368 68.957 68542 68124 &7.701 67.276 66846 66413 65975 65534  65.089
100 101418 100835 100245 99651 99.052 98.447 97.837 97.221 96.601 95974 95343 94.705 94.062
110 143376 142558 141725 140.884 140.037 139182 138320 137450 136572 135687 134793 133.892 132982
120 198.665 197541 196.386 195222 194048 192863 191668 1950463 189246 188.019 186.782 185533 184272
250 T ; Accuracy  40.1%
1 1
i i
w 200 1 [t i’ i
[+ N 1 1 1
= ] 1 ]
g 1 i 1
g 150 - R
: | |
2 . :
g 100 : i i
] N
® o
i i i
1 1 1
0 L
] 10 20 30 40 50 60 7o 80 90 100 110 120 130
Temperature, °C

Mostafa H. Shargawy, John H. Lienhard WV and Syed M. Zubair, Thermophysical Properiies of Seawater: A Review of Existing Correlations and Data, Desalination and
Water Treatment, 2010
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Boiling point elevation, K

APPENDIX B

Boiling Point Elevation

Salinity, glkg
Temp, °C 0 10 20 30 40 50 60 70 80 a0 100 110 120
0 0.000 0.067 0.138 0213 0.291 0.373 0458 0.547 0.640 0.736 0.836 0.939 1.046
10 0.000 0.073 0.150 0.232 0.317 0.407 0.501 0.599 0701 0.e0v 0.917 1.032 1.151
20 0.000 0.079 0.163 0.251 0.344 0.442 0545 0.652 0764 0.880 1.002 1.128 1.258
30 0.000 0.085 0.176 0272 0373 0.479 05590 0.707 0.829 0.956 1.088 1.225 1.368
40 0.000 0.092 0.190 0.293 0.402 0.517 0637 0.764 0.895 1.033 1176 1.325 1.480
50 0.000 0.099 0.204 0.315 0433 0.556 0.686 0822 0964 1.112 1.267 1428 1.595
60 0.000 0.106 0.219 0.338 0.464 0.597 07236 0.e82 1.025 1.194 1.360 1.532 1.711
70 0.000 0.114 0.234 0.362 0.497 0.639 0788 0.944 1.107 1.277 1.455 1.639 1.831
80 0.000 0.121 0.250 0.387 0.530 0.682 0.841 1.007 1.181 1.363 1.552 1.748 1.952
90 0.000 0.129 0.267 0.412 0.565 0.726 0.895 1.072 1257 1.450 1.651 1.860 2076
100 0.000 0.138 0.284 0438 0.601 0772 0952 1.139 1.335 1.540 1752 1.973 2203
110 0.000 0.146 0.302 0.465 0.638 0.819 1.009 1.208 1415 1.631 1.856 2.089 2.331
120 0.000 0.155 0.320 0.493 0.676 0.668 1.068 1.278 1.497 1.725 1.962 2.207 2.462
0 O N T S A Accuracy #0.018K
S T O O
N L/
x | i i | | | i i ' . |
- L T
g i i i i i i T i | | i
2 I 1 1 I I 1 1 1 I I
R e T B B
8 | e —
TR [ESEs E ——— L
2 L L R P
05 4 RS =g S S . T N N S
e,
00 —— 4 44—
o 10 20 30 40 S0 B0 FO 80 90 100 110 120 130
Temperature, °C

Mostafa H. Shargawy, John H. Lienhard WV and Syed M. Zubair, Thermophysical Properties of Seawater: A Review of Existing Correlations and Data, Desalination and
Water Treatment, 2010
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APPENDIX C

Latent Heat of Vaporization

Latent heat of vaporization. k.J/kqg

1500

Temperature, o

Salinity, glkg
Temp, °C 0 10 20 30 40 50 60 70 80 90 100 110 120
o 25009 24759 24509 2425 9 2400.9 23769 23508 23258 2300.8 22758 22508 2225 8 2200.8
10 24772 2452 5 24277 24029 23781 2353 4 23286 2303.8 22790 2254 3 2295 22047 2180.0
20 24536 24290 2404 5 23799 23554 23309 23063 22818 22573 22327 22082 21837 21591
30 24298 2405 5 23812 236569 23326 23083 22840 22697 22354 2211.1 2186.8 21625 21382
40 2406.0 23819 23579 23338 2309.7 22857 2261.6 22376 22135 21894 21654 2141.3 21173
50 23820 23581 23343 23105 22867 22629 22390 22152 21914 21676 21438 21200 20961
60 23577 23341 231056 22870 22634 22398 22162 21927 2169.1 21455 21219 20983 2074.8
T0 23331 23098 2286.4 22631 22398 2216.4 21931 2169.8 2146.4 21231 2099 8 20765 20531
80 23081 22850 22619 22388 22158 21927 21696 21465 21234 2100.4 20773 2054 2 20311
90 22826 22897 22369 22141 2191.3 2168 .4 21456 2122 8 2100.0 20771 2054 3 20315 20087
100 2256.5 22339 2211.3 21888 2166.2 2143.7 21211 2098.5 2076.0 2053.4 2030.8 2008.3 1985.7
110 22297 2207 4 21851 21628 21405 21182 20959 20736 20513 20290 20067 1984 .4 19621
120 22021 21801 21581 21361 2114 .1 2092.0 2070.0 20458.0 20260 2003.9 1981.9 1959.9 1937.9
2600 Accuracy +0.01%
2500
2400
=
"_a"-
= 2300
g
=
= 2200
=]
5 2100
2000

Maostafa H. Shargawy, John H. Lienhard W and Syed M. Zubair, Thermophysical Properties of Seawater: A Review of Existing Correlations and Data, Desalination and
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APPENDIX D

Specific Heat At Constant Pressure

Specific heat at constant pressure, J/kg K

4200

4100 4

4000 ~

3900

3800 ~

Specific heat, J/lkg K

3700

Temperature, °C

Salinity, g'kg
Temp, °C 0 10 20 30 40 50 60 70 80 90 100 110 120

0 4206.8 41421 40799 40201 39627 39078 38553 38052  3IVST6 37124 38697 36293 35915
10 41967 41367 40788 40228 39689 39169 38671 38192 37733 37295  36BTT 36479 36101
20 4189.1 41328 40782 402532 39741 39245 38766 38304 37859 37430  3IV01.8 36623 36245
30 41839 41305 40785 40278 39786 39308 38844 38394 37958  3T536  3TI2TF 36733 36363
40 4181.0 41297 407V96 40307 39829 39364 383910 38467 38037 37618 37211 36816 38432
50 41806 41308 40819 40341 39873 39415 38966 38529 381041 37683 372TH 36878 36450
60 416827 41337 40855 40383 39920 39465 39020 38583 38165 3737 3IV32T 36926 36534
70 41871 41385 40906 40436 39973 39519 39074 38636 38206 237785 3V3T2 36967 36570
80 41940 41453 40973 40501 40037 39581 39133 38692 382569 37835  3ITM.7 37008 38607
90 42034 41542 41059 40583 40115 39654 35202  38Y5T 38320 37891 37469 37056 36650
100 42152 41654 41164 40682 40209 39743 39285 38836 38394 3796.0  3I¥53L5  3IMINT 36708
110 42294 41788 41291 4080.2 40322 329851 39387 3B933 38486 28049 37619 37199 36786
120 4246.1 41947 41442 40946 40459 39982 39513 39054 38603  3816.2  3VV3.0 37307 36894

4300 Accuracy £0.28%
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