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THEORETICAL AND EXPERIMENTAL SIMULATION OF PASSIVE VACUUM 

SOLAR FLASH DESALINATION 

Mohammad Abutayeh 

ABSTRACT 

 

Experimental and theoretical simulations of a novel sustainable desalination 

process have been carried out. The simulated process consists of pumping seawater 

through a solar heater before flashing it under vacuum in an elevated chamber. The 

vacuum is passively created and then maintained by the hydrostatic balance between 

pressure inside the elevated flash chamber and outdoor atmospheric pressure.  

The experimental simulations were carried out using a pilot unit built to depict the 

proposed desalination system. Theoretical simulations were performed using a detailed 

computer code employing fundamental physical and thermodynamic laws to describe the 

separation process, complimented by experimentally based correlations to estimate 

physical properties of the involved species and operational parameters of the proposed 

system setting it apart from previous empirical desalination models. 

Experimental and theoretical simulation results matched well with one another, 

validating the developed model. Feasibility of the proposed system rapidly increased with 

flash temperature due to increased fresh water production and improved heat recovery. In 

addition, the proposed desalination system is naturally sustainable by solar radiation and 

gravity, making it very energy efficient. 
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CHAPTER 1. INTRODUCTION 

 

1.1 Overview 

Fresh water demand is persistently increasing both as populations around the 

world keep growing and as existing fresh water reserves keep declining due to 

consumption and pollution. Figure 1 shows the estimated water consumption of US 

counties for 2000 [1]. Marine waters represent an infinite water source since 98 % of all 

global water is present in oceans; therefore, seawater desalination is the logical approach 

to meet rising fresh water demand. 

Energy demand is also continually increasing due to relentless global 

industrialization. Oil and gas remain the primary sources of energy for most of the world; 

however, their reserves are dwindling, production is peaking, and consumption is 

harming the environment. Figure 2 illustrates the estimated energy consumption per 

capita of US states for 2001, while Figure 3 compares energy consumption per capita of 

Florida to the rest of the country for the past forty years [1]. Renewable energy sources 

are continually replenished by cosmic forces and can be used to produce sustainable and 

useful forms of energy with minimum environmental impact. 

Serious economic and social disruptions are unfolding over the finite water and 

energy resources; hence, securing fresh water supply and employing renewable energy 

sources will help avoid catastrophic conflicts, continue modern lifestyles, and circumvent 

global warming and environmental pollution [2]. 
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Desalination can be accomplished by separation techniques developed over the 

years to produce potable water. The most widespread desalination methods are given in 

CHAPTER 2. Momentous amounts of energy are required in all desalination processes; 

therefore, reducing energy demand, as well as employing renewable energy, is imperative 

to developing viable desalination processes. Various desalination systems driven by 

renewable energy have been developed over the last few years; nonetheless, most have 

not yet been commercially implemented due to high capital cost associated with utilizing 

renewable energy.  

Solar radiation is a very appealing source of energy because it is available at no 

cost; furthermore, exploiting it has no notable adverse effect on the environment. Plenty 

of research and development have been undertaken to utilize this free form of energy to 

develop more efficient sustainable processes such as water desalination and power 

generation.  Figure 4 illustrates the US share of solar radiation [3]. Solar energy is 

intermittent and requires storage; however, maximizing its use alongside developing 

energy efficient processes can greatly diversify energy resources, save the environment, 

and reduce imposed social cost [4]. 

Solar desalination is essentially a small–scale duplicate of the natural hydrologic 

cycle that produces rain, which is the primary source of fresh water worldwide. Solar 

insolation is preferred over other renewable energy sources to drive desalination systems 

because its thermal energy can be directly applied to thermal desalination schemes 

without adverse energy conversion requirements that usually entail certain energy losses. 

In addition, thermal desalination schemes are more suitable than mechanical desalination 

schemes for large–scale applications as will seen later. 
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Figure 1. Estimated water consumption of US counties for 2000 [1] 
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Figure 2. Estimated energy consumption per capita of US states for 2001 [1] 
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Figure 3. Estimated energy consumption per capita of Florida and the US [1] 
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Figure 4. Monthly average daily solar insolation in the US [3] 
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1.2 Objective 

Developing an economically–viable and environmentally–friendly desalination 

system involves lowering its energy demand and employing renewable energy to drive its 

operation. In this study, the most common desalination technique, multi–stage flash, will 

be modified to have its system vacuum created passively and to have its thermal energy 

requirements drawn from solar insolation. The proposed modifications are expected to 

further the feasibility and broaden the applicability of the desalination process. 

Creating vacuum conditions above liquids will increase their evaporation rates. 

This phenomenon can be integrated into a practical continuous desalination process by 

repeatedly flashing seawater in vacuumed chambers to produce water vapor that will be 

condensed to produce fresh water. Gravity can be used to balance hydrostatic pressure 

inside the flash chambers with the outdoor atmospheric pressure to maintain that vacuum, 

while low grade heat or solar radiation can be used to heat seawater before flashing it. 

The objective of this study is to simulate theoretically and experimentally a solar 

flash desalination process under a hydrostatically sustained vacuum and analyze its 

controlling variables. Theoretical simulation is accomplished by a rigorous computer 

code employing fundamental physical and thermodynamic relationships to describe the 

process complimented by reliable empirical correlations to estimate physical properties of 

the involved species and operational parameters of the proposed system. Experimental 

simulation is realized by constructing a pilot unit depicting the proposed desalination 

system. Theoretical and experimental simulations will be run under various analogous 

conditions, and their results will be compared and analyzed both to validate the 

developed model and to examine the feasibility of the proposed system. 
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CHAPTER 2. DESALINATION 

 

2.1 Conventional Desalination 

Desalination is very energy intensive and requires costly infrastructure; therefore; 

several desalination processes have been developed over the years to produce fresh water 

from seawater economically. These can be classified according to the applied separation 

scheme into thermal, physical, and chemical processes. 

Thermal desalination processes produce a fractional phase change of liquid 

seawater to either vapor or solid. The new phase is then separated from the bulk brine 

water producing fresh water, while the latent heat of phase change is reclaimed. Multiple 

effect evaporation, multi–stage flash, vapor compression, and indirect contact freezing 

are examples of thermal desalination processes. 

Physical desalination processes extract fresh water from seawater by applying 

pressure or electric potential across a membrane. Either fresh water or solute ions travel 

through the semi–permeable membrane due to the mechanically induced gradient 

yielding the desired separation. Reverse osmosis, electro–dialysis, and nano–filtration are 

examples of physical desalination processes. 

Chemical desalination processes extract fresh water from seawater by 

precipitating its salts due to chemical reactions. These processes are less common 

because they are usually too expensive to produce fresh water. Ion exchange, gas hydrate, 

and liquid–liquid extraction are examples of chemical desalination processes. 
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Selecting a suitable desalination process requires several design considerations 

such as: start–up time, seawater quality, seawater supply, maintenance requirements, 

energy efficiency, capital cost, operating cost, and other site specific factors [2]. Global 

distribution of these processes is illustrated categorically in Figure 5 and geographically 

in Figure 6 as percentages of total installed capacity [5]. 

Selecting a particular desalination process also requires knowledge of its specific 

design limitations. Discussing the design limitations of different desalination processes is 

beyond the scope of this study, but such discussions are widely available in academic and 

business literature [6]. A brief summary of these limitations is provided here. 

The energy needed to recover fresh water from seawater increases with increased 

salinity; therefore, limiting recovery rates is one way to optimize the desalination process. 

Also, increasing process efficiency usually involves increasing equipment size, which 

entails capital cost increase. Optimum design of desalination plants generally includes 

analyzing the tradeoff between energy and capital costs to minimize production costs. In 

addition, scaling is a major issue in desalination because it fouls mass and heat transfer 

surface areas, reducing both capacity and efficiency. Scaling can be minimized by 

reducing the saturation limit of saline water via dropping the operating temperature and 

limiting the recovery rates in addition to chemical pretreatment and lime soda softening. 

Finally, desired water quality directly influences which desalination path to take [6].  

Desalination is a continually evolving field with many of its processes under 

research and development. In addition, a wide variety of cost effective hybrid processes 

are proposed as alternatives to the rather expensive common commercial processes. A 

brief discussion of the major desalination processes is provided next. 
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Figure 5. Global distribution of installed desalination capacity by technology [5] 
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Figure 6. Global distribution of installed desalination capacity by region [5] 
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2.1.1 Multiple Effect Evaporation 

Originally developed in the 1820s for concentrating sugar in sugar cane juice, 

multiple effect evaporation was used for desalination in the 1950s, making it the oldest 

desalination process still in operation. Multiple effect evaporation has been combined 

with other desalination methods, such as vapor compression, to increase its efficiency. 

Seawater is distributed to a sequence of vacuumed vessels, known as effects, held 

at successively lower pressures. External heat is supplied to the first effect, and the 

generated vapor of each effect supplies its latent heat of condensation to the next. 

Condensed vapor of each effect is then collected as the fresh water product. 

Multiple effect evaporation has a relatively good thermal performance since 

external heating is only required for the first effect, but its heat transfer tubes are very 

susceptible to scaling, making it a less attractive desalination option. Figure 7 provides a 

simple process flow diagram of the multiple effect evaporation desalination process [6]. 

 

 
Figure 7. Multiple effect evaporation  
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2.1.2 Multi–Stage Flash 

Multi–stage flash is the most common desalination technique, accounting for over 

40 % of the global capacity [5]. It has been coupled with other processes, such as solar 

heating and steam turbine power generation, to increase its efficiency. 

Seawater is moved through a sequence of vacuumed vessels, known as stages, 

held at successively lower pressures, where it is preheated. External heat is then supplied, 

heating the seawater to above its saturation point. Seawater is then successively passed 

from one stage to the next, where a small amount of water flashes to steam in each stage, 

and the remaining brine is forwarded to next stage for further flashing. The flashed steam 

of each stage condenses by losing its latent heat of condensation to the entering seawater. 

The condensed vapor of each stage is then collected as the fresh water product. 

Multi–stage flash has a relatively low thermal performance due to bulk heating of 

seawater, but its heat transfer tubes are less susceptible to scaling because of that bulk 

heating, making it a more attractive desalination option. Figure 8 provides a simple 

process flow diagram of the multi–stage flash desalination process [6]. 

 

 
Figure 8. Multi–stage flash 



 

11 
 
 

 
 
 

2.1.3 Vapor Compression 

Seawater is preheated before entering a vacuumed vessel to be partially vaporized 

by the latent heat of a condensing steam obtained via compressing vaporized water. The 

process is dubbed mechanical vapor compression if steam compression is done by a 

compressor or thermal vapor compression if steam compression is done by an ejector. 

Vapor compression has a relatively high thermal performance and can be applied 

in the desalination of extremely concentrated brines. Vapor compression is generally 

employed in small and medium capacity applications. Figure 9 provides a simple process 

flow diagram of the mechanical vapor compression desalination process [6]. 

 

 
Figure 9. Mechanical vapor compression 
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2.1.4 Indirect Contact Freezing 

Seawater is cooled by cold outgoing fresh water and brine before it enters the 

evaporator of a separate refrigeration cycle, known as the freezer, where it is partially 

frozen by evaporating refrigerant. Crystallized ice is separated from the brine before it 

enters the condenser of the refrigeration cycle, known as the melter, where it melts by 

extracting its latent heat of fusion from condensing refrigerant. Cold outgoing fresh water 

and brine streams are used to cool the entering seawater in a heat exchanger. 

Indirect contact freezing has a relatively high thermal performance and is less 

susceptible to scaling and corrosion due to its low temperature operation, but problems 

arise both from controlling solids handling operations and from the uncertain reliability 

of refrigerant compressors due to increased risk of oil slugging at low pressures. Figure 

10 provides a simple schematic of the indirect contact freezing desalination process [6]. 

 

 
Figure 10. Indirect contact freezing 
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2.1.5 Reverse Osmosis 

Reverse osmosis is the most common desalination process nationally and the 

second most common internationally in terms of capacity. It is best used for brackish 

water and is usually combined with other filtration methods to increase its efficiency. 

Seawater is initially treated to adjust its pH and to free it from particulates that 

negatively impact the membrane structure. Seawater is then pumped to a network of 

semi–permeable membranes, separating fresh water from concentrated brine. Seawater 

pressure is raised above its natural osmotic pressure, typically 25 bars, but is kept below 

the membrane tolerance pressure, typically between 60 and 80 bars, forcing pure water 

molecules through the membrane pores to the fresh water side. Separated water is then 

treated and collected as the fresh water product, while the concentrated brine is rejected. 

Reverse osmosis is very efficient because the mechanical compression energy can 

be reclaimed from the rejected concentrated brine with a suitable turbine. Figure 11 

provides a simple process flow diagram of the reverse osmosis desalination process [6]. 

 

 
Figure 11. Reverse osmosis 
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2.1.6 Electro–Dialysis 

Seawater is passed through an electro–dialysis stack consisting of alternating 

layers of cationic and anionic ion exchange membranes in an electrical field. Cations and 

anions then migrate in opposite directions through ion selective membranes and away 

from the saline feed in response to applied voltage across the electro–dialysis stack, 

producing fresh water in the intermediary channels. 

The electro–dialysis stack can be arranged in series to increase purification and in 

parallel to increase output. Electro–dialysis is best used in brackish water applications 

and is usually combined with other filtration methods to increase its efficiency. Figure 12 

provides a simple process flow diagram of the electro–dialysis desalination process [6]. 

 

 
Figure 12. Electro–dialysis 
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2.2 Solar Desalination 

Extracting fresh water from seawater requires a great deal of energy, both thermal 

and mechanical, as detailed in Table 1 [7]. Renewable energy driven desalination is 

becoming more viable despite its expensive infrastructure because it employs free natural 

energy sources and releases no harmful effluents to the environment. Solar insolation is 

usually chosen over other renewable energy sources because its thermal energy can be 

directly applied to drive desalination systems without irreversible energy conversion that 

involves inevitable energy loss according to the second law of thermodynamics. 

Solar desalination systems are classified into direct and indirect processes 

depending on the energy path to fresh water. Direct solar desalination systems combine 

solar energy collection and desalination in one process producing fresh water distillate by 

directly applying collected solar energy to seawater. Solar distillation using a solar still is 

an example of direct solar desalination. Indirect solar desalination systems comprise two 

sub–systems: a solar collection system and a desalination system. The solar collection 

sub–system is used either to collect heat using solar collectors and supply it via a heat 

exchanger to a thermal desalination process or convert heat to electricity using 

photovoltaic cells to power a physical desalination process. The desalination sub–system 

can be any of the previously mentioned conventional desalination systems. 

 

Table 1. Energy consumption of desalination systems [7] 

Process Heat Input 
( kJ / kg of product ) 

Power Input 
( kJ / kg of product ) 

Prime Energy Consumption 
( kJ / kg of product ) 

MEE 123 8 149 
MSF 294 9–14 338 
VC — 29–58 192 
RO — 18–47 120 
ED — 43 144 
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2.2.1 Solar Distillation 

Seawater is placed in a blackened basin inside an air tight transparent structure 

where it evaporates due to absorption of solar radiation then condenses on the sloping 

structure by losing its latent heat of condensation to the surroundings. Condensed 

droplets run down the cover to accumulating troughs to be collected as fresh water. 

Solar distillation is a small scale hydrological cycle, and its efficiency is 

significantly dependent on meteorological limitations such as solar radiation, sky 

clearness, wind velocity, ambient temperature, and many others. Solar distillation 

requires large collection areas to maximize insolation and is usually combined with other 

desalination methods to increase its efficiency. Figure 13 provides a simple process flow 

diagram of the solar distillation desalination process [6]. 

 

 
Figure 13. Solar distillation 
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2.2.2 Solar Collectors 

The solar collection sub–system of an indirect solar desalination system is 

essentially a solar collector that absorbs incident solar radiation and transfers heat to a 

fluid flowing through it. The working fluid of the collector can either be a medium to 

transfer heat to the process or to a thermal energy storage reservoir, or it can be the 

seawater itself before going through a thermal desalination system. Solar collectors can 

be either stationary or tracking. Tracking solar collectors can be designed to go after the 

rays of sunlight by moving around either a single axis or double axes. 

Solar collectors can also be classified as concentrating and non–concentrating 

types. The concentration ratio of a solar collector is the relative amount of the solar flux 

on the receiver to flux on the aperture. Concentrating collectors have a highly reflective 

surface to reflect and concentrate solar radiation onto a receiver or an absorber, while 

non–concentrating collectors have a highly absorptive surface with low emittance to 

maximize heat transfer to the working fluid. Solar collectors are chosen according to the 

desired process temperature. Table 2 includes an extensive list of solar collectors and 

their operational temperature ranges [7]. 

 
Table 2. Solar collectors [7] 

Tracking Collector Type Absorber Concentration Ratio Operational Range 

Flat plate Flat 1 30–80 °C 
Evacuated tube Flat 1 50–200 °C Stationary 
Compound parabolic Tubular 1–5 60–240 °C 
Compound parabolic Tubular 5–15 60–300 °C 
Linear Fresnel Tubular 10–40 60–250 °C 
Parabolic trough Tubular 15–45 60–300 °C 

Single–axis 

Cylindrical trough Tubular 10–50 60–300 °C 
Parabolic dish Point 100–1000 100–500 °C 

Double–axis 
Heliostat field Point 100–1500 150–2000 °C 
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2.2.3 Thermal Energy Storage 

Thermal energy storage in various solid and liquid media is used to synchronize 

energy supply and demand due to the intermittent nature of solar energy. Energy can be 

stored as sensible heat, as shown in Table 3, or as latent heat, as shown in Table 4 [8]. 

Thermal storage design depends on the temperature range of the solar collection and 

desalination systems, charge and discharge rates, space, corrosivity, and many others. 

 

Table 3. Sensible heat storage material [8] 

Medium Range ( °C ) ρ ( kg / m3 ) Cp ( J / kg-°C ) K ( W / m-°C ) 
Water 0–100 1000 4190 0.63 
Water – 10 bar 0–180 881 4190 — 
50 % ethylene glycol 0–100 1075 3480 — 
Dowtherm A® 12–260 867 2200 0.12 
Therminol 66® -9–343 750 2100 0.11 
Draw salt 220–540 1733 1550 0.57 
Molten salt 142–540 1680 1560 0.61 
Liquid sodium 100–760 750 1260 67.50 
Cast iron Up to 1150 7200 540 42 
Taconite — 3200 800 — 
Aluminum Up to 660 2700 920 200 
Fireclay — 2100–2600 1000 1.0–1.5 
Rock — 1600 880 — 

 

Table 4. Latent heat storage material [8] 

ρ ( kg / m3 ) Cp ( kJ / kg-°C ) Medium MP 
( °C ) 

ΔHL 
( kJ / kg ) Solid Liquid Solid Liquid 

k 
( W / m-°C ) 

LiClO3 · 3H2O 8.1 253 1720 1530 — — — 
Na2SO4 · 10H2O 32.4 251 1460 1330 1.76 3.32 2.25 
Na2S2O3 · 5H2O 48 200 1730 1665 1.47 2.39 0.57 
NaCH3COO · 3H2O 58 180 1450 1280 1.90 2.50 0.50 
Ba(OH)2 · 8H2O 78 301 2070 1937 0.67 1.26 0.65 ( l ) 
MgNO3 · 6H2O 90 163 1636 1550 1.56 3.68 0.61 
LiNO3 252 530 2310 1776 2.02 2.04 1.35 
LiCO3 / K2CO3 505 345 2265 1960 1.34 1.76 — 
LiCO3 / K2CO3 / Na2CO3 397 277 2300 2140 1.68 1.63 — 
n–Tetradecane 5.5 228 825 771 — — 0.15 
n–Octadecane 28 244 814 774 2.16 — 0.15 
HDPE 126 180 960 900 2.88 2.51 0.36 
Steric Acid 70 203 941 347 — 2.35 0.17 ( l ) 
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2.2.4 Solar Ponds 

Water absorbs solar radiation going through it causing its temperature to rise. The 

shorter the wave length of sunlight, the deeper it can penetrate the water column as 

shown in Table 5 [8]. Solar ponds are pools of water with a darkened bottom to maximize 

light absorption. They are designed to have increasing salinity with depth creating a 

density gradient that inhibits natural convection currents. The final outcome is a stratified 

pond with increasing temperature and salinity with depth, as shown in Figure 14 [7]. 

Solar ponds function as both solar collectors and thermal energy storage media. 

 

Table 5. Spectral absorption of solar radiation in water [8] 

Layer Depth 
Wavelength ( μm ) 

0 1 cm 10 cm 1 m 10 m 
0.2–0.6 23.7 23.7 23.6 22.9 17.2 
0.6–0.9 36.0 35.3 36.0 12.9 0.9 
0.9–1.2 17.9 12.3 0.8 0.0 0.0 
> 1.2 22.4 1.7 0.0 0.0 0.0 
Total 100.0 73.0 54.9 35.8 18.1 

 

 

Figure 14. Vertical cross section of a solar pond 
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2.2.5 Photovoltaics 

Photovoltaic cells are made from common semiconductor compounds and can 

directly convert solar radiation into useful electricity, as shown in Figure 15 [8]. Cells are 

arranged to form modules that are combined to form panels. Photovoltaic systems include 

an array of joined panels to produce the required electrical output, as shown in Figure 16 

[8]. Photovoltaics can be employed independently or jointly with other sources to 

generate electricity needed to power physical desalination systems. 

 

 

Figure 15. Photovoltaic cell schematics 

 

 

Figure 16. Photovoltaic system schematics 
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CHAPTER 3. RESEARCH BACKGROUND 

 

3.1 Renewable Energy Desalination Systems 

Water and energy are the most essential ingredients of a flourishing civilization. 

Fresh water and energy reserves are increasingly exhausted as was mentioned earlier in 

CHAPTER 1; hence, seawater desalination using renewable energy sources is a very 

appealing research area. In addition, desalination is an enormously energy exhaustive 

process making fossil fuel based conventional desalination methods extremely unpopular 

especially in light of the growing impact of environmental pollution and global warming. 

The worldwide capacity of desalination using renewable energy amounts to less 

than 1 % of that of conventional desalination due to high capital and maintenance costs 

associated with using renewable energy sources [9]. Several renewable energy driven 

desalination plants were designed and constructed; however, most of them were 

geographically customized and built on pilot scale. A detailed record of renewable energy 

driven desalination plants was put together by Tzen and Morris [10]. 

Wind energy can be utilized to generate electricity via turbines to run physical 

and chemical desalination plants, while geothermal energy can be utilized to generate 

heat via underground heat exchangers to run thermal desalination plants. Solar energy is 

the most promising renewable energy source due to its ability to drive the more popular 

thermal desalination systems directly through solar collectors and to drive physical and 

chemical desalination systems indirectly through photovoltaic cells. 
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3.2 Passive Vacuum Solar Desalination 

The passive vacuum desalination concept was initially developed and examined 

by Goswami and Kharabsheh [11]. Atmospheric pressure forces seawater from a ground 

level tank into an elevated vacuumed chamber through an injection pipe where water 

starts to evaporate due to solar energy supplied to the chamber via a closed loop heat 

exchanger. The concentrated brine is then withdrawn through a withdrawal pipe annulus 

to the injection pipe to recover heat, while vapor moves towards a condenser due to a 

vapor pressure gradient through a finned pipe. Vapor then condenses by losing its latent 

heat of condensation to the ambient and flows down to a fresh water tank due to gravity. 

The vacuum is maintained by the hydrostatic balance amongst all of the joined vessels. 

Figure 17 provides a simple illustration of the passive vacuum solar desalination process. 
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Brine Water

Fresh WaterSea Water
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Figure 17. Passive vacuum solar desalination 
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3.3 Passive Vacuum Solar Flash Desalination 

The prior passive vacuum solar process was modified to overcome the big size of 

the evaporator and its large level fluctuations. Seawater is pumped through a condenser to 

preheat it before it enters a solar heater where it flashes into the vacuumed evaporator 

through an expansion orifice to produce water vapor and concentrated brine. The flashed 

vapor then condenses by losing its latent heat of condensation to the entering seawater in 

the condenser. The condensate and the concentrated brine flow down to ground tanks due 

to gravity, while the vacuum is naturally maintained by the hydrostatic balance between 

the ground and the elevated vessels. Figure 18 provides a simple process flow diagram of 

the passive vacuum solar flash desalination process that was developed and examined 

theoretically by Goswami and Maroo [12]. 
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Figure 18. Passive vacuum solar flash desalination 
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3.4 Proposed Desalination System 

The proposed desalination system consists of a saline water tank, a concentrated 

brine tank, and a fresh water tank placed on ground level plus an evaporator and a 

condenser located at least ten meters above ground, as shown in Figure 19. The 

evaporator–condenser assembly, or flash chamber, is initially filled with saline water that 

later drops into the ground tanks by gravity, creating a vacuum above the water surface in 

the unit without a vacuum pump. The vacuum is maintained by the hydrostatic pressure 

balance among all of the connected vessels. The ground tanks are open to the atmosphere, 

while the flash chamber is insulated and sealed to retain both heat and vacuum. 

In a continuous process, cool saline water is pumped through the condenser to 

preheat it before it enters a solar heater and flashes into a vacuumed evaporator through 

an expansion orifice or a pressure–reducing valve producing water vapor and 

concentrated brine. The water vapor then condenses by losing its heat of condensation to 

the entering saline water in the condenser. The fresh water condensate and concentrated 

brine flow down to the fresh water and brine water tanks, respectively, due to gravity 

through linking pipes. Each of the fresh water and the brine water tanks has a discharge 

pipe located a few centimeters above the level of the inlet water pipes, keeping their 

levels constant to maintain the vacuum in the flash chamber hydrostatically as well as to 

retrieve the fresh water product and reject the concentrating brine. 

Multi–stage flash desalination scheme of the proposed system can be achieved by 

flashing seawater in sequentially lower pressure flash chambers, as shown in Figure 20. 

Employing the multi–stage flash desalination scheme will result in more evaporation and 

better recovery of heat of condensation, resulting in more fresh water output. 
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Figure 19. Single–stage solar flash desalination system 

 

 

Figure 20. Multi–stage solar flash desalination system 
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CHAPTER 4. THEORETICAL ANALYSIS 

 

4.1 Process Description 

The proposed desalination system with its designated stream labels is outlined in 

Figure 21. The desalination process includes two consecutive steps: a start–up procedure 

and a continuous operation. The start–up procedure is a simple process invoked prior to 

running the continuous operation and will not be included in the model. The continuous 

operation is the essential part of the desalination process, and a model will be built to 

simulate it. The valve positions shown depict the system in continuous operation mode. 

The start–up procedure begins by separately pumping the condenser with fresh 

water and the evaporator with seawater, while their top valves are open and their bottom 

ones are closed until they are completely filled with water and free of air. Valve positions 

of both vessels of the flash chamber are then switched to let water drop under gravity, 

leaving behind a vacuum that is created without a vacuum pump. 

The continuous operation begins right after the initial start–up procedure and it 

consists of pumping seawater through the condenser, preheating it before flowing it 

through the channels of a solar heater to reach a desired flash temperature. The desired 

flash temperature is controlled by manipulating the residence time of seawater in the 

solar heater by varying its flow rate in relation to available solar insolation. Hot seawater 

then flashes into an insulated vacuumed evaporator through an expansion orifice or a 

pressure–reducing valve, producing water vapor and concentrated brine. 
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The produced water vapor flows to the condenser due to a vapor pressure gradient 

and condenses by losing its heat of condensation to seawater passing through the 

condenser while concentrated brine remains in the evaporator. The fresh water 

condensate and concentrated brine flow down to the fresh water and brine water ground 

tanks, respectively, due to gravity through linking pipes that stretch down till just above 

the bottom of the tanks. The fresh water and the brine water ground tanks have discharge 

pipes positioned a few centimeters higher than the lip of the linking pipes, keeping their 

levels constant to maintain the vacuum in the flash chamber by the hydrostatic balance 

with the levels in the flash chamber. 

A comprehensive model will be developed to examine the dynamics of proposed 

continuous desalination operation. The model will employ fundamental laws to describe 

the process in addition to reliable empirical correlations to estimate physical properties of 

the involved species and operational parameters of the proposed system. The model will 

assume total steam condensation as well as quasi steady state operation, accounting for 

the build up of non–condensable gases in the flash chamber. The model will also account 

for the natural diffusion process of water vapor occurring because of a vapor pressure 

gradient present between the hot and cold sides of the flash chamber. 

The model will include mass and energy balances around process equipment and 

geometrical formulas describing equipment layout and size. The Rachford–Rice method 

[13] will be employed to perform flash calculations, while Bernoulli's fluid equation will 

be used to perform hydrostatic balance relations. Thermodynamic equilibria and several 

physical property correlations will also be included in the model. In addition, an 

integrative equation of state will be used to express rising vacuum pressure.  



 

28 
 
 

 
 
 

Brine Water

Sea
Water

Make-Up
Tank

CondenserEvaporator

Fresh
Water

Make-Up
Tank

Fresh Water

S

W C P

X

H

E

FB

Solar Heater

 

Figure 21. Process schematics 

 

4.2 Model Development 

Trace components in seawater may affect its kinetics but not its thermodynamic 

equilibrium; therefore, only major components will be considered in this theoretical 

analysis. The following sub–sections present all equations used in modeling the proposed 

system, while the next section sketches the solution algorithm. 

The nomenclature and engineering units of all variables used in the model are 

detailed at the beginning of this dissertation in the LIST OF SYMBOLS section. In 

addition, stream symbols that appear on the process flow diagram of Figure 21 are used 

as subscripts for different stream property variables. Process equipment referred to in the 

model denote the pump, the condenser, the heater, and the evaporator. The complete code 

with its input and output values can be found in the APPENDICES section. 
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4.2.1 Mass and Energy Balance 

Salt balances around process equipment are given by 

PPSS MM ⋅=⋅ ϕϕ          (1) 

XXPP MM ⋅=⋅ ϕϕ          (2) 

HHXX MM ⋅=⋅ ϕϕ          (3) 

WWHH MM ⋅=⋅ ϕϕ          (4) 

Overall energy balances around process equipment are given by 

0=−+− out
P

in
PPP EEWQ         (5) 

a
C

out
C

in
CCC EEEWQ =−+−         (6) 

0=−+− out
H

in
HHH EEWQ         (7) 

d
E

out
E

in
EEE EEEWQ =−+−         (8) 

Energy flow inputs to process equipment are given by 

SS
in
P HME ⋅=           (9) 

( )L
EEEPP

in
C HHMHME +⋅+⋅=        (10) 

XX
in
H HME ⋅=          (11) 

HH
in
E HME ⋅=          (12) 

Energy flow outputs from process equipment are given by 

PP
out
P HME ⋅=          (13) 

CCXX
out
C HMHME ⋅+⋅=         (14) 

HH
out
H HME ⋅=          (15) 

( )L
EEEWW

out
E HHMHME +⋅+⋅=        (16) 
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Energy accumulation in the condenser due to non–condensable gases is given by 

a
C

a
C

a
C HME ⋅=          (17) 

Energy transmitted by the diffusing water molecules from the concentrated brine 

phase to the fresh water vapor phase is accounted for in the above energy input and 

output expressions; therefore, an offset term is included in the energy balance of the 

evaporator to neutralize the effect of that transmitted energy on the flashing process. In 

other words, offsetting transmitted energy of diffusing water molecules effectively 

altered the boundary of the above energy balance from the evaporator to expansion 

orifice. Figure 22 illustrates the mass transfer operations of the proposed system, where 

flash and diffusion operations occur in the evaporator. The transmitted energy of the 

diffusing water molecules offset term in the evaporator is given by 

( )L
EEW

d
E

d
E HHHME −−⋅=         (18) 

 

 
Figure 22. Mass transfer operations 
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Demisting is a standard unit operation in industry accomplished by devices called 

demisters that are fitted to process vessels to ensure a full removal of liquid droplets from 

vapor streams. No demister was attached to the experimental unit and no demisting is 

considered in the model; however, flashed vapor can be safely assumed free from 

entrained brine droplets yielding zero salinity expressed by 

0== CE ϕϕ           (19) 

The experimental simulation will be thoroughly discussed in CHAPTER 5 and its 

output will be comprehensively disclosed in CHAPTER 7; nonetheless, a significant 

observation regarding the produced amount of fresh water vapor was made and needs to 

be mentioned here since it will be included in the model. 

The maximum amount of fresh water that can be produced by flashing seawater 

can be approximated by the expression ∫ [ MH · ( HH - HW ) / ( HE + HL
E - HW) ] dt , 

which is obtained by conducting an energy balance around the expansion orifice 

assuming seawater to be a single component fluid and ignoring heat losses. Maximum 

amounts that can be produced were computed using experimental flow and temperature 

values, then they were compared to actual collected amounts. 

Actual amounts of fresh water produced at lower flash temperatures were 

considerably less than predicted amounts by the single component flash calculation, 

indicating that a sizeable quantity of the flashed vapor condenses prematurely in the 

evaporator before making it to the condenser. In contrast, the actual amounts of fresh 

water produced at higher flash temperatures were much more than predicted amounts by 

the single component flash calculation, suggesting the presence of a diffusion process of 

vaporized water molecules from the evaporator to the condenser. 
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Bemporad [14] developed a correlation that estimates the diffusion rate of water 

vapor between two joined chambers under vacuum, where one chamber contains saline 

water and the other contains fresh water. The correlation was experimentally based with 

one empirical coefficient, and it identified the gradient ∆ PH2O / √T as the driving force 

for diffusion. The correlation was slightly modified to properly correspond to the current 

experimental results yielding the following expression 

( )
⎥
⎥
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+

+
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+

⋅⋅−
⋅⋅=
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5401
22
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OHW

E
d
E

Ωϕ
σ     (20) 

Parameter σ serves as a diffusion coefficient, while parameter Ω serves as a 

diffusion barrier and both can be adjusted using experimental results. The two parameters 

can be thought of as conductance and resistance terms, and it is imperative to reiterate 

that their obtained values pertain to the geometry of the experimental set–up and should 

be readjusted whenever applied to different geometries using experimental records. 

The vapor pressures corresponding to the brine and fresh water temperatures are 

needed to evaluate the above expression and can be calculated by [15] 
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Flash and accumulation computations will be carried out on molar basis; 

therefore, a mole balance is included in the model to represent both operations by 

EWH NNN +=          (23) 

a
CCE NNN +=          (24) 
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The flash operation is the heart of the desalination process and will be thoroughly 

discussed later. The condensation operation is considered a quasi–steady state operation 

where the formed non–condensable gases accumulate in the flash chamber, and all of the 

flashed water vapor condenses forming the fresh water product. This quasi–steady state 

operation is expressed by 

( ) EOH
a
C NyN ⋅−=

2
1          (25) 

Note that the last equation can be replaced by NC = yH2O · NE because total 

accumulation of non–condensable gases and total condensation of water vapor are 

interchangeable statements. Figure 23 represents a transformation of Figure 22 from mass 

to a molecular basis to correspond to the above mole balance and is accomplished by 

dividing the mass flow rates by the stream molecular weights presented next. 

 

  
Figure 23. Molecular transfer operations 
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Mass flow rate and composition of process streams prior to flashing are 

considered constant, and their values will be input to the model 

HXPS MMMM ===         (26) 

Both molar and mass flow rates are interchangeably used in this model to allow 

for flash and accumulation computations on a molar basis and for diffusion and 

production computations on a mass basis. They can be related using the average 

molecular weight of process streams that will be introduced later as follows 

HHH MWNM ⋅=          (27) 

d
EWWW MMWNM −⋅=         (28) 

d
EEEE MMWNM +⋅=         (29) 

d
ECCC MMWNM +⋅=         (30) 

a
C

a
C

a
C MWNM ⋅=          (31) 

Seawater is a solution of many salts and contains a small amount of dissolved 

gases. To simplify calculations, seawater salt will be treated as one substance with 

nitrogen, oxygen, argon, and carbon dioxide making up the dissolved gases. The average 

molecular weights of seawater salt and process streams are used in relating molar and 

mass flow rates and can be estimated by considering their major components as [16] 
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4.2.2 Equilibrium Distribution Coefficients 

The distribution of non–condensable gases between the flashed vapor and 

concentrated brine in the flash chamber can be estimated by assuming equilibrium 

between the two phases. Salt is considered non–volatile and therefore is not present in the 

flashed vapor. Henry’s constants for non–condensable gases and saturation pressure of 

water are needed to describe this assumed equilibrium. 

Henry’s constants for the non–condensable gases are given by [17] 
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The saturated pressure of water is given by [15] 
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The equilibrium distribution coefficients are used in mass transfer computations 

to determine the distribution of chemicals between phases in equilibrium [18]. These are 

also known as the partition coefficients in the literature or more commonly as K–values. 

The mentioned vapor–liquid equilibrium distribution coefficient of species i is defined as 

Ki = yi / xi = γi · Pi
sat / P. 

The K–value of seawater salt is zero due to its non–volatility, while those of the 

non–condensable gases as well as water can be approximated using the above 

temperature–based correlations as follows 
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Vapor–liquid equilibrium distribution coefficients were obtained using the 

SUPERTRAPP™ program, an interactive computer code distributed by the National 

Institute of Standards and Technology that calculates thermodynamic properties of 

mixtures based on the Peng–Robinson equation of state. SUPERTRAPP™ was employed 

to perform isobaric phase equilibria flash calculations for water with an average content 

of non–condensable gas as reported in literature [16] at various temperatures to produce a 

dataset of K–values. Least squares regression was then used to fit the data to the above 

equilibrium equations by adjusting values of HC°i, HFi, PA, PB, and PC producing 

correlation coefficients very close to unity as will be seen later in CHAPTER 6. 

The SUPERTRAPP™ code used in generating the vapor–liquid equilibrium 

distribution coefficient data and the Matlab™ codes used in regressing that data to adjust 

the vapor–liquid equilibrium parameters are in the APPENDICES section. 

SUPERTRAPP™ simulations are fresh water based, and no salts were included in 

their flash calculations. To adjust phase equilibria computations of the current model for 

saline water, K–values are multiplied by a relativity parameter that can be defined as αi = 

solubility in fresh water / solubility in seawater for solutes and αH2O = seawater saturated 

pressure / fresh water saturated pressure for water. The relativity factor is a single 

constant obtained by averaging literature data given over the operating temperature range 

to simplify calculations [19]. 

Activity is a way for expressing the effective concentrations of species to account 

for their deviation from ideal behavior. Activity can be applied to any concentration 

scales such as molality, molarity, or fractional scales; however, molar fraction is the most 

common concentration scale used in flash calculation. 

http://www.nist.gov/
http://www.nist.gov/
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Activity accounts for deviations from ideal behavior by multiplying the 

concentration by an activity coefficient that can be experimentally determined or 

empirically computed using several available models. The value of an activity coefficient 

approaches unity as molecular interactions behave more ideally.   

The activity coefficient of water is needed to calculate its K–value. Experimental 

data can be used to perform adiabatic flash calculations, generating activity coefficient 

data that are then used to find an activity coefficient correlation resembling 
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4.2.3 Adiabatic Flash 

The flash operation of the proposed desalination process is an adiabatic expansion 

operation where the temperature of seawater drops upon entering the flash chamber due 

to the drawn enthalpy of vaporization by the flashing water vapor, attaining a saturation 

temperature used in the above equilibrium calculations. Flash computations are carried 

out on a molar basis, and the molar composition of the stream entering the flash chamber 

can be calculated from the average composition of seawater reported on mass basis [16] 

OH

OH

Salt

H

CO

CO

Ar

Ar

O

O

N

N

N

N

N

MWMWMWMWMWMW

MW
z

2

2

2

2

2

2

2

2

2

2

2 ϕϕϕϕϕϕ

ϕ

+++++
=    (49) 

OH

OH

Salt

H

CO

CO

Ar

Ar

O

O

N

N

O

O

O

MWMWMWMWMWMW

MW
z

2

2

2

2

2

2

2

2

2

2

2 ϕϕϕϕϕϕ

ϕ

+++++
=    (50) 



 

39 
 
 

 
 
 

OH

OH

Salt

H

CO

CO

Ar

Ar

O

O

N

N

Ar

Ar

Ar

MWMWMWMWMWMW

MW
z

2

2

2

2

2

2

2

2
ϕϕϕϕϕϕ

ϕ

+++++
=    (51) 

OH

OH

Salt

H

CO

CO

Ar

Ar

O

O

N

N

CO

CO

CO

MWMWMWMWMWMW

MW
z

2

2

2

2

2

2

2

2

2

2

2 ϕϕϕϕϕϕ

ϕ

+++++
=    (52) 

OH

OH

Salt

H

CO

CO

Ar

Ar

O

O

N

N

Salt

H

Salt

MWMWMWMWMWMW

MW
z

2

2

2

2

2

2

2

2
ϕϕϕϕϕϕ

ϕ

+++++
=    (53) 

The molar composition of the concentrated brine is given by 
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Similarly, the molar composition of the flashed vapor is given by 

2222 NNNN Kxy ⋅⋅= α          (60) 
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2222 OOOO Kxy ⋅⋅= α          (61) 

ArArArAr Kxy ⋅⋅= α          (62) 

2222 COCOCOCO Kxy ⋅⋅= α         (63) 

OHOHOHOH Kxy
2222

⋅⋅= α         (64) 

Fraction summations are given by 

1
2222
=+++++ OHHCOArON ϕϕϕϕϕϕ       (65) 

1
2222
=+++++ OHSaltCOArON zzzzzz        (66) 

1
2222
=+++++ OHSaltCOArON xxxxxx        (67) 

1
2222
=++++ OHCOArON yyyyy        (68) 

 

4.2.4 Heat Transfer 

Computing temperatures of streams exiting the flash chamber properly is essential 

in accurately evaluating performance of the proposed desalination system; therefore, heat 

transfer calculations are included in the model, complimenting the above energy balance 

to solve for those temperatures. Heat transfer calculations are included to estimate the 

amount of heat transferred from the condensing vapor to the entering seawater feed 

through the condenser tube as well as the heat loss from both compartments of the flash 

chamber through the walls of the condenser and evaporator.  

The condenser is exposed to maximize heat loss, while the evaporator is insulated 

to minimize heat loss, and the entire flash chamber is vacuum sealed. The vapor pressure 

gradient between the two compartments of the flash chamber is the driving force of vapor 

transfer from the hot evaporator to the cold condenser to produce fresh water. 
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The condenser will be modeled as a shell and tube heat exchanger, both where the 

cold seawater is flowing inside a coiled tube placed in an exposed shell and where the 

flashed vapor is condensing on the outer surface of that coiled tube by losing its latent 

heat of condensation to the entering cold seawater. The evaporator will be modeled as an 

insulated vessel, where heated seawater is flashing producing fresh water vapor that 

moves to the condenser due to lower vapor pressure through a connecting duct. 

Heat transfer is a complex process, particularly when phase change is involved. 

Heat transfer can come about in different modes; however, the current model will use the 

overall heat transfer approach to simplify computations. 

The inside and outside fluid film coefficients can be estimated by the following 

correlations that were developed specifically for water and stagnant air [20] as well as 

evaporating and condensing steam [15] 
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The overall heat transfer coefficient is a simplified parameter used in gauging 

overall convective and conductive resistance to heat transfer. Overall heat transfer 

coefficients are computed by the following correlations [20] 
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Heat transfer area is assumed to be equal to that of the inner surface of the heat 

transfer medium, with the end sections ignored; therefore, heat exchange surface areas 

are given by the following geometrical relationships 

CTCTCT LDA ⋅⋅= π          (78) 

CCC LDA ⋅⋅= π          (79) 

EEE LDA ⋅⋅= π          (80) 

The log mean temperature difference is a logarithmic average of the temperature 

difference between the hot and cold streams of a heat exchanger. It represents the driving 

force for heat transfer in heat exchangers, since that heat transfer is directly proportional 

to its value. The log mean temperature difference expressions are given by 
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The counter–current departure parameters are dimensionless ratios used in 

correcting the log mean temperature difference expressions and are given by 
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The heat transferred from the condensing vapor to the entering seawater, as well 

as the heat loss from the condenser and from the evaporator, are given by 

CTCTCTCTPPXX TmFAUHMHM Δ⋅⋅⋅⋅=⋅−⋅ 60      (87) 

CCCCC TmFAUQ Δ⋅⋅⋅⋅=− 60        (88) 

EEEEE TmFAUQ Δ⋅⋅⋅⋅=− 60        (89) 

The counter–current departure correction factors are dimensionless variables used 

in correcting log mean temperature difference expressions. The counter–current departure 

correction factors are widely available in literature as look–up charts for many types of 

heat exchangers and can be computed empirically as functions of counter–current 

departure parameters 

( ) SfF CTCT =          (90) 

( ) SfF CC =           (91) 

( ) SfF EE =           (92) 
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The vapor pressure of seawater is 1.84 % lower than that of pure water at the 

same temperature due to non–volatile salts, and therefore, the boiling point of seawater is 

slightly higher than that of fresh water. This phenomenon is known as the boiling point 

elevation or vapor pressure depression. Boiling point elevation is a function of salinity 

and does not depend on properties of solute or solvent [14]. 

The temperature of seawater drops upon entering the flash chamber to attain 

equilibrium; however, equilibrium is not always fully achieved. This phenomenon is 

known as the non–equilibrium allowance, and it depends on several factors such as flash 

temperature, flow rates, concentrated brine depth, and chamber geometry. 

Correlations for boiling point elevation [21] and non–equilibrium allowance [22] 

can be incorporated into the model to account for flash efficiency as follows 

NEABPETT EW ++=         (93) 

 

4.2.5 Vacuum Volume 

All vessels will be modeled as right circular cylinders with specified dimensions. 

The fresh water and the brine water tanks are equipped with discharge pipes located 

slightly above the level of the inlet water pipes, keeping their levels constant. Conversely, 

levels of the seawater tank, as well as condenser and evaporator, are constantly changing 

during operation; therefore, they need to be computed and included in the model. The 

level of the feed seawater tank is used in calculating the vertical discharge pressure head 

that will be used in determining the pumping requirements, while levels of the condenser 

and evaporator are used in calculating the vacuum volume that will be used in calculating 

the vacuum pressure. 
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The circular cross sectional areas of these vessels are needed to calculate their 

levels and are determined by 

2

4 SS DXA π
=           (94) 

2

4 EE DXA π
=           (95) 

2

4 CC DXA π
=           (96) 

The level of the seawater tank decreases with time because of the continuous 

pumping of seawater to the process, and it can be geometrically computed by 
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         (97) 

If the seawater flow rate remains constant during operation, the numerator of the 

second term of the above equation simplifies to ∫ MS dt = MS · t. 

The level in the condenser is hydrostatically balanced with the level in the fresh 

water tank. Since the level in the fresh water tank is kept constant, the vacuum pressure 

inside the flash chamber is the only variable controlling the level in the condenser. The 

level in the condenser decreases as vacuum pressure increases due to non–condensable 

gases building up in the flash chamber. 

The initial and the dynamic levels in the condenser can be estimated using 

Bernoulli's fluid equation given by 
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Similarly, the level in the evaporator is hydrostatically balanced with the level in 

the brine water tank. Since the level in the brine water tank is kept constant, the vacuum 

pressure inside the flash chamber is the only variable controlling the level in the 

evaporator. The level in the evaporator decreases as vacuum pressure increases due to 

non–condensable gases building up in the flash chamber. 

The initial and the dynamic levels in the evaporator can be estimated using 

Bernoulli's fluid equation given by 
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The initial and the dynamic volumes of the vacuum in the condenser depend on 

corresponding initial and dynamic levels of the condenser. They are geometrically 

computed by subtracting corresponding fresh water volume from total volume of the right 

circular horizontal cylinder condenser as follows 
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Initial and the dynamic volumes of the vacuum in the evaporator depend on 

corresponding initial and dynamic levels of the evaporator. They are geometrically 

computed by subtracting the corresponding brine water volume from total volume of the 

right circular horizontal cylinder evaporator as follows 
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Vacuum volume is the total space occupied by vapor in the flash chamber and can 

be computed by adding the vapor space of both condenser and evaporator to the volume 

of the connecting duct and subtracting the volume of the coiled tube of the condenser. 

Therefore, the initial and dynamic vacuum volumes can be calculated by 
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( )22

4 CTCTEECVEVV DLPDPLVVV ⋅−⋅⋅++=
π      (107) 

 

4.2.6 Vacuum Pressure 

Seawater flow rate and the flash temperature are the only controlled variables of 

the proposed continuous desalination operation, and their effects on the system will be 

analyzed later. Seawater flow rate determines the amount of non–condensable gases 

accumulated, while the flash temperature determines the equilibrium temperature reached 

inside the flash chamber in line with the above mass and energy balance. 

The accumulated amount of non–condensable gases and the reached equilibrium 

temperature, as well as the calculated vacuum volume, determine vacuum pressure 

according to any equation of state. It is imperative to express the vacuum pressure 

properly to simulate the proposed continuous desalination operation accurately because 

of the profound impact of vacuum pressure on the outcome of the flash operation.  
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The ideal gas model describes fluid properties without considering molecular size 

or intermolecular attractions; therefore, its accuracy diminishes at higher pressures and 

lower temperatures. Low vacuum pressure marginalizes the effect of molecular size, 

while the fairly high flash temperature, manifested in higher thermal kinetic energy, 

weakens the relative importance of intermolecular attractions. Consequently, the ideal gas 

law becomes a suitable equation of state to express rising vacuum pressure inside the 

flash chamber due to build up of non–condensable gases in the flash chamber. 

Initial vacuum pressure is an input value and should be very close to or equal to 

the saturated pressure of water at ambient conditions, while the initial vacuum volume 

can be determined by the above mentioned relations, knowing initial levels in the flash 

chamber. The gas phase primarily consists of water molecules at first, and their amount 

can then be estimated by 
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Non–condensable gas molecules progressively accumulate in the flash chamber, 

and their amount must be added to the initial amount computed above to express the 

dynamic amount of molecules in the gas phase as 

∫+= dtNnn a
C

i
VV          (109) 

Initial and the dynamic saturated pressures of water are needed to express vacuum 

pressure in a little while. The dynamic saturated pressure of water is given above as a 

function of dynamic equilibrium temperature, while initial saturated pressure of water is a 

function of ambient temperature and can be calculated by [15] 
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The vacuum pressure needs to be specified to proceed with the flash calculations 

ultimately leading to convergence of the whole model; therefore, the simulation is 

executed incrementally, where the computed vacuum pressure of one time increment 

becomes the input vacuum pressure to the next time increment. The known initial 

vacuum pressure value is input to the first time increment to initialize this progression. 

This scheme is known as the Iterative and Incremental Development in the art of 

software development. Consequently, the incremented vacuum pressure is expressed by 
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     (111) 

ttVV PP
Δ−

=           (112) 

To illustrate the Iterative and Incremental Development concept as it pertains to 

the current model, consider the ensuing paradigm. The known initial vacuum pressure is 

fed to the computer code as dynamic vacuum pressure of the first increment resulting in a 

solution for the dynamic vacuum pressure of the second increment that is then fed to the 

computer code resulting in a solution for the vacuum pressure of the third increment, and 

so forth until the last increment is reached. 

The dynamic quantity of molecules in the gas phase incorporates accumulated 

non–condensable gas molecules plus water molecules present at the initial ambient point; 

however, there are more water molecules in the gas phase not account for due to the 

temperature increase from ambient to equilibrium. Consequently, the second term on 

right hand side of the vacuum pressure expression, PH2O - Pi
H2O, is added to correct the 

dynamic amount of water molecules in the gas phase by accounting for the increase in 

vapor pressure due to temperature rise from ambient to equilibrium. 
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The model assumes total accumulation of non–condensable gases in the flash 

chamber; however, water vapor dissolves a small quantity of non–condensable gases as it 

condenses. In addition, average values for seawater content of dissolved gases are input 

to the model, as the real seawater content of dissolved gases is indefinite and could be 

somewhat different from the average values. Moreover, the true vapor–liquid equilibrium 

for carbon dioxide involves more than just the afore mentioned K–values due to presence 

of several carbonates in seawater that are also in equilibrium with carbon dioxide. 

Consequently, a correction factor for the dynamic amount of molecules in the gas 

phase is included in the vacuum pressure expression. Experimental data can be used to 

perform adiabatic flash calculations, generating correction factor data that are then used 

to find a correction factor correlation resembling 
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Other expressions of vacuum pressure can be worked out, but it is very important 

for the expressed vacuum pressure to match experimental values closely due to its strong 

impact on the outcome of the simulation as mentioned earlier. 

Operating pressure inside the flash chamber has to be between the dew point and 

the bubble point to carry out a successful flash separation. Dew point and bubble point 

pressures are estimated by 
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4.2.7 System Performance 

Pressure drop is a design parameter used in accounting for pressure reduction due 

to friction. Total pressure drop of seawater flow from the seawater tank to flash chamber 

can be determined by summing up the pressure drops of each upstream pipe 

CTHTHXPS PPPPPPP ΔΔΔΔΔΔΔ +++++=      (116) 

If a throttling valve is used to control flow rate of seawater, the pump will run at 

full capacity, and work exerted on seawater by the pump is a direct function of the power 

of the pump, that is WP = - 44742 · HPP. If a variable–frequency drive is used to control 

flow rate of seawater, the pump will run at modulated speeds, and work exerted on 

seawater by the pump is a function of the head pressure. 

The proposed desalination system will consider a variable–frequency drive to 

control flow rate of seawater due to its superior energy efficiency over a throttling valve; 

therefore, work exerted on seawater by the pump can be estimated using Bernoulli's fluid 

equation as 
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An appropriate circulation pump can be selected from the catalog of any process 

equipment manufacture based on required flow rate and total head. Selecting the pump 

will set many parameters including its power and suction force. The procedure of 

selecting a pump or any required piece of equipment for the process is beyond the scope 

of this analysis; however, equipment sizing is a common straightforward practice. 

Formulae for sizing pumps, valves, vessels, pipes, expansion orifices, and many other 

process equipment are abundantly available in literature [23]. 
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A solar heater is employed in the proposed desalination system to heat the 

preheated seawater coming out of the condenser further before flashing it in the 

evaporator. Solar heating can be accomplished in a variety of ways; however, the present 

model assumes the heater to be a single–glazed flat–plate solar collector directly heating 

seawater flowing through its absorbing tubes. 

Solar insolation is geographically referenced and continually varying due to 

dynamic solar angles. In addition, solar insolation incident on the collector varies with 

plate geometry, sky clearness, ground reflectivity, and many other factors. Average 

values for a generic single–glazed flat–plate solar collector will be used to simplify 

comparison among the different simulation scenarios. 

The solar insolation area of the collector needed to meet the required heating load 

can be found using the Hottel–Whillier–Bliss correlation [8] 
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      (118) 

Solar heating is usually accomplished indirectly by an intermediary heat 

exchanger that transfers heat from a solar collector loop to a process loop. The proposed 

desalination system drops this intermediary heat exchanger by flowing seawater directly 

through the absorbing tubes of the solar collector; therefore, increasing the efficiency and 

reducing the cost of the solar heater. On the other hand, this direct heating scheme has its 

drawbacks by increasing the risk of corrosion and scale formation causing equipment 

damage and inhibiting heat transfer. Hermann–Koschikowski–Rommel [24] developed 

corrosion–free solar collectors for thermal desalination systems use composed of a series 

of coated glass tubes mounted inside a conventional flat-plate solar collector enclosure; 

therefore, flowing seawater directly through the collector is a viable alternative. 
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Condenser efficiency is defined as the percent of the ratio of the temperature 

gradient on the cold tube side to the temperature gradient on the hot shell side as 

%
TT
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−
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=η          (119) 

Heat recovery efficiency is defined as the percent of total enthalpy change that 

was essentially accomplished by reclaiming heat from the condensing vapor as 
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Thermal efficiency of the proposed desalination system is defined as the percent 

of the total thermal energy supplied that was actually used to vaporize water as 
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Prime energy consumption is a very important parameter in evaluating feasibility 

of any desalination system and is defined as the ratio of the amount of energy exhausted 

to the amount of fresh water produced. The total amount of energy exhausted is the heat 

supplied by the heater plus power supplied by the pump.  

Prime energy consumption can be expressed as a constantly shifting parameter by 

PEC = ( QH + WP ) / MC on instantaneous basis; however, it is typically desired to 

express prime energy consumption as a single value attained on a totalized basis by 

integrating the implicated dynamic process variables over the entire operating period. 

Total prime energy consumption of the proposed unit is given by 
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4.2.8 Physical Properties 

Laminar flow is a smooth flow pattern, where fluid layers are flowing in parallel 

concentric cylindrical layers without any inter–layer mixing in a manner determined by 

the viscosity of the fluid [25]. Turbulent flow is a rough flow pattern, where fluid 

particles are randomly fluctuating in transverse to the general flow direction in a manner 

determined by inertial forces of the fluid [25]. Figure 24 illustrates the streaming profile 

of both flow regimes. 

 

Flow
Flow

Turbulent Laminar

 

Figure 24. Flow regimes 

 

Reynolds number is a dimensionless quantity that represents the ratio of inertial 

forces to viscous forces and is used to classify different flow regimes as either laminar or 

turbulent. Laminar flow behavior occurs at low Reynolds numbers, while turbulent flow 

behavior occurs at high Reynolds numbers. The critical Reynolds number of 2300 is 

generally accepted as the midpoint of the transition range between laminar and turbulent 

flows in cylindrical pipes. 

Reynolds number of process streams is given by 
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The pressure of a flowing fluid inside a pipe inevitably drops due to gravity and 

wall drag. This pressure drop and loss can be approximated depending on the flow 

pattern by the Hagen–Poiseuille equation: ΔPj = 6.79 · 10-7 · ( μj · PLj · Mj ) / ( ρj · PDj
4 ) 

for laminar or by the Moody equation: ΔPj = 9.01 · 10-10 · ( fj · PLj · Mj
2 ) / ( ρj · PDj

5 ) for 

turbulent flows [15], where f is the dimensionless Fanning Friction Factor available in 

literature as a function of both Reynolds number and pipe roughness. The current 

desalination process will be designed to include streams exhibiting laminar flow 

conditions to simplify experimental simulations later; hence, the model will employ the 

Hagen–Poiseuille equation to estimate average pressure drops of process streams as 
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Thermal conductivity is a property that gauges heat conduction ability of a given 

substance. Dependence of thermal conductivity on temperature relates to the freedom of 

movement molecules enjoy; therefore, thermal conductivity varies with temperature in 

fluids but remains fairly constant in solids. Thermal conductivities of process streams are 

calculated empirically by the Caldwell Relation [26] 
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Furthermore, thermal conductivities of flashing water vapor and accumulating 

non–condensable gases are not required but can be calculated empirically by [27]  
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The stream densities used in several correlations above will be calculated by an 

empirical relationship experimentally developed by the Rosenstiel School of Marine and 

Atmospheric Science at the University of Miami to calculate density of seawater as a 

function of temperature and salinity [28]. Densities of process streams are given by 

( )( )( )9753 10395102581064710094820 −−−− ⋅⋅+⋅−⋅+⋅⋅+⋅−⋅+= .T.T.T.T.A jjjjjρ  (128) 
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Stream viscosities used in several correlations above will be calculated by an 

empirical relationship that was experimentally developed to calculate the viscosity of 

seawater as a function of temperature and salinity [29]. Viscosities of process streams are 

given by 
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jjj .C ϕρμ ⋅⋅= 5413553         (134) 
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stream enthalpies used in the energy balances above will be calculated by an 

empirical relationship that was experimentally developed to calculate heat capacity of 

seawater as a function of temperature and salinity [30] as follows 

http://www.rsmas.miami.edu/
http://www.rsmas.miami.edu/
http://www.miami.edu/
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Seawater flashes in the evaporator producing water vapor that acquires its latent 

enthalpy of vaporization from the concentrated brine. Then, the produced water vapor 

condenses in the condenser by losing its latent enthalpy of condensation to the entering 

saline water. Latent enthalpy of vaporization and the latent enthalpy of condensation are 

numerically equal but have opposite signs and can be estimated by [27] 

2004209535121012496 EE
L
E T.T..H ⋅−⋅−=       (138) 

Nitrogen, oxygen, argon, and carbon dioxide are the only non–condensable gases 

considered in the model, since they make up more than 99.9 % of the total dissolved 

gases in seawater [19]. The US National Institute of Standards and Technology provides 

the following correlation to calculate molar enthalpy of non–condensable gases [31] 
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Overall enthalpy of the accumulating non–condensable gases can be computed by 

adding molar enthalpies of each composing species weighted on a water–free basis, in 

relation to the assumption of total condensation of flashed water vapor. In addition, the 

average molecular weight of the accumulating gases referenced before was employed to 

convert its enthalpy units from molar to mass based. Thus, overall enthalpy of 

accumulating non–condensable gases is given by 

( ) a
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222222
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http://www.nist.gov/
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4.3 Solution Algorithm 

A computer code featuring the above equations, plus other correlations and 

parameters given later in CHAPTER 6 can be found in the APPENDICES section along 

with sample input and output values of process variables. Computer code execution is 

incremental due to time–based numerical integration used above to account for 

accumulation of non–condensable gases in the flash chamber, while convergence process 

is iterative due to interdependence of equations of the model. The increment size should 

be carefully selected to simplify convergence and reduce processing without jeopardizing 

the integrity of the simulation. A concise block diagram outlining the general scheme to 

solve the above model is shown in Figure 25. 

Time is embedded in the model by flow rates of different streams; moreover, 

integration operations of the model are based on small time increments that evenly divide 

the entire run. Ambient temperature and pressure, as well as physical properties and 

geometrical dimensions of process pipes and vessels, are input to the model. Universal 

values such as gas constant and gravity acceleration, plus seawater composition and the 

molecular weights of the involved species, are also input to the model. Parameters for 

enthalpy and vapor–liquid equilibrium relations, as well as average values for a generic 

single–glazed flat–plate solar collector, are also supplied to the code. 

Flash temperature is a controlled variable and will be supplied to code as a single 

set value. Initial vacuum pressure is a known quantity and will also be supplied to code to 

launch the simulation process. Initial vacuum pressure will be fed to the first increment, 

producing vacuum pressure for the second increment producing the vacuum pressure for 

the third increment and so forth. 
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Figure 25. Developed model solution algorithm 
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The mass and energy balance simultaneously solves with mass and heat transfer 

relations, as well as enthalpy and non–equilibrium allowance correlations. Mass and 

energy balance indirectly solves with the pump work relation via density and pressure 

drop correlations and with molecular weight relations via Rachford–Rice calculations.  

Mass and energy balance provides inputs for density, viscosity, and pressure drop 

correlations, producing outputs that are fed to the pump work relation and Bernoulli's 

fluid equation. In addition, mass and energy balance provides inputs for thermal 

conductivity correlations used in heat transfer calculations and for efficiency relations 

that use those inputs along with other inputs from the enthalpy correlations to evaluate 

system performance. The mass and energy balance also provides input values for the 

Hottel–Whillier–Bliss correlation to estimate solar collection area needed and for an 

integrator that totalizes system variables before forwarding them both to the prime energy 

consumption function and to Bernoulli's fluid equation. 

Mass and energy balance and the Rachford–Rice calculations are linked via 

molecular weight relations and concurrently solve for equilibrium temperature that is fed 

to vapor–liquid equilibrium relations, a vapor pressure correlation, and an equation of 

state. The equation of state estimates system vacuum pressure before it is lagged and 

forwarded to vapor–liquid equilibrium relations, where K–values are generated and fed to 

Rachford–Rice calculations to calculate the rate of accumulation of non–condensable 

gases that is integrated and fed back to the equation of state to calculate the pressure of 

the next time increment. The lagged system pressure is also fed to Bernoulli's fluid 

equation, where tank levels are calculated and forwarded to geometrical relations to 

compute volume of the vacuum before forwarding it to the equation of state. 
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CHAPTER 5. EXPERIMENTAL ANALYSIS 

 

5.1 Process Description 

A small pilot unit has been built to simulate the proposed continuous desalination 

system described previously experimentally. Figure 26 outlines a general process and 

instrumentation diagram of the small pilot unit. Experimental simulations were 

performed inside a laboratory to simplify operation and maintenance. Due to this indoor 

process, solar heating was hard to implement due to lack of solar insolation, and passive 

vacuum was difficult to produce due to limited elevation. 

Solar heating is widely used in several applications, including desalination 

systems as was mentioned in CHAPTER 2; therefore, replicating it with an electric heater 

is considered acceptable, since the concept of solar heating does not require further proof. 

In addition, vacuum was passively generated by Goswami and Kharabsheh [11] for their 

desalination unit as was mentioned in CHAPTER 3; therefore, producing it with a 

vacuum pump is considered acceptable, since the phenomenon of passive vacuum 

generation using gravity has been experimentally established. 

Placing the flash chamber at a low elevation in the experimental unit removed 

hydraulic head of the proposed unit; thus, a circulation pump is no longer required to pass 

seawater through the unit. The pressure difference between the vacuumed flash chamber 

and open seawater feed tank becomes the driving force of seawater flow, which was 

manually controlled by manipulating valve positions. 
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Figure 26. Process and instrumentation diagram of the experimental unit 
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5.2 Experimental Apparatus 

The entire experimental unit is mounted on three–tier mobile skids built from 

slotted and unslotted struts with linking joints and brackets as shown in Figure 27. The 

three tiers are connected by four upright bars, the bottom two tiers include plywood for 

weight distribution, and the bottom tier is outfitted with four wheels for mobility. 

The seawater feed tank is a 50–gallon open–top, horizontal polyethylene trough 

placed on the bottom tier of skids. The condenser is a 40–gallon painted–steel, upright 

cylinder, while the evaporator is a 40–gallon galvanized–steel, upright cylinder, and they 

are both placed on the middle tier of the skids directly above the seawater feed tank. 

Condenser, evaporator, and 2” Y–shaped CPVC pipe connecting them from the top make 

up the flash chamber. The condenser was cut open around its upper section to install a 4¾ 

m long ½” copper pipe coiled to provide the necessary condensing surface, then welded 

back to its original shape. In addition, a small hole was drilled at the bottom of the 

condenser to retrieve the condensed water. The evaporator and the 2” Y–shaped CPVC 

pipe are wrapped with sheets of insolating material to minimize heat loss. The condenser 

and evaporator have discharge pipes that drain into the seawater feed tank. 

The heater is a 4.5 kW zinc–plated, copper electric heating element placed inside 

a copper shell, where seawater coming out of the condenser passes through it on its way 

to be flashed in the evaporator. A ½ HP vacuum pump is piped to the evaporator to create 

the initial vacuum, and a ½” polypropylene needle valve, V7 in Figure 26, is placed right 

before the evaporator to function as an expansion orifice for the incoming heated 

seawater to be flashed. The ½” CPVC pipe is used in connecting all of the above 

equipment as well as several ½” CPVC and copper pipe fittings. 
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Several instruments have been integrated into the experimental unit to manage 

system variables as shown in Figure 26. These are used in monitoring and controlling 

system vacuum, seawater flow, and flash temperature, as well as monitoring temperature 

of each process stream. Nomenclature used in the P&ID of Figure 26 is consistent with 

the International Society of Automation symbol standards. 

Pressure indicator PI is a liquid–filled analog vacuum gauge, while pressure 

element PE is a high–precision vacuum transmitter. The PI was used to help establish the 

initial system vacuum and to monitor its gradual erosion. The PE was used to continually 

supply the value of the system vacuum to a data acquisition system. 

Flow indicator FI is an acrylic in–line flowmeter, while quantitative element QE 

is a glass 500 ml graduated cylinder. The FI was used to help establish and monitor the 

seawater flow through the system. The quantitative element QE was used to collect and 

measure the amount of fresh water produced at the end of each experiment. 

Temperature elements TE10, TE11, TE12, TE13, and TE14 are single–output, 

while temperature element TE15 is dual–output ⅛” diameter T–Type thermocouples. All 

used to supply the value of the temperature of each process stream continually to a data 

acquisition system. In addition, TE15 is used to supply the temperature controller with 

the value of its controlled variable. 

Pressure controller PC and flow controller FC are imaginary pressure and flow 

manual controllers, while temperature indicating controller TIC is an LED–equipped 

digital PID automatic controller. Regulators V1 and V4 are ¼”, while regulators V2, V3, 

V5, and V6 are ½” full port ball valves. Detailed descriptions of all of the above 

apparatus taken from their vendors are in the APPENDICES section. 

http://www.isa.org/
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Figure 27. 3–tier mobile skids layout 
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5.3 Control Scheme 

The three feedback control loops pertaining to system vacuum, seawater flow, and 

flash temperature shown in Figure 26 are replicated in Figure 28 in isolation to clarify 

their control techniques. System vacuum and seawater flow are manually adjusted, while 

flash temperature is automatically controlled. 

The system vacuum feedback control loop is invoked prior to running the 

experiment to attain the desired initial vacuum. It consists of measuring the vacuum with 

pressure indicator PI while the vacuum pump is running. Once the desired vacuum set 

point SP is reached, hand switch HS is manually switched off to shut down motor M of 

the vacuum pump, which remains shut during the entire experiment. 

The seawater flow feedback control loop is invoked at the beginning of the 

experiment to attain the desired seawater flow rate, which remains constant throughout 

the experiment. It consists of measuring flow with flow indicator FI, while manually 

manipulating the valve position of V5 until the desired flow rate set point SP is realized. 

The valve position is kept constant throughout the experiment. 

 

 

Figure 28. Feedback control loops of the experimental unit 
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The flash temperature feedback control loop is constantly active to stabilize flash 

temperature during the experiment. It consists of measuring temperature of seawater 

coming out of the heater with temperature element TE15, then supplying that 

measurement to temperature indicating controller TIC that automatically manipulates the 

current input into the heat element of the heater, effectively varying its heat output to the 

incoming seawater until the desired flash temperature set point SP is achieved. 

A simplified block diagram of the flash temperature feedback control loop is 

given in Figure 29. The assigned arrows SP, E, CO, TO, and U are the frequency–domain 

Laplace transform functions of the set point, error, controller output, transmitter output, 

and disturbance signals, respectively. 

Block TIC represents the transfer function of the digital PID automatic 

temperature controller given generically as 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅+

⋅
+⋅= s

s
K)s(TIC D

I
C τ

τ
11        (141) 

Automatic temperature controller TIC is equipped with an automatic tuning 

ability that was used to tune its parameters during a dry run, yielding the following values 

PB = 20 % TO / % CO 

KC = 100 / PB = 5 % CO / % TO 

τI = 60 seconds 

τD = 2 seconds 

The cycle time or total period that controller output cycles on and off when the 

controlled variable is within the PB was set to 1 second. In addition, a derivative 

approach control of 2.5 × PB was used to remove derivative action at system start–up. 

The fail–safe mode of the controller was set to turn off SP upon input signal loss. 
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Block PL represents the transfer function of the process loop between the 

controlled and manipulated variables, which is usually represented by a first order model 

with dead time compensation as follows 

( )
1

0

+⋅
⋅−⋅

=
s

stEXPK
)s(PL

PL

PL

τ
        (142) 

Block DL represents the transfer function of the disturbance loop between the 

controlled variable and disturbance, which is usually represented by a first order model 

with dead time compensation as follows 
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        (143) 

Block PL and block DL are actually combinations of several transfer functions 

that were lumped into a single first order model to simplify representing the dynamic 

response of the process. Block PL merges a sequence of transfer functions characterizing 

thermocouple TE15, the heating process, and electric heater. Block DL merges a 

sequence of transfer functions characterizing thermocouple TE15 and flowing process. 

The automatic tuning ability of controller TIC is based on obtaining the parameters of the 

first order models representing block PL and block DL. 

 

 

Figure 29. Block diagram of the flash temperature feedback control loop 
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5.4 Data Acquisition 

A data acquisition system designed to sample and record process variables was 

assembled and attached to the experimental apparatus. Configuration of the data 

acquisition system is illustrated in Figure 30. 

Pressure element PE outputs an analog current signal corresponding to system 

vacuum with a range from 4–20 mA to fieldbus module FBM1 through a 2–wire cable.  

Temperature elements TE10, TE11, TE12, TE13, TE14, and TE15 output analog voltage 

signals corresponding to system temperatures, each with a range from -0.001–0.01 mV to 

fieldbus module FBM2, through thermocouple extension wires. 

Fieldbus module FBM1 is a multiplexing signal conditioner, where the analog 

current signal of pressure element PE is converted to a corresponding analog voltage 

signal with a range from 1–5 V. Fieldbus module FBM2 is a multiplexing signal 

conditioner, where the analog voltage signals of temperature elements TE10, TE11, 

TE12, TE13, TE14, and TE15 are converted to corresponding analog voltage signals with 

a range of 1–5 V. The conditioned analog output signals of fieldbus modules FBM1 and 

FBM2 are multiplexed via multiplexer MUX, which is a DC–37 ribbon connecting cable. 

Analog to digital converter ADC is a 16–bit data acquisition system that converts 

continuous analog signals supplied by multiplexer MUX to discrete digital signals and 

forwards them to human–machine interface HMI through an enhanced parallel port LPT 

cable. Human–machine interface HMI is a notebook PC running a data acquisition 

software that converts acquired data from its conditioned voltage units to its 

corresponding physical attributes. The data acquisition software also displays and stores 

the acquired data for later analysis as shown in Figure 31. 
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Figure 30. Data acquisition structure 

 

 

Figure 31. Data acquisition software 
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5.5 Operating Procedure 

Operation of the experimental unit closely resembled that of the proposed 

desalination system described in CHAPTER 4. Initial vacuum was created by running the 

vacuum pump until a reasonable vacuum was reached. Running the vacuum pump further 

will trap moisture in its oil reservoir significantly inhibiting its performance. 

Synthetic seawater was prepared by mixing 13 pounds of commercial–grade sea 

salt with 40 gallons of tap water. The seawater mix was stirred well before each 

experiment to ensure full solution of sea salt. The seawater trough has a large open 

surface that enhances evaporation; therefore, small amounts of fresh water were often 

added before running experiments to reach a 40–gallon level mark in the trough. 

Temperature indicating controller TIC is not interlocked with seawater flow; thus, 

ensuring seawater flow through the electric heater is a very critical safety measure.  

Regulators V5 and V6, plus needle valve V7, are instruments that control seawater flow. 

The valve position of needle valve V7 was kept constant at about 90 % open for all runs, 

because narrowing valve position caused flow oscillations regardless of the valve 

positions of regulators V5 and V6. The valve position of regulator V6 was used to start 

and stop the experiment; therefore, it was toggled between fully open and fully close. 

Valve position of regulator V5 was used to manipulate the flow as was mentioned above. 

Pressure element PE is calibrated by the manufacture, while Fieldbus module 

FBM2 contains a built–in cold junction compensation that automatically calibrates 

thermocouple outputs. In addition, data acquisition software wais set to execute one scan 

per second and to average every ten scans to reduce signal noise. The acquired data were 

saved to an assigned ASCII formatted file on the Human–machine interface HMI.  
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The experimental unit must be kept motionless during operation due to its high 

center of gravity, while its normal operating procedure is as follows 

1. Start data acquisition system 

2. Open regulator V2 fully 

3. Start vacuum pump until desired vacuum is reached 

4. Close regulator V2 fully 

5. Stop vacuum pump 

6. Slowly open regulator V6 fully 

7. Set seawater flow rate through regulator V5 and flow indicator FI 

8. Activate temperature indicating controller TIC 

9. Trigger data recording function of data acquisition software 

10. Run unit until the specified period of the experiment is reached 

11. Stop data recording function of data acquisition software 

12. Disable temperature indicating controller TIC 

13. Quickly close regulator V6 fully 

14. Stop data acquisition system 

15. Open regulator V1 to terminate the vacuum 

16. Open regulator V3 to drain brine into the seawater trough 

17. Open regulator V4 to drain fresh water into quantitative element QE 

18. Record amount produced then drain into the seawater trough 

19. Fully close regulator V1 

20. Fully close regulator V3 

21. Fully close regulator V4 
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5.6 Experimental Design 

Experiments were conducted at analogous conditions to simplify design 

evaluation but with different values of the controlling variables to enhance process 

analysis and modeling. All experiments were run for a period of three hours starting with 

an initial system vacuum of 0.14 bars. Experiments were carried out at two different 

seawater flow rate ranges and at four different flash temperatures of 50, 60, 70, and 80 

degrees centigrade. In addition, each experiment was duplicated three times to estimate 

its variation. Table 6 illustrates the experimental matrix, while Figure 32 gives an overall 

view of the experimental unit. 

 

Table 6. Experimental matrix 

Number Start Time Stop Time Initial PI (bar) FI (LPM) TIC SP (°C) QE (ml) 
1    
2    
3   

50 
 

4    
5    
6   

60 
 

7    
8    
9   

70 
 

10    
11    
12   

lower 
flow 

 
around 
~ 0.50 

80 
 

13    
14    
15   

50 
 

16    
17    
18   

60 
 

19    
20    
21   

70 
 

22    
23    
24   

0.14 

higher 
flow 

 
around 
~ 0.70 

80 
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Figure 32. Overall view of the experimental unit 
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CHAPTER 6. PARAMETRIC ANALYSIS 

 

6.1 Analyses Synchronization 

Theoretical and experimental analyses must be synchronized to compare their 

outputs properly. The model developed in CHAPTER 4 holds for the proposed 

desalination system outlined in Figure 21; however, it needs to be modified to represent 

the experimental unit outlined in Figure 26 to validate its predictions. 

The flash chamber of the experimental unit is not elevated for passive vacuum 

generation, and levels of the flash chamber are not hydrostatically balanced as was 

mentioned in CHAPTER 5. Vacuum is created before running the unit by a vacuum 

pump; furthermore, the flash chamber is closed during operation to maintain that vacuum, 

since it can not be maintained hydrostatically. Consequently, Bernoulli's fluid equation 

can not be used to estimate initial and the dynamic levels in the evaporator and 

condenser. Initial levels are equal to zero as vessels are drained before operation while 

dynamic levels are functions of totalized, or integrated, inlet flows. Therefore, Equation 

98 through Equation 101 are substituted with 

0=i
CZ          (Alternate 98) 

CC

Ci
CC XA

dtM
ZZ

⋅
∫−=
ρ

        (Alternate 99) 

0=i
EZ          (Alternate 100) 

EW

Wi
EE XA

dtM
ZZ

⋅
∫−=
ρ

        (Alternate 101) 
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The condenser and evaporator are modeled as horizontally–mounted right circular 

cylinders as can be seen in Figure 21; however, the condenser and evaporator of the 

experimental unit are vertically–mounted right circular cylinders as can be seen in Figure 

26. Consequently, the geometry of the vacuum volume needs to adapt; therefore, 

Equation 102 through Equation 105 are substituted with 

( )i
CCC

i
CV ZLXAV −⋅=        (Alternate 102) 

( )CCCCV ZLXAV −⋅=        (Alternate 103) 

( )i
EEE

i
EV ZLXAV −⋅=        (Alternate 104) 

( )EEEEV ZLXAV −⋅=        (Alternate 105) 

The experimental unit does not include a feed pump as was mentioned in 

CHAPTER 5; therefore, Equation 117 is substituted with 

0=PW          (Alternate 117) 

 

6.2 Parameter Expressions 

The model developed in CHAPTER 4 along with the above alternate equations 

were coded and executed using experimental temperature, pressure, and flow rate values 

as inputs generating pseudo–experimental data of model parameters. This data mining 

process is used to uncover patterns in model parameters so they can be properly 

expressed in the model via correlations obtained using non–linear regression. 

The counter–current departure correction factor for the condenser tube is used to 

correct its log mean temperature difference to solve accurately for the temperature of 

preheated seawater before it enters the heater, which is essential for estimating prime 

energy consumption and efficiency of the condenser and heat recovery. 
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A correlation for the counter–current departure correction factor for the condenser 

tube is obtained by regressing the mined data as shown in Figure 33 yielding 

432
CTCTCTCTCT S  4.2518 + S  6.1629 -  S 2.9102 + S  0.1655 + 0.0293F ⋅⋅⋅⋅=  (Alternate 90) 

The counter–current departure correction factor for the condenser is used to 

correct its log mean temperature difference to solve for the temperature of the condensed 

fresh water accurately; however, experimental data show that the temperature of the 

condensed fresh water remained rather constant with a value about two degrees above 

ambient regardless of how high the equilibrium temperature was. This outcome is most 

likely due to a good heat rejection by the condenser, in addition to the fact that the 

amount of cool seawater flowing through the condenser tube vastly exceeds that of the 

condensing water vapor outside the condenser tube. 

Consequently, a correlation for the counter–current departure correction factor for 

the condenser will be replaced by 

 TTC 2+=          (Alternate 91) 

The counter–current departure correction factor for the evaporator is used in 

correcting its log mean temperature difference to estimate its heat loss accurately. 

Temperatures of the flashed vapor and concentrated brine diverge due to boiling point 

elevation and non–equilibrium allowance as mentioned in CHAPTER 4 as well as a small 

amount of heat loss from the insulated evaporator. 

To simplify calculations, heat loss from the evaporator is ignored, and a 

correlation for the non–equilibrium allowance is obtained by regressing the experimental 

data as shown in Figure 34 yielding 

 QE 0=          (Alternate 92) 
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 (Alternate 93)  

The activity coefficient of water is used to correct its molar fractions to solve for 

its K–value accurately. Theoretical expressions for activity coefficients of species in 

electrolyte solutions, such as seawater, are available in literature but very challenging to 

implement due to the large number of interactions present among all ions and molecules. 

Those interactions are characterized by parameters that in most cases must be 

experimentally determined. 

To simplify calculations, a correlation for the activity coefficient of water is 

obtained by regressing the mined data as shown in Figure 35 yielding 

OH

V
OH P

P
..

2

2
0385100200 ⋅+=γ       (Alternate 48) 

The gas phase molecular content correction factor is used in correcting the 

equation of state to solve for the vacuum pressure accurately as was mentioned earlier in 

CHAPTER 4. It accounts for both gases dissolving in the condensing water vapor and 

any possible discrepancy in the input seawater content of dissolved gases or the 

calculated vapor–liquid equilibrium for carbon dioxide. 

To simplify calculations, a correlation for gas phase molecular content correction 

factor is obtained by regressing the mined data as shown in Figure 36 yielding 

 
P
P

exp.
OH

V
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−⋅−=

2

286121ψ        (Alternate 113) 

The Matlab™ codes used for regressing all of the above mined data are found in 

the APPENDICES section. 
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Figure 33. Counter–current departure correction factor of condenser tube 
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Figure 34. Non–equilibrium allowance representation 
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Figure 35. Activity coefficient of water 
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Figure 36. Gas phase molecular content correction factor 
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6.3 Parameter Inputs 

Seawater is a solution of many salts and contains a small amount of dissolved 

gases as mentioned earlier in CHAPTER 4. Input parameters used for sea salt are given in 

Table 7, while input parameters used for seawater are given in Table 8. The molecular 

weights given in both tables are obtained from NIST [31], while mass fractions given in 

both tables are obtained from an oceanography manual [16]. In addition, the relativity 

factors given in Table 8 are found by averaging temperature–stamped data [19], while 

enthalpy parameters given in Table 8 are obtained from NIST [31]. 

As mentioned in CHAPTER 4, the SUPERTRAPP™ code was employed to 

perform isobaric phase equilibria flash calculations for water with an average content of 

non–condensable gas as reported in literature [16] at various temperatures to produce a 

dataset of K–values. SUPERTRAPP™ flash calculations were executed at a constant 

pressure of 1 bar; therefore, the produced K–values are equivalent to Henry's constant for 

non–condensable gases and vapor pressure for water. The reported values of HC°i and 

HFi [17] plus PA, PB, and PC [15] were used as initial guesses in Matlab™ least squares 

regression codes to adjust their values to best fit the produced K–value dataset to Henry's 

constant and vapor pressure correlations. 

The SUPERTRAPP™ code used for generating the K–value dataset and 

Matlab™ codes used for regressing them are in the APPENDICES section. The 

performed regressions yielded excellent results with correlation coefficients very close to 

unity as can be seen in Figure 37 through Figure 41. Better estimates of K–values denote 

better representation of the vapor–liquid equilibrium, ultimately resulting in more reliable 

flash calculations. 

http://www.nist.gov/
http://www.nist.gov/
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Table 7. Sea salt parameters [16] [31] 

 MW ω   MW ω   MW ω 

Cl 35.45 0.55030  Ca 40.08 0.01180  BO3 58.81 0.00080
Na 22.99 0.30590  K 39.10 0.01110  Sr 87.62 0.00040
SO4 96.06 0.07680  HCO3 61.02 0.00410  F 19.00 0.00003
Mg 24.31 0.03680  Br 79.90 0.00190     

 

Table 8. Seawater parameters [16] [31] 

 MW φ α A B C D E F HC° HF PA PB PC 

N2 28.01 1.26E-05 1.21 26.0920 8.2188 -1.9761 0.1593 0.0444 -7.9892 8067573 -3546    

O2 32.00 7.70E-06 1.22 29.6590 6.1373 -1.1865 0.0958 -0.2197 -9.8614 358815 -2209    

Ar 39.94 4.00E-07 1.23 20.7860 2.83E-07 -1.46E-07 1.09E-08 -3.66E-08 -6.1974 384073 -2308    

CO2 44.01 2.20E-07 1.17 24.9974 55.1870 -33.6914 7.9484 -0.1366 -10.0851 10915 -445    

Salt  3.50E-02             

H2O 18.01  0.9816 30.0920 6.8325 6.7934 -2.5345 0.0821 -9.0546   13 4391 245 
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Figure 37. Henry's constant of nitrogen 
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Figure 38. Henry's constant of oxygen 
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Figure 39. Henry's constant of argon 
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Figure 40. Henry's constant of carbon dioxide 
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Figure 41. Vapor pressure of water 
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6.4 Equipment Specifications  

The seawater feed as well as brine and fresh water tanks are modeled as 

horizontal polyethylene troughs; moreover, the condenser and evaporator are modeled as 

painted–steel and galvanized–steel upright cylinders, respectively. The connecting pipes 

are modeled as CPVC with copper tubing used inside the condenser and heater. The 

condenser tube is a protracted copper tube vertically coiled inside the condenser in four 

loops, that is NCT = 4. Copper is not suited for seawater due to its corrosivity and should 

not be used in desalination systems; however, for theoretical and short–term experimental 

simulations, it is considered acceptable. Dimensions and the heat transfer parameters of 

the experimental unit are given in Table 9 and Table 10, and these values will be input to 

the model as well. In addition, the model neglects any heat input by any pump as well as 

any work output by the heater, condenser, or evaporator, that is QP = WC = WH = WE = 0. 

 

Table 9. Equipment dimensions 

Vessel D L  Pipe D L  Pipe D L 
Seawater 90 30  S 1.27 95  E 5.08 180 
Brine Water 90 30  P 1.27 25  C 0.32 35 
Fresh Water 90 30  X 1.27 60  CT 1.27 475 
Evaporator 35 160  H 1.27 75  HT 1.27 13 
Condenser 35 160  W 1.27 30     

 

Table 10. Heat transfer equipment parameters 

 hid hod δ kw 
Condenser Tube 0.20 0.50 0.125 3.810 
Condenser 0.50 0.75 0.250 0.450 
Evaporator 0.50 0.75 0.250 0.001 
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The model also uses typical absorptance and transmittance values plus average 

heat transfer and removal factors pertaining to a single–glazed flat–plate solar collector, 

in addition to a standard value for the intensity of solar insolation, to estimate the solar 

collection area needed to meet the computed heater load adequately. Explicitly declaring: 

I = 600 W/m2, FSC = 0.82, USC = 0.92 W/m2–°C, αSC = 0.92, τSC = 0.90. 

 

6.5 Simulation Specifications  

Model simulations will be carried out at conditions corresponding to those of the 

experimental simulations so they can be compared. Simulated operations will run for a 

period of three hours and will be modeled using one minute increments with the same 

initial seawater tank level and vacuum pressure. Simulations were carried out at two 

different seawater flow rate ranges and at four different flash temperatures. 

Mass flow rate of a fluid across an orifice is given by M = ρ · CV · √ ( ∆ P / SG ). 

The flow rate was manually adjusted during experiments using a ball valve. The valve 

position was kept constant for each flow rate range; however, flow rate slightly varied 

within each range due to varying fluid densities caused by different fluid temperatures 

and varying differential pressures across the valve caused by the different vacuum 

pressures. In addition, flow rates were progressively decreasing during each experiment 

due to declining differential pressure caused by the increasing vacuum pressure. An 

average flow rate value was computed for each experiment and input to the 

corresponding model simulation as a constant value to simplify calculations. The average 

flow rate value was obtained by dividing the estimated amount of seawater transferred 

from the seawater feed tank by the duration of the experiment. 
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The diffusion rate correlation given in CHAPTER 4 includes two adjustable 

parameters. Parameter σ serves as a diffusion coefficient and can be thought of as a 

conductance term, while parameter Ω serves as a diffusion barrier and can be thought of 

as a resistance term. Both parameters were adjusted using the same code mentioned 

earlier for generating pseudo–experimental data of model parameters by arbitrarily 

assigning a value for parameter σ while tuning parameter Ω to match the output amount 

of fresh water produced by the code to the actual amount of fresh water produced. It is 

important to point out once more that those obtained diffusion rate correlation parameter 

values pertain to the geometry of the current experimental set–up and should be 

readjusted whenever applied to different geometries using new experimental records. 

The above mentioned experimental and adjusted simulation settings are given in 

Table 11 and will be input to the model. The experimental simulations were conducted in 

a laboratory; consequently, ambient conditions are considered accordingly, T = 20 °C 

and P = 1.01325 bar. Finally, temperature in the seawater feed tank is assumed equal to 

ambient, TS = T, while common literature values were used for the universal gas constant 

and the gravity acceleration, R = 83.14472 bar–cm3/mol–°C and g = 980.0665 cm/s2. 

 

Table 11. Simulation settings 

Simulation Zi
S Pi

V MS TH σ Ω 
1 24 0.14 496 50 2 0.118 
2 24 0.14 474 60 2 0.150 
3 24 0.14 453 70 2 0.120 
4 24 0.14 388 80 2 0.019 
5 24 0.14 711 50 2 0.135 
6 24 0.14 690 60 2 0.197 
7 24 0.14 668 70 2 0.229 
8 24 0.14 582 80 2 0.103 
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CHAPTER 7. DISCUSSION OF RESULTS 

 

7.1 Discussion Guide 

Model and experimental results will be compared and discussed throughout this 

chapter. Model results are obtained by executing a code comprised of the equations given 

in CHAPTER 4 as well as the alternate equations and the parameter values given in 

CHAPTER 6. Experimental results correspond to two sets of experiments, where one set 

was conducted at lower seawater flow rates, and the other set was conducted at higher 

seawater flow rates. In addition, each set of experiments includes four variations of flash 

temperature, where each variation was duplicated three times to validate its outcome. So, 

each table value and figure curve given in this dissertation designated as an experimental 

result is in fact the averaged outcome of three matching experiments. The experimental 

matrix and conditions were provided earlier in Table 6 and Table 11. Experimental 

results will sometimes correspond to pseudo–experimental data generated by a code 

comprised of the equations and the alternate equations mentioned above, but with the 

mass and energy balance relations replaced by experimental temperature and pressure as 

well as flow rate values. Each figure will use a solid line to represent model data and a 

dotted line fitted with a translucent error band to represent experimental data. A detailed 

error analysis can be found in the APPENDICES section. The figures will also indicate if 

the experimental data correspond to real experimental data or to pseudo–experimental 

data by dubbing the data as either “experiment” or “mined”, respectively, in their legend.  
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The controlled variables of the current desalination system are seawater flow rate 

and flash temperature. Their effects on the desalination process will be analyzed through 

graphical representations of several system variables that illustrate their dynamics during 

each simulation. Twelve time–varying system variables will be examined by a set of 

twelve figures provided for each one. Every set includes four figures, each corresponding 

to a single flash temperature at lower seawater flow rates, as well as four figures, each 

corresponding to a single flash temperature at higher seawater flow rates. Furthermore, 

each figure will sketch two profiles, where one corresponds to model simulation, and the 

other corresponds to experimental simulation, both at analogous conditions. Each set also 

includes four figures, where the four different flash temperature profiles of each seawater 

flow rate range are joined on one figure for both model and experimental simulations. 

The legend of each figure includes the correlation coefficient that measures the 

linear dependence between the modeled and experimental datasets. The correlation 

coefficient is also known as the Pearson product moment correlation coefficient and is 

computed by dividing the covariance of two variables by the product of their standard 

deviations, yielding a value between -1 and +1. The computation process of the 

correlation coefficient is rather cumbersome; however, it is available as a built–in 

function in many software packages. A correlation coefficient of 0 indicates the total lack 

of correlation, while a correlation coefficient of -1 indicates a perfect negative linear 

correlation and a correlation coefficient of +1 indicates a perfect positive linear 

correlation. A correlation coefficient less than -0.8 or greater than 0.8 typically indicates 

a strong correlation, while a correlation coefficient between -0.5 and +0.5 typically 

indicates a weak correlation. 
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7.2 Vacuum Erosion 

System vacuum pressure accounts for the water vapor in addition to the 

accumulating non–condensable gases as was mentioned in CHAPTER 4. System vacuum 

gradually eroded for both seawater flow rates; moreover, it eroded a little faster at higher 

seawater flow rates. Vacuum pressure increased with flash temperatures for both 

seawater flow rates, since vapor pressure is directly proportional to flashing temperature. 

The initial rapid increase of vacuum pressure was caused by the early rapid 

increase of water vapor pressure caused by the early rapid increase of temperature inside 

the flash chamber. Vacuum pressure continued to increase afterwards but at a much lower 

rate due to slow accumulation of non–condensable gases. The rate of increase of vacuum 

pressure, ∂PV / ∂t, was decelerating for higher flash temperatures but was accelerating for 

lower flash temperatures for both seawater flow rates. This is especially obvious for 

higher flow experiments flashing at 50 °C indicating that higher flow rates entail a higher 

rate of accumulation of non–condensable gases. Decreasing pressure at a given 

temperature increases vapor–liquid equilibrium coefficient value resulting in more 

overall evaporation. Consequently, flashing seawater at lower flow rates slowed the rate 

accumulation of non–condensable gases, which decelerated vacuum erosion rate, 

resulting in more evaporation and more fresh water production. 

Model prediction of vacuum pressure resembled the experimental results but was 

generally lower, and the discrepancy increased with temperature. This is probably due to 

the constant seawater flow rate assumed by the model, while it was progressively 

decreasing during experiments due to the declining differential pressure caused by the 

eroding vacuum. Vacuum pressure profiles are shown in Figure 42 through Figure 53. 
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Figure 42. Modeled vacuum pressure profiles at lower flow 
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Figure 43. Experimental vacuum pressure profiles at lower flow 
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Figure 44. Modeled vacuum pressure profiles at higher flow 
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Figure 45. Experimental vacuum pressure profiles at higher flow 
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Figure 46. Vacuum pressure at 50°C flash and lower flow 

 
Figure 47. Vacuum pressure at 50°C flash and higher flow 



 

94 
 
 

 
 
 

 
Figure 48. Vacuum pressure at 60°C flash and lower flow 

 
Figure 49. Vacuum pressure at 60°C flash and higher flow 
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Figure 50. Vacuum pressure at 70°C flash and lower flow 

 
Figure 51. Vacuum pressure at 70°C flash and higher flow 
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Figure 52. Vacuum pressure at 80°C flash and lower flow 

 
Figure 53. Vacuum pressure at 80°C flash and higher flow 
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7.3 Equilibrium Attainment 

The temperature of seawater drops from a set flash temperature to an equilibrium 

temperature corresponding to the system vacuum pressure as it enters the evaporator. 

Equilibrium temperature quickly increased, then mostly leveled for both seawater flow 

rates; moreover, it was higher to some extent at higher seawater flow rates. In addition, 

equilibrium temperatures increased with elevated flash temperatures for both seawater 

flow rates in compliance with the energy balance around the evaporator. 

The equilibrium temperature was close to ambient at first; however, it rapidly 

increased as hot seawater was introduced to the evaporator, reaching a plateau 

comparable to the flash temperature for both seawater flow rates. Flash operation of the 

proposed desalination process is an adiabatic expansion, where temperature of seawater 

drops upon entering the flash chamber due to the drawn enthalpy of vaporization, 

forming fresh water vapor at an equilibrium status corresponding to the vacuum pressure. 

The model utilizes the Iterative and Incremental Development scheme as 

mentioned in CHAPTER 4, where the computed vacuum pressure of a previous time 

increment becomes the input vacuum pressure to the executing time increment, solving 

for the equilibrium temperature and vacuum pressure of the next time increment. The 

entire model execution progression is initiated by the known initial vacuum pressure. 

The model prediction of equilibrium temperature resembled the experimental 

results but was slightly lower, and the discrepancy increased with temperature. This 

observation understandably matches that of vacuum pressure seen earlier, since the 

attained equilibrium temperature depends on the system vacuum pressure. Equilibrium 

temperature profiles are shown in Figure 54 through Figure 65. 
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Figure 54. Modeled equilibrium temperature profiles at lower flow 

0 20 40 60 80 100 120 140 160 180
0

10

20

30

40

50

60

70

80

90

100

t (min)

T E (°
C

)

 

 

TH = 50 °C

TH = 60 °C

TH = 70 °C

TH = 80 °C

 
Figure 55. Experimental equilibrium temperature profiles at lower flow 
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Figure 56. Modeled equilibrium temperature profiles at higher flow 
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Figure 57. Experimental equilibrium temperature profiles at higher flow 
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Figure 58. Equilibrium temperature at 50°C flash and lower flow 

 
Figure 59. Equilibrium temperature at 50°C flash and higher flow 
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Figure 60. Equilibrium temperature at 60°C flash and lower flow 

 
Figure 61. Equilibrium temperature at 60°C flash and higher flow 
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Figure 62. Equilibrium temperature at 70°C flash and lower flow 

 
Figure 63. Equilibrium temperature at 70°C flash and higher flow 
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Figure 64. Equilibrium temperature at 80°C flash and lower flow 

 
Figure 65. Equilibrium temperature at 80°C flash and higher flow 
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7.4 Equilibrium Departure 

Concentrated brine temperature is usually a bit lower than equilibrium 

temperature due to boiling point elevation and non–equilibrium allowance plus a small 

amount of heat loss from the insulated evaporator as mentioned in CHAPTER 4. 

Concentrated brine temperature quickly increased then leveled for both seawater flow 

rates; moreover, it was slightly higher at lower seawater flow rates. In addition, 

concentrated brine temperatures increased with elevated flash temperatures for both 

seawater flow rates in compliance with the energy balance around the evaporator. 

The concentrated brine temperature was close to ambient at first; however, it 

rapidly increased as hot seawater was introduced to the evaporator, reaching a plateau 

parallel to equilibrium temperature for both seawater flow rates. The concentrated brine 

temperature remained lower than the equilibrium temperature except for the lowest flash 

temperature for both seawater flow rates, where concentrated brine temperature started 

lower but ended higher than equilibrium temperature. This can be attributed to some heat 

loss from the flashed water vapor along with diminishing vaporization rates as vacuum 

pressure rises at a relative low equilibrium temperature since the flashed vapor obtains its 

heat of vaporization from the concentrated brine. 

The model prediction of concentrated brine temperature resembled the 

experimental results but was slightly higher, with the discrepancy rising with increasing 

flash temperatures. This can be attributed to the neglected small amount of heat loss from 

the insulated hot evaporator to the cool ambiance combined with the imprecision of the 

non–equilibrium allowance correlation used in the model. Concentrated brine 

temperature profiles are shown in Figure 66 through Figure 77. 
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Figure 66. Modeled concentrated brine temperature profiles at lower flow 
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Figure 67. Experimental concentrated brine temperature profiles at lower flow 
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Figure 68. Modeled concentrated brine temperature profiles at higher flow 
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Figure 69. Experimental concentrated brine temperature profiles at higher flow 
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Figure 70. Concentrated brine temperature at 50°C flash and lower flow 

 
Figure 71. Concentrated brine temperature at 50°C flash and higher flow 
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Figure 72. Concentrated brine temperature at 60°C flash and lower flow 

 
Figure 73. Concentrated brine temperature at 60°C flash and higher flow 
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Figure 74. Concentrated brine temperature at 70°C flash and lower flow 

 
Figure 75. Concentrated brine temperature at 70°C flash and higher flow 
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Figure 76. Concentrated brine temperature at 80°C flash and lower flow 

 
Figure 77. Concentrated brine temperature at 80°C flash and higher flow 



 

111 
 
 

 
 
 

7.5 Heat Reclamation 

Cold incoming seawater is preheated in the condenser by hot water vapor 

condensing on the surface of the condenser tube before it enters the heater as mentioned 

in CHAPTER 4. The preheat temperature rapidly increased to reach a maximum early, 

before it slowly declined for both seawater flow rates; moreover, the preheat temperature 

attained at lower seawater flow rates, was higher. It increased with flash temperatures for 

both seawater flow rates since the amount and temperature of the condensing water vapor 

are directly proportional to flashing temperature. 

Hot water vapor condenses by losing its latent heat of condensation to the 

entering seawater in the condenser; hence, preheat temperature indirectly denotes the rate 

of water vaporization and condensation. The preheat temperature rapidly increased due to 

high initial rate of vaporization caused by rapidly increasing equilibrium temperature at 

lower vacuum pressures, then it slowly declined due to the decreasing rate of 

vaporization caused by the stabilizing equilibrium temperature at rising vacuum pressures 

for both seawater flow rates as was shown previously. The preheat temperature profiles 

for both seawater flow rates are similar; however, they were higher for lower flow rates 

due to more condensation caused by more vaporization as will be seen later. 

Model prediction of preheat temperature loosely resembled the experimental 

results due to the inability of the condenser tube heat transfer module to capture the rate 

of condensation. Modeling a heat transfer operation with a phase change is extremely 

complex, especially in the presence of non–condensable gases. The precision of the 

model in predicting the preheat temperature affects the quality of its evaluation of system 

performance. Preheat temperature profiles are shown in Figure 78 through Figure 89. 
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Figure 78. Modeled preheat temperature profiles at lower flow 
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Figure 79. Experimental preheat temperature profiles at lower flow 
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Figure 80. Modeled preheat temperature profiles at higher flow 
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Figure 81. Experimental preheat temperature profiles at higher flow 
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Figure 82. Preheat temperature at 50°C flash and lower flow 

 
Figure 83. Preheat temperature at 50°C flash and higher flow 
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Figure 84. Preheat temperature at 60°C flash and lower flow 

 
Figure 85. Preheat temperature at 60°C flash and higher flow 
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Figure 86. Preheat temperature at 70°C flash and lower flow 

 
Figure 87. Preheat temperature at 70°C flash and higher flow 
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Figure 88. Preheat temperature at 80°C flash and lower flow 

 
Figure 89. Preheat temperature at 80°C flash and higher flow 
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7.6 Heater Size 

Preheated seawater coming out of the condenser is further heated by the solar 

heater to a set flash temperature as mentioned in CHAPTER 4. The heater load was fairly 

constant at lower flash temperatures but spiked, then rapidly decreased, reaching a 

minimum before it steadily increased at higher flash temperatures for both seawater flow 

rates. Moreover, heater loads at lower seawater flow rates were lower. The heater load 

increased with flash temperatures, reaching a maximum between 60 and 70 °C, after 

which it decreased for both seawater flow rates due to improved heat recovery caused by 

increased condensation experienced at higher flashing temperature as was mentioned. 

The heater load makes up nearly all energy input to the desalination system due to 

the relatively small pumping work; hence, curtailing it enhances the feasibility of the 

process. The heater load logically increased with flash temperature at first but started to 

decrease later at higher flash temperature due to improved heat recovery caused by 

increased condensation for both seawater flow rates. Increased vaporization and the 

subsequent condensation improve heat recovery manifested in higher preheat 

temperatures that reduce the temperature gradient around the heater, ultimately reducing 

the heater load in line with the energy balance. The heater load profiles for both seawater 

flow rates are similar; however, they were lower for lower flow rates, since there was less 

volume to heat as well as the superior heat recovery as was seen earlier. 

Model prediction of heater load loosely resembled the pseudo–experimental 

results due to the inexact preheat temperature calculation seen earlier. The precision of 

the model in predicting the heater load affects the quality of its evaluation of system 

performance. Heater load profiles are shown in Figure 90 through Figure 101. 
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Figure 90. Modeled heat load profiles at lower flow 

0 20 40 60 80 100 120 140 160 180
0

2

4

6

8

10

12

14
x 104

t (min)

Q
H

 (J
/m

in
)

 

 
TH = 50 °C

TH = 60 °C

TH = 70 °C

TH = 80 °C

 
Figure 91. Mined heat load profiles at lower flow 
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Figure 92. Modeled heat load profiles at higher flow 
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Figure 93. Mined heat load profiles at higher flow 
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Figure 94. Heat load at 50°C flash and lower flow 

 
Figure 95. Heat load at 50°C flash and higher flow 
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Figure 96. Heat load at 60°C flash and lower flow 

 
Figure 97. Heat load at 60°C flash and higher flow 
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Figure 98. Heat load at 70°C flash and lower flow 

 
Figure 99. Heat load at 70°C flash and higher flow 
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Figure 100. Heat load at 80°C flash and lower flow 

 
Figure 101. Heat load at 80°C flash and higher flow 
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7.7 Collector Size 

The heater is modeled as a single–glazed flat–plate solar collector directly heating 

seawater flowing through its absorbing tubes; moreover, it is sized by the solar collection 

area needed to meet the heater load computed by a correlation given in CHAPTER 4 [8]. 

The required solar collection area is directly proportional to the heater load, resulting in 

matching profiles of both variables. The required solar collection area was fairly constant 

at lower flash temperatures, but spiked, then rapidly decreased, reaching a minimum 

before it steadily increased at higher flash temperatures for both seawater flow rates; 

moreover, the required solar collection areas at lower seawater flow rates were lower. 

Required solar collection area increased with flash temperatures, reaching a maximum 

between 60 and 70 °C, after which it decreased for both seawater flow rates due to 

improved heat recovery caused by increased condensation at higher flashing temperature. 

The required solar collection area increased with flash temperature at first but 

started to decrease later at higher flash temperature, matching the above detailed profile 

of heater load for both seawater flow rates. The required solar collection area profiles for 

both seawater flow rates were similar; however, they were lower for lower flow rates due 

to reduced heater load, since there was less volume to heat as was seen earlier.  

Model prediction of required solar collection area did not closely resemble the 

pseudo–experimental results because of poorly estimated heater load values caused by 

inexact preheat temperature calculation as was mentioned earlier. Reliability of model 

estimates of the required solar collection area depends on the accuracy of heater load 

computations, which relies on precision of preheat temperature computations. Required 

solar collection area profiles are shown in Figure 102 through Figure 113. 
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Figure 102. Modeled required solar collection area profiles at lower flow 
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Figure 103. Mined required solar collection area profiles at lower flow 
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Figure 104. Modeled required solar collection area profiles at higher flow 
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Figure 105. Mined required solar collection area profiles at higher flow 
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Figure 106. Required solar collection area at 50°C flash and lower flow 

 
Figure 107. Required solar collection area at 50°C flash and higher flow 
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Figure 108. Required solar collection area at 60°C flash and lower flow 

 
Figure 109. Required solar collection area at 60°C flash and higher flow 
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Figure 110. Required solar collection area at 70°C flash and lower flow 

 
Figure 111. Required solar collection area at 70°C flash and higher flow 
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Figure 112. Required solar collection area at 80°C flash and lower flow 

 
Figure 113. Required solar collection area at 80°C flash and higher flow 
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7.8 System Throughput 

The fresh water produced is due to condensation of flashed and diffused water 

vapor moving from the evaporator to condenser as was mentioned in CHAPTER 4. Fresh 

water production rate was highest at first, then slowly declined for both seawater flow 

rates; moreover, it was generally higher for lower seawater flow rates. The difference 

between fresh water production rates of both seawater flow rates is more significant at 

medium flash temperatures and seems to diminish at both low and high flash 

temperatures. Fresh water production rate increased with flash temperatures for both 

seawater flow rates, since the amounts of flashing and diffusing water vapor are directly 

proportional to flashing temperature and the temperature–induced vapor pressure gradient 

between the evaporator and condenser, respectively. 

Fresh water production rate was high at first due to the high initial rate of 

vaporization caused by the rapidly increasing equilibrium temperature at lower vacuum 

pressures, then it slowly declined due to the decreasing rate of vaporization caused by the 

stabilizing equilibrium temperature at rising vacuum pressures, almost reaching a plateau 

comparable to the flash temperature for both seawater flow rates. Fresh water production 

rate profiles for both seawater flow rates are similar; however, they were higher for lower 

flow rates due to more condensation caused by more vaporization. 

Model prediction of fresh water production rate appropriately resembled the 

pseudo–experimental results due to adequate prediction of system vacuum and 

equilibrium temperature. Furthermore, adjusted parameters played a significant role in 

shifting the profile of fresh water production rate to match pseudo–experimental results. 

Fresh water production rate profiles are shown in Figure 114 through Figure 125. 
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Figure 114. Modeled fresh water production rate profiles at lower flow 
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Figure 115. Mined fresh water production rate profiles at lower flow 



 

134 
 
 

 
 
 

0 20 40 60 80 100 120 140 160 180
0

5

10

15

20

25

30

35

40

45

50

t (min)

M
C (g

/m
in

)

 

 
TH = 50 °C

TH = 60 °C

TH = 70 °C

TH = 80 °C

 
Figure 116. Modeled fresh water production rate profiles at higher flow 
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Figure 117. Mined fresh water production rate profiles at higher flow 
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Figure 118. Fresh water production rate at 50°C flash and lower flow 

 
Figure 119. Fresh water production rate at 50°C flash and higher flow 
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Figure 120. Fresh water production rate at 60°C flash and lower flow 

 
Figure 121. Fresh water production rate at 60°C flash and higher flow 
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Figure 122. Fresh water production rate at 70°C flash and lower flow 

 
Figure 123. Fresh water production rate at 70°C flash and higher flow 
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Figure 124. Fresh water production rate at 80°C flash and lower flow 

 
Figure 125. Fresh water production rate at 80°C flash and higher flow 
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7.9 System Capacity 

The total amount of fresh water produced is calculated by numerically integrating 

the dynamic fresh water production rate over the entire operating period as was revealed 

in CHAPTER 4. Fresh water production amount was rising for both seawater flow rates; 

moreover, it was generally higher for lower seawater flow rates. The difference between 

fresh water production amounts of both seawater flow rates is more obvious at medium 

flash temperatures and diminishes at both low and high flash temperatures corresponding 

to the fresh water production rate results. The fresh water production amount increased 

with flash temperatures for both seawater flow rates in line with the fresh water 

production rate results due to enhanced evaporation rates at higher flash temperatures 

according to thermodynamic phase equilibria resulting in more fresh water production. 

The profile of fresh water production amount is not exactly linear, as it was rising 

at a higher rate at first due to the high initial fresh water production rate, as seen earlier 

for both seawater flow rates. Fresh water production amount profiles for both seawater 

flow rates are similar; however, they were higher for lower seawater flow rates due to 

higher fresh water production rates, as seen earlier. 

Model prediction of fresh water production amount properly resembled the 

pseudo–experimental results due to accurate portrayal of fresh water production rate as a 

result of adequate prediction of system vacuum and equilibrium temperature mentioned 

earlier; furthermore, adjusted parameters played a significant role in shifting the fresh 

water production rate profile to match pseudo–experimental results, resulting in good 

estimates of fresh water production amount. Fresh water production amount profiles are 

shown in Figure 126 through Figure 137. 
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Figure 126. Modeled fresh water production amount profiles at lower flow 
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Figure 127. Mined fresh water production amount profiles at lower flow 
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Figure 128. Modeled fresh water production amount profiles at higher flow 
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Figure 129. Mined fresh water production amount profiles at higher flow 
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Figure 130. Fresh water production amount at 50°C flash and lower flow 

 
Figure 131. Fresh water production amount at 50°C flash and higher flow 
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Figure 132. Fresh water production amount at 60°C flash and lower flow 

 
Figure 133. Fresh water production amount at 60°C flash and higher flow 
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Figure 134. Fresh water production amount at 70°C flash and lower flow 

 
Figure 135. Fresh water production amount at 70°C flash and higher flow 
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Figure 136. Fresh water production amount at 80°C flash and lower flow 

 
Figure 137. Fresh water production amount at 80°C flash and higher flow 
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7.10 Process Feasibility 

Feasibility of the proposed desalination system can be evaluated using its 

resulting prime energy consumption, defined as the ratio of the total amount of energy 

exhausted to total amount of fresh water produced, as mentioned in CHAPTER 4. Energy 

consumed is attributed to heat provided by the heater plus work supplied by the pump. 

The pumping work of the proposed desalination system was insignificant relative to the 

heater load whether the flow rate of seawater was controlled with a throttling valve or a 

variable–frequency drive; hence, the presented prime energy consumption computations 

ignore the pumping work, that is PEC ≈ ∫ QH dt / ∫ MC dt. No economic analysis was 

performed in this venture, but the optimization process of the proposed desalination 

system lies within minimizing the prime energy consumption via maximizing production 

and minimizing heater load. 

Prime energy consumption steadily increased for both seawater flow rates; 

however, it was higher at higher seawater flow rates due to higher heater loads. It 

declined rapidly with flash temperature due to the increasing fresh water production and 

decreasing heater load due to the improved heat recovery caused by the increased 

condensation associated with higher flash temperatures. In addition; the difference 

between prime energy consumption experienced at both seawater flow rates was more 

significant at low flash temperatures and diminished at higher flash temperatures. 

Model prediction of prime energy consumption deteriorated with decreasing flash 

temperatures but improved with increasing flash temperatures due to contrasting effects 

of poor heater load prediction and good production amount prediction. Prime energy 

consumption profiles are shown in Figure 138 through Figure 149. 
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Figure 138. Modeled prime energy consumption profiles at lower flow 
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Figure 139. Mined prime energy consumption profiles at lower flow 
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Figure 140. Modeled prime energy consumption profiles at higher flow 
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Figure 141. Mined prime energy consumption profiles at higher flow 
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Figure 142. Prime energy consumption at 50°C flash and lower flow 

 
Figure 143. Prime energy consumption at 50°C flash and higher flow 
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Figure 144. Prime energy consumption at 60°C flash and lower flow 

 
Figure 145. Prime energy consumption at 60°C flash and higher flow 
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Figure 146. Prime energy consumption at 70°C flash and lower flow 

 
Figure 147. Prime energy consumption at 70°C flash and higher flow 
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Figure 148. Prime energy consumption at 80°C flash and lower flow 

 
Figure 149. Prime energy consumption at 80°C flash and higher flow 
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7.11 Condensing Efficiency 

Condenser efficiency describes its heat transfer effectiveness and is defined as the 

ratio of the temperature gradient on the cold tube side to the temperature gradient on the 

hot shell side written as a percentage, that is ηC = [ ( TX – TP ) / ( TE - TC ) ] · 100 %, as 

was mentioned in CHAPTER 4. Condenser efficiency rapidly increased to reach a 

maximum early before it slowly declined for both seawater flow rates; however, 

condenser efficiency attained at lower seawater flow rates was higher. The condenser 

efficiency increased with flash temperatures for both seawater flow rates, since the 

preheat temperature is directly proportional to the flashing temperature. 

The condenser efficiency indirectly conveys the percent of available heat that was 

utilized for preheating seawater. It rapidly increased because of the rapidly rising preheat 

temperature due to the high initial rate of vaporization caused by rapidly increasing 

equilibrium temperature at lower vacuum pressures, then it slowly declined because of 

the decreasing preheat temperature due to the decreasing rate of vaporization caused by 

stabilizing equilibrium temperature at rising vacuum pressures for both seawater flow 

rates. The condenser efficiency profiles for both seawater flow rates are similar; however, 

they are higher for lower flow rates because of the higher preheat temperature 

experienced at lower seawater flow rates due to more condensation caused by more 

vaporization as seen before. 

Model prediction of condenser efficiency loosely resembled experimental results 

because of the loose depiction of the preheat temperature due to the inability of the 

condenser tube heat transfer module of the model to capture the rate of condensation. 

Condenser efficiency profiles are shown in Figure 150 through Figure 161. 
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Figure 150. Modeled condenser efficiency profiles at lower flow 
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Figure 151. Experimental condenser efficiency profiles at lower flow 
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Figure 152. Modeled condenser efficiency profiles at higher flow 
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Figure 153. Experimental condenser efficiency profiles at higher flow 



 

156 
 
 

 
 
 

 
Figure 154. Condenser efficiency at 50°C flash and lower flow 

 
Figure 155. Condenser efficiency at 50°C flash and higher flow 
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Figure 156. Condenser efficiency at 60°C flash and lower flow 

 
Figure 157. Condenser efficiency at 60°C flash and higher flow 
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Figure 158. Condenser efficiency at 70°C flash and lower flow 

 
Figure 159. Condenser efficiency at 70°C flash and higher flow 



 

159 
 
 

 
 
 

 
Figure 160. Condenser efficiency at 80°C flash and lower flow 

 
Figure 161. Condenser efficiency at 80°C flash and higher flow 
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7.12 Recovery Efficiency 

Recovery efficiency is defined as the ratio of seawater enthalpy change due to 

condensing water vapor to the overall enthalpy change required to attain the set flash 

temperature written as a percentage, that is ηR = [ ( HX – HS ) / ( HH - HS ) ] · 100 %, as 

was mentioned in CHAPTER 4. In other words, it is the percent of total enthalpy change 

that was essentially accomplished by reclaiming heat from condensing vapor. Recovery 

efficiency rapidly increased to reach a maximum early before it slowly declined for both 

seawater flow rates; however, recovery efficiency was higher at lower seawater flow 

rates. It increased with flash temperatures for both seawater flow rates, since preheat 

enthalpy is directly proportional to preheat temperature that is directly proportional to 

flashing temperature as seen earlier. 

Recovery efficiency directly expresses the percent of required heat that is 

reclaimed from condensing vapor. Recovery efficiency rapidly increased because of 

rapidly rising preheat enthalpy due to rapidly rising preheat temperature, then it slowly 

declined because of decreasing preheat enthalpy due to decreasing preheat temperature. 

Recovery efficiency profiles for both seawater flow rates are similar; however, they were 

higher for lower flow rates because of higher preheat enthalpy due to higher preheat 

temperature experienced at lower seawater flow rates due to more condensation caused 

by more vaporization. 

Model prediction of recovery efficiency loosely resembled experimental results 

because of loose depiction of preheat temperature due to inability of the condenser tube 

heat transfer module of the model to capture the rate of condensation. Recovery 

efficiency profiles are shown in Figure 162 through Figure 173. 
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Figure 162. Modeled recovery efficiency profiles at lower flow 
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Figure 163. Experimental recovery efficiency profiles at lower flow 
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Figure 164. Modeled recovery efficiency profiles at higher flow 
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Figure 165. Experimental recovery efficiency profiles at higher flow 
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Figure 166. Recovery efficiency at 50°C flash and lower flow 

 
Figure 167. Recovery efficiency at 50°C flash and higher flow 
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Figure 168. Recovery efficiency at 60°C flash and lower flow 

 
Figure 169. Recovery efficiency at 60°C flash and higher flow 
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Figure 170. Recovery efficiency at 70°C flash and lower flow 

 
Figure 171. Recovery efficiency at 70°C flash and higher flow 
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Figure 172. Recovery efficiency at 80°C flash and lower flow 

 
Figure 173. Recovery efficiency at 80°C flash and higher flow 
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7.13 Thermal Efficiency 

Thermal efficiency of the desalination process is a performance  measure defined 

as the ratio of heat used in vaporizing water to overall heat added to bulk seawater written 

as a percentage, that is ηT = [ ME · ( HE + HL
E ) / ( MH · HH ) ] · 100 %, as was mentioned 

in CHAPTER 4. In other words, it is the percent of total thermal energy supplied that was 

actually used to vaporize water. Thermal efficiency rapidly increased to reach a 

maximum early before it slowly declined, then stabilized for both seawater flow rates; 

however, thermal efficiency was higher at lower seawater flow rates. The thermal 

efficiency increased with flash temperatures for both seawater flow rates, since the 

amounts and the temperatures of the water vapor are directly proportional to the flashing 

temperature as seen earlier. 

Thermal efficiency rapidly increased because of rapidly increasing water vapor 

enthalpy due to its rising amount and temperature, and then it slowly declined, reaching a 

plateau because of slowly stabilizing water vapor enthalpy due to gradually declining 

vaporization rates, but gradually rising temperatures, of the water vapor for both seawater 

flow rates. Thermal efficiency profiles for both seawater flow rates are similar; however, 

they were higher for lower flow rates due to higher vaporization rates. 

Model prediction of thermal efficiency of the proposed desalination process 

properly resembled pseudo–experimental results due to accurate portrayal of water 

vaporization rates; furthermore, adjusted parameters and correlations played a significant 

role in shifting vaporization rate profiles to match pseudo–experimental results, resulting 

in excellent thermal efficiency estimates for the proposed desalination process. Thermal 

efficiency profiles are shown in Figure 174 through Figure 185. 
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Figure 174. Modeled thermal efficiency profiles at lower flow 
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Figure 175. Mined thermal efficiency profiles at lower flow 
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Figure 176. Modeled thermal efficiency profiles at higher flow 
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Figure 177. Mined thermal efficiency profiles at higher flow 
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Figure 178. Thermal efficiency at 50°C flash and lower flow 

 
Figure 179. Thermal efficiency at 50°C flash and higher flow 
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Figure 180. Thermal efficiency at 60°C flash and lower flow 

 
Figure 181. Thermal efficiency at 60°C flash and higher flow 
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Figure 182. Thermal efficiency at 70°C flash and lower flow 

 
Figure 183. Thermal efficiency at 70°C flash and higher flow 
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Figure 184. Thermal efficiency at 80°C flash and lower flow 

 
Figure 185. Thermal efficiency at 80°C flash and higher flow 
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7.14 Disambiguation 

The preceding discussion included references to three different types of data as it 

examined profiles of twelve time–varying system variables. Model data refer to data 

obtained by running the developed model with its alternate equations and adjusted 

parameter values and expressions. Experimental data refer to averaged temperature and 

pressure values recorded by the data acquisition system of three matching experiments; 

furthermore, experimental data also include observed values for seawater flow rate and 

fresh water amount. Pseudo–experimental data refer to results generated by a computer 

code composed of the developed model with its alternate equations but without adjusted 

parameter values and expressions; moreover, energy balance relations were deactivated, 

while experimental temperature and pressure, as well as recorded seawater flow rate and 

produced fresh water amount, were supplied to the computer code. The entire data 

mining procedure is illustrated in Figure 186. 
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Figure 186. Experimental and pseudo–experimental data acquisition 
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CHAPTER 8. CONCLUSION 

 

8.1 Summary 

A flash desalination process sustainable by natural forces of solar radiation and 

gravity has been proposed. In addition, experimental and theoretical simulations of the 

proposed desalination process have been carried out. The process includes a start–up 

procedure and continuous operation consisting of pumping seawater through a solar 

heater before flashing it under vacuum in an elevated chamber. The vacuum is passively 

created and subsequently maintained by hydrostatic balance between pressure inside the 

elevated flash chamber and outdoor atmospheric pressure. 

Experimental simulations were carried out by a pilot unit depicting the proposed 

system but emulating solar heating and passive vacuum operations. Theoretical 

simulations were performed using a computer code comprising fundamental physical and 

thermodynamic laws plus numerous correlations and parameters. Experimental data were 

fed to an adapted computer code generating pseudo–experimental data; moreover, 

experimental and pseudo–experimental data were regressed, generating parametric values 

and correlations that were included in the developed computer model.  

Experimental and theoretical simulations were run at varying operating conditions 

but at analogous circumstances, and their results were compared and analyzed to validate 

the developed model. Feasibility of the proposed system rapidly increased with flash 

temperature due to increased fresh water production and improved heat recovery. 
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8.2 Outcome 

Experimental and pseudo–experimental data were regressed, generating four 

correlations given in CHAPTER 6 that were included in the model. In addition, a dataset 

of K–values was regressed to adjust parameter values of Henry's constant and vapor 

pressure correlations for non–condensable gases and water, respectively. 

The developed correlation for the counter–current departure correction factor for 

the condenser tube yielded acceptable results as was seen in CHAPTER 6; however, 

preheat temperature computed by the model using that developed correlation yielded 

poor predictions as was seen in CHAPTER 7. The data mining code used the log mean 

temperature difference scheme to generate pseudo–experimental data of FCT that were 

regressed to generate the aforementioned correlation. This observation suggests that the 

log mean temperature difference scheme is probably not the best option to model the heat 

transfer operation across the condenser tube. Modeling a heat transfer operation with a 

phase change is extremely complex, especially in the presence of non–condensable gases. 

Precision of the model in predicting preheat temperature affects the quality of its 

evaluation of system performance as was seen in CHAPTER 7. 

The developed correlation for the non–equilibrium allowance yielded average 

results as was seen in CHAPTER 6; consequently, equilibrium and concentrated brine 

temperatures computed by the model also yielded average predictions as was seen in 

CHAPTER 7. Heat loss of the evaporator was ignored, while non–equilibrium allowance 

correlation and energy balance around the evaporator were used to find equilibrium and 

the concentrated brine temperatures. This observation suggests that heat loss from the 

evaporator may need to be accounted for in the model. 
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The developed correlation for the activity coefficient of water yielded excellent 

results as was seen in CHAPTER 6. The data mining code used the Rachford–Rice 

scheme along with experimental values of equilibrium temperature and system pressure, 

plus average reported composition of seawater to generate pseudo–experimental data of 

γH2O that were regressed to generate the previously mentioned correlation. In addition, the 

data mining code included parameter values of Henry's constant and vapor pressure 

correlations for non–condensable gases and water obtained using the SUPERTRAPP™ 

code from NIST [31] as was mentioned in CHAPTER 4. The Rachford–Rice scheme and 

SUPERTRAPP™ code, plus the reported composition of seawater, are well recognized in 

literature for their accuracy; therefore, quality of the developed correlation for the activity 

coefficient of water is believed to be very high. 

The developed correlation for the gas phase molecular content correction factor 

yielded good results, except for the case of higher seawater flow rates flashing at 50 °C as 

was seen in CHAPTER 6. The data mining code used the ideal gas law with experimental 

values of equilibrium temperature and system pressure, plus a straightforward formula for 

calculating dynamic vacuum volume to generate pseudo–experimental data of ψ that 

were regressed to generate the previous correlation. This observation suggests that 

flashing seawater at lower temperatures and higher flow rates rapidly increases the rate of 

accumulation of non–condensable gases. This phenomenon has been experimentally 

explored and theoretically modeled by Abtahi [32] via the molecular arrival rate concept. 

Results for ψ seen in CHAPTER 6 indicate that deviation from ideal behavior increases 

with decreasing PV / PH2O values due to rising temperature gradient between the hot and 

the cold sides of the flash chamber. This observation was also confirmed by Abtahi [32]. 

http://www.nist.gov/
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The results seen in CHAPTER 7 suggest that the proposed process becomes more 

feasible if operated at higher temperatures and more moderate flow rates. Higher flash 

temperatures will result in more evaporation and subsequent condensation, resulting in 

more fresh water production. In addition, the increased amount of heat reclaimed from 

condensing vapor reduced overall heater load and thus required less solar collection area. 

The collective outcome of increased fresh water output and decreased heater load is a 

significant decrease in prime energy consumption of the desalination unit, making it more 

economically viable. These observations are quantified in Figure 187 and Figure 188 for 

seawater conversion efficiency and prime energy consumption, respectively. 

The results seen in CHAPTER 7 also suggest that most fresh water production 

occurs in the beginning of the operation, where vacuum pressure is lowest. The current 

experimental simulations were launched at a reasonably low vacuum; however, a much 

lower vacuum can be achieved using less energy if the proposed method of creating a 

passive vacuum is implemented. The collective outcome of applying passive vacuum and 

solar heating schemes is a significant decrease in prime energy consumption of the unit 

due to lower energy input and higher product output, furthering its feasibility. 

The efficiency of the unit can also be boosted by exploiting the thermal energy of 

hot brine by either employing multi–stage schemes or including heat recovery provisions 

to increase the amount of reclaimed heat, effectively reducing prime energy consumption. 

The temperature difference manifested in the vapor pressure gradient between the two 

compartments of the flash chamber is the driving force of vapor transfer from the hot 

evaporator to the cold condenser; therefore, any attempt to exploit the thermal energy of 

the hot concentrated brine should be carefully applied as not to compromise that gradient. 
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Figure 187. Seawater conversion dependence on flash temperature 
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Figure 188. Prime energy consumption dependence on flash temperature 
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8.3 Prospects 

The results of this exploration demonstrate great potential for application of the 

proposed desalination system, especially in light of growing energy and water demands. 

This section is aimed at offering recommendations for prospective researchers seeking to 

optimize and further feasibility of the proposed desalination system. 

CHAPTER 2 includes a brief overview of the most common conventional and 

solar desalination methods. An immense number of renewable energy driven desalination 

systems have been proposed and examined but never commercially materialized. The 

current study did not present those systems; nevertheless, including them in the literature 

review of future research would be supportive of the novelty of the current system. In 

addition, corrosion and scaling are major challenges to all desalination systems; however, 

they were overlooked in this study to keep the focus on simulation of the proposed 

desalination system, but they should be addressed in future investigations. 

Moving the experimental unit to an outdoor setting would enhance replication of 

the proposed system. An outdoor unit can be furnished with a real solar heater and will 

enable the proposed passive vacuum generation by elevating the flash chamber to at least 

ten meters above ground. Implementing the proposed passive vacuum generation will 

also allow for much lower vacuums to be achieved using less energy, which translates to 

more fresh water production. In addition, vacuum erosion will be slower in an outdoor 

unit because vacuum volume will be increasing as system pressure increases due to the 

hydrostatic balance between the levels of the ground tanks and the flash chamber, which 

translates to more fresh water production due to lower pressures. Also, an outdoor unit 

will enable automatic flow control via a throttling valve or a variable–frequency drive. 
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Accuracy of model output and pseudo–experimental data, as well as the precision 

of the regression, deeply rely on certainty of their input. There are slight discrepancies in 

literature when it comes to reporting seawater content; therefore, it is essential to 

investigate the seawater parameters given in CHAPTER 6 further, explicitly φi and αi, 

especially those pertaining to carbon dioxide due to its complex kinetics. 

Model convergence was difficult at times due to interdependence nature of its 

equations; therefore, other programming tools may be explored. In addition, the current 

model executes and integrates using one minute increments, yielding smooth results; 

however, easier convergence and smoother results can be obtained by decreasing 

increment size but that will also increase program run time. 

Heat transfer relations of the current model did not produce very reliable results; 

consequently, they should be improved to predict heat loss of the flash chamber 

accurately as well as heat transfer across the condenser tube. Rigorous heat transfer 

computations will result in better predictions of equilibrium and brine temperatures 

resulting in superior flash calculations. More rigorous heat transfer computations will 

also result in better predictions of preheat temperature, resulting in enhanced performance 

evaluation due to regression of a more precise mined data. 

The log mean temperature difference method should be substituted with a more 

appropriate heat transfer model capable of handling the complexity of phase change 

operations. Experimental data should always be used to fine–tune the parameters of the 

employed heat transfer model. In addition, if heat transfer computations remained 

imprecise, adjusting local and overall heat transfer coefficients should be explored as an 

alternative to adjusting the parameters of the heat transfer model. 



 

182 
 
 

 
 
 

Abtahi [32] hypothesized that the non–condensable gas molecules accumulating 

in the condenser tend to amass around the cold surface of the condenser tube, in essence 

forming an insulation layer that hampers heat transfer from the condensing water vapor. 

In addition, some heat transfer texts include mass transfer parameters within heat transfer 

coefficient correlations in condensers as they try to model the diffusion of water vapor 

molecules through the non–condensable gas layer. 

The current model assumes the total condensation of flashed water vapor and uses 

a regressed molecular content correction factor to account for rate of accumulation of 

non–condensable gases. Alternately, the distribution of non-condensable gases among 

flashed vapor, concentrated brine, and condensed water in the flash chamber can be 

estimated by assuming equilibrium among the three phases [33]. This approach may be 

more valid, but will exacerbate computations and hinder convergence. 

A more accurate version of the correlation for the activity coefficient of water can 

be obtained by using a suitable activity coefficient model to write the activity coefficient 

formula, then adjusting its parameters using the data mining code mentioned earlier in 

CHAPTER 6 and found in the APPENDICES section. 

The diffusion correlation developed in CHAPTER 4 includes two parameters that 

serve as conductance and resistance terms. In its current form, the model considers 

resistance to water vapor transfer to be pertinent only to diffusing and not flashing vapor. 

It would be more prudent to remove the resistance term, then readjust the conductance 

term in accordance with reported values [14]. Afterward, a resistance term pertaining to 

diffusing and flashing water vapor should be included in the model and adjusted using the 

data mining code mentioned in CHAPTER 6 and found in the APPENDICES section.  
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The diffusion correlation development should be carried out alongside the above 

mentioned molecular arrival rate concept modeled by Abtahi [32]. This approach will 

make the adjusted conductance and resistance terms more consistent with the complex 

mass and heat transfer operations, which will ultimately result in improved vacuum 

pressure and preheat temperature predictions. 

Feasibility of the proposed desalination process should be simply investigated via 

prime energy consumption, PEC = ( ∫QH + ∫WP ) / ∫MC , and not via unnecessarily 

meticulous economic analyses. Process optimization is synonymous with prime energy 

consumption mitigation that is realized via minimizing the amount of energy exhausted 

or maximizing the amount of fresh water produced. Most of the exhausted energy of all 

thermal desalination processes is due to heat and not to power input as was seen earlier in 

CHAPTER 2 and as confirmed by the current experimental and theoretical simulations; 

therefore, optimizing the proposed desalination system should specifically revolve around 

reducing heater load and amplifying fresh water production rate. Detailed economic 

analyses can be performed by properly estimating capital and operating costs; however, 

these analyses can be quite cumbersome and should be carefully employed. 

Seawater flash temperature is a set parameter; therefore, reducing heater load 

should be aimed for by increasing preheat temperature achieved via improved heat 

recovery in the condenser. Improving heat recovery in the condenser can be 

accomplished by improving the geometry of the condenser tube to harness the most of the 

latent heat of the condensing steam. Thermally insulating the condenser should be 

investigated to see its consequences on directing condensing steam away from the 

condenser wall and more towards the condenser tube. 
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Amplifying the fresh water production rate is thermodynamically controlled via 

increasing equilibrium temperature and lowering system pressure. With the exception of 

increasing flash temperature set point, increasing equilibrium temperature is 

accomplished by minimizing heat loss of the evaporator via enhanced thermal insulation.  

System pressure is always increasing because of the eroding vacuum due to build up of 

non–condensable gases in the flash chamber; however, initial system pressure is a 

controlled variable, and lowering it would lower system pressure all through the 

desalination process. The proposed method of passively creating vacuums should 

accomplish very low vacuum pressures, in effect equaling ambient water vapor pressure. 

In addition, fresh water production rate can be significantly enhanced by employing the 

multi–stage scheme outlined earlier in CHAPTER 4. The current model should be 

extended from simulating single–stage to multi–stage desalination schemes. In addition, a 

qualitative sensitivity analysis of model parameters should be executed to evaluate the 

outcome of their variation on model results. 

The proposed desalination system is meant to be driven by solar energy and 

average values for a generic solar collector were used to estimate solar collection area. 

Detailed solar computations should be used instead of the average values to broaden the 

applicability of the model to different geographies and different collectors. This would 

involve including several solar calculations that are widely available in literature [8]. 

Finally, experimental results discussed earlier have proven that some of the 

flashed vapor condenses prematurely in the evaporator before making it to the condenser; 

therefore, resistance to vapor transfer from the evaporator to condenser should be reduced 

to increase fresh water production and improve heat recovery. 
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Appendix A. The operating procedure 

 

Figure 189. Preparing to fill up the condenser 
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Figure 190. Condenser full of fresh water 
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Appendix A (Continued) 
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Figure 191. Preparing to fill up the evaporator 
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Figure 192. Evaporator full of seawater 
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Appendix A (Continued) 
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Figure 193. Switching the valve positions of the flash chamber 
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Figure 194. Flash chamber passively vacuumed 
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Appendix A (Continued) 
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Figure 195. Preparing to start the desalination process 

Brine Water

Sea Water
Make-Up

Tank

CondenserEvaporator

Fresh Water
Make-Up

Tank

Fresh Water

S

W C P

X

H

E

FB

Solar Heater

 

Figure 196. Desalination process taking place 
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Appendix A (Continued) 
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Figure 197. Flash chamber vented to terminate vacuum 
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Figure 198. Flash chamber drained 
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Appendix B. SUPERTRAPP™ code to generate K–values 

 
        ************************************************************ 
        *          NIST Standard Reference Database 4              * 
        *  NIST THERMOPHYSICAL PROPERTIES OF HYDROCARBON MIXTURES  * 
        *           Program SUPERTRAPP - Version 3.1, beta 1       * 
        *                                                          * 
        *            Based on research sponsored by                * 
        *          the NASA Lewis Research Center,                 * 
        *   the NIST Supercritical Fluid Property Consortium       * 
        *              and Standard Reference Data                 * 
        *                                                          * 
        *                  Marcia L. Huber                         * 
        *     Physical and Chemical Properties Division            * 
        *                                                          * 
        *         Distributed by Standard Reference Data           * 
        *     National Institute of Standards and Technology       * 
        *              Gaithersburg, MD 20899 USA                  * 
        *                                                          * 
        *    Copyright 2002 by the U.S. Secretary of Commerce      * 
        *        on behalf of the United States of America         * 
        *                 All rights reserved.                     * 
        ************************************************************ 
 
For help in response to any question, enter "?". 
For a brief description of SUPERTRAPP, enter "?". 
Press enter to continue. 
 
Do you want to use default settings? (Y/N) 
(The default settings are whatever you last selected for units and file I/O.) 
 
 
How many components (maximum is 20, enter 0 to stop) ? 5 
Enter the name of component  1 ? N2 
Enter the name of component  2 ? O2 
Enter the name of component  3 ? Ar 
Enter the name of component  4 ? CO2 
Enter the name of component  5 ? H2O 
Enter the moles of nitrogen? 0.000892430051332573 
Enter the moles of oxygen? 0.00043752734545909 
Enter the moles of argon? 0.0000200300450676013 
Enter the moles of carbon dioxide? 0.00409007248517348 
Enter the moles of water? 107.121933077247 
 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
288.15,1 
 
 
2-Phase Flash results at T =  288.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.344128E-07 0.427495     0.427528     .12E+08 
oxygen              0.408418E-05 0.409242E-06 0.189368     0.189267     .46E+06 
argon               0.186974E-06 0.175174E-07 0.873203E-02 0.872798E-02 .50E+06 
carbon dioxide      0.381795E-04 0.312301E-04 0.358131     0.356581     .11E+05 
water               0.999949     0.999968     0.162738E-01 0.161498E-01 .16E-01 
Molar Basis 
                      1.00000     0.999981     0.194064E-04 Feed Fraction 
                      18.0211      18.0208      34.4373     Molar Mass 
                     0.762087E-03 0.742729E-03 0.998250     Comp. Factor, Z 
                      54.7708      56.1983     0.418133E-01 D, mol/liter 
                     -287.426     -287.429     -145.202     H, kJ/mol 
                      64.9348      64.9320      210.196     S, J/mol.K 
                      76.7500      76.7509      32.3969     Cp, J/mol.K 
                                   1.26448      1.34988     Cp/Cv 
                                   3410.20      305.911     Sound Speed, m/s 
                                 -0.193114E-01 0.496588     JT, K/bar 
                                   11292.3      171.639     Visc., uP 
                                   579.549      22.0159     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
293.15,1 
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Appendix B (Continued) 

 
 
2-Phase Flash results at T =  293.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.427090E-07 0.429025     0.429076     .10E+08 
oxygen              0.408418E-05 0.460568E-06 0.187579     0.187490     .41E+06 
argon               0.186974E-06 0.198371E-07 0.865197E-02 0.864843E-02 .44E+06 
carbon dioxide      0.381795E-04 0.313748E-04 0.352284     0.350834     .11E+05 
water               0.999949     0.999968     0.224604E-01 0.222965E-01 .22E-01 
Molar Basis 
                      1.00000     0.999981     0.193178E-04 Feed Fraction 
                      18.0211      18.0208      34.2739     Molar Mass 
                     0.754310E-03 0.735038E-03 0.998342     Comp. Factor, Z 
                      54.3917      55.8178     0.410963E-01 D, mol/liter 
                     -286.753     -286.755     -144.235     H, kJ/mol 
                      67.1288      67.1260      210.722     S, J/mol.K 
                      75.6292      75.6301      32.4522     Cp, J/mol.K 
                                   1.19949      1.34891     Cp/Cv 
                                   3277.46      309.206     Sound Speed, m/s 
                                 -0.201080E-01 0.483944     JT, K/bar 
                                   10054.1      173.823     Visc., uP 
                                   588.761      22.4243     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
298.15,1 
 
 
2-Phase Flash results at T =  298.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.525102E-07 0.429422     0.429493     .82E+07 
oxygen              0.408418E-05 0.514592E-06 0.185172     0.185096     .36E+06 
argon               0.186974E-06 0.222940E-07 0.854277E-02 0.853976E-02 .38E+06 
carbon dioxide      0.381795E-04 0.315055E-04 0.346245     0.344888     .11E+05 
water               0.999949     0.999968     0.306178E-01 0.304033E-01 .31E-01 
Molar Basis 
                      1.00000     0.999981     0.192772E-04 Feed Fraction 
                      18.0211      18.0208      34.0849     Molar Mass 
                     0.746899E-03 0.727667E-03 0.998416     Comp. Factor, Z 
                      54.0102      55.4377     0.404041E-01 D, mol/liter 
                     -286.086     -286.089     -143.669     H, kJ/mol 
                      69.2517      69.2490      211.245     S, J/mol.K 
                      74.5180      74.5188      32.5133     Cp, J/mol.K 
                                   1.14872      1.34788     Cp/Cv 
                                   3164.64      312.599     Sound Speed, m/s 
                                 -0.209314E-01 0.474132     JT, K/bar 
                                   9000.45      175.802     Visc., uP 
                                   597.672      22.8360     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
303.15,1 
 
 
2-Phase Flash results at T =  303.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.639249E-07 0.428310     0.428401     .67E+07 
oxygen              0.408418E-05 0.570542E-06 0.182049     0.181984     .32E+06 
argon               0.186974E-06 0.248543E-07 0.839976E-02 0.839729E-02 .34E+06 
carbon dioxide      0.381795E-04 0.316181E-04 0.339991     0.338717     .11E+05 
water               0.999949     0.999968     0.412514E-01 0.409730E-01 .41E-01 
Molar Basis 
                      1.00000     0.999981     0.193005E-04 Feed Fraction 
                      18.0211      18.0208      33.8644     Molar Mass 
                     0.739394E-03 0.720137E-03 0.998470     Comp. Factor, Z 
                      53.6585      55.0934     0.397356E-01 D, mol/liter 
                     -285.463     -285.465     -143.617     H, kJ/mol 
                      71.2038      71.2010      211.762     S, J/mol.K 
                      73.5538      73.5546      32.5823     Cp, J/mol.K 
                                   1.11477      1.34678     Cp/Cv 
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                                   3076.35      316.121     Sound Speed, m/s 
                                 -0.216544E-01 0.467549     JT, K/bar 
                                   8098.85      177.528     Visc., uP 
                                   606.261      23.2528     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
308.15,1 
 
 
2-Phase Flash results at T =  308.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.769946E-07 0.425229     0.425343     .55E+07 
oxygen              0.408418E-05 0.627324E-06 0.178100     0.178049     .28E+06 
argon               0.186974E-06 0.274689E-07 0.821784E-02 0.821594E-02 .30E+06 
carbon dioxide      0.381795E-04 0.317072E-04 0.333489     0.332291     .11E+05 
water               0.999949     0.999968     0.549638E-01 0.546051E-01 .55E-01 
Molar Basis 
                      1.00000     0.999981     0.194096E-04 Feed Fraction 
                      18.0211      18.0208      33.6055     Molar Mass 
                     0.729280E-03 0.709913E-03 0.998501     Comp. Factor, Z 
                      53.5200      54.9800     0.390896E-01 D, mol/liter 
                     -285.087     -285.089     -144.212     H, kJ/mol 
                      72.4338      72.4311      212.268     S, J/mol.K 
                      73.5108      73.5116      32.6618     Cp, J/mol.K 
                                   1.12424      1.34556     Cp/Cv 
                                   3052.71      319.808     Sound Speed, m/s 
                                 -0.215396E-01 0.464722     JT, K/bar 
                                   7323.15      178.947     Visc., uP 
                                   614.421      23.6766     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
313.15,1 
 
 
2-Phase Flash results at T =  313.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.916537E-07 0.419638     0.419776     .46E+07 
oxygen              0.408418E-05 0.683483E-06 0.173211     0.173173     .25E+06 
argon               0.186974E-06 0.300721E-07 0.799164E-02 0.799034E-02 .27E+06 
carbon dioxide      0.381795E-04 0.317661E-04 0.326694     0.325564     .10E+05 
water               0.999949     0.999967     0.724650E-01 0.720057E-01 .72E-01 
Molar Basis 
                      1.00000     0.999980     0.196333E-04 Feed Fraction 
                      18.0211      18.0208      33.2997     Molar Mass 
                     0.719666E-03 0.700076E-03 0.998506     Comp. Factor, Z 
                      53.3690      54.8624     0.384653E-01 D, mol/liter 
                     -284.712     -284.715     -145.607     H, kJ/mol 
                      73.6397      73.6369      212.756     S, J/mol.K 
                      73.4833      73.4841      32.7550     Cp, J/mol.K 
                                   1.13444      1.34419     Cp/Cv 
                                   3029.90      323.706     Sound Speed, m/s 
                                 -0.214130E-01 0.466334     JT, K/bar 
                                   6652.37      179.992     Visc., uP 
                                   622.271      24.1101     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
318.15,1 
 
 
2-Phase Flash results at T =  318.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.107669E-06 0.410902     0.411067     .38E+07 
oxygen              0.408418E-05 0.737106E-06 0.167256     0.167232     .23E+06 
argon               0.186974E-06 0.325762E-07 0.771537E-02 0.771471E-02 .24E+06 
carbon dioxide      0.381795E-04 0.317855E-04 0.319543     0.318473     .10E+05 
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water               0.999949     0.999967     0.945847E-01 0.939993E-01 .95E-01 
Molar Basis 
                      1.00000     0.999980     0.200118E-04 Feed Fraction 
                      18.0211      18.0208      32.9372     Molar Mass 
                     0.710577E-03 0.690609E-03 0.998482     Comp. Factor, Z 
                      53.2022      54.7404     0.378617E-01 D, mol/liter 
                     -284.339     -284.341     -147.979     H, kJ/mol 
                      74.8225      74.8197      213.214     S, J/mol.K 
                      73.4714      73.4722      32.8654     Cp, J/mol.K 
                                   1.14539      1.34263     Cp/Cv 
                                   3007.94      327.872     Sound Speed, m/s 
                                 -0.212745E-01 0.473293     JT, K/bar 
                                   6069.52      180.587     Visc., uP 
                                   629.807      24.5568     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
323.15,1 
 
 
2-Phase Flash results at T =  323.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.124565E-06 0.398291     0.398487     .32E+07 
oxygen              0.408418E-05 0.785728E-06 0.160097     0.160088     .20E+06 
argon               0.186974E-06 0.348681E-07 0.738275E-02 0.738280E-02 .21E+06 
carbon dioxide      0.381795E-04 0.317532E-04 0.311946     0.310930     .98E+04 
water               0.999949     0.999967     0.122284     0.121540     .12E+00 
Molar Basis 
                      1.00000     0.999979     0.206030E-04 Feed Fraction 
                      18.0211      18.0208      32.5064     Molar Mass 
                     0.702055E-03 0.681498E-03 0.998424     Comp. Factor, Z 
                      53.0148      54.6139     0.372780E-01 D, mol/liter 
                     -283.966     -283.969     -151.523     H, kJ/mol 
                      75.9832      75.9804      213.624     S, J/mol.K 
                      73.4754      73.4762      32.9972     Cp, J/mol.K 
                                   1.15716      1.34083     Cp/Cv 
                                   2986.83      332.379     Sound Speed, m/s 
                                 -0.211239E-01 0.486828     JT, K/bar 
                                   5560.75      180.639     Visc., uP 
                                   637.027      25.0208     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
328.15,1 
 
 
2-Phase Flash results at T =  328.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.141527E-06 0.380999     0.381229     .27E+07 
oxygen              0.408418E-05 0.826198E-06 0.151580     0.151589     .18E+06 
argon               0.186974E-06 0.368027E-07 0.698684E-02 0.698769E-02 .19E+06 
carbon dioxide      0.381795E-04 0.316511E-04 0.303770     0.302803     .96E+04 
water               0.999949     0.999967     0.156664     0.155721     .16E+00 
Molar Basis 
                      1.00000     0.999979     0.214936E-04 Feed Fraction 
                      18.0211      18.0208      31.9935     Molar Mass 
                     0.694172E-03 0.672728E-03 0.998326     Comp. Factor, Z 
                      52.7999      54.4829     0.367137E-01 D, mol/liter 
                     -283.595     -283.598     -156.454     H, kJ/mol 
                      77.1229      77.1200      213.961     S, J/mol.K 
                      73.4953      73.4962      33.1549     Cp, J/mol.K 
                                   1.16979      1.33875     Cp/Cv 
                                   2966.57      337.320     Sound Speed, m/s 
                                 -0.209608E-01 0.508656     JT, K/bar 
                                   5114.70      180.042     Visc., uP 
                                   643.930      25.5071     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
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333.15,1 
 
 
2-Phase Flash results at T =  333.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.157290E-06 0.358158     0.358430     .23E+07 
oxygen              0.408418E-05 0.854500E-06 0.141528     0.141557     .17E+06 
argon               0.186974E-06 0.381947E-07 0.651966E-02 0.652142E-02 .17E+06 
carbon dioxide      0.381795E-04 0.314525E-04 0.294815     0.293892     .94E+04 
water               0.999949     0.999967     0.198979     0.197782     .20E+00 
Molar Basis 
                      1.00000     0.999977     0.228202E-04 Feed Fraction 
                      18.0211      18.0208      31.3818     Molar Mass 
                     0.687051E-03 0.664287E-03 0.998177     Comp. Factor, Z 
                      52.5465      54.3471     0.361680E-01 D, mol/liter 
                     -283.225     -283.228     -162.995     H, kJ/mol 
                      78.2425      78.2394      214.188     S, J/mol.K 
                      73.5315      73.5324      33.3432     Cp, J/mol.K 
                                   1.18333      1.33636     Cp/Cv 
                                   2947.16      342.819     Sound Speed, m/s 
                                 -0.207850E-01 0.541296     JT, K/bar 
                                   4722.05      178.677     Visc., uP 
                                   650.515      26.0218     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
338.15,1 
 
 
2-Phase Flash results at T =  338.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.170017E-06 0.328901     0.329223     .19E+07 
oxygen              0.408418E-05 0.865497E-06 0.129726     0.129778     .15E+06 
argon               0.186974E-06 0.388077E-07 0.597171E-02 0.597455E-02 .15E+06 
carbon dioxide      0.381795E-04 0.311150E-04 0.284758     0.283878     .92E+04 
water               0.999949     0.999968     0.250644     0.249120     .25E+00 
Molar Basis 
                      1.00000     0.999975     0.248116E-04 Feed Fraction 
                      18.0211      18.0208      30.6511     Molar Mass 
                     0.680907E-03 0.656162E-03 0.997966     Comp. Factor, Z 
                      52.2366      54.2065     0.356408E-01 D, mol/liter 
                     -282.856     -282.858     -171.361     H, kJ/mol 
                      79.3429      79.3396      214.254     S, J/mol.K 
                      73.5839      73.5849      33.5673     Cp, J/mol.K 
                                   1.19785      1.33363     Cp/Cv 
                                   2928.60      349.043     Sound Speed, m/s 
                                 -0.205963E-01 0.588638     JT, K/bar 
                                   4375.04      176.560     Visc., uP 
                                   656.778      26.5724     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
343.15,1 
 
 
2-Phase Flash results at T =  343.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.177209E-06 0.292456     0.292840     .17E+07 
oxygen              0.408418E-05 0.852608E-06 0.115916     0.115996     .14E+06 
argon               0.186974E-06 0.383384E-07 0.533152E-02 0.533568E-02 .14E+06 
carbon dioxide      0.381795E-04 0.305679E-04 0.273056     0.272223     .89E+04 
water               0.999949     0.999968     0.313241     0.311289     .31E+00 
Molar Basis 
                      1.00000     0.999972     0.278789E-04 Feed Fraction 
                      18.0211      18.0208      29.7758     Molar Mass 
                     0.676138E-03 0.648342E-03 0.997674     Comp. Factor, Z 
                      51.8386      54.0610     0.351317E-01 D, mol/liter 
                     -282.487     -282.490     -181.721     H, kJ/mol 
                      80.4252      80.4215      214.085     S, J/mol.K 
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                      73.6530      73.6541      33.8314     Cp, J/mol.K 
                                   1.21342      1.33058     Cp/Cv 
                                   2910.91      356.232     Sound Speed, m/s 
                                 -0.203943E-01 0.657058     JT, K/bar 
                                   4067.22      173.651     Visc., uP 
                                   662.720      27.1684     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
348.15,1 
 
 
2-Phase Flash results at T =  348.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.175706E-06 0.248355     0.248816     .14E+07 
oxygen              0.408418E-05 0.807485E-06 0.997923E-01 0.999089E-01 .12E+06 
argon               0.186974E-06 0.364031E-07 0.458567E-02 0.459148E-02 .13E+06 
carbon dioxide      0.381795E-04 0.296847E-04 0.258740     0.257968     .87E+04 
water               0.999949     0.999969     0.388527     0.386000     .39E+00 
Molar Basis 
                      1.00000     0.999967     0.328354E-04 Feed Fraction 
                      18.0211      18.0208      28.7214     Molar Mass 
                     0.673540E-03 0.640815E-03 0.997272     Comp. Factor, Z 
                      51.2911      53.9105     0.346411E-01 D, mol/liter 
                     -282.119     -282.122     -194.119     H, kJ/mol 
                      81.4902      81.4859      213.573     S, J/mol.K 
                      73.7388      73.7401      34.1379     Cp, J/mol.K 
                                   1.23010      1.32728     Cp/Cv 
                                   2894.09      364.745     Sound Speed, m/s 
                                 -0.201789E-01 0.757657     JT, K/bar 
                                   3793.21      169.625     Visc., uP 
                                   668.338      27.8239     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
353.15,1 
 
 
2-Phase Flash results at T =  353.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.161986E-06 0.196831     0.197385     .12E+07 
oxygen              0.408418E-05 0.720114E-06 0.810616E-01 0.812226E-01 .11E+06 
argon               0.186974E-06 0.325409E-07 0.372127E-02 0.372913E-02 .11E+06 
carbon dioxide      0.381795E-04 0.282225E-04 0.239954     0.239281     .85E+04 
water               0.999949     0.999971     0.478432     0.475112     .48E+00 
Molar Basis 
                      1.00000     0.999958     0.415005E-04 Feed Fraction 
                      18.0211      18.0207      27.4376     Molar Mass 
                     0.674910E-03 0.633572E-03 0.996706     Comp. Factor, Z 
                      50.4623      53.7548     0.341701E-01 D, mol/liter 
                     -281.751     -281.754     -208.291     H, kJ/mol 
                      82.5390      82.5336      212.554     S, J/mol.K 
                      73.8415      73.8432      34.4836     Cp, J/mol.K 
                                   1.24796      1.32396     Cp/Cv 
                                   2878.14      375.167     Sound Speed, m/s 
                                 -0.199497E-01 0.910718     JT, K/bar 
                                   3548.48      164.386     Visc., uP 
                                   673.632      28.5632     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
358.15,1 
 
 
2-Phase Flash results at T =  358.150 K and P =  1.00000     bar 
 
----Component------ ---Feed---   --Liquid--   --Vapor---   ---Phi----   --K-- 
nitrogen            0.833055E-05 0.133193E-06 0.139622     0.140262     .10E+07 
oxygen              0.408418E-05 0.580861E-06 0.596710E-01 0.598798E-01 .10E+06 
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argon               0.186974E-06 0.263063E-07 0.273661E-02 0.274667E-02 .10E+06 
carbon dioxide      0.381795E-04 0.256809E-04 0.212908     0.212416     .83E+04 
water               0.999949     0.999974     0.585062     0.580665     .59E+00 
Molar Basis 
                      1.00000     0.999941     0.587112E-04 Feed Fraction 
                      18.0211      18.0207      25.8425     Molar Mass 
                     0.685034E-03 0.626603E-03 0.995858     Comp. Factor, Z 
                      49.0224      53.5938     0.337217E-01 D, mol/liter 
                     -281.383     -281.387     -223.258     H, kJ/mol 
                      83.5729      83.5654      210.774     S, J/mol.K 
                      73.9614      73.9637      34.8491     Cp, J/mol.K 
                                   1.26709      1.32111     Cp/Cv 
                                   2863.07      388.563     Sound Speed, m/s 
                                 -0.197064E-01  1.15016     JT, K/bar 
                                   3329.19      157.890     Visc., uP 
                                   678.600      29.4386     Th. Cond.,mW/m.K 
(VLE=PRS,PROPS=EXCST) 
For a list of available options, type ? Otherwise 
enter command or, if you wish to do a flash calculation, 
enter T(K) and P(bar) separated by a comma. 
stop 
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Appendix C. Matlab code for FCT data regression 

 

% Non-Linear Least-Squares Regression of Condenser Tube Counter Current Departure 
Correction Factor 
 
a = 0.0293; 
b = 0.1655; 
c = 2.9102; 
d = 6.1629; 
e = 4.2518; 
 
T_P = Parameters(:,2); 
T_E = Parameters(:,5); 
T_X = Parameters(:,6); 
F_CT = Parameters(:,10); 
 
S_CT = ( T_X - T_P ) ./ ( T_E - T_P ); 
 
% Global Variables, Initial Guesses, & Options 
 
global S_CT F_CT; 
parameters =[a b c d e]; 
OPTIONS(1)=0; 
 
% The Fun Function ( An m-File ) 
 
     % function f=fun(parameters); 
     % global S_CT F_CT; 
     % a = parameters(1,1); 
     % b = parameters(1,2); 
     % c = parameters(1,3); 
     % d = parameters(1,4); 
     % e = parameters(1,5); 
     % Fc_CT = a + b .* S_CT + c .* S_CT .^ 2 - d .* S_CT .^ 3 + e .* S_CT .^ 4; 
     % f = sum ( ( Fc_CT - F_CT ) .^ 2 ); 
 
% Regression & Results, Fc_CT = Calculated Condenser Tube Counter Current Departure Correction Factor 

 
x=fminsearch('fun(x)',parameters,OPTIONS); 
a=x(1,1); 
b=x(1,2); 
c=x(1,3); 
d=x(1,4); 
e=x(1,5); 
a = 0.021965104279624; 
b = 0.275138363079761; 
c = 2.449155721049220; 
d = 5.436838343831495; 
e = 3.869806028493753; 
 
Fc_CT = a + b .* S_CT + c .* S_CT .^ 2 - d .* S_CT .^ 3 + e .* S_CT .^ 4; 
r = corr2(F_CT,Fc_CT); 
r = 0.995860313403891; 
 
plot(S_CT(1:170),F_CT(1:170),'m:',S_CT(171:340),F_CT(171:340),'m:',S_CT(341:510),F_CT(341
:510),'m:',S_CT(511:680),F_CT(511:680),'m:',S_CT(681:850),F_CT(681:850),'m:',S_CT(851:102
0),F_CT(851:1020),'m:',S_CT(1021:1190),F_CT(1021:1190),'m:',S_CT(1191:1360),F_CT(1191:136
0),'m:',S_CT(1:170),Fc_CT(1:170),'k-',S_CT(171:340),Fc_CT(171:340),'k-
',S_CT(341:510),Fc_CT(341:510),'k-',S_CT(511:680),Fc_CT(511:680),'k-
',S_CT(681:850),Fc_CT(681:850),'k-',S_CT(851:1020),Fc_CT(851:1020),'k-
',S_CT(1021:1190),Fc_CT(1021:1190),'k-',S_CT(1191:1360),Fc_CT(1191:1360),'k-'),... 
axis([0 1 0 1]),xlabel('S_C_T'),ylabel('F_C_T'),gtext('^.^.^.^. = mined data'),gtext('— = 
regression'),gtext('r = +0.9958603') 
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Appendix D. Matlab code for NEA data regression 

 

% Non-Linear Least-Squares Regression of Non-Equilibrium Allowance Ratio 
 
a = 1.6836; 
b = 3.3898; 
c = 2.7785; 
d = 0.1399; 
e = 5.9154; 
f = 29.3208; 
 
T0 = 273.15; 
Tr = 298.15; 
T_H = Parameters(:,7); 
T_E = Parameters(:,5); 
T_W = Parameters(:,4); 
 
R1 = ( T_H + T0 ) ./ Tr; 
R2 = ( T_W + T0 ) ./ ( T_E + T0 ); 
 
% Global Variables, Initial Guesses, & Options 
 
global R1 R2; 
parameters =[a b c d e f]; 
OPTIONS(1)=0; 
 
% The Fun Function ( An m-File ) 
 
     % function f=fun(parameters); 
     % global R1 R2; 
     % a = parameters(1,1); 
     % b = parameters(1,2); 
     % c = parameters(1,3); 
     % d = parameters(1,4); 
     % e = parameters(1,5); 
     % f = parameters(1,6); 
     % R2c = a .* R1 .^ 2 - b .* R1 + c - d .* exp ( - e .* R1 .^ - f ); 
     % f = sum ( ( R2c - R2 ) .^ 2 ); 
 
% Regression & Results, R2c = Calculated Non-Equilibrium Allowance Ratio 
 
x=fminsearch('fun(x)',parameters,OPTIONS); 
a=x(1,1); 
b=x(1,2); 
c=x(1,3); 
d=x(1,4); 
e=x(1,5); 
f=x(1,6); 
a = 1.346445189163027; 
b = 2.976010121977662; 
c = 2.674925159910569; 
d = 0.099408245751382; 
e = 11.939078418864948; 
f = 28.250917259494326; 
 
R2c = a .* R1 .^ 2 - b .* R1 + c - d .* exp ( - e .* R1 .^ - f ); 
r = corr2(R2,R2c); 
r = 0.948793730491143; 
 
plot(R1(1:170),R2(1:170),'m:',R1(171:340),R2(171:340),'m:',R1(341:510),R2(341:510),'m:',R
1(511:680),R2(511:680),'m:',R1(681:850),R2(681:850),'m:',R1(851:1020),R2(851:1020),'m:',R
1(1021:1190),R2(1021:1190),'m:',R1(1191:1360),R2(1191:1360),'m:',R1(1:170),R2c(1:170),'k-
',R1(171:340),R2c(171:340),'k-',R1(341:510),R2c(341:510),'k-
',R1(511:680),R2c(511:680),'k-',R1(681:850),R2c(681:850),'k-
',R1(851:1020),R2c(851:1020),'k-',R1(1021:1190),R2c(1021:1190),'k-
',R1(1191:1360),R2c(1191:1360),'k-'),... 
axis([1.05 1.20 0.92 1.02]),xlabel('( T_H + 273.15 ) / ( 25 + 273.15 )'),ylabel('( T_W + 
273.15 ) / ( T_E + 273.15 )'),gtext('^.^.^.^. = experiment'),gtext('— = 
regression'),gtext('r = +0.9487937') 
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Appendix E. Matlab code for γH2O data regression 

 

% Non-Linear Least-Squares Regression of Water Activity Coefficient 

 
b = 0.0020; 

m = 1.0385; 

 
PA = 12.762946317344; 

PB = 4391.12942196166; 

PC = 245.367016018802; 
 

T_E = Parameters(:,5); 

P_V = Parameters(:,1); 
gamma_H2O = Parameters(:,8); 

 

P_H2O = exp ( PA - PB ./ ( T_E + PC ) ); 
PoP = P_V ./ P_H2O; 

 

% Global Variables, Initial Guesses, & Options 
 

global PoP gamma_H2O; 

parameters =[b m]; 
OPTIONS(1)=0; 

 

% The Fun Function ( An m-File ) 
 

     % function f=fun(parameters); 

     % global PoP gamma_H2O; 
     % b = parameters(1,1); 

     % m = parameters(1,2); 

     % gammac_H2O = b + m .* PoP; 
     % f = sum ( ( gammac_H2O - gamma_H2O ) .^ 2 ); 

 

% Regression & Results, gammac_H2O = Calculated Water Activity Coefficient 
 

x=fminsearch('fun(x)',parameters,OPTIONS); 

b=x(1,1); 
m=x(1,2); 

b = 0.002040679931641; 

m = 1.038442953491211; 
 

gammac_H2O = b + m .* PoP; 

r = corr2(gamma_H2O,gammac_H2O); 
r = 0.999999864855922; 

 

plot(PoP(1:170),gamma_H2O(1:170),'m:',PoP(171:340),gamma_H2O(171:340),'m:',PoP(341:510),g
amma_H2O(341:510),'m:',PoP(511:680),gamma_H2O(511:680),'m:',PoP(681:850),gamma_H2O(681:85
0),'m:',PoP(851:1020),gamma_H2O(851:1020),'m:',PoP(1021:1190),gamma_H2O(1021:1190),'m:',P
oP(1191:1360),gamma_H2O(1191:1360),'m:',PoP(1:170),gammac_H2O(1:170),'k-
',PoP(171:340),gammac_H2O(171:340),'k-',PoP(341:510),gammac_H2O(341:510),'k-
',PoP(511:680),gammac_H2O(511:680),'k-',PoP(681:850),gammac_H2O(681:850),'k-
',PoP(851:1020),gammac_H2O(851:1020),'k-',PoP(1021:1190),gammac_H2O(1021:1190),'k-
',PoP(1191:1360),gammac_H2O(1191:1360),'k-'),... 

axis([1 5 1 5]),xlabel('P_V / P_H_2_O'),ylabel('\gamma_H_2_O'),gtext('^.^.^.^. = mined 
data'),gtext('— = regression'),gtext('r = +0.9999999') 
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Appendix F. Matlab code for ψ data regression 

 

% Non-Linear Least-Squares Regression of Fraction of NCG Molecules Accumulating 

 

a = 2.29; 

 

PA = 12.762946317344; 

PB = 4391.12942196166; 

PC = 245.367016018802; 

 

T_E = Parameters(:,5); 

P_V = Parameters(:,1); 

psi = Parameters(:,9); 

 

P_H2O = exp ( PA - PB ./ ( T_E + PC ) ); 

PoP = P_V ./ P_H2O; 

 

% Global Variables, Initial Guesses, & Options 

 

global PoP psi; 

parameters =[a]; 

OPTIONS(1)=0; 

 

% The Fun Function ( An m-File ) 

 

     % function f=fun(parameters); 

     % global PoP psi; 

     % a = parameters(1,1); 

     % psic = 1 - a .* exp ( - PoP ); 

     % f = sum ( ( psic - psi ) .^ 2 ); 

 

% Regression & Results, psic = Calculated Fraction of NCG Molecules Accumulating 

 

x=fminsearch('fun(x)',parameters,OPTIONS); 

a=x(1,1); 

a = 2.276134765625000; 

 

psic = 1 - a .* exp ( - PoP ); 

r = corr2(psi,psic); 

r = 0.991470128181259; 

 

plot(PoP(1:170),psi(1:170),'m:',PoP(171:340),psi(171:340),'m:',PoP(341:510),psi(341:510),

'm:',PoP(511:680),psi(511:680),'m:',PoP(681:850),psi(681:850),'m:',PoP(851:1020),psi(851:

1020),'m:',PoP(1021:1190),psi(1021:1190),'m:',PoP(1191:1360),psi(1191:1360),'m:',PoP(1:17

0),psic(1:170),'k-',PoP(171:340),psic(171:340),'k-',PoP(341:510),psic(341:510),'k-

',PoP(511:680),psic(511:680),'k-',PoP(681:850),psic(681:850),'k-

',PoP(851:1020),psic(851:1020),'k-',PoP(1021:1190),psic(1021:1190),'k-

',PoP(1191:1360),psic(1191:1360),'k-'),... 

axis([1 5 0 1.5]),xlabel('P_V / P_H_2_O'),ylabel('\psi'),gtext('^.^.^.^. = mined 

data'),gtext('— = regression'),gtext('r = +0.9914701') 
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Appendix G. Matlab code for HCN2 data regression 

 

% Non-Linear Least-Squares Regression of Temperature-Henry's Constant 

% Data for Nitrogen Obtained from NIST's SUPERTRAPP Program at 1 bar 

 

T0 = 273.15; 

Tr = 298.15; 

HRl_N2 = 91973; 

HFl_N2 = 1300; 

T = [15 20 25 30 35 40 45 50 55 60 65 70 75 80 85]'; 

HC_N2 = [1.20E+07 1.00E+07 8.20E+06 6.70E+06 5.50E+06 4.60E+06 3.80E+06 3.20E+06 ... 

        2.70E+06 2.30E+06 1.90E+06 1.70E+06 1.40E+06 1.20E+06 1.00E+06]'; 

 

% Global Variables, Initial Guesses, & Options 

 

global T HC_N2; 

parameters =[HRl_N2 HFl_N2]; 

OPTIONS(1)=0; 

 

% The Fun Function ( An m-File ) 

 

     % function f=fun(parameters); 

     % global T HC_N2; 

     % HR_N2 = parameters(1,1); 

     % HF_N2 = parameters(1,2); 

     % HCc_N2 = HR_N2 .* exp ( - HF_N2 .* ( ( 1 ./ ( T + 273.15 ) ) - ( 1 ./ 298.15 ) ) ); 

     % f = sum ( ( HCc_N2 - HC_N2 ) .^ 2 ); 

 

% Regression & Results, HCc_N2 = Calculated Henry's Constant 

 

x=fminsearch('fun(x)',parameters,OPTIONS); 

HR_N2=x(1,1); 

HF_N2=x(1,2); 

HR_N2 = 8.0676e+006; 

HF_N2 = -3.5456e+003; 

 

HCc1_N2 = HR_N2 .* exp ( - HF_N2 .* ( ( 1 ./ ( T + T0 ) ) - ( 1 ./ Tr ) ) ); 

HCc2_N2 = HRl_N2 .* exp ( - HFl_N2 .* ( ( 1 ./ ( T + T0 ) ) - ( 1 ./ Tr ) ) ); 

 

r = corr2(HC_N2,HCc1_N2); 

r = 0.999717396687485; 

 

plot(T,HC_N2,'mo',T,HCc1_N2,'k-',T,HCc2_N2,'m:'),xlabel('Temperature 

(°C)'),ylabel('HC_N_2 (bar)'),... 

axis([0 100 0 14e6]),gtext('o  = NIST'),gtext('— = regression'),gtext('^.^.^.^. = 

Sander'),gtext('r = +0.9997174') 



 

207 
 
 

 
 
 

Appendix H. Matlab code for HCO2 data regression 

 

% Non-Linear Least-Squares Regression of Temperature-Henry's Constant 

% Data for Oxygen Obtained from NIST's SUPERTRAPP Program at 1 bar 

 

T0 = 273.15; 

Tr = 298.15; 

HRl_O2 = 43154; 

HFl_O2 = 1700; 

T = [15 20 25 30 35 40 45 50 55 60 65 70 75 80 85]'; 

HC_O2 = [4.60E+05 4.10E+05 3.60E+05 3.20E+05 2.80E+05 2.50E+05 2.30E+05 2.00E+05 ... 

        1.80E+05 1.70E+05 1.50E+05 1.40E+05 1.20E+05 1.10E+05 1.00E+05]'; 

 

% Global Variables, Initial Guesses, & Options 

 

global T HC_O2; 

parameters =[HRl_O2 HFl_O2]; 

OPTIONS(1)=0; 

 

% The Fun Function ( An m-File ) 

 

     % function f=fun(parameters); 

     % global T HC_O2; 

     % HR_O2 = parameters(1,1); 

     % HF_O2 = parameters(1,2); 

     % HCc_O2 = HR_O2 .* exp ( - HF_O2 .* ( ( 1 ./ ( T + 273.15 ) ) - ( 1 ./ 298.15 ) ) ); 

     % f = sum ( ( HCc_O2 - HC_O2 ) .^ 2 ); 

 

% Regression & Results, HCc_O2 = Calculated Henry's Constant 

 

x=fminsearch('fun(x)',parameters,OPTIONS); 

HR_O2=x(1,1); 

HF_O2=x(1,2); 

HR_O2 = 3.5881e+005; 

HF_O2 = -2.2088e+003; 

 

HCc1_O2 = HR_O2 .* exp ( - HF_O2 .* ( ( 1 ./ ( T + T0 ) ) - ( 1 ./ Tr ) ) ); 

HCc2_O2 = HRl_O2 .* exp ( - HFl_O2 .* ( ( 1 ./ ( T + T0 ) ) - ( 1 ./ Tr ) ) ); 

 

r = corr2(HC_O2,HCc1_O2); 

r = 0.999564809550137; 

 

plot(T,HC_O2,'mo',T,HCc1_O2,'k-',T,HCc2_O2,'m:'),xlabel('Temperature 

(°C)'),ylabel('HC_O_2 (bar)'),... 

axis([0 100 0 5e5]),gtext('o  = NIST'),gtext('— = regression'),gtext('^.^.^.^. = 

Sander'),gtext('r = +0.9995648') 
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Appendix I. Matlab code for HCAr data regression 

 

% Non-Linear Least-Squares Regression of Temperature-Henry's Constant 

% Data for Argon Obtained from NIST's SUPERTRAPP Program at 1 bar 

 

T0 = 273.15; 

Tr = 298.15; 

HRl_Ar = 40074; 

HFl_Ar = 1300; 

T = [15 20 25 30 35 40 45 50 55 60 65 70 75 80 85]'; 

HC_Ar = [5.00E+05 4.40E+05 3.80E+05 3.40E+05 3.00E+05 2.70E+05 2.40E+05 2.10E+05 ... 

        1.90E+05 1.70E+05 1.50E+05 1.40E+05 1.30E+05 1.10E+05 1.00E+05]'; 

 

% Global Variables, Initial Guesses, & Options 

 

global T HC_Ar; 

parameters =[HRl_Ar HFl_Ar]; 

OPTIONS(1)=0; 

 

% The Fun Function ( An m-File ) 

 

     % function f=fun(parameters); 

     % global T HC_Ar; 

     % HR_Ar = parameters(1,1); 

     % HF_Ar = parameters(1,2); 

     % HCc_Ar = HR_Ar .* exp ( - HF_Ar .* ( ( 1 ./ ( T + 273.15 ) ) - ( 1 ./ 298.15 ) ) ); 

     % f = sum ( ( HCc_Ar - HC_Ar ) .^ 2 ); 

 

% Regression & Results, HCc_Ar = Calculated Henry's Constant 

 

x=fminsearch('fun(x)',parameters,OPTIONS); 

HR_Ar=x(1,1); 

HF_Ar=x(1,2); 

HR_Ar = 3.8407e+005; 

HF_Ar = -2.3080e+003; 

 

HCc1_Ar = HR_Ar .* exp ( - HF_Ar .* ( ( 1 ./ ( T + T0 ) ) - ( 1 ./ Tr ) ) ); 

HCc2_Ar = HRl_Ar .* exp ( - HFl_Ar .* ( ( 1 ./ ( T + T0 ) ) - ( 1 ./ Tr ) ) ); 

 

r = corr2(HC_Ar,HCc1_Ar); 

r = 0.999658097432208; 

 

plot(T,HC_Ar,'mo',T,HCc1_Ar,'k-',T,HCc2_Ar,'m:'),xlabel('Temperature 

(°C)'),ylabel('HC_A_r (bar)'),... 

axis([0 100 0 6e5]),gtext('o  = NIST'),gtext('— = regression'),gtext('^.^.^.^. = 

Sander'),gtext('r = +0.9996581') 
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Appendix J. Matlab code for HCCO2 data regression 

 

% Non-Linear Least-Squares Regression of Temperature-Henry's Constant 

% Data for Carbon Dioxide Obtained from NIST's SUPERTRAPP Program at 1 bar 

 

T0 = 273.15; 

Tr = 298.15; 

HRl_CO2 = 1652; 

HFl_CO2 = 2400; 

T = [15 20 25 30 35 40 45 50 55 60 65 70 75 80 85]'; 

HC_CO2 = [1.10E+04 1.10E+04 1.10E+04 1.10E+04 1.10E+04 1.00E+04 1.00E+04 9.80E+03 ... 

         9.60E+03 9.40E+03 9.20E+03 8.90E+03 8.70E+03 8.50E+03 8.30E+03]'; 

 

% Global Variables, Initial Guesses, & Options 

 

global T HC_CO2; 

parameters =[HRl_CO2 HFl_CO2]; 

OPTIONS(1)=0; 

 

% The Fun Function ( An m-File ) 

 

     % function f=fun(parameters); 

     % global T HC_CO2; 

     % HR_CO2 = parameters(1,1); 

     % HF_CO2 = parameters(1,2); 

     % HCc_CO2 = HR_CO2 .* exp ( - HF_CO2 .* ( ( 1 ./ ( T + 273.15 ) ) - ( 1 ./ 298.15 ) ) ); 

     % f = sum ( ( HCc_CO2 - HC_CO2 ) .^ 2 ); 

 

% Regression & Results, HCc_CO2 = Calculated Henry's Constant 

 

x=fminsearch('fun(x)',parameters,OPTIONS); 

HR_CO2=x(1,1); 

HF_CO2=x(1,2); 

HR_CO2 = 1.0915e+004; 

HF_CO2 = -445.1906; 

 

HCc1_CO2 = HR_CO2 .* exp ( - HF_CO2 .* ( ( 1 ./ ( T + T0 ) ) - ( 1 ./ Tr ) ) ); 

HCc2_CO2 = HRl_CO2 .* exp ( - HFl_CO2 .* ( ( 1 ./ ( T + T0 ) ) - ( 1 ./ Tr ) ) ); 

 

r = corr2(HC_CO2,HCc1_CO2); 

r = 0.966663199694565; 

 

plot(T,HC_CO2,'mo',T,HCc1_CO2,'k-',T,HCc2_CO2,'m:'),xlabel('Temperature 

(°C)'),ylabel('HC_C_O_2 (bar)'),... 

axis([0 100 0 1.2e4]),gtext('o  = NIST'),gtext('— = regression'),gtext('^.^.^.^. = 

Sander'),gtext('r = +0.9666632') 
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Appendix K. Matlab code for PH2O
sat data regression 

 

% Non-Linear Least-Squares Regression of Temperature-Saturated Pressure 

% Data for Water Obtained from NIST's SUPERTRAPP Program at 1 bar 

 

PAl = 12; 

PBl = 3993; 

PCl = 234; 

 

T = [15 20 25 30 35 40 45 50 55 60 65 70 75 80 85]'; 

P_H2O = [1.60E-02 2.20E-02 3.10E-02 4.10E-02 5.50E-02 7.20E-02 9.50E-02 1.20E-01 ... 

           1.60E-01 2.00E-01 2.50E-01 3.10E-01 3.90E-01 4.80E-01 5.90E-01]'; 

 

% Global Variables, Initial Guesses, & Options 

 

global T P_H2O; 

parameters =[PAl PBl PCl]; 

OPTIONS(1)=0; 

 

% The Fun Function ( An m-File ) 

 

     % function f=fun(parameters); 

     % global T P_H2O; 

     % PA = parameters(1,1); 

     % PB = parameters(1,2); 

     % PC = parameters(1,3); 

     % PPC = exp ( PA - ( PB ./ ( T + PC ))); 

     % f = sum ( ( PPC - P_H2O ) .^ 2 ); 

 

% Regression & Results, PsatPC = Calculated Saturated Pressure 

 

x=fminsearch('fun(x)',parameters,OPTIONS); 

PA=x(1,1); 

PB=x(1,2); 

PC=x(1,3); 

PA = 12.7629; 

PB = 4.3911e+003; 

PC = 245.3670; 

 

Pc1_H2O = exp ( PA - ( PB ./ ( T + PC ))); 

Pc2_H2O = exp ( PAl - ( PBl ./ ( T + PCl ))); 

 

r = corr2(P_H2O,Pc1_H2O); 

r = 0.999963505331023; 

 

plot(T,P_H2O,'mo',T,Pc1_H2O,'k-',T,Pc2_H2O,'m:'),xlabel('Temperature 

(°C)'),ylabel('P^s^a^t_H_2_O (bar)'),... 

axis([0 100 0 0.7]),gtext('o  = NIST'),gtext('— = regression'),gtext('^.^.^.^. = 

Geankoplis'),gtext('r = +0.9999635') 
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Appendix L. Sample TK Solver code for data mining 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix L (Continued) 
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Appendix M. Sample TK Solver code for model simulation 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 

 

 

 



 

247 
 
 

 
 
 

Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix M (Continued) 
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Appendix N. Experimental record 

Number Date Start Stop 
t  

(minutes) 

PEi  

(bar) 
VS

i  
(Gallon) 

VS
f  

(Gallon) 

MS  
(LPM) 

TIC 

 (°C) 

QE 

 (ml) 

1 4/24/09 3:20:00 PM 6:20:00 PM 180 0.140 40 17 0.48 50 30 

2 4/25/09 1:15:00 PM 4:15:00 PM 180 0.140 40 17 0.48 50 15 

3 4/26/09 2:09:00 PM 5:09:00 PM 180 0.140 40 17 0.48 50 36 

4 4/27/09 12:55:00 PM 3:55:00 PM 180 0.140 40 18 0.46 60 345 

5 4/28/09 12:42:00 PM 3:42:00 PM 180 0.140 40 18 0.46 60 350 

6 4/29/09 12:37:00 PM 3:37:00 PM 180 0.140 40 18 0.46 60 360 

7 4/30/09 1:17:00 PM 4:17:00 PM 180 0.140 40 19 0.44 70 2030 

8 5/1/09 2:49:00 PM 5:49:00 PM 180 0.140 40 19 0.44 70 2050 

9 5/2/09 1:07:00 PM 4:07:00 PM 180 0.140 40 19 0.44 70 2030 

10 5/3/09 1:37:00 PM 4:37:00 PM 180 0.140 40 22 0.38 80 4880 

11 5/4/09 1:17:00 PM 4:17:00 PM 180 0.140 40 22 0.38 80 4720 

12 5/5/09 1:47:00 PM 4:47:00 PM 180 0.140 40 22 0.38 80 4560 

13 5/15/09 1:13:00 PM 4:13:00 PM 180 0.140 40 7 0.69 50 13 

14 5/16/09 1:04:00 PM 4:04:00 PM 180 0.140 40 7 0.69 50 25 

15 5/17/09 2:24:00 PM 5:24:00 PM 180 0.140 40 7 0.69 50 27 

16 5/18/09 12:24:00 PM 3:24:00 PM 180 0.140 40 8 0.67 60 190 

17 5/19/09 12:30:00 PM 3:30:00 PM 180 0.140 40 8 0.67 60 205 

18 5/20/09 12:59:00 PM 3:59:00 PM 180 0.140 40 8 0.67 60 200 

19 5/21/09 12:24:00 PM 3:24:00 PM 180 0.140 40 9 0.65 70 1310 

20 5/22/09 1:24:00 PM 4:24:00 PM 180 0.140 40 9 0.65 70 1180 

21 5/23/09 1:39:00 PM 4:39:00 PM 180 0.140 40 9 0.65 70 1145 

22 5/24/09 2:42:00 PM 5:42:00 PM 180 0.140 40 13 0.57 80 4995 

23 5/25/09 1:04:00 PM 4:04:00 PM 180 0.140 40 13 0.57 80 4770 

24 5/26/09 1:04:00 PM 4:04:00 PM 180 0.140 40 13 0.57 80 4365 
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Appendix O. Experimental equipment specifications 
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Appendix O (Continued) 
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Appendix O (Continued) 
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Appendix O (Continued) 
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Appendix O (Continued) 
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Appendix O (Continued) 
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Appendix O (Continued) 
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Appendix O (Continued) 
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Appendix O (Continued) 
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Appendix O (Continued) 
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Appendix O (Continued) 
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Appendix O (Continued) 
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Appendix O (Continued) 
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Appendix P. Error analysis 

Experimental data are directly measured and entail specific errors provided by the 

manufacture of the measuring devices. In addition, physical properties determined by 

empirical relations also entail certain errors given by the developers of those correlations.  

Pseudo–experimental data are generated using the experimental data and the empirically 

determined physical properties; consequently, they entail indirect errors that are 

propagations of the direct errors of the experimental data and the physical properties. 

The errors associated with the previously mentioned devices and correlations are 

given in Table 12 while formulas to calculate the propagation of error as functions of 

directly measured errors are given in Table 13. The rules of Table 13 can be multiplexed 

to represent the error of other variations as will be seen shortly. 

 

Table 12. Device and correlation errors 

Correlation Device 
 ρ 

( g / cm3 ) 
H 

( J / g ) 
TE 

( °C ) 
PE 

( bar ) 
FI 

( LPM ) 
QE 

( cm3 ) 
Error ± 35 · 10-6 ± 0.045 ± 1.000 ± 0.005 ± 0.045 ± 0.200 

 

Table 13. Propagation of error rules 

Relationship Compounded Error 
Z = X + Y εZ

2 = εX
2 + εY

2 
Z = X - Y εZ

2 = εX
2 + εY

2 
Z = X · Y ( εZ / Z ) 2 = ( εX / X ) 2 + ( εY / Y ) 2 
Z = X / Y ( εZ / Z ) 2 = ( εX / X ) 2 + ( εY / Y ) 2 
Z = Xn ( εZ / Z ) = n · ( εX / X ) 
Z = ln ( X ) εZ = ( εX / X ) 
Z = exp ( X ) ( εZ / Z ) = εX 
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Many elements contribute to error in measurements; however, the average error 

values given above in Table 12 are considered inclusive of all errors since experiments 

were conducted at matching laboratory conditions and because a true measurement can 

never be claimed. The dynamic errors of the time–varying system variables that were 

graphically presented in CHAPTER 7 as error bands were computed using the values of 

Table 12 and the rules of Table 13 to generate the following perturbations 
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The above perturbations were included in the data mining code presented earlier 

to generate static error values for the primary variables and dynamic error values for the 

derived variables. The error values were then linked to their prospective variables to 

generate a translucent patch of error bars, or error bands, around their profiles as was 

presented earlier in CHAPTER 7. 
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