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Abstract

A model depicting a sustainable desalination process has been developed. The simulated
process consists of pumping seawater through a solar heater before flashing it under vacuum
in an elevated chamber. The vacuum enhances evaporation and is maintained by the balance
between the hydrostatic pressure inside the elevated flash chamber and the outdoor
atmospheric pressure. The developed model employs theoretical thermodynamic relations to
describe the process setting it apart from previous empirical correlations.
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Introduction

The fresh water demand is persistently increasing as populations around the world keep
growing and as existing fresh water reserves keep declining due to consumption and pollution.



Marine waters represent an infinite water source since almost 98% of global water is present in
oceans; therefore, desalination is the logical approach to meet the rising fresh water demand.

The energy demand is continually increasing due to the relentless global industrialization. Oil
and gas remain the principal source of energy for most of the world; however, their reserves
are dwindling, their production is peaking, and their consumption is harming the environment.
Serious economic and social disruptions are unfolding over those finite energy resources;
hence, employing renewable energy resources will help avoid catastrophic conflicts, continue
modern lifestyles, and preserve an increasingly warming and polluting environment. 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 better utilize this free form of energy to develop more
efficient sustainable processes such as water desalination and power generation [1].

The objective of this study is to simulate a solar flash desalination process under a
hydrostatically sustained vacuum and analyze its controlling variables. Good quality simulation
can be achieved with a rigorous model built to depict the proposed unit by employing the
fundamental physical and thermodynamic relationships to describe the process. The model will
be complimented by reliable empirical correlations to estimate the physical properties of the
involved species and the operational parameters of the proposed system needed to perform
accurate mass and energy balances. This approach is scientifically more valid than exclusive
empirical methods and will increase the applicability of the developed model.

Background

Low-grade solar heat desalination under passive vacuum was devised and simulated
theoretically and experimentally by Goswami and Kharabsheh [2]. A simplified process flow
diagram of their desalination process is shown in Figure 1.

Atmospheric pressure moves cool seawater from a ground level tank into an elevated
vacuumed evaporator through an injection pipe where water starts to evaporate due to solar or
other low grade heat supplied to the chamber. The concentrated brine is then withdrawn
through a withdrawal pipe annulus to the injection pipe to recover heat while the 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 ground
level tank due to gravity. The vacuum is naturally maintained by the hydrostatic balance
between all of the connected vessels and the atmospheric pressure.

The experimental results of Goswami and Kharabsheh matched well with the predictions of
their developed model [3]; however, the model was largely empirical thus limiting its
applicability. In addition, the size of the evaporator of the desalination unit had to be very large
to produce a practical output.

The above desalination system was later modified by Goswami and Maroo [4] to overcome the
big size and the large level fluctuations of the evaporator. A simplified process flow diagram of
the modified desalination process is shown in Figure 2.



Seawater is pumped through a condenser to preheat it before it enters a solar heater and then
flashes into a vacuumed evaporator through an expansion orifice producing water vapor and
concentrated brine. The flashed vapor then moves towards the condenser due to a vapor
pressure gradient and 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
level tanks by gravity while the vacuum is naturally sustained by the hydrostatic balance
between all of the connected vessels and the atmospheric pressure.

Single and double stage configurations were simulated; however, the model was largely
empirical which limited its applicability. In particular, no fundamental thermodynamic relations
were used to characterize the flashing process which is the most fundamental operation of the
entire desalination system.

Schematics

Reducing the pressure above the surface of liquids enhances their evaporation. This
phenomenon can be integrated into a continuous desalination process by flashing seawater in
a vacuumed chamber to produce water vapor that is condensed producing fresh water. Gravity
can be used to balance the hydrostatic pressure inside the elevated flash chamber with the
outdoor atmospheric pressure to maintain that vacuum, while low grade solar radiation can be
used to heat seawater before flashing.

The proposed passive vacuum solar flash 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 10 meters above ground, as shown in Figure 3. The ground
level tanks are open to the atmosphere, while the evaporator-condenser assembly, or flash
chamber, is insulated and sealed to retain both heat and vacuum.

The process begins by pumping the flash chamber with seawater while its top valves are open
and its bottom ones are closed until it is completely full with water and free of air. The valve
positions of the flash chamber are then switched around to let the water drop under gravity
creating the desired vacuum without a vacuum pump.

In a continuous operation, cool saline water is pumped through a condenser to preheat it
before it enters a solar heater and then flashes into a vacuumed evaporator through an
expansion orifice or a pressure-reducing valve producing water vapor and concentrated brine.
The water vapor then moves towards the condenser due to a vapor pressure gradient and
condenses by losing its latent heat of condensation to the entering saline water. The
condensate and the concentrated brine flow down to a fresh water and a brine water tanks
respectively due to gravity through discharge pipes. Each of the fresh water and the brine
water tanks have a discharge pipe located a few centimeters above the level of the inlet water
pipes keeping their levels constant to hydrostatically maintain the vacuum in the flash chamber
as well as retrieving the fresh water product and rejecting the concentrating brine.

Multi-stage solar flash desalination can be implemented by flashing saline water in sequentially
lower pressure flash chambers, as shown in Figure 4. Applying the multi-stage strategy to
solar flash desalination will result in more evaporation and better recovery of the heat of
condensation resulting in more fresh water output.



Model

The following model is built to depict the continuous desalination process outlined above in
Figure 3 to analyze the controlling variables of the fresh water output of the proposed
desalination unit. The model will assume a semi steady state operation accounting for the build
up of non-condensable gases in the flash chamber.

Salt balances around the transitional process equipment are given by

g5 Mg =g, -M,; (1)
¢P'MP:¢X'MX (2)
Py -My =0, -My (3)
Py My =4y -My, (4)
Overall energy balances around the transitional process equipment are given by

Qp ~W, +Ep —Eg" =0 (5)
Qc ~W¢ +E{ —E¢" =E¢ (6)
Qu -W, +Ef —E" =0 (7)
Q ~Wg +E¢f —~Eg" =0 (8)
Energy inputs to the transitional process equipment are given by

EM =M, -H, (9)
EM =M, -H, +M, -(H. +H}) (10)
EM"=M, -H, (11)
EM=M, -H, (12)
Energy outputs from the transitional process equipment are given by

ESUtzMP‘HP (13)
EX* =M, -H, +M_-H, (14)
EX' =My -Hy, (15)
EX =M -(He +HE)+M,, - H,, (16)
Energy accumulation in the condenser is given by

E&=M2-H2 (17)

Adding heat to seawater upon flashing is accomplished by a solar heater. 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 other factors.
Average values for a generic single-glazed flat-plate solar collector will be used to simplify the
comparison between the different simulation scenarios. The solar insolation area needed to
meet the required heating load can be found using the Hottel-Whillier-Bliss equation [5]:

i Q.
Ae = Fec ’[Tsc Use +lse =Uge '(Tx —Ts )] (19)

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 weight of seawater salt can be estimated by considering its major
components [6] as follows

1 __ % Da Dso, Dy Dea Dy Drco, Dpy @Dgo, Dsyr D (19)
MWy MW MW, MWg, MWy, MW, MW, MW, MW, MW, MW MW,

The average molecular weight of streams around the flash chamber can be estimated by
considering their major components as follows

MW, =z -MW +25 -MW, +2, -MW, +2;, MWy +Zgy - MWy +2,, o - MW, 4 (20)
MWe =y, - MWy + Yo, - MW + Y, - MW, + Yoo, - MW, + Y40 - MW, 6 (21)
MW, = Xy, - MWy, +Xo, - MW, + X, - MW, + Xco, - MWeo, +Xgo - MWy + X440 - MW, (22)
MW =vy MW, +Vo -MW, +V, - MW, +Veo - MWy +Vy o - MW, 4 (23)
The gas and salt content of process streams is assumed constant prior to flashing

MW, = MW, = MW, =MW, (24)
¢s =@ =Py =y (25)

The distribution of non-condensable gases between the flashed vapor, the concentrated brine,
and the condensed water in the flash chamber can be estimated by assuming equilibrium
between the three phases. Salt is considered non-volatile and therefore is not present in the
flashed vapor or condensed water streams. Henry’s constants for the non-condensable gases
and the saturated pressure of water are needed to describe this assumed equilibrium.

Henry’s constants for the non-condensable gases are given by [7]

1 1
HC. = HC? -exp| — HF, - —
' ' p{ ' (T +273.15 298.15)} (26)




The saturated pressure of water is given by [8]

PB
P, =exp| PA-
H20 p{ (T +PC ﬂ 27)

The vapor liquid equilibrium distribution coefficient of species i is defied as K; = y;/ x; = P2 / P,
and it is widely used to determine the distribution of chemicals between phases in equilibrium
[9]. Vapor liquid equilibrium distribution coefficients are also known as partition coefficients in
literature or simply as K-values. The K-value of salt is zero due to its non-volatility and the K-
values of the non-condensable gases can be approximated as follows

B HC X
kY- h__ R HC, (28)
X; X; X; R,

The K-value of water is given by

sat
_ Pi.o

H,O — P
\

(29)

The vapor liquid equilibrium distribution coefficients were obtained using SUPERTRAPP™, a
computer code distributed by National Institute of Standards and Technology that calculates
the thermodynamic properties of mixtures based on the Peng-Robinson equation of state. It
was utilized to perform isobaric phase equilibria flash calculations at various temperatures to
produce vapor liquid equilibrium distribution coefficient data. Least squares regression was
then used to fit the produced data to the above equilibrium equations by manipulating the
values of HC®;, HF;, PA, PB, and PC. SUPERTRAPP™ simulations are fresh water based and
no salts are included in its flash calculations. To adjust the calculations for saline water, the K-
values are multiplied by a correction factor which can be defined as a; = solubility in fresh water
/ solubility in seawater for solutes and ap>0 = Seawater saturated pressure / fresh water
saturated pressure for water. The correction factor is a single constant obtained by averaging
literature solubility data given over the operating temperature range to simplify calculations
[10]. Table 1 summarizes the generated equilibrium parameters used in this model.

Two sets of K-values will be used in this model. One set is evaluated for the evaporator at a
specified temperature and will be used in flash calculations. The other set is designated for the
condenser and is used to solve for the temperature of the condensed water needed to
establish equilibrium with the vapor. Flash calculations can now be carried out using the
Rachford-Rice equation [11].

The molar composition of the stream entering the flash chamber is needed to proceed with the
flash calculations and can be calculated from the average composition of seawater reported in
mass basis [6] as follows



9,
2 = MW, (30)
s ¢
Al MW

The molar composition of the concentrated brine is given by

z,-N,

X, =
Ny +Ng -a; -KF

(31)

Similarly, the molar composition of the flashed vapor is given by
Yi =X 'KiE (32)

The molar composition of the condensed water in the condenser can be determined by
v = (33)

The operating pressure inside the flash chamber has to be between the dew point and the
bubble point to carry out a successful flash separation. The dew point and the bubble point
pressures are estimated by

=27 K (34)

=32 (35)

The low vacuum pressure marginalizes the effect of molecular size and the fairly high flash
temperature weakens the relative importance of intermolecular attractions. As a consequence,
the ideal gas law becomes a very suitable equation of state to express the rising vacuum
pressure inside the flash chamber as follows

_ R/ -Vy +R (T +273.15)-[(NZ)dg

P
\ VV

(36)

The initial vacuum pressure will be assumed equal to the vapor pressure of water at the flash
temperature and will be evaluated using the above given saturated pressure relation. The
initial vacuum volume can be determined from the geometry of the system and the initial tank
levels. The hydrostatic balance relations between the pressure inside the flash chamber and
the outdoor atmospheric pressure determine the dynamic tank levels allowing for the
calculation of the dynamic vacuum volume. The hydrostatic balance relations are written using
Bernoulli's fluid equation [12] and correlations for stream pressure drop [8] are included as
well. The integral part can be numerically evaluated since time is an input variable.



Summation of fractions are included to complete the flash calculations
20, =27, =2X%=2Y;, =2V, =1 (37)

The vapor pressure of seawater is 1.84% lower than that of pure water at the same
temperature due to the 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 the
vapor pressure depression. Boiling point elevation is a function of salinity and does not depend
on the properties of the solute or the solvent [13].

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 [14] and non equilibrium allowance [15] are incorporated
into the model as follows

T, =T + BPE + NEA (38)
BPE::877-¢H-@576-ur2+8189404-TE+1&4740*-T§)—005 (39)
0.55
NEA:33«TH_TE) (40)
T. - BPE

A semi steady state operation is assumed to account for the accumulation of non condensable
gases in the flash chamber. This is accomplished by including the accumulation rate in the
total mole balance around the flash chamber

N, =Ng +N,, (41)
Ng =N + N2 (42)
Mg =M, +M¢@ (43)

Assuming total condensation of the flashed water vapor
Vo N¢ = Yo Ne (44)

The average molecular weights of process streams are used to relate mass and molar flow
rates that were interchangeably used throughout this model and can be estimated by
considering their major components. Mass and molar flow rates are related by the following
relations

M, = Ng - MW, (45)
M, =N, -MW, (46)
M, =N, -MW, (47)



M, =N, -MW, (48)
Me =Ng - MW (49)
My, = N,, - MW, (50)
M¢ =N, -MW, (51)
MZ=N¢Z-MWZ (52)

Correlations for enthalpy [16], density [17], and viscosity [18], are included in the model to
estimate stream properties as functions of temperature and salinity.

The model is now complete and a corresponding computer code will be used to carry out
different simulations of the process using several inputs of the controlling variables.

Results

A TK Solver™ computer code was developed to simultaneously solve the above equations in
conjunction with the above mentioned correlations to estimate the physical properties of the
involved species and other operational parameters of the proposed system. Solution algorithm
is iterative with one minute long iterations. The following inputs were supplied to the code:

Fsc =0.82

Isc =600 W/m?

Ms =500 g/min

Te =50, 60, 70, 80°C (alternating input)
Ts =25°C

Usc =0.92W/m?-°C

Osc =0.92

] =0 — 180 min (array input)

Tsc =0.90

®s =0.035

In addition, conservative estimates of geometrical specifications such as pipe length, pipe
diameter, tank length, tank diameter, equipment elevations, and initial tank levels were
supplied to the code. The molecular weight of the involved species and the initial composition
of seawater were also supplied to the code. The feed pump was assumed to be 1 HP and 70%
efficient. Initial guesses for Tp, Tx, Tc, Mw, Nw, and NEA were also supplied. General solution
algorithm is outlined in Figure 5.

Discussion

Operating the unit under elevated flash temperatures will increase the energy of all the
streams around the flash chamber according to the energy balance above. The higher energy
demand is supplied by the solar heater; therefore, increasing the flash temperature will
increase the heater load, as shown in Figure 6, and will increase the required solar collection
area, as shown in Figure 7. In addition, the heater load is gradually decreasing with time due to
a declining energy demand for flashing caused by the slowly eroding vacuum; therefore, the



heater load and the required solar collection area slightly decrease with time at a given
constant flash temperature, as shown in Figure 6 and Figure 7 respectively.

System pressure is directly proportional to temperature as declared by any equation of state;
accordingly, increasing the flash temperature will also increase the vacuum pressure as shown
in Figure 8. In addition, flash chamber vacuum is continually eroding due to the build up of
non-condensable gases. Continuous flash desalination systems include procedures to halt the
operation, vent out the non-condensable gases, and resume under the regenerated vacuum.

Operating the unit under elevated flash temperatures will increase overall vaporization of
seawater in compliance with thermodynamic phase equilibria. The increased vaporization
gained from higher flash temperatures leads to more fresh water production rates as shown in
Figure 9. In addition, fresh water production rates are progressively declining due to the
reduced flash vaporization attributed to the eroding vacuum. The cumulative effect of flash
temperature on the total fresh water output, M¢ % 6, is shown in Figure 10.

Conclusion

The proposed passive vacuum solar flash desalination process was simulated with a
comprehensive computer model utilizing the fundamental physical and thermodynamic
relationships to depict the process and several empirical correlations to estimate the physical
properties of the involved species and the operational parameters of the proposed system.

The proposed desalination system is very energy efficient because it does not require high
flash temperatures since it operates under vacuum; moreover, renewable solar radiation is
used in the heating module. In addition, the vacuum is naturally created by the hydrostatic
forces without the need for vacuum pumps making the unit even more energy efficient.

Running the system under higher flash temperatures will increase the heater load demanding
more solar collection area; however, it will increase the fresh water output. Higher flash
temperatures also entail faster vacuum erosion and shorter run time since the vacuum has to
be recreated more often. Experimental replication of the proposed system is currently
underway to validate model assumptions and predictions.

Notation

A Area(m?)

BPE Boiling point elevation (°C)

E Energy flow (J/min)

F Solar collector heat removal factor

H Enthalpy (J/g)

HC  Henry's Constant (bar)

HF  Henry's Coefficient (°C)

I Incident insolation on solar collector (W/m?)
K Vapor-Liquid equilibrium distribution coefficient
M Mass flow rate (g/min)

MW  Molecular weight (g/mol)

N Mole flow rate (mol/min)



NEA Non equilibrium allowance (°C)

P Pressure (bar)

PA  Vapor Pressure Coefficient

PB  Vapor Pressure Coefficient (°C)
PC  Vapor Pressure Coefficient (°C)
Q Heat input (J/min)

R Universal gas constant (bar-cm*/mol-°C)
T Temperature (°C)

U Solar collector heat loss conductance (W/m?-°C)
% Mole fraction in condensed water
V. Volume (cm?)

w Work output (J/min)

X Mole fraction in concentrated brine
y Mole fraction in flashed vapor

z Mole fraction before flash

a K-value correction factor / solar collector absorptance
0 Run time (min)

T Solar collector transmittance

(0] Stream mass fraction

w Salt mass fraction

Subscripts

BP  Bubble point

C Condenser

DP  Dew point

E Evaporator

H Heater

P Pump

S Seawater

Salt Seawater salt

SC  Solar Collector

Vv Vacuum

W Brine

X Preheat

Superscripts

° Reference State

a Accumulated

C Condenser

E Evaporator

i Initial state

in Entering

L Latent

out  Existing

sat  Saturation
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Table Legends

1. Equilibrium parameters

HC* HF PA PB PC «

N, 8067573 -3546 1.21
O, 358815 -2209 1.22
Ar 384073 -2308 1.23
CO, 10915  -445 1.17
H>O 12.76 4391 245 0.98

Figure Legends
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