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1. Introduction

Water is probably the only natural resource to touch all aspects of human
civilisation — from agricultural and industrial development to the cultural and
religious values embedded in society. The looming water crisis is one of the most
critical challenges facing the world today. Shortage of water is already leading to
migration movements, ethnic conflicts, and wars.

It has been reported in the 3" World Water Forum 2003 in Japan that half the
world's population will not have enough water by 2025 unless governments lift
their development and investment priorities [WWFO03].

Desalination refers to water treatment processes that remove salts from saline
water. The main commercially available desalination processes are the thermal
processes which include the multi-stage flash (MSF) distillation as the most
common technique for seawater desalination, multiple-effect (ME) distillation and
vapour compression (VC) and the membrane processes, mainly reverse osmosis
(RO) and electrodialysis (ED).

1.1 The Problem of CO, Release in Multiple-Effect Distillers

Non-condensable (NC) gases are a serious problem in seawater distillation. The
presence of NC gases is caused by the leakage of ambient air through flanges,
man-holes, instrumentation nozzles, etc. into the parts of the evaporator operating
under vacuum and the release of dissolved gases from the evaporating brine. The
NC gases cause local reduction of performance, reduction of efficiency and hence
a cost increase in most commercial units. It was shown that even low
concentrations of NC gases significantly reduce the overall heat transfer
coefficient and hence the performance of desalination evaporators [Kha72, Eis74,
Chi81, Bha84, Rab86, Jen88, Gen91l, Sem01]. CO, dissolves in the condensate
and lowers its pH value. In presence of O,, this may cause corrosion of the
condenser tubes. Production losses due to plant shut down for maintenance and
reduced lifetimes are the consequences [Old87, Gen87, Al-S93, McG95]. The
release of CO, from the evaporating brine in seawater distillers considerably
influences the concentrations of HCO3, CO3*, H" and OH" ions in the carbonate
system of the brine and thus plays an important role in alkaline scale formation
[Gla01lb, Gla03a]. Furthermore, an accumulation of NC gases may disturb the
brine flow through the flash chambers of multi-stage flash distillers [Gre93].

In multiple-effect distillers, most often neither a deaerator nor a decarbonator is
provided. Thus, the NC gases O,, N, and CO, entering with the feed water are
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liberated during the evaporation process and have to be removed by adequate
venting [Gre93, Gla00a]. O, and N, are molecularly dissolved and do not
chemically react in seawater. They are released without changing the chemical
composition of seawater. In contrast to that, CO, chemically reacts in seawater
and is produced during the desalination process itself. Under the alkaline
conditions prevailing in seawater only a small proportion of the total inorganic
carbon content in seawater is present as molecular CO,. The major proportion is
chemically combined in HCO3 and CO3* ions. The liberation of CO, impairs the
equilibria between HCOg, CO3%, CO,, H' and OH  in the brine. New molecular
CO, is produced by chemical reactions and released subsequently [GlaOOa,
GlaO1la].

Due to previous ignorance of the NC gases problem and its complexity, the
predictive simulation of NC gases release in desalination distillers, particularly of
CO, release, has scarcely been investigated and given little attention in the
desalination literature. Thus, considerable uncertainty exists in predicting the total
CO;, release rates in distillers and the distribution of these between the individual
stages. In practice, different approaches are employed by plant manufacturers and
consultants to determine the CO, release rates for dimensioning of the venting
rates [Gla95, GlaO0Ob]. The approaches are based on simple reaction models and
sparse experimental data.

There are only few investigations into NC gases in ME distillers (e.g. [Gre93,
Gre95, Sem01]). They are mainly concerned with the effects of NC gases on heat
transfer, energy consumption and distiller operation, but less with the release
process itself. Thus, the CO, release process in ME distillers is poorly understood
and there is no approach available to reliably predict the release rates in individual
stages and the effects of influencing parameters. This calls for a proper analysis of
the mass transfer processes and reaction kinetics.

1.2 Aims of the Research Work

A better knowledge of CO, release is of great importance for the design, the
operation and the costs of seawater distillers. Reliable information about the CO,
release is a prerequisite for simulating the scaling process and predicting scale
formation. This work is aimed at acquiring an in-depth understanding of the
reaction kinetics and the mass transfer phenomena controlling the release of CO,
in ME distillers. In the first part of the work a model is developed which describes
the CO;, release in the individual stages of ME distillers as well as the carbonate
system of the brine on its whole flow path through the distiller. It is proposed here
to apply the theory of desorption with chemical reaction, which has successfully
been employed in MSF distillation [GlaOla, Gla02], to the problem of CO, release
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in ME distillers. In the second part of the work a computer program is written to
simulate the CO, release rates and the concentrations of HCO3, CO3%, CO,, H*
and OH in the carbonate system of the brine. The effects of various process
parameters and of the seawater composition on the release of CO, and the
carbonate system in ME distillers are studied and distiller operating conditions with
high and low CO,, release are identified. Furthermore, the effect of CO, release on
the scaling tendency of the brine in ME distillers is investigated.

In Chapter 2 the multiple-effect process and the plant configuration which serves
as reference for the modelling and simulation work are described. Furthermore, an
overview of the previous work on CO, release in desalination distillers is given.

In Chapter 3 the fundamentals of desorption with chemical reaction, relevant to
the CO, release process, are summarised. The effects of chemical reaction on
mass transfer are described and the concept of rate enhancement is introduced.

Chapter 4 gives a detailed overview of the thermodynamics and the reaction
kinetics of the carbonate system in seawater. The solubility of CO, in seawater,
the chemical equilibria, the mechanisms, the orders and the rates of reactions
involved in CO; release are described.

In Chapter 5 the model which has been developed for predicting the CO, release
and the carbonate system in multiple-effect distillers with horizontal tubes is
described in detail. The fluid dynamics of falling films on horizontal tubes which
significantly affect the mass transfer and the interfacial area are studied.
Correlations for the mass transfer coefficient and the phase interface area are
given. It is analysed in which reaction regime (i.e. slow, fast, instantaneous or
transition regime) the desorption occurs and if the mass transfer is enhanced by
the reactions.

The computer program for simulating the CO, release and the carbonate system in
multiple-effect distillers is described and simulation results are shown in Chapter
6. The effects of top brine temperature, concentration factor, seawater
temperature, seawater salinity and pH on CO, release are discussed.

In Chapter 7 the role of CO, release in scale formation in ME distillers is
described. Various indices for the description of the scaling tendency are
presented. The effect of CO; release on the scaling tendency is discussed.
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2. Current State of Knowledge of CO, Release in
Desalination Distillers

In the following, the ME process configuration, which has been chosen as
reference configuration for the present work, is described. Furthermore, an
overview of previous work on CO; release in desalination distillers is given.

2.1 Description of the Multiple-Effect Distillation Process

Multiple-effect distillation (MED) works on the principle of inducing seawater
evaporation and vapour condensation inside a series of cells (effects). A variety of
multiple-effect process configurations has been installed. The most common
process configuration is shown in Figure 2.1. For modelling the CO, release
process, this configuration has been chosen as a reference.

The evaporator includes a number of cells working at decreasing temperatures
and thus at decreasing pressures from the first to the last cell. Each cell is fitted
with a bundle of horizontal tubes. Vapour from the steam turbines of a power plant
or a boiler is introduced into the tubes of the first cell. Simultaneously feed water is
sprayed or otherwise distributed onto the tube bundle. This trickles by gravity onto
the outside of the tubes. The vapour condenses inside the tubes. The condensate
is pumped back to the boiler for reuse. The enthalpy of condensation allows the
feed water to be preheated to the boiling point on the upper tube rows and then
part of it to be evaporated on the lower tube rows. The vapour produced is then
fed inside the tubes of the second cell where it is condensed, thus evaporating
part of the feed water of this cell on the outside of the tube bundle. This process is
repeated from cell to cell.

The vapour produced in the last cell is condensed in a separate heat exchanger
called final condenser, which is cooled by the incoming seawater, thus preheating
the feed water. The water condensed in each cell goes to the next cell, where
some of it flashes at the lower pressure, and finally to the condenser. The distillate
is then extracted by means of the distillate pump. The part of the brine that has not
been evaporated is fed to the brine pool of the next cell, where some of it flashes
at the lower pressure, and is finally discharged from the last cell by the brine-blow
down pump. The vacuum in the evaporator is maintained by an ejector system
which extracts the non-condensable gases present in the vapour phase.
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A thermal vapour compressor is often added to the system to improve its
efficiency. At the outlet of the last cell, the vapour produced is partially
recompressed in a thermocompressor which is fed by high pressure steam. This
vapour mixture can thus be used to heat the first cell again.

2.2 Literature Review

The first investigations into CO, release in desalination distillers relied on simple
reaction models and sparse experimental data. Only chemical reactions in the
brine were considered [Cib78, Wat79]. Mass transfer processes were completely
neglected. In practice, these investigations often serve as the basis for the
different approaches employed by plant manufacturers and other experts to
determine the CO, release rates for the dimensioning of the venting rates or for
simulation purposes.

CO; release and alkaline scale formation, which is linked to the CO, release
through chemical reactions, were investigated experimentally. Shams EIl Din and
Mohammed [Sha94] studied the chemistry of alkaline scale formation in industrial
MSF distillers by extracting and analyzing brine samples from the water boxes and
flash chambers. Moore et al. [Mo095] carried out corresponding investigations into
CO; release. Shams El Din and Mohammed [Sha88, Sha89] as well as Al-Sulami
and Hodgkiess [Al-S97] performed laboratory studies on the mechanism and rates
of chemical reactions in aqueous bicarbonate solutions with respect to alkaline
scale formation.

Lukin and Kalashnik [Luk82] and later Seifert [Sei89] developed the first physical
models that allowed the calculation of the CO, release rates in individual MSF
distiller stages. The models are based on the assumption that mass transfer
phenomena in the brine rather than the reaction kinetics control the desorption
process. Chemical reaction kinetics were scarcely investigated.

Rigorous electrolyte thermodynamics were applied to the simulation of CO,
release in MSF distillers by Watzdorf and Marquardt [Wat97]. The brine is
considered as a multi-component electrolyte system of varying complexity. Scale
formation and CO, release are predicted assuming equilibrium conditions. The
proper description of the electrolyte system and of the equilibrium state in a
thermodynamic model is considered to serve as a limiting case or as a
prerequisite of any rate-based model.

Glade [Gla99a, GlaOla] found that the above mentioned investigations did not
combine the mass transfer processes with the effects coming from the chemical
reactions. Furthermore, the reaction kinetics involved in the release process of
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CO, as well as in the precipitation processes of CaCO3z and Mg(OH),, e.g. the
reaction mechanisms and the rate constants of the rate-determining steps in the
mechanisms, have not been adequately described in desalination literature. Glade
proposed to treat the release of CO, in MSF distillers as a problem of chemical
desorption. The coupling of mass transfer and chemical reaction kinetics was
investigated and the rate-controlling steps in the CO, release process were
determined. A model has been developed that describes the reactions and mass
transfer processes in the CO, system of the brine as well as the CO, release in
MSF distillers. Included is the flow path of brine through the condensers, the brine
heater and the flash chambers. In recycle distillers, the deaerator was also
considered.

The simulation results of the model were experimentally verified [Gla99b, Gla01a].
For measuring the CO, release, a new experimental approach was applied: For
the first time, the CO, flow rates in the venting lines of individual stages of MSF
distillers were determined. The CO, concentrations were measured on-line and
continuously in the parallel vents of the MSF distillers by means of a mass
spectrometer. At the same time the total vent flow rates, the temperature and the
pressure of the vents were measured. The measurements were carried out at two
MSF recycle distillers in the Arabian Gulf with a wide range of operating
conditions. The model predicts the actual desorption profiles very well. The mean
difference between model and experiment was 15 %, the maximum difference was
30 % [Gla99b, Gla01la].

The previous work of Glade [Gla99a, Gla99b, Gla0Ola, Gla02] on modelling and
simulation of CO; release in MSF distillers serves as a very useful basis for the
present investigation, since the main concept and the methodology applied to the
prediction of CO, release in MSF distillers can be transferred to the CO, release in
ME distillers. The single steps in modelling and simulation, however, have to be
performed once again for the MED system, since there are decisive differences
between MSF and MED systems regarding evaporation mechanisms,
hydrodynamics, operating temperatures and pressures, concentrations, brine
residence times and process configurations. For example, the phase interface
areas and the mass transfer coefficients are different in MSF and ME distillers.
Compared to MSF distillers, the desorption of CO, in ME distillers may occur in
different reaction regimes depending on the relative rates of the chemical
reactions and the mass transfer processes.
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3. Mass Transfer with Chemical Reaction

In the following, the fundamentals of desorption with chemical reaction, which are
applied to the problem of CO, desorption in ME distillers, are presented.

3.1 Diffusion

Diffusion is mass transfer of a substance from one part of a system to another as a
result of random molecular motion or a concentration gradient. Solute will flow
from the region of high concentration to a region of low concentration. The molar
flux is directly proportional to the concentration gradient [Bae98, Wel01],

hA:_DALa—X. (31)

The proportionality constant is the diffusion coefficient Da_ of the solute A in the
liquid L. This relation is called Fick’s first law. It applies to steady state diffusion
only.

In many cases the concentration will vary both with time t and distance x. Fick’s
second law of diffusion can be expressed as

0C, . 0°C,
ot Aax?

(3.2)

Diffusion in liquids is very much slower than in gases, since the distance between
the molecules is substantially smaller than in gases and the free mobility of the
molecules is strongly reduced by the intermolecular forces.

According to the Stokes-Einstein equation for large, spherical molecules diffusing
in a dilute solution the diffusion coefficient Da. depends on the temperature T, the
viscosity p of the liquid and the radius ra of the molecule,

kT
DaL =

- kT 3.3
6T, WL 839

where k is the Boltzmann constant.
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Wilke and Chang [Wil55] proposed a correlation for non-electrolytes in an infinitely
dilute solution, in essence, it is an empirical correlation of the Stokes-Einstein
equation,

_74 10~ 8(w, M V2T

DaL
ML VAQ6

, (3.4)

where D is the diffusion coefficient of A in the liquid in cm?/s; . is the viscosity
of the solution in centipoise; T is the absolute temperature in K; M_ is the
molecular weight of the liquid in g/mol; Va is the molal volume of the solute at its
normal boiling point in cm®/(g mol) and ® is the “association” factor of the liquid.

Data on the diffusion of CO; in electrolyte solutions have been reported by Ratcliff
and Holdcraft [Rat63]. They found that the diffusion coefficient varies with p %
instead of ™.

Thus, at constant temperature, the diffusion coefficient of CO, in seawater
Dco,sw can be determined with the diffusion coefficient of CO, in pure water and

the viscosities as follows [Rat63]:

D
log —22%_ = (.87 log E‘S—WE , (3.5)
Dco,.sw Hw

where Dco, \ is the diffusion coefficient of CO, in water, and p,, and pg,, are

the dynamic viscosities of water and seawater, respectively.

The diffusion coefficient of CO, in pure water was given by McLachlan and
Danckwerts [McL72]:

5907
T2

109 D,y = 41764 + 712T'52 - E?' 10° @ (3.6)

with D¢,y in cm?s and T in K.

Figure 3.1 shows the diffusion coefficient of CO, in pure water and in seawater as
a function of temperature for different salinities based on equations (3.5) to (3.6).
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Dcoz.sw X 10° [m?/s]

0 T T T T T T T T
20 30 40 50 60 70 80 90 100 110

Temperature [°C]

Figure 3.1: The diffusion coefficient of CO, in pure water and in seawater as a
function of temperature for different salinities.

3.2 Mass Transfer Theories at a Gas-Liquid Interface

Chemical desorption is a complex process involving chemical reaction kinetics,
mass transfer processes, phase equilibria at the brine/vapour interface as well as
fluid dynamics. Several useful predictions have been performed to describe the
behaviour of highly complicated absorption and desorption processes with
chemical reactions by using simplified models which simulate the situation well for
practical purposes without introducing a large number of parameters. These are,
among others, the film theory, the boundary layer theory, the penetration and the
surface renewal theory.

Film Theory

The simplest and oldest model which has been proposed for the description of
mass transport processes is the so-called film theory. It was suggested by
Whitman [Whi23] and first applied by Hatta [Hat28] to absorption with chemical
reaction.

The film theory is based on the assumption that when two fluid phases are brought
in contact with each other, a thin layer of stagnant fluid exists on each side of the
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phase boundary. Mass transfer by convection within this layer is assumed to be
insignificant, and accordingly the transport is solely achieved by steady state
diffusion. Beyond the thin layers the turbulence is sufficient to eliminate
concentration gradients. Figure 3.2 shows the film theory conceptualisation for the
case of absorption of a gas in a liquid. The interfacial region is idealized as a
hypothetical “unstirred layer”. The constant partial pressure pa implies no
resistance to mass transfer in the gas phase.

Partial Fressure of the Gas A >
A Pa,

Gas Bulk
b
L
[N
t ........................................................................................................
@ C’ Gas Film

A Ph

E x=0 — Surface T
D G I Liguid Film
=
E ...........................................................................................................................
o
[

Liquid Bulk

Ca B

Concentration of the Gas AintheliguidFPhase

Figure 3.2: Film theory conceptualisation.

In the film theory, the mass transfer coefficient k° is directly proportional to the
diffusion coefficient Da. and inversely proportional to the film thickness &:

ki

DaL
—. 3.7
5 (3.7)

The dependence of the mass transfer coefficient on the diffusion coefficient
predicted by the film theory is not consistent with experimental results [Ast67,
Dan70]. Nevertheless, a number of theoretical problems in the field of chemical
absorption and desorption involve such mathematical difficulties as to allow their
solution only for the simple film model.
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Boundary Layer Theory

Boundary layer theory differs from the film theory in that the concentration and
velocity can vary in all coordinate axes [Bae98]. However, as the change in the
concentration profile is the largest in the x direction, i.e. the coordinate
perpendicular to the phase interface, this simplifies the differential equations for
the concentration significantly.

For diffusion through a laminar boundary layer, the average mass transfer
coefficient can be found from an equation of the form [Bae98, Wel01]:

ki =c DLA Re" Sc™ (3.8)
: - _Lup _ Vv

where L is the characteristic length, Re = —— and Sc = —— are Reynolds
H AL

number and Schmidt number, respectively. The constants ¢, n and m depend on
the type of flow, laminar or turbulent, and the shape of the surface or the channel
over or through which fluid flows. Herein m is = 1/3, i.e. the mass transfer

coefficient varies as Di’f’ which is typical of boundary layer calculations [WelO1].

Penetration Theory

In 1935, Higbie [Hig35] proposed a model for the gas exchange between a liquid
and an adjacent gaseous phase. The gas-liquid interface is made up of a variety of
small liquid elements, which are continuously brought up to the surface from the
bulk of the liquid by the motion of the liquid phase itself. The mechanism of this
replacement is not relevant at this point: it may be due to turbulence or to the flow
characteristics in the equipment. For example, the liquid may flow in laminar flow
but is mixed at certain points, bringing fresh, unexposed liquid elements to the
surface.

Each liquid element, as long as it stays on the surface, may be considered to be
stagnant, and the concentration of the dissolved gas in the element may be
considered to be everywhere equal to the bulk-liquid concentration when the
element reaches the surface. The residence time at the phase interface is the
same for all elements. Mass transfer takes place by unsteady molecular diffusion
in the various elements of the liquid surface.
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The mass transfer coefficient k°_ in the liquid phase is directly proportional to the
square root of the diffusion coefficient Dy and inversely proportional to the square
root of the age t of the element as follows

F . (3-9)

The penetration theory represented a first step towards the development of a
turbulence hypothesis which proposes that the turbulent movements reach the
boundary range near to the phase interface. Since turbulent movements are
stochastic by nature, Higbie’'s concept that the liquid elements stay the same time
at the phase interface is not realistic.

Surface Renewal Theory

In 1951, Danckwerts [Dan51] proposed the surface renewal theory which is an
extension of the penetration theory. It is based on the concept that the liquid
elements do not stay the same time at the phase interface surface. He proposed
the following analytical form for the age-distribution function:

wlt)=se™t, (3.10)

where s has the physical meaning of the rate of surface renewal, and 1/s may be
regarded as an “average lifetime” of surface elements.

The mass transfer coefficient resulting from this model is proportional to the
square root of D, and the rate of surface renewal s as follows

kS =,D,.s. (3.11)

In the penetration and surface renewal models, in which the surface film is
replaced by bulk water after a fixed time interval, although between these periodic
replacements molecular diffusion still determines the transfer between the film and
the gaseous phase, the overall transfer velocity is a function of the time interval
between film renewal events. Since this is shorter than the timescale of diffusion
across the full width of the film, the film thickness itself is not a factor.

Toor and Marchello [Too58] pointed out that the surface renewal model is valid
only when the surface renewal is relatively rapid.
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In many circumstances the difference between predictions made on the basis of
the different models will be less than the uncertainties about the values of the
physical quantities used in the calculation. The models can thus be regarded as
interchangeable for many purposes, and it is then merely a question of
convenience which of them is used.

3.3 Desorption with Chemical Reaction

A dissolved gas will be desorbed from a liquid into an adjacent gaseous phase, if
the concentration of the gas in the bulk of the liquid is larger than that at the phase
interface surface. The desorption of a gas can be caused by lowering the total
pressure or the gas partial pressure, by increasing the temperature or the ionic
strength of the solution or by chemical reaction in the solution [Sha76]. The
desorption of dissolved gas from a solution without reaction is called “physical
desorption”. When the dissolved gas chemically reacts with other components in
the solution, the desorption is called “chemical desorption” [Dan70, Sha76, Ast80].

There are two mechanisms of gas desorption from aqueous solution. If the
difference between the partial pressure of the gas in equilibrium with the bulk liquid
and the partial pressure at the surface, i.e. the degree of supersaturation, is
modest, the gas will be desorbed by diffusion from the liquid free surface in a way
analogous to gas absorption (quiescent desorption) [Ish86]. However, if the
degree of supersaturation is large, bubbles will form in the interior of the liquid and
much of the gas will be released by diffusing from the surface of the bubbles
(bubble desorption). The growth of gas bubbles can partially change the
hydrodynamic conditions (increase of turbulence, destruction of the boundary
layer, etc.) and in this way intensify the diffusional mass transfer. The
supersaturation can be a result of either an intentional action, i.e. flushing or
overheating, or can occur spontaneously in a definite region of the liquid phase in
which the partial pressure of the gas exceeds the total pressure [Zar93]. Thus,
bubble desorption is a process very different from absorption processes in which
the area of surface available for mass transfer is determined by external factors
[Ish86].

It can be assumed that in ME distillers CO, is released by quiescent desorption,
because the partial pressure of CO, in equilibrium with the bulk liquid does not
exceed the total pressure in the evaporator stages.

The phenomenon of desorption with chemical reaction is made up of a number of
elementary steps:

(a) Chemical reaction of the dissolved gas within the liquid phase.
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(b) Mass transport of the dissolved gas from the bulk of the liquid to the phase
interface.

(c) Transport of the gas through the phase interface.

(d) Mass transport of the gas from the phase interface to the bulk of the gas
phase.

Steps (a) and (b) may take place simultaneously, and thus mutually interfere. The
overall phenomenon resulting from steps (a) and (b) takes place in series with

steps (c) and (d).

Effects of Chemical Reaction on Mass Transfer

The occurrence of chemical reactions has two distinct effects on the desorption
process [Ast67, Dan70, Ast83a, Car87]:

1. Chemical reactions affect the concentration of the dissolved gas in the bulk of
the liquid. During desorption the chemical reactions continuously produce the
component to be desorbed, thus providing a certain concentration of it in the
bulk of the liquid and hence a certain driving force for the mass transfer.

2. The second effect is more subtle. At a given level of driving force, the actual
rate of mass transfer may be significantly larger when chemical reactions are
taking place than it would be in the absence of chemical reactions. The rate
enhancement may be so large as to actually reduce the mass transfer
resistance in the liquid phase to the point at which it is negligible as compared
to the resistance in the gas phase.

The concept of rate enhancement introduced above is formalised as follows. In the
absence of chemical reactions, the desorption flux of the gas A is given by

Ny =kp (CA,B _CA,Ph) (3.12)

where k; is the “physical” mass transfer coefficient in the liquid phase without

chemical reactions, Cag is the concentration of the dissolved gas in the bulk of the
liquid and Ca pp, is the concentration at the phase interface.

The actual desorption flux in the presence of chemical reactions may be larger

than the value given by equation (3.12). The “chemical’” mass transfer coefficient
k. can be defined and the desorption flux can be written as

Ny =k, (CA,B _CA,Ph)' (3.13)
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The rate enhancement factor E is defined as the ratio of the “chemical” desorption
flux to the “physical” desorption flux

E=—F 4 :k—o. (3.14)
kL(CA,B_CA,Ph) kL

The average reaction time, the diffusion time and the residence time are very
important quantities in the analysis of mass transfer processes with chemical
reactions [Ast67]. The average reaction time tg is a measure of the time required
by the chemical reaction to cover a certain fraction of its path toward equilibrium.
The average reaction time for a reversible first-order reaction can be written as

1

== 3.15
T (3.15)

where k; and k. are the rate constants of the forward and backward reactions,
respectively.

The diffusion time tp is a measure of the time available for molecular diffusion
phenomena to take place before mixing of the liquid phase makes the
concentration uniform. It can be expressed as

DAL

2
(]
ki

ty = (3.16)

where Dy, is the diffusion coefficient of the dissolved gas in the liquid.

It should be born in mind that, while the diffusion time depends on hydrodynamic
conditions, inasmuch as it is the time actually available for the diffusion process
within the surface elements, the reaction time only depends on the kinetics of the
reactions considered, and is not the time available for the reaction, but the time
required by it [Ast67].

Finally a third characteristic time should be considered, namely the time which is
actually available for the reaction. The latter is obviously the residence time tp of
the liquid in the apparatus considered. It is evident that, if a chemical desorption
process has to be considered at all, the value of t- has to be at least of the same
order of magnitude of tg. In fact, should tr be much larger than tp, no reaction
would take place at all in the liquid, and the process considered would be a
process of physical desorption [Ast67].
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Resistances to Desorption

The resistance to desorption at the phase interface is usually negligible and
physical equilibrium may be assumed to prevail [Ast67]. Provided that the partial
pressure of the gas is small, Henry’'s law applies:

Capn =HaL DA (3.17)

where Ha is the Henry’s law coefficient of the gas A in the solution and pa is the
partial pressure of the gas in the gas phase.
The desorption flux of the gas A is given by

. 1 1
n, =k E (CA,B _CA,Ph) kg RT ET Caph ~Pag E (3.18)
AL

where kg is the mass transfer coefficient in the gas phase, pag is the partial
pressure of the gas in the bulk of the gas phase, T is the temperature of the gas,
and R is the universal gas constant.

Assuming that the total concentration difference is located in the liquid phase, the

liquid-phase and the gas-phase mass transfer coefficients can be combined to
define the overall mass transfer coefficient K_ by

Ny =K, (CA,B —Ha pA,B)- (3.19)
The total resistance to transport can be expressed as

1_ 1 ,HyRT
K. kP E ke

(3.20)

The liquid-side mass transfer coefficient k° is usually between 10™ and 10 m/s.

The gas-side mass transfer coefficient kg usually ranges from 107 to 1 m/s [Bra71,
Cha82, Schg4].

According to equation (3.20), for gases like SO,, NH3, and HCI that are highly
soluble (high H) or react rapidly (high E), the gas-phase resistance apparently
controls the transport. For gases that are less soluble (low H) and do not react at
all or only slowly (E =1) the liquid-phase resistance predominates and controls the
total resistance.
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4. The Carbonate System in Seawater

To understand and to describe the desorption process of CO, in multiple-effect
distillers, a detailed knowledge of the thermodynamics and the kinetics of the
carbonate system in seawater is required.

The carbonate system is a weak acid-base system which exists in seawater as
dissolved carbon dioxide, carbonic acid, bicarbonate and carbonate ions and
complexes of these ions. Basically the system is derived from the dissolution of
carbon dioxide gas and carbonate minerals into the water. Addition of an acid or a
base to an aqueous solution of carbonate species gives rise to changes in pH and
changes in the concentrations of all the species that constitute the system.

A distinguishing feature of the carbonate system is that the gas phase forms an
integral part of it. For a system initially in equilibrium, any change in the partial
pressure of CO; in the gas phase induces a state of non-equilibrium between gas
and aqueous phases. This causes, with time, an exchange of CO, between the
phases resulting in a shift in pH and the species concentrations until equilibrium
between the phases is re-established. A further feature is the relative insolubility of
many carbonate minerals; the precipitation and dissolution of these minerals have
a significant effect on the system’s behaviour. As a consequence of these two
features it is often necessary to consider all three phases, aqueous, gas and solid,
in order to describe the response of the system to external influences [Loe84].

Seawater is an aqueous mixed electrolyte. It attains its chemical composition
through a variety of chemical reactions and physicochemical processes. Among
these are: acid-base reactions, gas absorption and desorption processes,
precipitation and dissolution of solids and adsorption processes at interfaces.
Characteristic for seawater is the high salinity that may vary between average
limits of 7 g/kg (Baltic Sea) and 43 g/kg (Arabian Sea). The pH of seawater is
usually in the range from 7.7 to 8.3 in surface waters. The pH is buffered by a set
of reactions that take place between CO, and water. Table 4.1 shows the
composition of standard seawater with a salinity of 35 g/kg.

An overview of the carbonate system in seawater is given by Millero [Mil00] and
Glade [Gla0Ola]. In the following, the solubility of CO, in seawater, the chemical
equilibria, the mechanisms, the orders and the rates of reactions involved in CO,
release are summarized. The effects of temperature, pressure and ionic strength
on the solubility, the chemical equilibria and the reaction rates are described.
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Species Concentration Specific
concentration

[g/kg seawater] [mol/kg seawater] [g/kg] /S

Na* 10.7838 0.46907 0.30811
Mg?* 1.2837 0.05282 0.036678
ca* 0.4121 0.01028 0.01177
K* 0.3991 0.01021 0.01140
Sr#* 0.0079 0.00009 0.000227
CI 19.3529 0.54588 0.55294
S0, 2.7124 0.02824 0.07750
HCO3 0.1070 0.00175 0.00306
Br 0.0672 0.00084 0.00192
COs* 0.0161 0.00027 0.000459
B(OH), 0.0079 0.00010 0.000225
F 0.0013 0.000068 0.000037
B(OH); 0.0193 0.00031 0.000551
> 35.1707 1.1199 1.004877

Table 4.1:  The composition of standard seawater with S = 35 g/kg, TA = 2.3[107
mol/kg and pH = 8.1 at 25°C [Mil96]

4.1 Thermodynamics of the Carbonate System

Atmospheric gases dissolve in seawater and are distributed to all depths by mixing
processes and currents. The most abundant gases in atmosphere and in seawater
are nitrogen, oxygen, carbon dioxide and argon. The gases dissolved in seawater
can be divided into two types: the first type is molecularly dissolved and does not
react chemically such as Ny, O, and Ar, while the other type chemically reacts in
seawater such as COa.

Carbon dioxide in seawater is governed by the following equilibria:

CO,(9) ~ CO,(aq). (4.1)
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Subsequently, the dissolved gas combines with water to form carbonic acid
H,COa3:

CO,(aq)+H,0 - H,CO;. 4.2)
The carbonic acid dissociates to form bicarbonate HCO5™ and carbonate CO3*:
H,CO; « HCO; +H™, (4.3)
HCO; « CO% +H", (4.4)
The water itself dissociates to form H" and OH™ ions:
H,O0 - H" +OH". (4.5)
The carbonate system in seawater is characterised by the interaction of major
cations (Na*, Mg?*, Ca** and K*) and major anions (CI', SO,*, HCO5 and CO3%).
These interactions can be described in terms of an ion association formalism and,
more recently, in terms of a specific interaction theory [Mil96, Stu81].
Na*+COZ . NaCO;,Ca* +HCO; - CaHCO;,Mg** +OH™ ~ MgOH" (4.6)

H* +S0O; - HSO,, H" +F o HF. (4.7)

Additionally insoluble calcium carbonate and magnesium hydroxide can be
formed:

Ca?* +CO2% . CaCO,(s), (4.8)

Mg +2 OH™ « Mg(OH), (s). (4.9)

A schematic representation of the carbonate system in gas, liquid and solid
phases is shown in Figure 4.1.

4.1.1 Solubility of CO;, in Seawater

Since the partial pressure and the concentration of CO, dissolved in seawater are
sufficiently small, the solubility can be described using Henry’s law:

Cco, =Hco,sw Pco, (4.10)
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where Cc, is the concentration of the dissolved CO2, po, is the partial pressure

of CO; and Heo, sw Is the Henry's law coefficient of CO- in seawater.

CO, (g
Gas Phase

Heoo, s

COq (ag) <‘:> H.COy  Carbonic acid

b, S

Alkalinity Bicarbonate HCODs + H

Liquid Phase
MQ2+ NEN KES'W
Kt Ccat
Carbonate  CO5%
/SW
CaCOs, Solid Phase

Figure 4.1: A schematic representation of the carbonate system.

Henry’s law describes only the physical equilibrium between the phases and may
only be applied to the fraction of the gas that is molecularly dissolved and not
chemically bound [Pra69, Dan70, Wil77]. Henry’s law coefficient depends on the
type of the gas and the solvent, the temperature, the total pressure and in the case
of salt solutions it also depends on the ionic strength of the solution. The ionic
strength | of a solution is defined as:

|=% Zz? m, (4.11)

where z; is the charge of the ion i and m; is the molality of the ion.

The ionic strength can be related to salinity S as follows [Mil95]:
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1992 S

= (4.12)
1000 —1.005 S

with S in g/kg and | in mol/kg. The ionic strength of standard seawater with S = 35
g/kg is 0.72 mol/kg.

For small and moderate pressures p < 5 bar, the pressure dependence of Henry’s
law coefficient can be neglected [Fal92]. The influence of the other gases is
negligible, if their concentrations are small.

The solubility of a gas is actually lowered in presence of salts in the solution. This
effect is called salting out. Danckwerts [Dan70] proposed to relate Henry's law
coefficient in the salt solution to that in water at the same temperature on the basis
of a method originally proposed by Sechenov [Sec1889]. Furthermore, the activity
coefficient of CO, in seawater can be considered as the ratio of its solubility in
water to the solubility in seawater [Mil96]. The application to CO, in seawater
yields

H
log EHME: 109 Yco,sw = hl (4.13)
CO5,SW

where Hco2w and Heozsw are the Henry's law coefficients of CO, in water and
seawater, respectively. ycoz.sw is the activity coefficient of carbon dioxide, I is the
ionic strength expressed in equation (4.12) and h is the summation of ion specific
parameters of the positive ions (h:), negative ions (h) and the gas specific
parameter (hg):

h=h, +h_+hg. (4.14)

lon and gas specific parameters were experimentally determined for various ions
and gases [Her95]. It is assumed that the temperature dependence of h is
confined to the change in hg. The ion specific parameters are considered to be
independent of temperature.

Because the main constituent of seawater is NaCl (73% of seawater ionic
strength), the ion specific parameters of Na® and CI" are the only considered
parameters. The values indicated by Dankwerts [Dan70] are h. = 0.091 L/mol and
h. = 0.021 L/mol. The CO, specific parameter hg between 0 and 50°C given by
Danckwerts [Dan70] was correlated with temperature by Glade [GlaOla] as
follows:
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he =-50107° -5.310" @ (4.15)
where hg is in L/mol and 9 is in °C.

Henry’'s law coefficient of CO, in pure water is given by Plummer and Busenberg
[Plu82]:

logHco, w =108.3865 +0.01985076 LT - w —40.45154 [log T + 66_?_365

(4.16)

with Heo, w in mol/(kg atm) and T in K.

The Henry’s law coefficient of CO, decreases with increasing temperature, passes
through a minimum at 170°C and increases again. The Henry’s law coefficient also
decreases with increasing salinity. The effect of salinity is less pronounced at high
temperatures.

CO; is more soluble than O,, N, and Ar. The concentrations of the gases
dissolved in seawater with a salinity of 35 g/kg in equilibrium with the atmosphere
at 25°C are summarised in Table 4.2.

Gas Partial Henry’s law Concentration in seawater
pressure in coefficient
atmosphere
[bar] [mol/(m?® bar)] [umol/kg SW] [mg/kg SW]
CO, 0.00033 29.3 9.45 0.4
N2 0.7808 0.5 383.4 10.7
O, 0.2095 1.0 206.3 6.6
Ar 0.00934 1.1 10.11 0.4

Table 4.2:  Solubility data of the gases dissolved in seawater with S = 35 g/kg in
equilibrium with the atmosphere at 25°C [Mil96, GlaOla]

4.1.2 Equilibrium Constants in Seawater

Dissociation Constant of Water

The stoichiometric equilibrium constant of water in seawater K,°V can be
expressed as
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KW =Ky~ =] [or ], (4.17)

Vor Vo

where Ky is the thermodynamic equilibrium constant and [i]*" and y*" are the
concentration and the activity coefficient of the component i, respectively.

The equilibrium constant of water in seawater was measured for temperatures up
to 35°C and salinities up to 44 g/kg [Dic79, Meh73, Cul73]. Dickson and Riley

[Dic79] proposed the following correlation:

441

logKSW = — +2.241-0.09415 SO @ (4.18)

where K,,>" is on the basis mol/kg seawater, T is in K and S is in g/kg.

Dissociation Constants of Carbonic Acid

Applying the law of mass action to the first dissociation of carbonic acid H,CO3;
HCO3 + H yields

KSW =K, Sygvolz b [Hiog]sw (4.19)
VHXV yH\cl:vog [COZ] "

where K; is the thermodynamic equilibrium constant and [i]®V and y°" are the
concentration and the activity coefficient of the component i that is free or involved
in ion pairing, respectively. [CO,]®" is the sum of the concentrations of CO, and
H,COs.

The second dissociation constant of the reaction HCO; « CO3* + H' can be
written as

SW +|swW - | SW
el

where K, is the thermodynamic equilibrium constant and [i]®V and y°" are the
concentration and the activity coefficient of the component i, respectively.

Various correlations of the dissociation constants K;°V and K, of carbonic acid
in seawater are available in the literature [Han73, Meh73, Dic79, Goy89, Roy93].
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They were experimentally determined for temperatures up to 45°C and for
salinities up to 50 g/kg.

In this work, correlations are used which were suggested by Millero [Mil95] and are
based on the experimental data of Goyet and Poisson [Goy89] and Roy et al.

[Roy93]:

2275.036

InK>" =2.18867 - ————— —1.468591InT +
T (4.21)
%0.138681— @Qs% +0.0726483 S —0.00574938 S*°,
InK3" =-0.84226 - 37411288 ) 437139InT +
T (4.22)
Ero.128417 - M@s% +0.1195308 S — 0.00912840 S*°

where K;*" and K, are on the basis mol/kg seawater, T is in K and S is in g/kg.

Solubility Product of Calcium Carbonate

Calcium carbonate CaCOj; dissolves according to the following equation:
CaCO, (s) -~ Ca** +CO35". (4.23)

The solubility product of calcium carbonate is given by

KSY =Kgp ﬁ =[caz [ [coz]™. (4.24)

yCa2+ ycog—

W are the

where Kgp is the thermodynamic solubility product and [i]®"¥ and y°
concentration and the activity coefficient of the component i, respectively.

Ksp®V of calcite and aragonite, respectively, can be calculated from correlations
reported by Mucci [Muc83] for a salinity between 5 and 45 g/kg and a temperature

between 5 and 40°C at 1 atm total pressure:

log K gpea = —171.9450 - 0.077993 T +2903.293/T +71.595 log T

+(-0.77712 + 0.0028426 T +178.34/T )S°S , (4.25)
-0.07711S +0.0041249 S*°
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logKgpo = —171.9450 -0.077993 T +2903.293/T +71.595log T

+(-0.068393 +0.0017276 T +88.135/T )S%° (4.26)
-0.10018 S +0.0059415 S*°

with T in K and S in g/kg.

Increasing the temperature, pressure and ionic strength (salinity) results in an
increase of K;°V, K, and K, . Kgp™" values increase with pressure and salinity
but decrease with temperature. At 8 = 30°C, S = 60 g/kg and p = 10 bar, the
values of K%, K,® and K,,>" differ from the values at 1 bar by 1%, 0.3% and
0.3%, respectively [GlaOla]. Ksp®Y differs from the values at 1 bar by 0.3%. Thus,
for small and moderate pressures, the pressure dependence of the equilibrium
constants can be neglected.

4.1.3 Activity Coefficients

Theoretical expressions for the activity coefficients are given in Table 4.3.

Approximation Equation Applicability
Debye-Hiickel logy, =-Az2 4 | < 0.005 mol/kg
I
Extended Debye-Hiickel logy, =-Az] L | < 0.1 mol/kg
1+Ba,
“WATEQ"-Debye-Hiickel | logy, =—A z? L +Db, | | <1 mol/k
Y | "1+Ba Al J
. _ 2B
Davies logy, =-A z; -0.21 | < 0.5 mol/kg
i
| < 0.1 mol/kg
Nl 0 I/k
Guntelberg logy, =—A Ziz A useful for mixed
1+4l electrolytes

Table 4.3:  Expressions for activity coefficients with z; as the charge of the ion, A
as the Debye-Hickel parameter which depends on the dielectric
constant of the solvent and on the temperature; for water at 25°C A =

0.509 kgj/zmol'w; B as temperature-dependent parameter; a; and b;
as ion specific parameters

Davies equation [Dav38]



4. The Carbonate System in Seawater 27

logy, =-Az’ i —0.2@ (4.27)

i + \/i

with z; as the charge of the ion and A as the Debye-Hiickel constant obtained by
means of the interpolation formula [Hel74]

A =0.4819 +0.00119, (4.28)

where 39 is the temperature in °C, which is valid for I < 0.5 mol/kg, has the
advantage that it needs no adjustable ion size parameter.

Because of its simplicity it is used in many of the chemical equilibrium systems. In
this version of Debye-Huckel equation a simple term, linear in I, was added at the
end of the equation. This term improves the empirical fit to higher ionic strength
but it has no theoretical justification [Dav38]. The activity coefficients for seawater
(I = 0.72 mol/kg) are for monovalent ions y; = 0.69, for divalent ions y; = 0.23 and
for trivalent ions y; = 0.04 (Table 4.4). Loewenthal [Loe84] found that these are
realistic values even though seawater ionic strength is outside the valid range of
this equation.

The activity coefficient of CO, in seawater ycozsw IS the ratio of its solubility in
water to the solubility in seawater [Mil96]. It can be calculated from equation
(4.13).

Species Activity coefficient in seawater (I = 0.72 mol/kg)

Loewenthal and Marias [Loe84] Davies Equation [Dav38]

Na* 0.693 0.69
Ca* 0.248 0.23
HCO3 0.669 0.69
cl 0.649 0.69
COs> 0.203 0.23
CO, 1.17 [Mil96]

1.167 (Equation 4.13)

Table 4.4:  Activity coefficients for some species in seawater (S = 35 g/kg) at
25°C
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Pitzer [Pit73] proposed a frequently used activity coefficient model for multi-
component electrolyte solutions. The Pitzer model was applied to seawater by
Millero [Mil96]. The problem of this model is the large number of needed
temperature-dependent parameters. For electrolyte solutions of |< 6mol/kg,
Bromley [Bro73] derived a half-empirical approach which contains only one
interaction parameter for each electrolyte.

4.1.4 Description of the Carbonate System

The carbonate system in seawater can be described by the following six
guantities:

1. Concentration of dissolved CO, [CO;]

2. Concentration of bicarbonate ions [HCO3]

3. Concentration of carbonate ions [CO5%]

4. pH value or concentration of H* ions [H*] or concentration of OH™ ions [OH]
5

Total carbon dioxide content TC:

TC =|HCO; |+ [co? |+ [co,] +[H,cO4) . (4.29)

The concentration of H,COg3 is so small that it can be neglected in equation
(4.29).

6. Total alkalinity TA
The concentration of all bases that can accept a proton when seawater is
titrated to the pH end point of carbonic acid:

TA =|HcO; |+ 2|co? |+ o |- |H*] . (4.30)

TA and TC are independent of temperature, pressure and ionic strength if
expressed in concentration units mol/kg seawater [UNE87]. The total alkalinity
remains constant with absorption or desorption of CO, [Dic84, Dic92, Mil95].

In chemical equilibrium the carbonate system is completely characterized by two
of these six quantities. The remaining four quantities can be calculated by applying
the law of mass action with the dissociation constants of carbonic acid and water
in seawater. Given the measurable total alkalinity and the pH value, the remaining
guantities can be determined as follows:
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H]=10+", (4.31)
[co,]= % : (4.32)

1

- K" [Hcos |

, (4.33)

OH | = . 4.34
|- 55 w3
Inserting equations (4.33) and (4.34) into equation (4.30) gives

] TA[H] [H] KﬁVW.

HCO3
[ H*[+2KSW

(4.35)

TC can be calculated due to equation (4.29).

When a certain total carbon dioxide content TC is dissolved in seawater, it is
important to know which fraction thereof is present as CO,, which as HCOj3" ions
and which as CO3? ions. The distribution of the species depends on the pH value,
the temperature and the ionic strength.

Figure 4.2 shows the mole fractions of CO,, HCO3; and COs* as a function of pH
for different temperatures at constant salinity. At constant pH, the mole fraction of
CO, decreases with increasing temperature, while the mole fraction of CO3* rises.
With increasing temperature the mole fraction of HCOj3 rises at pH < 7. At higher
pH values the mole fraction of HCO3" decreases.

At 9 = 30°C and S = 35 g/kg more than 87 % of the total carbon dioxide content is
dissolved as CO, at pH values lower than 5. With increasing pH value the mole
fraction of CO, decreases, while the HCO3™ concentration increases and reaches a
maximum of 94.5 % at pH = 7.4. A further increase of pH causes a decrease of
HCOs5 and an increase of COs*. At pH values higher than 10, more than 92 % of
the total carbon dioxide is present as CO3?".

Total alkalinity TA can be related to chlorinity Cl according to the following relation
[Stu81]
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TA =0.0001185 ClI (4.36)

where chlorinity can be expressed as

S

Cl=— > (4.37)
1.80655

with TA in mol/kg, Cl in g/kg and S in g/kg.

S =35 g/kg

Temperature 9:
061 -o30°cC
-& 65°C
--100°C

Mole fraction
o
(6]]
1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH value

Figure 4.2: Mole fractions of CO,, HCO3  and CO5% as a function of pH value for
different temperatures at S = 35 g/kg [Mil00, Gla0O1l1a].

To remove the variations in TA and TC due to changes in salinity due to mixing,
evaporation or dilution, normalized values NTA and NTC are defined as follows
[Mil98]:

35

NTA = TA x S (4.38)
and
NTC =TC x %5 (4.39)

with NTA, NTC, TA and TC in mol/kg and S in g/kg.
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The carbonate system in the Arabian Sea was studied over an annual cycle by
Millero et al. [Mil98]. The surface measurements (0—30 m) of pH, NTA and NTC
were quite uniform through the year (pH = 8.1 £0.05, NTA = 2290+ 5 umol/kg and
NTC = 1950+ 20 pmol/kg). Consequently, changes in the normalized TA and TC
can be attributed to the production and oxidation of plants material and formation
and precipitation of CaCOs.

4.2 Chemical Kinetics in the Carbonate System

4.2.1 Reaction Mechanisms and Reaction Rates

The hydration and dehydration of CO; in aqueous bicarbonate-carbonate solutions
occur by the following reaction mechanisms in parallel [Her60, Wal66, Ast67,

Dan70, Ast81, GlaOla].

Reaction mechanism | (acidic mechanism):

Step 1: CO, + H,0
@ T 0 (b) (4.40)
H,CO; - HCO3; +H" (c)

The reaction scheme (4.40) describes the conversion paths quite properly. By
combining the rate constants, the reactions (4.40a), (4.40b) and (4.40c) can be
summarised in a simplified scheme

CO, +H,0 « H,CO,; ~ HCO; +H". (4.41)
Step 2: HCO; - CO3 +H" (4.42)

Reaction mechanism Il (alkaline mechanism):

Step 1: CO, + OH™ « HCO; (4.43)
Step 2: HCO; + OH™ CO%‘ +H,0 (4.44)
The net reaction of each reaction mechanism is

CO, + CO5 +H,0 ~ 2HCO;. (4.45)



32 4. The Carbonate System in Seawater

When a substantial amount of OH™ ions is present, the alkaline mechanism
predominates and reaction (4.44) is completely shifted to the right. Thus the
overall reaction, which is assumed to occur when CO; is released from a strong
alkaline aqueous solution, can be expressed as follows

CO, +20H™ « CO% +H,0. (4.46)

The reactions (4.40c), (4.42) and (4.44) can be considered as instantaneous and
thus in equilibrium at all times, because they only involve a proton exchange. The
reactions (4.40a), (4.40b) and (4.43) between CO, and HCOj3;, however, are
relatively slow, because they involve a rearrangement of the chemical structure in
addition to the proton exchange [Ast67, Pra69, Hag71, Stu81, Ast83b]. The linear
CO, molecule must be rearranged into the trigonal HCOj3 ion , as shown in Figure
4.3. Thus, reactions (4.40a), (4.40b) and (4.43) are the rate-determining steps in
the reaction mechanisms.

(@) 0.02-0.043 OH
H s /
HO —— C
Hz':“ H 10-20 N
[1/ 5] O
o
6. 10%-14. 104
(b) H [L/mol 5] /

/_\ HO —— ¢
1-10%-2.10* \

[1f 5]

Figure 4.3: Schematic representation of the rate-determining steps in (a) the
acidic mechanism and (b) the alkaline mechanism.

The rate constants given in Figure 4.3 are taken from [Pin56, Ker60, Dan70,
Hag71, Ski75, Stu81, Con90].
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4.2.2 Rate Constants

The reaction rate depends on the temperature, the pressure and the ionic
strength.

Pohorecki and Moniuk [Poh88] proposed a correlation between the reaction rate
constant and the ionic strength as described in the following.

According to the absolute reaction rate theory, for a reaction between an ion B
having a <charge z and a neutral molecule A, one can write
A+B” < [(AB)’]" - products. According to the Bronsted-Bjerrum equation the
rate constant of this reaction is as follows

k =k° —\\’/A Ye (4.47)
(AB)*

where k° is the rate constant of the reaction in ideal solution and v is the activity
coefficient of the reactants A and B and the activated complex (AB)*.

The activity coefficient of an ion in the liquid phase can be determined from the
Debye-Huckel-Bronsted equation

|Og yion == A Zi)n \/i + Bion l (448)
with zjo, as the charge of the ion, A as the Debye-Huckel parameter and 3,,, as an
ion specific parameter.

The Debye-McAulay equation yields for a neutral molecule
logy, =B, I. (4.49)
Inserting equations (4.48) and (4.49) into equation (4.47) yields
k
log. 5 = [Ba +8s ~Biasy] 12D 1. (4.50)

Experimental results [Poh88] obtained for the rate constant k - of reaction (4.43)

in KOH, NaOH and LiOH solutions in the concentration range 0.5 — 4 kmol/m?
show that equation (4.50) describes fairly well the results of the experiments,
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provided that the apparent value of kgH_ determined by the linear extrapolation of

the results obtained for | > 0.5 kmol/m? is used instead of the real value for kgH_ )

For solutions containing several electrolytes equation (4.50) gives
I K _ b. I 4.51
ng—o—z il (4.51)

with b; = b+ + b, + bg;. bsj and b are the contributions of cations and anions and bg;
is the contribution of the gas in equation (4.51).

Pohorecki and Moniuk [Poh88] proposed to use equation (4.51) for determining
the rate constant k_ of reaction (4.43) in agueous electrolyte solutions and to

neglect the small value obtained for the gas contribution by. For the contributions
of Na* ions they found b, = 0.120 m®*kmol and for the contribution of CI" ions they
found b. = -0.061 m%kmol.

The effect of the concentrations of other ions on the activity coefficients of the
reacting components and thus on the rate constants is called primary salt effect. If
the rate law of the considered reaction contains components involved in other
reactions, their concentrations can depend on the ionic strength, since the
equilibrium constant may depend on the ionic strength. The variation of the
reaction rate due to this is called secondary salt effect.

Correlations for the rate constants

An overview of correlations for the rate constants is given by Glade [GlaO1a].

The rate constant of the reaction CO, + OH - HCOj3; was measured by Pinsent
et al. [Pin56] at temperatures between 0 and 40°C in diluted solutions. The rate
constant was correlated with the temperature according to the Arrhenius equation
with Ea= 55.439 kJ/mol and A= 4.2 [10* L/(mol s):

logk _ =13.635 _28% (4.52)
OH T

where Kop- is in L/(mol s) and T is in K.

The experiments of Pinsent et al. [Pin56] and Nijsing et al. [Nij59] in concentrated
solutions with 1 < 5 mol/kg at 20°C showed that the rate constant increases with
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increasing ionic strength. The increase depends on the type of the electrolyte
solution. For example, the effect of ionic strength in a KCI solution is stronger than
in a NaCl solution of the same ionic strength. No experimental data are available
for the rate of the reaction (4.43) in seawater. Astarita et al. [Ast83b] suggested a
correlation for solutions with ionic strengths up to 7.75 mol/kg and temperatures
between 0 and 110°C. Astarita et al. confirmed the influence of temperature on the
rate constant which was found by Pinsent et al. [Pin56], but they neglected the
effect of the type of the electrolyte solution:

2895

logk _, - =13.635 - +0.081 (4.53)

with kop- in L/(mol s) and T in K.

The rate of the reaction CO, + H,O «~ HCOs; + H* was experimentally examined
by Pinsent et al. [Pin56] between 0 and 38°C:

logk,, , =329.85 -110.54100g T - @ (4.54)

with Koo in /s and T in K.

Since the extrapolation of correlation (4.54) does not yield reasonable results for
higher temperatures, Glade [Gla0O1a] recorrelated the data of Pinsent et al. [Pin56]
and proposed the following expression:

472808

T2

logk,, , =3.71- (4.55)

with ko in 1/s and T in K.

Figure 4.4 shows the ratio of the rate of reaction CO, + OH - HCOj; to that of
reaction CO, + H,O ~ HCO;3; + H" as a function of temperature at different pH
values and different salinities.

As shown in Figure 4.4, both reactions are important in the pH range from 6.5 to
8.5 at 20°C. Reaction (4.40) predominates at lower pH values and reaction (4.43)
becomes more important at higher pH values. The pH range in which both
reactions must be considered shifts to lower pH values with increasing
temperature. At constant temperature and pH value, the ratio of the reaction rates
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rises with increasing salinity, i.e. the influence of the alkaline mechanism becomes
stronger [GlaOl1a].

10000
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100 -

10 -

1_
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Ratio of reaction rates

0.01 ~

0.001 - S =70 g/kg

S =35 g/kg
0.0001 T T T T T T T T
20 30 40 50 60 70 80 90 100 110

Temperature [°C]

Figure 4.4: Ratio of the rate of reaction CO, + OH" - HCO3  to that of reaction
CO, + H,O « HCOs; + H" as a function of temperature at different
pH values and different salinities [GlaOl1al].

The reaction (4.43) predominates at the operating conditions in ME distillers which
have been investigated in this work. For instance, for standard seawater with a
salinity of 35 g/kg and a pH of 8.1, the pH values of the brine were found to be in
the range of 7.8 and 7.6 at brine temperatures up to 70°C in the first evaporator
stage and between 8.1 and 7.9 at temperatures down to 40°C in the last
evaporator stage. Thus, the alkaline reaction mechanism with the rate-determining
step CO, + OH" ~ HCOj3 predominates, particularly at high temperatures.

4.2.3 Reaction Time

The rate-determining steps of the acidic and the alkaline mechanisms are as
follows:

CO, +H,0 Hkﬁ*@» HCO; +H", (4.56)
-H20
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k . _
CO, +OH™ - [PHl. HCO;. (4.57)
-OH~

The average reaction time of reaction (4.56) is given by

1

/r

Kimo +K_ o |HCO3 ]+

trH0 =

1. (4.58)
LH])

The average reaction time of reaction (4.57) can be expressed as

- R
o Tk leofon T, o

It was expected that for higher pH values the time of the reaction (4.56) would be
in the order of the slower reaction. However, Zeebe et al. [Zee99] showed that the
reaction (4.56) should be coupled with the dissociation reaction of water (4.5). The
time constant of the coupled system is about 500 times larger than the estimated
reaction time of the hydration of CO,. Simplified formulae for the reaction times of
the reactions (4.56) and (4.57) have been suggested as follows [Zee99]

1
tri.0 = %, (4.60)
’ kH20 +k-H20|.H+J
P SR . (4.61)
ROH™ k| OH™|+k
OH - OH
The rate constant of the backward reaction (4.56) can be written as
Kiiyo
K_hpo = —ar - (4.62)
Kl
Inserting equation (4.62) into equation (4.60) yields
1
tRip0 = : (4.63)

T i L
2 wa

The rate constant of the backward reaction (4.57) is given by
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k SwW
k =9 - _ d(L. (4.64)
-OH K OH wa

Inserting equation (4.64) into equation (4.61) yields

tR,OH_ - swl )
Ko % + [ OH_]H

Figure 4.5 shows the reaction time of reaction (4.57). The reaction time decreases
with increasing temperature, pH and salinity.

(4.65)
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Figure 4.5: Reaction time of reaction CO, + OH~ «-kEPD[EI» HCO;.
-OH™
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5. Model for the Description of the CO, Desorption in ME
Distillers

The desorption of CO, in ME distillers is a complex process involving chemical
reaction kinetics, mass transfer processes as well as phase equilibria at the
brine/vapour interface. In the following, the main principles of the model for the
description of the CO, release and the carbonate system in ME distillers are
presented.

5.1 Description of the Carbonate System in the Final Condenser

A detailed description of the carbonate system in seawater is presented in Chapter
4.,

For the description of the carbonate system in the final condenser, the following
assumptions are made:

* The seawater is in chemical equilibrium at the inlet of the final condenser.

* There is no gas release in the final condenser. The pressure is high enough for
the NC gases to remain dissolved in the brine.

* The brine is well mixed in the final condenser.

 The influence of other reactions than those described in Chapter 4 are
negligible.

e Calcium carbonate and magnesium hydroxide precipitate in negligible
guantities.

In order to find out if the carbonate system in the final condenser is in chemical
equilibrium, the average reaction time and the residence time are compared.

The average reaction times of the rate-determining steps of the acidic and alkaline
mechanisms can be calculated from equation (4.63) and (4.65), respectively.

Assuming that the final condenser is a tube-and-shell heat exchanger, the
residence time tp of the brine inside the tubes can be expressed as

Tt
ntubes Z Cliz L
o= ———— (5.1)
b
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where nypes IS the number of tubes, d; is the inside diameter, L is the length of the
tubes and V, is the brine volume flow rate.

For typical tube bundle dimensions and volume flow rates, the residence time is
between 2 s and 14 s. For seawater with pH = 8.1 and S = 42 g/kg and a final
condenser outlet temperature of 43°C, the reaction times of reactions (4.56) and
(4.57) are 10.3 s and 1.2 s (see Figure 4.4), respectively. Thus, the reaction time
of the predominant reaction (4.57) is lower than the brine residence time. The
reaction can be considered to be in chemical equilibrium.

Assuming that there is no gas release in the final condenser, and neither calcium
carbonate nor magnesium hydroxide precipitate, the total alkalinity TA and the
total carbon dioxide TC of the brine remain constant. If TA and TC are known, the
concentration of H* ions in chemical equilibrium can be obtained from

[H+]3 +(TA+KfW)[H+]2 +[TAKSW +KSW KSW +KEW —TC KfW)[H+]
(5.2)

KT KGT KA A K SW W KW KW —p T KW KSW =0
I_H+J 1 2 1 w 1 2 -

Then the equilibrium concentrations of the species CO,, HCOg3, CO3%> and OH"
can be calculated due to equations (4.32) to (4.35). Since the chemical equilibrium
constants change with the temperature, the concentrations of the species CO,,
HCOs5, COs* and the pH value change, too.

5.2 Description of the Carbonate System in the Evaporator
Stages

When the feed water enters the evaporator stages, the solubility of CO, suddenly
decreases due to the pressure drop. CO; is released into the vapour space above
the brine surface. The release of CO, disturbs the chemical equilibrium in the
carbonate system. To restore it, new CO, is formed by chemical reactions and
released again.

5.2.1 Balance Equations for a Volume Element

For describing the carbonate system of the brine and the CO, release in the
evaporator stages, the liquid film flowing over the horizontal tubes is divided into
volume elements. The size of the volume elements is chosen due to the following
requirements. On the one hand, the volume element must be big enough so that
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the residence time of the brine is higher than the reaction time and the reactions
can occur in the volume element. On the other hand, the volume element must be
so small that the amount of CO, released is lower than the amount of CO, that is
dissolved in the volume element.

As in the final condenser, to find out if the carbonate system in the volume element
is in chemical equilibrium, the average reaction time of the predominant reaction
and the residence time can be compared.

The average reaction time can be calculated due to equation (4.65).

The residence time in the volume element can be calculated from the following
expression:

Ve + V,
tP — fllm. jets (53)
Vb

where Vi is the volume of the water film on the tubes and Vs is the volume of
the water of the falling jets (for determining Vsim and Vies See Chapter 5.2.2.2).

It was found that one volume element should contain three tubes plus the
corresponding liquid jets. In the following, the quantities at the inlet of the volume
element or inside the volume element will be designated with the subscript “i” and
the quantities at the outlet of the volume element or at the inlet of the next volume
element will be designated with the subscript “i+1”".

Precipitation of CaCO3; and Mg(OH), is assumed to occur at negligible rates. Total
alkalinity TA and total carbon dioxide TC at the outlet of the volume element are
calculated by means of mole balances. The total alkalinity TA does not change
with CO;, release, it is only influenced by the evaporation of water:

TA. m,.
TAH_l = : | .b,|

— 2 (5.4)
My; —My;

where m,, is the brine mass flow rate and m, is the vapour mass flow rate.

Total carbon dioxide TC is affected by both, the evaporation of water and by the
release of COy:

TC; mb,i - NCOZ,i

TC,y = (5.5)

v,
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where N002 is the molar desorption rate of CO,.

After determining the two quantities, total alkalinity and total carbon dioxide, the
remaining quantities CO,, HCO3 and CO3? as well as the pH can be calculated by
applying the law of mass action due to equation (5.2) and equations (4.31) to
(4.35).

5.2.2 Coupling of Mass Transfer with Chemical Reaction

For describing the chemical desorption process, a differential volume element of
liquid at the gas/liquid phase interface is considered. A mole balance on the
component i leads to the following differential equation that describes the
concentration field of this component. It represents the phenomenon of
simultaneous diffusion and chemical reaction:

2 2 2
9% DE’ S‘ +9 cz:‘ +9 CZ:‘ E — Uy 9 -u, oG, -u, o rn (5.6)
ot ox® o0y® 0z ox ay 0z -
accumulation molecular transport convective transport reaction

where x is the coordinate perpendicular to the phase interface, y is the coordinate
in mainstream direction and z is the coordinate crosswise to it. uy, uy, and u, are
the velocity components in the coordinate directions, and r; is the reaction rate.

If the bulk of the liquid is well mixed, equation (5.6) needs to be integrated over the
region near the gas/liquid interface. Equation (5.6) simplifies considerably for
hydrodynamic conditions such as those assumed in the film theory, penetration
theory and surface renewal theory. In fact, for all models the terms of the
convective transport as well as the molecular transport in y and z directions are
dropped.

In many cases of mass transfer with chemical reaction, attempts have been made
to identify the more reliable of the film model, the penetration model and the
surface renewal model. For describing the rate of gas absorption or desorption in
the presence of chemical reaction, only small differences exist between the
models once the same value for the purely physical mass transfer coefficient is
assumed. In fact, the accuracy of available experimental data is often insufficient
to discriminate between the three models which do not usually differ by more than
a few percent. Significant differences appear only when the reactants have greatly
different diffusion coefficients [Car87].
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Figure 5.1 shows the enhancement factor E determined by the film theory (solid
lines) and the surface renewal theory (broken lines) versus the mass transfer
coefficient for a reversible first-order reaction with the rate constant k; as
parameter. It is assumed that the diffusion coefficients for the components are
equal. The maximum deviation of the film theory from the surface renewal theory
for a rate constant ky = 100 s™ is 8%.

1000
~— . — Film Theory

L k; =100 s
s - - - Surface Renewal Theory
5 100
@
LL
c
D)
=
D)
(8]
C
I
<
C
L

Mass Transfer Coefficient k°, [m/s]

Figure 5.1: The enhancement factor E determined by the film theory (solid lines)
and the surface renewal theory (broken lines) versus the mass
transfer coefficient for a reversible first-order reaction with the rate
constant k; as parameter. It is assumed that the diffusion coefficients
for the components are equal.

5.2.2.1 Governing Equations for Mass Transfer with Chemical Reaction
For describing the release of CO,, an infinitesimally small volume element of brine

at the gas/liquid interface is considered. The chemical reactions in the volume
element can be summarised as follows:

Ky

CO, +OH" —> HCO3, (5.7)
K
kz

HCO; +OH™ _—= CO3 +H,0, (5.8)

Ko
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CO, +H,0 ——= HCO; +H", (5.9)
= o i

H,O <, H* + OH". (5.11)

Applying the film theory, the transient term, the convective transport terms as well
as the molecular transport terms in y and z direction in equation (5.6) are dropped.

Applying equation (5.6) to each of the six species CO,, HCO3, COs*, H*, OH and
H.O yields the following non-linear differential equations:

2

T = (leOH‘ Ceo, _k_chcog )+ (k3CH20C002 _k_SCHcog CH*) (5.12)

dzCHco
HCOs  (dx?2 (k CHco leOH‘CCOz)+(k2COH'C .k ZCCOZ = °)+ (5.13)
(k_3CH+ CHco; _kaccoz CH20)+ (k4C -k zlcco2 Cy )
oo | e )
DCO%’ dx?2 = k_ZCHzOCcog’ _kZCOH’ CHco K C C003 k4CHco; (5'14)
d*C,.. ( ) ( )+
DH+ prve; k C H+ _kgccochzo + k_4C(:o§’CH+ _k4CHCO§ (5.15)
(k_5COH_ CH+ _k5CH20)
d’C,,,
Do dxcz)H :(klccoz Con 7K_ CHCO3) (k2CHcogCOH- _k_ZCcog‘CHzO)+ (5.16)
(k_5CH*COH’ _k5CHzO)
d2C
0 Ty — (k Cco2 Ch.o _kZCHco;COH’)-'- (kSCCOzCHzO _k_SCHco;CH*)+ (5.17)

(KsCho —k sC,.Cy, ).

At the phase boundary at x = 0 it is assumed that
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» the concentration of dissolved CO; is in physical equilibrium with the gaseous
phase,

« no concentration gradients of the non-volatile species HCO3, CO3*, H" and
OH’ exist and

* the concentration gradient of water is proportional to the evaporation rate.

At the other boundary at x = & it is assumed that the concentrations of the

components are equal to the respective concentrations in the bulk of the liquid.
The boundary conditions can be summarised as follows:

Et:coz =Ccoypn

U
MC._ _
[Jigc% =0 Bccoz =Cco,8
o A
C ,_ HCO3 HCO3 B
0 "cof” g u _
H dx 5 Epcog‘ "~ Tco2 B 5.18)
x=0: O X=0: _ 5.18
[_dCH+ -0 BCH" - CH+,B
0 dx —
EPC EPOH_ " ToH B
OH™ _ _
O ax 0 %HZO =Ch08-
il
CICHZO _
gDHzo d—X - nH20'

As described in Chapter 4.2.1, the rate-determining step in the alkaline
mechanism (reaction (5.7)) predominates in the pH range prevailing in ME
distillers, particularly at high temperatures (see Figure 4.4).

If the OH ions are present in excess so that their concentrations in the boundary
layer at the gas/liquid interface are not considerably changed by the reaction and

can be assumed to remain constant, reaction (5.7) can be considered to be
pseudo-first order as follows:

co, *Ej_ﬂl HCO; (5.19)

where the rate constant of the forward reaction is

k=k_ _C__ . (5.20)
OH OH B
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It was found that in bicarbonate-carbonate solutions the concentration of OH" ions
in the boundary range can be considered to remain constant, if the following
condition is fulfilled [Dan66, Dan70]:

* H 1 HH Do, sw Ki Copp- H
(CCOZ’B _ CCOZ,Ph)Ebcoé‘,B _CHcog,B HD . ? - _1D<<1' (5:21)

kp 0

Under the operating conditions of the reference ME distiller which has been
investigated in this work the condition given by equation (5.21) is fulfiled and
reaction (5.7) is considered to be a pseudo-first order reaction as represented by
equation (5.19).

The complex differential equations of the system can be reduced considering only
CO; and HCOg3 species as follows

2
DCOZ% = K Ceop =K1 Gy
(5.22)
dzcﬂ =k,C___-kC
HCO3  (x2 ~ "1 ¥hcoz ! TCO2-

The boundary conditions at the gas/liquid interface at x = 0 and at the other edge
of the film layer at x = d are given by

[C.,. =C;
[~ C02 COy Ph 5%02 :CCOZ,B
x=0: [dc _ X=0: _C (5.23)
] HCOs %Hcog ~ “Hco3B’
O dx

As for the CO, release in MSF distillers [GlaOla], the solution of the differential
equations for the CO, desorption rate is a very complex term [Hua65]:

H
o) COZBH
HC 3B O
h 1+ —
€08 Eﬂ % (5.24)
he 1 H
tanh%a 1+— KD H
Ha /1+—
K D

H
(1+D K) (CCOZ,B - Cco,, Ph) El
i

Nc02 =k{ Ap

1+DK

A
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with the Hatta number

Ha = \/kl Deo,.sw

: (5.25)
kP
the equilibrium constant K of the pseudo-first order reaction (5.19)
KSW leq
K = K;W [OH ] : (5.26)
W
and the ratio of the diffusion coefficients of HCO3 and CO; in the brine
D _
D = _HCO3SW (5.27)
Dcoz,sw

Danckwerts and Sharma [Dan66] indicated that for technical purposes it can be
assumed that the diffusion coefficients of different gases and ions in aqueous
solutions, except for H" and OH" ions which have higher diffusion coefficients, can
be considered to have similar values. Thus, in the present work it is assumed that

DHco;,sw = Dcoz,sw :
5.2.2.2 The Phase Interface Area

Horizontal tube evaporators, where condensation takes place inside horizontal
tubes while an evaporating film flows over the outside of the tube banks, are
extensively utilised in chemical process industries and in desalination. Such heat
exchangers are characterised by high heat transfer coefficients at low feed rates
and small temperature differences.

Both the phase interface area and the mass transfer coefficient (see Chapter
5.2.2.3) depend on the hydrodynamics of the liquid film flowing over the horizontal
tubes. Therefore, the main quantities which are usually used to describe the
hydrodynamics of falling films are introduced in the following.

The liquid mass flow rate flowing over one side of the tube per unit tube length can
be expressed as

= —. (5.28)
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The liquid mass flow rate flowing over both sides of the tube per unit tube length is
given by

m
T (5.29)

Different definitions of the film Reynolds number can be found in literature [Koc88,
Mit90]:

. Re=—, (5.30)
U

I Re="2 (5.31)
U

. Re=2T1 (5.32)
M

The mass flow rate per unit tube length defined by equation (5.28) and the
Reynolds number defined by equation (5.32) will be used in the present work.

The phase interface area for CO, release consists of three parts: the surface area
of the brine being distributed onto the first tube row, the surface area of the brine
flowing over the tubes and the surface area of the concentrated brine collected at
the bottom of the evaporator. The following analysis puts the main focus on the
surface area of the brine flowing over the tubes.

The phase interface area is the sum of the surface area of the liquid film on the
tubes plus the surface area of the liquid between the tubes.

When a liquid film is falling on a bank of horizontal tubes, basically three different
flow patterns of liquid flow between the adjacent tubes can be observed: droplet
dripping, liquid columns (jets), and liquid sheets [Mit90]. Figure 5.2 shows the
three distinctive patterns.

The flow rate, the tube spacing, and the physical properties of the liquid determine
the flow pattern [Mit90]. The droplet dripping usually appears for a lower flow rate
and larger tube spacing. This flow pattern changes at first to the liquid columns
and then to the liquid sheets when the flow rate increases and/or the tube spacing
decreases.
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There are not well-established flow pattern transition criteria that can be used to
predict transition boundaries in terms of characteristic parameters, such as flow
rate, tube spacing, and fluid properties. Experimental observations of Moalem et
al. [Moa76], Ganic and Roppo [Gan80], Mitrovic [Mit90] and Przulj and Ganic
[Prz90] indicate that the transition between dripping and liquid columns occurs at
Re = 100-200, whereas the transition from liquid columns to continuous liquid
sheet occurs at Re = 315 — 600.

)

Figure 5.2: Pattern of liquid flow between the adjacent horizontal tubes:
a) droplet dripping, b) liquid columns (jets), and c) liquid sheets

In ME distillers the brine flow rate per unit tube length is assumed to be between
N = 0.025 and 0.07 kg/(s m) at temperatures between 40°C and 70°C
corresponding to Re ranging from 150 to 700. This indicates that at the lower flow
rates the transition from droplet dripping to liquid columns may occur and that at
the higher flow rates liquid columns (jets) can be assumed to predominate.
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The phase interface area with regard to one horizontal tube row can be expressed
as

Aph = Afim t Aess (5.33)

where Asim IS the surface area of the liquid film on the tubes of one tube row and
Ajes Is the surface area of the liquid jets between adjacent tubes.

The surface area of the liquid film on the tubes can be evaluated using the
following equation:

Afilm =2 T[(ro + 8f)L rlrow ’ (5-34)

where r, is the outside tube radius, &, is the average film thickness on the tubes, L
is the tube length, and n.,, is the number of tubes in the horizontal tube row.

For small flow rates and Re = 200, the local film thickness & along the perimeter of

the tube is predicted sufficiently well by the Nusselt [Nusl16] solution which
neglects inertia forces [Koc88],

5(0) = 31/35—1.” (5.35)
gp-sind

where ¢ is the peripheral angle.

The average film thickness on the tube is given by

I
5 =+ [5do = 134 B, = (5.36)
T O 20

Kocamustafaogullari and Chen [Koc88] proposed a correlation for the film
thickness at higher flow rates.

In the frame of this work, only the case of liquid jets between the tubes is
considered. The surface area of the jets between the tubes can be estimated by

=mtd._. Sn..n

Ajers jet jets Nrow (5.37)
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where Hjet is the mean diameter of the jet, S is the vertical spacing between the

adjacent tubes, njs is the number of the liquid jets between the adjacent tubes,
and ny is the number of tubes in the horizontal tube row.

Mitrovic [Mit90] studied the heat transfer and the hydrodynamics of liquid films
flowing over horizontal tubes. He found that the diameter di; of the jet primarily
depends on the distance z from the tube bottom line, the mass flow rate per unit
length and the liquid properties (density, surface tension, viscosity):

di, =f (z, r,p oW g). (5.38)

Mitrovic proposed the following correlation for the diameter of the jet between the

tubes:
1
2
Ay =2.73 E%ﬁ Ka%?% Re%* Gaj %7 (5.39)

with the Kapitza number

Ka=2 P (5.40)

Ga, =92 (5.41)

and the Reynolds number Re.

The average jet diameter can be calculated from
1 S
di, = g‘([djetdz. (5.42)

The integration can be evaluated over the spacing z = S as follows

1
= 4. 21@%@ %1% Re% Gag 1V, (5.43)
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Equations (5.39) and (5.43) are valid for water with 0.005 kg/(s m) <T'; < 0.1 kg/(s
m); 20 < Re < 600; 8110 < Ga, < 210°% 5.4010" < Ka < 6.110* and z < 30 - 35
mm.

Assuming an even distance A (wavelength) between the jets, the number of jets
can be calculated from the relation

L
Njes =5 (5.44)

Armbruster [Arm94] proposed the following correlation for the wavelength A:

A=0.92A,, (5.45)
where A is the so-called Taylor wavelength.
The Taylor wavelength A is given by [Tay50]

Ay = _2nC, (5.46)

gp, K
o d

where o is the surface tension of the liquid and d, is the outside diameter of the
tube. C, and K are constants depending on the film thickness and the geometry of

the heat transfer surface. Armbruster [Arm94] proposed C, = /2 for thin films and
K = 2 for cylinders.

The phase interface area was calculated for a multiple-effect distiller with typical
dimensions and operating conditions (see Tables 6.1 and 6.2 in Chapter 6).

The ratio of the phase interface Apy, to the heat transfer area Ayt in the reference
distiller can be expressed as

Aph — 2([‘0 +8f)L + ajets S r]jets

(5.47)
Agr 2r, L

The ratio is shown in Figure 5.3.

Equation (5.47) yields a phase interface area that is about 11 % larger than the
outside tube surface area of the reference distiller when the tube spacing is S =
0.3 [do. App, slightly decreases from the first to the last stage.
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Figure 5.3: The ratio of the phase interface area Apy, to the heat transfer area Ayt
in the reference ME distiller

The volume of the water film on the tubes Vs, and the volume of the water of the
falling jets Vjets can be calculated due to the following equations:

Viim = élg (do + 28f )2 L - ;dg Lgnmw’ (5.48)

T[ J—
Vjets = Z djzets S njets Nrow - (5-49)

5.2.2.3 The Mass Transfer Coefficient

Transport characteristics of films flowing over horizontal tubes strongly depend on
the hydrodynamics. Except at very low film Reynolds numbers with the flow being
laminar, liquid films develop an interfacial wave structure which increases heat and
mass transfer rates above those obtained for smooth liquid film flows. The
increase in heat transfer is attributable to the presence of interfacial waves which
provide a greater heat transfer surface and, more importantly, agitate the liquid
film. With increasing flow rate and Reynolds number, the wavy laminar flow
changes to the turbulent flow [Koc88].
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Assuming that the transition from laminar flow to wavy laminar flow will be similar
to that on vertical surfaces, Kapitza [Kap65] proposed the following critical

Reynolds number:
1

Re., =2.43Kall. (5.50)

crit
Due to Chun and Seban [Chu71] the transition to turbulent flow occurs at

Re_; =5800Pr % (5.51)

crit

For horizontal tube evaporators in seawater desalination, the brine mass flow rate
over one side of the tube per unit length is kept in the range between 'y = 0.025
and 0.07 kg/(s m) which results in the film flow being wavy laminar.

It was found that the liquid-side mass transfer in falling films can be described by
six independent variables which can be summarized as follows [Bak76]:

fk, @3, L, D v, g)=0 (5.52)

where U is the average film velocity, 8, is the average film thickness, L is the film

length, D is the diffusion coefficient in the film, v is the kinematic viscosity and g is
the gravitational acceleration.

The six variables can be combined in the following dimensionless numbers:

kO 2 }
Sh=—-L ﬁ , (5.53)
D g
Re=Y0 (5.54)
V
V
Sc=, 5.55
5 (5.55)
3
Ga= Lf—zg (5.56)
\Y)

with L, = T[:" for the film length on horizontal tubes.
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The liquid-side mass transfer can be described in terms of these dimensionless
numbers as follows:

sh =f(Re, Sc, Ga). (5.57)

Despite the importance of horizontal tube evaporators, information for predicting
mass transfer coefficients is still limited, particularly for higher temperatures and
evaporation conditions. A number of experimental investigations have been
performed to predict the mass transfer rates across falling films on horizontal
tubes. Different test liquids, Reynolds number ranges, tube spacings and hence
flow characteristics were examined. There are large differences among the
experimental results obtained by different researchers. Kiyota et al. [Kiy98]
showed the monotonous decrease in the mass transfer coefficient with Re
whereas other researchers showed the increase in the mass transfer coefficient.
Sideman et al. [Sid78] claimed a large change in the mass transfer coefficient with
the flow behaviour between tubes whereas Wassenaar [Was96] did not. Recently,
Nosoko et al. [Nos02] experimentally investigated falling water films on horizontal
tubes in a vertical row and the associated gas absorption. For tube spacings
between 10 mm and 15 mm and Reynolds numbers between 40 < Re < 600, they
proposed the following power law correlation:

Sh = 0.01144 Re%® 5c0° (5.58)

with the Sherwood number

_ ki oy
D.

Sh (5.59)

where & is the thickness of the water film at 90° from the top of the horizontal
tubes according to equation (5.35), and the Schmidt number Sc defined by
equation (5.55).

Nosoko et al. [Nos02] performed the experiments only for a narrow range of film
temperatures, namely T = 18 — 23°C. Owing to a lack of data for evaporating water
films another approach was tested. Mass transfer was described in analogy to
heat transfer.

The heat transfer to evaporating liquid films on a single horizontal tube was
experimentally and theoretically studied by a number of workers [Chu71, Moa76,
Rog81, Par82, Koc88]. The heat transfer problem for evaporating liquid films
flowing across a tube bundle has not been fully explored. Between-tube



56 5. Model for the Description of the CO, Desorption in ME Distillers

evaporation as well as tube spacing, both of which affect the heat transfer
behaviour of an entire tube bundle, is not yet fully understood.

It is assumed that there is no nucleate boiling in the film and that only surface
evaporation occurs. Chun and Seban [Chu71] proposed a correlation for the heat
transfer to evaporating liquid films on the outside surface of a vertical tube in
laminar flow:

|
Wl

Nu =1.1006 Re (5.60)

Laminar wavy flow will reduce the average film thickness and thus improve the
heat transfer compared to laminar flow. The increase of the heat transfer to
evaporating liquid films on vertical plates in wavy laminar flow is described
similarly to the effects of surface waves on condensation due to Zazuli [Kut63] as
follows:

Nu=0.822 Re %%, (5.61)

Taking the film thickness along the perimeter of the horizontal tube into account,
Arzt [Arz84] proposed a correlation for the heat transfer to evaporating liquid films
on a horizontal tube in wavy laminar flow:

1
ELQ =0.673 Re %% (5.62)

where h is the film heat transfer coefficient and k is the thermal conductivity.

~| =

Chilton and Colburn [Chi34] reported that the mass transfer coefficient can be
determined by applying the modified Reynolds analogy (Chilton-Colburn analogy)
to heat transfer not only for flow inside tubes, but also for flow across tubes and
tube banks and flow over plane surfaces.

According to Chilton-Colburn analogy [Wel01] the heat transfer coefficient h can
be expressed as

h:kfpc

bl

2
CH (5.63)
ro

Cp M

where ¢, is heat capacity of water and Pr is the Prandtl number, Pr =



5. Model for the Description of the CO, Desorption in ME Distillers 57

Equations (5.62) and (5.63) yield

kO 2 2 1 _1
sh="1 ELE =0.673Re %22 Sc3Pr 3, (5.64)
g

Figure 5.4 presents the comparison between the mass transfer coefficients
calculated on the basis of equation (5.58) and equation (5.64).

10 -

70°C

| 60°C
- e ———
///;/( Equation (5.58)

14 po—s 70°C
:\ 40°C 50°C

Equation (5.64)

Mass transfer coefficient k,° x 10*[m/s]

O.l T T T T T
0.02 0.03 0.04 0.05 0.06 0.07 0.08
Half mass flow rate per unit tube length [kg/(m s)]

Figure 5.4: Comparison of mass transfer coefficients for water films flowing over
horizontal tubes as a function of the half mass flow rate per unit tube

length at various temperatures calculated on the basis of equations
(5.58) and (5.64)

The mass transfer coefficients predicted with equation (5.58) are from 2 to 8 times
higher than those predicted with equation (5.64). Furthermore, equation (5.58)
yields an increase in the mass transfer coefficient with increasing mass flow rate
per unit tube length whereas equation (5.64) predicts a decrease.

The mass transfer coefficient is expected to increase with half flow rate per tube
length; i.e. with increasing Reynolds number [Wel01]. DeMontigny et al. [deMO01]
presented parametric studies of carbon dioxide absorption into highly concentrated
monoethanolamine solutions in packed columns. Their results indicate that the
overall mass transfer rates can be improved by increasing the liquid flow rate.



58 5. Model for the Description of the CO, Desorption in ME Distillers

Raisul Islam et al. [Isl04] showed that the overall Nusselt number and the
Sherwood number for falling films on horizontal tubular absorbers increase with
the film Reynolds number.

5.2.2.4 Equilibrium at the Phase Interface

For the determination of the CO, concentration in the brine at the phase interface,
the following assumptions are made:

» Physical equilibrium prevails at the phase boundary.

» The partial pressures and the concentrations of the NC gases are sufficiently
small in order to apply Henry’s law.

* The deviation of the thermal equation for the state of the NC gases and the
water vapour from that for ideal gases is negligible at the low pressures in ME
distillers.

* The released gases are removed continuously with the ascending vapour so
that no accumulation occurs in the gas phase over the brine.

According to Henry’'s law, the CO, concentration in the brine at the free liquid
surface in the volume element i is proportional to the CO, partial pressure in the
gaseous phase over the liquid:

Ceo,pni =Hcopsw BPeo,; (5.65)

The CO, partial pressure in the gaseous phase over the free liquid surface in the
volume element i is

N
Peoyi = —< 2Py, (5.66)
Nv,i

where N, ; is the molar flow rate of the vapour in the volume element i and Py is

Vi

the water vapour pressure.

The partial pressure of vapour over the free liquid surface results from Dalton’s law
as follows

Pvi =Ptot ~Pcoyi PNy TR0y TPAr (5.67)

where P, Pn,,» Po,i @and puare the total pressure, Ny partial pressure, O

partial pressure and Ar partial pressure, respectively.
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By inserting equation (5.67) into equation (5.66), the partial pressure of CO; in the
gas phase over the free liquid surface can be obtained as follows:

_ Ncoz,i (ptot ~Pnyi T Poy; _pAr,i)

.= - - 5.68
Pco,, Ny, +Neo,. ( )

In this work the feed water is considered to be degassed. Thus, the residual
concentrations of N, O, and Ar are negligible.

5.2.2.5 The Reaction Regimes in the Evaporator Stages

Depending on the Hatta number Ha and the chemical equilibrium constant K, a
number of asymptotic solutions of equation (5.24) can be found [Ast67, Dan70].

The chemical equilibrium constant K was calculated to be between 80 and 250.
When using equation (5.58) for the mass transfer coefficient, the Hatta number is
calculated to be between 0.3 and 1, i.e. desorption takes place in the transition
regime from slow to fast reaction. Mass transfer and chemical reactions
simultaneously take place in the boundary layer at the phase interface. The bulk of
the brine is in chemical equilibrium. The chemical rate constant becomes more
important and the mass transfer coefficient less important in the correlation for the
CO; release rate. Equation (5.24) approaches to

(1+K) (Ccoz B C002 Ph)
tanhE—! 1@
\/ K
Ha 1/1+1
K

Mass transfer is slightly enhanced by the reaction.

(5.69)

. — L0
Nc02 =KL Apy

When using equation (5.64) for the mass transfer coefficient, the Hatta number is
found to be between 3 and 11, i.e. the desorption of CO, takes place in the fast
reaction regime. Mass transfer and chemical reactions occur in parallel in the
boundary layer at the phase interface. The bulk of the brine is in chemical
equilibrium. In the fast reaction regime, the influence of the mass transfer
coefficient on the desorption rate is negligible. Equation (5.24) approaches to

N002 = \/lecoz Apn (CCOZ,B _C*COZ,Ph) . (5.70)
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In the fast reaction regime, the mass transfer is enhanced by the reaction. The
enhancement factor can be approximated by E = Ha .

Figure 5.5 shows the enhancement factor E as a function of the Hatta number for
different values of K. The enhancement of the mass transfer by chemical reaction
may be very large, up to two orders of magnitude or even more.
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reaction
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reaction regime
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Enhancement factor E
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Figure 5.5: The enhancement of the mass transfer by the chemical reaction as a
function of the Hatta number for different values of the chemical
equilibrium constant K and equal diffusion coefficients of the reacting
species, i.e. Dg /Da. =1.

The mass transfer coefficient is calculated from equation (5.58) because mass
transfer is expected to increase with half mass flow rate per unit tube length
[Wel01, deMO1, Isl04]. Furthermore, equation (5.58) is used in order not to
underestimate when predicting CO, release because it leads to higher CO,
release rates than equation (5.64). The CO, release rates depending on equation
(5.58) are from 1.6-2.6 times higher compared to the release rates depending on
equation (5.64). The CO; release rates are calculated due to equation (5.24).

Since the rate enhancement factor E and the solubility of CO, in seawater are
relatively low, the liquid-side mass transfer controls the desorption process, as
assumed in the approach. The mass transfer resistance in the gas phase can be
neglected.
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6. Simulation of the CO, Release and the Carbonate
System in ME Distillers

A computer program in C++ was written for simulating the CO, release. The
program was used to calculate the CO, release and the concentrations in the
carbonate system for a reference distiller at various operating conditions. A
reference distiller with 5 effects and typical dimensions according to the
configuration shown in Figure 2.1 was chosen. The main dimensions of the
reference distiller are summarised in Table 6.1.

Dimension Symbol |Unit Final Condenser |Effects
Number of effects 5
Number of tubes Niube 3400 9135
Length of the tubes Liube m 7.0 7.0
Tube outside diameter | d, m 0.025 0.028
Tube inside diameter |d m 0.023 0.026
Spacing S m 0.0084

Table 6.1: The main dimensions of the reference distiller.

The process data of the ME distiller for the reference operating condition are given
in Table 6.2.

The concentration factor given in Table 6.2 is defined as the ratio of the salinity of
the blow-down flow to the salinity of the feed water flow. Assuming that the salinity
of the distillate is negligible, the concentration factor correlates the mass flow rates
of the feed water and the blow-down as follows

Me - Me 6.1)
S Mgy Mg —Mp

CF = SBD = r.nF

In the following the computer program is described and simulation results are
discussed.
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Parameter Symbol Unit Value
Seawater temperature Tsw °C 30
Temp. at final condenser outlet | Tec °C 43.2
Evaporation temp. 1% stage T °C 64
Evaporation temp. 2" stage T, °C 60.3
Evaporation temp. 3 stage Ts °C 56.8
Evaporation temp. 4™ stage Ty °C 53.4
Evaporation temp. 5™ stage Ts °C 49.9
Seawater mass flow rate Mgy kgls 967.6
Feed water mass flow rate me kg/s 369.45
Feed water flow rate per stage me kg/s 73.89
Distillate mass flow rate Mp kg/s 105.55
Vapour mass flow rate per stage | m,, kg/s 21.11
Concentration factor CF - 14
Seawater salinity Ssw o/kg 42
Seawater pH pHsw - 8.1
Seawater total alkalinity TAsw mol/kg 0.00275

Table 6.2: The process data of the ME distiller for the reference operating

condition
6.1 Description of the Computer Program

A simplified flow chart of the computer program for the simulation of the CO,
release and the carbonate system is shown in Figure 6.1.

At first the input data listed in Table 6.3 must be entered.

The program starts to calculate the concentrations of HCO3, CO3%, and CO, as
well as the total carbon dioxide TC in seawater at given pH, alkalinity, salinity and
temperature of the seawater. Then the concentrations of HCO3, COs%, and CO,
as well as the pH are calculated at the outlet temperature of the final condenser
according to equations (4.32) to (4.35) and (5.2) under the assumption that TA and
TC stay constant.
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Enter input data given
in Table 6.3
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Calculate the carbonate
system in seawater

\ 4
Calculate the carbonate system
at the outlet of the final
condenser
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»| In = No. of the preheating volume elements
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Calculate the carbonate system
and the CO; release in the volume
elements with preheating
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> J,=No. of evaporating volume elements
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Yes k< K,
No
v
Results

Figure 6.1: Simplified flow chart of the computer code.
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Number of effects

Final condenser:

total number of tubes
inside diameter

Effects:

number of tube rows for preheating
number of tube rows for evaporation
outside tube diameter

tube length

spacing between the tubes

number of horizontal tube rows
number of vertical tube rows

Process data:

Seawater temperature
Feed water temperature at the final condenser outlet
Evaporation temperature in each effect

Seawater mass flow rate into final condenser
Feed water mass flow rate per stage
Vapour mass flow rate in each stage

Seawater conditions:

Seawater salinity
Seawater pH
Seawater total alkalinity

Table 6.3: Input data of the computer program for simulating the CO,, release

Then the carbonate system and the CO, release are calculated from the first to the
final stage is succession. Each stage is divided into volume elements. The CO;
release rate in the volume element is calculated due to equation (5.24). The total
carbon dioxide and the total alkalinity at the outlet of a volume element are
calculated by mole balances according to equations (5.4) and (5.5). The
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concentrations of HCOs5, CO3*, and CO, as well as the pH are determined by
applying the law of mass action according to equations (4.32) to (4.35).

It is assumed that on the upper tube rows (approximately 10 % of the heat transfer
area) of the evaporator the brine is preheated to the evaporation temperature. For
the first volume elements where the preheating occurs it is assumed that the brine
temperature linearly increases from the temperature at the outlet of the final
condenser to the evaporation temperature in the stage. The salinity remains
constant. For the volume elements where the evaporation occurs (approximately
90 % of the heat transfer area) it is assumed that the salinity of the brine linearly
increases from the feed water salinity to the salinity of the brine blow-down given
by the concentration factor. The temperature remains constant.

The CO, release rate in the stage is determined by summation of the CO, release
rates in the individual volume elements.

6.2 The Carbonate System in ME Distillers

The CO, release and the concentrations of the carbonate species CO,, COs%,
HCO3, H" and OH" are calculated following the flow path of the seawater in the
five-effect reference ME distiller.

The specific CO; release in the first stage (grams CO, to the amount of feed water
in tons entering the first stage) of the reference distiller is shown in Figure 6.2.

The specific CO, release increases in the first volume elements where preheating
takes place because the solubility of CO, decreases with rising temperature. After
reaching the evaporation temperature the CO, release begins to decrease. This is
due to the following reasons:

* The total inorganic carbon content decreases and the pH increases due to the
CO; release. Thus, the CO, concentration in the brine bulk decreases. The
CO, concentration at the phase interface decreases because the solubility
drops when the brine is evaporated and the salinity rises. The overall effect is
that the difference between CO, concentration in the bulk and at the phase
interface, the driving force for mass transfer, decreases.

* The mass transfer coefficient decreases, because the flow rate and hence the
Reynolds number decrease due to evaporation.

Figure 6.3 shows the release of CO; in the individual stages of the reference ME
distiller.
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Figure 6.2: Specific CO, release in the first stage of the reference distiller
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Figure 6.3: Specific CO, release in the reference ME distiller
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The release rate in each stage is related to the feed water flow rate entering that
stage. 18.4 g CO, per ton of feed water is released in the first stage and 13 g/t in
the last stage, i.e. 23.6 % of the total CO, release (sum of CO, release in stages 1
to 5) is liberated in the first stage and 16.7 % in the last stage, as shown in Figure
6.4. The specific CO, release decreases from the first to the last stage due to the
following reasons:

« The mass transfer coefficient decreases with decreasing temperature (see
Figure 5.3).

* The CO; concentration in the brine bulk is higher in the first stage than in the
last stage due to the variation of the dissociation constants with the
temperature. The CO, concentration at the phase interface decreases from the
first to the last stage because the pressure in the stage drops. The overall
effect is that the difference between CO, concentration in the bulk and at the
phase interface, the driving force for mass transfer, decreases.
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Figure 6.4: Distribution of CO, release between the stages

The pH and the concentrations in the brine on its flow path through the reference
distiller, i.e. in seawater, at the outlet of the final condenser and at the outlet of
stages 1 to 5 are shown in Figure 6.5. It should be noted that the concentrations
and the pH are shown at the actual temperature of the brine. For the purpose of
illustration, the concentration of CO; is multiplied by a factor of 100.
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At a temperature of 30°C, a pH of 8.1 (at 30°C), a salinity of 42 g/kg and a total
alkalinity of 2.75 - 10 mol/kg, seawater contains 118 mg/kg HCO5  ions, 24 mg/kg
CO5% ions and 0.41 mg/kg CO,. In the final condenser no CO, is released. The
variations of the concentrations and the pH are due to the variation of the
dissociation constants with increasing temperature. The pH decreases from 8.1 in
seawater to 7.9 at the outlet of the final condenser. The HCOs; and CO,
concentrations slightly increase while the COs* concentration is slightly
decreasing.
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Figure 6.5: The concentrations of CO,, CO3*, HCO3 and pH in seawater (SW),
at the outlet of the final condenser (FC) and at the outlet of stages 1
to 5 for the reference operating condition shown in Table 6.2.

When entering the effects, the brine is preheated to the evaporation temperature
on the first tube rows and then it is evaporated. In the volume elements where the
brine is preheated the carbonate system is affected by two opposing factors. The
dissociation constants vary with increasing temperature. The pH and the COs*
concentration tend to decrease, while the HCO3; and CO, concentrations tend to
increase. The second factor is the release of CO,. The pH value increases with the
release of CO,, because the content of carbonic acid decreases. The HCOj3 and
CO, concentrations tend to decrease, while the COs* concentration tends to
increase. The overall effect of these opposing factors is that the pH and the HCOg3’
concentration decrease and the CO3s* and CO, concentrations increase.
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In the volume elements where the brine is evaporated, the carbonate system is
also affected by opposing factors. Due to the evaporation of water the
concentrations of the carbonate species rise. The dissociation constants vary with
increasing salinity. The pH and the CO3" concentration tend to increase, while the
HCO3; and CO, concentrations tend to decrease. Furthermore, CO, is released.
This will raise the pH and the CO3% concentration and reduce the HCO3; and CO,
concentrations. The overall effect of these factors is that the pH and the COs*
concentration increase, while the HCO3  and CO, concentrations decrease.

It should be noted that the pH values shown in Figure 6.5 are so low, because
they refer to the actual evaporation temperatures. If the brine at the outlet of
stages 1 to 5 is cooled down to seawater temperature of 30°C, the pH values will
be higher, as shown in Figure 6.6. CO, release shifts the pH to higher values.
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Figure 6.6: pH values at the actual temperature and at seawater temperature of
30°C for the reference operating condition shown in Table 6.2.

6.3 The Effect of the Top Brine Temperature on CO, Release

The effect of the top brine temperature on the specific CO, release in the
individual stages of the reference distiller is shown in Figure 6.7. The distillate
production was kept constant. The CO, release increases with increasing top brine
temperature due to the following reasons:
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« The mass transfer coefficient increases with rising temperature (see Figure
5.3).

 The difference between CO, concentration in the bulk and at the phase
interface, the driving force for mass transfer, increases with the top brine

temperature.
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Figure 6.7: The effect of the top brine temperature on the specific CO, release in
the individual stages of the reference distiller

Figure 6.8 shows the total CO; release (sum of the CO; release rates in stage 1 to
5) related to the total feed water flow rate for different top brine temperatures. The
distillate production was kept constant. The total CO, release increases from about
14 g CO;, per ton of feed water at a top brine temperature of 60°C to about 18.2 g/t
at 70°C.

As shown in Figure 6.9, between 14% and 18% of the total carbon dioxide TC in
the feed water is released as CO..
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Figure 6.8: The effect of the top brine temperature on the total CO, release in
the reference ME distiller.
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Figure 6.9: Portion of total carbon dioxide TC that is released as CO, at different
top brine temperatures.
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6.4 The Effect of the Concentration Factor on CO, Release

The concentration factor was varied between 1.3 and 1.6. Taking a seawater
salinity of 42 g/kg as a basis, the salinity of the blow-down flow is between 54.6
and 67.2 g/kg. The distillate production and the top brine temperature were kept
constant.

Figure 6.10 shows the absolute desorption rates in the individual stages. The
absolute desorption rates decrease with increasing concentration factor, because
the make-up flow decreases. Thereby the mass flow rate per unit tube length and
the phase interface area are reduced. Additionally, the driving concentration
difference for mass transfer decreases with increasing concentration factor.
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Figure 6.10: The effect of the concentration factor CF on the CO, release rates in
the reference distiller

As shown in Figure 6.11, the desorption rates do not decrease proportionally to
the make-up flow rate. Thus, the specific CO, release increases with increasing
concentration factor.
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Figure 6.11: The effect of the concentration factor CF on the specific CO, release
in the reference ME distiller

6.5 The Effect of the Seawater Temperature on CO, Release

Figure 6.12 shows the effect of the seawater temperature on the CO, release in
the reference distiller.

The release of CO, increases with decreasing seawater temperature. The
solubility of CO; increases with decreasing temperature. More CO; is dissolved at
low seawater temperatures and the total carbon dioxide content TC is higher. Thus
the CO, concentration in the liquid bulk is higher and the concentration difference
between bulk and phase interface, which is the driving force for mass transfer, is
higher.

6.6 The Effect of the Seawater pH on CO, Release
Figure 6.13 shows the specific CO, release in the individual stages of the

reference distiller at different pH values of the seawater. The specific CO, release
increases with decreasing pH.
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Figure 6.12: The effect of the seawater temperature on CO, release in the
reference ME distiller
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Figure 6.13: The effect of the pH of seawater on CO, release in the reference ME
distiller
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At low seawater pH values more CO, dissolved in seawater and reacted to
carbonic acid which dissociated into HCOs; and COs* ions. Therefore, the total
carbon dioxide content is higher. Moreover, the fraction of the total carbon dioxide
that is present as molecular CO, is higher at low pH values. The CO;
concentration in the bulk flow and thus the driving concentration difference for
mass transfer increase with decreasing pH value of the seawater. Therefore, more
CO; is released.

6.7 The Effect of the Seawater Salinity on CO, Release

The specific CO; release in the reference distiller at different seawater salinities is
shown in Figure 6.14.
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Figure 6.14: The effect of seawater salinity on the CO, release in the reference
ME distiller

Different from the effect of the concentration factor, the absolute CO, release rates
as well as the specific CO, release increases with increasing salinity. This can be
attributed to the following reasons:

* The total alkalinity TA increases with increasing salinity (equations (4.46) and
(4.47)). At constant pH the total carbon dioxide content TC increases. Thus,
the CO, concentration in the bulk flow increases.
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« The Henry’'s law coefficient decreases with increasing salinity. The CO
concentration in the brine at the phase interface decreases. Since the
concentration in the bulk increases and the concentration at the phase
interface decreases, the driving concentration difference for mass transfer
increases.

6.8 A Comparison of CO; Release in ME and MSF Distillers

In the MSF process, seawater is heated in a heat exchanger called “the brine
heater” by passing the seawater into a bank of tubes. The seawater is heated with
steam coming from an external source. This heated seawater then flows into a
flash chamber where the ambient pressure is reduced. The sudden introduction of
the heated water into the chamber causes it to boil rapidly, almost exploding or
flashing into steam. The water vapour generated by flashing is converted to fresh
water by being condensed on tubes of heat exchangers that run through the stage.
The tubes are cooled by the incoming feed water going to the brine heater. This, in
turn, warms up the feed water so that the amount of thermal energy needed in the
brine heater to raise the temperature of the seawater is reduced [BurOO0]. In
common MSF distillers, a series of stages working at increasingly lower pressures
is used.

Two different process configurations can be differentiated. In once-through
distillers, the concentrated brine from the last stage is discharged to the sea. In
recycle distillers, a portion of the concentrated brine from the last stage is mixed
with the feed water.

When the brine enters the first flash chamber in MSF distillers, due to the sudden
reduction of the CO, partial pressure, CO, is released into the vapour space. The
released CO; is drawn from the distiller vents together with O, and N still present.

Based on data provided from different MSF plant manufacturers, Ludwig and
Hetschel [Lud90] reported that CO, release in MSF recycle distillers varies
between 20 to 40 g CO, per ton feed water (average values given by three
different manufacturers) when the top brine temperature increases from 80 to
110°C. Based on experimental investigations at two MSF recycle distillers in the
Arabian Gulf and on simulation results obtained from an analytical model Glade
[Gla99b, GlaOla, Gla02] reported that 21.9 to 32.3 g/t CO; is released in recycle
distillers and 12.8 to 22.6 g/t in once-through distillers when the top brine
temperature increases from 80 to 110°C.

Figure 6.15 shows a comparison of the CO, release in ME and MSF distillers. The
specific CO, release in ME distillers is lower than in MSF distillers because the top
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brine temperatures in ME distillers are lower than in MSF distillers. As shown in
Figure 6.15, both in ME and in MSF distillers the CO, release increases with
increasing top brine temperature.
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Figure 6.15: A comparison of the specific CO, release in ME and MSF distillers.
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7. The Role of CO, Release in Scale Formation

The formation of scale on heat transfer surfaces reduces the heat transfer. When
deposits build up inside tubes, a restriction to fluid flow results. If scale continues
to build-up in boilers until heat transfer is so low that the metal overheats, it may
permit the tube to rupture under the operating pressure.

Alkaline scale consists of calcium carbonate and magnesium hydroxide separately
or in mixtures. One of the characteristics of these two compounds is that they
possess "inverse solubility”, i.e. the solubility of CaCO3z; and Mg(OH), decreases
with increasing temperature.

The following mechanism for alkaline scale formation was proposed by Hillier
[Hil52] and modified by Langelier [Lan54] and reported by Ellis [EII71]:

2HCO; @ CO, +CO% +H,0 (7.1)
Ca* +CO% ~ CacCo,. (7.2)

CaCOg; is often reported [Al-S97] to precipitate in favour of Mg(OH), at low
temperatures (i.e. 40 to 80°C).

At higher temperatures (i.e. 80 to 110°C) [Al-S97] the rate of carbonate hydrolysis
increases and the pH increases with the release of CO, and this leads to the
formation of magnesium hydroxide due to

CO%¥ +H,0 » CO, +20H" (7.3)
Mg?" +20H™ « Mg(OH), . (7.4)

Equation (7.1) is the net reaction of the predominant alkaline mechanism in the
carbonate system (see Chapter 4.2.1) and it is driven to the right direction with the
release of CO,. This is the first step of scale formation. The second step is the
transport of the cations and the anions to the nuclei or crystal surface to be
incorporated in. The flow of the brine has an opposing cleansing effect, although it
is often not sufficient to prevent the formation of scale.

The rate of formation of calcium carbonate and magnesium hydroxide in seawater
depends on temperature, pH, concentration of bicarbonate ions, rate of CO,
release, concentration of Ca** and Mg?* ions, and total dissolved solids.
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When calcium carbonate precipitates it can form crystals of various polymorphic
structures, or form an amorphous deposit [AWW98]. There are three polymorphic
forms for CaCOg crystals: calcite, aragonite and vaterite. Their formation depends
mainly on the conditions under which the precipitation occurs, mainly the solution's
temperature. Subsequent transformation, particularly in the case of vaterite, can
occur. Each polymorph is easily recognised by the shape of the crystals it forms:
cubic for calcite, needle-shaped for aragonite and spherically-shaped for vaterite.

Calcite, aragonite and vaterite have different solubility properties. Vaterite being
the most and calcite the least soluble phase over a temperature range between
0°C and 90°C [Pil98]. Calcite and aragonite are the common forms, their solubility
products can be determined with equations (4.25) and (4.26), respectively.

In the following the role of CO, release in scale formation will be described.
Indices indicating the scaling tendency will be presented and applied to the brine
in the reference ME distiller.

7.1 Prediction of Scaling Tendency

Various models and indices such as the Langelier Saturation Index (LSI) and the
Ryznar Stability Index (RSI) have been introduced to infer the scale forming
potential of an aqueous solution from its composition using easily measured
parameters [Lan36, Ryz44]. While LSI is a qualitative index only indicating if the
solution is under-saturated or supersaturated with CaCOs, RSI is a practical
extension of the Langelier Saturation Index based on experience. It attempts to
guantify the relation between CaCOg saturation and alkaline scale formation.

The LSI and RSI can be calculated from the difference between the pH value pHs
of calcium carbonate saturation and the actual pH as follows:

LSI=pH-pHg, (7.5)
RSI=2pH, —pH. (7.6)
The pH value of calcium carbonate saturation is defined as

PHs =pKS" —pKEY +pTA +plca® |, (7.7)

SwW SW

where K, is the second dissociation constant of carbonic acid, Ksp”" is the
solubility product of calcium carbonate, TA is the total alkalinity and [Ca®'] is the
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concentration of calcium ions. The p-function designates the negative logarithm of
that variable.

If a water has a negative LSI value (pH < pHs), it is under-saturated with respect to
calcium carbonate and is potentially corrosive. Conversely, for waters with a
positive LSI (pH > pHs), a protective layer of calcium carbonate can form as the
water is supersaturated with CaCOj3 and the water is scaling. Saturated water has
a LSl of zero (pH = pHs). An evaluation of the LSI is given in Table 7.1.

LSI Value Indication
2.0 Scale forming but non corrosive
0.5 Slightly scale forming and corrosive
0.02 Balanced but pitting corrosion possible
-0.5 Slightly corrosive but non-scale forming
-2.0 Serious corrosion

Table 7.1: Interpretation of the Langelier Saturation Index [Car65].

RSl is a correlation of an empirical data base of scale thickness observed in water
systems to the water chemistry. The Ryznar Stability Index provides a closer
correspondence between calculated predictions and results obtained in the field,
and consequently has replaced the Langelier Saturation Index in many
applications. An evaluation of the RSl is given in Table 7.2.

RSI Value Indication
4.0-5.0 Heavy scale
5.0-6.0 Light scale
6.0-7.0 Little scale or corrosion
70-7.5 Corrosion significant
7.5-9.0 Heavy corrosion

>9.0 Corrosion intolerable

Table 7.2: Interpretation of the Ryznar Stability Index [Car65].

By using equations (7.6) and (7.7), it is possible to calculate which value the actual
pH should have in order to establish a Ryznar Stability Index at which only light
scale and slightly corrosive properties are to be expected, i.e. RSI = 6.5. The
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concentration of calcium ions [Ca®'] was estimated from seawater salinity using
the following equation [Mil96]

[Ca*]= 2.934110°* S (7.8)
with [Ca?'] in mol/kg and S in g/kg.

The results are shown in Figure 7.1. For example, for seawater with a salinity of
35 g/kg, i.e. TA = 2.30 mmol/kg, and 42 g/kg, i.e. TA = 2.75 mmol/kg, pH values of
7.7 and 7.5, respectively, are needed for the seawater to become only slightly
corrosive at 30°C. Additionally, Figure 7.1 shows the change in RSI with the total
alkalinity at different temperatures. The calcium carbonate equilibrium is highly
temperature-dependent, i.e. the pHs decreases with rising temperature and the
RSI is therefore lower.
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Figure 7.1: The change in RSI with the total alkalinity (TA) at different
temperatures for a constant actual pH of 8.1, and the pH values to
attain RSI = 6.5. The Ca?" ions concentration is calculated due to
equation (7.8).
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7.2 Scaling Tendency in ME Distillers

The Saturation Indices discussed are calculated based upon total analytical values
for the reactants. lons in water, however, do not tend to exist totally as free ions
[Tru74]. Calcium, for example, may be paired with sulphate, bicarbonate,
carbonate, phosphate and other species. Bound ions are not readily available for
scale formation [Fer91].

Sulphate, for example, readily forms calcium sulphate, making some of the
calcium unavailable to participate in the formation of calcium carbonate scale. LSI
and RSI ignore the formation of aqueous calcium sulphate and similar species. As
a result, the simple indices tend to exaggerate the scale potential in high sulphate
waters [Lan36].

Langelier Saturation Index and Ryznar Stability Index, which are still in wide use,
are considered very conservative [EPR03]. Most scaling and corrosion conditions
identified by these indices can typically be controlled by specialty chemicals
[EPRO3]. Their usefulness is therefore limited, but because of their common use,
they have been used in this work.

Based on the simulation results for the carbonate system in the reference ME
distiller shown in Figure 6.5 the Langelier Saturation Index and the Ryznar Stability
Index were calculated according to equations (7.5) to (7.7).

The solubility products of aragonite and calcite were calculated according to
equations (4.25) and (4.26).

The calculated LSI values are positive: 1.1 to 1.6 (using Ksp™" of calcite) and 1 to
1.5 (using Ksp®W of aragonite). This means that the brines in the stages are
supersaturated with CaCOg3 and have the potential to form scale.

The calculated Ryznar Stability Index for the brine in the volume elements of the
first stage of the reference distiller is shown in Figure 7.2. The calcite-based RSI
values vary from 5.6 (i.e. light scale) at the inlet of the stage to 4.8 (i.e. heavy
scale) at the outlet of the stage. The aragonite-based RSI values varies from 5.9 to
5.0 (i.e. light scale). The change in RSI values in the preheating volume elements
is larger than the change in the evaporation volume elements.

In the preheating volume elements the temperature increases while the salinity is
constant, the carbonate concentration increases due to the increase in the release
of CO,. pK,>"W decreases with the increase in temperature, pKsp"" slightly
increases, while pTA and p[Ca®'] are constant. The net result of these changes is
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that the pH of calcium carbonate saturation decreases and therefore RSI
decreases (see Figure 7.1 ). In the evaporation volume elements the temperature
is constant while the salinity increases. pK>>", pKsp™", pTA and p[Ca®'] decrease
with the increase in salinity. This causes the RSI to decrease i.e. the scaling
tendency increases.
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Figure 7.2: Ryznar Stability Index (RSI) versus the volume elements in the first
stage of the reference distiller.

The RSI values at the outlet of the individual stages in the reference distiller are
shown in Figure 7.3. The RSI values based on the solubility product of calcite
increase from 4.8 (i.e. heavy scale) in the first stage to 5.1 (i.e. light scale) in the
last stage. The RSI values based on the solubility product of aragonite increase
from 5.0 (i.e. light scale) in the first stage to 5.4 (i.e. light scale) in the last stage.

Under the operating conditions of MSF and ME distillers aragonite is mainly
formed [Gla03a, Gla03Db].

In MSF distillers the RSI values of the brine with respect to aragonite are below
6.0 [Gla03a]. As the scaling tendency increases as the index falls below 6.0, scale
formation is much more likely to occur in the high temperature stages.
Furthermore, the scale forming potential is higher in recycle distillers than in once-
through distillers [Gla03a].
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Figure 7.3: Ryznar Stability Index (RSI) of the brine in the individual stages of
the reference distiller.
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8. Summary

A model has been developed for the prediction of the CO, release and the
description of the carbonate system in multiple-effect distillers with horizontal
tubes for seawater desalination. Included is the flow path of brine through the final
condenser and the evaporator stages. The theory of desorption with chemical
reaction, which has been successfully employed in many industrial CO, desorption
processes, was applied to the problem of CO, release in multiple-effect distillers.

The carbonate system in seawater was described by the following six quantities:
total alkalinity TA, total carbon dioxide TC, pH value, HCO3™ concentration, CO3*~
concentration and dissolved molecular CO, concentration. In chemical equilibrium
the carbonate system is completely characterized by two of these six quantities.
The remaining four quantities can be calculated by applying the law of mass action
with the dissociation constants of carbonic acid and water in seawater. In order to
focus on the effects of the CO, release and the process conditions, such as
temperature and salinity, on the carbonate system, precipitation of CaCO3; and
Mg(OH), was assumed to occur at negligible rates.

Given the measurable total alkalinity TA and the pH of seawater, the
concentrations of HCO3, CO3% and CO, in seawater as well as the total carbon
dioxide TC were determined.

In the final condenser, the brine is preheated under non-boiling conditions. The
total pressure is high enough to keep CO; in solution. By comparing the reaction
time and the brine residence time it was found that the reactions are fast enough
to assume that chemical equilibrium prevails in the carbonate system. The total
alkalinity TA and the total carbon dioxide TC were assumed to remain constant in
the final condenser. The concentrations of CO,, HCO3 and COs* as well as the
pH were determined by applying the law of mass action with the dissociation
constants.

For describing the carbonate system and the CO, release in the evaporator
stages, the brine film flowing over the horizontal tubes was divided into volume
elements. Total alkalinity TA and total carbon dioxide TC at the outlet of the
volume elements were calculated by means of mole balances. The total alkalinity
TA does not change with CO, release, it is only influenced by the concentration of
the brine due to water evaporation. Total carbon dioxide TC is affected by both,
the brine concentration due to evaporation and by the release of CO,. The
remaining four quantities were calculated by applying the law of mass action with
the dissociation constants of carbonic acid and water in seawater.
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Since the difference between the partial pressure of CO, in equilibrium with the
bulk liquid and the partial pressure at the phase interface, i.e. the degree of
supersaturation, is small, CO; is released by quiescent desorption and not by
bubble desorption

The hydration and dehydration of CO; in aqueous bicarbonate-carbonate solutions
occur by two reaction mechanisms in parallel. In the temperature and pH range
assumed to prevail in the evaporator stages, the alkaline reaction mechanism with
the steps CO, + OH" - HCO3 and HCO3 + OH™ - CO3% + H,0 predominates.
The rates of the reaction steps differ notably. The reaction CO,; + OH ~ HCOg3 is
relatively slow and therefore it is the rate-determining step in the alkaline reaction
mechanism.

Since the rate-determining steps in the reaction mechanisms are relatively slow
and the solubility of CO, in seawater is low, it was assumed that the liquid-side
mass transfer controls the desorption process. The mass transfer resistance in the
gas phase was neglected.

The complex system of non-linear differential equations that describes the
concentration fields of the components in the carbonate system at the gas/liquid
phase interface could be reduced to a set of two linear differential equations and
solved analytically.

The phase equilibrium at the brine/vapour interface is described by applying
Henry's law.

Information for predicting mass transfer coefficients in water films flowing over
horizontal tubes is still limited. Different approaches were shown. Mass transfer
was described by using an empirical correlation Sh = f(Re, Sc).

The interfacial area was described as the sum of the surface area of the liquid film
on the tubes plus the surface area of the liquid between the tubes. For modelling
the phase interface area, the different patterns of liquid flow between adjacent
tubes in a bank of horizontal tubes were studied. Recommendations are presented
for the description of the film thickness on the tubes, the diameter of the water jets
between the tubes and the distance between adjacent water jets, assuming that
the flow rate and the tube spacing in multiple-effect distillers are in the range that
mainly liquid columns can be expected to occur between the tubes.

A computer code in C++ was written. The CO, release rates as well as the HCOg3,
CO3%, CO, H* and OH™ concentrations in the brine on its flow path through the
distiller were simulated for a reference distiller at various operating conditions.
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The release rates of CO, decrease from the first to the last stage.

CO; release increases with increasing top brine temperature and salinity and
decreasing concentration factor and pH of the seawater. Relating the desorption
rates to the feed water flow rates, the specific CO, desorption increases with the
concentration factor. The total CO, release (sum of the CO, release in the stages)
increases from about 14 g CO, per ton of feed water at a top brine temperature of
60°C to about 18.2 g/t at 70°C. Between 14 % and 18 % of the total carbon dioxide
content (total carbon dioxide molecularly dissolved and chemically bound in HCO3
and CO5” ions) in the feed water is released as CO-.

The scale forming potential was inferred from the composition of the brine by using
the Langelier Saturation Index (LSI) and the Ryznar Stability Index (RSI).

The values of the Langelier Saturation Index are positive, namely 1.1 to 1.6 (using
Ksp®W of calcite) and 1 to 1.5 (using Ksp™" of aragonite). This means that the brine
in the stages is supersaturated with CaCO3 and has the potential to form scale.

The RSI values based on the solubility product of calcite increase from 4.8 (i.e.
heavy scale) in the first stage to 5.1 (i.e. light scale) in the last stage. The RSI
values based on the solubility product of aragonite increase from 5.0 (i.e. light
scale) in the first stage to 5.4 (i.e. light scale) in the last stage.

The present work could help in the optimisation of the venting system as well as to
predict the effects of non-condensable gases on heat transfer in multiple-effect
distillers. A correlation between CO, release and scaling tendency may contribute
to knowledge of scale formation in multiple-effect distillers and improve scale
prediction and prevention methods.

There are no experimental data on CO, release from the evaporating seawater in
multiple-effect distillers available in the literature. It is proposed to compare the
simulation data presented here to experimentally measured data on a laboratory
scale or a pilot scale to make further improvements on the model. A better
knowledge of the chemical equilibrium constants of carbonic acid and water and
the solubility product of calcium carbonate in seawater as well as the solubility of
CO, at high temperatures and high salinities could contribute to an increase in the
accuracy of the model. Moreover, further investigations into the mass transfer
coefficient and the interfacial area could improve the model predictions.
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9. Zusammenfassung

Es wurde ein Modell zur Beschreibung der COjs-Ausgasung und des
Karbonatsystems in Mehrfacheffekt-Verdampfern mit horizontalen Rohren zur
Meerwasserentsalzung entwickelt. Der Stromungsweg der Sole durch den
Endkondensator und durch die Verdampferstufen wurde betrachtet. Die Theorie
der Desorption mit chemischer Reaktion, die erfolgreich in vielen industriellen
CO,-Desorptionsprozessen eingesetzt worden ist, wurde auf das Problem der
CO,-Ausgasung in den Mehrfacheffekt-Verdampfern angewendet.

Das Karbonatsystem im Meerwasser wurde durch die folgenden sechs Grol3en
beschrieben: Gesamtalkalinitdit TA, Gesamtkohlendioxid TC, pH-Wert, HCO3™-,
COs*- und CO,-Konzentration. Im chemischen Gleichgewicht wird das
Karbonatsystem vollstandig durch zwei dieser sechs Grol3en gekennzeichnet. Die
restichen  vier GroBen  koénnen  errechnet werden, indem das
Massenwirkungsgesetz mit den Dissoziationskonstanten der Kohlensaure und des
Wassers im Meerwasser angewendet wird. Um die Effekte der CO,-Ausgasung
und der Prozessbedingungen, wie Temperatur und Salzgehalt, auf das
Karbonatsystem zu untersuchen, wurde angenommen, dass CaCO3 und Mg(OH),
in vernachlassigbar kleinen Mengen ausfallen.

Unter der Annahme, dass die Gesamtalkalinitit TA und der pH-Wert des
Meerwassers bekannt sind, wurden die Konzentrationen von HCO3~, CO3> und
CO, sowie das Gesamtkohlendioxid TC im Meerwasser berechnet.

Im Endkondensator wird die Sole vorgewarmt. Der Gesamtdruck ist grof3 genug,
um CO; in Lésung zu halten. Durch einen Vergleich der Reaktionszeit und der
Verweilzeit der Sole im Endkondensator wurde herausgefunden, dass die
Reaktionen schnell genug sind, um anzunehmen, dass chemisches Gleichgewicht
im  Karbonatsystem vorherrscht. Die Gesamtalkalinitat TA und das
Gesamtkohlendioxid TC  bleiben im Endkondensator konstant. Die
Konzentrationen von CO,, HCOs;  und COs;* sowie der pH-Wert wurden
berechnet, indem das Massenwirkungsgesetz mit den Dissoziationskonstanten
angewendet wurde.

Zur Beschreibung des Karbonatsystems und der CO,-Desorption in den
Verdampferstufen wurde die Sole, die Uber die horizontalen Rohre rieselt, in
Volumenelemente eingeteilt. Alkalinitat TA und Gesamtkohlendioxid TC am
Austritt aus einem Volumenelement wurden mittels Molbilanzen errechnet. Die
Gesamtalkalinitat TA andert sich nicht mit der CO»-Ausgasung, sie wird nur durch
die Aufkonzentrierung der Salzlosung aufgrund der Wasserverdampfung
beeinflusst. Gesamtkohlendioxid TC wird sowohl durch die CO,-Ausgasung als
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auch durch die Aufkonzentrierung der Sole bei der Verdampfung beeinflusst. Die
restlichen vier Gré3en wurden errechnet, indem das Massenwirkungsgesetz mit
den Dissoziationskonstanten der Kohlensdure und des Wassers im Meerwasser
angewendet wurde.

Da die Differenz zwischen dem Partialdruck vom CO, im Gleichgewicht mit dem
Kern der Lésung und dem Partialdruck an der Phasengrenzflache, d.h. der Grad
der Ubersattigung, klein ist, wird CO, durch stille Desorption freigesetzt und nicht
durch Blasendesorption.

Die Hydratation und die Dehydratation von CO, in wassrigen Hydrogenkarbonat-
Karbonat-Lésungen laufen parallel in zwei Reaktionsmechanismen ab. Es wurde
herausgefunden, dass bei den Temperaturen und pH-Werten, die in den
Verdampferstufen vorherrschen, der alkalische Reaktionsmechanismus mit den
Schritten CO, + OH « HCO3 und HCO3 + OH « CO3% + H,0 vorherrscht. Die
Reaktionsgeschwindigkeiten der Reaktionsschritte unterscheiden sich betrachtlich.
Die Reaktion CO,; + OH « HCOj ist verhéltnismafig langsam und folglich der
geschwindigkeitsbestimmende Schritt im alkalischen Reaktionsmechanismus.

Da die geschwindigkeitsbestimmenden Schritte in den Reaktionsmechanismen
verhaltnismanRig langsam sind und die Léslichkeit von CO, im Meerwasser gering
ist, wurde angenommen, dass der flussigkeitsseitige Stoffibergang den
Desorptionsprozess kontrolliert. Der Stoffibergangswiderstand in der Gasphase
wurde vernachlassigt.

Das komplexe System der nicht-linearen Differentialgleichungen, das die
Konzentrationsfelder der Komponenten im Karbonatsystem an der Phasengrenze
beschreibt, konnte auf einen Satz von zwei linearen Differentialgleichungen
reduziert und analytisch gel6st werden.

Das Gleichgewicht zwischen Flussigkeit und Gasphase an der Phasengrenze
wurde mit dem Henryschen Gesetz beschrieben.

Informationen zur Vorhersage von Stoffibergangskoeffizienten in Rieselfilmen auf
horizontalen Rohren sind noch immer begrenzt. Verschiedene Ansatze wurden
gezeigt. Der Stoffibergang wurde mit einer empirischen Korrelation der Form Sh =
f(Re, Sc) beschrieben.

Die Phasengrenzflache wurde als Summe der Oberflache des Flussigkeitsfiimes
auf den Rohren und der Oberflache der Flussigkeit zwischen den Rohren
beschrieben. Fir das Modellieren der Phasengrenzfliche wurden die
unterschiedlichen Strémungsformen des herabflieBenden Films zwischen den
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angrenzenden Rohren untersucht. Empfehlungen zur Beschreibung der Filmdicke
auf den Rohren, des Durchmessers der Flussigkeitsstrahlen zwischen den Rohren
und des Abstands zwischen angrenzenden Flissigkeitsstrahlen wurden gegeben.
Dabei wurde angenommen, dass die Berieselungsdichte und der Rohrabstand in
Mehrfacheffekt-Verdampfern in einem Bereich sind, in dem hauptsachlich
Flussigkeitsstrahlen zwischen den Rohren erwartet werden kdénnen.

Das Modell wurde in ein C++ Computerprogramm umgesetzt. Die CO,-Ausgasung
sowie die HCO3 -, CO3%-, CO,- H'- und OH-Konzentrationen in der Sole auf ihrem
Stromungsweg  durch  den  Verdampfer wurden  flr  verschiedene
Betriebsbedingungen einer Referenzanlage simuliert.

Die Desorptionsrate von CO, nimmt von der ersten bis zur letzten Stufe ab. Die
CO,-Desorptionsraten steigen bei Zunahme der Solehdchsttemperatur und des
Salzgehalts vom Meerwasser und bei Abnahme des Konzentrationsfaktors und
des pH-Wertes des Meerwassers. Werden die CO,-Desorptionsraten auf den
Speisewassermassenstrom bezogen, so nimmt die spezifische CO,-Desorption
mit dem Konzentrationsfaktor zu. Die gesamte CO,-Ausgasung (Summe der CO,-
Ausgasung in den Verdampferstufen) erhoht sich von 14 g CO, pro Tonne
Speisewasser bei einer Solehdchsttemperatur von 60°C auf 18,2 g/t bei 70°C.
Zwischen 14 % und 18 % des Gesamtkohlendioxids (das molekular geléste CO,
und das in HCOs™- und COs*-lonen chemisch gebundene CO,) im Speisewasser
wird als CO, freigesetzt.

Das Belagbildungspotential der Sole in Mehrfacheffekt-Verdampfern wurde mit
Hilfe des Langelier Sattigungsindex (LSI) und des Ryznar Stabilitatsindex (RSI)
ermittelt.

Die Werte des Langelier Sattigungsindex sind positiv, namlich 1,1 bis 1,6 (mit dem
Loslichkeitsprodukt Ksp von Calcit ermittelt) und 1 bis 1,5 (mit dem
Laslichkeitsprodukt Ksp von Aragonit ermittelt). Dies bedeutet, dass die Sole in
den Verdampferstufen mit CaCOs; Ubersattigt ist und das Potential zur
Belagbildung hat.

Die auf dem Ldslichkeitsprodukt von Calcit basierenden RSI-Werte nehmen von
4,8 (starke Belagbildungsneigung) in der ersten Stufe auf 5,1 (geringe
Belagbildungsneigung) in der letzten Stufe zu. Die auf dem Ld&slichkeitsprodukt
von Aragonit basierenden RSI-Werte nehmen von 5,0 (geringe
Belagbildungsneigung) in der ersten Stufe auf 5,4 (geringe Belagbildungs-
neigung) in der letzten Stufe zu.
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Die vorliegende Arbeit konnte bei der Optimierung des Entliftungssystems und
bei der Vorhersage der Auswirkungen der nicht-kondensierbaren Gase auf die
Warmeubertragung in Mehrfacheffekt-Verdampfern hilfreich sein. Eine Korrelation
der CO,-Ausgasung mit dem Belagbildungspotential konnte die Kenntnisse Uber
Belagbildung vergrof3ern und zur Verbesserung der Vorhersage und der
Verhinderung von Belagbildung beitragen.

Es sind keine experimentellen Daten zur CO,-Ausgasung in Mehrfacheffekt-
Verdampfern zur Meerwasserentsalzung in der Literatur verfigbar. Es ist zuklnftig
wichtig, die Simulationsergebnisse des Modells mit gemessenen Daten zu
vergleichen, um weitere Verbesserungen des Modells vorzunehmen. Bessere
Kenntnisse der chemischen Gleichgewichtskonstanten der Kohlensdure im
Meerwasser, des Ldslichkeitsproduktes von Kalziumkarbonat sowie der Ldslichkeit
von CO; bei hohen Temperaturen und bei hohen Salzgehalten kdnnten zu einer
Erhéhung der Genauigkeit des Modells beitragen. Aul3erdem kodnnten weitere
Untersuchungen zum Stoffibergangskoeffizienten und zur Phasengrenzflache die
Modellvorhersagen verbessern.
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Notations

Latin Symbols

Ci
Cz
CF
Cl

Di.
di

djets

Ea

Pre-exponential factor in the Arrhenius equation
Debye-Hickel parameter

Surface area of the liquid film on the tubes
Surface area of the water jets between the tubes
Phase interface area

Activity of the component i

Sum of the ion and gas specific parameters
lon specific parameter for cations

lon specific parameter for anions

Gas specific parameter

Concentration of the component i
Constant in equation (5.46)
Concentration Factor

Chlorinity

Diffusion coefficient of the component i in the solution L
Inside tube diameter

Outside tube diameter

diameter of the jets

Enhancement factor
Activation energy

Gravitational acceleration

Henry’s law coefficient of the gas i in the solution |
Heat transfer coefficient

Sum of the ion and gas specific parameters

lon specific parameter for cations

lon specific parameter for anions

Gas specific parameter

lonic strength

Concentration of the component i
Concentration of the component i that is
free and involved in ion-pairs in seawater

L/(mol s)
kgl/Zmol-l/Z

m3/kmol
m3/kmol
m3/kmol
m3/kmol

mol/m?®

g/kg

m?/s
m
m
m

kJ/mol

m/s?

mol/(m°bar)
W/(m? K)
kg/mol, L/mol
kg/mol, L/mol
kg/mol, L/mol
kg/mol, L/mol

mol/kg
mol/kg solution

mol/kg solution
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LSI

r]jets
Nrow

Ntubes

pH
Pi

Constant in equation (5.46) -
Thermodynamic equilibrium constant of the reaction on

molal scale -
Stoichiometric equilibrium constant of the reaction referring

to the seawater scale on the basis mol/kg solution -
First dissociation constant of carbonic acid in seawater

on the basis mol/kg solution -
Second dissociation constant of carbonic acid in seawater

on the basis mol/kg solution -
Solubility product constant of calcium carbonate in seawater

on the basis mol?/kg? solution -

Dissociation constant of water in seawater

on the basis mol?/kg? solution -
Boltzmann constant JIK
Rate constant of the reaction 1/s, L/(mol s)
Thermal conductivity W/(m K)
Rate constant of the reaction in ideal solution 1/s, L/(mol s)
Rate constant of forward reaction 1/s
Rate constant of backward reaction 1/s
Rate constant of second order reaction L/(mol s)

Mass transfer coefficient in liquid phase without chemical reaction m/s

Mass transfer coefficient in liquid phase with chemical reaction m/s
Overall mass transfer coefficient in the liquid phase m/s
Length of tube m

Langelier Saturation Index -

Molality of the component i mol/kg solvent
Mass flow rate kg/s
Normalized total alkalinity mol/kg
Normalized total carbon dioxide content mol/kg
Molar desorption rate of the component i mol/s
Molar desorption flux of the component i mol/(m? s)

Number of water jets between adjacent tubes -
Number of tubes in a horizontal tube row -
Number of tubes in the tube bundle -

pH value -
Partial pressure of the component i N/m?, bar
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RSI

lo

wwm

To

TA
TC
6
tp

tr

Universal gas constant
Ryznar Stability Index
Reaction rate

Outside tube radius

Salinity
Vertical tube spacing
Rate of surface renewal

Temperature

Top brine temperature

The age of the element in the penetration theory
Total alkalinity

Total carbon dioxide content

Diffusion time

Residence time

Average reaction time

Velocity

Liquid volume
Volume flow rate

Distance from the tube bottom line

Greek Letters

Ba
Bion

> >
a

¢ Q ©O < T

Contribution of the neutral molecule A in eq. (4.49)
Contribution of the ion in eq. (4.48)

Activity coefficient of the component i

Film thickness

Thickness of liquid film flowing over horizontal tubes

Mass flow rate per unit tube length (I' = %)

Distance between the water jets (wavelength)
Taylor wavelength

Dynamic viscosity

Kinematic viscosity

Density

Surface tension

Temperature

J/(mol K)
mol/(m* s)
m

g/kg
m
1/s

K

°C

s
mol/kg
mol/kg

m3/kmol
m®/kmol
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Indices

A Component A
B Bulk

BD Blow-down

b brine

CO, Carbon dioxide
CO3> Carbonate ion

D Distillate

eq Chemical equilibrium
F Feed water

FC Final condenser

G Gas

g Gas phase

H* Hydrogen ion
HCO3; Bicarbonate ion
H,CO3; Carbonic acid

[ Component
L Liquid side
OH’ Hydroxide ion
Ph Phase interface
S Solid
Saturation
SW Seawater
Y Vapour
W Water
* Physical equilibrium

Dimensionless Numbers

Ga  Galilei number

Ha Hatta number

Ka  Kapitza number

Ga:Bn—d"g
02 0
Ha = Y<1Da
kp
3
Ka = 2P
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1
hv? 3
Nu  Nusselt number NU _%g
kg
Cp M
Pr Prandtl number Pr »
i ar
Re  Film Reynolds number Re = —
U
Sc Schmidt number Sc %
1
kO 2 M3
Sh Sherwood number Sh = ﬁ @
g
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