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Abstract

The release of non-condensable (NC) gases, essentially carbon dioxide, oxygen and nitrogen, from the evaporating
brine in desalination distillers notably affects the heat transfer for condensation, the energy consumption, the
performance and the material life span of the distillers. A better knowledge of CO, release and of the interaction
with the carbonate system in desalination distillers is very important for the design of the venting system and a
stable distiller operation. Since CO, release and scale formation are closely related to the carbonate system of the
brine, a better understanding of CO, release may contribute to the knowledge of scale formation in desalination
distillers and improve scale prediction and prevention methods.

A model has been developed for the prediction of the CO, release rates in falling film evaporators with vertical
tubes. The theory of mass transfer coupled with chemical reaction kinetics (chemical desorption) was applied to
the problem of CO, release. The mass transfer and the chemical reaction kinetics were studied for the conditions
prevailing in falling film seawater evaporators. In addition to the CO, release rates the model allows for calculation
of the HCOy3, CO32’, CO,, H*, and OH™ concentrations in the carbonate system of the brine. The model was
applied to a falling film evaporator at various operating conditions. The release rates of CO, along the flow path
of the falling film were determined.

The paper presents the main principles of the model and discusses the simulation results. The effects of process
parameters and the seawater properties such as evaporation temperature, seawater salinity, and pH value on the
CO, release rates are shown. Moreover, the paper discusses in which desorption regime (e.g. slow, fast, instanta-
neous) the CO, release process takes place and whether the mass transfer is enhanced by the chemical reactions.
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1. Introduction

In falling film evaporators liquid is fed to the
top of a vertical tube bundle, flows down the inner
walls as a thin film under gravity and evaporates
from the surface. Steam condenses on the outside
of the tubes supplying the energy required.

Vertical tube falling film evaporators were
used in the first desalination plants. As the capa-
city of desalination plants became bigger, falling
film evaporators — because of their susceptibil-
ity to scale formation — were replaced by
multi-stage flash (MSF) plants. Nowadays, the
interest in vertical tube falling film evaporators
is being revived (e.g. [1]).

Non-condensable (NC) gases, essentially carbon
dioxide, nitrogen, and oxygen, cause serious
problems in the condensers of desalination systems.
They are responsible for a significant reduction
of the overall heat transfer coefficient and hence
for a lower performance of desalination plants.
The pH value of the condensate is lowered by
dissolving CO,. In conjunction with the presence
of oxygen this effect may lead to corrosion of
the condenser tubes. Furthermore, the release of
carbon dioxide notably influences the concentra-
tions of the components in the carbonate system
of the brine, which is important for alkaline scale
formation. Therefore, it is necessary to remove NC
gases from the condensers by adequate venting.
Knowledge on NC gases is important for a proper
design of the venting systems so that their energy
consumption is as low as possible. In addition, a
better understanding of CO, release is useful for
prediction of scale formation.

2. Desorption with and without chemical
reaction

The desorption of a dissolved gas from a liquid
into an adjacent gaseous phase will take place if
the concentration of the gas in the bulk of the
liquid is higher than that at the phase interface. The
desorption of a gas from a liquid can be caused by
reducing the total pressure or the partial pressure

of the gas, by increasing the temperature of the
solution or the ionic strength or by chemical
reactions within the solution [2]. Desorption can
be subdivided into chemical and physical desorp-
tion. If the desorption takes place with chemical
reactions between the dissolved gas and the
components of the solution, the desorption is called
“chemical desorption”. Otherwise the desorption
is called “physical desorption” [2,3]. While the
release of nitrogen, oxygen, and argon from
seawater can be treated as a problem of physical
desorption, the theory of chemical desorption has
to be applied to the problem of carbon dioxide
release from the evaporating brine in desalination
distillers.

In desorption processes the occurrence of
chemical reactions can have two distinct effects on
mass transfer [3—6]. Chemical reactions provide
a certain concentration of the molecularly dis-
solved gas in the bulk of the liquid and hence a
certain driving force for the mass transfer. 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. Depend-
ing on the relative rates of the reactions and the
mass transfer, the desorption may take place in dif-
ferent regimes: the slow reaction regime subdi-
vided into the kinetic and the diffusional regime,
the fast reaction regime, and the instantaneous
reaction regime. In addition to these asymptotic
cases, transition regions are known to occur. In the
fast and instantaneous reaction regime the reaction
may significantly enhance the mass transfer.

There are two mechanisms of gas desorption
from aqueous solutions. 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 quiescent
desorption [7,8]. 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
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bubbles (bubble desorption). Thus, bubble de-
sorption is a process very different from quiescent
desorption and absorption processes in which the
area of surface available for mass transfer is
determined by external factors [3]. The desorp-
tion can be substantially increased by bubbling.

3. Modeling the desorption of carbon dioxide
in vertical tube falling film evaporators

In the following, a model is described that
allows the prediction of the CO, flow rates which
are released from the evaporating brine in vertical
tube falling film evaporators. The phase interface
area, the mass transfer coefficient in falling films,
and the Henry’s law coefficient of CO, in seawater
are discussed in detail.

For the description of the CO, release and
the carbonate system in vertical tube falling
film evaporators, the following assumptions are
made:

* The gases nitrogen, oxygen, and argon are
removed from the feed water by deaeration
before entering the evaporator.

* Before entering the evaporator, the brine is
preheated to its saturation temperature under
such a high pressure that no gases will be
released.

* The feed water is fed to the top of a tube bun-
dle and flows down the inner walls as a thin
closed liquid film. Because of the condensing
steam on the outside of the tubes, part of the
brine evaporates. The vapor produced flows
downwards in co-current flow with the eva-
porating brine.

* As the driving temperature difference is very
small, the evaporation takes place in the surface
evaporation regime.

* The carbon dioxide released is removed con-
tinuously with the vapor so that no accumula-
tion occurs in the gaseous phase over the
brine.

* Calcium carbonate and magnesium hydroxide
precipitate in negligible quantities.

3.1. The carbonate system

The carbonate system, the reaction mecha-
nisms, the reaction rate constants, and the chemi-
cal equilibrium constants of carbonic acid in
seawater have been described in detail by one of
the authors [9-11]. In the following, the main
features are summarized.

The carbonate system can be described by
the concentrations of dissolved carbon dioxide,
bicarbonate ions, carbonate ions, the pH value, the
total inorganic carbon content,

TC=[HCO;]+[CO; 1+[CO,], 1)
and the total alkalinity,
TA =[HCO;]+2[CO; ]+[OH ]-[H']. (2)

The concentration of undissociated carbonic acid
H,CO; is so small that it can be neglected in Eq. (1).

A combination of at least two of these six
quantities is needed to characterize the carbonate
system in chemical equilibrium. The remaining
four quantities can be determined by applying
the law of mass action with the dissociation con-
stants of carbonic acid and water in seawater.

The hydration and dehydration of CO, in
aqueous bicarbonate—carbonate solutions occur
by two reaction mechanisms in parallel. In the
pH and temperature range prevailing in desali-
nation distillers, the alkaline reaction mecha-
nism with the steps

CO, + OH™ <> HCO; 3)
and

HCO; + OH™ <> CO} +H,0 “4)
predominates.

The rates of the reaction steps differ notably.
The reaction CO, + OH™ <> HCO; is relatively
slow and therefore it is the rate-determining step
in the alkaline reaction mechanism [9—11].
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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 reactions and can be assumed to remain
constant [9—11]. The forward reaction (3) can be
considered to be pseudo-first order with the rate
constant

k=kC, (5)

where £, is the second-order rate constant of the
forward reaction (3) and Cop is the concentra-
tion of the OH™ ions.

3.2. Mole balances over volume elements

For the numerical model, the liquid film and
the adjacent gas phase flowing down on the inside
of the tube are divided into volume elements. On
the one hand, the volume element must be large
enough so that 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 molecularly dissolved in
the volume element.

Fig. 1 shows a volume element of the falling
film with the adjacent gas phase. The molar flow
rate of total inorganic carbon (TC; - rigy, ;), the
sum of the flow rates of CO, released in the pre-
ceding volume elements, and the sum of the vapor
flow rates produced in the preceding volume ele-
ments enter the volume element i. A flow rate of
CO, is released and a flow rate of vapor is pro-
duced in the volume element i. The molar flow rate
of total inorganic carbon, the sum of the flow
rates of CO, released, and the sum of the vapor
flow rates produced leave the volume element i.

The total alkalinity TA and the total inorganic
carbon content TC at the outlet of a volume ele-
ment are calculated by means of mole balances.
The total inorganic carbon content TC is affected
by both the evaporation of water and the release
of CO,:

i-1 io1
TC; -rsw; Xve 2 Nco,x
k=1 =1

) !

v v v

Heated tube
Nco,i
Falling film
my ;
b

i+1 g

v v

v
i i
TCivi-mswin Yy Y Neo,x
k=1 k=1

Fig. 1. Volume element in a vertical tube falling film
evaporator.

TC - fiey : — Neq
= : SW,i : CO,,i ] (6)
(mSW,i - mV,i)

The desorption of CO, does not influence the
total alkalinity. It is only changed by the evapo-
ration of water. Thus, the total alkalinity at the
outlet of element i can be obtained by

TC

TA,,, = ot e ™
(gy ; = My ;)

After determining the total alkalinity and the
total inorganic carbon content, the remaining
quantities CO,, HCO;, CO%‘, and pH at the outlet
of a volume element can be calculated by applying
the law of mass action with the dissociation con-
stants of carbonic acid and water in seawater.

3.3. Description of mass transfer with
chemical reaction

The fundamentals of desorption with chemi-
cal reaction have been summarized by one of the
authors [9,10].
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In vertical tube falling film evaporators, the
partial pressure of CO, in equilibrium with the
bulk liquid is much smaller than the total pressure
in the evaporator stages. Thus, CO, is considered
to be released by quiescent desorption and not
by bubble desorption.

For gases like SO,, NH;, and HCl that are highly
soluble or react rapidly the gas phase resistance
controls the mass transport. For gases that are less
soluble and do not react at all or only slowly the
liquid phase resistance predominates and controls
the total resistance [9,10]. Since the rate-deter-
mining reaction step in the alkaline reaction
mechanism is relatively slow and the solubility of
CO, in seawater is low, it is assumed that the liquid-
side mass transfer controls the desorption process.

Different models have been proposed for
describing mass transfer processes at liquid/gas
interfaces. These are, among others, the film model,
the penetration model, and the surface renewal
model. In many circumstances the difference
between predictions made on the basis of the dif-
ferent models will be less than the uncertainties
about the values of the physical quantities used in
the calculation; and it is then merely a question
of convenience which of the models is used [3].
Significant differences appear only when the
gaseous and liquid reactants have vastly different
diffusion coefficients [6,12]. The choice between
the models is usually made on the basis of sim-
plicity in describing the reacting system. For
these reasons the film model has been more
widely used and is applied to the CO, release
process in vertical tube falling film evaporators.

(14D K)-(Ceo, 5= Ceom)+ DK - [ 1-

: 0
Nco, = ki - Apy -

For describing the chemical desorption pro-
cess, 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 which describes the concen-
tration field of this component. It represents the
phenomenon of simultaneous mass transport and
chemical reaction:

aC, 9°C, 9’C, 9°C,

- =D 2 T2 T
ot ox dy 0z

— .

accumulation molecular transport

—u E—u E—u £+ s (®)
Tox Ty ooz w

reaction
convective transport

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

Applying the film theory, the transient term, the
terms of the convective transport as well as the
molecular transport in y and z directions in Eq. (8)
are dropped. Since it was found that reaction (3)
is the rate-determining step in the predominating
alkaline reaction mechanism, the complex sys-
tem of nonlinear differential equations that
describes the concentration fields of the compo-
nents in the carbonate system at the gas/liquid
phase interface can be reduced to a set of two
linear differential equations and solved analyti-
cally (e.g. [12]).

The desorbing CO, flow can be expressed as

1 1

1 J(K

D-K

tco,.B ~ Cco, ,B)

cosh [ Ha- [1+
)

1+D-K-

tanh| Ha-,[1+ !
D-K

Ha - |1+ L
D-K
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with the Hatta number

D, -k
Ha = Y0 0 (10)
kL
the equilibrium constant K of reaction (3) con-
sidered to be pseudo-first order:

KSW
K =

- [OH™ T, (1)
W

and the ratio of the diffusion coefficients of
HCO; and CO, in the brine

D= DHCO;,SW. (12)
Dcoz,sw

According to Danckwerts and Sharma [13] it
can be assumed for technical purposes that the
diffusion coefficients of HCO;and CO, have
similar values, i.e. D = 1.

The diffusion coefficient of CO, in seawater
Do, sw is described in Refs. [10,11]. The CO,
concentration in the bulk of the liquid Ceo, 5 is
calculated by applying the law of mass action
with the dissociation constants of carbonic acid
and water in seawater. The reaction rate con-
stant &, and the dissociation constants K" and
KS‘VW were discussed in detail in Refs. [9-11].

In order to calculate the molar flow rate of
CO, given in Eq. (9), the mass transfer coeffi-
cient k’, the phase interface area Ay, the CO,
concentration at the phase interface Ceo, pn> and
the Henry’s law coefficient H ., , are requlred
The determination of these quantltles will be
discussed in the following sections.

3.4. The phase interface area

The phase interface area for CO, release con-
sists of the surface area of the brine being distri-
buted onto the tube bundle, the free surface area
of the falling films in the vertical tubes, and the
surface area of the concentrated brine collected
at the bottom of the evaporator. As a first

approach, the main focus is put on the free surface
area of the falling film.

The free surface area of the falling film in one
tube is given by

Apppe =7 - (d; =2+ 5) - Ly, (13)

where L. is the length of the tube and s is the
liquid film thickness.

From optical measurements Brauer [14] found
that the phase interface enlargement of falling
films in vertical tubes by surface waves is smaller
than 3%. Thus, the enlargement of the phase inter-
face area by waves is neglected.

The flow of falling films in vertical tubes can
be divided into laminar, laminar-wavy, transitional,
and turbulent flow. The characteristic number for
the flow regimes is the film Reynolds number
given by

Re. = mdi. (14)
rd

According to ESDU Report 98010 [15] the
flow regimes can be subdivided as follows:

laminar: Re. <8
laminar-wavy: 8 < Re, <400
transitional: 400 < Re,. <800
turbulent: 800 < Re;.

According to Nusselt [14] the film thickness
for laminar flow can be expressed as

3,2 13
Slam:(i) Reén. (15)
g

For the laminar-wavy flow regime Kapitza [16]
proposed

242"
Suavy :( J Re}”. (16)

g
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In the transient and turbulent flow regime a
correlation given by Brauer [14] can be applied:

3 P 1/3
Sy = 0.302[?”] Re. (17)

3.5. The mass transfer coefficient in falling films

The mass transfer coefficient can be calculated
from the Sherwood number with

K0
Sh=-L—, 18
D, (18)

J

where / is the characteristic length

2

From the various correlations [17-20] available
for Sherwood numbers describing mass transfer
between falling films and gases we have chosen
the one proposed by Mayinger [18] because it is
based on the measurement results from various
researchers and it is valid for a wide range of
Reynolds and Schmidt numbers.

The empirical correlations given by Mayinger
[18] are valid for falling films in the laminar-wavy,
transition and turbulent flow regime:

Sh=2.24x107 - Rep* - Sc* for
2.32x10*

1.6 ’

12< Re; <70 and Sc =
Rey,

(20)

Sh=8.0x107 - Rep” - S for

1.82x10°
70< Re, <400 and Sc > 132210 )
Rep,

Sh=8.9x107"- Rey” - Sc* for
1.47x107

2.5 ?

Re; 2400 and Sc >
Rep,

(22)

where Rey. is the film Reynolds number given in
Eq. (14), and Sc is the Schmidt number
Se = —. (23)

i

3.6. Henry'’s law coefficient

Since the concentration of CO, in seawater is
small enough to fulfill the required condition of
high dilution, the solubility may be described by
using Henry’s law:
Cco2 = Heo sw ™ Peoy (24)
where Ceo, is the concentration of the dissolved
CO, in seawater, Pco, is the partial pressure of
CO, in the gas phase, and H €O, 5W is Henry’s law
coefficient of CO, in seawater.

As Henry’s law only describes the physical
equilibrium between a liquid and a gaseous phase,
it may only be applied to the fraction of carbon
dioxide that is physically dissolved and not chemi-
cally bound. Henry’s law coefficient depends
on the solvent and the gas, the total pressure, the
temperature, the ionic strength of the solution,
and the concentrations of other dissolved gases.
The dependency on the total pressure and on the
concentration of other dissolved gases may be
neglected in this case as the total pressure is much
lower than 5 bar [21].

By adding salts to a solution the solubility of
gases is lowered. Danckwerts [3] proposed to
determine Henry’s law coefficient in the salt
solution by relating it to Henry’s law coefficient
in water at the same temperature as originally
described by Sechenov [22]:

H
log( Shul ) =h-I, (25)

G,SW

where /& is the sum of ion and gas specific
parameters

h=h +h_ + h (26)
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and / is the ionic strength of a solution which is
defined as

1 2
I == zZm 27
2’;[ I ( )

with the charge of the ion z; and the molality of
the ion m,.

Millero [23] proposed a correlation between
the ionic strength and the salinity of seawater:

19.92 §

=70 (28)
1000 — 1.005 S

with S in g/kg and 7 in mol/kg.

Ion and gas specific parameters were experi-
mentally determined for various ions and gases
(e.g. [24,25]). It is assumed that the temperature
dependence of £ is confined to the change in /4,
but there are only very few data available in liter-
ature. The ion specific parameters are considered
to be independent of temperature.

As the ionic strength of seawater is dominated
by sodium chloride to an extent of 73%, only the
ion specific parameters of Na* and Cl™ are taken
into account. The temperature dependence of
the gas specific parameter of CO, is neglected
because of a lack of data for the relevant tempera-
ture range. Onda et al. [25] proposed the following
values for the gas specific parameter at 40°C
and the ion specific parameters:

h.=-0.0183L/mol, /_ =03416L/mol,

heo, =—0.2327 L/mol. (29)
Henry’s law coefficient of CO, in pure water
is determined with a correlation given by Yaws

et al. [26], which is valid for temperatures up to
80°C:

3796.46

log Heo, w =69.4237 -
—21.6694 -log T +0.000478857 - T,  (30)

where H

wh co, w 18 In atm per mole fraction and T
1s in K.

g
=3
=3
=}

0.050 §=0 g(kg
0.040 20g/ke
35g/kg
0.030 1 50 g/k

\ | 65¢g/kg

0.020

0.010

Henry's law coefficient/mol/(kg bar)

0.000 t 1 1 i
10 20 30 40 50 60 70 80 90 100

Temperature/°C

Fig. 2. Henry’s law coefficient of CO, in pure water
(S =0 g/kg) and seawater as a function of temperature
at different salinities.

The solubility of CO, in seawater was experi-
mentally determined up to 40°C and S = 40 g/kg
by Li and Tsui [27], Murray and Riley [28] and
Weiss [29]. Weiss proposed a correlation that is
based on his own measured values and those of
Murray and Riley. Since the extrapolation of this
correlation to higher temperatures and salinities
does not give reliable results, it is proposed here
to determine Henry’s law coefficient of CO, in
seawater with Eq. (25) using Eq. (30) for Henry’s
law coefficient in pure water.

Fig. 2 shows Henry’s law coefficient of CO,
in pure water and in seawater as a function of
temperature at different salinities. The corre-
lation for Henry’s law coefficient in pure water
(Eq. (30)) given by Yaws et al. [26] was extrapo-
lated to temperatures above 80°C. The Henry’s
law coefficient of CO, decreases with increasing
temperature in the temperature range depicted.
Henry’s law coefficient also decreases with
increasing salinity.

3.7. The CO, concentration at the phase
interface

For calculating the CO, concentration at the
phase interface, the following assumptions are
made:

* The resistance at the phase interface itself is
usually negligible and physical equilibrium

may be assumed to prevail [30].
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* Both for NC gases and water vapor the devi-
ation from the ideal gas equation of state is
negligible at the low pressures in falling film
evaporators.

The CO, concentration in the brine at the phase
interface is determined by applying Henry’s law
as given by Eq. (24).

The partial pressure of CO, pc, ; in the gas
phase over the brine surface in the volume element
i is given by

» _ Neo, by = Neo,
Co,i = 7 PviT Ty
> N " Ny

V,i

i
>

X (ptot ~Pco,i T Pn,i " Po,i T pAr,i) (31)

with Ncoz,, as the molar flow rate of CO, in the
volume element, Ny ; as the molar flow rate of
vapor, py ;as the partial pressure of vapor, p,, as
the total pressure, and Pn, > Po,; and p,, ; as the
partial pressures of N,, O, and Ar.

When applying Henry’s law the CO, phase
interface concentration can be expressed as

CCOZ,Ph,i =H CO,.SW,i

y Neo, . (ptot ~Pn,i " Po,i T pAr,i)
Ny,;+Neo,

(32)

Assuming that the feed water is deaerated,
the partial pressures of N,, O, and Ar can be
neglected in Eq. (32).

4. Simulation of the CO, release in vertical
tube falling film evaporators

Currently, experiments are being carried out
in a falling film evaporator with a single vertical
tube in order to verify the model. To show the
capabilities of the developed model it was applied
to this falling film evaporator.

The main part of the reference evaporator
is a 2.5 m long stainless steel tube with an inner
diameter of d, =36 mm. The tube is concentri-
cally surrounded by a shell where heating steam
condenses on the outside of the vertical tube pro-
viding a constant heat flux of 20 kW/m?. The
mass flow rate of the feed water at the top of the
tube is assumed to be 101.8 kg/h which leads to
a wetting rate of I' = 0.25 kg/(s m). For calculat-
ing the CO, release and the carbonate system,
the 2.5 m long tube was divided into 70 volume
elements.

Depending on the Hatta number Ha and the
chemical equilibrium constant K, a number of
asymptotic solutions of Eq. (9) can be found [3,4].
The desorption regime strongly depends on the
process parameters such as evaporation temper-
ature, wetting rate, and seawater salinity. In the
following, it is discussed in which desorption
regime the CO, release process takes place and
whether the mass transfer is enhanced by the
chemical reactions.

For a wetting rate of I' = 0.25 kg/(s m), a sea-
water salinity of S = 35 g/kg, a seawater pH of
8.15, and evaporation temperatures below around
50°C, the Hatta number is lower than 0.3, i.e.,
the rate-determining reaction is slower than the
mass transfer. The desorption takes place in the
so-called slow reaction regime. The reactions
only occur in the bulk flow, not in the boundary
layer at the phase interface. The mass transfer
in the boundary layer is not enhanced by the
reactions.

At evaporation temperatures above around
50°C, desorption takes place in the transition
regime between slow and fast reactions. Mass
transfer and chemical reactions simultaneously
take place in the boundary layer. The bulk of the
brine is in chemical equilibrium. In the transi-
tion regime between slow and fast reactions, the
chemical rate constant &, becomes more important
and the mass transfer coefficient k{ becomes
less important. Mass transfer is slightly enhanced
by the reaction.
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At high evaporation temperatures above
100°C, low wetting rates, and high seawater
salinities, desorption takes place in the fast reaction
regime. In the fast reaction regime, the influence
of the mass transfer coefficient kf on the desorp-
tion rate is negligible. Mass transfer is enhanced
by the reactions. The CO, release rates, however,
are low because the interfacial area and the con-
centration difference of CO, between bulk and
phase interface, the driving force for mass transfer,
are small.

Fig. 3 shows the accumulated CO, release
rate along the flow path of the falling film in
the reference evaporator for different evapora-
tion temperatures. At a constant wetting rate of
I' = 0.25 kg/(s m) and an evaporation tempera-
ture of 40°C laminar-wavy flow occurs, at 70°C
the flow is in the transition regime, and at 100°C
it is turbulent.

In seawater with S = 35 g/kg, pH = 8.15, and
TA = 0.0023 mol/kg at ¢, = 25°C, 0.415 mg/kg
CO, are molecularly dissolved. If only the CO,
that is molecularly dissolved in seawater was
released, the release rate would be 0.0422 g/h.
As shown in Fig. 3, the release rates are consid-
erably higher, because the chemical reactions
produce new CO, that is subsequently released.
The reactions provide a certain concentration of

= I'=0.25kg/(s m) 1;=100°C; Re =816
3 104 S=35gke
£ pH=8.15
5 TA =0.0023 mol/kg
Zz 0.8
2
8
S 0.6
)
=
Q
2 044
g 1;=70°C; Rep=572
=
g 0.21
< 1,=40°C; Re, =356
0.0 T T T T
0.0 0.5 1.0 L5 2.0 2.5

Vertical position/m

Fig. 3. Accumulated CO, release rate along the flow
path of the falling film in the reference evaporator for
different evaporation temperatures #.

the molecularly dissolved gas in the bulk of the
liquid and hence a certain driving force for the
mass transfer. At an evaporation temperature of
40°C about 1% of the total inorganic carbon
content entering the evaporator with the feed
water is released as CO,, at an evaporation tem-
perature of 100°C about 12% of the total inorganic
carbon content is released.

The CO, release rate decreases along the
flow path of the falling film. The total inorganic
carbon content decreases and the pH increases
because of the CO, release. Thus, the CO, con-
centration in the brine bulk decreases. The CO,
concentration at the phase interface decreases
because 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 CO, release significantly increases with
increasing evaporation temperature because of
the following reasons:

* The mass transfer coefficient increases with
rising temperature.

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

* At temperatures higher than around 50°C the
mass transfer is slightly enhanced by the chemi-
cal reactions.

Fig. 4 shows the influence of the evaporation
temperature on CO, release for different salinities
of the feed water. The CO, release increases with
rising evaporation temperature on progressive
scale because of the reasons mentioned above.
Furthermore, the CO, release increases with
increasing salinity of the feed water. This can be
attributed to the following reasons:

* The total alkalinity TA increases with increas-
ing salinity. At constant pH the total inorganic
carbon TC increases. Thus, the CO, concen-
tration in the bulk flow increases.
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| T'=0.25kg/(s m) S=45g/ke
129 b =815
L TA=0.00295 mol/kg
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Fig. 4. The influence of the evaporation temperature on
the CO, release in the reference evaporator for different
salinities of the feed water.

* The solubility of CO, decreases with increas-
ing salinity. Thus, 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 differ-
ence for mass transfer increases.

The influence of the pH value of the feed
water on the CO, release is shown in Fig. 5. The
CO, release increases with decreasing pH. At

0.7
0.6
< 0.5
L
8
£ 04
2
s t;=70°C
% 03 E
= I'=0.25kg/(s m)
o -
3 02 Rep=572
§=35g/kg

TA =0.0023 mol/kg

S

7.7 7.8 79 8.0 8.1 8.2 8.3
Feed water pH at 25°C

Fig. 5. The influence of the feed water pH on the CO,
release in the reference evaporator.

low seawater pH values more CO, dissolved in
seawater and reacted to carbonic acid which dis-
sociated into HCO; and CO?‘ ions. Therefore,
the total inorganic carbon content is higher.
Moreover, the fraction of the total inorganic car-
bon content that is present as molecular CO, is
higher at low pH values. The CO, concentration
in the bulk flow and thus the driving concentra-
tion difference for mass transfer increase with
decreasing pH value of the seawater. Therefore,
more CO, is released.

5. Conclusion

A model has been developed for the predic-
tion of CO, release rates in vertical tube falling
film evaporators. In addition to the release rates
the model allows for calculation of the HCO;,
CO?, CO,, H', and OH™ concentrations in the
carbonate system of the brine. The desorption of
CO, was described as a problem of mass trans-
fer coupled with chemical reaction. The phase
interface area, the mass transfer coefficient, and
Henry’s law coefficient of CO, in seawater
were presented in detail.

Given the main dimensions of the evaporator,
the operating data and the measurable pH and
total alkalinity of seawater, the CO, release rates
as well as the HCO;3, CO%‘, CO,, H', and OH™
concentrations in the brine can be calculated
along the flow path of the falling film.

In order to show the capabilities of the model,
it was applied to a falling film evaporator with a
single vertical tube. The release rates of CO, were
simulated at various evaporation temperatures,
seawater salinities, and pH values. The CO,
release rates along the flow path of the falling
film were shown. CO, release increases with
increasing evaporation temperature and seawater
salinity and decreasing pH of the seawater.

Currently, the CO, release is being measured
in a vertical tube falling film evaporator test rig in
order to verify and improve the model.
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Nomenclature

TEER A0

Q

+

~N

—
~.
—

concentration of the component 7, mol/m’
ratio of diffusion coefficients

binary diffusion coefficient, m*/s

inner diameter, m

gravitational acceleration, m/s

Henry‘s law coefficient, mol/(m® bar)
Hatta number

sum of gas and ion specific parameters,
L/mol

gas specific parameter, L/mol

ion specific parameter for cations, L/mol
ion specific parameter for anions, L/mol
ionic strength, mol/kg

concentration of the component 7, mol/kg
solution

chemical equilibrium constant of the
pseudo-first order reaction

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

dissociation constant of water in seawater
on the basis mol/kg solution

mass transfer coefficient in the liquid
phase without chemical reaction, m/s
first-order rate constant of the forward
reaction, 1/s

second-order rate constant of the forward
reaction, m*/(mol s)

tube length, m

characteristic length, m

mass flow rate, kg/s

molality, mol/kg

molar flow rate, mol/s

pressure, bar

partial pressure, bar

film Reynolds number

reaction rate of the component i, mol/
(m’ s)

salinity, g/kg

film thickness, m

Schmidt number

Sherwood number

T temperature, K

t temperature, °C

TA total alkalinity, mol/kg
TC total inorganic carbon content, mol’kg
u flow velocity

4 charge of the ion i
Greek symbols

r wetting rate, kg/(s m)

n dynamic viscosity, Pa s
v kinematic viscosity, m*/s
P density, kg/m’

o surface tension, N/m
Indices

Ar argon

B bulk

CO,  carbon dioxide

E evaporation

eq chemical equilibrium

G gas

i component, volume element
lam laminar

N, nitrogen

0, oxygen

Ph phase interface

SW seawater

tot total

turb turbulent

v vapor

\% water

wavy laminar-wavy

*®

physical equilibrium
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