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Nomenclature and Conversion tables:

Symbols

a, Activity of a compound x

a,b,c,d Constants in the Debye-Hiickel
eguation

ClI"  Chloride ion

G Gibbs free energy

H Enthalpy

I lonic strength

K Solubility product

m Molality

M Molar mass of solvent

Ny Number of moles of component
X

Na® Natrium ion

p Pressure

pi Initial pressure

P Average reservoir pressure

Pl Productivity Index

Q Flow rate

r Radius

re Capillary radius

rs Sphere radius

R Ideal gas constant

RH  Relative Humidity

S0,% Sulfate ion

T Temperature

u Intenal energy

Vs Molar volume of the liquid

X Mole fraction of solute (liquid)

y Mole fraction (vapour)

z Valence of the ion

Zn**  Zincion

Greek symbols

a,f
Hy

Phase notation (G, L or S)
Chemical potential of

component X
Activity coefficient of an ion

Mean activity coefficient of an

ionic solution
Fugacity coefficient

Osmotic coefficient
Stoichiometric coefficient

Superscripts

Initial condition

+ Positive electrolyte

- Negative electrolyte

0 Standard conditions

Hi Standard state: infinite dilute
solution

G Gaseous phase (vapour)

L Liquid phase

ref  Reference

S Solid phase

sat  Saturated

Subscripts

A Pure solvent

act Actual

b Boiling; from liquid to gas

C Critical

cr Chloride-electrolyte

cond Condensation; from gas to liquid

DD Draw down

evap Evaporation; from liquid to gas

env  Environment

eq Equilibrium

H,O Water

i Component

j lonic species

melt Melting; from solid to liquid

Na® Natrium-electrolyte

S Aqueous solution / mixture

sat  Saturated

trans Transition

vap Vaporization; (see evaporation)
from liquid to gas

wif Flowing wellbore

X Component
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Temperature related:
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1 Introduction

Gas production is one of the key aspects in tharallgas industry in the Netherlands and the
North Sea. Unfortunately this gas production tadesg a high water cut and a rapid
performance decline as recovery progresdasring production, the flow rate is constantly
monitored, since it is important to see whetherghg production is still profitable.

A typical gas reservoir in the North Sea basin &@ld initial pressure of about 500 bar and a
temperature of 14%&. Due to production, the reservoir pressure witl ep at a pressure of
200 to 250 bar.

For the production of hydrocarbons a flow needse@reated. This is obtained by creating a
pressure drop. Hereby the bottom-hole pressuleegtroduction well is maintained at a
lower pressure than the average reservoir pre¢sigere 1-1). Meanwhile, the pressure of
the surrounding rock will also radially decrease.

—> | =/ ]

Figure 1-1 Flow direction due to pressure drop

Due to the pressure drop, gas and water will flowards the producer. Thereby the
production process (depth, velocity) is designezhghat the amount of water (water cut) is
as small as possible. During production, the qualitwater is monitored down-hole and at
surface.

Analysis of these data shows an increase in coratéat of dissolved salts and minerals
down hole, whereas the concentration of dissoledts and minerals in the produced water at
surface stayed more or less constant. In factcaheentration of dissolved minerals and
electrolytes in the water down hole was incliningwime combined with a decline in the
gas production. In order to increase the producfi@sh water treatments lasting half a day
were applied. The water washes are not only tinmswming, but also the complete
production process must be paused. With water vgasheh 2-3 days (almost 170 times a
year) this is an expensive solution.

As already told, many parameters are monitoredrdéase. Among them also the tubing head
pressure and the flow rate, which can be seernguré&il-2.

By noting the time versus pressure, it can be cwied that from the end of March to the end
of May there was a very rapid decline in the tubing her@dsure and production rate. After a
water wash athe end of Maythe production rate was restored. Further wagatments at

the beginning of July and end of Augu&re required to maintain high flow rates. It lisaz




that these treatments drove up the overall prodactite From end of March to end of
Augustthe production decline is limited to 100,000 Nne&/&', which is due to natural

depletion.
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Figure 1-2 Flow rate and tubing head pressure ploéd against time in a gas well which experiences sal
precipitation problems. Water washes restore recovg

Salt accumulation has been indicated by mechawicatline surveys, a video camera survey
and by well performance data (Figure 1-2). Most\sak found in the upper perforations.
Samples revealed that the scale consists of alpupsthalite®.

As mentioned earlier, the water washes had a grgetct on the tubing head pressure and
hence the production rate. Additionally the satiantration in the produced water was also
decreased. Video cameras allow us to compare sdtsdefore and after water washes
(Figure 1-3 and Figure 1-4).

However, the water washes offer a solution to ttobdlem without completely understanding
the processes which are responsible for the pramudecline and incline of the salt
concentration down hole. It is of great importatica these processes are identified and well
understood for the sake of forecasting gas prooinend for the optimization of the recovery
process design.

1 Nm3/day; gas volume measured at standard pressure and temperature
1000Nm3/day= 38040 cf/day
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Figure 1-3 NaCl scale in the perforated zone of a Figure 1-4 Perforated zone after fresh water
gas well before fresh water treatmenf”’ treatment @

For the optimisation of the recovery process sitoutaare used which also account for the
evaporation of formation/reservoir water. Howewerexisting simulators the influence of
dissolved species and the precipitation of mineasdsnot yet taken into account properly.
Before this behaviour can be incorporated intaveutator, a better understanding of the
underlying processes is needed.

Van Dorp et a? performed simulations to describe the gas prodogtccounting for the
evaporation of water to take along the increagbefalt concentration in the reservoir water.
For the description of the evaporation an empimzalation as suggested by Tang and Etzion
was used. In this correlation the evaporation is described function of relative humidity
and of wind (gas) velocity over a water surfacec@xdingly, higher gas velocities result in
higher evaporation raté®. However, in this correlation it is not accountedthe fact that
evaporation of water is also influenced by the @nes of solutes.

The aim of this bachelor thesis is to study théugrice of dissolved electrolytes and pore
sizes on the evaporation of water. For this reag@nfirst part of the theory in chapter two
explains the basic behaviour of pure water, folldwyg the description of the influence of
solutes, non-electrolytes and electrolytes, orptiese behaviour of water. The second part
explains the influence of pore size on the physitemical properties with the help of the so-
called Kelvin Equation. The proposed formulas ideluelative humidity, water activity and a
term describing the pore structure. In chaptere3é&sulting graphs are discussed. In chapter 4
this will be summed up in which the conclusiond Wwé given.



2 Theory

During the production of gas, not only hydrocarlgases are produced, but also small
amounts of formation water. In some cases eveniéxelydrocarbons are produced, which
condense as oil at surface conditions.

In order to obtain a flow, a pressure gradienteisded between the reservoir and the
producer. Due to this pressure gradient, gas amaafiton water flow towards the production
well. The biggest pressure drop is observed closid production well. Due to this pressure
drop, gas is able to expand and the desired ges idrcreated. Also formation water reacts
on the pressure decline e.g. by evaporating. Aasarthe temperature is so low that steam
(water vapour) has condensed. The ratio of therwelof produced water and the volume of
produced total liquids, is called water cut. Durprgduction the water cut has to be as low as
possible. For the optimalization of the recoverygass, there can be chosen from a number
of simulators.

The productivity of a well is measured by the stecaProductivity Index [m3/d/bal{;

Pl = Q
ApDD
in whichQ is the flow rate and\p,, = p— p,; [bar] describes the pressure drawdown.

(2-1)

For a good simulation of gas production, also tileWing processes need to be accounted
for:

Firstly, due to the pressure release the gas espartie porous medium. (Adiabatic)
expansion of most gases results in cooling dowthefas. If the temperature decline is large
enough, the gas might condense. For pure gasésniperature decrease due to pressure
decline can be calculated using the so-called Jotenson coefficient. For gas mixtures this
is more complicated to calculate; the different poments forming the gas mixture behave
differently. Thus, the combination of compositistart temperature and pressure determines
how much the temperature eventually declines dileedadiabatic) expansion of the gas
mixture and hence influences the amount of conadkgas mixture.

Secondly, reservoir water may evaporate. If itssuaned that reservoir water consists solely
of water, the combination of temperature and presdictates how much water evaporates.
However, reservoir water, also known as formati@ter, commonly contains dissolved
species, electrolytes or non-electrolytes. Dudégpresence of these solutes, the vapour
pressure changes.

Another important issue is that, due to the presdecline towards the production well,
reservoir water starts evaporating while the nolatile solutes stay in the remaining liquid
phase. Hence, the concentration of these solutesases as more water evaporates. As a
consequence the (maximum) solubility of these salint the remaining water has been
reached or even exceeded. If the concentratioigiehthan its solubility a solid phase
forms. This is called precipitation. It is the magawuse for clogging within the pores near the
production well.



§ . |
.-' ‘%\ h
F|gure 2. 1 pores between grain Figure 2-2 Flow occurres thF(;h connected

pores (permeability)

In a reservoir, grains are not always equal of. Siberefore also the pores differ in size. Due
to the pores, the liquid/vapour interface is foraged more curved shape. Due to this curved
interface the pressure changes and hence the vapssure changes again. To understand all
the processes, which can occur during gas prodydtie above described processes and their
coupling need to be better understood.

This bachelor work focuses on the effect of solategvaporation of water, the impact of
evaporation on the precipitation of the dissolveldites (minerals, salts), and the effect of a
porous medium on the evaporation of water and pitation of solutes.

In order to understand these processes, we negaliack to the basics. Why do minerals
precipitate? What is the effect of dissolved mifsecm the evaporation of water? What is the
effect of pores? Therefore we need to understaddarable to describe the influence of
solutes on the properties of aqueous solutiongl@dnpact on gas production.
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2.1 Phase Behaviour

A phase diagrams shows the aggregation statematter at different temperatures and
pressures (Figure 2-3). Within each phase, themahig uniform with respect to its chemical
composition and physical state. For a pure compipies equilibrium lines mark the
conditions under which two phases coexist at dayiliim. The shape of the diagram is
different in details and depends on the substarigeie 2-4). If a matter goes from liquid (L)
to solid (S), it is called freezing. From solidliguid is called melting or fusion. The line
between the solid and liquid phase is called ‘MeltCurve’. The phase transition from liquid
to gas (G) is called evaporation, and from gagytad is called condensation. The line which
distinguishes these two phases is called the ‘Vapoessure Curve’. The ‘Sublimation
Curve’ can also be crossed when sublimation or siéipo is taking place. Then a solid turns
into a gas or vice versa.

When the conditions are such that it is on ondeflines, two phases are in equilibrium. If
the conditions are off the line entirely, ther@my one stable phase of the substance.

The vapour-pressure curve ends at a temperaturpraagure where gas and liquid become
indistinguishable fluids due to the same density properties. It is called the critical point
(point B) and occurs at critical temperaturg) @nd critical pressure {p If the temperature

or pressure goes beyonddrp,, it is called a supercritical fluid.

At point A, the three equilibrium lines cross ahdicalled the triple point. Only at this
condition a solid, a liquid and a gas phase coexist

The equations describing the equilibrium linesdegved from the fact that the chemical
potentials of the two coexisting phases have tthbesame.

Critical
B point
Liquid
Melting
Freezing

@ Solid
§ Vaporization
e
- Condensation

A Gas

Sublimation Triple point
Deposition

TEMPErature s—
Figure 2-3 A typical phase diagran®
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Figure 2-4 Vapour pressure (in torr?) of different components at different temperatures®

Energy

Phase transitions like melting, vaporization andlisuation consume energy which must be
provided in some way. This in contrast to e.g. @msétion which releases energy. The
required energy is usually provided or releasetieécdotal system by heating, but can also be
provided by pressure decrease. The higher the tatype, the larger the energy of the
molecules. When the molecules are ordered in sontedt crystalline structure, it is called a
solid (Figure 2-5). In a liquid, the molecules hawere disorder and move more easily around
each other. There is complete disorder or chadiseifolecules can move freely. Then it is
known as a gas. By transferring into another phaseds have to be broken. Therefore it will
cost less energy to transfer a liquid into a gasteiad of transferring a solid into a gas (Figure

2-6).

Q
O

°o

Gas

Total disorder; much
empty space; particles
have complete
freedom of motion;
particles far apart.

‘(“:]L e ‘5
Cool or N
compress Cool
——
Heator | @ Heat
reduce !
pressure | [

o o

Liquid
Disorder; particles
or clusters of
particles are free
to move relative to
each other; particles
close together.

Crystalline solid

Ordered arrangement;
particles are essentially
in fixed positions;
particles close together.

Figure 2-5 Structure of molecules within a gas, siol and liquid ©

21 torr = 1.32E-3 atm = 133.32 Pa = 1 mmHg,
http://www.convertworld.com/en
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Figure 2-6 Added heat VS temperature at constant @ssure.
Heat required to take 1 gram of ice to vaporize tsteam!®

Thereby, it is interesting to note that liquid watan be overheated without forming vapour.
This occurs when all gases (contaminants) are editad and water is uniformly heated,
avoiding all vibrations. When the overheated watilrbe shaken or stirred, it will
immediately violently evaporate.

The amount of energy needed to heat 1 gram of i@tdrKelvin, is called the specific heat
capacity. The heat released or consumed to chaegeggregation state is called latent heat
and is equal to the change of enthalpy or diffeeesfeenthalpy of the coexisting phases. The
enthalpy of a phase increases linearly with tentpegaand when dealing with a phase
transition, a discontinuity occurs. All energyli®h needed to break the bonds between
molecules for the transition of the phase.

Chemical Potential
The chemical potentialy ) of a species, i, is the molar Gibbs energy (G):

=—=u (2-2)

A general description for the transition from aitiah condition to another condition is given
by;

TP =T, F)+ RIn(g 23)
%/_/
chem potential std potential deviation_ from_ std con¢

Herea, is the activity of the component i and is dimengsa. If the standard state is
described (e.g. pure solid, liquid, or ideal ggs)is used and, is by definition one if as
standard state the pure component is chosenzfise used and, is defined ag, :%.
As already explained in the previous sub-chapter condensation-evaporation reaction can
be expressed as a chemical reaction;

condensation

H,0(gay = H Q liquig

evaporation

13



Liquids

For a solid or liquid phasef, = x ) p(T) andf® = p°(T). Since p(T) = p’(T)it cancels in
the denominator and thegn equation 2-3 can be replacedxyy if the pure component
standard state is used. The following equatiohes tobtained;

AT )= YT, B)+ RTIN ) (2-4)
wherex is the mole fractionX =1 for pure solvent i) andis a dimensionless activity

coefficient of component i. Later on, in chapte2.3, the activity coefficient of electrolyte
solutions will be explained in more detail. Therefa model of the Debye-Huckel theory will
be used to calculate this activity coefficient (&Appix 0).

The activity part of equation 2-RTIn( xy/) can be split up by;
RTInx + RTny
— S
free_energy of mixing  potential free ener
Here the free energy of mixing is given by the; term and the activity coefficient term
which accounts for non-ideality, the inter-molecutaeractions?!.

Gases
For a gaseous mixtured, = y @ p(T) andf® = p°(T). The chemical potential for an ideal

gaseous mixture differs from a real gas. The gaseuoxture is given at temperature T and
pressure ghus:

G
T )= T, )+ R 222 -

Here, the activity, is replaced for an ideal gasﬁy(/f)—p. Sincep™ =—po, the activity can
Y p

also be replaced byg p**. The mole fraction of gas is denotedybyandgis the fugacity

coefficient. This coefficient describes the intdi@ts between gas molecules with respect to
‘no interactions’. This is necessary because thedstrd state is the pure ideal gas for which it
is assumed that there are no interactions.

In real life, interactions will take place and thhi correction factor is needed. All real
gasses become ideal in the limit as the pressymaghes zertd!, hence the limit

Iirrg)qq( p) =1can be used.
p-
Thus;
Standard state ideal gastemperature T and pressufe p
T, P) = 45T, )+ Rﬂn[—yigf,pj @3)

@is the fugacity coefficient which describes thesmattions between gas molecules

with respect to no interactions. So with a standsate of an ideal gas it is first
assumed that there are no interactions, but tkeesictions will be assumed within the
deviation. § is commonly chosen to be 1 bar and can thus bedus

Standard state pure componantemperature T and pressure p
FET D=4 ST, )+ RTIn()° (@),

14



y.is the activity coefficient which describes theeir@ctions between gas molecules with

respect to uniform interactions between molecutas.equal to one if the chosen standard
state, namely the description of pure gas mow the mole fractions of component i in the
gas phase.

The factor between the standard state of an idesahgd a pure component is described by;
gp=1

0

Py

In this work, it is assumed that the gas phase behaeally, so that the fugacity coefficient
is equal to oneg =1.

2.1.1 Pure Water

As is said on page 11, the shape of phase diagiidfess for different substances. The phase
diagram of water looks different than the one dleotcomponents. As can be seen in Figure
2-7, the melting curve has a negative slope, wiseteacurve in the phase diagram of Figure
2-3 has a positive slope. This is related to tleedéice having a lower density than liquid
water. Now, by increasing pressure a matter deiitesa higher density. Ice will therefore
melt instead of becoming denser in solid state.

The critical point of water exists at a temperawfr874°C and a pressure of 218 atm (647 K
and 22.1 MP4dJ. At this point, the properties of the two phasesdme indistinguishable
because the densities of both vapour and liquidehae then identical.

The triple point of water can be found at a tempeeaof 0.01°C and 0.006 atm. This means
that at these conditions ice, liquid water and waapour coexist in a stable equilibridn

critical
otg | X 2 8 f)oint
P ice g
——— &
atm -
000§ =T '. / i Wate r : The large dralwinf\
i . is not too scale.
vapor @ e
7\ R 100 374
g 0.01 T C

Figure 2-7 Phase diagram of watel!

The commonly known boiling point of water is 1008I§lus (at atmospheric pressure). In
general, when water starts boiling, it means thaperation takes place usually due to
heating. As can be seen in Figure 2-7, the temperatt which the liquid phase starts boiling
is related to pressure. Therefore, the whole letevben liquid water and water vapour can be

15



seen as boiling points. The circumstances on eaetlfusually) 1 atmosphere. Therefore
100°C is used as the reference boiling point. Bagnvpressure decreases, e.g. in the
mountains, also the vapour pressure decreasesatedwill then boil at a lower temperature.
The same can be said for the freezing temperadtithe standard pressure of 1 atm. the
freezing temperature is 0° C. But again, at otmesgures the component freezes at other
temperatures. The vapour pressure curve can belmE$by the semi-empirical Antoine
Equation, and will be explained in section 2.2.1.

It can be seen that at reservoir conditions (1483€ 296 atm.), water exists as a liquid. Since
there is a pressure drop required to induce atitovards the production well, the conditions
cross the vapour pressure curve (red arrow in Eigur). Therefore the formation water
vaporizes. At surface conditions even more pressececase is obtained.

Due to the sudden gas expansion, the gas tempeistoooling rapidly®’ and the conditions
move along the red arrow towards the left. By dragthe vapour pressure curve, the
obtained vapour condensates back to liquid.

16



2.1.2 Agqueous Solutions

By adding a specific amount of solute to a solvdrdre is one more degree of freedom so
that there is not a line displaying the vapourdligequilibrium but an area. The transition
from the liquid phase to the liquid-vapour two phasgion is called a bubble point. The
transition from a vapour phase to the liquid-vap@gion is the dew point. The projection of
the bubble and dew point curves in a pressure-teatyre diagram is shown in Figure 2-8. It
can be seen that the VL equilibrium curve and the&uilibrium curve shifted to higher and
lower temperatures respectively compared to thdiequm curves of the pure solvent. The
shifting of these curves is proportional to the antaf added soluté.

In an isobaric condition the freezing curve shiftsower temperatures, whereas the boiling
points shift to higher temperatures. The changélsdése properties due to the amount of
dissolved solute are the so-called colligative praps. Commonly in these situations, the
quantity of the dissolved substance is small coeghéo the quantity of solvent.

A crucial fact is that the solute is non-volatéed is therefore only present in the liquid
phase, neither in the gaseous phase nor in the mwdise, since the solute will then precipitate
in a pure form. Therefore the liquid phase getseeded’ due to this addition and, at the same
pressure, there will be obtained a decrease dfdlezing point and an increase of the boiling
point (Figure 2-8). At isothermal conditions, ttaddion of a solute results in decrease of the
vapour pressure. The behaviour of pure water cateberibed by the pink lines in the p,T-
diagram of Figure 2-8. When a solute is addedntbiing and vapour pressure curves shift
towards the blue lines.

For the study on the influence of solutes and tiy@aict of gas production, only the elevation
of the boiling point and the lowering of the vapguessure are of interest.

Due to solute, the aqueous solution is less velatild therefore the vapour pressure
decreases. This brings along that it will take Emigr formation water to evaporate.

The vapour pressure decrease can be describetieljtfof Raoult’s law for an ideal
situation and otherwise by the modified Raoultis.la

1 /
1 = Bm . - - - - . . - . - - -
1
“apar presaure of
the pure aolvent 1
= 1
g !
: I
4]
5
[wH
1
Solution
T Sobvent | 1 bioling,
boiling | I poad
Ap0r prEsae point
of the anlution \I 1
o 1 1
Ternperature (“C)

Figure 2-8 Phase diagram for a solvent and its sdion with a non-volatile solute
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Solubility

Besides that the maximum solubility of a soluta isolvent depends on the kind of solute, it
also is a function of temperature and pressurau(Eig-9). Once the maximum saturation rate
has reached, a solvent can no longer absorb swidt¢he solute forms a solid phase. When
the solute transfers from being into solution ta¥gathe solid phase it is called precipitation.
As can be seen in Figure 2-9, solubility (usualigyeases with temperature. Sometimes,
when the dissolving is an exothermic reaction,eaase of temperature decreases the
solubility. However, this is not the case withimstreport, and will thus not be discussed
further. When the amount of dissolved solute is tan its maximum solubility, the solvent

is assumed to be under-saturated (Figure 2-10%. mkans that the solvent can still absorb
more solute. When the amount of solute in the sysseabove the maximum solubility, the
solvent is called to be over-saturated. This caoldserved, e.g., when a solute is dissolved at
a higher temperature and the solution cools dowe. sblute will not immediately precipitate,
since the threshold to become solid takes a lehefgy. But when a small amount of energy
which exceeds this threshold is provided, the soltl start to precipitate until the maximum
solubility and hence the equilibrium is reached.

Solubility of
Salt and Sugar

B0 [ e R I o e e ] Solubility
(o il | | ) equilibrium
- |SUGE Oversaturated
ol = 400 i i 1 ok
3 Ot ‘ g
R _ | | ==
O 300 e | — 2
L S | i | &
Q =201 =z o : ©
2 -6 200 : i I 8
E B 20— = 4l
B 3w +—1TTT1T1T1 2
- 29 I R P Undersaturated
o0 b ; salt
o T - e e = e = ey
] 20 40 60 80 100 '—6 f F_ (M)
Temperature (°C) -2 -4 log[F7]
Figure 2-9 Temperature dependence of the ) - o .
solubility of salt and sugar in water” Figure 2-10 Solubility equilibrium line ™

Now, if the hydrocarbon gas cools down (due toatiiabatic expansidf), also the liquid
phase cools down. Consequently, the solubility eleses and the formation water becomes
oversaturated. This means that from this momerthere is no equilibrium anymore and the
solution is in a meta-stable state. However, thatsovill not directly start to precipitate
because there is not enough energy. A second éauthe oversaturation is that, once
reservoir water starts evaporating due to the presgecrease at the production well, it will
leave the solute in the remaining formation wafée cause of the increase in concentration
in time (as explained in the Introduction), is @fere to find within the pressure decrease,
which takes along two major consequences. Oncertbey-threshold is reached, the
minerals will start precipitating immediately andlwlog the pores along their way to the
production well. This might be a possible explamafior the fact that the tubing head
pressure declines at the same time.

3 Joule-Thompson effect
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2.1.3 Aqueous Electrolyte Solutions

In general, agueous electrolyte solutions do riférdvery much from aqueous solutions. An
electrolyte is any substance containing free ibas make the substance electrically
conductive™. The most typical electrolyte is an ionic soluti@ectrolytes commonly exist

as solutions of acids, bases or salts. Also substawhich react with water, can produce ions,
e.g. carbon dioxide gas dissolves in water to predusolution which contains hydronium,
carbonate, and hydrogen carbonate ions. Moltes satt be electrolytes as well.

An electrolyte solution is called concentratedahtains a high concentration of ions. When
the solution contains a low concentration, it ibechdiluted.

Furthermore electrolytes can also be distinct @irttate of solubility. When a high

proportion of the solute dissociates, the electeoly strong, but if most of the solute does not
dissociate, the electrolyte is weak.

The changes in the colligative properties (as enpthin chapter 2.1.2), also hold for
electrolyte solutions. However, there are someediffices involved, since dissolving of an
electrolyte takes along the fact that it dissosiatéo charged ions. This has an effect on the
interactions between species of different molecsiese the interactions are now long-range
interactions and not short-range as for unchargediss. Besides also the temperature has an
effect on the solubility (Figure 2-11 and Figurd 2

Salt Solubllities with Temperature

150 - -‘/,., " . : _ : —
140 — [~ —e—Nacl
130 L : 4 & KNO3 = /
120 P d & MaND3 = 1000 — é&f.:// —
e s KCI03 i &2
e i
2 100 —e—KCI t «
14 o y —a—Ki = &\-\8
§‘ 30 T & NH4CI = L y
80 L = | |
z ; y L ® 8 D0 - / //«
= 0 / P /./ e i i m el
w 60 . - 2 E 100°C + " 25C
5 so | et o B 7 m\ﬂﬁ_.f--”
= [ = e & o : g
40 - e s — —— | _~— —
EL X ol oo .
T ] : i} 100 00 00
10 L | i TEMPERATURE,"C
T B e e Figure 2-12 Solubility of Quartz VS
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Figure 2-11 The solubilities of salts with
temperature !

Chemically pure water does not occur in natureulstvater -and thus especially formation

water, involving high pressures and temperatusesiastly an aqueous electrolyte solutions.

It contains dissolved minerals/salts, certain anmohdissolved gases and also suspensions
of the rock.

As already stated, colligative properties desctiilgeproperty changes, due to the presence of
solutes, based on the concentration of the disdaleenponent.

If minerals or salts dissolve in water, e.g. Na@¢ solution is a non-ideal solution (Figure
2-13). A solution is called non-ideal if the intetians between the molecules are not uniform.
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Figure 2-13 Physical model of a non-ideal solutioff

Since ions are charged points, the behaviour oidtiie depends mainly on the charge of other
ions in the solution. The arrangement of the isrtherefore not randomly distributed
anymoré®: the ions can attract or repel each other.

Even in a dilute system, the Coulomb forces origigafrom the charges are present. This
can be seen in Figure 0-1. E.g. the mean actiagffcient for the same concentration of
NaCl is different than the one of ZnCThis can be explained by the fact that 1 mole INaC
dissociates in 1 mole Nand 1 mole C{1:1), whereas ZnGUissociates into 1 mole Zhand
2 moles C[2:1). In total there will be 2 moles of dissolvieds when 1 mole of NaCl is
dissolved versus 3 moles of ions when 1 mole oflZiegdissolved. The activity coefficient
for dilutions up to around 0.01m can be describethb Debye-Hiickel theory, which is
explained in appendix 0. A negative activity coaéfnt increases the solubility.

As can be seen in Figure 2-14, smaller concentratiake along a negative activity
coefficient, but at one point it turns from deciiegsnto increasing, and the activity
coefficient becomes positive. The Debye-Hiickel thatmes not describe this change and
thus will continue decreasing with increasing itnesgth.

Tx
lonic solute Solute is
Uncharged less stable
solute  thaninan
ideal solution
1 ....................................
Ideal .
behaviour Solute is
more stable
than in an
ideal solution

[x]

Figure 2-14 Mean activity coefficient versus soluteoncentration™
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2.2 Phase Equilibrium Description

A closed system is defined as that there is noangh of matter with the surrounding. In
other words; the system ends up with the same anwdumolecules as it has started.
This is in contrast to an ‘open system’ where somagerial gets lost to the ambient.
Within this work, it is chosen to deal with a cldsystem for simplicity.

To describe a phase equilibrium between the phasesip, the chemical potential of a
component i {4 ) of the coexisting phases is equal:

H(T,p) =4’ (T, p (2-6)

The chemical potential of a liquid phase was alyegiden by

[T, p)= 4T, @)+ RTIn( x%)"° (2-4)
The chemical potential of a gaseous or vapour phasegiven by

G
KT, )= - (T, B)+ Rﬂn[y“‘i j
P (2-5)

The evaporation-condensation process in solutiepgiids mainly on relative humidity
(RHeny). As a matter of fact, evaporation can be distisiged into two stages (Figure 2-15).
The first stage of evaporation corresponds to sarévaporation of the water and is linear
versus time. This stage depends mainly on thelaapiiorces and the nature of the solution.
The second stage of the drying process corresgorttie diffusion of water vapour inside the
porous media towards the surface. It has a muetesimate of evaporation than the first
stage. Water loss in the rock is not complete #éis@lrmoisture content in equilibrium with
environmental conditions remains along the secamtigi the evaporation curV&

Thus, from a thermodynamic point of view the conaltion of the above equations predicts
that when both the water activity of the solutionl dhe vapour, are equal to Rkl the
gaseous water and the liquid water of the brineraeguilibrium!?.

L,>T
1
D Number of molecules
having enough energy
I to evaporate at lower
o v
= T, temperature, T,
=5 =3
c
03 £
Z E
=% D Number of molecules
2 p
+ having enough energy
to evaporate at higher

Energy temperature, T,

& 2006 Brooks/Cole - Thomson

Figure 2-15 Evaporation has two stage
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2.2.1 Pure Components
The starting point, or initial condition, is a pu@vent A which is at conditions of a pressure
p and boiling temperatuf€ , . The final state is a mixture of the solvent wattissolved

substance, S, at pressure p and a new boiling teope off, .

The subscript b stands for boiling point, A for @solvent and S for mixture/solution. The
superscript stands for standard condition of the pure comppraan L and G stand for the

liquid and the gas phase respectively.

As stated in chapter 2.1, the vapour pressure gepmesents the points of the gas liquid
equilibrium (GLE). There is equilibrium when theethical conditions of liquid and vapour
phase are equal. Thus;

3 (Tone P) = 48 (T e D) (2-7)
This shows a combination of the equations 2-4 aBd3ince the starting
points .. (Tb"A, p°) andu;® (TI;A, p°) are the same (due to the same temperature and

pressure), both sides can be divided by RT andxhenent can be taken from both sides,
only the activity is left to make the differenceddmence this must be equal at equilibrium.
Thus;

XV = % (2-8)

As can be read in the appendix ‘Vapour Pressuredase’, the relation between the vapour
pressure curve and the temperature can be destyhibe so-called Antoine Equatiéh It

is a semi-empirical equation which can be derivaseldl on the equality stated above.

Using the Antoine Equation requires three composestific constants and the temperature
T at which the pressure needs to be calculated Ahb@ne Equation has been used and
adopted by many reasearchers. It is therefore itapbto use the right parameters together
with the formula which is given and to respecttoeindary conditions. In addition, plus or
minus signs might differ by the constants and alkether to use the natural logaritm or the
logio. It is also important to be careful with the unitsich the formula uses. In literature the
Antoine Eqution has the following general format;

B
l0g,,(p) = Ai(T N Cj (2-9)

Usually the pressure is given in mmHg, where ofti@oine Equation formulas give the
pressure in bar or Pascal. Temperature might lngivKelvin, but also in degree Celsius is
not uncommon.

To overcome the limits of the general Antoine Egumata simple extension by additional
terms is used. The Extended Antoine Equation hagdmeral format of;

P =exp A+( B
T+C

The additional parameters increase the flexibdityhe equation and allow the description of
the entire vapour pressure curve.

j+ DT+ ET + FIn(T)) (2-10)

4 Only valid for pure components
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For the Antoine Equation which was used within thissis, the following formula’s have
been used;
B
lo =A- | —— 2-11
%o(P) (T + c—273.15j @40
Also the extended version by Wagner was used. $tmantioned in the book ‘Properties of
Gases and Liquids’;

In(p) =In p, +(%J(ar+ S+ @+ o) (2-12)

T
=11-— -
T ( T J (2-13)

C
The parameters for water are given in section@Galculating the temperature from the
extended formula was more complex, since temperasualso settled in the parametet.’
Hence an iterative process had to be used.

with

23



2.2.2 Multi Component Systems

To understand the underlying principles of theigative properties as explained in chapter
2.1.2, this paragraph will underpin these procebgdermulas. With a mixture, two
equilibria can be accounted for; the gas-liquidildziium and the solid-liquid equilibrium.
The gas-liquid equilibrium (VLE) is described bytmodified law of Raoult, which is here a
combination of equations 2-4 and 2-5.

Enthal py

In order to calculate the evaporation enthalpye@ulibrium between the liquid and vapour
(real gas) phase has to be settled. This meansdhation 2-7 has to be used together with
equations 2-4 and 2-5;

e, p)+ RTIN(x)®="(T, p+ RIn(,x)" (2-14)

The next step is to bring the standard potentialeedeft and the deviations of standard
potential to the right;

£ P=H (T, P = RTINC¥) = RTn(,¥)° 215)

Since equation 2-2 states that the chemical patestequal to the Gibbs Free energy and the
term on the right can be put together, it can beedtthat;

L

G (T, p-G (T p= Rﬂn% (2-16)
(x¥)

The left hand side of the equation describes thegz®in which the pure component A in the

liquid phase completely transforms into a gasetase at constant temperature and pressure;

it is called vaporization (from liquid to gas). Buermore(x /)¢ — 1 for pure gases thus for
simplicity equation 2-16 turns into:

AGivep(T, P) = RTIN( )" (2-17)
Now, it can also be said that the enthalpy of evafpan is the same as the enthalpy of the
gaseous phase (endpoint) subtracted by the entbatpe liquid phase (starting point). Thus:

AH (T, p)= H (T, p=— H"*(T, p (2-18)
The Gibbs energy can also be written as a functidheoenthalpy, namely:

AGi garsiion(T, P) = A H ansion (T2 P EEl— %J (2-19)
Combining equations 2-17 and 2-19 gives therefdlre:

DH; (T, P) = RTInCw) (2-20)

)

For a more detailed explanation of the effect duedlutes on the colligative properties see
appendices ‘Elevation of Boiling Point’ and ‘Vapderessure Decrease’.
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Solubility product

The solubility product of a solute is very impottarnthin aqueous (electrolyte) solutions for
the Solid-Liquid equilibrium. A solvent can onlysadrb a certain quantity of solute at a

certain temperature (Figure 2-11). Once this am@urgached, the solute will not longer be
dissolved, and stays solid. Sometimes, the sotylptioduct decreases e.g. due to temperature
decrease. Then the solute will precipitate ungltiaximum solubility. This will be explained

in chapter 2.2.4.

2.2.3 Agueous Electrolyte Solutions

Also electrolytes have a maximum solubility. Herebg charge of the ions has a certain
impact.
The difference between the dissolution of a sadtfan example sugar is that electrolytes
dissociate. When a salt dissolves, it separatedtsihaturally-occurring elements; NaCl for
example separates into Nand Cl.
Positively-charged ions are called cations whenegstively-charged ions are called anions.
lons attract the opposite charged ions and rejecions of the same charge.
By dissolving 1 mol of a salt, there are acquirelkast 2 or more moles of ions in solution;
e.g.1 mole of the table salt Natrium-Chloride (Na@insforms into 1 mole of Nand 1
mole of CI.
Salts are electroneutral, meaning in their sobdestthey do not carry a charge, thus it is equal
in electro-negativity by

v,z,+u.2 =0 (2-21)
Herey is the stoichiometric coefficient which determiresv often a certain ion occurs in a
specific electrolyte. z is the charge / valencéhefion. Thus, the valence of the different ions
determines the chemical formula of a salt.

The dissolution of an electrolyte in water can beatibed by a chemical reaction, the
dissociation. For a salt AB one gets;

AB(9 - AR ad - u, A( ajpru. B( a (2-22)

The chemical potential of an electrolyte can bé sl in the contributions of the cation and
the anion by;

H=U M YU U (2-23)
The chemical potentials of each charge can beenmrggenerally as (see also equation 2-3);
U, =i, +RTIn(a) and 4 =4 +RTIn(a) (2-24)

The activity of each species depends on the agtiaefficienty and the molality, m, of the

species [mol/LP\. The charge of an ion determines the activitycaniith respect to the
undissociated electrolyte:

m.y,. _m.y.

a. -# and a, _TB (2-25)
m is the molality of the species and can be caledlay;

m. =U,Mg and m,. =U_Myg (2-26)

5 The superscript  here represents the chosen standard state, which can be left
unspecified at this point but is usually taken to be the solute or Henry’s law standard
state [s]
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The solubility product K (equal to the dissociatmnstant) of salt AB is defined as;

K = (aA* ) (aB’ ) (2-27)
a'AB
The activity of the solid electrolyte AB is equaldne because the pure component standard
state is used. Therefore the solid phase solelgismnof electrolyte AB, thus
ap =1 (2-28)

Combining this with equation 2-27 gives the solipiroduct
<=(a)" ()" =

As already stated, the solubility produ€t, is not zero, but has a certain value. This is a
property of the solute and is related to the teapee.

To compute the mole fraction of the solute, agaendations and anions must be split up;

n n
X,=——— and X=Z—— — (2-30)
n.+n o+, n.+n+n,,

'+

The fraction of the pure solvent can be calculited

Xyo=1=X =X (2-31)
For a strong electrolyte that dissociates intwations andy_anions, the molality can be
calculated like equation 16, but now multipliedthg stochiometric coefficient B¥:
oMy o UMMy 2 ML o

X, = = =
1000g (kg™ " 1000y kg™

T 1ooo+U
™. my

A

During experiments only, can be determined. Therefore the mean activity fbrl

electrolyte is defined by, =w/(a_a+) and s@, and a_can acquired.

If y=1, it is assumed that the solution behaves idediklae activity is solely described by the
composition of the mixtures. Another important adpe that the activity coefficient is
concentration dependent, as can be seen in Figide 2

When a solute is present at a very low concentratite ions have a negligible effect on the
properties of the average water molecule and theigo can be considered as ideal.

But, even with low salt concentrations, the intécacs between the ions are strong. Due to
the strong interactions, the enthalpy and entrdiiychkange when a small amount of salt is
dissolved®. This is because at low concentrations a negattigity coefficient is obtained.
A negative activity contributes to a higher solithjlso more solute can be dissolved.

The mean activity of the electrolytes can be cal@d using different models such as Debye-

Huckel, B-dot and Pitzd?. The Debye-Hiickel theory provides a quantitativeel for
calculating the solute-solute electrostatic intdoes in an aqueous electrolyte solution.
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Via the mean activity, the water activigy,, can be calculated. This is an important factor, t
compare with the relative humidity, R& which is a factor of the water vapour of theaaid

sat, air

the liquid water of the brinelRH,,,, = P,

L,brine *
w

Evaporation takes place when the water activigrémater then the environmental relative
humidity (a, >RHen,) but whena, <RHen, condensation occurs. Fore a more detailed
explanation about the Debye-Huckel theory, see ragliped.

The effect of the activity coefficient is documerte a Matlab code which is attached in the
annex ‘Activity_Coefficient_Iteration.m’. It stadavith a y, =1, after which it calculated S.
Than it iterates untill the minimum error has readh
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2.2.4 Precipitation Equilibrium of Aqueous Solution S

The solubility product is related to the temperatof the solvent. The higher the temperature,
the more solvent can be dissolved due to a highlabsity product (see Figure 2-9 and

Figure 2-11). The solubility product is dependemtloe activity. An ‘active’ form of the
compound is a very fine crystalline precipitatehvatdisordered lattice. It is generally formed
incipiently from strongly over-saturated solutioSsich an active precipitate may persist in
metastable equilibrium with the solution and mag\eaat only slowly into a more stable
‘inactive’ form. Measurements of the solubility aftive forms give solubility products that
are higher than those of the inactive forms. Invacsiolid phases with ordered crystals are also
formed from solutions that are only slightly oveéwsated. Precipitates are frequently formed
from strongly oversaturated solutions. The condgiof precipitation of the incipient active
compound are often of primary interest. Most sditybproducts measured refer to the most
active component. The solubility products for aetsolid compounds are, because of their
time dependence, not equilibrium constants. Theyoperational value to estimate the
conditions under which precipitation occtits

In order to test whether a solution is over- orermshturated, the free energy of dissolution of
the solid phase has to be inquired, whether ibstwe, negative or zero.
For a salt AB th&

s0?

AB(9 = A(ag+ B( ay (2-33)
The Gibbs energy for a salt in equilibrium is defiras;

AG=0=AG’, + RTIn( K, .,) (2-34)
Thus;

AG®,,=-RTIn( K, ) (2-35)
Combining the both equations gives;

AG =-RTIn( K, )+ RTIN( K, ) (2-36)
with

KsO,act =M (a‘iuI ) (2-37)

Within a solution with an oversaturated concentradiG # 0 = AGoeq + RTIn(I‘I (g ))
Combining this wit equations 2-35 and equation 2#8Zan also be written as;

AG = RTIn (Mj (2-39)

s0,eq

act’

With a“ calculated as explained in equation 2-25.
Hence, the free energy of dissolution is given by;

AG = RTan& (2-39)

sO
HereQ = (I‘I 3" )act andK, = (I‘Iai“' )eq
Applying this to the salt AB we get

AG = RTIn—{ A+}a"t{ B_} act — R11nE (2-40)

(ALlBl, ke
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A"andB™ are given either in concentration or in molallyP stands for the actual lon
Activity Product.

Since{ A*}eq{ B‘} o 1€ in equilibrium state, they are equal to oné,@n be ousted. Hence;

IAP
AG = RTIn{ A}w{ B} =R .

(2-41)
act

sO

The state of saturation of a solution with respect solid is defined as follows:

IAP > K, (oversaturategl
IAP = K, (equilibrium saturatedl (2-42)
IAP < K, (undersaturateyl

By comparing the internal energy, Q, with K, thatstof saturation for all reactions that
involve a solid phase can be defined. When a sadares oversaturated, the salt AB will
precipitate.

As already explained in chapter 2.1.1, the expansidhe gas takes along a cooling down of
the temperature of the gas and hence the liquitingpdown as well. Therefore the liquid
becomes oversaturated and salts may precipitaie ch cause clogging within the well or at
surface.
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2.3 The Effect of a Porous Medium

It is known that the phase behaviour of a systemllk phase is different than if present in
porous media. This is due to the fact, that therfate between the two coexisting phases is
more bent in porous media then in the bulk phddead influence on the surface tension due
to the changed inertial forces. E.g. reservoir wisteaptured in small pores of the reservoir
matrix. As a consequence the water is present al droplets with a strongly curved
meniscus. The smaller the pores, the greater tiwinguof the interface. As it is known from

1 2

the Young-Laplace equatidh Ap = 0'(1 +£J ,the pressure at different sides of a curved
interface is different.

W. Thomson, later Lord Kelvin, developed an equatidnich implied that the vapour
pressure of a component or solution over a cumeiface differs from that over a plane
interface.

2.3.1 Pure water

The influence of pore size on the evaporation-cosdgon process is described by the so-
called Kelvin equation as follow;

0
In p(r) | _ _20V, cosp (2-43)
P, rRT

wherep(r)is the equilibrium partial pressure of water vapauthe temperature T (K) with a
curved interface with radius p,is the vapour pressure of water with a flat integfar is the

surface tensiony’is the liquid molar volume of wateg is the contact angle between the

interface and the solid (pore), r is the radiusdbmg the curvature of the radius interface, R
is the gas constant. jpf is smaller thanp(r) it means that in porous medium the pressure

within an isothermal condition, at which water &dyoiling is higher. From the equation
Young-Laplace it can be concluded that with dedrggsadius, the vapour pressupgr),

increases and water evaporates.
This Kelvin formula has been derived for water aadnot be used for other components.

The relative humidity (RH given in fractions) givéee ratio of the partial pressure of water,
p(r), over the vapour pressug, at the same temperature. Including this in equa2i43
results in*’;

_ 0
RH:exp[Z@%TWJ 2-a0)

The evaporation process within different kindsedmetries is described in appendix 0
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2.3.2 Aqueous solutions

When the formation water contains soluble salts Kblvin Equation can be rewritten adding
a term accounting for the presence of dissolved, iaich depend on the kind of salts and its
concentratior”;

po(r)J_ 20V, mM,
In =- cosp —vp—=——= (2-45)

Herev is the number of ions into which a salt molecussadciates if dissolved in wateris

the osmotic coefficient approaching 1 for sufficlgmilute solutionsinis the mass of pure
water or salt ani¥l is the molecular weight of either water or salt.

A simple view of a porous rock can be described bandle of pore throats and chambers.
The pore chamber is placed between the pore thfleigisre 2-16). By definition, the pore
throat is smaller than the pore chamber. Thus,riéasonable to expect the evaporation-
condensation process to be limited mainly by the ploroats. Hence, the pore chamber does
not regulate the flow properties. However, it dogkience the porosity significantly and thus
the capacity of the rock.

The evaporation process can now be distinguishitedwo sub-processes (Figure 2-15). The
first stage of evaporation corresponds to surfae@eration of the water and is linear versus
time. This stage depends mainly on the capillarges and the nature of the solution. The
second stage is the drying process during whiclemetpor diffuses from the porous media
towards the surface. The rate of evaporation irst®nd stage is much slower than for the
first stage. Not all water is evaporated alongstheond part. This is called the residual water
content and stays as a film along the gréins

'

Pore
chamber —

Pore
throat

Pore
throat

{5

Saline

. i
olution

i

Figure 2-16 Evaporation process in a pore chamberj; and in the pore throat (b), of which the porous
structure is described as a combination of pore thoats and chambers”!

6 Also Kohler(1921,1926), Wright(1936), Mason(1957), Byers(1965) and Low(1969)
made similar expressions
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Gibbs-free energy difference
The Gibbs free energy describing the evaporati@ngaten temperature and pressuxg, _,,
can be defined by the water activiy,, the equilibrium partial pressure of the waterowap

at the temperature T (K), the presspfe) and the vapour pressum,, of the bulk phase (flat
interface) as follows;

AG ,=RTIN—2_ = RTIn—2v_ (2-46)
P/ Py RH,,
where R is the gas constant per mole, T is the eeatpre (K) and Rkl is the environmental
relative humidity, which is defined ag&H,,, :spa#ater

w

However, in a pore, the saturated vapour pressuiieei water meniscus depends on the
surface. Thus, given that an interface is preseistnecessary tadd an energetic term using
the Kelvin Equation (equation 2-43). Adding equati®43 to equation 2-46, the Gibbs free

energy change in a pofs3,_ (r), can be written as;

AG_,(r)= RT[In ad J+ 2% cosgp (2-47)
RH r

env

The second term on the right-hand side of equaidB is accounting for the presence of a
meniscus (interface gas-liquid). For a saline smfutvith r = c , the equation reduces to
limAG,_,(r) =RTIn §,=AG_, (2-48)

Wetting plays an important role in the evaporapoocess. In a water-wet rock, the
evaporation process is thermodynamically restraindereas an oil-wet rock, evaporation is
easier.

Dealing with a water-wet rockp = 0° equation 2-48 can be therefore written as;

AG_v(r)zRT(ln o J+2m"0 (2-49)
RH r

env

This evaporation model is defined for a cylindripate. In order to apply this model to a
porous rock it is necessary to link the cylindripate to the porous media of rock. The
connection can be made using the mean pore tradats; r.

The system is at equilibrium wheXG, _, (r)is equal to 0. From equation 2-50 a critical value
of the relative humidity, RH(r), can be obtaineda@kws;

20V’
RH,,(r) = aWEeaxp( ' J (2-50)

rRT
RH,, (1) is the relative humidity at equilibrium with thelisa solution in a pore. Comparing

RH,,(r) with the environmental relative humiditRH,,, it is possible to predict when the

env’?
evaporation (or condensation) occurs. ThuRHf , < RH, (1), evaporation will occur,
meanwhile iRH, ;> RH.( ) condensation will take place.

To predict the tendency for the solutes to preaipitthe following parameters are necessary;
the water activity of the solution and the criticallative humidity for evaporation. Also the

molar volume of the solutiom?, and the surface tensian, are required. The molar volume
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of the solution can be written as the sum of itdigemolar quantities for each component in
the system, such as®(l), Na'(aq) and Claq) assuming ideal behaviour.

However, during evaporation the saline solutionopees more concentrated, since water
evaporates. Thus, the water activity decreasebRiftj(r) = RH,,,. As evaporation

continues, the halite saturated solution is reaemedprecipitation will occur.

2.3.3 Dissolved Components in Formation Water

The most frequently occurring component dissolvefbimation/reservoir water is calcium
carbonate originating from limestone strata, samst with calcium binders, marls etc.
Water which passed through dolomite strata oftariains magnesium carbonate. Further,
readily soluble salts, such as common salt and ssgm sulphate, are often present in
reservoir water, due to a possible salt cap ofekervoir. Also gypsum (calcium sulphate) is
frequently found".
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3 Results and Discussion

The following graphs are obtained from Matlab fil€ke program code can be found in the
appendix.

3.1 Description of Phase Behaviour of Pure Water

From temperature to pressure
The first m-file which was made was the Antoine &tpn, in two different rangd8. Hereby
the following equation was used,

B
| =A-| ——M— 3-1
°9:0(P) (T + c—273.15j &4

With the Boundary Conditiong;=273-473K, p=0-16 bar

For water, the parameters are;

A =5.11564
B = 1687.537
C=230.17

With equation 3-1 the values of the vapour presaue calculated in bar, with an input of
the temperature [K]. The programme also had th@xppity to make a graph. This graph
consisted of temperature starting from 273.2 K748.2 K. The graph can be seen in Figure
3-1.

Yapour Pressure Curve of pure H20, by Antoing

Saturation Pressure H2O [Bar]
oo

L 1 1
250 300 350 400 450 500
Temperature [K]

Figure 3-1 Smaller range of pressure and temperata’

Since reservoir pressures have higher pressuresddication of the Antoine Equation with
a larger range had to be searched for. The Wagneaten satisfied these, which was given
by the following equation;

In(p) =In p, +(%J(3T+ I+ a®+ o (3-2)

T
=1-— 3-3
4 .

C

Here the Boundary Conditions afie;273.2-648.2K, p=0-221 bar

with
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The parameters for water are;

a=-7.77224;
b =1.45684;
Cc=-2.71942;
d=-1.41336;
p_c = 220.64,
T ¢c=647.3;

Again the programme was provides the user a chwliegher to see a graph or give a
temperature to which the vapour pressure needs taloulated for. The graph can be seen in
Figure 3-2.

- Yapour Pressure Curve of pure H20, by Wagner

200 -

150 | -

100 -

Saturation Pressure H2 0 [Bar]

50+ -

0 . 1
250 300 3s0 400 450 500 550 G00 G50
Temperature [K]

Figure 3-2 Larger range of pressure and temperaturé’

From pressure to boiling temperature

The Antoine Equation provides us to calculate #taration pressure at a certain temperature.
But by rewriting the equation, also the other weguad could be calculated. Now the
pressure is the input and it will say at which tengpure the dew-point can be found.

Equation 3-1 is now rewritten to;

T (—B J— C+273.1¢ (3-4)
(A-log,,(p))

To rewrite the Wagner Equation, the calculation wase complicated. Since the temperature
is a function of the pressure, it had to be itetakéere | allowed a maximum iteration of
10,000 or otherwise an error of less than 1E-O@. diitput gave the maximum number of
iterations, the error, the given pressure p, theutated saturation pressure, and the actual
pressure at which this boiling temperature wasutaled. This | did in order to see how much
the pressure differed from the given pressuretfi®@exact programming of this function |
refer to Annex 2 ‘Reversed_Function.m’
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3.2 Description of Aqueous Solutions (Non Electroly te)

3.2.1 Temperature

To see how much the boiling temperature of liquatev changes due to dissolved solutes, the
program ‘Increase_T_b.m’ was made.

Again the user has a choice between showing a gmafuhcalculation the new boiling
temperature at a certain concentration. It wasadulated for standard conditions, thus, a
pressure of 1 atm. For the calculation, the ussittigive the mole fractions of water as an
input. Since concentrations in reservoir water wilt be more than 20%, the user is asked to
give the mole fraction of water which differs beeme0.8 and 1.0. Pure water meayis £.0,

and as more solutes are dissolvedyik decrease. With the decrease of the mole iivachf

liquid water, the new boiling temperature increa3é® theory behind this phenomenon is
explained in appendix 0 ‘Elevation of Boiling Pdirithe graph of this program can be seen

in Figure 3-3.

For this programme, the following equation was used
AH 73

T,(¥) = AH (3-5)
Rm)g(){]zo)_'_ THZO
b

With AH ' = 40660J/mol

The output at this programme also involved the tajure difference, which was calculated
with respect to the boiling temperature of 373 atrh.
AT =T,(¥-T,

280

Meve Boiling Tempetaturs atp=1 atm

Temperature [K]

373 i i i
0.8 0.85 0.9 0.95 1

¥ malraction H20 liguid

Figure 3-3 As the mole fraction of water is decreasg, the boiling temperature increases$”
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3.2.2 Vapour Pressure

Due to dissolved solutes, also the vapour pressharges. The new vapour pressures were
calculated by using the Wagner Equation (secondgba.1), multiplied by the mole fraction
of liquid water;

psat(x) = pvapoug pressur(.D% H

The plots from this programme are seen in FigudeuBtil Figure 3-9. These hold mole
fractions of water from 1.0 — 0.8 [-] with steps(005.

For both the calculation and the plot, the programeeds the mole fraction of water as an
input. Next to this mole fraction input, also tieenperature input is required for the
calculation at which the vapour pressure decreasdsto be calculated.

It can be seen that as the mole fraction of waterahses, the vapour pressure of the solution
also decreases. The blue line reflects the vapmsspre of pure water. The red line reflects
the vapour pressure of the aqueous solution.

It can be seen that at higher temperatures, thet ifshe deviation with respect to the pure
solvent is greater.

Yapour Pressure Curre by Wagner
24 -

vapour pressure of pure H20
22+ #  vapour pressure of solution

Saturation Pressure H2O [Bar]
=

0.8+

06 |

0.4 I I I I I
350 360 370 e=11] 3490 400

Temperature [K]

A
Figure 3-4 P, T-diagram with mole fraction of water= 1.00%

Wapour Pressure Curvs by Wagner
24

vapour pressure of pure H20

22 yapour pressurs of selution

Saturation Pressure H20 [Bar]
-

g

06 -

04 L L L L I
350 360 370 380 el 400

Temperature [K]

é
Figure 3-5 P-T-diagram with mole fraction of water= 0.99%
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Yapour Pressure Curve by Wagner
25

¥apoUr pressure of pure H20
wapour pressure of solution

Saturation Pressure H2 (0 [Bar]

1 1 1 1 1
350 360 370 380 380 400
Temperature [K]

Figure 3-6 P, T-diagram with mole fraction of water= 0.95M

Yapour Pressure Curve by Wagner

rapour pressure of pure H20
rapour pressure of solution

Saturation Pressure H2O [Bar]

il L L L L I
350 360 3o agn 3490 400

Temperature [K]

Figure 3-7 P,T-diagram with mole fraction of water= 0.90%

Yapour Pressure Curve by Wagner
25

Yapour pressure of purs H20
rapour pressure of solution

Saturafon Pressure H2 O [Bar]

1 1 1 1 1
350 360 370 380 340 400
Temperature [K]

Figure 3-8 P, T-diagram with mole fraction of water= 0.85M



Yapour Pressure Curve by YWagner

rapour pressure of pure H20
rapour pressure of solution

Saturation Pressure H2O [Bar]

il L L L L I
350 360 3o agn 3490 400

Temperature [K]

Figure 3-9 P, T-diagram with mole fraction of water= 0.80%
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3.3 Description of Aqueous Electrolyte Solutions

3.3.1 Debye-Hiickel Theory

The Debye-Hickel theory gives an insight of theet of different kinds of solutes.
According to the theory, the activity coefficierdateases with increasing concentration ionic
strength (Figure 3-10 and Figure 0-1). As thisasthe case, the Debye-Huickel theory is only
valid until an ionic strength until 0.042 M. Thiartbe seen in Figure 3-11. Pay attention
here, that the x-axis is given here in the squaoé af the ionic strength, and that the activity
coefficient is given in the basel0 logarithm.

From the graphs, it can be seen that, the valaiite @ons has impact on the activity
coefficient.

plotof log10 gamma V'S sqrtof ionic shrength
T T T T

H
1
=
=
[
=
=2
Bz} ]
t4r MNaCl1:1 ]
A6l Ma 2304 2:1 |
Mg S04 1:1
1al Cac03 i |
- 8- ldeal behaviour
_2 1 1 1 1
1} 0.2 0.4 0.6 0.8 1
sqrtof lenic Strength | [M70.5]
Figure 3-10 Concentration from 0.0 to 1.0 [mol/LP!
01 plotof leg 10 gamma Y S sqrt of ionic stre ngth
]
-0
-0.2 +
o
£
c -03F -
[
2
[
o 04 - 4
g
-05 E|
MaCl1:1
MNa2504 21
Ul | MgS04 1:1 1
Caco3n
07k --——- |deal behaviour B
1 1 1 1
0 0.0% 0.1 013 0.2 0.2%

sgrtof lonic Strength | [h0.5]
Figure 3-11 Zoom on concentration from 0.0 to 0.2Bnol/L] Y
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4 Conclusion

It is obviously that temperature and pressure areia parameters which have a direct effect
on the behaviour of water. Due to the dissolvedtss| the vapour pressure is decreased. In
addition also the curved interface decreases theurgressure of reservoir water.

However, due to the production process, the regemater will cross the vapour pressure,
which results in evaporation.

Since the solutes are not volatile, they will stayhe remained reservoir water, which
increases the concentration as is monitored. Therwall proceed its way to surface as
steam. At a certain point, the produced gas wibeexi, and will cool down. Due to this cool
down, together with lower temperatures at surftoe steam will condensate back to liquid
water. This liquid water will add to the watercltit since the steam did not take along any
solutes, the concentration monitored at surfaceiresrmore or less constant.

When the maximum saturation has been reached iresieevoir water down-hole, the solutes
will start to precipitate. This precipitation caaké place within the pores but also within the
production well. It will affect the permeabilitynd at a certain moment it can clog the pores
and form scaling within the well. Simultaneouslyttwihe lower temperatures at pressures
also the still available liquid water will becomeensaturated within the tube, since the
maximum solubility is a function of temperature elrecipitation of salts has a decreasing
effect on the tubing head pressure.

Although from the Kelvin model it can be assumeat ttwvaporation within reservoirs with
smaller pores is less favourable, | expect thaetlaporation has more influence than
evaporation within reservoirs with larger poresislib because the evaporation occurs more
gradually over a larger area, whereas in the smadiees it takes along all the solutes towards
the production well. Since the pores are also @md#ss precipitation is needed to clog the
pores.
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Elevation of Boiling Point

As was shown in Figure 2-8, the boiling point ohiture rises due to the presence of solutes
according to an isobaric condition. This colligatproperty is called ‘Elevation of boiling
point’ and is related to the amount of solute.

In order to calculate the change of the boilinggemature with respect to the boiling
temperature of the pure solvent, again the initialdition must be subtracted from the final
condition.

The vapour pressure equilibrium condition for atonig, thus the final condition has a new

boiling temperaturd, 4, but has the same pressure p, thus now it hofdiéosolution with
solvent A:

1 (Toe P)=£5(Tos D) @

Combining equations 2-7 and 2-21, gives therefioeeelevation of boiling point with respect
to the original temperature of the boiling point:

i (Tos D)= (Tow D) =15 Tos D25 ( Ty @

The chemical potential of a mixture can be exprasdéerms of the standard chemical
potential of the pure component and the activitg thuthe added solutes (see equation 2-3).
This activity is expressed in terms of compositddithe molecules of the solvent. It describes
the deviation of the interactions between the mdescof the pure solvent, due to the addition
of the dissolved molecules to the solvent. Fogaidl, the activity at boiling point is related

by the activity coefficieng,and actual concentrationof component A;

s (Tb,S’ p) =/J'AL(Tbs p)+ RTbsln( XK )L (3)
Please not that the boiling temperature which élusere, is not the boiling temperature of
the pure solvent A, but the boiling temperaturéhef mixture ST, .

For a vapour, the activity and concentration al@tee by the fugacity coefficiegt, the

concentratiory, and the vapour pressure p. Combined with equati8ithe chemical
potential of a gaseous mixture is given by;

iy (qus, p) =,U'AG(Tbs p)+ RTbgn( Xy }G 4)
Again, using the boiling temperature of the mixiiig.

A non-volatile solute is only present in the liqulklase. Therefore the vapour phase only
consists of pure solvent and thys =1. For simplicity it was also assumed that theoua
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behaved like ideal gas and thys=1 (page 14). Now the terRT, sIn ( xAyA)G drops out and
thus from equation 4 will only remain;

:uAG (Tb,sv p) = ,u.AG (Tb s p) (5)
By substituting equations 3 and 5 into equatiom@ can find:
. L o . N B
M (Tos D)+ R IN( 3 ) =5 (Toa 0= (T B - #4:°(Toap) (6)
%/—/
st. potential deviation pure_ comp st potential pure_ comp
final _liquid _condition ini_liquid _condition final_ gaseous oadition initial _gaseous conditior

By rewriting and separating the chemical potenfiadm the term which describes the
deviation due to the effect of dissolution, thddwling equation is obtained;

(1t (Tosr ) =102 (T B) (4% (Toa A2 Toa ) == RTdn( %5 1 U

mixture pure_ component

The first term on the left-hand side describesctiemical potential difference between the

gas and the liquid phase of the pure componenttAeabubble-point of the solution, whereas

the second term on the left-hand side describeshémical potential difference on the

vapour pressure curve of the pure component A.

Since the vapour pressure curve describes equiibbetween the liquid and vapour phase,

the chemical potentials of equation 7 must be edqbelsecond term becomes zero;

Ui (Tos P) =268 (Tys P == RT,dn( x¢ ) ©)
The second term of the left hand side of equatiwanllZalso become 0, applying equation 2-
19. 7T, , will be divided byT, , and results in one, hence the enthalpy must beptedt with
0. As the enthalpy is used, equation 8 can noveeitten to;

- T

AH; ns(To s P) [El—gj =-RT, SIn( Xy )L 9)
b, A

Since equation 8 goes out from a starting positifosm gaseous phase towards a liquid phase,

the enthalpy sign is thus as if it is condensing!

Since it is preferred to use the enthalpy of evagpam, rather than the enthalpy of

condensation, this can be changed by a minus sigheoright hand side;

- T
AH A’\,ap(-|-h s p) [El—%j = RTb S|I’1( Xy )L (10)

b,A

A simple rewriting gives;
B (RL’SIn(xAyA)L)

Tb,A - Tb, s~ -
AH A,vap(rb S p)

Here a boiling temperature difference is statedéen a mixture (begin) and a pure solvent
(end), thus the evaporation of the boiling poinaahixture with respect to the pure solvent
can be calculated by:

T, , (1)

~(RE T o(In(xw)"))

AH:A,vap(rb S p)
Here x, is the concentration / mole fraction of the puskvent. Since it is more useful to

know what the effect is of the addition o$pecific amount of weighd the solution the
formula needs to obtaiq , the mole fraction of the solute.

ATy =Tys—Tya= (12a)
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In terms of the solute
With a dilution, the amount of dissolved mattevésy small in comparison to the amount of
solvent. Actually, for simplicity it could be stak¢hat the mixture consists of solvent, e.qg.

dropping a sugar cube into a bath tube. Thus itbeawritten thak; - 1. Because the pure
solvent reaches one, it can be said that the gctwefficient approaches one, thus- 1.
With these assumptions the term in the numerateqaoétion 12a becomes:

-RT, T, s0h( x)" (12b)
x, can be replaced by a term which containsnamelyx, = (1- ;). It is known from
2
mathematics thain (1-x) can be described by the setigld - x) = —x—%—é ——)j, the

expressionin (1- ;) of a diluted solution witx; — 0, reduces therefore to the limiting value
of

Ixirjg(ln(l— Xg)) O=Xg (13)
Combining this with equation 12, the minus sign dropt and gives;
_RT,GsTh ()

AT, -
A H A,vap(Th S p)

(14)

If this same mathematical theory is applied to eguali0 and the minus sign is put in front,
the following is obtained;

3 . Tos | _ .
AHA,Vap(Th N p) 1_T_. == RTb Sln( Xs) (15)

b,A

Hence, it can be stated that the boiling temperatfitee solution], 5, must be greater than

the boiling temperature of the pure solvé@py,, since the ratio of the temperatures must be

larger than 1, as the molar enthalpy of vaporizatit,,, ,, has a positive value and the left
side of the equation is negative. This proves theagilen of boiling poinia

In terms of the added mass of the solute
In order to relate changes in temperature to the mylafiol per kg solution) the mole
fractions need to be converted,;

Xg = s - M (16)
ng+ N, m, + 1000
M A

Xsis the mole fraction of the solute S, as is useebumation 15nyis the amount of moles of
the solute S and, the amount of moles of solvent Ay is the molality of the solute added
per kilogram solution of A anlll , is the molar mass of solvent A given gram per mSiece
molality is perkilogram and the molar mass is in grams, a factor traliss added.

In a diluted solution the mass of the dissolvedtsols small compared to the mass solvent. It

can thus be assumed that the mass of the solstequial to the mass of solvent. Equation 16
will therefore become:
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_m M,

Xg = 17)
1000
Combining equation 15 with equation 2-17 gives;
. . Tb,S - M A
AH., A(Tiw D) [El—ﬁj = -ROT, Imfz 22 (18)
In order to calculatAT, , all terms of boiling temperatures need to be isgpd from the other
terms, thus;
_ i__.l} .RD"} Ma (19)
Tos To A|-|Vaqu(Th N p) 1000

And for simplicity;

Ta~Tos| . ROM M, (20)
TosTha) AH;, A(Ti p) 1000

vap, A

If it can be further assumed tAgt, = T, , the temperaturg ¢ in the denominator can be

replaced by, ,. The minus sign is helpful to change the beginemdicondition in the
numerator and thus can be stated that;
. 2
AT, =T, s~ Ty 4= REQ-I;YA) o DM -
AH\./ap,A(Tl:q A p) 1000
With this equation the boiling temperature can dlewated based on the amount of added
solute. As can be seen, it does not differ veryhrfoem equation 14.

(21)
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Vapour Pressure Decrease

In contrary to the elevation of boiling temperafw#ere an isobaric condition is described, it
is also required to calculate the effect on theouapressure at isothermal conditions.

The initial condition is the pure solvent A at teenperatur&, , and its respective vapour
pressurep, . The final state is the dilute solution at the saemperaturg, ,, but now at the

pressurey, the vapour pressure of the solution.

To calculate the pressure difference, the inittaddition is subtracted from the final
condition;

Ap=p (M)=xK p(M (22)

In general, a gas-liquid equilibrium can be desatiby the modified law of Raoult.
Using the boiling point temperature of the purevent gives;

XV B (T) = yo p(T) (23)

X represents the mole fraction of component i inlidngid phase.y, the mole fraction of
component i in the gas phage™is the vapour pressure of the pure componentivanhg

temperature (also called saturation pressuyé,the fugacity coefficient of component i in

the gas phase.
At initial condition, the liquid phase exists ord§/pure solvent, sy, =1 and the pure

component standard state is used, glsol. Also the gas phase consists solely of pure
solvent, and thug, =1. Again it is assumed that the vapour will behavamideal gas, and

henceag, =1. At the initial conditions the pressure is equetlte vapour pressure of the pure
solvent A at the given temperature;

p.(T) = p.(T) (24)

At the final state the gas phase still only cossigtpure solvent A because the solute is non-
volatile, and thuy, =1 andg, =1. However the liquid phase consists of both scdune

solvent and thus equation 23 becomes;

XV Pa(T) = B5(T) (25)
wherex, represents the mole fraction of the solvent Ae®ft is assumed that the liquid
phase behaves ideally so that=1 (same assumptions as on page 43), hence;

X, PA(T) = B(T) (26)
From this equation it can be concluded that theblaipoint pressure of the solutigii'(T) ,
is smaller than the vapour pressure of the pureesblA, p, (T), as the mole fractions is
always smaller than ong <1

To calculate the difference in vapour pressureigecequation 22 has to be combined with
equations 24 and 26. This gives;

Ap =%, PN~ A(N=x-DORACTD @7)
Furthermorex, =(1- x;), hence;
Ap ==X () (28)
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Since the pressure and mole fraction are bothipesthe vapour pressure difference must be
negative, with respect to the vapour pressureaptire component s

The difference in vapour pressure difference caa ke calculated based on the amount of
added solute. Thereforgmust be replaced by the molality;

M, :
[l 29
10005“15 Pa(T) (29)

Ap=-
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Debye-Hickel Theory

The amount of salt that can be dissolved dependseokind of salt but also whether there are
already other ions in the solution present.

Whereas calculating electrostatic interactions ényatal is straightforward, the interactions in
liquid solutions are dynamic with ions continuoushanging their positions. A completely
random distribution of ions in the solution resufts neutral solution, no net attractive or
repulsive interactions because the average sepasaif like-charged and oppositely charged
ions are the same. However, it is now known thatdistribution of ions in the solution is not
random due to the charges of the ions and thigcttre’ has to be taken into account.

The solubility equilibrium is influenced by the iorstrength of the solution. For fresh water
conditions, the Debye-Huckel theory (or the Guribkay or Davies Equation) may be used to
convert the solubility equilibrium constafit.

According to the Debye-Huckel theory, the meanvagtcoefficient,y, of an dissolved

electrolyte is given by
l0g,o ¥.,- = ~Alz (g |V 1 (30)

Ais a constant incorporating the properties of thieent; for an agueous solution at 298
K, A is equal to 0.51M>.
| is the ionic strength of the solution and is gitsn

1
| :EZCJZE/_’j (31)
J

wherec, is the concentration arj,_ is the charge of thl' ionic species. The summation is

taken over all dissolved ions.
For consistency;can be rewritten in terms of molality, thus;

M
:EZ & Q]? (32)
25 1000

It is not possible to experimentally determine dlativity coefficient of a single ion without
the presence of its counter ion; it is not possibladd a positive ion to the solution without a
balancing negative ion. Therefore, the mean agtooefficient is usually determined.

These predictions are confirmed by experimentsoioistrengths less than0.042M, as can

be seen in Figure 0-1 It demonstrates the valafithe Debye-Huckel model only for dilute
ionic solutions.
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Ideal

O PSS g behaviour
I N e 1:1
l0g10Y+
—1.0 | 2:1
-1.5 3:1
0 | 05 1

1
VI (M?)
Figure 0-1 Calculated plots oflog,, J, versus /|
The experimental data for NaCl and ZnC} are shown as dotted line¥!

At higher values of ionic strength, the Debye-Hi¢keory can no longer match the
experimental data. In fact, the Debye-Htickel thewedicts thag, will continue decreasing

at high values of the ionic strength, whereas ¥peemental data (Figure 0-1), show that

reaches a minimum and then increases to be evngmehter than 1 (as is shown in Figure
2-14). In order to be able to describe also theaelr of concentrated solutions other
models such as the Pitzer model or the Chen-NRTélainoeed to be applied

;I']herefore a modified Debye-Huckel theory is obtdirt®ut will not be further discussed here
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Evaporation Process within a Pore

The evaporation of water of the pores during desinggRH is not symmetrical to the
adsorption phase during increasing RH. Some hypethkave been conceived in order to
explain the hysteresis loop. One of them is basetthe different geometry of the meniscus;
e.g. cylindrical during condensation into capikeriand spherical during evaporatitn
Another theory which is first proposed by KraemEd31) is the ‘ink bottle’ geometry. This
theory states that in a pore system composed o€Wiuadrical cavities, like an ink bottle, the
condensation occurs filling first of all the widsavity, as in a bottle, and then the narrow
neck. As a consequence, the environmental RH detergithe loop width can be calculated
by means of equation 2-42, by considering the sdfithe wide body for the condensation
and the radius of the neck for the evaporation.

The pore and capillary geometry influence bothdtitecal RH -as computed with the so-
called equilibrium of equation 2-40 and the follagiprocesses. Imagine that the water filling
by condensation occurs reversibly, in equilibriuthvithe increasing RH. In the latter it is
irreversibly triggered by the critical value of Rglyen by the same equation, but now
representing an unstable equilibrium. The geon@tys a very important role here.
Therefore the cases of a single pore or capilléfgrdrom a combination of them together.

A hemispheric pore with radius (Figure 0-2) faces a larger cavity or the external
environment. When RH reaches Rlthe water molecules of the flat water surfaceifga

will be evaporated until rsrThis includes water out of the pore, forming aved meniscus

in the pore. Now, due to the more curved menisaisgher water surface tension is obtained.
Therefore RH needs to decrease untibR further evaporation of the water out of thego

Figure 0-2 Evaporation in a hemispheric cavity withradius r, r is the radius of the meniscus in
equilibrium with the Kelvin formula ™

In case of a spherical pore with a radiysiich is open to the environment through a small
hole with radiusg(Figure 0-3), the pore remains filled and evaporastarts as soon as RH
reaches the value RHiven by equation 2-40 for r&rSince the meniscus with radius r is in
equilibrium with RH >RH, the latter value constitutes again a criticaltable limit to the
system and triggers the evaporation of the cavity.

In contrast to the case of the hemisphere whichasacterized by equilibrium between RH
and r, so that the shrinkage curve is continuotis RH, the case of a nearly complete sphere
is typical of unstable equilibrium and the evapiorais now triggered by two critical values
RHs and RH.

7 Cohan(1944)[ul
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Figure 0-3 Condensation in a spherical cavity witladius ry,
open to the environment through a small hole with adius ro "

For evaporation in a capillary the evaporation safilace at both the open ends of the cylinder
with two hemispherical menisci which remain praaflic at the same curvature during all the
evaporation process. In this case the RH requoethe evaporation is RHhs obtained from

_ _ RH,)’
equation 2-40 for rzri.e. RH :%. Lower values of RH correspond to more curved

menisci, so that a small droplet in the environraeRH causes the complete evaporation of
the cylinder. In conclusion, the evaporation ocairRH with the meniscus unchanged but
drawn back, so that it represents a condition atra¢equilibrium, and the evaporation is
possible only with an outward flux of moisture whieduces RH near the meniscus.

With reference to a spherical pore connected tetivironment through a capillary, three
cases can be distinguished depending on the nesaiijes between the radii of the capillagy r
and the spherg,mamely:

1. Inthe cases 2¥rs(Figure 0-4), evaporation begins at the free entth@icapillary in
conditions of neutral equilibrium. Here fore RHeigual to RH When the capillary is
completely emptied, the same Rid critical for the spherical pore which evaposate
as in case of a spherical pore.

Figure 0-4 Evaporation of a pore (radius g) connected to the environment through a capillanfradius
re>rd2). Evaporation occurs in two steps: first capillay and then the porel™

2. When 2g=rs, like in Figure 0-5, evaporation occurs as ingheceding case at RH

Figure 0-5 As in Figure 0-4 except for g=rg2

3. Inthe case that &rs(Figure 0-6), again evaporation takes place whegpiRkached,
starting from the open base of the cylinder, comicatmg with the surroundings.
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Figure 0-6 As in Figure 0-4 except for g<rg2

Now two adjoining spherical pores can be considered
1. When the arrangement of the pores is as sketcheigume 0-7 the evaporation is
accomplished in two steps triggered by the sizb@®holes. When the pores are equal,
the evaporation is again triggered by 44 in case of a spherical pore and occurs first
in the external pore and then in the internal one.

Figure 0-7 Evaporation into tow contiguous pores wére the larger is external.
The evaporation occurs in two steps: first the extaal, then the internal

2. When the pores are arranged as in Figure 0-8, lygshallarger pore is empty, due to
the drainage process, where the smaller pore Wed first, insulating the larger one
from the environment. Therefore the filled air rénea captured.

Figure 0-8 As in Figure 0-7 except for the relativgosition of the two pored"!

3. Inthe case of the ‘ink bottle’ with a narrow ndékgure 0-9) again the same problem
arises as in the previous case.

Figure 0-9 Evaporation into two capillaries formingan ‘ink bottle’.
The evaporation occurs into the narrower neck”!

The only way these larger pores got filled wafé situation was once that the porous body

was submerged into liquid water (water level agimafter the air could escape. Another way
is that, by the overburden, temperature got ine@asd the pressure of the air in the inner
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pores pushed the water outside the mouth, i.esrttadler external pore or capillary.
Therefore, the latter could also be emptied by kixgeliquid water instead of evaporating it.
On the contrary, a drop in temperature may cause svater to be sucked into the inner pore.
So, besides the condensation-evaporation cyclestory, variations in temperature or
pressure are also responsible for migration of mate porous bodies.
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Annex

ANTOINE COMBI.M 55
REVERSED FUNCTION.M 57
INCREASE T B.M 59
DECREASE P VAP.M 50
DEBYE HUCKEL.M 62
ACTIVITY COEFFICIENT ITERATION.M 67

1 Antoine_Combi.m

clc

clear all

close all

equation = input ( '‘Equation 1(T=273-473K, p=0-16 bar) or

Equation 2(T=273-647K, p=0-221 bar)?"' );

if equation==1

% This Antoine function is valid for the temperatur e range
between 273,20K

% to 473,20 K (so 0-200degC) and a pressure range o f0.01-16
bar. It

% calculates the vapour pressure curve through

% log10(p_Vp)=A-(B/(T+C-273.15)). T must be given i n [K]

% source: properties of gases and liquids

A =5.11564;

B = 1687.537,

C =230.17;

choice = input ( 'Would you like a graph(1) or calculation(2)

H);

if choice ==1;
T =273.20; % K

for i=1:200
p_vp=10"(A-(B/(T+C-273.15)));
Temp()=T;
p_vp_sat(i)=p_vp;
T=T+1,;

end

% making plot

figure (1)

plot(Temp,p_vp_sat)

xlabel( ‘Temperature [K]' )

ylabel( 'Saturation Pressure H20 [Bar]|'

title(  'Vapour Pressure Curve of pure H20, by Antoine' )
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elseif  choice == 2

T=input ( 'Temperature in [K] between 273.2 and 473.2:"
p_vp=10"(A-(B/(T+C-273.15)))

end
elseif  equation ==2

% This Antoine function is valid for the temperatur
between 273.20K

% to 647.3 K (so 0-374.15degC), so until critical t

and a pressure range of 0.01-221 bar. It

% calculates the vapour pressure curve through

% Inp=Inp_c+(T_c/T)*(a*tau+b*tau”1l.5+c*tau3+d*tau”
be given in [K]

% source: Bruce E. Poling, John M. Prausnitz, John
O'Connell, The properties of gases and liquids, 5th
A.59

-7. 77224

%bar
_c 647 3 %K

—|'c cooTw

choice =

input ( 'Would you like a graph(1) or calculation(2)

if choice == 1;
T =273.20; % K

for i=1:375
tau = (1-(T/T_c));

p_vp=exp(log(p_c)+(T_c/T)*(a*tau+b*tau”1.5+c*tau"3+
Temp(i)=T;
p_vp_sat(i)=p_vp;
T=T+1,
end

% making plot
figure (1)
plot(Temp,p_vp_sat)
xlabel( ‘Temperature [K]'
ylabel( ‘Saturation Pressure H20 [Bar]' )
title( 'Vapour Pressure Curve of pure H20, by Wagner'

elseif  choice == 2
T=input (

tau = (1 (T/IT_c));
p_Vv
exp(log(p_ c)+(T c/T)*(a*tau+b*tau1.5+c*tau3+d*tau

end
end
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2 Reversed Function.m

clc

clear all

close all

equation = input ( '‘Equation 1(T=273-473K, p= 0 16 bar) or

Equation 2(T=273-647K, p=0-221 bar)?"'
p = input( ‘At which pressure[bar] would you like to calculate
boiling Temperature?' );

if equation==1

% This Antoine function is valid for the temperatur e range
between 273,20K

% to 473,20 K (so 0-200degC) and a pressure range 0 f0.01-16
bar. It

% calculates the vapour pressure curve through

% log10(p_Vp)=A-(B/(T+C-273.15)). T must be given i n [K]

% source: properties of gases and liquids

A =5.11564,

B =1687.537;

C =230.17;

new_boiling_temperature=(B/(A-log10(p)))+273.15-C

elseif  equation ==

% This Antoine function is valid for the temperatur e
range between 273,20K
% to 647.3 K (so 0-374.15degC), so until critical t emperature,

and a pressure range of 0.01-221 bar. It
% calculates the vapour pressure curve through

% Inp=Inp_c+(T_c/T)*(a*tau+b*tau*1.5+c*tau”3+d*tau” 6). T must
be given in [K]
% source: Bruce E. Poling, John M. Prausnitz, John P.
O'Connell, The properties of gases and liquids, 5th edition; p
A.59
TO= 647, %[K]
max = 10000; %maximum iterations
iter = O;
a= -7.77224
b= 1.45684;
c= -2.71942;
d= -1.41336;
p_c= 220.64, %bar
T c= 647.3; %K
for i= 1:max;
iter=iter+1,; %iteration counter
T _begin=TO;

%Determine present guessed value of p_guess



tau0 = (1-(T_begin/T_c)); %T_begin < T_c!
p_vp_begin =
exp(log(p_c)+(T_c/T_begin)*(a*tau0+b*tau0”™1.5+c*tau
6)); Ylogp_c=5.4, ()>1 so (a-d)tau-part must be neg)

%Determine with (T+dT) next p
dT =1l.e-6; %[K]
T1 =T _begin + dT;
taul = (1-(T1/T_c));

p_Vvp =
exp(log(p_c)+(T_c/T1l)*(a*taul+b*taul”l.5+c*taul”3+d

% Determine derivative FWD
p_vp_prime = (p_vpl - p_vp_begin) / dT,;

%Check if max allowed difference in p has been
exceeded;
err = (p_vp_begin-p)."2;

if (abs(err)<dT), break , end

T1 =T_begin- (err / ((2*p_vp_begin-p)*p_vp
%Take Newton Raphson iteration step; % plus of maal

TO=T1,
end
iter
err
P :
p_vp_begin
new_boiling_temperature = T_begin
end
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3 Increase T _b.m

clear all
close all
clc

% GRAPH; on x-axis are molfracti of water in liquid

% between 0.8 en 1.0, with steps of 1/500. The foll

been used,;

% dH_vap=-dH_cond=40,66kJ/mol, T_boiling=373,15 K.

% CALCULATION; give mole fraction of H20. This inpu
between 0.8 and 1.

% New boiling temperature gets calculated with form
shown afterwards, including dT.

choice = input ( 'Would you like a graph(1) or calculation(2)

dH_H20_ vap = 40660; % J/mol

R =8.314472; % J/K/mol

T b=373.15; % boiling temperature in [K] at p=1
[atm]

if choice == 1;

x=0.8; % de grafiek loopt van 0.8 tot 1.0 molfractie
H20.
for i=1:100

T=dH_H20_vap/((R*log(x))+(dH_H2O vap/T_b));
x2(1)= X;
T2()=T,

X = x+(0.2/100);
end

figure (1)

plot(x2,T2)

xlabel( 'x mole fraction H20 liquid' )

ylabel( 'Temperature [K]' )

title(  'New Boiling Temperature at p=1 atm' )
grid on

xlim([0.8 1.0])

elseif  choice ==2;

mol_frac_| = input ( '‘Mole fraction of H20O(l) between 0.8
and 1.0:" X

T b x=dH_H20_vap/((R*log(mol_frac_l))+(dH_H20 vap

dT=T b x-T_b
end

phase
owing has

t has to be

ula and

IT_Db))
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4 Decrease P_vap.m

clear all
close all
clc
% This Antoine function is valid for the temperatur e
range between 273,20K
% to 647.3 K (so 0-374.15degC), so until critical t emperature,

and a pressure range of 0.01-221 bar. It
% calculates the vapour pressure curve through

% Inp=Inp_c+(T_c/T)*(a*tau+b*tau™1.5+c*tau”3+d*tau” 6). T must
be given in [K]
% source: Bruce E. Poling, John M. Prausnitz, John P.
O'Connell, The properties of gases and liquids, 5th edition; p
A.59
a=-7.77224;
b =1.45684;
c=-2.71942;
d=-1.41336;
p_c = 220.64, %bar
T _c=647.3; %K
choice = input ( 'Would you like a graph(1) or calculation(2)
mf)l_frac_l = input ( '‘Mole fraction of H20O(l) between 0.8
and 1.0:" );
if choice == 1;

T = 350; % K

tau = (1-(T/T_c));

for i=1:50

tau = (1-(T/T_c));
_vp=exp(log(p_c)+(T_c/T)*(a*tau+b*tau”1.5+c*tau"3+ d*tau”6));

%saving T and p_vp into vectors
Temp()=T;
p_vp_sat(i)=p_vp;
p_vp_sat X(i)=p_vp * mol_frac_I;

T=T+1;

end

% making plot
figure (1)
hold;
plot(Temp,p_vp_sat, 'b" , Temp, p_vp_sat X, ™)
xlabel( ‘Temperature [K]' )
ylabel( 'Saturation Pressure H20 [Bar]' )
title( 'Vapour Pressure Curve by Wagner' )
legend( 'vapour pressure of pure H20' , 'vapour pressure of

solution’ , 'Location’ , 'Best' )

% axis(273 ,320,0,3)
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elseif  choice == 2;

K" )
tau = (1-(T/T_c));

p_vp=exp(log(p_c)+(T_c/T)*(a*tau+b*tau”1.5+c*tau"3+
New_P_sat x =p_vp * mol_frac_|
dp=New_P_sat x-p_vp

end

T = input( 'Calculate pressure decrease at Temperature

d*tau”6));
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5 Debye Huckel.m

clc
close all
clear all

% calculating log gamma * by Debye-Huckel

% logl0(gamma_x) = -A*Z_x"2*sqrt(l)

% gamma_x = activity coefficient

% A = constant, 0.51 M*-(0.5) at 298K!

% | = ionic strength of solution given by 0.5
SUM(c_j*Z_j*2)

% cC_j = concentration

% z_j = charge of ion j

% Summation within | is taken over all the ions in solution

A=0.51; %[M ~-.5]

choice = input( ‘calculation(1) or plot(2)? ' );
if choice==1

solutechoice = input( 'NaCl (1) or Na2S04 (2) MgS0O4 (3)?
),

if solutechoice==1;
% 1 NaCl <-->1 Na+ + 1 CI-

%charge of ions

Z _pos=1; %Na+

Z_neg=-1, %ClI-

conc= input( ‘concentration in [mol]’ );
%calculating concentration of ions

c_Na= 1*conc;

c_Cl= 1*conc;

%calculating lonic strength
I=0.5*(c_Na*(z_pos"2)+c_CI*(z_neg"2))

%calculating activity coefficient
gamma_Na=10"(-A*(z_pos”2)*sqrt(l))
gamma_CI=10"(-A*((z_neg)"2)*sqrt(l))
gamma_NaCl=10"(-A*abs(z_pos)*abs(z_neg)*sqr t(1))

elseif  solutechoice==2
% 1 Na2So4 <--> 2 Na+ + 1 SO4 (2-)

%charge of ions

Z _pos=1; %Na+
Z_neg=-2; %S04 (2-)
conc= input( ‘concentration in [mol]’ );

%calculating concentration of ions
c_Na= 2*conc;
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c_S04 = 1*conc;

%calculating lonic strength
[=0.5*(c_Na*z_pos"2+c_SO4*(z_neg)"2)

%calculating activity coefficient
gamma_Na=10"(-A*(z_pos”"2)*sqrt(l))
gamma_S04=10"(-A*((z_neg)"2)*sqrt(l))
gamma_NaS04=10"(-A*abs(z_pos)*abs(z_neg)*sq
elseif  solutechoice==3

% 1 MgSO04 <-->1 Mg2+ + 1 SO4 (2-)

%charge of ions

Z_pos= 2; %Mg2+
Z_neg=-2; %S04 (2-)
conc= input( ‘concentration in [mol]’

%calculating concentration of ions
c_Mg= 1*conc;

%calculating lonic strength
[=0.5*(c_Mg*z_pos"2+c_SO4*z_neg”2)

%calculating activity coefficient
gamma_Mg=10"(-A*z_pos”2*sqrt(l))
gamma_S04=10"(-A*z_neg”2*sqrt(l))
gamma_mgso4=10"(-A*abs(z_pos)*abs(z_neg)*sq

end
elseif  choice==2
% 1 NaCl <--> 1 Na+ + 1 CI-

%charge of ions

z_pos=1; %Na+

z_neg=-1; %Cl-

conc=0.0; %concentration Mol/l

for i=1:101

% calculating concentration of ions
c na= 1*conc;
c_cl= 1*conc;

% calculating lonic strength
I=0.5*(c_na*z_pos"2+c_cl*z_neg"2);

% calculating activity coefficient
gamma_na=10"(-A*z_pos"2*sqrt(l));
gamma_cl=10"(-A*z_neg”"2*sqrt(l));
gamma_nacl=10"(-A*abs(z_pos)*abs(z_neg)*sqrt(l)
log_gamma_nacl=(-A*abs(z_pos)*abs(z_neg)*sqrt(l

rt(1))

rt(1))
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% save answers
conc_saved(i,:)=conc;
ionicstrength_NacCl(i,:)=l;
wortell_1(i,:) = sqrt(1);
gamma_NacCl(i,;)=gamma_nacl;
log_gamma_NaCl_saved(i,:)= log_gamma_nacl;
conc = conc + 0.01;

end

%%%%% %% % %% % %% %% % %% %% %% % %% % %% %% %% % %% %% %% % %
% 1 Na2So4 <--> 2 Na+ + 1 SO4 (2-)

%charge of ions

Z_pos= 1, %Na+

Z_neg=-2; %S04 (2-)

conc= 0.0; %concentration Mol/l
for i=1:101

%calculating concentration of ions
c_Na2 = 2*conc;
c_S04 = 1*conc;

%calculating lonic strength
I1=0.5*(c_Na2*z_pos"2+c_S0O4*z_neg"2);

%calculating activity coefficient
gamma_Na2=10"(-A*z_pos"2*sqrt(l));
gamma_S04=10"(-A*z_neg"2*sqrt(l));
gamma_naso4=10"(-A*abs(z_pos)*abs(z_neg)*sqrt(l ));
log_gamma_naso4=(-A*abs(z_pos)*abs(z_neg)*sqrt( 1);

% save answers
conc_saved2(i,:)=conc;
ionicstrength_Na2SO04(i,:)=l;
wortell_2(i,:) = sqrt(1);
gamma_Na2SO04(i,:)= gamma_naso4;
log_gamma_Na2S04_saved(i,:)= log_gamma_naso4;
conc = conc + 0.01;
end

%% %% % %% % %% %% % %% % %% %% %% %0 %6%6 %6 %% %% %% % % % % % % %% %
% 1 MgS04 <--> 1 MG2+ + 1 SO4 (2-)

%charge of ions

Z_pos= 2, %Mg2+

Z_neg=-2; %S04 (2-)

conc= 0.0; %concentration Mol/l
for i=1:101

%calculating concentration of ions
c_Mg= 1*conc;
c_S04 = 1*conc;
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%calculating lonic strength
1=0.5*(c_Mg*z_pos"2+c_S0O4*z_neg"2);

%calculating activity coefficient
gamma_Mg=10"(-A*z_pos"2*sqrt(l));
gamma_S04=10"(-A*z_neg"2*sqrt(l));
gamma_mgso4=10"(-A*abs(z_pos)*abs(z_neg)*sqrt(l ));
log_gamma_mgso4=(-A*abs(z_pos)*abs(z_neg)*sqrt( 1));

% save answers
conc_saved3(i,:)=conc;
ionicstrength_MgSOA4(i,:)=I;
wortell_3(i,:) = sqrt(1);
gamma_MgSO4(i,:)= gamma_mgso4;
log_gamma_MgS0O4_saved(i,:)= log_gamma_mgso4;
conc = conc + 0.01;
end

%09%%%0%0%%%%%0%0%% %% %% % %% %0%0% %% %% % %% %% %% % % %% %% %

% 1 CaCO3 <-->1 Ca2+ + 1 CO3 (2-)

%charge of ions

Z_pos= 2, %Ca2+

Z_neg=-2; %CO3 (2-)

conc= 0.0; %concentration Mol/l
for i=1:101

%calculating concentration of ions
c Ca= 1*conc;
c_CO3 = 1*conc;

%calculating lonic strength
I=0.5*(c_Ca*z_pos"2+c_CO3*z_neg”"2);

%calculating activity coefficient
gamma_Ca=10"(-A*z_pos"2*sqrt(l));
gamma_CO3=10"(-A*z_neg”"2*sqrt(l));
gamma_caco3=10"(-A*abs(z_pos)*abs(z_neg)*sqrt(l ));
log_gamma_caco3=(-A*abs(z_pos)*abs(z_neg)*sqrt( 1));

% save answers
conc_saved4(i,:)=conc;
ionicstrength_CaCO3(i,:)=I;
wortell_4(i,:) = sqrt(1l);
gamma_CaCO3(i,:)= gamma_cacog3;
log_gamma_CaCO3_saved(i,:)= log_gamma_caco3;
conc = conc + 0.01;
end

%0%%%% %% % %% % %% %% %% % %% % %% %% %% %0 %% % %% %
% ideal behaviour, when gamma =1

wi=[0 1],
ideal_behaviour=[0 0]
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%%%%%%%%% %% %% %% % %% %% %% %% %% %% %% % %% %%

% making plot

figure (1)

plot(wortell_1, log_gamma_NaCl_saved, ‘c )
hold on

plot(wortell_2, log_gamma_Na2S04_saved, 'm' )
hold on

plot(wortell_3, log_gamma_MgSO4_saved, ‘9" )
hold on

plot(wortell_4, log_gamma_CaCO3_saved, y--t)
hold on

plot(wl, ideal_behaviour, )

axis([0 0.25 -0.75 0.1])

legend ( 'NaCl 1:1' , 'Na2s0O4 2:1' , 'MgS0O41:1' ,'CaCO3
1:1' , 'ldeal behaviour' , 'location' , 'best' )
xlabel(  'sqgrt of lonic Strength | [M”-0.5]' )

ylabel( 'logl0(gammaz) )
title(  'plot of log10 gamma VS sqrt of ionic strength’
end
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6 Activity Coefficient_Iteration.m

clc
clear all
close all

% Solubility product according to p 514

%NACI (s) <--> 1 NA+ (aq) + 1 CL- (aq)
%a_(Na+)*1*a_ (Cl-)*1=K_sp = 37gr/100gr H20
%a_Na"l*a_Cl*1=c_Na"1*c_CI*1*gamma_+"2=K_sp

K_sp = (0.4755"2*(6.425*992.25)/1000)"2 %mol/L. 25.9 g/100mL

at 25deg; 39.1 g/100mL at 100deg(wikipedia); 6.425m ol/kg
@313.15K 100mPa; solubility NACL at high pressures; rho_water
992.25kg/m3 @ 40deg (thermexcel); K=c_na*c_cl*gamma A2; assume
gamma=1)

c=input(  'Give concentration [mol/L] of NaCl"' );
%concentration of NaCl mol/L

err= le-4, % maximum error

Z pos=1; % charge of positive (Na+)
z_neg=1; % charge of negative (Cl-)

n_pos =1, % parts of positive (1 Na+)

n_neg=1; % parts of negative (1 Cl-)

n_tot = n_pos +n_neg; % number of parts in which salt divides
s_0=(n_neg”™n_neg)*(n_pos”™n_pos);

% a_pos = ; % activity coefficient Na
% a_neg = ; % activity coefficient ClI

C_heg = n_neg*c; % concentration Cl-
C_pos = n_pos*c; % concentration Na+
gamma_old =1; % setgamma_xon 1
max =10; % maximum iterations
iter =0;
¢ = K_sp/(gamma_old"n_tot); % eq 12.72; this is c=(s)(2s)"2
s = (c/s_0)(1/n_tot); % mol/L ; this is concentration s
for i=1:max;
iter = iter +1; % iteration counter
gamma_new = gamma_old;
% now calculate ionic strength using value of s. We need
the ionic
% strength to put in equation 11.57 on page 464
% In (gamma)=-((1.73|z_pos*z_neg|(1)*0.5)/(1+()"0. 5),

with | in mol/L
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% 1=0.5(c_Na+c_Cl)
| = 0.5*%(s*n_pos*z_pos~2+s*n_neg*z_neg"2);
11.52

gamma_old = exp(-
((1.173*(z_pos*z_neg)*(N"0.5)/(1+(1)"0.5)));

s = ((K_sp/(gamma_old"n_tot))/s_0)"(1/n_tot);

er =(gamma_new-gamma_old)."2;
if (abs(er)<err), break , end

end
iter

s
Activity _Coefficient=gamma_old
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% mol/L; eq.

% 11.57



