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A kinetic model for the precipitation—dissolution reactions of scale-forming minerals
is presented. The model is based on experimental data on the Kkinetics of these
reactions. By combining the kinetic model with an equilibrium model developed
previously and a hydrodynamic model for the simultaneous transport of oil, water
and gas in the area near the well, in the well and in the production tubing, we are able
to estimate in which part of the production system scaling will occur.

Our model calculations on a North Sea well where the tubing had to be pulied up
gave a scale build-up profile along the 2800 m long tubing from the bottom to the well
head which agreed quantitatively with the scale thickness measured on the tubing.

In two previous papers we have discussed scale formation
based on chemical equilibrium in multicomponent water
solutions.'? Using a simple hydrodynamic model for liquid
transport in a model reservoir, we were able to simulate
precipitation and dissolution reactions of scale-forming
minerals in the reservoir itself. Owing to relatively large
pore volumes and moderate mineral precipitation, no dam-
age to the reservoir itself could be observed as expected.
When the oil-water mixture approaches the production
well, the pore volume available for liquid transport is dras-
tically reduced. The reduction is inversely proportional to
r?, where r is the distance from the well centre. In the well
area relatively large pressure changes are also observed.
Since these pressure changes influence the solubility of the
scale-forming minerals, scaling is expected in this area of
the production system. Owing to the small cross-section for
liquid flow, well damage may easily occur.

Since the flow rates are low in the reservoir, we find it
sufficient to use equilibrium calculations for estimating
scale formation. Because of higher flow rates in the produc-
tion tube and in the area near the well, however, precip-
itation kinetics must be taken into account in order to
obtain reliable scale prediction in this portion of the pro-
duction system.
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When the oil-water mixture enters the tubing, a rela-
tively simple and reliable hydrodynamic model may be
used to simulate liquid flow, and gas flow if the total
pressure is below the bubble point pressure of the liquids.
Combining this model with our model for mineral precip-
itation, we are able to simulate scale formation in the
tubing, assuming chemical equilibrium for CO, between
the oil and the water phases.

A kinetic model for mineral precipitation

The kinetics of precipitation and dissolution of five miner-
als, CaCO,;, BaSO,, SrSO,, CaSO, (anhydrite) and
CaSO, - 2H,0 (gypsum) have been studied experimentally
and the rate equations are presented by using rate equa-
tions for these reactions. The kinetics of the CO,~water
system is also included.

In general, the rate equation for precipitation of the five
minerals may be given by eqn. (1),>% where MeA(s) is the

d[MeAC(s)]
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amount of solid mineral precipitated, ¢ is the time, k., is
the rate constant for precipitation, s is the specific crystal
surface area per volume of solution, [Me?*] is the concen-
tration of the cation at time ¢, [A*"] is the concentration of
the anion at time ¢, K°, is the thermodynamic solubility

product and vy is the mean activity coefficient of MeA in



solution. The rate of reaction (1) is assumed to be surface-
controlled for all five minerals.

In general, the rate equation 3 for dissolution
is given by eqn. (2), which is valid for BaSO,, SrSO, and

8,13,14,16,18,24,

d[MeA(s)]
T = —kdiss S[(I<nsp/'Y2)1/2 - ([Me2+][A2_])1/2]2 (2)

CaSO, (anhydrite). The dissolution process is also assumed
to be surface-controlled. For CaSO, - 2H,0 (gypsum), for
which the dissolution reaction is assumed to be diffusion-
controlled, the rate equation is first order.

Eqn. (2) is a simplified rate equation for CaCO; disso-
lution.” In order to take into consideration the effect of
pH, which is very important in CaCO, reactions with wa-
ter, we have combined eqn. (2) and eqn. (1) for CaCO,
precipitation with an equation which takes into consid-
eration the rate of reactions in the water-CO, system.
Details are explained below.

All equations, with the exception of gypsum dissolution,
are therefore of second order in super- or under-saturation.
The equations are based on experimental work in aqueous
solutions,>” where, for example, precipitation experi-
ments have been carried out by bringing a supersaturated
solution of the mineral into contact with a given amount of
crystals of this mineral. Compared to the situation during
oil production, where water, oil and gas may be mixed,
these experiments are carried out under ideal conditions
and may not in a proper way reflect precipitation during oil
production. However, we feel that it may be useful to test
the results of these laboratory experiment on a real oil
production system where scale is formed.

A basic assumption in our model is that the nucleation
time is short relative to the time it takes for the precipitat-
ing mineral to grow thick layers of scale. This assumption is
necessary, since nucleation kinetics are normally different
from growth kinetics. Preliminary experimental work on
the precipitation of BaSO, and SrSO, in steel tubing in-
dicates that this approximation is reasonable.?

The rate constants of precipitation and dissolution are
functions of temperature.®”!'>17182227 For dissolution the
temperature dependence of the rate constants are known
for BaSO,,*® CaSO, (anhydrite)’® and CaSO, (gyp-
sum).?* No literature data for the temperature depend-
ence of the rate constants for dissolution of SrSO, and
CaCO; were found. We have adopted an approximation
which may lack accuracy. For BaSO, some data® indicate
that the rate constant of dissolution is 35 times the rate
constant of precipitation. The same multiplication factor,
35, was also used in our model to relate the rate constants
of dissolution to the rate constants of precipitation for
CaCO; and SrSO,.

All the rate constants are given as functions of temper-
ature in Table 1. The influence of pressure and ionic
strength on the rate constants are not included in the ki-
netic model because of a lack of data.
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Table 1. Rate constants for precipitation and dissolution of
scaling minerals, k = A exp (—E,/RT).2

Salt A E./kd mol Temperature Ref.
range/°C
Precipitation:
CaCO, 2.58x 108 39.2+3.6 15— 35 6b¢
BaSO, 3.05x10* 33.5+4.0 25-125 70
SrSO, 217x108 67 25— 45 15b¢
CaSO, (A)Y 9.8x10° 58+9 120-150° 170
130-140° 18¢
CaS0, (G)¢ 2.39x107 63+2 15~ 45° 22b
70¢ 27¢
Dissolution:
CaCoO,° 13
BaSO,’ 2.73x10° 50+30 25— 35° 2g°
25¢ 8¢
SrS0,° 13
CaSO, (A) 31.3x10° 61+10 130-140 18b¢
CaSO, (G)? 1.95x10° 41.8+6.3 10- 30 240¢

27"

2A, pre-exponential factor; k, rate constant; E,, energy of
activation; R, gas constant; T, temperature in K. °For E,. °For k.
9The energies of activation are taken from Refs. 17 (anhydrite)
and 22 (gypsum). The rate constants are taken from Refs. 18
(anhydrite) and 27 (gypsum). Combination of these data gives
the rate constant as a function of temperature. °The following
approximation' is adopted in our model: k(dissolution) =

35 k(precipitation). When seed crystals of different morphology
were used, the overall dissolution rate constants ranged from
20 to 70 times those of precipitation.’ The energy of activation
was found in Ref. 28. It varied from 20 to 80 kJ mol~'. The rate
constant used was found in Ref. 8 at 25°C. 9Specific surface
area, SSA (s), of CaSO, (G) given by Ref. 27 were necessary
to obtain the rate constants for dissolution of gypsum on the
form given in the table. Rate constant data (ks) were obtained
from Ref. 24. The seed crystals used in both investigations?*?”
were obtained by similar methods. "For SSA.

In the rate eqns. (1) and (2) the term s (the specific
crystal surface area per volume of solution) is a function of
the number of active points for crystallization or disso-
lution.

In the present model s is assumed to be proportional to
the specific surface area of the inner tubing wall [eqn. (3)],

Swan = LAV 3

where f| is a proportionality factor, A is the surface area of
the tubing for a given tube length and V is the volume of
the same tube length.

Eqn. (1) describes the amount of precipitate formed
from the precipitating mineral as a function of time. In
tubing this may be represented by crystal growth directly
on active sites for crystallization on the tubing wall, and by
the growth of particles present in the bulk of the solution.
The number of active sites for crystallization in the bulk
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phase is assumed to be proportional to the number of seed
crystals present in the solution. The number of seed crystals
will vary along the tubing. This is due to the transport of
particles from the bulk phase on to the pipe wall, a varying
influence of precipitation and nucleation mechanisms and
to the removal of precipitated mineral sitting on the tubing
wall by the fluid flow.

In a recent experimental study® we found that f, >>1 as
long as BaSO, precipitates from a water solution. The data
also indicated that the number of active sites for crystalliza-
tion varied linearly with 1/r, where r was the tube diameter.
This is in agreement with the model equation, eqn. (3).

In prescaled tubings the growth of BaSO, calculated by
our model equations explained ca. 90 % of the observed
scale. The somewhat larger amount found experimentally
is probably due to settling of BaSO, crystals formed in the
liquid phase.

However in the calculations presented later in this paper
we have assumed, owing to the lack of data for f in the
oil-water system, that the number of active sites for crystal
growth on the tubing wall is A/V (or f; = 1). This is a much
smaller value than in the pure water system.? Setting f = 1
may be a rough approximation, but it may still be reason-
able in view of the effect oil may have on the effective area
for crystal growth.

The rate-determining reactions of dissolution of carbon
dioxide in the CO,~water system are given by eqns. (4) and
(5), where k;, k_,, k, and k_, are rate constants. By com-

k

CO,(aq) + H,0 ‘—Tl H,COs(aq) @
-1
k,

COy(aq) + OH‘I—:‘ HCO,~ 5)

-2

bining these two reactions, the rate equation for the disso-
lution of CO, is given by eqn. (6).

d[CO,
% = k_y[H,CO;] — k,[CO,(aq)]
— k,JOH][CO,(aq)] + k_,[HCO;] (6)

In Table 2 the rate constants for carbon dioxide hydra-
tion kinetics [eqn. (4)] and acid-base reaction kinetics for
the forward reaction [eqn. (5)] are given.?

Table 2. Rate constants, k = B exp (C — D/T) for CO, hydration
[k, eqn. (4)] and the acid—base reaction kinetics [k,, egn. (5)].

k Temperature B (o D Ref.
range/°C
k, 1-38.5 1x1073 34.69 9252 29

3 0-40 1 31.36 6658.5 30
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The relationship between the forward rate constants, k,
and k,, and the equilibrium constants for reactions (4) and
(5), respectively, are used to obtain the temperature de-
pendence for k_, and k_,.

In the case of precipitation we have six rate equations
[for CO,, CaCO,, CaSO, (anhydrite), CaSO, - 2H,0O (gyp-
sum), SrSO, and BaSO,] and 18 equations to determine the
equilibrium situation.’ After elimination and simplifica-
tion, eight equations and eight unknowns remain. These
equations are given in Appendix 1, and the corresponding
list of symbols is given in Appendix 2.

The set of equations is simultaneously integrated by
numerical calculation for any chosen time period. A pre-
designed numerical model using backward differentiation
formulae of orders one to five is used in solving the set of
equations.

A model for the simulation of flow in the production
well area and the production tube

In order to simulate precipitation in the production system,
it is necessary to have a flow model combined with an
equilibrium or kinetic model.

The flow model is based on a principle called the Lagran-
gian method. This uses a coordinate system that moves at
the average velocity of the flowing fluid. The solute con-
centration changes are determined for packets of fluid that
move through the pipeline. A Lagrangian mass element is
not spatially fixed in time but is allowed to change its
geometric dimensions to accomodate the growth of scale.
The mass element consists of water and oil (and gas when
the total pressure is below the bubble point pressure). This
mass element is moved from the reservoir through the well
area to the top of the production tube.

A radial model is used for the production well area. To
describe radial flow in a porous medium, the basic differ-
ential equation, eqn. (7) is used,* in which ¢ is the poros-

13 (ko BP P ,
r Tar ) T My, ™

ity, k is the permeability, p is the viscosity, % is the com-
pressibility, P is the pressure, @ is the density and r is the
distance from the tube centre.

Modifying eqn. (7) to fit flow in a reservoir close to the
production well and assuming steady-state flow conditions,
gives it the form of eqn. (8), where & is the height of a

OP g (1
or  2nkh (r) ®)

model reservoir with constant geophysical properties, k, is
the relative permeability for oil and g, is the volume flow of
oil. We have assumed a constant temperature in the well
area.



To simulate the flow in the production tube a commercial
simulator called Vertical Flow Performance (VFP)* is
used. VFP is a multiphase program which calculates the
pressure traverse in steps up and down the well bore be-
tween the tubing head and the botton hole depth. It can
supply detailed information on the pressure traverse in the
well for particular sets of flow conditions, by using different
multiphase flow correlations.

The temperature in the tubing is calculated using an
enthalpy balance. The surroundings are assumed to have a
linear temperature gradient.

The Lagrangian mass element is moved from the reser-
voir to the top of the production tube. For each calculation
point either the equilibrium model or the kinetic model
calculates the mineral precipitation. In addition to the
aqueous composition both models, at the point of calcula-
tion, need information on (i) the volume of water, oil and
gas, (ii) the pressure, (iii) the temperature and (iv) the oil
density in order to calculate mineral precipitation.

The kinetic model also needs the duration of the time-
step that the Lagrangian mass element uses from one calcu-
lation point to another. In the well area this time is calcu-
lated using eqn. (9),where r is the radius of the last calcula-

T = nh(P, — r)elq, ©)

tion point, r, is the radius of the new calculation point, 4 is
the layer height, g,, is the volume flow of water and @ (as
before) is the porosity.

In the production tube this time is calculated using eqn.
(10), where L, is the distance between last and new calcula-

t= L,/HAL (10)

tion point and HAL is the flow velocity of water (from
VFP).

Results

Fig. 1 illustrates how the concentration of Ba’* may vary
with time in a supersaturated solution of BaSO, during
crystallization. Temperature and pressure have constant
values of 25°C and 1 atm, respectively. The four curves
A-D are obtained using eqn. (1) and experimental values
of kxs.'* In these four experiments different types of seed
crystals were used. The specific surface areas (SSA) for the
four types of seed used in the experiments are given in
Table 3. The curves E (tube segment diameter = 0.1 m)
and F (tube segment diameter = 0.01 m) are obtained using
eqn. (1) with a k-value given by Table 1 and s-values given
by A/V in eqn. (3).

There is a significant increase in the rate of precipitation
with increasing surface area of the seed crystals and also
with reduction in tube diameter, as expected.

Fig. 2 illustrates the total amount of precipitated gypsum
and anhydrite present at any time ¢. Temperature and pres-
sure have constant values of 50°C and 1 atm, respectively.

SCALING FROM OIL FIELD WATERS

Table 3. Seed specific surface area for various seed crystals."

Seed SSA/m2 g~!
A 0.66
B 1.25
C 1.31
D 0.28
8
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Fig. 1. Precipitation of BaSO, at T = 25°C and P = 1 atm.
Kinetic model. Curves A-D are obtained using eqn. (1) and
experimental values of ks.'* Curves E (tube segment diameter
= 0.1 m) and F (tube segment diameter = 0.01 m) are obtained
using eqn. (1) with k-values obtained from Table 1 and s =A/V.
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Fig. 2. Precipitation of CaSO, from a solution initially
supersaturated in both gypsum and anhydrite. T = 50°C. P = 1
atm. Kinetic model.

At this particular temperature and pressure anhydrite is the
stable phase. Gypsum and anhydrite are treated
independently in the calculation. Initially, therefore, both
phases precipitate. After a certain time the solution be-
comes undersaturated in gypsum and this salt starts to
dissolve. When gypsum has dissolved completely, anhy-
drite continues to precipitate at a relatively slow rate to-
wards equilibrium.
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Fig. 3 illustrates the amount of BaSO, precipitated at a
composition of 10 % sea water and 90 % formation water as
calculated by the equilibrium model.> The temperature is
91.4°C and the pressure is 312 bar. At this water composi-
tion the amount of BaSQ, is about 89.4 mg 1™'. The compo-
sition of the two waters which are mixed is given in Table 4.

The kinetic calculation also shown in Fig. 3 shows that
after a certain period of time the amount of BaSO, precip-
itated is about 89.4 mg 17!. This is the same amount as
predicted by the equilibrium calculation.
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Fig. 3. Precipitation of BaSO, as a function of time for 10 % sea
water and 90 % formation water. Water compositions are given
in Table 4. T = 91.4°C. P = 312 atm. (——) Kinetic model;
(-----) equilibrium model.2

Table 4. Sea water and formation water compositions as given
by chemical analysis at 1 atm and 20°C.

lon Concentration/mg |-
Sea water Formation water

Na* 12465 14859
K* - -
Mg2* 1130 335
Ca?* 450 1275
Sr** 9 335
Ba?* - 50
Cl- 20950 26200
SO,z 3077 -
HCO,~ 170 415
pH 8.13 6.20

When the equilibrium, kinetic and flow models are com-
bined, we may estimate mineral precipitation in a well area
and in production tubing using eqn. (3) to determine s-
values. In the well area, however, the specific area for
crystal growth is much more uncertain. It may depend on
many factors, including the geometry of the pore system.
We have chosen an arbitrary number of 40 m™! in order to
demonstrate what kind of calculations we may perform
using our model.
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Fig. 4. Precipitation of BaSO, in the well area as a function of
distance from the bottom hole. The waters were mixed 2 m from
the centre of the tubing. (-----) Equilibrium model; (——) kinetic
model. Oil flow rate = 1600 Sm?® day~'; watercut = 20 %;
gas/oil ratio = 163.5 Sm¥Sm?, T = 70°C; Sm® is at 15°C and

1 atm.

As an example we have estimated the precipitation oc-
curring if we produced a 90 % formation water — 10 % sea
water mixture (data given in Table 4) from a well with a
production rate of 1600 Sm? day™! of oil with a watercut of
20 %, the gas—oil ratio being 163.5 Sm*/Sm® at 15°C and 1
atm total pressure.

From Fig. 4 it may be seen that BaSO, is precipitated in
the well area in increasing amounts as the pressure is de-
creasing. The kinetic model gives lower values than the
equilibrium model, as expected. The amount precipitated
as given by Fig. 4 may be sufficient to reduce significantly
the permeability of formation in the area near the well over
a period of a few months. When the kinetic model is used
to calculate this amount, however, the result is very de-
pendent on the surface area for crystal growth.

The main precipitation of CaCO; occurs at the bubble-
point pressure, 223.5 bar (at 1806 m from the top of the
well), as can be observed from Fig. 5. This is in accordance
with pH changes and shifts in the carbonate equilibria when
CO,(g) is leaving the solution.

In Fig. 6 the precipitation of BaSO, in the production
tubing is shown. Mixing of the waters has taken place
before the water enters the tubing. When the kinetic model
is used to calculate the BaSO, precipitation, increasing
precipitation is observed when the water flows up the tub-
ing. This is due to increasing supersaturation as a result of
delayed precipitation relative to an equilibrium situation.
The equilibrium-based calculation shows a more-or-less
constant precipitation slightly dependent on pressure and
temperature changes. The abrupt changes occurring at
1806 and 450 m are due to effects of vaporization at the
bubble point and the pressure change where the deviation
angle of the well becomes vertical.
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Fig. 6. Precipitation of BaSO, in the production tubing as a function of distance from the well head. (-----) Equilibrium model; (—)
kinetic model. The mixing of injection and formation water has taken place in the well area. Oil flow rate = 1600 Sm?® day~'. watercut
= 20 %; gas/oil ratio = 163.5 Sm¥Sm?; T,y = 70°C; Tyen neas = 59°C; Sm? is at 15°C and 1 atm.

In Fig. 7 the BaSO, precipitation is calculated on the
assumption that 90 % formation water and 10 % sea water
mix in the bottom of the tubing. As a consequence, a
decreasing BaSO, precipitation is calculated as the mixed
waters flow up the tubing. This situation is frequently ob-
served in practice and results in thicker layers of scale close
to the bottom of the well and smaller amounts at the top.

We have used our model to estimate the scale thickness
profile in a production system where data are available to
compare model and field data. Water compositions are
given in Table 5. Ion tracking measurements over a period
of 43 days after sea water breakthrough in this well showed
that the Ba?* content decreased, while the SO,2” content
increased, thus indicating BaSO, scaling. An increase of
sea water in the product water from 0 to 2 % over the same
period was estimated. Inhibitors were not injected into this

well, thus giving us an exellent opportunity to compare
field observations with calculated data.

The well was shut for 43 days following sea-water break-
through and the tubing pulled up for other reasons. The
scale thickness in the tubing was then measured, and
analysis showed that the scale consisted of > 90 % BaSO,.
The model curve shown in Fig. 8 was obtained by perform-
ing several simulations with a stepwise increase in the
sea-water content from 0 to 2 % in four steps of 0.5 % over
10 + 10 + 10 + 13 days. The sea water and formation water
values in Table 5 were used. The main assumption in the
calculations was that sea water did not mix with formation
water until these waters reached the bottom of the produc-
tion tubing. In Fig. 8 the calculated results are compared
with the measured scale thickness. A reasonable agreement
is observed.
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Fig. 7. Precipitation of BaSO, in the production tubing as a function of distance from the well head. (-----) Equilibrium model; (——)
kinetic model. The mixing of injection and formation water has taken place in the bottom hole. Oil flow rate = 1600 Sm® day';
watercut = 20 %; Gas/oil ratio = 163.5 Sm¥Sm?; T,q = 70°C; Tyey heas = 59°C; Sm® is at 15°C and 1 atm. BaSO, precipitation at
the point of mixing the water (2843 m): Equilibrium model, 1.48 kg m~' day~". Kinetic model, 0.18 kg m~' day~".
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Fig. 8. Deposition of BaSO, in production tubing as a function of
distance from the well head 43 days after sea water break-
through. The mixing of formation water and sea water was done
in four steps: 0.5 % sea water in 10 days, 1.0 % in 10 days,
1.5% in 10 days and 2.0 % in 13 days. (—) Model: the
mixing of injection water and formation water was performed in
the bottom hole. Oil flow rate = 1792.2 Sm? day~'; watercut =
57.5 %; gas/oil ratio = 196.0 Sm%Sm?; well head pressure =
114 bar; bottom hole pressure = 312 bar; bottom hole
temperature = 91.4°C; well head temperature = 84 °C.

(+) Measured.

We have investigated production data of many North Sea
wells to obtain examples where similar comparisons be-
tween calculation and field data on mineral scaling could be
performed. Lack of scaling data or inhibitor treatment,
however, made all these wells unsuitable for such a com-
parison.
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Table 5. Sea water and formation water compositions as given
by chemical analysis at 1 atm and 20°C.

lon Concentration/mg 1!
Sea water Formation water
Na* 12100 9054
K* - 190
Mg?* 1130 70
Ca?* 450 300
Sr2* 9 50
Ba%* - 60
Cl- 20950 14300
SO 2300 -
HCO;~ 170 1100
pH 7.95 -
Conclusion

The present model is able to predict scale formation in oil
production wells. Both the well area and the production
tubing are considered. Important input data for the model
calculations are representative water and gas analysis, to-
gether with production data.

The model predicts that the liquid movements along the
pressure and temperature gradients results in delayed pre-
cipitation owing to variable rates of precipitation for the
different minerals. The total precipitation is also less than
that predicted by equilibrium calculations.

The present scaling model still rests on assumptions
which may not be fulfilled during oil production. By im-
proving our knowledge of mineral precipitation in flowing
mixed oil-water system it should be possible to improve the
present model.



Appendix 1. Rate equations after elimination and
simplification

Eqns. (A1), (A2a)-(A6a), (A7) and (A8) are used for
precipitation, while eqns. (A1), (A2b)-(A6b), (A7) and
(A8) are used for dissolution.

w = k_,[H,CO;] — k,[CO,(aq)] + k_,[HCO;]

K, [Hcoa—]
— k,[COy(aq)] Ka, [H,COs

(A1)

d[CaCOx(s)] .
—dt—— = Kprec.cacoy § { |:{[C32+]° + [CaCO4(s)]

+ [CaSO,(s,A)]° + [CaSO4(s,G)]° — [CaCOs(s)]

— [CaSO,(s,A)] — [CaSO,(s,G)]}

X (-iﬁ [HCOJ‘][HCO{]/[HZCO}]) :l
(Kosp,CaCO3) lIZ} 2

- YZCaCO3

d[CaSO,(s,A)] )
dt = kprec.CaSO4(A) s {[Ca2+]

(A2a)

+ [CaCO;(s)]° + [CaSO4(s,A)]° + [CaSO,(s,G)I°
— [CaCOs(s)] — [CaSO4(s,A)] — [CaSO,(s,G)]}
X {[CaSO,(s,A)]° + [BaSO,(s)]° + [SrSOs)]°

+ [SOZ T + [CaSO(s,G)]° — [CaSO4(s,A)]
12
— [BaSO,(s)] — [SrSO4(s)] - [CaSO4(s,G)]})
_ <K°sp.CaSO4(A)) m:l 2
YZCaSO4(A)

d[BaSO,(s)]
d

(A3a)

= kprec,BaSO4 s [ ({[Ba2+]° + [Baso4(s)]°
— [BaSO(s)]} x {[CaSO4(s,A))° + [BaSO(s)I°
+ [SISO,(s))° + [SOZ]° + [CaSO(s,G)I°

— [CaSO,(s,A)] — [BaSOy(s)] — [SrSO4(s)]

) 1 (K;sp,BaSO.g) 1/2] g

— [CaSO,(s,G)]} - 7—

d[STSO4(s)]

—dt—— = kprec.SrSO4 s {[Sr2+]° + [SrSO4(s)]°

(Ada)

SCALING FROM OIL FIELD WATERS
— [S1SO(s)]} X {[CaSO4(s,A)]° + [BaSO(s)I°

+ [S1SO,(s)]° + [SOZ]° + [CaSO,(s,G)]° — [CaSO(s,A)]

— [BaSO4(s)] — [SrSOL()] — [CaSO4(S,G)]}>

Kus . 127 2
(527
rSO4
d[CaSO,(s,G)] reto .
dt = kprec,CaSO4(G) s {[Ca ] + [CaCO3(S)]

+ [CaSO,(s,A)]° + [CaSO4(s,G)]° — [CaCOs(s)]
— [CaSO,(s,A)] — [CaSO(s,G)]} x {[CaSO(s,A)I°
+ [BaSO,(s)]° + [SrSO,(s)]° + [SOZ7]° + [CaSO4(s,G)I°

— [CaSO,(s,A)] — [BaSO,(s)] — [SrSO(s)]
12 KO CasOy 127 2
- [CaSO4(s,G)]}) - (—‘—’) ]
YzCaSO4(G)

d[CaCO3(S)] - —k s{ <K°sp,CaC03) 1
d ¢ diss,CaCO3 Y2C3C03

— {[Ca**]°+ [CaCO4(s)]°+ [CaSO,(s,A)]°+ [CaSO,(s,G)]°

(A6a)

— [CaCO4(s)] — [CaSO,(s,A)] — [CaSO,(s,G)]}

(K,u [H003-1[HCO31> ] }
o (e TS D ]
K, [H,CO5)

d[CaSO(s,A)] . S <K°sp,Caso4<A>> "
dt diss CaS04(A) Y2Ca804(A)

(A2b)

- ({[Ca2+]°+ [CaCOs(s)]°+[CaSO,(s,A)]°+[CaSO,(s,G)]°
— [CaCO,(s)] — [CaSO,(s,A)] — [CaSO,(s,G)]}
x {[CaSO,(s,A)]° + [BaSO,(s)]" + [SrSO4(s)]°

+ [SO2T° + [CaSO,(s,G)I° — [CaSO,(s,A)]

—[BaSO4(s)]—[SrSO4(s)]—[CaSO4(s,G)]}) ] (A3b)

d[BaSO,(s)] [ (K) " (e
5. T TKgis,Ba s -
dr D YzBaSO4

+ [BaSO4(s)]° — [BaSO4(s)]} x {[CaSO,(s,A)l°

+ [BaSO,(s)]° + [SrSO,(s)]° + [SO7]° + [CaSO,(s,G)I°

— [CaSO,(s,A)] — [BaSO,(s)] — [SrSOL(s)]

2
- [CaSO4(S,G)]})m] (Adb)
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d[SrSO,(s)] Ke
_'T = —Kgissis04 S

2
Y srso4

sp.SrSO4

) s

+[SrSO,(s)]° —~ [SrSO(s)]} X {[CaSO,(s,A)]° + [BaSO(s)]°

+ [SISO,(s)° + [SO2]° + [CaSO,(s,G)]° — [CaSO,(s,A)]

— [BaSO4(s)] — [SrSO(s)] — [CaSOA(S#G)]})m] (ASb)

= =K giss 5 S
diss.CaSO4(G) 2
dt Y cas04(G)

d[CaSO,(s,G)] _ [ (Kosp.CaSO4(G)) 2
— ({[Ca’*]° + [CaCOs(s)]° + [CaSO,(s,A)]°

+ [CaSO,(s,G)]° — [CaCO,(s)] — [CaSO,(s,A)}

— [CaSO,(s,G]} X {[CaSO,(s,A)]° + [BaSO,(s)]°
+ [SrSO,(s)]° + [SOS7)° + [CaSO,(s,G)]°

— [CaSO,(s,A)] — [BaSO,(s)] — [StSO,(s)]
- [CaSO4(S,G)]})"Z] (A6D)

_ [COy(aq))(Znf— "coz)
Py X Kii.cosaq — [COxaq)]

+ K.i[COy(aq)]

K,, [HCO;"]J[HCO;7]

+ [CO,(aq)] + [H,CO;] + K. [H,CO5]

+ [HCO,"] + [CaCO4(s)] — {[CaCO4(s)]° + [CO,(oil)]°
+ [COy(aq)]° + [H,CO,° + [HCO;7)

+ [CO )+ n°co,} (A7)

0 = 2([Ca*]° + [CaCO,()]° + [Ba*]° + [S***]°
=[SOS — K(c)

Kai [H,CO;]

= 2ACaCOMON + e

— [HCO;7]

K4, [HCO;7|[HCO;7]
Kai [H.CO;]

K, [HCO;7]
" Ka [H,COy

-2

KA([HAT + [A]9)[HCO; ]
"~ KA[HCO,™] + K4 [H,CO;]

(A8)
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Appendix 2. List of symbols

[CO,(0i)|M Concentration of CO,(oil) at time ¢

Platm Pressure

[CO,(aq)yM Concentration of CO,(aq) at time ¢

(H,CO,;/'M Concentration of H,CO, at time ¢

[HCO;"I'M Concentration of HCO,™ at time ¢

[OH M Concentration of OH™ at time ¢

[H*'M Concentration of H* at time ¢

[CO M Concentration of CO;2~ at time ¢

[A" M Concentration of A~ at time 7

[HA|/M Concentration of HA at time ¢

[CaCO4(s)iM Concentration of CaCO;(s) at time ¢

[Ca>* M Concentration of Ca?* at time ¢

[CaSO,(s,A)))M Concentration of CaSO,(s,A) at
time ¢

[SO2 M Concentration of SO’ at time ¢

[BaSO,(s)[/M Concentration of BaSO,(s) at time ¢

[Ba>*M Concentration of Ba®* at time ¢

[StSO,(s)[)M Concentration of SrSO,(s) at time ¢

[Sr** M Concentration of Sr** at time ¢

[CaSO,(s.G)'M Concentration of CaSO,(s,G) at
time ¢

n; Moles of i in gas at time ¢

[iI°’™M Concentration of i at time =0

K, Thermodynamic solution product

K(c)M 2 Equivalent concentration of
non-reacting ions

K,/M = [COS J[H*J[HCO;7]

K\/M = [HCO;7][H*}/[H,CO5]

KM = [AT][H*J/[HA]

K /M? = [H*][OH]

Kii.coyag/M atm™" = [CO,(aq))/Pco,

K = [CO,(0il)/[CO,(aq)]

Y Mean activity coefficient

s/m™! Specific surface area

k Rate constant
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