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Summary
Sulfate scaling in offshore waterflood projects, in which sulfate 
from the injected seawater (SW) reacts with metals from the for-
mation water (FW), forming salt deposit that reduces permeability 
and well productivity, is a well known phenomenon. Its reliable 
prediction is based on mathematical models with well-known 
parameters.

Previous research presents methods for laboratory determina-
tion of model coefficients using breakthrough concentration during 
coreflooding. The concentration measurements are complex and 
cumbersome, while the pressure measurements are simple and 
require standard laboratory equipment. In the present work, a new 
laboratory method is developed for determination of the model 
coefficients from pressure measurements. Several laboratory core-
floods have been performed. The tests show that the proposed 
method is more precise for artificial cores than for the natural 
reservoir cores. Further development of the method is required 
to determine parameters of formation damage caused by sulfate 
scaling for reservoir core samples.

Introduction
Ba/SrSO4 scaling is a chronic disaster in waterflood projects with 
incompatible injected water and FW. Barium sulfate and related 
scale occurrence is considered to be a serious potential problem 
that causes formation damage near the production-well zone 
(Mackay et al. 2002; Mackay and Graham 2002; Mackay 2002; 
Gomes et al. 2002; Rosario and Bezerra 2001). This phenomenon 
is attributed to precipitation of barium/strontium sulfate from the 
mixture of both waters and the consequent permeability reduction 
resulting in well-productivity losses. The chemical incompatibility 
between the injected SW, which is high in sulfate ions, and the FW, 
which originally contains high concentrations of barium, calcium, 
and/or strontium ions, may result in disastrous well-productivity 
decline with consequent economic damage to the waterflood proj-
ect (Oddo and Tomson 1994; Civan 2007).

A reliable model capable of predicting such scaling problems 
may be helpful in planning a waterflood scheme. It may also aid 
in selection of an effective scale-prevention technique through the 
prediction of scaling tendency, type, and potential severity. A reli-
able predictive model must use well-known values of the model 
coefficients.

The mathematical model for sulfate scaling contains two 
phenomenological parameters: (1) the kinetics coefficient from 
the active-mass law of chemical reaction showing how fast the 
reaction goes, and (2) the formation-damage coefficient reflecting 
the permeability decrease because of sulfate salt deposit (Araque-
Martinez and Lake 1999, 2001; Delshad and Pope 2003; Kechagia 
et al. 2002; Philips 1991; Rocha et al. 2001; Yortsos 1990; Woods 
and Parker 2003).

Both coefficients are phenomenological parameters that depend 
on rock-surface mineralogy, pore-space structure, temperature, and 

brine ionic strength. Therefore, they cannot be calculated theoreti-
cally for natural reservoirs and must be determined from laboratory 
corefloods by solving the corresponding inverse problem.

Reagent and deposition concentration profiles during reactive 
flows are nonuniform. So, the sulfate damage parameters cannot be 
calculated directly from laboratory measurements. Therefore, they 
must be determined from laboratory coreflood data using solutions 
to inverse problems.

The quasisteady-state commingled corefloods by FW and SW 
were performed by numerous authors (Lopes 2002; Read and 
Ringen 1982; Todd and Yuan 1992; Wat et al. 1992). Simple ana-
lytical models for quasisteady-state reactive flow allow for simple 
solutions of inverse problems to determine the model parameters 
from the test data.

The kinetics coefficient can be calculated from breakthrough 
concentration in quasisteady-state coreflood with commingled 
injection of SW and FW; then, the formation-damage coefficient 
can be determined from pressure-drop increase during coreflood-
ing (Bedrikovetsky et al. 2004).

The pressure-drop measurements are simple and robust, while 
the breakthrough concentration determination is a cumbersome 
laboratory procedure. Therefore, often, concentration data are 
unavailable (Read and Ringen 1982). 

The method for characterization of the scaling-damage system 
from pressure measurements (Bedrikovetsky et al. 2007) treats 
data from two corefloods performed with different ratios of FW 
to injected water. On the basis of an analytical model for com-
mingled coreflood by SW and FW, the increase in pressure drop 
on the core during two corefloods allows determining the two 
scaling-damage parameters. The experimental data for three dif-
ferent corefloodings, performed to validate the method, exhibit 
excellent agreement.

The above-mentioned method uses the results of coreflooding 
in two separate artificial cores with identical properties. Applying 
the method to real reservoir cores is restricted by nonexistence 
of identical natural cores. The current paper reports the results of 
commingled injection of incompatible waters into different natural 
Berea cores. If compared with the results from identical artificial 
cores, the method stability in natural cores is lower. 

In this paper another method to characterize the sulfate-scaling 
system from coreflood with pressure measurements at the same 
core is also proposed. Using the same core is the particularity of the 
proposed method. Two sequential commingled injections of FW 
and of SW are performed in the same core with different ratios of 
FW to injected water. Two sulfate-scaling-damage coefficients are 
determined from two different slopes of skin-factor increase dur-
ing two injections. The sequence of two commingled waterflood-
ings was performed for a natural reservoir core, and the method 
proposed was applied to treat the results. The obtained coefficient 
values are in a reasonable agreement with those obtained from 
breakthrough concentration measured during the tests.

The structure of the paper is as follows. First, sulfate scaling in 
cores and in reservoirs is described, and the problem of scaling-
damage characterization from pressure measurements during labora-
tory coreflooding is formulated. Then we follow the mathematical 
model for reactive transport of incompatible waters accounting for 
permeability damage and analytical model for quasisteady-state 
coreflood with simultaneous injection of SW and FW. The detailed 
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derivations are presented in Appendixes A and B. An analytical-
model-based explicit formula for rise of the pressure drop on the core 
during coreflooding allows deriving one transcendental equation to 
determine the kinetics coefficient. In the next section, the formation-
damage coefficient is calculated explicitly from the pressure-drop 
rise. Then, the laboratory data for artificial cores are treated, and 
the values of both scaling-damage parameters for a series of three 
laboratory tests are presented. Equality of the parameter values, as 
obtained from three similar artificial cores, validates the proposed 
method. Afterward, we present data of the coreflooding with three 
different SW/FW ratios using natural reservoir cores. At the end, we 
describe the proposed method of coreflooding of a single core and 
the data treatment of the laboratory tests.

Formulation of the Problem
We discuss the formation damage caused by barium sulfate 
precipitation, which is one of the main physical mechanisms for 
production-well productivity decline. Usually SW, which contains 
SO4

2− anions, is injected in offshore operations. If the FW contains 
Ba2+ cations, mixing of injected water and FW may cause BaSO4 deposition (Fig. 1):

Ba SO Ba SO2
4
2

4
+ −+ → ↓ .  . . . . . . . . . . . . . . . . . . . . . . . . . . . (1)

Similar reactions take place between sulfate anions and cations 
of strontium, calcium, and other metals (Oddo and Tomson 1994; 
Bethke 1996).

Sulfate salt deposition takes place in the mixing zone of the 
two waters. During waterflooding, the mixing zone moves continu-
ously from injector to producer along the stream lines (see Fig. 1). 
The deposit accumulation in any reservoir pattern takes place dur-
ing the short time, when the mixture zone passes the pattern. The 
zoom in the figure shows the mixing zone between the advancing 
injected water and displaced formation water, where barium sulfate 
precipitation occurs. This kind of deposit occupies a negligible 
fraction of pore space and does not cause significant permeability 
damage (Sorbie and Mackay 2000; Mackay 2002). 

Some sulfate salt precipitation occurs also on the boundaries 
between the layers with contrasting permeabilities. In the case of 
vertical wells, the boundaries are mostly horizontal and do not 
cross streamlines. Therefore, this kind of in situ precipitation in 
the reservoir also does not cause significant formation damage 
(Sorbie and Mackay 2000). 

Continuous mixing of injected water and FW takes place near 
the production wells, where simultaneous production of injected 
water by means of highly permeable layers and of produced water 
by means of low-permeability layers also occurs. Injected water 
and FW, arriving by different-length streamlines, also mix near 
the producers. The high flow velocity near the production wells 
intensifies the mixing and, consequently, the precipitation. Pre-
cipitation results in deposit accumulation near production wells, 
which causes the productivity to decline (Mackay 2002; Sorbie 
and Mackay 2000).

Reliable prediction of sulfate-scaling productivity decline is 
based on mathematical modeling with well-known values of the 
model coefficients. One way around the problem of the model-
coefficient determination is solving the inverse problem for labo-
ratory corefloods with a commingled injection of SW and FW 
(Bedrikovetsky et al. 2007). 

Fig. 2 shows the laboratory procedure and setup for commin-
gled corefloods (Yuang and Todd 1991; Todd and Yuan 1992; Wat 
et al. 1992). Two pumps inject both waters into the core. Constant 
pressure is maintained at the core effluent, and the pressure trans-
ducer measures the pressure drop on the core �p(t). The core is 
confined up to the overburden pressure; the confinement pressure 
is measured by manometer. The flow velocity U is measured by 
flowmeter. Barium concentration is measured in the injected water 
and also in the effluent samples. 

The core with possible salt-deposition profile is shown in Fig. 3. 
Reagent concentrations decrease along the core, caused by chemi-
cal reaction. Therefore, the salt-deposition profile also declines 
along the core. The measured data used to characterize the sulfate-
scaling system are the histories of the effluent concentration and 
of the “reciprocal injectivity index” �p/U. 

Mixture zone 

Fig. 1—Precipitation of barium sulfate in the mixing zone in stream tube during the displacement of FW by injection water.

Fig. 2—Experimental setup for commingled injection of incompatible waters.
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During the tests, performed by Read and Ringen (1982) on 
commingled injection of FW and SW with the different FW to 
SW ratios, the flow rate and pressure drop in each flooding have 
been measured. The results are presented in Fig. 4. Four curves 
correspond to different FW/SW ratios. 

Curve 1 corresponds to FW/SW=9:1. The injected concentra-
tions for barium in FW and for sulfate in SW are 210 and 2300 
ppm, respectively. The sulfate concentration exceeds that of barium 
11 times. Therefore, the ratio of injected concentrations of barium 
to sulfate is 0.82 (i.e., the injected concentrations have the same 
order of magnitude). For the second curve that corresponds to 
FW/SW=3:1, the injected concentration ratio of barium to sulfate 
is 0.27 (i.e., sulfate concentration exceeds that of barium). The 
stochiometric coefficients for Reaction 1 are equal to unity. So, the 
reaction rate in the second case (in which one reagent concentration 
highly exceeds the other one’s concentration) is lower than that for 
the first case, in which reagent concentrations are almost equal. 
Therefore, Curve 1 in Fig. 4 is located above Curve 2. The barium/
sulfate concentration ratio decreases further in Cases 3 and 4, 
resulting in decrease of the formation damage. 

The tests have been performed for artificial cores with equal 
properties, for the same temperature and using the same SW and 
FW. So, the chemical-reaction and deposition conditions in the 
tests are the same. The results of corefloods with different FW/SW 
ratios are independent sources of information. Therefore, it is rea-
sonable to pose the inverse problem for determination of the model 
coefficients from the data of different tests. It is expected that this 
inverse problem is well posed (Tikhonov and Arsenin 1977).

Characterization of the sulfate-scaling-damage system from labo-
ratory data (Fig. 4) presented later in the text is based on inverse 
problems for a mathematical model of reactive flow in rocks (Alvarez 
et al. 2006a, 2006b).

Direct and Inverse Problems for 
Sulfate-Scaling Formation Damage 
Let us describe the mathematical model for 1D reactive flow in 
porous media (Yortsos 1990; Philips 1991; Bedrikovetsky 1993; 
Araque-Martinez and Lake 1999, 2001; Rocha et al. 2001; Delshad 
and Pope 2003).

The main assumptions of the mathematical model for sulfate 
scaling and consequent formation damage are as follows:

• Irreversible chemical reaction between sulfate anions and 
cations of barium (strontium, calcium)

• Active-mass law for kinetics of the second-order chemical 
reaction

• Instantaneous deposition of the appearing salt without its 
transport through the rock

• Independence of reaction-rate constant on deposited con-
centration

• Volume conservation during chemical reaction for the system 
aqueous solution of two reagents and solid deposit

• Constant temperature
• Negligible reagent dispersion 
We assume that chemical reaction between barium and sulfate 

is irreversible and obeys the second-order active-mass law (Fogler 
1998; Yortsos 1990). This hypothesis is valid for short times, when 
the system state is far away from thermodynamic equilibrium 
between the deposited salt and its aqueous solution. Short times 
correspond to low deposited concentrations. Kinetics of dissolution 
of the solid deposit in water must be taken into account for the case 
of high deposited concentrations during long-time tests.

It is assumed that the reaction-rate constant is independent 
of the deposited concentration. The assumption is valid for low 
deposited concentrations.

An instant deposition of formed sulfate salt is also assumed: 
Kinetics of crystal growth and precipitation (Nancollas and Liu 
1975; Nielsen 1959) is neglected, and no migration of salt crystals 
through the rock takes place (Allaga at al. 1992).

The system of governing equations for flow of a SW and FW 
mixture with chemical reaction between two species consists of 
mass balance equations for barium cations, sulfate anions, and 
deposited salt and also of modified Darcy’s law accounting for 
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Fig. 3—Photo of the core and schematic of the quasisteady-
state test with commingled injection of SW and FW.
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permeability damage because of salt deposition (Araque-Martinez 
and Lake 1999; Philips 1991; Woods and Parker 2003):
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The chemical-reaction term in the right-hand side of Eqs. 2 and 3 
contains the product of reagent concentrations [i.e., the active-mass 
law is fulfilled (Yortsos 1990; Fogler 1998)]. The term contains also 
flow velocity as a multiplier because the reaction-rate constant for 
barium sulfate reaction is proportional to velocity (Fogler 1998). The 
proportionality coefficient � is called the kinetics coefficient.

The rock permeability decreases with increase of deposited 
concentration �. The hyperbolic formula is assumed for depen-
dence of permeability on deposited concentration (Pang and 
Sharma 1994):

k
ko( )�
��

=
+1

,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (6)

where � is called the formation-damage coefficient. 
It is assumed that the kinetics coefficient is independent of 

deposit and pressure. Therefore, Eqs. 2 and 3 separate from Eqs. 
4 and 5. Solution of the system (Eqs. 2 and 3) determines the 
unknown ion concentrations. The deposited concentration is cal-
culated from Eq. 4, provided that solution of the system (Eqs. 2 
and 3) is already obtained. Afterwards, the pressure distribution is 
determined from Eq. 5.

Let us introduce dimensionless species concentrations and 
pressure (Eq. A-1) and also dimensionless coordinate, time and 
chemical kinetics number (Eq. A-2). It transforms the system of 
four governing equations (Eqs. 2 through 5) to its dimensionless 
form (Eqs. A-3 through A-6); see Appendix A.

The governing system (Eqs. A-3 through A-6) contains two 
dimensionless parameters: kinetics number 	k and formation-
damage coefficient � (Bedrikovetsky 2004). 

The kinetics number is proportional to the kinetics coefficient 
that shows how fast the chemical reaction occurs. This parameter 
depends on temperature and ionic strength of the brine. It also 
depends on pore-space structure and mineralogical content of the 

rock surface. The formation-damage coefficient depends on pore-
space structure, pore-size distribution, coordination number, and 
tortuosity of the pore paths.

Mathematical models for sulfate scaling in porous media and 
related formulations of direct and inverse problems are similar to 
those for suspension filtration and consequent injectivity decline 
(Pang and Sharma 1994). Sulfate-scaling Eqs. 2 through 5 degen-
erate into deep-bed filtration models for the case in which sulfate 
concentration highly exceeds the barium (strontium) concentration, 
and sulfate-concentration variation can be ignored. So, Eq. 4 for the 
chemical reaction kinetics becomes equivalent to kinetics equation 
for particle capture in the model for suspension transport in porous 
media (Nabzar et al. 1996; Pang and Sharma 1997; Chauveteau 
et al. 1998; Al-Abduwani et al. 2005; Ali et al. 2005). Particle 
precipitation rate for both suspension transport and reactive flow 
is proportional to flow velocity. The proportionality coefficient � 
(filtration coefficient) can be calculated from breakthrough con-
centration, while the formation-damage coefficient �, which is 
defined by Eq. 5, can be determined from the increase of pressure 
drop on the core during the flooding because of particle capture by 
the rock. Both coefficients can also be determined from pressure 
measurements (Alvarez et al. 2006a, 2006b). Knowledge of two 
coefficients � and � along with numerical solution of the quasi-
3D problem allows for reliable prediction of formation damage 
caused by drilling-fluid invasion into the formation (Bailey et al. 
2000; Suryanarayana et al. 2007), forecast of injectivity decline 
in fractured injectors (Bachman and Settari 2003; Mojarad and 
Settari 2005), of produced-water reinjection injectivity (PWRI) 
impairment (Al-Abduwani et al. 2005; Ali et al. 2005), of fines 
migration and capture in low consolidated or heavy-oil fields (Zang 
and Dusseault 2004). 

As well as the mathematical model for injectivity decline, 
3D system of governing equations for oil and water flow with 
chemical reaction between metals and sulfate, describing sulfate 
scaling in production wells, contains the chemical kinetics and 
formation-damage coefficients, 	k and �, respectively. Knowledge 
of these coefficients is necessary for the reliable prediction of pro-
duction-well behavior during oilfield sulfate scaling. The obtained 
coefficients � and � must be used in 3D modeling in different flow 
geometries for perforated, fractured, and horizontal wells (Bach-
man and Settari 2003; Mojarad and Settari 2005; Suryanarayana 
et al. 2007).

The following sections show that the values of the kinetics and 
formation-damage coefficients can be determined from quasisteady-
state corefloods with commingled injection of SW and FW.

Analytical Model for Quasisteady-State 
Corefloods 
Consider commingled flow of two reacting aqueous solutions 
in core with steady-state concentration profiles. Formulae for 
barium- and sulfate-ion concentration profiles are obtained in 
Appendix B:
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The profiles (Eqs. 7 and 8) are steady state.
Fig. 5 shows concentration profiles for both reagents as calcu-

lated using the explicit formulae (Eqs. 7 and 8). The case corre-
sponds to commingled coreflood carried out in work performed by 
Read and Ringen (1982) for ratios FW/SW=75:25 and 25:75 [i.e., 
for FW fraction in the overall flux f = 0.75 and f = 0.25, respectively 
(Curves 2 and 4 in Fig. 4)]. In both cases, sulfate concentration 
highly exceeds barium concentration (sulfate concentration profiles 
are located above the barium profiles in Fig. 5). Barium concentra-
tion in Case 2 exceeds that for Case 4 nine times, so the barium 
concentration in Case 2 declines faster than that for the Case 4 
(Fig. 5). Sulfate concentrations in both cases highly exceed barium 
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concentrations, so the difference between the sulfate concentrations 
in both cases is not as significant as that for barium. 

The barium sulfate deposition profile is unsteady state. The salt 
deposited concentration is proportional to time; see Eq. B-9. 
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Two reagent concentrations (Eqs. 7 and 8) are steady state, 
explaining the proportionality (Eq. 9) between the deposited con-
centration S and dimensionless time tD.

Let us introduce the dimensionless pressure drop as the recipro-
cal to injectivity index and call it the impedance:
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Since deposited concentration is proportional to tD, impedance 
is also proportional to tD (see Eq. B-12):
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where the impedance slope m is
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The analytical model for sulfate scaling (Eqs. 7 through 12) allows 
determining the sulfate-scaling-damage parameters from coreflood 
tests on commingled flow of SW and injected water (Fig. 2).

Characterization of Sulfate-Scale-Damage 
System From Pressure Measurements
Here, we develop the method for determining the sulfate-scaling-
damage parameters from pressure data during two sequential 
corefloods with commingled injection of SW and FW with two 
different FW/SW ratios.

Kinetics number 	k can be calculated from the ratio of injected 
to breakthrough concentrations of barium (Figs. 2 and 3). The 
higher the kinetics coefficient is, the more intensive is the chemical 
reaction and the larger is the difference between inlet and outlet 
reagent concentrations. Therefore, the inverse problem for deter-
mination of the kinetics coefficient from the breakthrough curve 
is well posed (Alvarez et al. 2006a, 2006b). By fixing xD = 1 in 
Eq. 7, one can calculate the kinetics number 	k and, consequently, 
the kinetics coefficient �.

Formation-damage coefficient � can be calculated from the 
pressure-drop increase during the commingled coreflood. The 
larger the formation-damage coefficient is, the higher is the perme-
ability reduction and, consequently, the larger is the pressure-drop 
increase. Therefore, the inverse problem for determination of the 
formation-damage coefficient from pressure-drop history is also 
well posed (Alvarez et al. 2006a, 2006b).

Let us rewrite Eq. 12 in terms of FW fraction f in the total 
injected flux (SW fraction is equal to 1−f ):
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The impedance growth coefficient m can be found from pres-
sure-drop measurements (Eq. 10). If the kinetics number is already 
known from the breakthrough concentration, Eq. 13 allows for 
calculation of formation-damage coefficient �. 

Pressure-drop measurements are simple, reliable, and require 
standard laboratory equipment. Concentration measurements are 
cumbersome and require more complex equipment. Therefore, it is 
attractive to develop a method for determination of scale-damage 
parameters from pressure measurements only.

Several corefloods with commingled injection of SW and FW 
with pressure-drop measurements have been performed by Read 
and Ringen (1982). Fig. 4 shows pressure-drop development dur-
ing five corefloods. The details of the tests are described in the 
section “Analytical Model for Quasisteady-State Corefloods.”

Assuming that the scaling-damage parameters are equal for two 
cores, let us calculate the parameters from the tests with different 
FW/SW ratios. 

Consider Eq. 13 for two tests with two different fractions of 
formation water in the overall flux, f and g. These two equations 
form a system for two unknowns 	k and �. Dividing Eq. 13 with 
fraction g by that with fraction f, we obtain one transcendental 
equation for unknown 	k:
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where the constant M is equal to M
m

m
f

g

= .

The kinetics number 	k is calculated numerically by solution of 
the transcendental equation (Eq. 14). Then the formation-damage 
coefficient is calculated explicitly from Eq. 13. 

Results of Laboratory Data Treatment for 
Artificial Cores
In this section, the values of two sulfate-scaling-damage parame-
ters are calculated from the pressure-drop data during commingled 
injections of incompatible waters with different FW/SW ratios, 
in artificial cores. The data of the laboratory study by Read and 
Ringen (1982) are used.

The FW/SW ratio in the fourth test is 1:3 (Fig. 4). Because 
the barium/sulfate concentration ratio 
 = 1/16, the concentration 
ratio of sulfate to barium in the bulk injected liquid is 48. So, the 
reaction occurs under high sulfate excess; its rate is determined 
by barium concentration. Thus, the deposited concentration at 
the end of the test [370 pore volumes injected (PVI)] is relatively 
low if compared with three other tests, and it can be assumed that 
deposition does alter pore-space geometry and the reaction con-
ditions (i.e., the kinetics coefficient � is constant). Therefore, in 
accordance with Eq. 11, the fourth-test curve is almost linear.

In the third test, the FW/SW ratio is 1:1. The concentration ratio 
of sulfate to barium in the bulk liquid is 16 (i.e., three times lower 
than that in fourth test). Therefore, the deposited concentration in 
the third test at the end of flooding (330 PVI) is higher than that 
in the fourth test, and the impedance curve becomes nonlinear. 
We considered the linear growth in the third test only until the 
moment 200 PVI.

The nonlinear behavior of the curve �p(tD) shows that some 
violations of the model assumptions happen after the moment 
of 200 PVI. Dissolution of the BaSO4 solid salt in water is not 
accounted for in the model (Tests 2 through 5). Therefore, one 
of the ways around is the introduction of nonequilibrium solid/
water-interface mass transfer into Eq. 4 for the deposition kinet-
ics (Yortsos 1990; Bedrikovetsky 1993; Fogler 1998). Another 
explanation for disagreement between the laboratory nonlinear 
impedance curve and the modeling straight line (Eq. 11) is the 
change of the solid/water interface during the deposition, causing 
alteration of chemical-reaction kinetics (i.e., the kinetics number 
	k becomes S-dependent).

The FW/SW ratio in the second test is 3:1, and the concentra-
tion ratio 
 is 16:3. The pressure-drop curve exhibits nonlinearity 
because of large deposition and reaction-kinetics alteration. The 
linear development of impedance in this case was considered until 
the moment of 190 PVI.

Let us determine the � and � values from Tests 3 and 4. Fig. 6a 
shows plots of the values of the left- and right-hand sides of 
Eq. 14 [functions f(	k) and g(	k), respectively] vs. unknown kinet-
ics number 	k. Two curves intersect in a single point, indicating 
the existence and uniqueness of the solution in the considered 
particular case. The obtained value 	k = 9.95 can be seen clearly 
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in the zoom (Fig. 6b). The kinetics coefficient is calculated from 
a dimensionless expression (Eq. A-2) for kinetics number 	k: � = 
4146 (Mm)−1. The formation-damage coefficient is determined 
from Eq. 13: � = 28.4.

The proposed method for determination of � and � from core-
floods with different ratios of injected seawater and formation 
water can be validated by independent treatment of the data from 
different tests couples. Let us determine the coefficients � and � 
from Tests 2 and 3, and also from Tests 2 and 4, and compare the 
results. Fig. 6c shows plots of functions f(	k) and g(	k) (left- and 
right-hand sides of Eq. 14, respectively) for Tests 3 and 2. Fig. 6d 
shows plots of functions f(	k) and g(	k) for the pairs of Tests 4 and 2. 
In each case, the curves cross in a single point, so a solution of 
Eq. 14 exists and the solution is unique.

The results are presented in Table 1. As expected, the scaling-
damage parameters are almost equal for the three cases. 

Since the three tests have been performed in similar artificial 
cores, the conditions of chemical reaction are the same and the 
kinetics coefficients must also be the same. The formation-damage 
coefficient depends on pore-space structure and crystal size and 
must also be equal for the three tests. The agreement between three 
values of parameters as obtained from three different laboratory 

tests (from three independent sources of information) validates the 
method proposed.

Results of Laboratory Data Treatment for 
Reservoir Cores
To apply the method of two water ratios to real reservoir cores, 
the commingled corefloods with different FW/injected-water ratios 
were performed in three Berea cores. The data of three tests with 
Berea Cores 2, 3, and 4 are shown in Table 2.

Figs. 7 and 8 present graphical solution of transcendental 
equation (Eq. 14) to determine the kinetics number. Calculation 
from two tests Berea 2 and 2-5 (Fig. 7) results in � = 371.24 
(Mm)−1, � = 1584.63. From the set of tests Berea 2 and 3-5 were 
obtained the following averaged data: � = 415.28 (Mm)−1, � = 
1480.72 (Fig. 8).

The solution stability in Figs. 7 and 8 is lower than that for 
artificial cores (Fig. 6). Small perturbation of measured data mf and 
mg may result in significant variation of intersection-point coordi-
nates (root of Eq. 14). The stability of the method can be increased 
by stochastic regularization [i.e., by small stochastic Monte Carlo 
perturbations of raw data for pressure-drop measurements �p(t1), 
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Fig. 6—Solution of the transcendental equation (Eq. 14) for determining the kinetics coefficient: (a) from the third and fourth tests; 
its zoom is shown in (b); (c) from the second and third tests, with M=m3/m2; (d) from the fourth and second tests, M=m4/m2.

TABLE 1—KINETICS AND FORMATION-DAMAGE COEFFICIENTS AS OBTAINED FROM 
DIFFERENT PAIRS OF TESTS WITH DIFFERENT RATIOS  

FW TO SW 

Tests
 Kinetic number 

εk 
Kinetic coefficient λ, 

1/mm 
Formation damage 

coefficient, β Constant M
 

2–3 9.54 3975 22.13 1.33 
2–4 9.60 4000 27.90 2.64 
3–4 9.95 4146 28.40 1.98 

medium 9.70 4042 26.14  
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�p(t2)… and by averaging of mf and mg values as obtained from 
sequence realizations [see Tikhonov and Arsenin (1977)]. 

The results from Figs. 7 and 8 are different. It indicates the 
effect of porous media on sulfate formation damage (natural Berea 
cores are similar but not identical). The importance of porous-media 
microcharacteristics on sulfate scaling has been mentioned in several 
publications (Oddo and Tomson 1994; Rosario and Bezerra 2001; 
Gomes et al. 2002; Mackay 2002; Mackay and Graham 2002; 

Mackay et al. 2003). Nevertheless, systematic study of the effects 
of factors such as permeability, porosity, tortuosity, and coordination 
number on the kinetics constant is not available in the literature. 

The uncertainty caused by nonidentical natural reservoir rock 
samples can be decreased by using several similar cores taken from 
the same formation and by least-squares result treatment. Yet, the 
problems of sample representativity and the core choice criteria 
must be addressed in further research.

TABLE 2—PARAMETERS OF COREFLOODS 

 Core Permeability (md) Porosity (%) Length (m) Diameter (m) Rate (mL/min) Injection time, min Injection time, pvi FW:SW 
 Berea 1 752.5 24.21 0.0661 0.0381 4 135+22 29.6+5 1:1 + 3:1 
 Berea 2 88.39 21.11 0.10212 0.03788 4 42 7 1:3 
 Berea 3 85.06 21.09 0.10135 0.03787 4 33 5.5 1:1 
 Berea 4 91.11 21.69 0.10229 0.03781 4 30 5 1:1 
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Fig. 7—Solution of the transcendental equation (Eq. 14) to determine the kinetics number from tests Berea 2 and 3: (a) graphical 
solution; (b) its zoom near the root of the equation.
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A Method of Two Sequential Injections in 
the Same Reservoir Core
This section contains the description of a method to determine two 
sulfate-scaling-damage coefficients from two sequential injections 
in the same reservoir core. The method consists of two commingled 
injections of water with different ratios of FW/injection water, with 
simultaneous pressure-drop measurement. 

Deviation of the pressure-drop curve with intensive sulfate pre-
cipitation from the modeling results (Curve 1 in Fig. 4) indicates 
that the salt deposition changes matrix surface and conditions for 
further reaction and precipitation. Therefore, in order to keep the 
assumptions of Model 1-3 during the second flood, it is necessary 
to minimize sulfate precipitation during first injection. So, the only 
linear form of impedance J(tD) is established during the first injec-
tion, the system must be switched to the second flood. 

As was mentioned above, sulfate scaling Model 2-5 is equivalent 
to that for deep-bed filtration in the case in which sulfate concentra-
tion is exceedingly higher than that of barium and can be considered 
to be constant. As in commingled coreflooding with SW and FW, 
both injectivity damage parameters � and � can be determined 
from effluent particle concentration and pressure-drop evolution on 
the core. The additional information to substitute for complex and 
cumbersome breakthrough concentration measurements is the pres-
sure-drop history on the first core section, which requires additional 
pressure measurement at some intermediate point of the core (Bed-
rikovetsky el al. 2001). For oilfield sulfate scaling, the corresponding 
additional information is obtained from commingled coreflood with 
two different ratios of FW/injected water.

The test was performed with core Berea 1. The test data are 
presented in Table 2. Fig. 9 shows the result of the solution of the 
transcendental equation (Eq. 14), abscissa of the intersection point 
of the two curves corresponds to the kinetics number 	k. From the 
root 	k = 14.96 was calculated the kinetics coefficient � = 7246.88 
(Mm)−1. Formation-damage coefficient � = 45817.4 was calculated 
from Eq. 13. The obtained values of sulfate-damage coefficients 
are in the common range of these parameters. 

Fig. 10 shows graphical determination of the root on plane (�, 
�). Horizontal lines � = 5975 (Mm)−1 and � = 8147 (Mm)−1 corre-
spond to measurement of effluent barium concentration (c1 = 0.32 

and c2 = 4.27 ppm, respectively) and calculation of the kinetics 
coefficient using 7. The kinetics-coefficient values obtained from 
effluent concentration and from pressure-drop measurements are 
different. We attribute the difference to the heterogeneity of the 
core, which results in inhomogeneous profiles of kinetics and 
formation-damage coefficients along the core.

Discussions
The analytical model for commingled flow of SW and FW shows 
that pressure drop on the core grows linearly with time only in the 
case of constant kinetics and formation-damage coefficients. The 
laboratory data also show that the linear dependence takes place 
only for the case of constant sulfate-scaling coefficients, which 
corresponds to low deposited concentrations. At high deposit con-
centrations, the laboratory tests exhibit nonlinear behavior of pres-
sure drop. The proposed method for determination of scale-damage 
parameters from pressure measurements was validated successfully 
for “linear” periods of corefloods for three low-deposit tests in arti-
ficial cores. The method was shown to be invalid for the test with 
intensive deposition and nonlinear behavior of pressure drop.

Nonequilibrium dissolution of salt in water and dependence of 
kinetics coefficient on deposit concentration can be accounted for 
in the mathematical model in order to treat nonlinear impedance 
curves from commingled corefloods by SW and FW.

Some tests expose a small angle between lines f(	k) and g(	k) 
near the intersection point, resulting in instability of the root of 
Eq. 14 (Figs. 6a, 7, and 8). The stability can be increased by model-
ing the errors in measurements (i.e., by small stochastic perturba-
tion of measured pressure-drop values and by averaging the slopes 
mf and mg as obtained from different realizations).

The uncertainty caused by non-identical properties of similar 
rock samples limits the application of the method for natural res-
ervoir cores. The uncertainty can be reduced by the use of several 
cores, although the required number of cores for determining the 
values of chemical kinetics and formation-damage coefficients is 
two. Yet, the problems of sample selection criteria and of rock 
sample representativity must be addressed after accumulation of 
sufficient data on application of the proposed method for reservoir 
core samples. 
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Fig. 9—Graphical solution of the transcendental equation (Eq. 14) to determine the kinetics number from test Berea 1.
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The proposed method is similar to that for determination of two 
injectivity-damage parameters for rock clogging by captured particles 
from pressure-drop measurements during coreflooding. Currently, this 
method is used on offshore platforms and on site in onshore fields, 
avoiding the transport of waters and cores to laboratory, storage 
problems, etc. [see Vaz et al. (2009)]. The proposed method must be 
developed and tested further for use at on-site oilfield conditions.

Conclusions
Treatment of laboratory data on two sequential commingled core-
floods by two incompatible waters with different ratios of FW/SW 
in the same core allows us to conclude the following:
•  Two sulfate-scaling-damage parameters—kinetics and formation-

damage coefficients—can be determined from two commingled 
corefloods with two different FW/SW ratios in a single core;

•  Stability of the method is significantly higher for artificial cores 
than for natural reservoir cores.

Nomenclature
 cBa = Ba2+ molar concentration in aqueous solution, M
 cSO4

 = SO4
2− molar concentration in aqueous solution, M

 CBa = dimensionless Ba2+ concentration
 CSO4

 = dimensionless SO4
2− concentration

 f, g = FW fraction in the total fl ux
 J = dimensionless impedance
 k = permeability, d
 ko = initial permeability, d
 L = core length, m
 m = slope of the impedance straight line vs. tD

 MBaSO4
 =  molecular weight for barium sulfate in gmol/L (equals 

Kg mol/m3) 
 p = pressure, Pa
 P = dimensionless pressure 
 S = dimensionless BaSO4 concentration
 t = time, seconds
 tD = dimensionless time, PVI
 U = fl ow velocity, m/s
 x = linear coordinate
 xD = dimensionless linear coordinate
 
 = ratio between injected concentrations of Ba2+ and SO4

2−

 � = Formation-damage coeffi cient

 	k = dimensionless chemical kinetics number
 � = kinetics coeffi cient, (M×m)−1 (second-order reaction)
 � = viscosity, kg/(m·s)
 �BaSO4

 = density of the barite, kg/m3

 � = BaSO4 molar concentration in solid deposit, M
 � = porosity
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Appendix A—Dimensionless Equations for 
1D Reactive Transport in Rocks
Let us introduce dimensionless parameters and coordinates 
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into the governing system of equations (Eqs. 2 through 5) for 1D 
reactive transport in porous media. We obtain the following system 
in dimensionless form (Bedrikovetsky et al. 2004, 2007):
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The system of four equations (Eqs. A-3 through A-6) determined 
four dimensionless unknowns: CBa, CSO4

, S, and P. Eqs. A-3 and A-4 
do not contain variables S and P, and, therefore, they separate from 
Eqs. A-5 and A-6. Eq. A-5 is independent of pressure P and separates 
from Eq. A-6. Therefore, the order of solution of the system (Eqs. 
A-3 through A-6) is as follows: First one solves system (Eqs. A-3 
and A-4) and determines barium- and sulfate-ion concentrations; 
then, deposited salt concentration is determined from Eq. A-5 and, 
afterward, pressure P is calculated from Eq. A-6.

Appendix B—Derivation of Exact Solution for 
Commingled Injection of Incompatible Waters
Consider steady-state distributions of both ions. In this case, Eqs. A-3 
and A-4 become a system of two ordinary-differential equations:

d

d
Ba

Ba SO4

C

x
C C

D
k= −	 ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (B-1)

d

d
SO

Ba SO
4

4

C

x
C C

D
k= −
	 .   . . . . . . . . . . . . . . . . . . . . . . . . . . . (B-2)

Both reagent concentrations are fixed at the core inlet during 
the injection, providing boundary conditions for the system (Eq. 
B-1 and B-2):
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Multiply Eq. B-1 by 
 and subtract it from Eq. B-2:
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Integration in xD results in the first integral for the system of two 
ordinary-differential equations (Eqs. B-1 and B-2). The constant 
value of C CSO Ba4

− 
  can be found from the inlet boundary condi-
tion (Eq. B-3):
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Expressing sulfate concentration from Eq. B-5 and substituting it 
into Eq. B-2, we obtain a first-order ordinary-differential equation
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It can be solved by separation of variables. Accounting for 
boundary conditions (Eq. B-3), we obtain the solution barium 
concentration profile: 
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Substitution of Eq. B-7 into Eq. B-5 results in the sulfate-ion 
profile:
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Substituting Eqs. B-7 and B-8 into the equation for deposition 
rate (Eq. A-5) and integrating in tD, we obtain the deposit distribu-
tion S(xD, tD):
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The two reagent concentrations are steady state, so deposited 
concentration is proportional to time tD (Eq. B-9).

Let us introduce the dimensionless pressure drop as a reciprocal 
to injectivity index and call it the impedance:
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Expressing pressure gradient from Eq. A-6 and integrating in 
xD, we obtain the expression for impedance:
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Performing integration in Eq. B-11 and accounting for the 
definition equation (Eq. B-10), we obtain the following formula 
for impedance:
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SI Metric Conversion Factors
 atm × 1.013 250* E+05 = Pa 
 bar  × 1.0* E+05 = Pa
 cp  × 1.0* E–03 = Pa·s
 °F  (°F×32)/1.8  = °C
 ft  × 3.048*  E–01 = m
 knot  × 5.144 444  E–01 = m/s

*Conversion factor is exact.
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