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Abstract

Previous work has derived an analytical model for
simultaneous flow of incompatible waters in porous media
with sulphate salt precipitation, determined typical values of
the kinetics reaction coefficient from corefloods and what the
impact would be on productivity impairment during sulphate
scaling.

This paper extends the previous work, by modelling the
injectivity impairment during simultaneous injection of
incompatible waters, i.e. cation-rich produced water (PWRI)
and seawater with sulphate anions. An analytical model with
explicit expressions for deposited concentration and injectivity
decline was developed.

The location of scale deposition and the resulting
injectivity impairment are calculated for a range of
sensitivities, including reaction kinetics (ranging from
minimum to maximum values as obtained from coreflood and
field data), fraction of produced water in the injected mixture
and barium concentration in produced/re-injected water.

The theoretical parameter of the size of formation-
damaged zone was introduced. It was found that almost all
deposition takes place in a neighbourhood occupying a
distance 2-4 times the well radius.

Calculations show that simultaneous injection of seawater
with produced water containing even decimal fractions of ppm

of barium would results in significant injectivity decline.

Introduction

Sulphate scaling with consequent deposit formation and
wellbore damage is a well-known phenomenon that occurs
during waterflooding, when mixing of incompatible injection
and formation waters may result in sulphate salt precipitation
and flow restriction'. The most significant damage occurs in
and near production wells, where dispersion and chemical
kinetics are particularly high due to high fluid velocities, and
where the mixing of the different brines is most pronounced?.
Sulphate scaling productivity impairment has been widely
reported for North Sea, Gulf of Mexico and Persian Gulf
fields™.

Produced water re-injection (PWRI) involves injection of
some additional water in order to fulfil the injection-
production volumetric balance. In offshore waterflood
projects, PWRI is complemented by seawater injection. The
produced water may contain barium, strontium, magnesium
and other metal cations, as well as seawater that is sulphate-
rich. Simultaneous injection of incompatible waters results in
sulphate salt deposition and consequent injectivity
impairment”.

The injectivity decline depends on the metal cation
concentration in the injected water, the formation damage
coefficient, the kinetics of chemical reaction and of salt

deposition, the rock permeability and the injection rate. The
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injectivity prediction and consequent decision making on
PWRI, on mixing with seawater and on scale
inhibition/removal requires laboratory-based mathematical
modellings.

Mathematical modelling and laboratory studies of sulphate
scaling are widely available in the literature®"”.

The mathematical model for reactive flow consists of mass
balances for all species that account for chemical reactions and
hydrodynamic dispersion®'>'"'%,

Axi symmetric diffusion-free equations of multiple
chemical reactions during injection can be solved analytically
using method of characteristics'’. The same applies for quasi
steady state production of injected and formation waters with
sulphate scaling and productivity impairment®’; the analytical
model shows that the skin factor is proportional to the volume
of produced water.

The dispersion-free model contains two empirical
parameters: the kinetics coefficient characterizing the
chemical reaction velocity, and the formation damage
coefficient reflecting the permeability decline due to salt
precipitation'®”. Both coefficients can be determined from
either coreflood or production well history. The kinetics
coefficient as a kinematics parameter can be determined from
core effluent concentration (from concentration in produced
water in production well case)’’. The formation damage
coefficient as a dynamics parameter can be determined from
the increase of the pressure drop on the core (productivity
index decrease). Both inverse problems are well posed?'.

This paper discusses injectivity impairment due to sulphate

scaling during commingled injection of seawater and produced

waters. Irreversibility of the scaling chemical reaction is
assumed, and symmetric radial flow is assumed to take place
around the injector in a reservoir. An analytical model based
on exact solutions of the flow equations and incorporating the
chemical reaction is developed. The main result is a linear
dependency of the reciprocal injectivity index with time, with
the most significant damage occurring within a radius
equivalent to 2-4 times the wellbore radius. The
proportionality coefficient (a so-called impedance slope)
determines the injectivity decline during PWRI.

The maximum barium concentration in the injected brine
that may be tolerated before significant injectivity decline has
order of magnitude of 0.01-0.1 ppm. Thus, particular care
must be taken with produced water composition when used for

PWRI simultaneously with seawater.

Mathematical Model for PWRI Near-Well Sulphate
Scaling

The injectivity impairment during simultaneous injection of
produced water and seawater occurs due to chemical reaction
between sulphate anions in the seawater and barium /
strontium cations in the produced water. The reaction product
— barium sulphate salt — deposits on the rock causing
permeability reduction and consequent injectivity decline.

The schema of sulphate scaling during PWRI is presented
in Fig.1. The accumulation of precipitant occurs near to the
injector wellbore.

The mathematical model for sulphate scaling during
simultaneous injection of two incompatible waters is given by

a system of four equations, eqs. A-1%'>"7,
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One phase flow of aqueous solution with Ba®* and SO~
ions is assumed to occur in the presence of residual oil. Water
and rock are assumed to be incompressible.

The Amagat law for overall volume balance of reacting
fluid and precipitating solids holds. It results in conservation
of water flux*>*. Therefore, water flux Q in eqs. A-1 depends
on time only and in the considered particular case is assumed
to be constant.

The first and second eqs. A-1 are mass balances for barium
cations and sulphate anions, respectively. The equations
account for second order chemical reaction between two
species; law of acting masses”™" determines the chemical
reaction rate on the right hand side of mass balance equations.

The chemical reaction rate constant K, in porous media is
also  flow-velocity-dependent™. Following experimental

16,1
data'®"’

we assume proportionality between the chemical
reaction rate constant K, and flow velocity, eqs. A-2. The
proportionality coefficient A is called the kinetics constant; its
dimension is (M*m)". The kinetics constant A is equal to the
reciprocal to the reference distance that one mole of reagent
moves in order to almost completely disappear due to
chemical reaction.

The model, eqs. A-1, also accounts for hydrodynamic
dispersion of species in water flux; the dispersion coefficient
is assumed to be proportional to flow velocity U, eqs. A-3**".
The proportionality coefficient—the dispersivity ap—is equal to
the reference size of rock micro heterogeneity that causes the
mixing.

The third eq. A-1 is mass balance for solid deposit that

precipitates due to the chemical reaction.

Darcy’s law, fourth eq. A-1, accounts for permeability
reduction due to solid precipitant. Following, the hyperbolic
dependence of permeability on deposited concentration was
chosen™. The permeability reduction in this case is determined
by one constant - the formation damage coefficient .

The model, eqgs. A-1, consists of four equations for four
unknowns cg,, cso4, 0 and p. The first two equations, eqs. A-1,
are independent of ¢ and p, so they may be considered
separately from the third and fourth equations.

The model, eqs. A-1, describes the reacting flow during
simultaneous produced water re-injection and seawater
injection in offshore oilfields undergoing waterflooding.

The introduction of dimensionless parameters, eqs. A-4,
transfers system, eqgs. A-1 to A-3, to dimensional form, eqs. A-
5. At this point we assume instant mixing of two
simultaneously injected waters in the reservoir and ignore
species dispersion, eqs. A-6.

The bulk of precipitant accumulates near to the wellbore;
the size of the affected zone is equal to several well radii.
Therefore, the well radius is selected as a reference size of the
sulphate scaling injectivity reduction process and is used to
dimensionalise radial co-ordinate r at axi symmetric flow, egs.
A-4.

Barium and sulphate concentrations are dimensionalized
by their concentrations in the injected water, cOBa and c0504
respectively.

Seawater and produced water are mixed in proportion N:1.
For a given barium concentration in produced water ¢'g, and
sulphate concentration in seawater ¢'so4, barium and sulphate

concentrations in injected water are:
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The dimensionless system, eqs. A-5, contains three
dimensionless parameters: &, & and .

The chemical kinetics number & is a ratio between well
radius and the reference distance that one mole of reagent
moves in order to almost disappear due to chemical reaction.
Calculations based on Table 1 shows that the chemical
kinetics number & varies in the range 0.6 to 50.

The diffusion number &, is the reciprocal to the Peclet
number; it is equal to the ratio between dispersivity ap and
well radius r,,.

The concentration ratio ¢« is the ratio between injected
concentrations of barium and sulphate.

For simplicity, we ignore dispersion in mass balance
equations for both ions, eqgs. A-6.

Initial conditions, eqs. A-7, for PWRI sulphate scaling
correspond to the absence of barium from the formation water
at the beginning of re-injection. Initial sulphate concentration
in the reservoir is equal to sulphate concentration in previously
injected seawater.

Boundary conditions, eqs. A-8, correspond to fixing both

. 0 0 ..
concentrations ¢ g, and ¢ soq4 at the injector.

Analytical Model for Sulphate Scaling in Well Vicinity
The analytical solution of the problem of simultaneous
injection of two incompatible waters, eqs. A-6 to A-8, is found
in Appendix B by the method of characteristics'.

Fig. 2 shows the structure of the flow zone. The front of

the injected water displaces through the reservoir with

dimensionless speed (l—s,,,)". Both species concentrations are
equal to their initial values ahead of the injected water front.

Concentrations of both ions are steady state behind the
front and are given by eq. B-9 and eq. B-10. Fig. 3 presents
barium concentration profiles for different values of the
kinetics numbers for the case where the injected sulphate
concentration highly exceeds that of barium, a=0.02.

The deposit concentration is given by eq. B-11. Fig. 4a
shows the deposition profiles and how the deposit accumulates
with time.

The ion concentrations are steady state behind the front
while the deposit accumulates proportionally to time, eq. B-
13, Fig. 2. The ion concentrations decrease with distance from

unity at the well to

(l—oc)exp|:—£k(l—oc)( /xﬂtsFH
C(t,)= e e
l-ocexp|:-£k (1- (x)[ ’xnw +% EVE ]:|

at the front. The frontal concentration decreases exponentially

with time tending to zero as time tends to infinity. The
expression for the frontal concentration is obtained from eq.
B-9 for barium concentration profile behind the injected water
front.

The deposit concentration decreases from

&1p

S (Xpstp) =2x—(1s)
Dw “or

at the well to zero at the front. The expression for the
deposited concentration at the well is obtained from eq. B-11
for the barium sulphate concentration profile.

Equation B-11 shows the dynamics of the precipitant

profile at negligibly small times, until the concentration front
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reaches the boundary of the formation damage zone, and at
large times also. Soon after the beginning of produced water
re-injection, the volume of injected water greatly exceeds the
volume of formation the damage zone, and the precipitant
concentration becomes proportional to time, eq. B-13. The

precipitant concentration is

0
M BaSO, cBa tD

o(xy.1,)=5, (xD)W
or BaSO,

_ & C(x,) Y(x,)

S, (x,) \/7

Therefore, the deposition profile is characterised by the
function of x;—S,(xp). The plots for different kinetics
numbers and concentration ratios are presented in Fig. 4b.

The explicit formulae for both reagents and deposited
concentrations, eqs. B-9, B-10 and B-13, allow derivation of
the explicit formula for injectivity index versus time.
Following™, let us introduce impedance, which is the
reciprocal to the dimensionless injectivity index

_ 11(0) _AP(z,)q(0)
J(tD)_II(tD)_AP(O)q(tD) ...................................... ()

While the injectivity index decreases, the impedance
increases.

The main result of the injectivity index derivations from
Appendix C is proportionality between the impedance and
time:

J(1,)=1+mz,

0 M )
m= Bes, B0 M (8,0) coveeereeee (6)

2
P
2(1-sm)ln(R“j PO

r

w

M (e, 0)=e, | SLe)V(x0)

| XpA[Xp

Here xp, is the size of the damaged zone, Appendix D.

dx,,

Barium sulphate deposition outside this zone does not affect

injectivity; therefore the upper limit of integration in eqs. 6 is
equal to xp,.

The impedance slope m depends on two empirical
coefficients & and [ that characterise the sulphate scaling
system, i.e. the porous medium and the fluid. The impedance
slope is proportional to the formation damage coefficient f.
Therefore, it is convenient to separate m into two coefficients:
the first coefficient containing £ and the impedance constant
M; coefficient M depends on & and is independent of £.

From eqs. 6 follows that skin factor is proportional to

number of pore volumes injected (p.v.i.):

Radius of Formation Damage Zone
The analytical solution shows that the precipitation area is the
total space between the injected water front and the injector,
Fig. 2. Nevertheless, the profiles for deposited salt, eq. B-13
abruptly decrease from the well towards the reservoir, Fig. 4.
The greater the distance from the well to the point at which
permeability is declining, the lower the impact on injectivity.
The precipitation that affects well injectivity takes place in a
zone around the injector 1.3 - 2.0 times the well radius. Let us
define the formation damage zone radius r, in such a way that
the effect on well injectivity of the salt deposited in the
reservoir at points far away from the well r>r;, may be
neglected.

The damaged zone radius is defined in Appendix D as a
minimum radius of a zone outside which the deposited

precipitant almost does not affect well injectivity, i.e. removal
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of precipitant from the well neighbourhood with radius ry,
would restore injectivity up to the level 1-J of its initial

undamaged value J=1:

i %\/I:T(XD) 2, =(1-8) | %\/;(XD) 5y oen(8)

The precision of J depends on the precision of the
reservoir simulation in each particular case; it could be 0.01,
0.1, etc.

Fig. 5 shows the plot of impedance constant M(xp) versus
contour radius for the real field case (reservoir A, North Sea):
reservoir thickness A= 152.4 m, half-distance from injector to
producer R= 500 m; well radius r,= 0.15 m; sulphate
concentration in injected water csos’= 3000 ppm; porosity ¢=
0.18; rate Q= 55000 bbl/day. The impedance constant M for
this case is given by curve 1. Here we use A= 4000 (M*m)™,
where M is molar unit for concentration one gmol/L (the same
as kgmol/m’).

Curves 2, 3 and 4 differ from the real case by values of &
and «. Curve 1 almost coincides with curve 2, as well as curve
3 almost coincides with curve 4. So, for small values of
concentration ratio ¢, the value of « only slightly affects the
impedance constant M.

Let us explain the phenomenon of independence of the
impedance constant M of the concentration ratio « for cases of
small concentration ratio, o<<l. When the barium
concentration is negligible (much lower than that of sulphate),
the chemical reaction does not cause a significant reduction in
the sulphate concentration. Asymptotic expansion of barium

profile, eq. B-9, over small & results in zero-order term, so the

barium profile, eq. B-9, is proportional to the injected barium
concentration. Fixing constant sulphate concentration in eq. B-
13 we obtain proportionality between impedance constant m
and s, eqs. C-8. The impedance constant M becomes
independent of the concentration ratio ¢.

In Fig. 5 we used small & values, a<<I, so curves 1 and 2,
3 and 4 almost coincide.

Function M(xp) differs from its asymptotic value by 0.01 at
xps= 1.8 for g= 18.74, which corresponds to r,= 1.3 r,. For
&= 4.7, M(xp) differs from its asymptotic value by 0.01 at
xps= 4.8, which is equal to 2.2 r,,.. The formation damage zone
size is therefore equal to only several well radii.

Fig. 6 shows dimensionless size of formation damage zone
Xpg versus kinetics number for two values of concentration
ratio—0.02 and 0.2. The higher the kinetics number the faster
precipitation occurs and the smaller is the zone of deposit
accumulation. For cases where sulphate concentration highly
exceeds barium concentration, the formation damage zone
radius is almost independent of the barium concentration in
the injected fluid.

Fig. 6 illustrates that the concentration radio almost does
not affect the impedance slope — curves with a= 0.2 and 0.02
coincide.

Since the formation damage zone radius is usually equal to
several well radii, in the present work we use the well radius
r, to adimentionalise the radial coordinate r, eqs. A-4.
Therefore, dimensionless time is measured in injected fluid

volumes, where the unit corresponds to
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which has order of magnitude of 1 cubic meter per meter of
reservoir thickness.

The fact that a damaged zone has a size of several well
radii is very important for well stimulation design. For
example, the definition of the necessary volume of acid or
solvent™ to remove the scale is determined by the r, value.

The formation damage zone volume is

which has order of magnitude of ten cubic meters per meter of
reservoir thickness.

Formula 10 can be used for volume estimates of scaling
removing solvent or of acidizing fluid. Using exact eq. 10 is
particularly important for horizontal injectors where length
may be hundred times higher than that for vertical wells, and
consequently huge solvent/acid volumes may be required.

If additional perforation is planned in order to restore the
injectivity, the perforation depth should exceed the radius of

damaged zone.

Precipitation Profiles

Let us calculate the range variation of dimensionless kinetics
number &. The kinetics coefficient varies from 200 to 10000
(M"‘m)’1 (see Table 1). Well radius r,= 0.1 to 0.15 m, and
sulphate concentration in seawater is generally close to 0.03
Molar (3000 ppm).

Fig. 3 shows the effect of kinetics number on barium
concentration profile. As mentioned before, the profile is
steady state behind the concentration front. Curves 1, 2, 3 and
4 correspond to different kinetics numbers - g= 0.62, 3.12,

12.48 and 31.2 respectively. The above-mentioned kinetics

number values correspond to the following values for kinetics
coefficient: A= 200, 1000, 4000 and 10000 (M*m)'1
respectively. The concentration ratio is &= 0.02.

The higher kinetics number, the more intensive is the
chemical reaction, and the more abrupt is barium
concentration decline with radius.

Table 1 shows that the most typical kinetics coefficient
values are A= 1000 and 4000 (M*m)', so the typical
concentration profiles are presented by curves 2 and 3. Fig. 3
shows that despite the barium concentration being non-zero in
the overall zone behind the injected water front, it almost
disappears at the distance 1.4 to 2.5 well radii.

The precipitation profiles are shown in Fig. 4a for different
dimensionless times: fp= 5-10°; 106; 5-106; 1.1-10” and &=
18.72 (A= 4000 (M*m)™"). The maximum time 7p= 1.1-10’
corresponds to one pore volume injected when the reservoir
contour radius is 500 m. Deposit accumulates mainly near to
the wellbore. Precipitation takes place in the well vicinity xp,=
1.6xp,, that corresponds to damaged zone radius 1.28 r,, .

For the purposes of injectivity forecast we use times
tp>>xpg, Where the injected water volume highly exceeds the
damaged zone volume, and the precipitated concentration is
proportional to time, eq. B-13. Therefore, the precipitation

profile can be expressed by the function

SkC(xD)Y(xD)
S (xp)=—""F—"
5) Vo (11)
Su(xD)tD
S(xD’tD) 2(1-S )

Fig. 4b presents S, profile for different kinetics numbers

and concentration ratios. The kinetics numbers are &= 3.7 and
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18.72 (A =800 and 4000 respectively) and concentration ratios
are =0.01 and O.1.

The higher is the kinetics number the higher is the
precipitant concentration. Curves 3 and 4 lay above curves 1
and 2.

The dimensionless precipitation profile 1is almost
independent of the concentration ratio . Here we used small
o values, a<<1, so barium concentration is much smaller than
that of sulphate. In this case, as explained above, the solution
Ol(xp,tp) is proportional to the injected barium concentration
cBaO, and the dimensionless function S(xp,?p) is independent of
the concentration ratio «. Therefore, curves 1 and 2, 3 and 4 in
Fig. 4b almost coincide. The concentration ratio ¢ does not
affect the profile S,(xp) for small barium concentrations.

The profile S,(xp) determines impedance slope M; see eqs.
6 and 11. Therefore, curves 1 and 2, 3 and 4 in Fig. 5, that
differ from each other by a~value only, almost coincide.

The damaged zone radius is determined by M(xp) plots.
Therefore, the concentration ratio ¢ does not significantly
influence the damaged zone size xp, for small & values, a<<1,

Fig. 6.

Injectivity Index Calculations

The injectivity decline is characterised by impedance constant
M, eq. 6. The slope depends on kinetics number and on
concentration ratio. Fig. 7a presents the increase of M versus
kinetics number for concentration ratios o= 0.01, 0.05, 0.1 and
1.0 (curves 1,2,3 and 4 respectively). The M-curves almost

coincide for small concentration ratios a<0.1. It was explained

above by a small variation of sulphate concentration where the
governing system is linear and the solution is proportional to
injected barium concentration. The M values slightly decrease
for a=1.

The higher is the kinetics number, the more intensive is the
chemical reaction, so impedance constant M increases when &
increases. The constant M increases fast at small kinetics
number values, where & does not exceed 5 to 7; for large &
the slope tends to its asymptotic value. The impedance
constant M is almost independent of the kinetics number for
large & values that exceed 20 to 30.

The dependency of the impedance constant M on
concentration ratio is shown on Fig. 7b for kinetics numbers
&= 094, 4.68, 18.72 and 46.8. The above-mentioned small
effect of & for 0<0.1 and high effect of & for & < 10 can be
seen from Fig. 7b also.

Time variation of well injectivity index and of impedance
is shown in Fig. 8 for concentration ratio o= 0.02. Impedance
growth is shown in Fig. 8a; injectivity index decline is shown
in Fig. 8b versus 75 in pore volumes injected, and in Fig. 8c —
versus real time. The higher the kinetics number the faster are

impedance growth and injectivity decline.

Changing Inlet Concentrations and fractions SW:PW
Fig. 9 shows how injectivity index declines for four different
barium concentrations in injected water. The higher is the
injected concentration the higher is the deposited
concentration and the lower is the injectivity index. Here we
calculated the real case of field A (North Sea, UK). The

damaged zone radius was calculated by eq. D-1 — ;= 0.4m.
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The plots in Fig. 9a and 9b allows us to compare different
ratios of mixed produced and sea waters during injection. The
ratio seawater: produced water is N:1. Recalculation of
injected barium concentration using eqs. 1 allows plotting
injectivity decline versus fraction N. Fig. 10 presents three
cases of mixing the produced and sea-waters for cg,= 80 ppm
in produced water; csos= 2800 ppm in seawater. Here we took
the most common value for kinetics coefficient A= 4000
(M*m)'1 that corresponds to &= 13.92, a= 0.005; &= 8.7, a=
0.02 and g= 3.48, o= 0.08 for curves 1, 2 and 3 respectively.
The lower is the seawater fraction, the lower is the sulphate
concentration. For all cases, sulphate concentration greatly
exceeds that for barium, so a<<l, and the solution is
proportional to the injected barium concentration. The reaction
rate is proportional to sulphate concentration. Therefore, the
lower is the seawater fraction, the lower is the barium
concentration decline. The location of curves 1, 2 and 3 in Fig.
10 confirms the conclusion.

Fig. 11 shows profiles for S,(xp) and for deposition
S(xp,tp), tp=1 p.v.i., for the three above-mentioned cases. It is
possible observe that the higher is the seawater fraction, the
greater the deposition near to the well (continuous curve lies
above two other curves in well vicinity). The impact of
deposition on injectivity is most pronounced near to the well,
it can be illustrated by the fact that x,”* appears in the
denominator of the integrant in eq. C-6. Therefore, the case of
high seawater fraction exposes the higher formation damage:
curve | in plot M(xp) lays above two other curves.

Fig. 12 presents impedance constant M versus contour

radius x= xp.. These plots allow us to calculate the formation

damage zone radius r,. The obtained r, values are equal to
several well radii. Maximum value r,= 0.39 m was used in
calculation of the impedance and the injectivity index for three
above-mentioned cases of PWRI.

Effects of the ratio N of seawater to produced water on
impedance constant M and on impedance slope m are shown in
Fig. 13 and Fig. 14. Dependency of the impedance constant M
on injected sulphate ion concentration is determined mainly by
the term of & in front of the integral, eqs. .6; the integral is
almost independent of N since the solution is almost
independent of concentration ration o for sulphate
concentrations that highly exceed barium concentrations; & is
proportional to the injected sulphate ion concentration.
Therefore, the impedance constant M increases with increase
of the ratio N. For high N and excess of sulphate, M is
determined by barium ion concentration and tends to constant
value, Fig. 13.

The impedance slope m is low for the cases of high excess
of either barium or sulphate. Therefore, m is small for large
and small ratios N. It explains non-monotonic dependency of
slope m on ratio N, Fig. 14.

Fig. 15a shows impedance versus pore volume of injected
water fp. Injectivity index decrease versus pore volume of
injected water is presented in Fig. 15b. Injectivity index
versus real time is shown in Fig. 15¢. The higher the seawater

fraction, the lower is the injectivity index.
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Maximum Barium Concentration in Re-Injected
Water

Formula 6 with correspondent plots from Fig. 9 through 15,
allows us to calculate the maximum barium concentration in
injected water causing a given injectivity index decline.

The data are presented in Table 2a and 2b. First column
exposes the period of two times injectivity decrease in pore
volume injected, the second column shows this period in real
time, and the third column exposes the corresponding barium
concentration.

Here we took the following data from offshore field A,
North Sea, UK: reservoir thickness A= 152.4 m, half-distance
from injector to producer R.= 500 m; well radius r,,= 0.15 m;
sulphate concentration in injected water csos’= 3000 ppm;
porosity ¢= 0.18; A= 4000 (M*m); rate Q= 55000 bbl/day.
Table 2a corresponds to the case of two times injectivity
decrease during one pore volume injected, Table 2b shows
barium concentration for five times decrease of injectivity.

PWRI using produced water with a barium concentration
of 0.04 ppm results in two times decrease of injectivity after
one p.v.i. If the barium concentration is equal to 0.159 ppm,
the injectivity after one p.v.i. decreases five times.

Fig. 16 shows dependencies of maximum barium
concentration on kinetics constant A4 and on kinetics number
&. The more intensive is the chemical reaction, the higher is
the formation damage for a given barium concentration.
Therefore, maximum barium concentration decreases when
the kinetics number increases.

During one p.v.i., the number of injected pore volumes of

damaged zone is (R./r,)* - that is approximately 4*10°. During

simultaneous steady-state flow of two reagents through a rock
during millions of p.v.i., even a very small concentration of
one of the reagents may cause significant permeability

damage.

Characterisation of Sulphate Scaling System from
Injectivity Data

The reactive flow model, eqs. A-5, for simultaneous injection
of seawater and produced water with consequent injectivity
damage contains three independent physics constants:
concentration ratio ¢, kinetics coefficient A and formation
damage coefficient f. The concentration ratio is known from
the analysis of injected waters while the kinetics and
formation damage coefficients are phenomenological
parameters that characterise the rock-fluid system and cannot
be predicted theoretically for real rocks and fluids. These two
coefficients must be determined from either laboratory or well
data. Nevertheless, just one constant can be determined from
injectivity decline data, which is the impedance slope m.

Dependence of the impedance slope m on A and Sis given
by egs. 6. So, one equation for two unknowns is available for
characterisation of the sulphate scaling system from injectivity
decline data.

One of ways around the problem is using laboratory
coreflood data on simultaneous flow of produced and sea
waters. Outlet barium concentration allows us to calculate the
kinetics coefficient A, and pressure drop on the core
determines the formation damage coefficient A
Measurements of pressure in the middle of the core along with

pressure at core edges substitutes the effluent concentration
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information and allows us to calculate both A and £ (so called
3-point-pressure method***).

Another way around is using the pressure build up test for
the injector. Wellbore pressure evolution during the test allows
us to calculate the permeability profile around the well*®. This

leads to second equation

kO
M el)

permitting calculation of both coefficients 4 and f.

Discussions

The mathematical model for simultaneous injection of
seawater and produced water with consequent injectivity
damage depends on three dimensionless parameters: kinetics
and formation damage coefficients and concentration ratio.
The kinetics and formation damage coefficients are
phenomenological parameters that characterise the rock-fluid
system and cannot be predicted theoretically for real rocks and
fluids. Two coefficients must be determined from either
laboratory or well data.

An analytical model shows that during simultaneous
injection of incompatible waters, the concentration front
moves with the velocity of the injected water. Both reagent
concentrations are zero ahead of this front and are steady state
behind the front. The deposited concentration linearly
increases with time.

The precipitant accumulates in each point of the reservoir
after passing the point by the concentration front. The
deposited concentration is proportional to injected water

volume. The reciprocal to injectivity index is also proportional

to injected water volume, and the proportionality coefficient
(impedance slope) determines how fast the injectivity falls
down. The impedance slope is proportional to formation
damage coefficient. The impedance slope can be determined
from the well injectivity decline data.

The accumulating deposit decreases the injectivity only
inside a limited area around the injector; the deposit is small
outside this area and does not affect injectivity. The area is
determined by so called formation damage size. Calculations
show that the formation damage size equals several well radii.
This information is important for calculating the amount of
damage removal fluid (solvent, acid), or for determining the
perforation depth, or for interpretation of logging data.

If barium concentration in the injected mixture is
significantly lower than that of sulphate, the deposited
concentration and the impedance slope are proportional to the
injected barium concentration. They are also proportional to
the fraction of produced water in the injected mixture with
seawater. These facts are important for planning the
produced/injected water management/treatment, including
decision making on mixing sea and produced waters,
treatment of produced water, and frequency of scale removal
operations.

If scale inhibitors are to be used to protect the injection
infrastructure from scale damage, then these calculations
indicate how far into the formation the inhibitor will have to
penetrate to prevent significant damage. A separate calculation
of inhibitor retardation due to adsorption may be performed to
indicate the volume of chemical that will be required to protect

the well.
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Even 0.1 to 0.01 ppm concentrations of barium in
produced water being re-injected simultaneously with
seawater may cause significant injectivity damage. Therefore,
it is very important to take care of the composition of

produced water used for PWRI.

Conclusions

The analytical modelling of sulphate deposition during
simultaneous injection of produced and sea waters allows us to
make the following conclusions:

1. The system of simultaneous injection of two
incompatible waters is fully defined by two empirical
parameters: the formation damage coefficient and the
kinetics number.

2. Despite the precipitation area being the total space
between the injected water front and injector, the
precipitation that affects well injectivity takes place
in a zone 1.5 to 3.0 times the well radius from the
injector.

3. The defined formation damage zone radius is an
important characteristic of PWRI with simultaneous
seawater injection, allowing calculation of the
necessary acid volume in case of acidification,
solvent volume in case of sulphate removal, or scale
inhibitor volume in the case of inhibition.

4. The deposited concentration at each reservoir point is
proportional to injected water volume.

5. The increase of reciprocal injectivity index

(impedance) is proportional to injected water volume.

6. The impedance slope is proportional to formation
damage coefficient and depends on kinetics number.
The well injectivity decline data allows calculation
either of two model parameters.

7. If the injected sulphate concentration highly exceeds
the injected barium concentration, the deposition
profile and impedance increase are proportional to the
injected barium concentration. The dimensionless
deposition profile and the damage zone size are
independent of the concentration ratio ¢.

8. Simultaneous injection of seawater with produced
water containing even decimal fractions of ppm of

barium would results in significant injectivity decline.

Acknowledgement

Authors thank Dr. A. L. S. da Souza and Alexandre G.
Sequeira (Petrobras), Prof. Themis Carageorgos (UENF-
LENEP), Dr. Oleg Dinariev and Prof. A. D. Polianin (Russian
Academy of Sciences) for fruitful discussions. Numerous
discussions with Prof Y. Yortsos (USC, USA) on reactive

flows are greatly appreciated.

Nomenclature
C - dimensionless Ba®* concentration
¢pa— Ba®" molar concentration in aqueous solution, M
Cs04— SO42' molar concentration in aqueous solution, M
D — dispersion coefficient, m?/s
h — thickness, m

II - injectivity index, m*/(s-Pa)
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J— dimensionless impedance SO~
ko — initial permeability, D ap — dispersion coefficient, m
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kywor— relative permeability for water in the presence of & — dimensionless chemical kinetics number

residual oil ¢— porosity

m — slope of the impedance straight line versus tp A— Kinetics intensity (M:m)”! ( 2 order reaction)

M — impedance constant ] )
M, — Wwater viscosity, kg/(m-s)
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Appendix A. Governing Equations for Sulphate
Scaling in Porous Media

The system of governing equations for axi symmetric flow of
aqueous solution of barium and sulphate ions with
precipitation of solid barium sulphate consists of mass balance
equations for barium cations, for sulphate anions, for barium
sulphate and of the modified Darcy’s law accounting for

permeability reduction due to solid salt deposition®'*'":

2k (1-5,, )E)S%+%(QCB& - 2mrhD a%}

=-21rhK ¢y, Cs0,

ot r

=-2nrhK ¢y, Cso,

J J
2mrho(1-s,, )ﬁ+%[gcso4 ] 27:th%}

Ppaso, 00
l-s J—————=K ¢, ¢
(I)( Dr)MBa504 at a - Ba~SOy

_ Q — kOkrwor a_p
2nrh - p(1+Bo) or

According to numerous coreflood data, we assume that the

chemical reaction rate constant K, is proportional to flow

velocity'®!”
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It is assumed that the dispersion coefficients for Ba** and

SO, ions are equal and proportional to flow velocity®':

2
C _ CBa Y _ CSOA _ r _ Qt
-0 -0 Xp = —| > t[) - B
Cpa Cso, r, Thor

— 4nhk0krworp S _ pBaSO4 ()

Pp T eeeeeeeeeene e (A-4)
no M Baso, CBa
0
(X’D 0 CBa
& = > & = 7"rwcso4 A =—7
T, Cso,

Substituting dimensionless co-ordinates and parameters,

eqgs. A-4, in the system of governing, eqs. A-1, we obtain

oC dC ) oC €
1-s, )=+ =g 2| 2 fx, = |-—t_cY
( Sor) a tD axD D a‘XD[ '\/g J

ax, ) 24/x,
Y dY 0 oY €
l-s ) —+—=¢, —| 2x, — |- aCY
( Or)atD ox,, DaxD[\/_DaxDj 2@
A-5
(1-5,) 5= =cr o
a, 2x,
1= X vy
M dx
1+Bc), — 20 g |7
BaSO,

First two equations of A-5 are separated from the third and
fourth equations. After neglecting the hydrodynamic

dispersion, equations take the form

(1-5,) 2 4 9C & oy
8tD E)xD 2 X, A 6)
(-5, ) X9 & ey

8tD E)xD 2 X,

Displacement of water with SO,> anions by Ba®*- and
SO4*-rich water is described by the following initial

conditions:

The re-injection of water with SO, anions and Ba®*
cations into the reservoir, saturated by Ba’*- rich water,
corresponds to the inlet boundary conditions where
concentrations are fixed for both species:

Xp=Xpy: C=1,Y= 1o, (A-8)

Appendix B. Analytical Model for 1D Flow
Both concentrations are equal to their initial values in the zone
ahead of the injected water front

C=0Y=Y, (1-5,)(x,-%,.)>t, >0 errrrrerenne. (B-1)

Let us transform eqs. A-6 to characteristic form behind the

front"®
T —(1-s,)
dx,,
e 2 (B-2)
dx,, 2y/x,
1dy g

cY

ady, 2,

Introduce the following linear combination of two

concentrations:

Let us multiply third eq. B-2 by « and subtract the product
from the second eq. B-2. It results in the following
conservation equation for V(xp):

av

dx,,

The inlet boundary condition for V(xp) follows from egs.

A-8:

As it follows from eq. B-4, V is constant, so



SPE 100512

17

So, the concentration difference, eq. B-3, is constant along
the characteristics. Expressing the concentration Y versus xp

from eq. B-6.

and substituting it into second eq. B-2, we obtain an ordinary
differential equation:

ac €,

a2y,

The first order ordinary differential equation, eq. B-8, with

(of B R CT (oS ) IS (B-8)

boundary condition, eqs. A-8, is solved by separation of
variables:

(1-a)exp| &, (1-a)(\x, —yx,, |
1—(xexp[—8k (1—0()(\/5—\/5)}

Substituting solution, eq. B-9, into eq. B-7, we obtain

C(x,)=

sulphate concentration profile:

Y(s) o (l—a)exp[—% (1—a)(\/g—\/§)}
. l—aexp[—sk (l—a)(\/g—Mﬂ

The substitution of eq. B-9 and eq. B-10 into kinetics eqgs.

+1-0..(B-10)

A-5 results in explicit formula for deposit accumulation:

S('XD’tD ) :%[ZD _[(1 _sor)(xD _XDW)]] ..(B-11)

For large times, when the injected water volume highly

exceeds the damaged zone volume

ty >>[ (1=, ) (%py = Xp, ) | oo (B-12)

formula B-11 can be simplified

The deposited concentration at large times is proportional

to dimensionless time.

Appendix C. Injectivity Index Calculations

Let us calculate the pressure drop between the contour and the
well using the pressure gradient expression as obtained from
modified Darcy’s law, fourth eq. A-1. The interval [xp ,,, Xp ]
is divided into those of the damaged zone with alternated

permeability [xp,,, Xps] and of the undamaged zone [xp4, Xp.]:

) 9P
AP = j o+ j T R —— (C-1)

1 D Xpa D

Outside the damaged zone, the precipitant does not affect
the injectivity. Deposited concentration at xp>xp, can be
neglected.

Substituting pressure gradient from eqs. A-5 into eq. C-1,
we obtain the following expression for pressure drop between

injector and contour:

2
R M . XDd S ,t
AP:ln[ ] N P j (% D)de ........... (C-2)
Ty BasO, 1 Xp

Substituting dimensionless deposited concentration, eq. B-

13 into eq. C-2, we obtain expression for the integral:

" S(xD) &t " C(xD)Y(xD)
j . de—z(l_sm)_!‘ - dxy . (C-3)

1

The final expression for the pressure drop is:

2 0 M *pd
AP:ln[RCJ+ Bevca, Muso. , F CL5) V(%) ()

K 2(1_s0r) pBaSO4 v 1 xp\/g

w

Let us introduce the following dimensionless impedance

function that is an inverse to dimensionless injectivity index
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The impedance expression follows from eqs. C-4 and C-5

' 0 Fpa
E ( u):1+ BEkCBa : /Wguso4 T C(xD)Y(xD)de (C-6)
! 2(1-5 )1"(&] Pasn, 1 0o
” r

So, the impedance is a linear function of time

J(t,)=1+mt,

" B 2 Mysso, " C(x 3/11)617 ) dx,, .(C-T7)
Z(I—SW)IH[RCJ pBaSO4 1 Xp~Xp
T

Taking constants off the impedance slope m, we introduce
the impedance constant M:

0 M

m= BcBa . BaSO, M
R p s

2(1—s0,)1n[ J P

r

w

XIMC €, Y €.,
M(ek,oc)zek J‘ (xD € OL) (xD & OL)

D
| XpNXp

Formula C-7 allows for determination of formation

damage coefficient, £, from the pressure drop and injection

rate data.

Appendix D. Radius of Formation Damage Zone

We choose the radius of formation damage zone r, in such a
way that pressure drop increase between the injection well
r=r, and the damaged zone boundary r=r, is equal to 0.9
(0.99) of the total pressure drop increase between the injector

and the contour r=R.:

Injectivity decline is determined by the slope m, eqs. C-7.
So, the formation damage zone radius r, is defined in terms of

M: removal of deposition from the r; well neighbourhood

results in restoration of injectivity from its initial value J = 1
up to J = 1-0, i.e. incomplete removal is due to some deposit

left outside the damaged zone

?C(x,)Y (x,)

e Ao\ XD

Xj)r C(xD)Y(xD)de :(I'S)X_Dr C(x,)Y (x,)

1 XpNXp 1 XpN¥p

where the precision value dcould be taken as 0.01 or 0.1.

M (x,.g,,0)=¢, dx,,

dx,, ....(D-2)

Let us calculate the integral in second eq. D-2. Opening the

product of the concentrations inside the integral, we obtain:

exp[-ZSk (l(x)(\/g-\/a)}

M (x,.&,0)=¢g.0(l-) I Xbﬁ[l'aexp[_sk (1_0()(\/,5—[)_\/5)}} X,
W e[ - )] (D-3)

de

+ea(l-a) j »

ol [1-aex 2, (1-0) (5, 5 )]
Calculate the integral of the first term in eq. D-3 using a

new variable u = exp[-ak (1- oc)\/gJ , instead of xp:

% exp[—Zek (1- (x)(\/z—\/;ﬂ

g.o(l-a)’ J' dx, =

e (1raexp e, (1) (V5 )]

exp[-sk(l-a)\/;J u
exp[rsk (l—u)\/m} (1 - Czu) In (M)

clocexp[eA (1-0c)\/ZJ

The integral of the second term of eq. D-3 is:

exp[ &, (1-0)(yx, v/, )]

sk(l-oc)zj‘

b x[)\/g(l-ocexp[-sk (105)(\/7'\/5)})

cxp(—sk(l—a)\/;) 1
c Ul oo (D-5)
| ol (f[x)ﬁ) (1-c,u)In* (u)

dx, =

Egs. D-4 and D-5 contain two constants:
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¢ =28 (1-a) exp(e, (1), (D-6)

C, = aexp(sk (l-oc)\/g) .............................

Finally, the integral in eq. D-3 is equal to

Xp C Y exp[—sk (lfoc)ﬁ]
8k (xD) (xD)de :Cl J. ;zdu
o xD\/g exp[ & (1-0)xp, | (l ) Czu) In (u)
exp[—sk (l—ot)\/z:l B
+c10cexp[£k (1-a), /wa] J Y (D7)

exp[-gk(l.u)m](l—czu) ]n2 (1/[)

Substitution of eq. D-7 into eq. D-3 provides with explicit

formula for the impedance slope m.
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Figure Captions
Fig. 1—Schema for barium sulphate deposition in the well vicinity due to produced water re-injection.
Fig. 2—Concentration profiles behind the injection water front on the plane (Xp,tp).

Fig. 3—Profiles for Ba®" concentration for different kinetics numbers: g =094 ; 4.68 ; 18.72 ; 46.8 (curves 1,2,3 and 4,
respectively).

Fig. 4a—Profiles for deposited concentration: for different times: tp = 5%10°; 106; 5*106; 1.1%107 and g=18.72

Fig. 4b—Profiles for deposited concentration: curve 1: & = 3.7, o = 0.01; curve 2: g, = 3.7, oo =0.1; curve 3: g = 18.72, oo = 0.01;
curve 4: g, =18.72, oo =0.1.

Fig. 5—Function M(xp) achieves the asymptotic value at the distance from the well that equals 1.3 and 2.2 well radius. Curves 1,
2, 3 and 4 corresponds to g = 18.74 and o= 0.02; &, = 18.74 and = 0.2, g, = 4.7 and o0 = 0.02, g, = 4.7 and o = 0.2, respectively.

Fig. 6—Effect of kinetics number on formation damage zone radius for different concentration ratios.
Fig. 7—Sensitivity analysis of impedance constant M:
a) M versus kinetics number for various concentration ratios o;

b) Effect of concentration ratio a on impedance constant M for various &.

Fig. 8a—Effect of kinetics coefficient on injectivity decline (f = 100, ry = 0.2 m, R. = 500 m): impedance growth for four different
values of kinetics number: €, = 0.94 ; 4.68 ; 18.72 ; 46.8.

Fig. 8b—Effect of kinetics coefficient on injectivity decline (B = 100, rg = 0.2 m, R, = 500 m): injectivity decline for different
values of kinetics number;

Fig. 8c—Effect of kinetics coefficient on injectivity decline (B = 100, rg = 0.2 m, R, = 500 m): decline of injectivity index versus
real time (months).

Fig. 9a—Injectivity index versus time: curves 1, 2, 3 and 4 correspond to different concentration ratios, barium concentrations are
1.1, 5.0, 10.0 and 20.0 ppm: time tp in pore volumes of the reservoir pattern;

Fig. 9b—Injectivity index versus time: curves 1, 2, 3 and 4 correspond to different concentration ratios, barium concentrations are
1.1, 5.0, 10.0 and 20.0 ppm: time t in months.

Fig. 10—Effect of produced water fraction in the injected fluid on barium concentration profile: Ci(xp) - SW : PW =4 : 1; C,(xp)
-SW:PW=1:1;C3(xp)-SW:PW=1:4.

Fig. 11a—Barium sulphate deposition profile for different fractions of produced water in the injected fluid: Slu(xp): SW : PW =4
11 (& =13.92, 0= 0.005); S2u(xp): SW : PW =1:1 (& = 8.7, . = 0.02); S3u(xp): SW : PW =1:4 (g, =3.48, a0 = 0.08);

Fig. 11b—Barium sulphate deposition profile for different fractions of produced water in the injected fluid: S1(xp): SW : PW =4 :
1; S2(xp): SW : PW =1:1;S3(xp): SW:PW=1:4 (attp=1 p.v.i.)

Fig. 12—Function M(xp) achieves the asymptotic value at the distance from the well that equals 1.45, 1.69 and 2.59 well radius,
respectively.

Fig. 13—Sensitivity of impedance constant M versus fraction N.
Fig. 14—Sensitivity of impedance slope m versus fraction N.

Fig. 15a—ZEffect of different fractions of produced water in the injected fluid on injectivity decline: impedance growth for three
different fractions: (SW :PW =4:1); (SW:PW=1:1); SW:PW=1:4).
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Fig. 15b—Effect of different fractions of produced water in the injected fluid on injectivity decline: injectivity decline for different
fractions.

Fig. 15c—Effect of different fractions of produced water in the injected fluid on injectivity decline: decline of injectivity index
versus real time (months) R, = 500m; ry, = 0.15m; B = 100; Q = 55000 BBL/day; h = 152.4m; ¢= 0.356.

Fig. 16a—Maximum barium concentration in injected water causing given injectivity index decline: m = 1 (causing two times
injectivity decline during 1 pore volume injected) and m = 4 (causing five times injectivity decline during 1 pore volume injected):
versus kinetics coefficient A.

Fig. 16b—Maximum barium concentration in injected water causing given injectivity index decline: m = 1 (causing two times
injectivity decline during 1 pore volume injected) and m = 4 (causing five times injectivity decline during 1 pore volume injected):
versus kinetics number €.
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TABLE 1—CHEMICAL KINETICS AND FORMATION DAMAGE
COEFFICIENTS AS OBTAINED FROM DIFFERENT

COREFLOOD TESTS
Coreflood Test Kinetics Coefficient Formation Damage
A, (Mzm)™ Coefficient p
Lopes Jr., 2002'%"" 3003 — 3951 -

Todd et al., 1992'°

BSS0 23720 — 42200 46 -79
BSS1 5540 — 9310 27 — 43
BSS2 1553 — 2760 4374
Water 1 922 — 1578 60— 97
Wat et al., 1992 798 — 963 -

TABLE 2A—BARIUM CONCENTRATION IN INJECTED
WATER CAUSING TWO TIMES INJECTIVITY DECLINE
DURING GIVEN TIME (FIELD CASE, NORTH SEA, UK)

to, p.V.i. T, months m max Cga"" , ppm
0,010 1 1 3,25
0,037 3 1 1,10
0,074 6 1 0,55
0,150 12 1 0,27
0,440 36 1 0,09
1 82 1 0,04

TABLE 2B—BARIUM CONCENTRATION IN INJECTED
WATER CAUSING FIVE TIMES INJECTIVITY DECLINE
DURING GIVEN TIME (FIELD CASE, NORTH SEA, UK)

to, p.v.i. T, months m max Cga"" , ppm
0,010 1 4 15.90
0,037 3 4 4.30
0,074 6 4 2.15
0,150 12 4 1.06
0,440 36 4 0.361
1 82 4 0.159
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Fig. 1—Schema for barium sulphate deposition in the well vicinity due to produced water re-injection.



24

SPE 100512

S(xo,tp)

\/// 0
\‘ Y(XD stD) C}XD,t g)
\

10— =

C=Y=1 7

You / %

C=S=0 Y=1

Fig. 2—Concentration profiles behind the injection water front on the plane (xp,tp).
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Fig. 3—Profiles for Ba** concentration for different kinetics numbers: &=0.94;4.68 ; 18.72 ; 46.8 (curves 1,2,3
and 4, respectively).
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Fig. 4—Profiles for deposited concentration:
a) for different times: tp = 5*105; 106; 5*106; 1.1*107 and & = 18.72;
b) curve 1: g =3.7, = 0.01; curve 2: g = 3.7, = 0.1; curve 3: g =18.72, o= 0.01; curve 4: g = 18.72, o= 0.1.
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Fig. 5—Function M(x;) achieves the asymptotic value at the distance from the well that equals 1.3 and 2.2 well
radius
Curves 1, 2, 3 and 4 corresponds to g = 18.74 and = 0.02; g = 18.74 and @=0.2, & = 4.7 and a=0.02, g = 4.7
and a = 0.2, respectively.
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Fig. 6—Effect of kinetics number on formation damage zone radius for different concentration ratios.



SPE 100512

2 T 1 I L =
1,2,3 e
N T
Mi(ey) |5t P \4 7]
MZ(sk) .'.’.
L4
------ 1 — - ]
M3(ey) i
Md(ey) (5 7
0 ' : : I
0 10 20 30 40 30
€k
7a)
Impedance Slope
b P S—— S I '
M5 (a) T
M6(0) 133 P |
M7(0)
M8(a) 67 - b
0 ' : : :
0 0.2 0.4 0.6 0.8 1

7b)

Fig. 7—Sensitivity analysis of impedance constant M:
a) Mversus kinetics number for various concentration ratios o;
b) Effect of concentration ratio @ on impedance constant M for various &.
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Fig. 8—Effect of kinetics coefficient on injectivity decline (=100, ry= 0.2 m, R, = 500 m):
a) impedance growth for four different values of kinetics humber: g = 0.94 ; 4.68 ; 18.72 ; 46.8;
b) injectivity decline for different values of kinetics humber;
c) decline of injectivity index versus real time (months).
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Injectivity Decline
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Fig. 9—Injectivity index versus time: curves 1, 2, 3 and 4 correspond to different concentration ratios, barium
concentrations are 1.1, 5.0, 10.0 and 20.0 ppm:
a) time ip in pore volumes of the reservoir pattern;
b) time tin months.
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Barium Concentration Profiles
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Fig. 10—Effect of produced water fraction in the injected fluid on barium concentration profile: C;(xp) - SW : PW =
4:1; Cyxp)-SW:PW=1:1; Cs3(xp)-SW:PW=1:4.
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Deposition Profiles
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Fig. 11—Barium sulphate deposition profile for different fractions of produced water in the injected fluid:
a) S1y(xp): SW :PW =4 :1(g=13.92, = 0.005); S2,(xp): SW:PW=1:1(&=8.7, a=0.02); S3,(xp): SW:PW=1:
4 (& = 3.48, a = 0.08);
b) S1(xp): SW:PW =4:1; S2(xp): SW:PW=1:1; S3(xp): SW:PW=1:4(at tp=1 p.v.i.).
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Fig. 172—Function M(xp) achieves the asymptotic value at the distance from the well that equals 1.45, 1.69 and
2.59 well radius, respectively.
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Fig. 13—Sensitivity of impedance constant M versus fraction N.
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Fig. 14—Sensitivity of impedance slope m versus fraction N.
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Fig. 15—Effect of different fractions of produced water in the injected fluid on injectivity decline
a) impedance growth for three different fractions: (SW:PW=4:1); (SW:PW=1:1); (SW:PW=1:4);
b) injectivity decline for different fractions;

c) decline of injectivity index versus real time (months)

R. = 500m; r,, = 0.15m; = 100; Q = 55000 BBL/day; h = 152.4m; ¢= 0.356.



38

SPE 100512

19, | | I
) | | | —m=1
| | |
af
—_ | | | | |
£ | | | | |
2061 | | | | |
s | l l l l l
(8] | | | | |
x 04 I | | | |
g | 1 l l l l
‘. | | | | |
OsZ’CTi::: Pttt iy il
| | | | |
| | | | |
0 1 | | | |
0 2000 4000 X(Mm)'160m 8000 10000
16a)
17 | |
' | | —m=1
08 f------------ A A Toom=d
: | | |
Sogf------ e Fommooo- - R
- h
5 | | | 3
R R e oo e
[
E R l l l
. | | I
0;2’ LI - | I |
L e p e [ [
l l l
0 T | | | )
0 2000 4000 AMm? 6000 8000 10000
16b)

Fig. 16—Maximum barium concentration in injected water causing given injectivity index decline: m = 1 (causing
two times injectivity decline during 1 pore volume injected) and m = 4 (causing five times injectivity decline
during 1 pore volume injected):

a) versus kinetics coefficient A;
b) versus kinetics number g.



