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ABSTRACT

A numerical simulator (two phase, one dimensional, oil-water fluid flow model)
was developed which takes into consideration the difference between the salinities
of the injected and saturating brines. The mathematical model encompassing the
above phenomena was formulated from oil-water flow equations coupled with the
convective—diffusive equation which describes the movement of salt in the aqueous
phase. A finite difference solution was applied to compute pressures and satura-
tions given the injected water salinity and a few rock parameters determined by
laboratory experiments.

The mathematical model calculations were carried out to simulate laboratory
displacement runs. The predicted pressure drop was accurate when compared to
the experimental pressure drop across the cores with a maximum error of 1.39%.
This error, however, increases to 15.30% when the computed relative per-
meabilities were compared to those calculated from experimental data using the
JBN method. This was attributed to inaccuracies inherent to the JBN method when
flow conditions do not satisfy Buckley-Leverett theory assumptions.
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SIMULATION OF OIL-WATER FLOW WITH PERMEABILITY VARIATION DUE TO
INCOMPATIBLE BRINE SALINITIES

NOMENCLATURE

bulk cross-sectional area
concentration

permeability

A

C

E absolute percentage error

k

K dispersion coefficient, (area/time)
L

length

m* salt production rate
P pressure

q volumetric flow rate
S saturation

T transmissibility

t time
Vo volume of grid block
Vu aqueous phase velocity

B formation volume factor (volume/volume)
¢ porosity

i) potential

w viscosity

o’ standard deviation

Subscripts

av average

i initial condition
iw irreducible water
0 oil

or residual oil

r residual

ro relative to oil
™W relative to water
w water
INTRODUCTION

Many methods are available for the prediction of
water flooding performance, and in order to analyze
the data compiled during a water flooding experi-
ment a steady state or an external drive method will
be sought. Steady state methods only apply to exper-
iments when no saturation gradient exists. Such ex-
periments are cumbersome and time consuming. On
the other hand most external drive methods are lim-
ited to displacements in which the assumptions un-
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derlying the Buckley-Leverett theory are met [1]; of
these the JBN [2] and the Jones and Rozelle [3]
methods are the most widely used. In special cases,
when the properties of the fluids and their mobility
ratios change, the saturation profiles are no longer
monotonic and the Buckley and Leverett assump-
tions are no longer satisfied.

One of these cases arises when simulating
waterflooding operations in Saudi fields. Saudi oil
fields connate brines are characterized by a high salt
concentration (25 wt. % typically, and could reach
30 wt. %). Seawater is used in water flooding opera-
tions; therefore the properties of the connate and
displacing waters are at variance. The difference in
the properties of the connate and injected waters
leads to different mobility ratios at the displacement
front as the salts disperse between the connate and
displacing brine.

In this work a numerical simulator (a single dimen-
sion two phase oil-water flow model) is presented to
account for the variation in the properties and the
relative mobility of the water phase, due to the dis-
persion of the salt between the connate and displac-
ing brines. The oil-water flow equations were
coupled weakly with the convective—diffusive equa-
tion which describes the movement of the salt within
the aqueous phase. The finite difference method was
used to compute the pressures and saturations from
the injected water salinity and a few rock and fluids
parameters.

Experimental work was conducted with long thin
Berea sandstone cores and the pressure drop across
the cores was compared to the computer model out-
put. The water flooding data were then analyzed and
the resulting relative permeabilities were compared
to the relative permeabilities, computed from the sat-
urations predicted by the model using published cor-
relations [4].

THE MODEL

The mathematical model was formulated for the
single dimension case of two phase flow through por-
ous media with permeability variation due to salt dis-
persion between the injected and saturating brines.
The two phase flow equations were formulated with
permeability expressed as a function of saturation. A
separate convective diffusive equation which de-
scribes the movement of salt in aqueous phase was
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also developed. This equation allows for local aque-
ous phase saturations. The two phase oil-water equa-
tion and the convective-diffusive equation were
coupled with introduced allowance for the variation
of fluids properties.

Basic Assumptions and Program Input

The basic assumptions for applying this model
numerically are that the flow is in two phases, single
dimension, the effect of gravity is neglected, the
fluids are incompressible, the aqueous phase may
consist of two components: water and salt, oleic
phase consists of only a single component, relative
permeability is a function of the saturation, and tem-
perature is constant at standard level 15.6°C (60°F).

The governing equations are:

3 (kkm aPo) LB, 0 (,So,) (1)

Ax \poP, Ox. Vi ot Bo
3 (kk., 3P, ¥ 3 Sy
)l
3x ‘Pyly OX Vi ot B
where, B, = By = 1
3 aC aC aC
— | Ky—| = Vy— + m*=(4S,) — 3
ax( ‘ax) oy T80, ®)

The finite difference formulation for the above
equations is in Appendix A.

EXPERIMENTAL WORK

The experimental work consisted of flooding Berea
core samples, already containing both oil and highly
saline water similar to Saudi oil field connate water,
with solutions of sodium chloride ranging in concen-
tration from 0.6 to 15.0 wt. %. The relative per-
meabilities were calculated using the JBN method [2]
(Appendix B).

1. Core Samples

Berea sandstones were used exclusively for two
reasons: (1) the variation of Saudi mineralogy makes
it very hard to relate the results obtained from a given
set of cores to another or to make any generaliza-
tions; (2) Berea sandstone has acquired a reference
position in petrophysical experiments because of
their homogeneity and water sensitivity. Core sam-
ples of 1.22 m (4 feet) length were used. The physical
properties of the core samples are listed in Table 1.
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Table 1. Physical Properties of Four Feet Berea Sandstone

Cores.

C Diameter Length  Porosit Initial
Nore iameter (eng) or(;)sn y S.% Perme-
o. (cm) cm o ability
B1 5.11 121.92 22.56 28.0 338.4
B2 5.11 121.92 25.96 31.2 300.6
B3 5.11 121.92 23.39 28.7 305.5
B4 5.11 121.92 26.60 29.5 326.6

The cores were not fired or pretreated, and nothing
was done to neutralize the clay present in them. A
minimum injected salt concentration of 0.6 wt. %
sodium chloride was chosen to avoid the effects of
clay swelling and the migration of clay particles in the
cores. The dimensions of the cores were chosen to
reduce the effect of lateral flow and gravity.

2. Brine

The cores were initially saturated with formation
brine obtained from Saudi oil fields (Table 2). The
concentrations of the displacing brines were 15, 10,
5, and 0.6 wt. % NaCl. The viscosity and the density
of the displaced and the displacing brines were deter-
mined (Tables 3 and 4). The viscosity as a function
of concentration was obtained from Reference [5].
The density was obtained from Reference [6]. All
brines were prefiltered and treated to avoid bacterial

plugging.
3. Oil

The oil used in the two phase flow experiments was
a Saudi crude oil from Safaniya. The properties of
this crude oil were obtained from Reference [6]
(Table 3).

LABORATORY EQUIPMENT

Figure 1 is a schematic diagram of the equipment
used. It consists of fluid reservoirs feeding to a non-
pulsating, constant rate pump capable of delivering
constant rates ranging from 0.9 cc/h to 640 cc/h. The
fluids delivered by the pump pass through a filter
block before entering the core sample. After being
filtered, the fluids are directed to the four feet core
assembly. The effluent fluids from the core samples
are collected by a fractional collector. Pressure
gauges are mounted at the inlet ends of the core.
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Table 2. Formation Water Analysis.

Milligrams  Equivalent Milli-equiva- % Reac-
Ions per litre weight lent/litre ting
(mg/N) (eq. wt.) (meq/l) value
A - Positive Radicals
1. Alkali
Sodium, Na™* 67 000.0 23.000 2913.04 36.150
Potassium, K* 0.0 39.102 0.00 0.000
2. Alkaline earth
Calcium, Ca*? 18 600.0 20.040 928.040 11.518
Magnesium, Mg*? 2270.0 12.560 186.74 2.317
Barium, Ba*? 0.0 68.670 0.00 0.000
Strontium, Sr*2 0.0 43.810 0.00 0.000
3. Metals
Aluminium, Al*? 0.0 8.733 0.00 0.000
Iron, Fe*? 0.0 18.616 0.00 0.000
Manganese, Mn*? 0.0 27.469 0.00 0.000
B - Negative Radicals
1. Strong acid
Chloride, C1~ 142 500.0 35.453 4019.41 49.879
Sulphate, SO,™? 260.0 48.032 5.41 0.067
2. Weak acid
Bicarbonate, HCO;~ 340.0 61.000 5.57 0.069
Carbonate, CO;™? 0.0 30.000 0.00 0.000
Sulphide, $™? 0.0 16.032 0.00 0.000
Total 230 970.0 8085.31 100.000
Table 3. Physical Properties of Formation Water and the PROCEDURE

Oil Used.

Formation Water Oil

Surface Tension, dyne cm™! 555.3

Density, g cm™>

Viscosity, cp

1.1605
1.80

28.8
0.9204
21.65

Table 4. Physical Properties of the Injected Brines.

Surf
Concentration Density Viscosity TE;;?;
[T -3
% wt. Nacl gem cp dyne cm~"!
0.6 1.0025 1.011 50.65
5.00 1.0340 1.083 51.62
10.00 1.0707 1.191 52.80
15.00 1.1085 1.349 53.92

The Berea core samples were initially saturated
with brine obtained from a Saudi oil field, Table 2.

Then

the cores were flooded with the Safaniya crude

oil until irreducible water saturations were estab-
lished, Table 1. Different brines (Table 5) were used

The Arabian Journal for Science and Engineering, Volume 16, Number 1.

Table 5. Experimental Runs on Berea
Sandstone Cores Saturated with Formation
Water and Oil.

Displacing Brine Concentration

Core No. (% wt. Bacl)
Bl 15
B2 10
B3 3
B4 0.6
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. Pump drive

. Pump brine reservoir and piston
Pump oil reservoir and piston
Brine reservoir

. Oil reservoir

Floating piston cylinder

POAON

. Brine filter
Oil pressure gauge
9. Brine pressure gauge
10. Upstream pressure gauge
11. Core holder [4 foot]
12. Measuring cylinder

Figure 1. Schematic Diagram of Experimental Fluid Flow Equipment.

to displace fluids to determine the relative per-
meabilities to oil and water using the JBN method
described in Appendix B. The experimental data
from the displacements are listed in Appendix C.

RESULTS AND DISCUSSIONS

Two sets of data were obtained: the first set was
obtained from the experimental work; experimental
data (Appendix C) were analysed using the JBN
method (Appendix B) which resulted in obtaining
terminal saturations and relative permeability curves
(Figure 2). The other set of data were obtained by
computer simulation using the basic rock and fluid
properties and irreducible brines saturations with the
density of the brine and its viscosity treated as func-
tions of the concentration of the brine. The total
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pressure drop and saturations were computed at time
intervals to compare them with the experimental re-
sults. Relative permeabilities as functions of local sat-
uration of the cores were calculated from published
correlations (Equations 22 & 23) [7]. The resulting
relative permeability curves using terminal satura-
tions are given in Figure 2.

Pressure Drop Data Analysis

Table 6 shows the variation of the standard devia-
tion and the average absolute percentage error of
predicted pressure drop from the experimental pres-
sure drop. The values of both statistical parameters
are very low (the maximum average percentage error
being 1.39%), reflecting a very accurate algorithm.
This low deviation and average error also reflects ex-

The Arabian Journal for Science and Engineering, Volume 16, Number 1.
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DISPLACING BRINE CONCENTRATION (wt /e Na Cl)
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Figure 2. Effect of Displacing Brine Concentration on Re-
lative Permeability, Temperature 15.6°C.

Table 6. Standard deviation (¢?) and

Absolute percentage error (E) of

Computed Pressure Drop from Ex-
perimental Pressure Drop.

AP AP

Core No. e E
1 6.87 1.39

2 436 1.17

3 523 124

4 5.91 1.09

perimental conditions complying with the theoretical
assumption which form the bases of the model,
namely the absence of an appreciable lateral move-
ment, no gravity effects, and the absence of any end
effects.

Relative Permeability Data Analysis

Table 7 shows the variation of the average standard
deviation and the average percentage error of the
predicted relative permeabilities at the different
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Table 7. Average Standard Deviation (¢?) and Absolute
Percentage Error (E) of Computed Relative Permeabilities
With Calculated Relative Permeabilities Using JBN
Method.

kro kl’w kro krw
Core No. o o E E
1 0.13165 0.16551 15.30 14.89
2 0.112598 0.16702 12.16 12.04
3 0.12866 0.15183 11.57 10.19
4 0.11940 0.12007 8.62 8.83

salinities from the experimental data. Ironically, the
average percentage error is no longer low (15.30%
maximum) and is noticeably higher than in the case
of the pressure drop data analysis. If the accuracy of
the relative permeability correlations (Equations 1 &
2) was not doubted (see Reference [5]) then the fail-
ure of the JBN method to predict accurate relative
permeability data is clearly established. Another ob-
served factor that supports this conclusion is the fact
that the absolute value of the average percentage
error increased sharply with the increase in the differ-
ence between the salinity of the injected and saturat-
ing brines. This, not an unexpected fact, is explained
by a change of up to 88% in the local mobility ratio
which is not accounted for when using the JBN
method. One could have expected an even higher
percentage error, but the JBN procedure includes
two numerical differentiations which tend to smooth
the final curves, and since the same residual satura-
tions were used by the two sets of data then this tends
to reduce the average percentage error and the stan-
dard deviation. One should also point out to the fact
that when sharp variations in local mobility ratios
occur within the core, the Buckley-Leverett theorem
assumptions do no longer hold. Hence the analysis
of the displacement data using the JBN method leads
to inaccurate results.

CONCLUSION

The adequacy of the developed simulator was es-
tablished from the comparison of the computed pres-
sure drop with the experimental pressure drop. The
resulting data were accurate when compared to ex-
perimental data (maximum error was 1.39%). Rela-
tive permeability data computed from the simulation
results did not show the same correspondence when
compared with the same data calculated from the ex-
perimental work using JBN method (an increase in
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the maximum percentage error of up to 15.30%).
This was attributed to the fact that the Buckley-
Leverett theory assumptions do not apply in this case
and consequently the application of the correspond-
ing numerical methods such as the JBN will lead to
inaccurate results in this particular case where ap-
preciable changes in the mobility ratio within the
cores occur. The model simulates displacement tests
efficiently in the case of incompatible injected and
saturating brine, a case which occurs frequently in
Saudi Arabian fields. The model can thus be incorpo-
rated in any water flood pilot mathematical simulator
under these conditions.
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APPENDIX A

Given a grid of N blocks covering a physical length
of L and bulk cross-sectional area A, we can write
Equations (1)-(3) finite difference form as follows,
for some block i:

L Cross
+[+ |+ ] [+]+]+! sectional
Ax area A.
(a) Oil
Kk n+1 kk n+1
o | @ Py -
p.(Ax) il !“LO(AX) il
* Su+1 —8§n
x P".+1 _ P".+1 + @g‘ —_—h O To 4
R o
(b) Water
kkrw T n+ 1 Pn+1 kkfw T
wy(Ax)? | e T o(Ax)*
i+} i-4
q¥ S+l gn
X (Pl — pitly 4 M = et 5
(Pt =P+ D= 0™ ©)

(¢) Salt Concentration

1 n
ZA—;? [K?M(C?:xl - C?H) - K?’,'_,(C?H - Cifll)]

n+1 +1
v Cio *

w +m3
2(Ax)

atl-o

] At ©

= (¢SQ’" l)i

Simplify Equations (4) and (5) as follows: Define
transmissibility as

T= Akk,
nAx
and noting that
S+ Sy = 1.0
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Equations (4) and (5) when added gives:

"+ n+l__ pntly _ gqu+ n+l _ pn+b
T il(P PC\, T:);,:(PO; PO,'_)

Oi+ Oi+ 1|

+ gk + g+ Tot (Putl — put!

- TaH PR = P =0 )

Equation (7) is essentially an equation in pressure
only. We shall reduce P, to P,, using the capillary
pressure equation:

Py = P, + P, (Su) (8)
Then Equation (7) becomes

— (Tt + Tt

e

+ Tn-FI)P&;l-l - (Tn+1+ Tn+l)Pn+l =‘7§,~+‘1:§,~

Wity Oi+} Wity Wis

n+ n+l __ pu+N __ T+ n+l__ pn+l
+ TO,,;(Pcow,'“ Pcow,- To~ ](Pcow; Pcow,_1 . (9)

j

1 1 1
P (Tt i+ Tt Tuv 4

Oj44

Equation (9) can be written in the form

a,-PQitll + biP(L:"I + cng;:{ =d, (10)
where
o = — (T4 1+ Ti'
b, = Tg,t}+ TQf_t + Tg,j}+ T"j,:i
¢ = = (Tgt !+ To)
di = 113, + 03,» + Tg,j;(Pgotv}n - Pgotvf
= T (PG = Pigwi_) (11)

Once we have solved for pressure P%*! we can
solve for $7*! or §2*!. From Equation (5) we can
solve for Sa+!

At
¢Vb¢'
= TP = P — q%) (12)

SQI‘H — S:\",+ [Tlr+l(P)z+l —_ Pajrl

Wit Wit

where, V,, = AAx,.

Now consider Equation (6), which is solved for salt
concentration C"*!, Rearranging:

ki, V) ( Ki . Ki
— |l TN emt ]y o BT o}
((Ax)2 20/ YT \(Ax)? T (Ax)?
+ ¢S_C\'z_l_)cq+l - ( K?i-r! + V"\'h

At )t (Ax)?  2Ax

+1 ..
)C:'lﬁ-l"m’f
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osu’!
oo,
- c (13)

This equation can be written as

GCiE 4 bCIT + O = d; (14)
where,
a = — (52'_:;! ,,,,,, V;"'_)
‘ (Ax)*  2Ax
p = Kby | Kb, | oSV
, (Ax)z (Ax)2 At
o = - (K'e’”, _ V(L‘,)
l (Ax?  2Ax
Sn+1
di = m’f 4 SN C': 15
At (15)

The aqueous phase velocity V,,, can be calculated
from the following equation for all blocks

n+1l . '

n+ n+

kK Py — Pyl
T 2Ax

i

Vi, = 5.615 (16)

The transmissibilities are defined in terms of the
properties of adjacent blocks as follow:

24 A0 k7KL

T"+l=-"
AR Axiy + A KA
+1
X kl?OiorH) (17)
WM + MG

The right hand side of the above equation is an
average value of transmissibilities based on values at
the centers of adjacent blocks. Considering x;,, = x;
= x = constant, and that the areas are equal A;,, =
A; = A = constant, hence

n+lgn+1 n+1
2ki ki + IA kl’(),'+1

n‘+1= . 18
AT+ KT WMAT + Mot (9
and

a1 2kTITIA kioy ' (19)

o T Ax(KTTI 4+ KTEY) WM Mot
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The capillary pressure between oil and water is a
function of water saturation. Thus

Pcow = Pcow (Sw) (20)

Knowing the function we can easily calculate P,
for any given S,,. For similar oil and brine the follow-
ing empirical correlation is reported [5]:

Pow = 0.8/(S,)*? (21

Relative permeabilities to oil and water may be de-
termined as functions of saturations from the follow-
ing equations [7]:

S - S 1.91
kew = 1.5814(1- ‘“)
1- Siw
Sw =S,
-0. 58617(“’—0') X (Sy — Siw
1- Siw - Sor ( )
~1.2484(1 — $,,)(Sw — Siw) (22)
and
1-5, 1.8
1 _? - Sor
k., = 0.76067 =
1-8,

( 1- Sw - Sor)
+ ..
1- Siw - Sor
+2.6318(1 - S,)(1 -8, - S, (23)

Assume that the boundaries of the flow system are
closed by assuming T and K, values to be equal to
zero at the boundaries. The sources terms at the ini-
tial blocks where only water is injected at a given rate
are +q¥; and g¥ (equal zero). At the last block N,
both oil and water are produced at rate —g*, and
—q¥,. These rates can be calculated as follows:

qgn + q:akm = (131 (24)
and
wn koM,
q - r o (25)
q&n kol

At block 1 brine is injected with concentration C,
mg/l at a rate of g¥; B/D. Thus:

o _ Cogi(5.615)

[ J— l‘ld‘l
my AAs mg (26)
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Figure 3. Dispersion Coefficient Determination.

The value of m* at the outlet end, i.e. m} is given
by

m’: _m ....... mg l_ld_l (27)
X

The dispersion coefficient can be calculated from
our laboratory data as a function of the aqueous
phase velocity, pore volume, length of core, and vis-
cosity of aqueous phase.

The dispersion coefficient K, is calculated from
Figure 3 and found to be equal to 0.108 cm*s~!. This
value is used throughout our calculation. However,
in the mathematical model we provided for an aver-
age dispersion coefficient which was calculated as fol-
lows:

Kisy = Ky + Kgjer- (28)

APPENDIX B CALCULATION OF RELATIVE
PERMEABILITIES USING THE JOHNSON-
BISSLER-NEUMANN METHOD

This method depends essentially on Welge [8]
equations as formulated and expanded by Johnson et
al. [3]. It requires the knowledge of the porosity and
the pore volume (PV), both the viscosities of oil and
water, the initial water saturation, the number of

The Arabian Journal for Science and Engineering, Volume 16, Number 1.

pore volumes injected (N,,) at the given time inter-
val, and the water-oil ratio in effluent (WOR). The
fraction of displaced phase in the effluent (f,) would
then be defined as:

1

- 1
1+ WOR M

fo

If for a certain given reading of oil volume dis-
placed (V,), the total cumulative oil volume dis-
placed was V., then the average water saturation
(Sw@v)) would be defined by the following equation:

Swav) = (Voo = 0.5V) / PV + S, )

and hence the water saturation S,, would be equal to:

v
Sw = Sw(av) - fo(va - EI—;‘;) (3)

where V is the volume of effluent.

The oil saturation S, would then be:
So=1-38, @

If we define the relative injectivity (I,) as the ratio of
the intake capacity to the initial intake capacity then:

I =——f (5)

where the subscript i denotes initial conditions when
oil alone was flowing through the system. Omitting
the lengthy derivations of Welge and Johnson ef al.,
we have:

fo
k= ——
d(U/(N 1)) (6)
d(llA’l)l/ )
and
1 _fo Uw
k=t o -
fo Mo
APPENDIX C

The following Tables give the experimental data
obtained from each displacement test. Column 1
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gives the cumulative volume of brine in the effluent Table C3.
Ve In pore volumes, column 2 gives the correspond-
ing water saturation as fraction of pore volume and Ve Sw Ap, psi
the final column gives the pressure drop across the
core in psi. 0.100 0.400 434.70
0.120 0.420 411.80
Table C1. 0.237 0.501 373.90
0.301 0.535 363.90
Vie S, Ap, psi 0.602 0.547 334.10
0.654 0.659 326.60
0.100 0.340 511.60 1.103 0.709 256.70
0.120 0.360 514.80 1.798 0.735 145.80
0.320 0.560 392.70
0.394 0.615 363.20 Core No. B3.
0.507 0.668 346.50 Brine concentration = 5% wt.% NaCl;
0.521 0.672 345.20 Temperature = 15.6°C
0.591 0.683 339.90
0.394 0.699 327.50 Table C4.
9.730 0.707 187.20
14.673 0.707 127.60 Vie Sw Ap, psi
Core No. BI. 0.100 0.395 420.50
Brine concentration = 15 wt.% NaCl; 0.131 0.425 398.10
Temperature = 15.6°C 0.243 0.506 369.50
0.299 0.537 358.00
Table C2. 0.602 0.654 296.50
0.644 0.664 287.30
Vie S, Ap, psi 1.088 0.719 192.10
1.438 0.728 116.60
0.100 0.410 419.10
0.130 0.440 396.20 Core No. B4.
0.227 0.509 367.30 Brine concentration = 0.6 wt.% NaCl;
0.291 0.541 359.00 Temperature = 15.6°C
0.408 0.578 340.30
0.589 0.612 315.30
1.308 0.659 195.20
2.346 0.671 26.50
Core No. B2.
Brine concentration = 10 wt.% NaCl;

Temperature = 15.6°C
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