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Abstract. Among the various formation damage aspects, 8 natura! phenomencn is experienced which is
caused by the incompatibility between connate and injected brines during waterflooding. The conse-
quence of this damage is a substantial drop in the permeability of sandstone rocks, ultimately leading to
a drop in oil recovery. Formation damage due to this mechanism has been well established at laboratory
conditions and was found to be the result of swelling and/or migration of fines within the eores.

The drop in the recovery and the relutive permeability ratio, caused by the gradual decrease in the con-
centration of displacing brine were measured at different temperatures and pressures for three different
types of sandstone cores. Formation damage was found to occur at all temperatures and pressures studied
during the tests. However, an increase in temperuture reduced the drop in both the recovery and the rela-
tive permeability ratio appreciably, the maximum change in recovery dropped from 34% at room temper-
ature 10 21% at WIC. for the sandstone cores under investigation. Overburden pressure had 2 minimat
effect on the extent of formation damage.

1. Introduction

When the decision was taken to shift from aquifer water to sea water in waterflooding
operations in Saudi Arabia the question of formation damage was aroused. Most
Saudi reservoirs have high saline connate brines (20-30% NaCl) and hence are sus-
ceptible to formation damage whenever relatively fresh water invades them. A loss
in permeability of a particular reservoir rock affects both the sweep efficiency of a
waterflooding operation and the residual oil saturation. Several cases of formation
damage, caused by the use of relatively fresh brine during water flooding, were
reported in the literature [1-7]. The main cause of the damage was [3]:

1-  Swelling of indigenous clays which constricts the pores available for flow.

2-  Dispersion and migration of indigenous, non swelling particles, rearrange-
ment of the particles during fluid flow and the consequent plugging of the
pore system.
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3- A combination of swelling and dispersion which promotes loosening and
mobilizing of fines and particles.

Several methods were developed that can predict formation damage charac-
teristics, the most successful of which is displacement runs using cores obtained from
oil reservoirs and incompatible brines. Almaost all such runs were carried out at nor-
mal laboratory conditions [5-10], but in order to relate these measurements to reser-
voir conditions the effect of temperature and overburden pressure has to be deter-
mined.

Several investigators have studied the effect of temperature on residual satura-
tions and relative permeabilities to oil and water [11-16]. The net result of these
studies was that temperature reduces residual oil saturation and increases irreducible
water saturation. The relative permeability to oil was found to increase with temper-
ature while the relative permeability to water decreases with temperature. At higher
temperatures the fractional wettability to water increases with a resulting incresse in
oil recovery. A balanced decrease in residual saturations and relative permeability to
oil and water was obscrved to accompany any increase in the overburden pressure
within the elastic range of compressibility of the sandstone cores used [17-19].

In this work three types of sandstone cores, namely: Berea, cores obtained from
Aramco production area in the castern part of Saudi Arebia, and cores obtained
from Alkhafji producing area in the north-castern part of Saudi Arabia, were
analyzed to determine the percentage and nature of the clay they contain and hence
obtain an overview of their susceptibility to formation damage. They were used in
displacement runs at different temperatures and overburden pressures. In each run
the core under consideration was saturated with a 25% wt. NaCl aqueous brine and
then intermittently displaced with oil and brines of equal and less concentrations till
fresh water was used. Every displacement test was carried out at constant tempera-
ture and pressure. Relative permeability curves were obtained using JBN method
[20] (Appendix 1).

The variation in two parameters was followed throughout the displacement
tests, these parameters being the percentage recovery and the relative permeability
ratio. The percentage recovery (% R,) was calculated at any concentration of the dis-
placing brine X from the equation:

1- Som - Smx

“/o]{]c =—1T x 100

where, S,,, and S, ure the residual oil saturation and the irreducible water satura-
tion respectively. The relative permeability ratios (k /k ) were calculated using
the relative permeabilities determined at the residual saturations.

The percentage change in the recovery at any concentration (% C.R,) was deter-
mined using the following equation:



Formation Damage under Simulated Reservoir Conditious 243
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where the subscript 25 denotes the initial saturating concentration which was 25%

wt. NaClin all the experiments. The corresponding change in the relative permeabil-
ity ratio (k,,/k.,,) was calculated using the following equation:

%C.R, = 100

k Ky Keos — Kpozs Ko
A 10% — _—rox_ “rw25 1025
(krwx) krwx ktols

The percentage recovery ratio (% R.R,) and the percentage relative permeabil-
ity ratio (%k_,) can thus be defined as:

D/OR.R,( =100 — "/oC.R’
and

%k, = 100 = A (k, k) X 100

WX

2. Materials and Apparatus
2.1. The Cores

Three sets of core samples were obtained for use in the experimental work.
Berea sandstone, Alkhafji sandstone and Aramco sandstone cores. The latter two
were obtained from producing depths in oil fields and constitute the subject of the
present investigation, whereas Berea sandstone cores were used for the sake of com-
paring and relating obtained results to published research work.

Samples of the cores were granulated and sieved. The finer parts of the samples
were soaked in water, the decanted colloidal solution was then allowed to dry in an
oven at 45°C. The granulated sample was then analyzed for its mineral content using
x-ray diffraction and the result is reported in Table 1-A. The fines sample obtained
from the drying of the colloidal solution was divided into 4 parts.

Table 1-A. Mimeralogical position of the sand cores

Type Quartz Feldspar Other minerals Clays
o wt % wi % wit % wt

Berea 75 10 5* 10

Alkhafji 92 2 1 5

Aramco 85 3 4 *

* Mainly dolemite
** Mainly pyrite
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The first part was soaked in ethylene glycol, the second was heated to 550°C, the
third to 900°C and the fourth was left untreated. The four samples were then placed
on slides, which wecre then analyzed with an x-ray diffractomceter. The relative
amounts of clay families were then computed using Scaf's methed and are reported
in Table 1-B.

Table 1-B. % Relative abundance of clay familles

Trpe Kaolinite Chlorfte Iiite Moatmorillonite
Beren 43 9 25 traces
Alkchafji [ 35 - -
Aramco 40 7 17 6

Samples of fines obtained from the sieving were soaked in water. The colioidal
solution obtained was then saturated with NH,Cl, and was left to react for 10 days.
The remainder of NH,Cl was washed with methanol and then it was steam distilled
in a micro-distillation apparatus to determine the amount of NH} adsorbed. The
result is given in the last column of Table 1-C.

Table 1-C. Base exchange capacity of the untreated clays

Type: Catlon Net base exchange
milliequivalent/100 gms capacity NH, distillation
Mg+ Ca+t Na*
Berea 4 3 12 17
Alkhafji 2 5 - 7
Aramey 16 5 8 26

An amount of the solution containing the fines obtained through granulating,
soaking and decanting was used to measure the concentration of exchangeable
metallic elements using an atomic absorption spectrophaotometer (A.A.8.}). The con-
centration of the different elements can be found in Table 1-C.

2.2. Experimental Apparatus

Figure 1 shows the schematic diagram of the experimental equipment. The
equipment is composed of three parts: the Jefri constant rate pump, the oven assem-
bly and the control panel. The set up is an assembly of five basic operational systems:
flow, overburden pressure, heating, back-pressure and transducer. The systems are
designed to control and monitor the conditions present in the core holder and the
core samples.



Formation Damage under Simutated Rescrvoir Conditions

245

[
1

[N T AR

Fig. 1. Schematic disgram of experimental apparatus

. Jefri pump drive

o Jefri pump Lrine reservoir and piston
. Jelri pump il rescrvoir and piston

. Brine resorvolr

. Oll reservolr

. Fleating pigton cylinderg

. Brine filter

. Preaaure cuntrol
- Nitrogen cylinder
1.
11.
12.

systom

Qi pressurn gauge
Brine pressure gauge
011 upstivar pressare gauwge

13.
i4.
15,
6.
7.
18.
19,
20,
21,
2,
23,
24

Brine upstrealm proScure gaugs
Fressure transducer

Back pressure regulator

Dil filtar

Core halder

lleating cuils

Overburden pressure gauge
Gar balaoce cylinder

Back pIessure yauwje

pack preseure regulator multiplier
Hand pump

Water supply

3. Experimental Procedure

The effect of temperature and pressure on formation damage was studicd using
ten Berea sandstone cores denoted B1 to B10, ten Alkhafji sandstone cores denoted
K110 K10, and ten Aramco sandstone corcs denoted Al to AlG.

The cores were cut, dried at 160°F for 24 hours vacuumed for another 24 hours
and then saturated with 25% wt. NaCl aqueous solution for 16 hours while undervac-

cum.

All the cores were measured for their diameters and lengths. Their porosities

were calculated using the dry and saturated weights. The initial permeabilities of the

cores were established by displacing the cores with a solution of equal concentration

as the saturating solution. The physical propertics of the cores are compiled in
Table 2.
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Tahle 2. Physical properties of the sandstone core samples

Core Diameter Length Dry welght Puorosity Initial
No. cm cm g % permesbility
%
1] 381 8.97 199.24 19.08 309.8
B2 3.81 8.9 189.71 19.41 3202
B3 3.81 9.14 204.16 20.09 300.9
Ba 3.81 9.75 214.24 21.41 300.8
B3 381 9.24 208.81 19.06 3116
B& 381 8.25 186.81 2041 3077
B7 3.81 8.61 184.41 20.41 304.5
B8 3481 8.77 186.90 19.20 3114
RO 381 8.91 184.90 19.33 316.6
Bl 3.81 9.20 204 .41 20.11 3207
Kl 3178 R.66 181.41 16.62 524
K2 3.83 7.82 161.21 16.51 3554
K3 377 8.51 179.41 16.77 B8
K4 3.81 5.75 128.91 15.81 360.7
K5 3.81 5.88 130.34 17.22 3717
K6 3.75 6.21 152.41 16.82 3774
K7 3.76 7.23 177.81 17.21 w24
K8 3.76 8.24 186.91 15.82 3814
K9 377 8.11 184.90 16.33 3754
K10 3.78 6.81 163.41 16.21 3784
Al 3.82 7.81 161.42 18.81 120.4
A2 381 7.79 160.21 19.51 98.8
Al ek 7.92 168.41 2041 110.6
Ad 3.77 .77 160.21 22.11 121.4
AS 3797 7.78 161.08 2111 1223
A6 378 7.91 168.71 2241 125.3
A7 in 7.83 164.41 18.60 123.3
A8 392 7.76 166,24 19.41 120.6
A9 3.78 7.81 163.32 19.31 v5.4
AlQ 3.76 7.88 164.41 18.51 96.4

The cores were then mounted on the core holder each at a time and were dis-
placed with oil and sclutions of decreasing concentration alternatingly till fresh water
was used. The concentration of the displacing aqucous solutivns were 25, 20, 15, 5
and 0% wt. NaCl.

The flow rate was determined by measuring the amount of effluents at given
intervals of time, and the following properties of effluents were measured:
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1- specific gravity,

2- resistivity,

3- pH value, and

4- interfacial tension.

For any particular core the temperature und overburden pressure were kept con-
stant, but they were allowed to vary from one core to the other according to Table 3.
It should be noted that the following limitations were imposed by the experimental
setup and the nature of the cores:

1-  At4000 psig the Aramco sandstone cores split laterally (along the principal
axis), however, measurement of stress-strain relationship for the cores
showed that their bulk modulus remained constant up to 3000 psig (i.e.
their behaviour was in the elastic range at 3000 psig). Subsequent pressures
were then confined to this pressure.

2- Temperature measurements were confined to 90°C because at higher tem-
peratures (e.g. 100°C) two phases may form in the heating coil which leads
to improper flow control. Other considerations for choosing 90°C as a
maximum temperature were ease of handling and elimination of the possi-
hility of any damage to the core sleeves.

Table 3. Experimental procedure for establishing the effect of formation damage on relative permeability
st diffsrent temperatures and overbarden pressures

Core Temperature, Pressore,
No.* °C psig
1 30 500
2 30 1000
3 30 2000
4 30 3000
5 50 1000
6 70 1060
7 20 1000
8 o 500
9 90 2000
1 90 3000

*The three sets of cores: Berea, Alkhatji and Aramco were treated alike, hence the cores numberiare B;,
K;, and A;.

4. Results and Discussion

Figures 2 -11 show the variation of the percentage change in recovery and the
relative permeability ratio with temperature and pressure. The overburden pressure
has a small effect on percentage change in recovery and the relative permeability
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ratio at either room temperature (30°C) or elevated temperature (90°C). For this
reason, only the average recaovery ratio and the relutive permeability ratio are plot-
ted in Figs. 2, 3, 10 and 11.

A rise in temperature, on the other hand, was obscrved to increase the oil recov-
ery ratio. This improved oil recovery for Saudi cores under investigation is apparent
from Figg 4, 6 and 8 showing a maximum recovery drop of 35% at 30°C against 21%
at 90°C for displacements using fresh water as compared to displacements with con-
nate water containing 25% wt. NaCl,

The increase in oil recovery ratio is due to the relatively higher values of both k
and k_ asindicated in the relative permeability curves (Figs 5,7 and 9). Temperature
decreases oil viscosity and reduces the water-wetting to oil-wetting change tendency
by incrcasing the relative mobility of oil.

Another reason for the better relative permeabilities is that temperature usually
improves the capillary number saturation relation and reduces partially the effective
changes due to formation damage.

One of the results of formation damage is obviously an increase in S, caused by
two phenomena:

1-  'When suline brines interact with crude, fatty acids in the crude react with
both the hydroxyl ions in water and the Na* ioms to form soap, When the
salinity is relatively high this soap remains dissolved in the oil phase but
when relatively fresh water is used, the soap dissolves in water. Qil is known
to have a relatively higher solubility in soap-water solutions than in fresh
water and, as a result of this S_ increase, the relative permeability to oil
drops.

2-  The other cause for the increase in S, is the existence of polar compounds
in the investigated oil used. It is known that the pore surface of the cores is
gencrally positively charged. The existence of an ionizable solution
between the polar compounds in the crude oil and the pore wall usually
retards the diffusion process of these compounds towards the pore wall,
This situation changes when fresh water is injected and the rate of muss
transfer of these compounds towards the pore walls increases which leads
to an increase in §_.

The most important reason for the observed increase in the recovery ratio is that
at high temperature the sclubility of the compounds that are partially responsible for
the dissolution of some of the oil into the connate water increases, the result being a
higher connate water viscosity and a reduced mobility of the oil, thus reducing the
effeet or relatively fresh water. The rise in temperature also reduces the change in
relative permeability ratio. This is due largely to the lowering of the oil viscosity
which overshadows the decrease in relative permeability ratio due to the change in
the brine concentration.
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Temperature may have also reduced the effect of clay sweiling and migration.
Although increased temperature decreases water viscosity, thereby increasing the
mobility of any ion in the water, it also lowers the weak bond of free ions within the
clay. This will result in a decrease in the average residence time of the absorbed water
molecules in the clay by decreasing the effective thickness of the absorbed water
layer. Consequently the final volume to which the clay expands will be smaller result-
ing in a net decrease in formation damage.

5. Conclusion

The effect of water sensitivity on the permeability of three types of sandstone
cores having different porosities, clay content and milliequivalents of exchangeable
ions was studied at different temperatures and pressures. The following conclusions
are derived within the framework of the experiments conducted by the experimental
apparatus and the limitations imposed.

Increasing the temperature decreases the effect of damage on relative per-
meabilities and residual saturations as have been shown by monitoring changes in the
% recovery and relative permeability ratio. Overburden pressure has no effect on
this phenomenon.
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Appendix I

Calculation of Relative Permenbilities using
Johnson-Boller-Naumann Method

This method depends on the equations formulated by Johnson et al. [20]. It
requires the knowledge of the porosity and the pore volume (PV), both the vis-
cosities of oil and water (p; and g,), the initial water saturation S, the number of
pore volumes injected (Np,) at a given time interval ¢, and the water oil ratio in
effluent (WOR). The fraction of displaced phase in the effluent (f;) would then be
defined as:

— d (Swav)

T v

where, S, is the average water saturation.

wav

If for a certain given reading of oil volume displaced V the total cumulative oil
volume displaced was V__then water saturation (5,,) would be defined by the follow-
ing equation:

v
S, = S — 4 (va - W) @
where, V is the volume of effluent.

The oil saturation §_, would then be

S, =1-8, 3
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If we define the relative injectivity (I.) as the ratio of the intake capacity to the initial
intake capacity, then
_ (AV/AtAp)

= @viayap)

@

Where the subscript i denotes initial conditions when oil alone was flowing
through the system. Omitting the lengthy derivations of Johnson et al. we have

fy

Ko = TN T, 7d (1N )
and _
L ©



Formation Damage under Simulated Reservoir Conditions 257

Sl g b isle e oy U Al Baddl il e dd s
o e Olde
A o e g.)}-..-u.'.wld'ul-r ¢4-.-A;‘l'w¢w‘;.a-£-lr._-;
fpa ] Ly a0 Lt (V1 ETA Sl
e bl R g 3 Talded Tl il jatyls L n sl iU il A 1 L) e
D3l 5 L ety oL i) Sdes G Bpimdd bl 0l et oda s o
b o e Al O] et Ll a8 it ] apgde (525 1 Lbor ety ot
e g of & aalt cobiall oot Wbzt 31 of Adall 5Lkt () o e Lobann 513} 03 S 8 alalt

o B AT e (I Ll 13U poidl afall BaS 3 Sl e Azly
ket Tl il O damg g ke e S Bakze Loy e s 0 gl el 55 5
i 1A B § byl ofy oblas Y baie oo f G0 LR Sy byl o dis
T8 oy bl W3lall § a5 gl O oy iy ¢ Resanil LU iy Jadidl LLal G pabisns!
banall Oy (Beanadl Jo )t peall ciond A e Bl drya die YV JI Jendd il dmpo e
JORITEISE- SRR PR N B



