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New Experimental Approach of Saturation Exponent Measurements by

Continuous Injection Technique
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Abstract Water saturation determination from
wireline resistivity log depends on the measurements
of resistivity index on core samples. Resistivity in-
dex measurements are carried out in laboratory
using Archie’s equation; Ip = R,/Ry = Sy, Er-
rors in the saturation exponent n, can give rise to
serious errors in the estimation of hydrocarbon sat-
urations. One of the major sources of uncertainty is
the method of measurements. The continuous injec-
tion technique is used routinely in the oil industry. In
this technique one fluid phase (brine) is continuously
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displaced by another phase (oil) at a constant injec-
tion rate. In this paper, a new experimental approach
is proposed in which repeated resistivity index mea-
surements are carried out on the same samples at
various infection rates. The effect of injection rate
on saturation exponent for core samples can be in-
vestigated. Four carbonate core samples with a wide
range of porosity and permeability were tested to
demonstrate resistivity index measurements at low
and high injection rates. Use of continuous injection
technique at different rates has illustrated that for
the water-wet samples a uniform Ip/Sw correlation
was established over wide range of Sy when low
rate is used. It is concluded that the injection rate se-
lection has an important role on the 1r/Sw relation.
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1t is recommended as a result of this work that for re-
sistivity index measurements, various injection rates
should be used to obtain the best I [ Sw relation and
consequently the proper saturation exponent could
be obtained.

INTRODUCTION

Water saturation is commonly determined from
electric well logs based on an empirical Archie’s
equation [1]; I = S," = R,/Ry. The Archie’s
parameters are frequently obtained from laboratory
measurements on core samples. An assumption in
laboratory measurements is that the sample satura-
tion is distributed uniformly. It is assumed also that
saturation exponent n, is constant over Sy range.
Many cases are being encountered where resistiv-
ity index (/) versus brine saturation (Sw) gives
non-linear relationship. Wettability, micro-porosity,
capillary end effects, and some other factors which
cause this non-linearity.

The experimental procedure design, and espe-
cially selection of injection rate in continuous injec-
tion technique could have an important influence on
the non-linearity of Ir/Sw curves. The inaccurate
evaluation of saturation exponent can result in large
errors in hydrocarbon calculation as described by de
Waal [2]. In order to use Archie’s equation, the uni-
form water distribution should be maintained along
the core sample, and Iz /Sw should have a linear re-
lation (i.e. constant ). If improper desaturation pro-
cedure is used in resistivity index measurements, a
non-uniform saturation distribution may prevail and
invalid 7z /Sw curves will be produced, and hence
erroneous value of saturation exponent may be ob-
tained. The influence of injection rate on I;/Sy
relationships has received much less attention in
the past, probably on account of the time and cost
involved in such experiments. Generally, the fluid
distribution in porous media is function of rock pore
structure characteristics, wettability, fluid properties,
stresses, and experimental conditions, rate of injec-
tion of displacing fluid, desaturation history. The
pore structure also affects the shape of displacing
front which in turn modifies the fluid distribution
behind it and hence the resistivity values [3].

SATURATION EXPONENT TECHNIQUES

Numerous number of techniques have been de-
vised to measure the electrical resistivity of rocks

partially saturated with brine. Porous plate method,
and continuous injection technique are the recent
techniques used in the oil industry with wider use of
the continuous technique. Lyle and Mills [4] showed
theoretically that the laboratory-derived Archie sat-
uration exponent may be different from the actual
value, and concluded that whenever the core is other
than uniformly saturated, the Iz versus Sy log-log
plot will exhibit curvature. However, the most re-
cent developed technique to measure the resistivity
index is continuous injection which believed to be
powerful, accurate and rapid, as well as it provides
continuous fr/Syw curve rather than a limited num-
ber of points [2]. It is reliable where experimental
error can be minimized by automation of measure-
ments procedure and performed at an equivalent
reservoir stress. In this technique oil is injected at
a constant rate to displace brine. The porous plate
method has been used to obtain uniform desatura-
tion and uniform I5/Sy relation as described by
Maerefat et al. [5]. They concluded that sufficient
desaturation time should be allowed to obtain homo-
geneous saturation. It is believed that at capillary and
electrical equilibrium, the uniform saturation distri-
bution can be achieved, but small scale permeability
heterogeneity seems to cause non-linearity even af-
ter this equilibrium [6]. Lewis et al. [7], used low
injection rate to minimize fingering which may oc-
curred during high injection process, then they used
simultaneously high rate to compress the length of
capillary end effect. They recommended that four-
electrodes system which is not affected by contact
resistance to be used. In their experiments they
tested high porosity and permeability samples, and
concluded that the capillary end effect and viscous
fingering cause the non-linearity of //Sy relation-
ship [7]. Spurt [8] used X-ray CT scan to monitor
saturation distribution along the core samples. He
changed capillary pressure (not injection rate) and
encountered problem in achieving homogenous sat-
uration during resistivity index tests for the two
high porosity and permeability grainstone samples
desaturated at constant oil/brine capillary pressure.
Gray et al., [9] measured I for sandstone samples
at low constant injection rate (0.02 cc/hr), they se-
lected this rate so that an insignificant pressure drop
existed across the sample through the desaturation
processes. However, the uniform 7 /Sy plot had not
been achieved except for Sy less than 45%. Elasha-
hab e al., [10] used multiple potential electrodes
system in fp measurement to enable assessment of
saturation distribution and end effect.

The injection rate chosen for Iz measurements by
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continuous injection technique, theoretically should
be

(1) not so high, as to introduce fingering or channel-
ing through the core sample,

(2) low to prevent significant saturation change at a
given time along the sample.

This criteria was applied in this investigation.
Four carbonate samples, 1.5" diameter, 3" length
with wide range of porosity and permeability were
collected to study the effect of injection rate on
Ir/Sw relationship. The samples properties are
listed in Table 1.

Table 1. The physical properties of the samples

Sample No, b (%6) k(mD) G.D. (gm/fec)
I 15.1 3.74 2.859
2 34.5 29.09 2.853
3 33.0 26,14 2.834
4 17.7 9.5 2.850

Repeated resistivity index measurements by con-
tinuous injection technique on these samples were
performed at alternating injection rate.

EXPERIMENTAL PROCEDURE

Low and high oil injection rate experiments were
carried out on these samples and the rates chosen

Brine Out

were (0.03 and 0.15) cc/hr. Fig. 1 shows the appa-
ratus of I measurements and Fig. 2 illustrate the
core sleeve with multiple elcetrodes system. The
fully brine-saturated samples were mounted in a
multiple core holder made of aluminum and sub-
jected to confining pressure of 400 psi, which was
increased to 3000 psi. The sample pore volume
was calculated based on the brine volume collected
in pipettes which is attached to the outlet of each
sample after the system was being maintained in
equilibrium. Oil was injected at one end of the
samples, brine (100 g/l, NaCl) was expelled at the
other ends, through a semi-permeable membrane.
The semi-permeable membrane was supported on a
brine saturated high porosity glass disc. Both volt-
age, phase angle and temperature were monitored
continuously during the oil injection process. All
samples were made preferentially water-wet, and
firstly cleaned with methanol, then fired to 600°C
for one day in a high temperature furnace to make
them water-wet [11].

Before the desaturation processes began, and
samples loaded, the resistivity of fully saturated
samples (Ry) was measured. The samples loaded to
the core holder, then oil/brine desaturation process
started and I measured when capillary and electri-
cal equilibrium were reached. This equilibrium was
indicated when there was no further change in re-
sistance (i.e. no further fluid redistributed along the
core length). Two different Tates of 0.03 cc/hr and
0.15 cc/hr were used for the displacement of brine
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Fig. . Schematic diagram of core holder and resistivity index measurement apparatus
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Fig. 2. Schematic diagram of core sleeve with multi electrodes system

water by oil from the core samples. The amount of
displaced fluid was measured by a calibrated poten-
tiometer connected to the pump piston. The pump is
regularly calibrated at experiments conditions. The
samples were subjected to re-cleaning process to
remove oil contamination and the cleaning method
used kept them in water-wet condition and remain
as that throughout the experiment. The resistance
of samples measured at 1kHz, to avoid polariza-
tion effect [11]. Resistivity was corrected to slight
temperature variations by using Arp’s equation [12].

On the second part of this experimental investiga-
tion, the resistivity index measurements were carried
out using porous plate method, in order to compare
it with continuous injection technique results. In this
method the resistivity measurements and desatura-
tion process take place separately. The samples were
desaturated simultaneously by placing them on a
porous plate in pressure cell, and gas pressure was
applied. The gas (nitrogen) enters the samples from
all directions except from end face. The gas pres-
sure was maintained until no more brine produced.
After the capillary equilibrium (samples held 4-3
days in plate) at each pressure point is reached, the
gas is then released, and the samples removed from
the pressure cell and weight measurements were
taken as well as resistivity readings. The procedure
was repeated by increasing gas pressure at various
desaturation points.

RESULTS AND DISCUSSION

The continuous injection technique results in an
accurate and precise determination of I, versus
Sw relationship of core samples [2]. The advan-

tage of this technique is providing a continuous
Iz /8w curve rather than,a limited number of data
points, this is of particular importance in the case
of curved Ip/Sw relationship. In this technique, the
non-wetting phase (oil) is injected into the sample
at a constant rate. A uniform saturation distribu-
tion along the length of core sample is required
to measure saturation exponent accurately which
leads to proper hydrocarbon evaluation. It is be-
lieved that by using this technique with very low
injection rate might achieve the homogenous satu-
ration distribution and uniform [z /Sy relation may
be obtained.

To begin the continuous injection process, the
displacement pump starts to inject the oil core
holder. Initially this was performed at low rate (0.03
ce/hr) for displacing brine from the flowlines. This
low rate has been selected such that an amount of oil
corresponding to samples 1, 2, 3 and 4 pore volumes
will be injected approximately in (26, 25, 13 and 12)
days respectively, and for high rate (0.15 cc/hr) the
samples pore volumes will be injected at (8, 8, 4
and 4) days respectively. The continuous injection
of oil was stopped for each sample individually af-
ter that given time or when no more brine expelled
from the sample. The samples then were cleaned and
resaturated. After several resistivity readings were
taken, Sy was determined. Figures 3, 4, 5 and 6
show the measured resistivity index versus average
brine saturation for all the samples at low and high
rates. The Archie’s relation of Iz = S, assumes
that a straight-line relationship of log (/) versus log
(Sw) exists (a constant saturation exponent over the
entire saturation range). This assumption has been
considered by many previous investigators [13, 14,
15, 16] as “invalid”. In this experimental investi-
gation this assumption may be proven as “valid”.
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Fig. 3. Resistivity index, Ir vs. water saturation, Sw for core
sample No. 1 at low and high injection rate
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Fig. 5. Resistivity index, Ir vs. water saturation, Sw for core
sample No. 3 at low and high injection rate

However by comparing the plots of 7z /Sy for these
tested samples with each other and with porous
plate measurements, it has been found that a straight
Ip/Sw correlation can be established over much
wider range of Sy as shown in Figs. 3, 4, 5 and 6.
Basically, when non-wetting phase injected into
the samples to displace wetting phase, the large
pores will be penetrated firstly because they rep-
resent less resistance. As desaturation progresses
a saturation heterogeneity through the core sample
may persists and yield nonlinearity of Ip/Sy, but
this may depends on the non-wetting injection rate
and the heterogeneity of the core samples them-
selves. A rate of 0.03 cc/hr in sample 3 (Fig. 5), can
be considered as the optimum because linear I/ Sw
relation was obtained. Also for sample 2 (Fig. 4),
a constant i obtained over a good range of Sy by
using the same injection rate. In contrast the z/Sw
relationship becomes linear at brine saturation below
(65-75%) when a low rate is chosen, as it is shown
in Figs. 3, 4, 5 and 6. In this wide range of Sy,
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Fig. 4. Resistivity index, Ir vs. water saturation, Sw for core
sample No 2 at low and high injection rate

(o A
A ] 1.High rate,n=1.71
s ———t—Alownle, n= 182
b A
&= .. A
- [
b ol a
z i
= .. la
z % =
E s &
= (]
i %
: ot
x % 4
o
-]
%
-]
| I . A
im

1+ ! fa
0.1 ; 1
Water saturation, Sy

Fig. 6. Resistivity index, Iz vs. water saturation, Sw for core
sample No 4 at low and high injection rate

Table 2. Saturation exponent values by two techniques

Continuous Injection Technigue | Porous Plate
Method
Sample No.  Low Rate High Rate
1 1.54 1.51 1.55
2 2.18 2.02 2.15
3 3.21 3.18 3.18
4 2 1.71 1.83

the Archie’s assumption has been proven its validity,
and n from linear part of /;/Sy curves should be
used, provided that the desaturation process should
be achieved at least to the reservoir Sy level in labo-
ratory, to avoid improper extrapolation. On the other
hand, high injection rate can create significant pres-
sure drop through the desaturation process which
results in an invalid //Sw relations. Although the
carbonate samples tested here have bimodal pore
size distribution which believed to be the main cause
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of the non-linearity of Ir/Sw, the selection of in-
jection rate has an important role to overcome this
problem. Also another interesting feature was ob-
served, that low permeability sample (sample 1)
shows clear linear I /Sy relation at Sy below 75%,
(Fig. 3). In sample 3 (Fig. 5), the resistivity mea-
surements for Sy > 65 and < 100% are useless in
determining »n, when low rate is used, but this range
of Sy is much less when a high rate is used The sat-
uration exponent values were found to be 1.55, 2.15,
3.18 and 1.83 by using the porous plate method.
Very interesting feature was found where these n
values are close to those measured by continuous
injection technique at low rates. Again this confirms
the importance of injection rate for establishment of
proper Ir/Sw correlations. Table (2) presents the n
values by the two methods.

CONCLUSIONS

Performing resistivity index by continuous injec-
tion technique at a fixed-rate may produce inaccurate
(n) values, and subsequently an error in Sw deter-
minations. The influence of injection rate on the
resistivity index/brine saturation relationship has an
important role to be considered. These measure-
ments should be repeated at various injection rates to
select an optimum rate for each core sample (proper
n value).

This has shown that the low injection rate method
is prefered on the high rate method, due to insignif-
icant saturation changes taking place through the
core sample at a given time. Furthermore, the low
rate would produce linear relationship of I versus
Sw over much wider range of Sy. This new exper-
imental approach has illustrated that for water-wet
samples a uniform [p/Sw relation can be estab-
lished. Therefore the usage of larger number of ho-
mogeneous and heterogeneous samples with various
injection rates (high, moderate and low) is required
for further investigation.
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