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The main objective of this study was to evaluate oil displacement by water and caustic flooding from
a horizontal well as an injector in homogeneous two dimensional porous media. The oil used was

Safaniya crude from Saudi Aramco.

It was found that oil recovery by tertiary caustic waterflooding increased with increasing caustic
concentration from 0.5% to 1% NaOH. At 1.5% caustic concentration, it was found that the cumulative
oil recovery decreased again. A comparison between horizontal and vertical wells shows that under the
same conditions, horizontal wells yield higher cumulative oil recovery than vertical wells. The use of
polymer in the caustic solution improves the tertiary oil displacement process.

1. Introduction

Horizontal technology is considered to be one of
the most significant technological breakthroughs
in the oil and gas industry of the 1980’sV. The
current focus on horizontal drilling began in the
late 1970’s. What was considered ten vears ago
as an exotic way of drilling, the economical
applicability of which was contemplated with
some skepticism by reservoir and production
engineers, today it is a cost efficient tool for
developing reserves whether new or old?.

Early application of horizontal wells has been
devoted to exploiting thin reservoirs, reservoirs
suffering high tendency of water conning, and
reservoirs of high wvertical permeability.
Recently, horizontal technology is applied for
thermal recovery methods, gas injection,
waterflooding, chemical flooding, and exploiting
conventional reservoirs®~4,

Laboratory studies on the recent applications
of horizontal technology are rather scarce.

However, the number of horizontal wells drilled
worldwide has drastically increased. Also,
laboratory studies on oil displacement by caustic
flooding from vertical wells showed a greater
increase in oil recovery than by waterflooding®~12.

This paper studied the improvement in oil
recovery using a horizontal well in the secondary
and tertiary processes by caustic and caustic-
polymer solutions. Also, a comparison between
the recovery performance of vertical and
horizontal wells under the same conditions was
made.

2. Experimental Work

2. 1. Fluid Properties
The physical properties of the fluids used in this
study are shown in Table 1. The crude oil is
Safaniya crude taken from Saudi Aramco. The
caustic and polymer fluids used are sodium
hydroxide (NaOH) and pusher 500, respectively.
The measurements of interfacial tension be-

Table 1 Physical Properties of Fluids Used

P Concentration Viscosity Interfacial tension  Surface tension
Fluid type (%) [cp] [dyne/cm] [dvne/cm] pH value
Crude o1l —_ 54.00 28.2 31.0 1.5
Brine 3.5 NaCl 9.1 66.5 9.5
Caustic 0.5 NaOH 1.5 63.6 11.7
Caustic 1.0 NaOH 1.15 0.4 62.0 12.46
Caustic 1.5 NaOH 1.25 1.4 60.1 12.73
CaustictPolymer 1.0 NaOH+0.5 pusher 500 2.7 5.7 55.0 13.07

API gravity of crude 0il=26.8°.

* To whom correspondence should be addressed.
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tween different solutions used and Safaniya crude
oil were made by digital tensiometer model K10,
manufactured by Kruss, Hamburg, Germany. A
Brookfield viscometer model LVT, manufactured
by Brookfield Engineering Laboratories Inc.,
U.S.A. was used to measure liquid viscosities.
The fluid acidity was measured by 523 pH me-
ter model manufactured by Wissenschaftlich-
Technische-Werkstatten Wilheim, Germany.
Butffer solutions were used for calibration before
measurements.
2. 2. Experimental Apparatus

The experimental apparatus used in this work is
shown in Fig. 1. The displacement model con-
sists of quadrant which was made of transparent
prespex. It has inner dimensions of 28.1x28.1x
5cm and contains one horizontal well on one
diagonal with a length equals the model diagonal.
On the ends of the second diagonal, two vertical
wells are mounted. Screens are instalied on the
wells, both horizontal and vertical, to prevent sand
movements and to minimize end effects. A vacu-
um pump was used to evacuate the model, and its
connections were made before the start of each
experiment. Threestainless steel tanks were used
for the oil, formation water, caustic and caustic-
polymer solution. A high pressure line was used
to provide the pressure needed for the injection of
different liquids into the model. The pressure at
the inlet of horizontal well was measured by a

1~ To high pressure line

2 ~ Brine tank

3 - Caustic and caustic polymer tank
4 - Oil tank

§ - Vacuum pump

8 - Pressure gauge

7 - Graduated tubes

8 - Sandpack model

9 - Vetical well
10 - Horizontal weil

Fig. 1 Schematic Diagram of Displacement Apparatus

Table 2 Grain Size Distribution of Sand Used in
Packing Processes

Mesh number Weight percent

30 0.46
40 16.15
50 55.39
60 13.62
70 6.93
80 4.11
100 144
120 1.10
Pan 0.80
Total 100.00
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pressure gauge. The experiments were conduct-
ed at room temperature.

The model was packed homogeneously with
friable sand brought from Half Moon Bay (Eastern
Province) area on the Arabian Gulf. The grain
size distribution of the sand is given in Table 2.
The sand has an average porosity of 34.04% and
permeability of 1.65darcy. The experimental
system was then completely evacuated of air by
using the vacuum pump. The model was then
saturated with sea water. From the volume of
water and the amount of sand, the experiment
porosity was calculated. Absolute permeability
was obtained by circulating the formation water at
a given pressure drop across the sand pack using
the two vertical wells. The following equation
was used to calculate the absolute permeability:

[3.54 kh(P; — P,)]

- {u[ln(—%-)— 0.519]}

where

Qo

: flow rate bbl/day

: absolute permeability, darcy

: thickness of the model, ft

. inlet pressure, psi

»: outlet pressure, psi

T viscosity, cp

: distance between two vertical wells, ft
rw: radius of the production well, ft

I

[SU S

The model was then saturated with oil by
continuous injection of oil until complete oil
saturation was produced. At that point, the
inital saturation conditions were assumed to have
occurred. For the secondary displacement
process, the caustic or caustic-polymer solution
was continuously injected through the horizontal
well from the beginning of the displacement
process. A tertiary displacement process was
initiated by injection of caustic or caustic-polymer
solution after the secondary waterflooding. The
products were collected from the two vertical wells
at ratios of the pore volume of the experiment.
The amount of oil produced was determined and
recorded for each well. All chemical solutions
were freshly prepared just before use to avoid any
effect of air exposure or precipitation.

3. Results and Discussion

The objective of this research was to evaluate the
caustic flooding process through horizontal wells.
A summary of the experimental results obtained
are shown in Table 3.
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314
43.3
39.0
28.6
28.4

Residual oil after
secondary process [%]

70.82

Cumulative
oil recovery [%]
71.2
79.17
87.11
73.10
70.36
60.57
60.57

caustic concentration

floading 1.0%+0.5%
Tertiary caustict+polymer

flooding 1.0%+0.5%

flooding 1.0%
Tertiary caustic 1.0%

Tertary caustic

flooding 1.0%
Secondary caustictpolymer

vertical well
flooding 1.5%
Secondary caustic

Displacement process and
Tervary caustic

Caustic flooding 0.5%
_flooding 0.5%

16.26
12.67
10.93
10.73
10.61

saturation [%]
18.0
14.0
13.0

Summary of Displacement Processes
Connate walter

Table 3
Initial oil
saturation [%)]
83.76
82.0
86.0
87.0
87.33
89.07
89.27
89.39

Permeability
h [darcy]
1.61
1.0
1.32
1.27
1.8
1.65
1.15
1.68

¢ (%]
35.1

34.82
34.05
33.04
33.48

s 1 to 4 packed with 60 and 40 sand mesh sizes.

345
322

35.6

Porosity
s 5 to 8 packed with mixture of friable sand.

25

495
500
380
450
430
410
415

4

Pore volume
PV [ec]

Run
No.

Group of experii
Group of experime

100

3
T

8
T

8
T

Cumulative Oil Recovery, %

<]

RS % NaOH Cmsets
W16 % HaON Casste
1.0 % NeOH Cuvatie

00.511.522.533.544.555.5
Pore Volume (PV) Produced

Fig. 2 Effect of Different Caustic Solutions on Oil
Recovery

3.1. Effect of NaOH Concentration on Oil
Recovery

Figure 2 shows the cumulative oil recovery
versus pore volumes (PV) of the fluids produced for
three concentrations of caustic fluid. The caustic
solution 1s injected in the tertiary phase. The
effect of caustic solution is marked by a sudden
increase in cumulative oils when the solution is
injected. The figure shows that one percent
concentration of NaOH resulted in an increase in
oil recovery more than in the case of 0.5% and 1.5%
concentrations. This behavior can be explained
by the effect of caustic concentration on both
interfacial tension and pH value of the solution as
shown in Table 1. Since the Safaniya crude oil
has a high acid number (1.4 mg KOH/gm crude),
the effect of caustic on oil recovery is due to the
chemical reactions between the caustic and organic
acids occurring in the crude oil. These reactions
result in the formation of surface active materials
(soaps) whose absorption on the oil-water inter-
faces decreases the interfacial tension between oil
and water, thus yielding an oil-water emulsion.
Increasing NaOH concentration decreases the
interfacial tension between Safaniya crude and
caustic solution. The decrease reaches its max-
imum value at one percent NaOH concentration.
From these results, it is clear that one percent
NaOH concentration gives the highest oil recovery
of Safaniya with horizontal wells. Moreover, the
oil produced in the tertiary phase is equal to that
produced in the secondary phase.
3. 2. Effect of Polymer Bank

The effect of polymer bank on cumulative oil
recovery has been studied in both secondary and
tertiary phases. The results are shown in Figs. 3
and 4. Figure 3 shows the effect of adding 0.5%
polymer concentration (pusher 500) to 1% caustic
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Fig. 3 Comparison between Secondary Caustic and
Caustic-polymer Flooding
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Fig. 4 Comparison between Tertiary Caustic and
Caustic-polymer Flooding

solution in the secondary phase. The figure
shows that addition of polymer to the caustic
solution in the secondary phase does not affect
cumulative oil recovery to a certain pore volume
injected (2.5 pore volume). After that point,
cumulative oil by caustic solution is higher than
that produced by caustic-polymer. This can be
explained by the decrease in the pH value of caustic
solution after addition of the polymer as shown in
Table 1. This decrease in pH value decreases oil
recovery, in spite of the improvement in mobility
control due to the addition of polymer. Lower
pH values can cause the emulsion formed to be
entrapped again into the caustic flow, resulting in
better sweep efficiency. The entrainment or
entrapment and the pore size distribution of the
emulsions formed depend on the interfacial
tension and on the applied pressure gradient
during the displacement process.

The use of 0.5% polymer in 1% caustic solution in
the tertiary phase is shown in Fig. 4. The result

87

shows that the use of caustic-polymer in the
tertiary is more effective than the use of caustic
only. In spite of the minor difference in cumula-
tive oil recovery, the caustic-polymer solution
gives better production history than caustic alone.
This stresses the use of caustic-polymer solution in
the tertiary phase. The behavior observed in this
case may be explained in terms of the improvement
in mobility control due to the addition of polymer
to the caustic solution and hence improvement in
displacement efficiency.
3. 3. Comparison between Secondary and Tertiary
In order to compare the effect between caustic
and caustic-polymer solutions on cumulative oil
recovery using a horizontal well in both secondary
and tertiary phases, part of the experiments was
carried out under the same conditions. Some of
these experiments were run by injecting the caustic
solution and the caustic-polymer solution in the
secondary phase. Others were completed by in-
jecting the caustic solution and the caustic-
polymer solution in the secondary phase. Others
were completed by injecting the caustic solution
and the caustic-polymer solution in the tertiary
phase. The results are shown in Figs. 5 and 6.
The results of comparison between secondary
and tertiary by caustic flooding are shown in Fig. 5.
This figure shows no difference in the cumulative
oil recovery. However, in the early stages, the
cumulative oil recovery in the secondary is better
than that in the tertiary. From the economical
point of view, it is better to use caustic flooding in
the secondary phase.

Figure 6 shows that, by injecting caustic-
polymer solution, the cumulative oil recovery in
the tertiary phase is higher than that in the
secondary phase. This is marked by the polymer
bank formed after injection of polymer solution.
The reason can be attributed to the reduction in the
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Fig. 5 Comparison between Secondary and Tertiary
Caustic Flooding
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Fig. 6 Comparison between Secondary and Tertiary
Caustic-polymer Flooding
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Fig. 7 Comparison between Oil Recovery from
Vertical and Horizontal Well, 0.5% NaOH
Concentration

pH value of the caustic fluid in the secondary stage.
In case of the teruary stage, the initial water
saturation in the pores is high and will reduce the
effect of polymer on the caustic solution.
Moreover, the use of polymer in the ternary will
improve the mobility ratio better than its use in the
secondary phase.
3. 4. Comparison between Vertical and Horizon-
tal Wells

In order to investigate the effect of using a
horizontal well on the cumulative o1l recovery, the
same model was used to run displacement by
injecting the caustic solution from a vertical well,
and production was carried out from the second
vertical well while the horizontal well remained
closed. The other experiments were run by
injecting caustic solution from the horizontal
wells, and production occurred from the two
vertical wells.

The results shown in Fig. 7 indicate that
horizontal wells increase oil recovery by a mini-

Tl aE  Sekiyu Gakkaishi,

mum of 8.5% of the original oil in place.
Moreover, the production rate in horizontal well 1s
higher than that in verucal wells. This means
that the use of horizontal wells increase and
accelerate cumulative oil recovery and can be
considered more economical than use of verucal
wells.  The main advantage of horizontal wells is
that they contact a much greater portion of the
reservoir and hence, they provide substantally
higher production rates. Horizontal wells pro-
vide adequate productivity due to the vast area
which is exposed to the reservoir® 9,

4. Conclusions

Based on the experimental conditions of this
study, the following conclusions are obtained:
1) Horizontal wells increase and accelerate oil
recovery.
2) The best caustic concentration to vield the
maximum olil recovery from horizontal well is 1%
{by measuring).
3) In comparison to vertical wells, horizontal
wells vield 8.5% increase, as minimum, in o1l
recovery under the same conditions.
4) The use of polymer in caustic solution im-
proves the o1l displacement in the tertiary process.
However, in the secondary stage the presence of
polymer causes a decrease in oil recovery due to
decrease in pH value.
5) Effects on the secondary and tertary recovery
processes of caustic solution are comparable.
However, injection of caustic in the secondarv
stage reduces the cost and accelerates o1l produc-
tion.
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