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THE EFFECTS OF WAG PROCESS ON THE AREAL SWEEP EFFICIENCY

AY. Zekri* and S.K. El Mabrouk*
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ABSTRACT

Miscible flooding using an alternate solvent/water
injection process (WAG) is currently being applied for

enhanced oil recovery. The main reason of alternating
solvent/water is to improve the mobility of the system
which will yield better areal sweep efficiency and more
reservoir oil contacted by the solvent.

Normally laboratory work is performed to assess or

select the optimum WAG process of the miscible flooding
system being investigated. The main objective of the labor-
atory work is to select the process (WAG 1:1,1:2,or 2:1)
which will result in an optimum displacement efficiency.

The purpose of this study is to investigate the effect
of various WAG ratios on the areal sweep efficiency. An
experimental work was conducted using one-quarter
five spot model.

*Petroleum Engineering Department, Al Fateh University, Tripoli,
GS.PLAL

The WAG ratio was varied for specified ratios
of 1:1, 1:2, and 2:1. Three equations were obtained
to predict the areal sweep as function of mobility
ratio for various WAGs. The results of this work
could be utilized in performing numerical and ana-
Iytical miscible models for candidate EOR reser-
voirs.

INTRODUCTION

The search for future oil reserves has shifted the
efforts of the oil industry to a new and more diffi-
cult areas for exploration, in addition to investi-
gate the possibility of new technical means to
produce the remaining oil after primary and second-
ary recovery. Currently various enhanced oil recovery
methods are being investigated as possible new
techniques for the enhancement of the world oil
reserves.
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Miscible solvent flooding is the selected EOR pro-
cess by a number of Libyan oil companies. Volumet-
ric sweep efficiency is the critical parameter effecting
the performance of miscible process. Water-alternat-
ing solvent process has been proposed to improve the
mobility of the miscible flooding system. This results
in better sweep efficiency and more oil contacted by
the solvent.

Many Authors have studied the five spot pattern
because of its wide spread use in secondary and
tertiary recovery operations. The effects of fluid mo-
bility ratio on an areal sweep efficiency at break-
through for an enclosed five-spot pattern has been
studied by Ramey [1]. The system was also studied
with an electrolytic tank by Check and Menzie [2]
using fluid mapper models. Fay and Prats [3], Shel-
don and Dougherty [4] employed analytical method,
and Bredley, Heller and Odeh [5] using potentio-
metric models, sweep efficiency results is shown in
Table 1. Habermann [6] studied the effects of mis-
cible slug size, 10 to 25 percent hydrocarbon pore
volume on oil recovery, keeping the mobility ratio
constant. Habermann concluded that at high mobil-
ity ratios, a miscible slug of 10 percent hydrocarbon
pore volume deteriorates after only a small fraction of
the reservoir has been swept. Consequently the rich
gas drive process approaches an ordinary gas drive.
Mahaffey et al. [7] studied the effect of a slug on
sweep efficiency utilizing a five spot pattern of a
parallel-plate glass model. Mahaffey indicated that
the presence of a slug, whose viscosity is intermediate
between oil and solvent, increases the sweep efficiency
of the oil-solvent system,

Lacy et al. [8] published areal sweep out results for
a high pressure five-spot model where propane slugs
were utilized to displace a methane saturated refined
crude oil at 1550 psig. The propane slugs were driven
by methane. He concluded that by using LPG slug
process, a slug size of 5 percent or less is not effective
in increasing oil recovery in horizontal reservoirs.
Zekri and Natuh [9] have studied the effects of

miscible WAG process on tertiary oil recovery. They
concluded that WAG process had no significant effect
on total oil recovery in water flooded sandstone-oil
wet system. In their work the effect of areal sweep
efficiency is not considered since composite model
was employed in this study.

The size of the miscible slug could be determined
experimentally or theoretically. Mahaffey calculated
the optimum slug by setting the length of the mixing
zone proportional to the square root of the distance
traveled.

The purpose of this investigation is to provide
some additional laboratory data that could help in
determining the areal sweep efficiency of WAG pro-
cess. The WAG ratios (1:1, 1:2, and 2:1) were tested
in this work. The mobility of the system studied were:
0.456, 2.189, 20.65 and 45.206.

EXPERIMENTAL PROCEDURE

To achieve reproducibility of the results, it is es-
sential that the basic properties of the model do not
change from one experiment to the other. This ob-
jective was accomplished by using glass beads
model. A model representing one-quarter of a five-
spot was used in this investigation. A homogenous
system was utilized in all runs, This was accom-
plished by fixing the mesh number of the glass beads
(mesh no. 10). In this model of miscible displace-
ment, molecular diffusion predominates is controlled
by using the parallel plate spacing. The space be-
tween the plates was kept constant at 1.2 em, which
results in reducing convective mixing to arbitrary
small levels.

The model total area was 412 square centimeters.
The distance between injection point and producing
point was 28 centimeters. Two types of mineral oil
were utilized in this work, with viscosity 52.2 cp for
oil A and 25.3 ¢cp for oil B. The specifications of oil A
and B is shown in Tables 2 and 3.

Table 1. Effect of Mobility Ratio on Areal Sweep Efficiency at Breakthrough Enclosed Five-Spot Well

Pattern (Taken from Reference 5)

Areal Sweep Efficiency—Per cent
; P i A |
M;_Tlliloty olentiometric nalyzer Fluld X-Ray T ——
M Cclc:::f‘tcjglk"’;’n E]‘";;’n‘:’}:r”c Mapper® | Shadowgraph®!' | Calculation
infinite 62.6 14 62.5
10 64,5 a2 51.0
4 66.4 65.8 62.0 54.0 45,08
2 68.8 G8.0 68.0 60.4
1 71.6 70.0 T LT 69.8 1.5
0.25 82.2 88.5 78.0 87.0
0.1 94.5 82.0 100.0
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Table 2. The Specifications of Qil (A)

Specilig GRAVITY @ 60°F 0.885
API 28.3
Saybolt Viscosity @ 100 °F 350
Viscosity, cp @ 20°C 52.2
Pour Point, °F -10
Flash Poini, °F 430
Fire Point, °F 490
Distillation End Point, °F 952

Table 3. The Specifications of Qil (B)

Specilig GRAVITY @ 60°F 0.840
API 36.95
Saybolt Viscosity @ 100 °F 70
Viscosily, cp @ 20°C 253
Pour Point, °F +15
Flash Point, °F 345
Fire Peint, °F 420
Distillation End Point, °F 844

In this work, displacement with colored fluids were
carried out as function of viscosity ratio. Production
history was obtained by tracing the specified colored
area. The experiment passed through a square cross
section lucite tube placed at the production point of
the system. Light source was placed under the model
to assist in determining the percentage of displaced
(clear) and displacing (colored) areas of the model.
The data obtained with injection at one corner of the
well and production at the other represents a symme-
try element of one quarter of a completely developed
five spot pattern (Fig. 1).

The laboratory work consisted of 12 flood experi-
ments performed at constant temperature of 20°C.
The flood procedures is discussed in the following:

® The model was cleaned and packed completely
with glass beads.

® The model was saturated with the specific oil
(displaced fluid) and total pore space was es-
timated, based on the mount of fluid injected in the
model. Constant gravity force was applied in the
fluid injection process.

e Total pore volume of fluid injection was kept
constant for all runs at 20% of the pore volume.

o For WAG process of (1:1), 5% pore volume of
water was injected and the process was repeated
for four cycles.

[ pisplaced fiuid I slug

Drive fluid ® Injection well

O Producing well

FIG. 1. Schematic diagram of the apparatus.

o WAG process of (1:2), 10% pore volume of solvent
was injected and followed by 5% pore volume of
water.

e WAG process of (2:1), 2.5% pore volume of sol-
vent was injected followed by 2.5 pore volume of
water.

® Upon completion of 20% pore volume of solvent
injection, flow pattern of different stages were
traced on transparency paper.

DISCUSSION

The results obtained in this study are, first, ana-
lyzed for the various WAG ratios at constant mobil-
ity ratio of 2.189. The total pore volume of the model
is 200 cc, for WAG ratio 1:1 the total invaded (con-
tacted area) is found to be 300 cm®. While the total
area contacted for WAG ratio of 1:2 is 322 em? and
156 cm® for WAG ratio 2:1. The areal sweep efficien-
cies obtained for mobility ratio of 2,189 were 0.75,
0.85 and 0.39 for WAG ratios 1:1, 1:2, 2:1 respective-
ly. These results indicate that WAG ratio 1:2 is the
optimal value. Figs. 2, 3, and 4 show that the contac-
ted area by the solvent is 316 cm? for 1:1 WAG,
322 cm? for 1:2 WAG and 162 cm? for 2:1 WAG.

The areal sweep efficiency of the various mobilities
for the different WAGs are shown in Figs. 5, 6 and 7.
The results of the system having a mobility of 0.456
indicate that a WAG ratio of 1:2 produces [avorable
sweep efficiency. Analyzing the results of performing
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- Slug, (041 B)
@ Injection Well

D Displaced Fluid, (01l A}
Drive Fluid, [Water)
O Producing Well

FIG. 2. Areal sweep of WAG 1:1 at mobility ratio 2.189.

[ otnpraced rruia, (oi1 a3
Drive rluid, (Hater)
O rProducing Well

FIG. 4. Areal sweep of WAG 2:1 at mobility ratio 2.189.

the flood at a mobility of 45.206 for various WAGs
1:1, 1:2 and 2:1 yield an areal sweep of 0.5, 0.62 and
0.25 which indicate that the optimum system is WAG
ratio 1:2.

Figures 8, 9 and 10 show the areal sweep of 1:1, 1:2
and 2:1. Changing the flood mobility to 20.65 and

B siue. (011 8y
@ Injection Well

D Displaced Fluid, (0Ll A}
Drive Fluld, {Water)

(O Producing Hell

FIG. 3. Areal sweep of WAG 1:2 at mobility ratio 2.189.

Siug, (011 B)
® Injection Well

conducting the work at various WAGs 1:1, 1:2 and
2:1, yield area invaded of 248, 280 and 120 cm?
respectively. The resulting areal sweep were 0.62, 0.70
and 0.3 for WAGs 1:1, 1:2 and 2:1 respectively.
Again the optimum system is a WAG ratio of 1:2
which gives two fold increase of sweep over 2:1.
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[_] Displaced Fluid, (011 B)
Drive rluid, (Water)
@] Producing Well

m Slug, (041 Ay

(1] Injection Well

FIG. 5. Areal sweep of WAG 1:1 at mobility ratio 0.456.

Duinplaced Fluid, (01l B} S5lug, (011 A}

Drive Fluid, [|Water}

C Producing Well

© Injection Well

FIG. 6. Areal sweep of WAG 1:2 at mobility ratio 0.456.

[:] Displacaed Fluid, {(0il B)
Drive Tluid, (Macer)

QO Producing Haoll

. 3lug, (0il A}

@® Injection Well

FIG. 7. Arecal sweep of WAG 2:1 at mobility ratio 0.456.

Figures 11, 12 and 13 show the areal sweep
of WAGs 1:1, 1:2 and 2:1. A WAG ratio of 1:1
yield areal sweep of 0.79 at mobility 0456 and
0.5 sweep efficiency at mobility 45206 which is

around 58% increase, as presented in Tables 4, 5, 6
and 7.

Based on the results achieved in this study, the
following equations are obtained:
WAG ratio of 1:1

Areal sweep=0.825703—0.03538logMR
—0.07765log (MR)?
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D Displaced Fluid, {01l A) E S51lug, {Xerosen) ey

Duiupla:ed Fluid, (011 A} 51uq, {Kerosen)
Drive Fluid, (Water) @ Injection HWell

Driv: Fluid, (Water) @ Injection Well

) Produclng Well
O Producing Hell

FIG. 8. Areal sweep of WAG 1:1 at mobility ratio 45.206. FIG. 9. Areal sweep of WAG 1:2 at mobility ratio 45.206.

D Displaced Fluid, (04l A) - Slug, (Kercsen)
Drive Fluid, (Water) @ Injection Well

(O Producing Well
FIG. 10. Areal sweep of WAG 2:1 at mobility ratio 45.206.

WAG ratio of 1:2 The above equations could be utilized in reservoir
Areal sweep=0.825703—0.02636logMR simulation to estimate the areal sweep of the studied
—0.05734log (MR)? system.

WAG ratio of 2:1

Areal sweep=0.402362—0.02223logMR
—0.0422log (MR)?
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=8
(] bispraced riutd, (o011 &) B siug. (rerosen) l Oisplaced Fluid, (o4l B) Slug, (Keroaen)
.Drive Pluid, (Water) @ Injection Well Drive Fluid, {Water) @ Injection Well

Q Producing Well (Q Producing Well

FIG. 11. Areal sweep of WAG 1:1 at mobility ratio 20.65. FIG. 12.  Areal sweep of WAG 1:2 at mobility ratio 20.65.

LJDlsplac-:d Fluid, (01l B} Esluq. (Kerosenl

Drive Fluid, (Hater) @ Injection Hell

O Producing Well

FIG. 13. Areal sweep of WAG 2:1 at mobility ratio 20.65.
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Table 4. Areal Sweep of Different WAGs at Mobility Ratio 2.189

WAG |Displaced| Sulg Drive | Total Invaded fArea Sweep
Fluid Fluid |P.V. cel Area cm®|Efficiency
I:1 ] Oa1 (A) | Oi1 (B)) Water 200 300 0.750
1:2 0il (A) 0i1 (B)] Water 205 322 0.805
2:1 ] 0i1 (A) | Oi1 (B)]| Water 200 156 0.390

Table 5. Areal Sweep of Different WAGs at Mobility Ratio 0.456

WAG |Displaced| Sulg Drive | Total Invaded |Area Sweep
Fluid Fluid |P.V. cc| Area cm® Efficiency
1:1 ) 0il (BY | Qi1 (A)] Water 205 116 0.790
1:2 4 011 (B) | 0i1 (A)} Water 210 322 0.830
2:1 | 0i1 (B) | 0i1 (A)} water 2G5 162 0.405

Table 6. Areal Sweep of Different WAGs at Mobility Ratio 20.65

WAG [Displaced] Sulg Drive | Total Invaded |Area Sweep

Fluid Flutd |P.V. cc| Area em’JEfficiency
1:1 | 0i1 (B) | Kerosen{| Water 210 248 0.65
1:2 | 0i1 (B) | Kerosen| Water 220 280 0.70
2:1 | 0i1 (B) | Kerosen} Water 220 120

Table 7. Areal Sweep of Different WAGs at Mobility Ratio 45.206

WAG |Displaced} Sulg Drive | Total Invaded |Area Sweep
Fluid Fluid |P.V. cc| Area cm? Efficiency
1:1 0i1 (A) Kerosen| Water 200 200 0.50
1:2 ] 0i1 (A) | Kerosen| MWater 215 248 0.62
2:1 1 0i1 (A) | Kerasen| Water 200 100 0.25
CONCLUSIONS and numerical models to estimate the areal sweep

efficiency of WAG process of 1:1, 1:2 and 2:1.
— The model studied gives an insight into the effects
of WAG process on the areal sweep efficiency. The

most efficient WAG ratio for the studied system is ACKNOWLEDGEMENTS
found to be WAG of 1:2.

— Equations were developed to predict the areal sweep The authors gratefully acknowledge the efforts of
as function of mobility for WAGs of 1:1, 1:2 and 2:1. Mohamed EL-Mmajdob, Nasser Alteer and Emad

The results of this work could be utilized in analytical Abshina in conducting the laboratory experiments.
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