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Abstruct, (il displacements in Saudi sandstone and limestone cores were performed, Some runy were car-
ried out in Beren sandstone cores at different temperatures from 22 10 60°C, Safaniya crude oil (obtained
from Safaniya oil field operated by Suudi Aramco) was used in displacement tests. Feonamical application
of the process was studied Jo evaluate oilitecovery. Safaniya crude was determined to be acidic. Alkutine
concentration reduces brine interfacial tension with an optimum value at about 0.5 percent, Oil recovery
was greater in limestone cores. [ncreasing remperature from 25 to 60° improved displacement cificiency.
The economical feasibility study indicated that initinl il saturation in the reservoir, price of injected
NaOH and oil price have an effect on the decision of applying the process of enhanced alkaline flooding,

Introduction

The development of oil rescrves is of great importance to the world's economy and
welfare. Large quantitites of residual oil will remain in oi! fields after the primary
recovery and water flooding stages. Any methad that can economically recovers a
significant part of this residual oil wouild be of great importance. Alkaline flonding
has u high potential for residual oil recovery [1-20).

There are mainly four different mechanisms proposed for alkaline water flood-
ing: (1) emulsification and cntrainment. (2) oil-wet to water-wet wetliability reversal,
(3} wuler-wet to oil-wet wettahility revesal, and (4) emulsification and entrapment.
In all these mechanisms, reaction between the alkaline solution and certain organic
acids present i some crude oils results in the formation of soaps. which enhances
emulsification, and the resulting emulsions cither more with the flowing water
stream carrying il droplets with them or are trapped in pute throats too small to
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allow their movements, thus lowering water mobility and increase vertical and sweep
efficiency. Because of the interplay of these mechanisms, alkaline flooding is an
extremely complex oil recovery process and tends to be site specific in terms of pro-
cess design. Recognition of the individual mechanisms shonld allow profitable appli-
cation of alkaline flooding to u wide range of reservoir types. Since the main signifi-
cunt characteristics of the crude oil of Safaniya field is its high acidity (1.4 mg KO/
gm}, this may makc Safaniya field a good candidate for successful crthanced recovery
by alkalinc waterflooding. Thercfore, this work was devoted to study the tertiary
alkaline flooding process under Safaniya reservoir conditions.

Experimental work

Fluid-rock properties

Fluid and rock properties are important factors in alkaline waterflooding.

A digital tensiometer apparatus was used to determine the transient interfacial
tension between Safaniya crude oil and NaOH solution, The instrument was equip-
ped with a temperature control system which adjust temperature within +0.1. Mea-
surements of the interfacial tension between Safaniya (laboratory and reservoir tem-
perature respectively) oil and NaOT1 alkaline solutions with different alkali concen-
trations at 22 and 60°C are shown in Fig. 2. The acidity of Safaniya crude oil was
determined using the Institute of Petroleum procedures Nos. 1 and 182 [21]. The
organic acidity was found to be about 1.4 my KOH/g per sample of crude vil, which
makes the crude oil a good example for recovery by alkaline flooding.

The contact anglcs that the eil droplet makes with a very smoothed rock surface
in presence of alkaline solution were measured. The oil droplet was put in contact
with the downward surface of rock sample. The droplet was photographed at
periodic time intervals until equilibrium was reached. The contact anglc mcasure-
ments of Safaniya crude oil droplet with sandstone and limestong samples are given
in Fig. 3. This provides a measure of rock weltability.

PH valuey of different atkatine solution concentration were measured by using
the digital pH meter. pH values for ditferent alkaii (NaOH) solutions are shown in
Fig. 4.

The viscosities of Safaniya crude oil {which is Newtonian fluid) were measured
by a viscomcter of a capillary type. Figure 5is a plot of crude oil viscosity at different
temperatures, in order {o ¢xplain the behavior of mobility ratio in the displacement
process.



Laboratory aml Eeonomic Study on Saudi Qil Revovery 297

Injsction ot alkaline solution

Qil-water bank

B e Y AT Y AT AT A »

Injection of brine

Final slata of the core

Fig. 1. Schematic diagram of the core saturation at different siages.

1(}’_
B at2°C
[ ® at6o°C
&
£ 1001
[=
E
=
Q
m
=
2
=
10 '}
10-2 — ] | — L
)] A 1 10

NaQH concentration [% wt.)

Fig. 2. Kffeel of alkaline concentration on interfacial between Salaniyah crude oil and NaOh solution.



298

Conlact angle {aegree)

Fig.

pH vaiue

M. H. Sayyouh and M.S. Al-Blched

180

160 M Saudi Aramco sandstone (distillad)

140 ] & Berea sandstane (distitcd)
QO Saudi Aramoc limestone {distilled)
120 4

100 1

80 1

<> Saudi Aramco sandstone (10% Maci)

Guu/-j//’l_’_.

40 1/

20 A

0 T T

0 10 20
Time (hours)

3. Contact angle vs time for Safuniyah erude oil in water at 22°C.

{Equilibrium time equal to about 24 hours).

30

% Temperature = 22°C
B
e W
12 T
- w -
9 *  NaGH in 35000 ppm NaCr
[1 NaOH in distilled wator
6 r T
001 ol A 1 10

NaQH concentration (% wi)

Fig. 4. pH value vs, auOH concentration,



Laboratory and Economic Study uin Saudi (8] Revovery 299

80
y=7904998"X"-10332 R=0.98
60 1 Y = Viscosity of Safaniyah crude oil
X = Temperature
A
o} .
Z 40 =
Q
Q
a
2
-
@ .
8 -
2 20 1 oo
S e
0
0 20 40 60 B8O

Temperature (°C)

Fig. 5. Effect of temperature on Sufaniyah crode oil viscosity.

Sandstone and limestone samples, having 3.80 cm inside diameter and 7.6 cm
length, were (obtained from Saudi Arameo) used in displucement tests, Some other
lests were carricd out in Berea sandstone cores to investigate the effect of tempera-
ture on alkaline displacement process. The properties of these samples are shown in
Table 1. The mineralogical analysis of the different cores are shown in Tablc 2. Non-
clay minerals were identificd with a petrographic microscope. The structure of the
clays was determined hy using a Zeiss EM109 electron microscope. Clay fractions
were analyzed using HF dissulution and elemental determinations by atomic absorp-
tion using acetylenc and nitrous oxide gases.

Apparatus

A schematic diagram of experimental apparatus used in the displacement exper-
iments is shown in Fig. 0.

Orven assembly (Fig. 6a) provides temperature control during testing. It consists
of a core holder. heater coils for both oil and water, heating elements for the atr
within the oven, an oil filter, a thermometer and an air circulating fan. The core hol-
der is a vessel designed to hold the core sample under rescrvoir conditions of over-
burden pressure up to 1000 psig.
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Table 1. Properties of core sumples

Type Parusity (%) Absolute permeability (md}
Beren sandstong 13.15 363.8

Saudi Arameo sandstone 14.57 4.16

Saudi Aramca limestone 11.73 7.63

Table 2, Mineralogical analysis of sandsione and limestone cores [7]

Mineralogical composition (% wt) %Relatlve abundance of clay families

Other Montmo-
Type Quartz  Feldspars minerals Clays  Kaolinite Chlerite  Illite rillonite
Sundi Arpmoeo sundsiong 45 3 4 5 H) 7 17 [
Saudi Aracmalimestone  traces - - [ 98 -- traces -
Bereasandstone 75 10 5 5 63 9 25 traces

The control panel is the control unit of systcm (Fig. 6b). It consists of overbur-
den pressure, the confining pressure on the core sample, upstream pressure which
pushes fluids into and through the core sample. A digital transducer which shows the
pressure difference between upstream and downstrcam pressurcs, and two liter free
piston accumulators and back pressure regulator multiplier are mounted behind the
pancl control.

Twao-pressure multiplier accumulators supply brinc (water) to the system (Fig.
6c). The output pressure from the accurmnulators is approximately 4.5 times the input
pressurc.

There are threc rack accumulators. One is filled with reservoir crude oil, other
is filled with alkaline, and the third is filled with mercury (Fig. 6¢c). Two tanks of nit-
rogen with regulators to mainlain the piston in certain position within the
accumulator. Hand pump applies pressure to the core holder by using water as a
pressure medium. 7

The main purpose of the flow system is to vonduct oil and water into the core
samples. Fluid is driven from the pressure multiplier accumuiators in-the mercury
reservoir, the mercury pushes the oil {or alkaline) into the core sample, the oil (or
alkalinc) is heated in the oven’s heater coils before entcring the core holder. The oil
is filtered hefore entry into the core sample.
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Preparation of the cores and procedure

The core samples were initially evacuated and saturated with formation water,
(25%) sodium chloride brine), then flooded with Safaniya crude oil, and thereafter
watetflooded with sea brine 3.5% sodium chloride brine). The core then attained the
residual oil saturation and a tertiary NaOH alkaline flood could then be initiated.
The same brine was used for driving the alkaline solution.

Experimental Results and Discussion

All displacement tests were performed under the same conditions of porosity
and permeability. All chemical solutions were freshly prepared just before being
used to avoid any effect of air exposure which may alter the surface tension. A sum-
mary of the displacement results is shown in Table 3.

Table 3, Summary of displacernent tests

Run Initial oll Pore Ol Tempera- NaOHcon-
No. Core type saturation  volume recovery ture centration
(% QIP) ) (% wi)

1 Bereasandstone 0.845 5.7 81.6 L1} 0.5
2 Bereasandsiane 0.883 5.0 BE.1 22 0s
3 Saudi Arameo sandstone 0.835 5.2 84.0 22 1.0
4 Bercasandstone 0. 881 5.0 74.0 40 0.5
5 Saudi Aramece sandstone 0.887 37 73.7 n 0ns
6 Saudi Aramco himestone 0.808 5.2 H2.0 22 03

Effect of alkaline (NaOH) voncentration on cumulative oil recovery

‘The cumuiative oil recovery and percent oil in samples praduced from Saudi
Arameo sandstone core by 0.5 and 1.0 weight percent of NaOH concentrations at
temperature of 22°C is shown in Figs. 7 and 8. The effcet of alkaline NaO[! concen-
tration on ail recovery is shown in Fig. 9.

Tt can be seen from these experiments that alkaline tertiary Noods TecoverTy
more oil than conventional waterfloods. This increase in cumulative oil recovery is
cvidenced by the production of a large stubilized oil-water hank in the tertiary stage
as shown in Figs. 7 and &. It is shown from these figures that the duration of
waterllooding is from 1.5 to 2 pore volumes to altain residual vil (8,,). About 0.25
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Fig. 9. Effect of NaOH concentration on oil recovery from Saudi Aramco
sandstone cure.

pore volume of waler was produced before the breakthrough of the oil bank. Since
Safaniya crude oil has a high acid number, the efect of alkali on oil recovery is due
to chemical reactions between alkali and organic acids vccurring in the crude oil.
These reactions result in the formation of surface active material. These materials
decrease the interfacial tension between oil and water.

Increasing the concentration of NaOH in the displacing wuler resulted in an
increase in oil recovery (up to 10% oil in placc) as shown in Fig. 9. This behavior can
be explained by the effect of caustic concentration on both interfacial tension and pH
value of the solution. As shown in Fig. 2, increasing NaOH concenlration decreases
the interfacial tension between Safaniva crude oil and alkaline water. The decrease
reaches maximum in the range from 0.4 to 0.5 weight percent of NaOH concentra-
tien. Due to diffusion and adsorption of NaOH ions on grain surfaces, it is apparent
that a much higher concentration is necessary in practical floods. Tt should be
observed also that the miscibility between crude oil and caustic water occurs locally
and may break shortly after it develops. The change in pH value as NaOH concentra-
tion increases shown in Fig. 4 indicates that pIT value between 10-12 is obtained at
NaOH concentration of 0.41 and 0.5. This range of pH value is considered optimum
for uil recovery [20].
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Effect of rock mineralogical composition on vil recovery

In order to investigate the effect of the rock compasition on the displacement
efliciency by alkaline flooding, three tests were carried out on Saudi sandstone,
Saudi limestone and Rerea sandstone.

Figures 7, 10 and 11 represent the production history for Safaniya crude oil dis-
placements by tertiary alkaline water from Aramco sandstone, Aramco limestone
and Berea sandstonc corcs. [t is cicar from Fig. 12 that the highest oil recovery was
ohtained when Saudi Aramco imestone was used. This behavior can be cxplained by
the effect of rock compuosilion on wettability. As shown in Fig. 5, the lowest contact
angle obtained was on a limestonc surface.

Txamination of the cores with the scanning electron microscope showed that
Aramco sandstone consists of sand sized grains cemented hy partial grain coatings of
clays. Kaolinitc affccts rock petrephysical properties. The examination of Saudi
sandstone after flow tests showed that the clay coating on the sand grains had mig-
rated into pore throats, This resulted in lower oil recovery. The percentage of clays
in Aramco carbonat¢ corcs was too low to be detected by the scanning microscope
§22]. This, we believe, resulted in higher recovery. This behavior is supported by the
effect of contact angle explained above,
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Effect of temperature on alkaline flooding

Temperature plays an important role in alkaline flooding. It affects the interfa-
cial tensians as shown in Fig. 2 and wettability propertics {23]. It also affects the vis-
cusily of the crude oil, as shown in Fig. 5, leading to remarkable changes in the mobil-
ity control of the process and henee in oil recovery, Hence, Berea sandstone cores
(which are available)} were used in order to investigate the effects of temperature on
the process behavior.

Figures 11, 13, and 14 show the production histories of three tertiary alkaline
flaonds using 0.5 weiht percent NaOH at 22°C, 40°C and 6(°C, respectively. The cffect
of temperature on il recovery is shown in Fig. 15.

1t can be scen from Fig. 15 that an increase in vil recovery was obtained with an
increase in temperature. From Fig. 2, which shows the intertacial tension between
Safaniya crude oil and alkaline NaOH solutions at 22°C and 60°C, it can he seen that
interfacial tension decreases with increasing tempcraturc. Figure 5 shows that
Safaniya crude oil viscosity decreases with increasing temperature.

?00 Lr=—tr
’ Berea sandstone }
80 1 T
e -
© T Gl recovery
¢
g % ‘ A <
£ : /," Formation water salinity — 250 000 ppm
B’: s Injected water salinity = 35 000 ppm
T 401 i Temperature = 22°C
[=
i Start of NaOH {0.5%) injccted
o
=
8 ]
L i T
= Dy f TT
© | a TE ‘ |
! : by
0 —— it .
0 1 2 3 4 5 [

Cumnuiative pore voiumes injected

Fig. 13. Production history for Safaniyah crude oil displacement by
tertiary alkaline water-flonding from Berea sandstone core at 40°C.
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Therefore, it can be said that the increase in il recovery at the higher tempera-
ture is a result of the lower interfacial tension and the hetter mobility ratio between
oil and displaccment water due to decreasing oil viscosity, Temperature affects, to
greater extent, the viscosity of the fluids in porous medium, leading to rcmarkablc
changes in mobility control of the process and hence in oil recovery.

Process Economics

An approach for economic evaluation of crude oil displacement by chemical sol-
utions was introduced by the authors previously [24]. The approach developed was
based on a probability distribution of escaluting prices of oil, chemicals and brine
operating and capital costs. Many mathematical modesl have been formulated for
the economical evaluation of enhanced oil recovery projects [25-31].

In a fluid injection operation the amount of economic recovery is controlled hy
a combination of factors which are quantitatively differcnt from one reservoir Lo
another. Some factors are natural derived, others are controllable. One of the most
important of these factors is the displacement efficiency or recovery factor.
Economic factors scan overshadow physical factors in economical oil production.
The cconomical feasibility of alkaline flooding that can be applied under Safaniya
reservoir conditions must be carried out [32]. Thercfore, this part of study is an effort
to apply economic considerations to alkaline waterflood with the aim of estimating
roughly the costs of recoverable oil by NaOH solutions of different alkaline concen-
trations.

Typical types of cost required for an alkaline waterflood project

a) Start-up costs which includes both the cost of equipments to mix and inject
slug and to soften water and costs of converting of some of the producing wells to
injection wells (C,,).

b) Operating include (i) fixed operating costs which are assumed to be the
samc as the operating expenscs for waterflood (C ), and (it} variable operating costs
which are mainly for the preparation and injection of NaOl solution, water disposal

and produced oil treatment (C,).
¢) NaOH agent costs (C,).

d) Some other operating costs such as labor and cquipment rental, electricity,
services and project plan and design services (C ).

The NaQOH costs can be determined by using the following equations:
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PraonllVllelIC]

C,, = (3.498)

[R,IIS,.|

= prices of NaQH alkaline. $/1b)
slug size, % pore volume

solution density, gm/cc

NaOH concentration, weight %
cumulative oil recovery, % OIP
= initial vil saturation, fraction

($/bbl)

n

The values of these parameters are listed in Tables 3 through 6. Tablc 4 shows
the estimated alkaline chemical costs for different nominal crude oil prices. The esti-
mated operating costs for chemical flooding processes are presented in Table 5. An
estimate of the other costs is presented in Table 6. The calculations arc based on
NaOH prices presented in tables 4 and § and 1 gm/cce for solution density. The net
cash flow per barrel of the oil recovered by alkaline waterflood is dependent on both
the nominal crude vil prices and the total costs per barrel 1o be recovered, ie.

Table 4. Price estimate for chemicals used chemical flooding at varicus nominal oil prices [24]

Chemical cost ($/ Active pound)
Chernical $20/b $30/hin $40/bbl $50/bhbl
Primary surfuctants (.27 0.32 .37 0.42
Sevondary surfactants 0.37 0.44 0.51 0.58
Polymers 142 L.&0 1.78 1.96
Alkaline agents 0.15 0.17 0.19 0.21
Tahle §. Varlable operating expenses for chemicat flooding (Dollars/bbl) [24]

Surfactunt Polymur Alkallne
Chemical slug injection 0.20 - 1
Polymer solution injection 0.10 0.10 0.1
Produccd water disposal .03 (.03 0.03
Produced oil treatment 0.50 0.05 0.50
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Table €. (Mher project costs ($/6h1) [24)

Startup costs 3.00

Labor and equipment rental 1.76

Flactricity and service facility 1.86
5.6

Laboratory services and re-crilling wells

Net Cash tlow = [crude oil price] - [flood costs]
o1
New cash flow = [crude oil price] - [C, Co + Cow + Cy + Copal (2}

Bascd on the data shown in Tables 4 through 6, Equation 2 can be written as:
Net cash flow = [crude oit price] - [C, + 12.35] 3)
The results of nct cash flow per barrel caleulations on the busis of Equation (3)

for different crude oil prices are shown in Fig. 16. Itisclear that the process is feasible
under present oil prices of 20 dollars per barrel,
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30
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0
&
z
2 704
@
8
k]
2
10 49
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0 T "
10 20 30 X 50 50
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Fig. 16. Oil price ¥s net cash flow for alkaline Rooding.
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Conclusions

For Safaniya crude oil and Saudi sandsione and limestone cores used and hased
on the results of this study, the following conclusions may he derived:

1} ‘Tertiary alkaline NaOH waterfloods in Saudi sandstone and Limestone
recover more oil than does the conventional waterflood; because of the improve-
ment in mobility and the decreasc in oil/water interfacial tension. This increase in
cumulative oil recovery is evidenced hy production of a tertiary large stabilized oil-
waler bank.

2) Increasing NaOH concentration in the flood water increases oil recovery.

3} Atapplied conditions of 250,000 pprn salinity and 22°C temperature, more
oil recovery by alkaline flooding was obtained when using limestonc corcs than with
sandstone cores, due to the effect of rock composition on wettability,

4)  Oil recovery increascs with increasing temperature from 22°C to 60°C.

5) Tertiary alkalinc waterflooding is expected to be effective under Safaniya
reservoir conditions of salinity and temperature.

6) The alkaline waterflooding under Sufaniya field conditons may be econom-
ically attractive.
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