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ARSTRACT

The existence of natural barriers such as 1ar deposits in oil reservoirs can create problems in primary oil recovery as
well as in the application of EOR. methods. Significant reduction in oil recovery is reported from this type of reservoirs
due 10 iselation of the oil zone from the adjacent water aquifer.

In this study, the effects of tar viscosity and thickness of a tar zone on oil recovery ns well as the pressure vasiation and
average water saturation in the tar and o1l zones were studied in & 1armatl reservair labaratory model. Waterllooding
cxperiments were conducted, whereby the three adjacent oil, tar and water zones were simulated by means of o beres
composile core saturated with kerosene, 2 blend of asphalt and crude oil and KOl bring, respectively. In every experiment,
brine was injected at & constant rate in the water zone and was forced o penetrate the o zone to flocd the oil zone.

The results show a slight decrease in oil recovery as the product of the viscosity and (e thickness of the 1ar Tone
increases. An opposite and more pronounced trend was found for the average water saturation in the lar zone. The injec.
tion pressure was found 19 go through a maximum shortly after commencernent of injection and the maximum value
increaged with both tar viscosity and tar zone thickness, On the other hand, the effective permeability 1o water was found
tix b ssaller in tests where the product of the tar viscosity and tar zone thickness is higher. Finally, the water saturation
distribation in the oil zone combined with the pressure behavior points 1o the development of water fingers in both 1ar
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and odl pones,

Introduction

A number of major oil reservoirs in the
world, particularly in the Middle East, is doc-
umented 10 contain a layer of very viscous oil
(tarmat) at the oil /water contact. The causes
ol tarmat formation are discussed extensively
in the literature (Moor, 1984; Hirschberg,
1988). One of the most acceptable theories at-
tributes tarmat formation o compositional
variation in the oil column, or the segregation
of asphaltenes, resulting in the variation in oil
viscosity ( Hirschberg, 1988 ), The viscosity of
the tar may be 1000 times more than that of
the overlaying oil. The thickness of the tarmat
generally varies from place 1o place within a
reservoir. In some reservoirs it is comparable
to that of the oil zone (Al-Kaabi ¢t al., 1988).
In Ghawar oil field {world’s largest), lor ex-

Fig. 1. A reservoir cross-section showing the tarmat, {(from
Bashbush e1 al., 1983],
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ample, the tar zone extends over 25 km and
reaches in certain arcas up to 150 m in thick-
ness. In this arca alone, tar reserves exceed 2.3
% 108 barrels (Osman, 1985).

In general, it is believed that the tar is im-
mohile or partially mabile, and its extension
over the aguifer can be either continuous or
discontinuous. In some reservoirs, il may
completely isolate the oil zone from the agui-
fer, hence impeding bottom water drive as de-
picted in Fig. | {Bashbush et al., 1983 ).

Discontinuous tarmat barriers cause a sig-
nificant reduction in the vertical and horizon-
tal permeabilities due to the tortuous path and
changing contact area of the fluid flow durning
the depletion stage. This is believed to have
adverse effects on the oil recovery and success
of secondary recovery projects { Richardson et
al., 1978).

Continuous larmais may nol separate the
reservoir into a completely independent hy-
draulic unit, due to the existence of some ver-
tical permeability, that varies according to the
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physical characteristics of the tar itself. Prac-
tically, tar “break down™ may occur after a
certain period of continuous production or in-
jection (Osman, 1985). Excessive pressure
decling in the oil zone due to production, or
large pressure increase due to injection can
create permeable paths in the tar zone, leading
to water coning and excessive water produc-
tion {Al-Kaabi et al., 1988).

The goal of this study was to investigate the
adverse effects of the two most influential tar-
mal paramelers i.e., lar viscosity and tar zone
thickness on pressure behaviour, oil recovery
and water saturation distribution during and
after waterflooding. Another objective was Lo
study the flow of tar due to aquifer expansion.
A reservoir model representing the water, tar,
and oil zones was simulated by a linear com-
posite core. Experiments with different tar vis-
cosities and tar zone thicknesses were con-
ducted under controlled displacement flow
rate, while maintaining all other experimental
condilions as constant as possible.
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Fig. 3. Cross-sectional view of the linear compaosite core model,

Experimental apparatus

The experimental apparatus, shown sche-
matically in Fig. 2, consists mainly of the fluid-
injection system, displacement vessel and the
fluid-collection system. The displacement ves-
s¢cl was a stainless steel, Hassler-type core
holder designed for consolidated core samples
up to 45 cm in length, 2.54 ¢cm in diameter,
and under confining pressures of up to 69 MPa.
Details on the design and construction of the
core holder as well as the components of the
apparatus are found elsewhere (Ayub, 1989),

A reservolr volume element with sections of
the waler, tar, and oil zones is simulated by a
linear composite core. The configuration of the
composite core as il 15 loaded in the rubber
sleeve is shown in Fig. 3.

Materials

Filtered kerosene and a solution of 1% KCI
in distilled water were used to simulate the
oleic and aqueous phases, respectively. The
physical properties of these fluids are given in
Table 1.

The tar phase was prepared from solutions
of dead crude oil and asphalt. The properties
of these two ingredients are also listed in Table
1. To prepare a batch of tar, a quantity of as-
phall is first heated to reach a fluid stage; then
a pre-estimated amount of crude oil is blended

TABLE |

Physical properiies of flusds

Flusd Propery

Viscosity (mbPas) Densily il.";}

Brine {1,320 0.980
Cnl L.131 0,764
Distilfztion: Distrifase
Crode Chl  Temperature {*0) {¥ol%)
223 B
260 40
e &0
Solubility in ©Cl, (%) 99,5
Flash Pownl, Open tag {“C) 17
Crraviry, at 2570 (APT) 6.4
Viscosily a1 23°C {mPa.g) 243
Asphall Dructility at 25°C [cmi) 1.5
Flagh point, C.O0WC, (*C) 232
Peneiration, al 25°C 100y 55
(0.1 mm} 1525
Loss oo heating at 163°C 5 h, (%) 0.5
Sodfiening point, R & B (=) W
Solubiliny in OC1, (%) W05
Dienaity {gfec) 1.029

in 1o obtain a homogencous solution of the de-
sired viscosily. The batch is then allowed to
cool down to room temperature, after which
the tar viscosity is measured. The batch is then
stored in a sealed container to be used for runs
with the same tar viscosity.

Berea sandstone with an average porosily of
24% and absolute permeability of around 300
mD was used in all flooding experiments. All
core plugs were fired at 900°C for 24 hours and
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TABLE 2

Tar-zone pore volume as computsd from water saluration and
tar saturation separately

Kun Mo Length fom Pore volume {cm’)
Tar Waler
1 254 ER 344
2 5.08 f.55 6,20
i 1016 12.58 1241
i 2.54 3.37 .39
5 508 5.67 5.03
i 116 1239 12.08
i) 2.54 3.1 324
3 5.08 6,34 (.33
) 160 1 1214 121%
10 508 5.49 5.89
11 10.16 11.34 T
12 10.1& 11,40 11.55
13 AT 2.81 293

l

then flushed with isopropyl alcohol and dned
in a vacuum oven before saturation with bripe,
oil or tar.

Saturation with tar was done al tempera-
tures between 80° and 90°C using the core
holder. Figure 4 shows a schematic of the tar-
saturation set-up. After loading the tar cores

and assembling the core holder, a confining
pressure of 24,1 MPa is applied. Vacuum was
then applied for several hours. Once the core
holder and the transfer cell reach the desired
temperature, injection of tar al very low rate 1s
started. During tar injection, vacuum 1% ap-
plied continuously to help the tar move to-
ward the production end. Injection is carried
out in such a manner that the injection pres-
sure is always considerably less than the con-
fining pressure to avoid by-passing the core
plugs. Vacuum is stopped immediately when
tar appears at the outlet, but injection is con-
tinued until enough tar 15 produced to ensure
100% saturation. The core holder is then dis-
mantled and the saturated cores are sub-
merged in the same tar solution in a perfectly
sealed container until ready to be used. Cores
for experiments involving the same tar viscos-
ity were saturated together. Pore volumes of
the tar core plugs computed by tar saturation
are compared with those computed by water
saluration in Table 2. The data proves the suc-
cess of the tar saturation process, as the water
and tar volumes are reasonably close.

No connate-water saturation was intro-
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duced in the tar zone for two reasons. First 1s
the desire to standardize the connate-water
saturation for all the experiments. This is nec-
essary because the field connate-water satura-
tion varies widely from one reservoir to an-
other. The second reason is that the smaller the
connate-water saturation, the more fingering
induced. Therefore, a zero connate-water sat-
uration represents extreme conditions of wa-
terflooding of tar in tarmat reservoirs.

Experimental procedures

The saturated core plugs to be used in a dis-
placement experiment were always arranged in
the order shown in Fig. 3. Filter paper was
placed between core plugs to allow better con-
tact and capillary continuity. To ensure that no
gap exists between the core plugs and the rub-
ber sleeve, the cores were wrapped with a layer
of plastic foil and a layer of teflon tape. The
compaosite core was then loaded into the rub-
ber sleeve, and the core holder was assembled
in the experimental set-up as shown in Fig. 2.

To conduct a displacement run, the follow-
ing steps were performed:

(1) A confining pressure of 13.8 MPa was
applied in all displacement runs except for run
3 where a confining pressure of 20.7 MPa was
applied because the injection pressure was ex-
pected to exceed 13.8 MPa duc to the high tar-
viscosity and thickness.

{2) Brine injection at a constant rate of 1.0
cc/min was then started and was continued
until no more oil was produced.

{3) Afler a run was completed, the displace-
ment vessel was dismantled and tar displace-
ment was estimated carefully. Core plugs mak-
ing up the il and tar zones were then extracted
for water-saturation measurement.

Results and discossions

A total of 13 tests were performed following
the above described experimental procedure.
All tests were performed at 24°C. The param-
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TARLE 1
Expermmental varables

Run Tarviscosity®  Tar density™ Zone lengih

(mPas) (g/m?) {cm)
Wialer Tar il

| 21,000 0.930 254 2.54 1016

2 20,000 {930 254 .08 38.10

3 21,000 {930 154 1016 1524

4 LOG00 L924 254 2.54 10016

5 10,000 0.924 254 508 3810

6 10000 0.924 154 10,16 1524

7 5,000 %1% .54 2540 1016

i 5000 0919 .54 508 3R.10

4 5000 091 2.54 1016 15244
110 15,000 0.927 154 508 3302
11 5,000 0.927 2.54 016 30,32
12 15,000 0.927 25 1016 3102
13 15,000 0,927 2.54 251 1XBe
a4 C,

eters varied, were the tar viscosity, the thick-
ness of the tar zone, and the thickness of the
oil zone. Table 3 lists the experimental vari-
ables for these runs. All thirteen runs dis-
played very similar trends as far as the pres-
sure variation, tar phase movement, variation
of average-waler saturation in oil and tar zones,
and the oil recovery before and after water
breakthrough, The magnitude of these trends
differs, though, from one run to another.

Pressure behaviour

An initial period of sharp pressure build-up
at the injection point followed by a gradual
pressure decline was always noticed. Figure §
shows a typical variation of inlet pressure ver-
sus volume of brine injected in tar zone pore-
volumes (TZPV). The sharp build-up is be-
lieved to be caused by the initial accumulation
of water and its very slow initial advance
through the tar zone. This is due to the ex-
tremely low mobility of tar. Consequently, no
oil production during the initial period of in-
jection was observed since tar displacement
was negligible.

The maximum-pressure levels varied with
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Fig. 5. Variation of inlet pressure with water injection for
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the tar viscosity and with the thickness of the
tar zone. That is, a higher pressure was ob-
tained with a higher tar viscosity or with a
thicker tar zone. The maximum pressure at-
tained during each run is listed in Table 4 and
is plotted versus tar zone thickness in Fig. 6
and versus tar viscosity in Fig. 7. Eventhough
the data in these figures is limited, one can ob-
serve that:

AP, Sl =0and 0Py /ohi =0

TARLE 4

Experimental resulis

SA. ABLUEKHAMSIN, M, AYLIB ET AL

It is also observed that these derivatives ap-
proach zero at low tar viscosities or small tar-
zone thicknesses.

Table 4 also provides a comparison between
the time required to reach the maximum pres-
sure (77,) and the time of water breakthrough
into the oil (73,). T}, is always higher than T,
except in run 4, where it might be due to some
unavoidable experimental error. The time re-
quired to start the oil production (T;) for each
displacement run is also listed in Table 4. Oal
production was noticed before T, in most of
the runs.

The extremely high viscosity-ratios in-
volved in the displacement experiments of this
study make the displacement of tar by walter
occur at highly unfavourable mobility-ratios.
Therefore, the displacement front cannot be
stabilized as required by Buckley and Leverett
(1942) which causes appearance of viscous
fingers (Perkins et al., 1969).

The initiation of viscous finger(s) is pre-
sumed 1o be triggered by instabilities at the in-
terface between the displacing fluid and the
displaced fluid. Unstabilized flow causes these
fingers to propagate and grow through the dis-
placed phase (Perkins et al., 1969, Vossoughi

FunMo T, T. Ts P Q, (0] 5. R
{ min ) {min} {min) {kPa) (TZPV) (OZPY) — — (% DOIPF)
Tar zond Cil zone
| 9,50 R L6100 | 186 i, 1{) 7 3.2 7.3 7.7
2 B.00 7.20 32.00 3344 011 (L.63 10T 454 515
3 500 15.008 20,50 15265 L | 067 17.5 09 (5.2
4 4,00 100 0K 9,0 334 I.72 0,30 5.9 7.7 45 8
5 i, 3l T.60 29,50 2551 0.18 Q.57 33 148 LT
L] 500 13.20 17.50 9687 029 0.51 .1 36.9 inA4
7 500 E.30 1050 2 Q.68 .52 6.2 433 5.1
B 4.75 800 J0.00 1655 018 i 54 1.0 45.6 7.1
o 58.75 |4 88 180K 5350 0,27 0.5 2.2 43,6 4.6
10 .50 950 25,50 1955 047 0.57 N | 46,5 57.1
11 6,00 11,060 20,50 13514 0.7 0.56 1.8 JE8 4.0
12 6,0 16,50 2T.00 12755 062 0.57 15.8 4(h4 0.9
13 450 7.60 1900 1117 0.3% .56 10,7 437 5.6
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ctal., 1982). The presume is, in this study, that
the growth of viscous fingers coincides with the
initial period of pressure build-up in the core.
No significant growth in the size of a finger(s)
oceurs after water breaks through the tar zone,
due to the high viscosity of tar. This fingering
theory for the invasion of tar by water and for
the displacement of 0il by water thereafter will
be further discussed later,

Regression analysis produced Eq. 1 as the
best fit 1o the data of Figs. 6 and 7.

257

Poas =171 107 b =328 104 (g, 1, )*
(1)
Although Eq. 1 has no theoretical basis, it does
predict the disappearance of the pressure peak
at low tar-viscosities. This should be the case

as the tar phase behaves more like a Newton-
1an fMuid under these conditions.

Average water saturation

The average water-saturations in the oil and
tar zones after flooding were obtained by core
cxtraction. Table 4 gives these average water-
saturations in both zones for all thirteen runs.

Tar zone

The data of Table 4 shows no correlation be-
tween S, and either tar viscosity or thickness.
However, a fair correlation exists between 5,
and the total resistance to flow uh, as depicted
by the tar-zone data of Fig. 8.

Eventhough, the final water-saturation pro-
file in the tar zone, as determined in some runs
with long enough tar zones, displayed the usual
shape, i.e., decreasing in the direction of flow,
an ‘increase in 5, with larger values of wh, is
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Fig. 8. Effect of tar-zone viscosily-thickness product on
post-Neoding average water saturation.
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contrary to what is observed in immiscible
fluid-displacement at ordinary viscosity ra-
tios. One can only speculate thal the shape and
size gradation of the water finger{s) are a pni-
mary cause of this phenomenon.

Oil zone

The final water-saturation profile in the oil
zone at the end of run 10 is shown in Fig. 9.
The shape of this profile was found to be typi-
cal in the experiments of this study. This satu-
ration distribution is contrary to what is usu-
ally observed in regular water/oil displacement
1ests, 1.¢., the saturation decreases in the direc-
tion of flow. It can be explained by the notion
that the water finper(s) which develop within
the tar zone gradually stabilize and ultimately
disperse as they move through the oil zone.

This behaviour was reported by Perkins and
Johnston in 1969. Some of their data indi-
cated that viscous fingers which formed at the
entrance of a glass-bead pack tended to dis-
perse and deteriorate into a zone of graded sat-
uralion as they moved through the pack. Sim-
ilar results were reported for Berea sandstone
from interpretations of X-ray shadowgraphs.

The dispersion of fingers suggests that cap-

=
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Fracting of todal length

B 80 100

Fig. 9. Post-flooding water saturation profibe in the oil-
zonc, rum 1L

Ea. ABU-EHAMSIN, ML AYLUH ET AL

illary forces may oppose the development of
fingers and may dampen their propagation in
strongly water-wet porous media. It also indi-
cates restabilization of the displacement once
the oil /water viscosity ratio 15 brought down
to normal levels. Because of the nature of the
porous media used in this study, strongly
water-wet Berea sandstone, the wettability
plays a role opposite to the viscosity effect. It
is expected that since the viscosity ratio inves-
tigated 15 very large, the effect of change of
wettability will be minimal compared 1o the
viscosity effect.

The above arguments provide an explana-
tion for the variation in the posi-flooding av-
erage water-saturation in the oil zone, §,.,, with
tar-zone properties. Since a higher resistance
leads to fewer lingers, the final volume of these
fingers after they disperse in the oil zone will
be smaller. Thus, 5, decreases with increase
in gh,. Except for a few outliers, most of the
oil-zone data points of Fig. 8 confirm this
trend.

Oil recovery

A typical history of oil recovery (% QOIP)
versus volume of brine injected (OZPV), Q..
is shown in Fig. 10. All runs displayed similar
trends for oil recovery differing only in mag-
nitude. The final oil-recovery for cach of the
thirteen runs is listed in Table 4 as well as the
values of (), corresponding to these recover-
1es. It should be pointed out that the break-
through recovery is almost equal to the final
recovery and a negligible amount of oil was
produced alter breakthrough in all runs.,

Two interesting findings are made from the
data of Table 4. First, since the final recovery
i5 equal to the breakthrough recovery, this in-
dicates piston-like displacement within the
contacted pore-space of the o1l zone. It also in-
dicates that the water-saturation profile in the
oil zone does not change bevond break-
through. The second finding is that (., at the
Ninal recovery varies over a small range with
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Fig. 11. Eflect of tar-zone viscosity-thickness product on
final oil recovery.

an average of 0.58 and standard deviation of
0.06. It can be concluded that an approximate
average value @,,=0.58 is required to get the
maximum oil-recovery from this type of
Nooding experiments. As with 8. the final re-
covery displayed a slight decrease with in-
crease in gi.h, as shown in Fig. 11.
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Dynamic behaviour of the tar phase

Tar mavement

All of the runs displayed a significant tar
movement. Under water encroachment, the tar
always invaded the oil zone as could be clearly
detected by core inspection after flooding. The
relative movement depended naturally on the
tar-phase viscosity and thickness. The total
advance of the tar/oil interface, as a fraction
of the original tar zone thickness, varied be-
tween 0.4 and 0.6.

The tar/oil interface maintained its dis-
tinct, planar shape but with a slight reduction
in the colour contrast between the two fluids.
This indicated near total displacement of oil
by tar with a small degree of mixing. This is in
contrast with displacement of tar by water at
the upstream end of the tar zone which was
dominated by viscous fingers. Before water
breakthrough, only oil was produced from the
core holder, and tar was never produced at any
phase of the experiments.

Effective permeability to water

Since the viscosity of oil is negligible com-
parced to that of the tar, the bulk of the overall
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pressure-drop across the composite core look
place within the tar zone. Hence, the effective
permeability to water in the tar zone, K, can
be computed assuming a uniform water satu-
ration in the tar zone. This simphiying as-
sumption is warranied given the relatively
small thickness of the tar zone.

In Fig. 12, K.,, measured at the end of
flooding, is plotted versus jh, for all runs. The
figure reveals much sensitivity of K., to gh, at
low values of this parameter. Non-linear
regression analysis of the data of Fig. 12 pro-
duced the following best fit:

Ko =27.09=2.225 In pi, h, {2)

Conclusions

The results and theoretical discussions pre-
sented in this study lead to the following
conclusions:

(1) Pressure behaviour, average water sat-
uration both in the tar and oil zones, and oil
recovery indicate the development of viscous
fingers.

(2) The size of the water finger(s) in the oil
zone increases towards the outlet, This phe-
nomenon was deduced from water-saturation
profiles in the oil zone.

{3) Reduction in oil recovery against total
resistance to flow is not significant.

{4) Average water saturation increases in the
tar zone with total resistance to flow.

{5) The mechanism by which the water in-
vades the tar zone displaved the same charac-
teristics for all tar viscosities and thicknesses.

{6) The effective permeability to water in
the tar zone decreases with increase in total re-
sistance to flow, and shows rapid dechne at low
values of uh,.
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MNotations

k, tar zone hickness (em )

[ 4 elfeciive permeability 10 water in lar zone
{mL¥)

OHOIP original il in place [cm®)

DErY oil zone pore volume {em®)

2. maximurm pressre (kPa)

[ volume of brine injected, oil-zone pore wolumes

O volume of bring inpecied, tar-zone pore volumes

i oil recovery, fraction of CROTP

B gverage waler saluration, percent or fraction

o average water saluration in the oil zone, per-
cent or fracton

L average waler saturation in the tar rone, per-
cent or fraction

T water breakthrough time {min )

T time of first il production (min )

T, time of maximum pressure {min )

TEZPY tar zone pore volume {em”)

Hy tar viscosity {mPa £)
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