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Consider a thin ring behind the flood front as follews (only a section of the ring is drawn):
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A mass balance for Section a above gives:

q, = (Queae +AQ)=0- (8.2)

Now, using Darcy's equation and rearranging we obtain

_zﬂrh.k. apal - 21'trh.k. a‘p. ( _ 4mrAr - ( _ )
Ha or |r+Ax H, or L }J-,h. + ,“lbhb Pa = Polr creeeeenns
kb

where p, and py, are the average pressures of the corrcsponding sections taken from each

section center. Taking the limit as Ar approaches zero, the following differential form of

IZq. (8.3) results.
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2 — and M, = Xa/Bs i the mobility ratio of the fluid in Section a
h, (1+M,, ) ky /1y

1]
I

where o, =

to that in Section b. If a similar procedure is carried out for Sections b and a, ¢ and d, and

d and c, the following equations can be derived:

azpb
=0 - ,
2# Pe-p)> (8.5)
d°p
._._c_=a -— ,
a;’ =P (8.6)
9°p
and —t=0,(p; - P.)>
o wPeTRS (8.7)
where o, = — 2 o % = 2 o %= 2 — and where the
h, (1+M,, E'-) h,(1+M, -;’-) h, (1+M,, )
b < 4

M's are the mobility ratios for the corresponding sections. It can be seen that the only
difference between the linear flow case and the radial flow case is the independent
displacement direction variable: x and r for the linear and radial cases, respectively.
Solving Egs. (8.4) and (8.5) simultaneously, and Eqgs. (8.6) and (8.7) simultaneously, the

following solutions result

p_(r)=c,+c2r+c3(9—‘)-sinh(rw/?n_+c4), ......... (8.8)
m

pu(r)=c, +C,r+ c,(%“--l)-sinh(r\/-rﬁ+c4), ......... (8.9)

p.(r)=c' +c, T+, (E;) -sinh(rv/n + )y (8.10)
n

and ps(r)=c'+cyr+cly (%—1)-sinh(r«f5+c'4); ...... (8.11)



where m=0, +Q, andn =0, + o,.
Thus, it can be seen that when crossflow exists in a two-layer system, the pressure

distribution is similar for both linear and radial systems, dc_ ading on the boundary

conditions.

The unconsolidated sand model used in Barnes' study3 was orie-eighth of a five-spot well
pattern under bottom-water conditions. His visual model experiments showed that when
the viscosity of the injected water was increased, crossflow ahead of the flood front
increased. The crossflow equaticus can be used to study this phenomenon mathematically.
Because the radial flow boundary conditions for a five-spot well pattern are not clearly
defined, an approximation suggested by Rapoport and Leas*® was used to study the
crossflow effect. By replacing the actual quadrant by a linear section of equivalent area, the
crossflows behind and ahead of the flood front were plotted for both water and viscous
water injection in Fig. 8.4. For a waterflood using a low viscosity viscous water (i, =
2.45 mPa.s), oil crossflow into the bottom-water zone ahead of the flood front is 13% of
the injected water at X¢ = 0, whereas a value of 100% is obtained when viscous water (i,
= 20 mPa.s) was used. Both of these values were calculated using Eq. (4.13) at X; =0,
using Barnes' experimental data (Fig. 8.4). When viscous water was used in Barnes'
study, a much larger amount of crossflow was observed. Notice that while crossflow
ahead of the flood front increased substantially when viscous water was used, crossflow
behind the flood front remained unchanged (Fig. 8.4). This is true only if the same water
viscosity was used for both the oil and water zones bel.!~.1 the flood front. However, in a
real situation, the large oil bank formed by the injection of viscous water reduces the
mobility of water in the bottom-water zone, which improves water displacement in the oi}
zone. Thus, a higher oil rate was observed in Barnes' experiments when using a viscous

water for flood.
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Fig. 8.4: Crossflow as a Function of the Flood Front Position when Waterflooding the
Oil Zone in a Linear Equivalent Five-spot Model Used by Barnes®,



8.1.3 The Region of Crossflow

As mentioned in the previous section, crossflow takes place mostly around the injeciion

well; in this section, a mathematical view of the crossflow region is presented.

As can be seen from the previous crossflow figures, crossflow ahead of the flood front

starts at a finite value and reaches a minimum at X; = 1, while crossflow behind the flood
front starts at zero and reaches 2 maximum at X = 1. Notice that both crossflows ahead of
and behind the flood front are almost invariant after the flood front reaches approximately
0.1 of the model length (Figs. 8.2a, 8.2b, and 8.2¢c). In other words, crossflow takes
place only near the injection well. Now, to exarine how far away from the injection point
the crossflow achieves 90% of its minimum or maximum value, solve for x from the

crossflow Egs. (4.12) and (4.13):

_ qcle=x _ 1—cosh(xvn =)

0.1= B———— e (8.12)
qcle=0 1-cosh(vn)
for crossflow ahead of the flood front, and
Qely;=x _ coshxvim — Vi) - cosh(+m)
0.9= = e (8.13)
qcle=1 i —cosh(v/m)
for crossflow behind the flood front.
Solving Eqgs. (8.12) and (8.13) for x,
-1 .
X| ahead = Vn —cosh (0'3%' 0l-cosht¥n) (8.14)

for crossflow ahead of the flood front, and

— cosh™! ,
xlbehind=‘/;n— cosh (03%0'1 cosh(m) (8.15)
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for crossflow behind the flood front.

2 _ 2
2 hb + az - 2 h. »
ha (1+M.b F‘) hb (1+Mb. g")

2 b

Recall that m =&, + &, and n = o, + a,, where ¢, =

_ 2 .- 2
= U
h:(l+M“,-:—") hd(1+Mdch—°)

d

a, . As an illustration, the data from Run 7 is
used: hy, = 5.715 cm, hy, = 1.905 cm, W, = 63 mP: s, p, = 1 mPass, kyy,, = 13.4 pm?, k,,
= 18.0 and ko = 3.5 pm?, which give n = 631.567 and m = 910.533. Substituting n and
m into Eqgs. (8.14) and (8.15) respectively, regions of crossflow ahead of and behind the
flood front are determined. For crossflow ahead of the flood front, 90% of the initial
crossflow was dissipated when flood front reached 9.2% of the model length. For
crossflow hehind the flood front, 90% of the maximum crossflow was attained when the
flood front reached 7.6% of the model length. Thus, from an engineering viewpoint,
under the bottom-water conditions studied, crossflow is no longer a function of the flood

front position once it is beyond 10% of the model length.

It should be noted that the regions of crossflow obtained from Egs. (8.1 ; and (8.15) are
independent of flow rate. Thus, increasing the injection rate does not affect the crossflow
regions. In other words, crossflow is not a function of injection rate as was concluded by
1 ambeth and Dawe>* experimentally (i.e., the ratio of q, to Qip; is not a function of the
qi,,j). Furthermore, Egs. (8.14) and (8.15) are also independent of rhe injection interval, as
confirmed by Runs 7, 12 and 20. In short, it can be concluded that crossflow under
bottom-water conditions takes place near the injection end; « - . the water front passes
beyond the regions calculated by Eqs. (8.14) and (8.15), a linear flow regime can be

assumed approximately in the individual layers.



8.2 Emulsion Flooding Under Bottom-Water Conditions

8.2.1 Effect of Slug Size on Qil Recovery in the Emuision-Slug Process
The effect of the emulsion slug size on the Emulsion-Slug Process was examined in Runs 3
to 6 for an emulsion with 0.4% surfactant concentration; the emulsion slug size in these
runs was varied from 0.5 PV, to 2 PV,,.. The remaining emulsion slug runs utilized a

constant slug size of 1.0 PVy,,.

The results of Runs 3 to 6 show that for the particular surfactant concentration used, i.e.
0.4%, emulsion has an adverse effect on recovery even for a homegeneous porous
medium. Figure 8.5 compares cumulative oil recovery from a hc—ogeneous pack for
emulsions of different surfactant concentrations as displacing fluids. It can be seen that the
emulsion with 0.4% surfactant concentration had the lowest volumetric sweep efficiency:
an ultimate oil recovery of 43.4% IOIP as compared to 59.5% IOIP for the waterflood run.
On the other hand, from the bottom-water runs, it appears that an emulsion slug first
invades the oil zone. If the slug is small, it just blocks the oil zone. Water injected after the
emulsion slug thus channels even more readily into the bottom-water than in the absence of
the emulsion slug. This is evident when the results of Runs 3 and 7 are compared. In Run
3, a small emulsion slug of 0.5 PV, was injected at the beginning of the run. Because of
this small slug size, only 20% IOIP of oil was recovered. On the other hand, in Run 7,

waterflood alone gave an ultirnate oil recovery of 50.1% IOIP.

If the erwilsion slug size is increased, part of the slug starts to block the bottom-water zone,
so that some of the water injected is subsequently forced to flow in the oil zone. Thus, as
the emulsion slug size increases, recovery increases also. Based on the experiments

conducted, an emulsion slug size of 0.5 PVy,, in Run 3 gave an ul’xnate oil recovery of
20% IOIP; as the slug size was increased to (.75 PVy,, in Run 6, and 1.0 PV, in Run 4,

the ultimate oil recovery increased to 25.1% and 23.3% IOIP, respectively.

S8
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Though recovery increases as the emulsion slug size increases, it appears that once the slug

size reached 1.0 PV, further injection of emulsion or water would lead to flow through
the bottom-water zone only. Thus, recovery remains unchanged regardless of the emulsion
slug size thereafter. The emulsion slug size in Runs 4 and 5 was 1 and 2 PV,,, respectively,

but the recovery for the two differed by less than 1% IOIP.

Thus, based on the results of these experiments, it can be said that when an emulsion has
an adverse effect on oil recovery in a homogeneous pack (reservoir), the effect becomes
more pronounced under bottom-water conditions.

8.2.2 Effect of Surfactant Concentration of the Emuision Slug on Oil

Recovery

In this study, three different surfactant concentrations were used to prepare stable
emulsions as mobility control or blocking agents. It was found that the surfactant
concentration of the emulsion plays an important role in oil recovery. I appears that when
emulsion is injected into a homogeneous pack, the lower the surfactant concentration in the
emulsion, the higher the oil recovery. Of course, it is understood that the surfactant
concentraticn is high enough to ensure emulsion stability. This can be seen readily from
Fig. 8.5 for emulsions with different surfactant concentrations injected into a homogeneous
pack in Runs 21, 22 and 23. Run 7, the base waterflood, is also plotted in Fig. 8.5 for
comparison. From this figure, it can be seen that the emulsion with 0.4% surfactant
concentration gave the lowest oil recovery of 43.4% IOIP, compared to the waterfloo?
recovery of 59.5% IOIP in Run 7. When the surfactant concentration was lowered by a
factor of 10, to 0.04%, the oil rate after breakthrough was higher than that for the
waterflood in Run 7; however, a similar uitimate oil recovery of 59.2% IOIP was obtained.
When the surfactant concentration of the injected emulsion was lowered to 0.016%, a
significant improvement over the waterflood was observed in both the oil production rate

and the ultimate oil recovery: an ultimate oil recovery of 71.5% IOIP was obtained.



The effect of surfactant concentration of the emulsion slug on recovery is more apparent for
all methods used under bottom-water conditions. Figures 8.2 to 8.3 show the effect of
surfactant concentration on cumulative recovery, under bottom-watzr «..:nditions, for ESP,
AWE process, and DBP. From the figures, except for the initial proci:ction of the ESP, all
three methods showed an increase in the oil rate and the ultimate oil recovery with a
decrease in surfactant concentration.

8.2.3 Effect of Injection Strategies on Recovery Under Bottom-Water

Conditions

8.2.3.1 Differences Between the Dynamic-Blocking Procedure (DBP) and
Conventional Watzrflooding

To elaborate on the differences between a corventional waterflood (with or without the help
of a blocking agent) and the DBP injection strategies, the term "single-fluid" and
"simultaneous fluids" injection are used for conventional waterflooding and the DBP

strategies, respectively. The following sections describe the two strategies individually.

8.2.3.1.1 Conventional Waterflocding

This section covers the single-fluid blocking strategy. Basically, the single-fluid blocking
process consists of two distinct modes: blocking and displacing. At any given stage of the
process, only one fluid is injected into the model. In an ideal situation, it is desired for the
blocking mode to take place in the bottom-water zone, and the displacing mode to take
place in the oil zone. Because only one fluid is injected at a time, the two modes operate
over different time intevals. Thus, when the displacing mode is active, the blocking action
inside the model is not controllable from outside the model. 1 the ESP and the AWE
process, the single fluid blocking method was used, which relies on a blocking agent to
modify the flow path. That is, there is only one main flow path from the injection well to
the producti n well. Initially, the main flow path is through the bottom-water zone. Thus,
by injecting a blocking agent into the bottom-water zone, the main flow path switches to the

oil zone. To illustrate this concept of single fluid blocking, consider the following diagram:
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Displacing . -
Fluid B Oil Zone

Bottom Water Zone

Blocking
Agent

The shaded area represents the blocking agent. From this diagram, it is clear that the
blocking process depends very much on the properties of the blocking agent; that is, if the
permeability reduction due to the blocking agent is large, a high pressure gradient would be
needed for any flow, and most of the injected fluid would then travel along the path shown
above. However, if the blocking agent is unable to reduce the permeability of the bottom-
water zone such that the main flow path is in the oil zone, it would deteriorate by dilution

due to the injected fluid and the main flow path would be as shown below:

Displacing -
Fluid ARARN Oil Zone
- Bottom Water Zone

Several points should be noted when using the single-fluid blocking method where a single
fluid is injected at a time: 1) The changeover of path from the so-called 'undesirable’ to the
'desirable’ path is not well-defined. Usually the change from one path to another is
gradual. Thus, it is difficult to decide when to inject the blocking agent and when to inject
the displacing fluid, water or mobility control agent. (Notice that the terms mobility control
agent and blocking agent are somewhat different. Though they can be the same chemical,
mobility control is used to displace the oil in such a way that the mobility ratio is
favourable. A blocking ageat is used to lower the permeability of a layer in such a way that
the main flow is redirected). 2) It is obvious that the groater the permeability reduction in
the bottom-water zone, the more efficient the displacement process will be in the oil zone.
However. if the permeability reduction due to the blocking agent is too large, it will be

difficult to inject the blocking agent at the desired location, since the injection of a blocking
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agent would divert the flow path as injection continues. On the other hand, if the
permeability reduction is small, the blocking process may not be effective. 3) The
blocking process is passive in that the perineability reduction depends solely on the
properties of the blocking agent. Thus, if the injected fluid generates a large enough
rressure gradient such that it can penetrate through (or displace) the blocking ageat, then

the blocking agent would no longer be effective.

In the last diagram, additional blocking agent is required to replace the previously injected
blocking agent so that the unswept oil may be recovered. To do this, the injected blocking
agent must travel from the injection well to the shaded area above. From item (2) above, it
can be seen that it is physically impossible to block off the desired location without

blocking the other region, the oil zone in this case.

8.2.3.1.2 Dynamic-Blocking Procedure
In the following, the Dynamic-Blocking Procedure (DBP) is described. The term

simultaneous injection is also used to refer to this process.

In the single-fluid blocking method, the blocking of flow in the bottom-water layer requires
a stable material that inhibits flow into this layer. In the DBP method, however, 'blocking'
requires the generation of a pressure in the bottom-water layer such that there is no vertical
pressure gradient between the oil and the water layers. Under such conditions, no blocking
is necessary, since the fluid injected into the oil layer will not migrate into the bottom-water
zone. This is accomplished by injecting displacing and blocking fluids into the
corresponding layers simultaneously. The Dynamic-Blocking Procedure consists of two
modes: disptacing and blocking. The main difference from the previous process is that the
two modes are operating simultaneously, and because of this, a better control of the

displacement process is obtained. That is, during the displacement in the oil zone, the
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blocking process is externally controllable. In other words, the blocking process is active

while displacing the oil. Consider the following situation,

S oil

where the broken line represents the generation of a pressure distribution identical to that in
the path above. When this happens, all of the fluid displacing the oil would be confined to
the oil zone. Because this "blocking" pressure distribution can be monitored during the

displacement, this blocking method is said to be dynamic.

Although use of the simultaneous injection method ir. the field would require a dual
injection system, this method is preferred to the single-fluid injection for two reasons.
First, the permeability reduction can be monitored as required. This aspect is rather
important because the permeability redvction requirement is usually not invariant during oil
displacement: a greater permeability reduction is required initially for a faster oil rate
response. This is important because the oil rate is extremely low initially in waterflocding
reservoirs with contiguous bottom-water zones. Also, the amount of permeability
reduction needed is not constant along the oil-displacement nath: the crossflow along the
porous medium is not constant (i.e., it is a function of the horizontal position). In the
single-fluid blocking method, permeability reduction is basically constant within the region
occupied by the blocking agent, and if a certain reduction near the injection well is
achieved, the region far away would have the same reduction, which may or may not e
adequate. Therefore, in using the single-fluid blocking method, permeability reduction
away from the injection well should be adequate to insure a high displacement efficiency,
which is not practical in most instances2. On the other hand, in the dynamic-blocking
method, permeability reduction is variable along the displacement path, as needed, to

minimize crossflow.
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Another advantage of the dynamic blocking method is that it is a more cost-effective way of
flooding than the single fluid blocking method. With both displacing; fluid and blocking
agent acting at the same time, it is possible to improve (i.e. lower) the mobility ratio in the

oil zone. Thus, this process is much more effective than water displacing oil in the single

fluid blocking method.

X
Mobility Control o
Agent | Oil Zone ——
—ir- Bottom Water Zone —_———
Blocking Agent -
w

In contrast, in the conventional method, the use of a mobility agent together with a blocking
agent is quite difficult. This is due to the passive nature of the method. Consider the
following:

Displacing
Fluid

Oil Zone
Bottom Water Zone

Blocking
Agent

If a mobility control agent is used instead of water as the displacing fluid, it would generate
a higher pressure gradient than in the case of water. This implies that the blocking agent
would have to reduce the permeability more than in the case of water to compensate for this
higher pressure gradient need; otherwise, the mobility control agent would go to the

bottom-water instead, which defeats its purpose.
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8.2.3.2 Experimental Results for the Injection Strategies

In this study, emulsions were used as blocking agents to lower the water mobility in the
bottom-water zone. Thus, given the same volume of the emulsion slug, the more emulsion
injected into the bottom-water zone, the greater the blocking effect. Three injection
methods were used to inject the emulsions into the bottom-water zone: these were ESP, the
AWE process and DBP. The operating procedures for these processes were described in

the previous sections.

Figures 8.9 to 8.11 show the effect of injection strategies on cumulative oil recovery for
three different emulsions used. For the lower surfactant concentration (0.016% and
0.04%)'emulsions, cumulative oil recovery shows that the DBP injection method followed
by the AWE process resulted in higher recovery than the Emulsion-Slug Process.
However, the opposite trend was obtained for the higher surfactant concentration, 0.4%,
emulsion; i.e., the ESP showed the highest recovery and the DBP showed the lowest
recovery among the injection methods. Recall that the 0.4% surfactant concentration
emulsion adversely affected the recovery whereas the lower surfactant concentration
emulsions improved recovery in a homogeneous model (see Fig. 8.5). From the bottom-
water experiments, it appears that under bottom-water conditions, the DBP and AWE
processes yield higher recovery compared to ESP for 0.04% and 0.016% surfactant
concentration emulsions, while for the 0.4% surfactant concentration emulsion, the

performance of DBP and AWE processes is inferior to that of ESP.

The improved recovery for the AWE process and DBP can be interpreted as a more
effective blocking process in the bottom-water zone because more emulsion is injected into
the zone. However, the same reasoning apparently did not apply to the higher surfactant
concentration, 0.4%, emulsion. One possible explanation is as follows. Consider the case
of the DBP injection method. Note that the effect of the AWE process lies between ESP

and DBP, because if the slug size in the AWE process increases, the limit would be a single
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slug injection, i.e. the ESP. On the other hand, if the slug size in the AWE process
decreases to be infinitesimally small, in the limit it will be equivalent to injecting two fluids

simultaneously, i.e., DBP.

Water
o — a Qil Zone
mulsion Bottom Water Zone

When the injected emulsion crossflow is upwards from the bottom-water zone to the oil
zone, the waterflood in the oil zone, Zone a, is disrupted. Since the flow of emulsion into
Zone a is vertical and the flow of water in Zone a is horizontal, the result is nonlinear flow
as shown. Thus, with the crossflow effect, which leads to nonlinear flow in the oil zone, it
is believed that oil recovery by the DBP and AWE processes was less than that by ESP. Of
course, the above effect applies to the lower surfactant concentration emulsions also;
however, only this high surfactant concentration, 0.4%, emulsior s!:-wed an adverse
effect on oil recovery from a homogeneous reservoir (Fig. 8.5). The mechanism is
complex, and involves mobility ratio and interphase and intraphase transfer of the

surfactant.



9. CONCLUSIONS

The present research examined waterflooding when a communicating water zone is present

below the oil zone. A simple mathematical model was developed to estimate crossflow of

fluids under such conditions. In this study, the effect of different injection strategies for an

emnlsion slug was examined. Based on the mathematical model and the results of

experiments in a physical model, the following conclusions are reached:

1)

2)

3)

4)

5)

6)

7

Under bottom-water conditions, the amount of water channelling into the bottom-water
zone can be estimated from Egs. (4.12) and (4.13).

In a two-layer reservoir, crossflow takes place near the injection end. The regions of
crossflow can be estimated from Egs. (8.14) and (8.15).

Under bottom-water conditions, waterflood volumetric swesp efficiency is independent
of the point of injection.

The amount of crossflow ahead of the flood front increases as the viscosity of the
injected fluid increases in a two-layer reservoir.

For 10% quality oil-in-water stable emulsion slug .njection, the lower the surfactant
concentration, the higher the recovery for b homogeneous and bottom-water
conditions cases.

Under bottom-water conditions, the DBP a::1 AWE processes yield higher recovery
compared to ESP for 0.04% and 0.016% -.irfactant concentration emulsions, while for
the 0.4% surfactant concentrat:»z ¢w:ision, the performance of DBP and AWE
processes is inferior to that of ESP.

The predictions based upon the cressflow equations derived in this work were in good
agreement with the experimental resuits obtained in this work, as well as in previous

studies.

14
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Table A.1

PRODUCTION HISTORY FOR RUN 1

Porosity, 8 = 37.1%
Kyps = 23.7 um?
kwor =35 um2
Ky = 16.5 um?
I0IP = 1612 ml
S, = 0.934
Sample  Sample  Oil Vol,  Qil Cut, Fluid Inj. WOR Cum Oil
No. Vol, ml % Prod., Press, Rec.,
ml HCPV kPa % 101IP
1 100 100.0 100.0 0.062 124.02 0.0 6.20
2 100 106.0 100.0 0.124 108.52 0.0 12.41
3 100 100.0 100.0 0.186 97.15 0.0 18.61
4 100 100.0 100.0 0.248 91.29 0.0 24.81
5 100 100.0 100.0 0.310 79.92 0.0 31.02
6 100 100.0 100.0 0.372 66.14 0.0 37.22
7 100 79.0 79.0 0.434 61.67 0.3 42.12
8 100 31.5 31.5 0.496 60.29 2.2 44.08
9 100 220 22.0 0.558 56.50 3.5 45.44
10 100 21.0 21.0 0.620 52.02 3.8 46.74
11 100 17.5 17.5 0.682 48.23 4.7 47.83
12 104 16.5 15.8 0.747 44.78 5.3 48.85
13 107 15.0 14.0 0.814 44.10 6.1 49.78
14 100 12.0 12.0 0.876 44.10 7.3 50.53
15 100 11.0 11.0 0.938 43.75 8.1 51.21
16 100 11.0 11.0 1.000 42.37 8.1 51.89
17 100 11.0 11.0 1.062 40.65 8.1 52.57
18 100 11.0 11. 1.124 38.58 8.1 53.26
19 100 11.0 11.0 1.186 37.89 8.1 53.94
20 100 10.5 10.5 1.248 36.86 8.5 54.59
2] 100 10.0 10.0 1.310 36.86 9.0 55.21
22 100 9.0 9.0 1.372 36.52 10.1 55.71
23 100 8.0 8.0 1.434 35.83 11.5 56.27
24 100 8.0 8.0 1.496 34.79 11.5 56.76
25 100 1.5 1.5 1.558 33.76 123 57.23
26 100 7.0 7.0 1.620 33.07 13.3 57.66
27 100 6.5 6.5 1.682 29.63 14.4 58.06
28 500 23.0 4.6 1.992 17.22 20.7 59.49
29 1000 30.0 3.0 2.613 9.99 323 61.35
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Table A.2
PRODUCTION HISTORY FOR RUN 2

Porosity, ¢ = 37.1%

l\abs = 23.7 um
k\\'or = 3.5 p.mz
Koy = 16.5 um?
IOIP = 1612 mi
Sy = 0934
Sample Sample  Oil Vol, Qil Cut, Fluid Inj. WOR Cum QOil
No. Vol, ml % Prod., Press, Rec.,
ml HCPV kPa % 10IP
1 100 100.0 100.0 0.062 173.97 0.0 6.20
2 100 100.0 100.0 0.124 141.24 0.0 12.41
3 100 100.0 100.0 0.186 119.20 0.0 18.61
4 100 100.0 100.0 0.248 101.97 0.0 24.81
5 100 100.0 100.0 0.310 87.85 0.0 31.02
6 100 86.0 86.0 0.372 72.69 0.2 36.35
7 100 58.0 58.0 0.434 59.94 0.7 39.95
8 100 41.0 41.0 0.496 59.25 14 42.49
9 100 30.0 30.0 0.558 58.56 2.3 4435
10 100 240 24.0 0.620 53.40 3.2 45.84
11 100 21.0 21.0 0.682 48.57 3.8 47.15
12 100 19.0 19.0 0.744 45.13 4.3 48.33
13 100 17.0 17.0 0.806 44.78 49 49.38
14 101 16.0 15.8 0.869 44 .44 5.3 50.37
15 100 14.5 14.5 0.931 42.37 5.9 51.27
16 100 13.0 13.0 0.993 39.96 6.7 52.08
17 100 12.0 12.0 1.056 35.14 7.3 52.82
18 100 11.0 11.0 1.118 34.45 8.1 53.50
19 100 10.0 10.0 1.180 33.76 9.0 54.13
20 100 10.0 10.0 1.242 32.73 9.0 54.75
21 100 9.5 9.5 1.304 31.69 9.5 55.33
22 100 8.0 8.0 1.366 31.00 115 55.83
23 500 350 7.0 1.676 30.66 13.3 58.00
24 500 30.0 6.0 1.986 29.28 15.7 59.86
25 1000 42,0 4.2 2.606 2411 22.8 62.47
26 500 220 4.4 2917 14.81 21.7 63.83




Table A.3
PRODUCTION HISTORY FOR RUN 3

Porosity, 8 = 36.9%
Ky = 21.4 um?
Kowy = 16.0 um?
IOIP = 1200 ml
S, = 0.932
Emulsion Slug Size = 0.50PVy,

Sample  Sample  Qil Vol,  Oil Cut, Fluid Inj. WOR Cum Oil

No. Vol, ml % Prod., Press, Rec., .
ml HCPV kPa % 101P

1 100 27.0 27.0 0.083 33.76 2.7 2.25
2 100 14.5 14.5 0.167 42.37 5.9 3.46
3 100 15.0 15.0 0.250 49.95 5.7 4,71
4 100 45.0 45.0 0.333 42.72 1.2 8.46
5 100 61.5 61.5 0.417 38.24 0.5 13.58
6 100 39.0 39.0 0.500 27.22 1.6 16.83
7 100 18.0 18.0 0.583 22.74 4.6 18.33
8 100 7.0 7.0 0.667 22.39 13.0 18.92
9 100 5.0 5.0 0.750 21.70 19.0 19.33
10 500 3.0 1.6 1.167 21.36 62.0 20.00
11 1000 15.0 1.5 2.000 21.01 66.0 21.25
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Table A.4
PRODUCTION HISTORY FOR RUN 4

Porosity, o = 36.8%

k. = 18.7 um?
b:

Ko = 17.2 ym?

10IP = 1200 ml
S . = 0.935

Emulsion Sﬁlxg Size = 1.00PV,,

Sample  Sample  Oil Vol,  QOil Cut, Fluid Inj. WOR Cum Oil
No. Vol, ml % Prod., Press, Rec.,
ml HCPV kPa % 101P

1 100 315 37.5 0.083 34.11 1.7 3.12
2 100 14.0 14.0 0.167 44 .44 6.1 4.29
3 100 13.0 13.0 0.250 57.88 6.7 5.37
4 100 35.0 35.0 0.333 58.56 1.9 8.29
5 100 62.5 62.5 0.417 50.30 0.6 13.50
6 100 58.0 58.0 0.500 42.03 0.7 18.33
7 100 320 320 0.583 38.93 2.1 21.00
8 100 10.0 10.0 0.667 32.38 9.0 21.83
9 100 5.0 5.0 0.750 32.04 19.0 22.25
10 300 12.0 4.0 1.000 31.69 24.0 23.25
11 200 4.0 2.0 1.167 31.69 49.0 23.58
12 1000 10.0 1.0 2.000 31.00 99.0 24.42
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Table A.5
PRODUCTION HISTORY FOR RUN 5

Porosity, ¢ = 37.0%
Kps = 21.9 um?
Koy = 18.6 um?
I0IP = 1200 ml
S, = 0.930
Emulsion Slug Size = 2.00PV

Sample  Sample  Oil Vol,  Oil Cut, Fluid Inj. WOR Cum Qil
No. Vol, ml % Prod., Press, Rec.,
ml HCPV kPa % 101P

1 100 62.0 62.0 0.083 20.67 0.6 5.17

2 100 315 31.5 0.167 30.32 2.2 7.79
3 100 25.5 25.5 0.250 30.66 2.9 9.92
4 100 21.5 21.5 0.333 31.69 3.6 11.71
5 100 20.5 20.5 0.417 31.69 3.9 13.42
6 100 35.0 35.0 0.500 28.59 1.9 16.33
7 100 35.0 35.0 0.583 27.22 1.9 19.25
8 100 24.0 24.0 0.667 26.18 3.2 21.25
9 100 10.0 10.0 0.750 21.70 9.0 22.08
10 100 3.5 3.5 0.833 21.01 21.6 22.37
11 100 3.0 3.0 0.917 20.67 323 22.62
12 100 2.5 2.5 1.000 19.98 39.0 22.83
13 100 2.5 2.5 1.083 18.95 39.0 23.04
14 100 2.0 2.0 1.167 18.26 49.0 23.21
15 1000 10.0 1.0 2.000 17.91 99.0 24.04
16 1000 10.0 1.0 2.833 16.54 99.0 24.87




Table A.6

PRODUCTION HISTORY FOR RUN 6

Porosity, ¢ = 37.9%
ke = 18.0 um

Koy, = 16.1 um?
IOIP = 1200 m
Sy = 0.930

Emulsion Slug Size = 0.75PV,

Sample  Sample  Oil Vol, Oil Cut, Fluid Inj. WOR Cum Qil
No. Vol, ml % Prod., Press, Rec..
ml HCPV kPa % IO1IP

1 100 58.0 58.0 0.083 30.66 0.7 4.83

2 100 34.0 340 0.167 38.24 1.9 1.67
3 100 30.0 30.0 0.250 37.89 2.3 10.17
4 100 37.0 37.0 0.333 41.00 1.7 13.25
5 100 57.0 57.0 0.417 37.55 0.8 18.00
6 100 41.0 41.0 0.500 36.17 1.4 21.42
7 100 23.0 230 0.583 33.76 3.3 23.33
8 100 11.0 11.0 0.667 29.28 8.1 24.25
9 100 6.0 6.0 0.750 25.84 15.7 24.75
10 100 4.0 4.0 0.833 25.49 24.0 25.08
11 100 3.0 3.0 0.917 25.15 323 25.33
12 100 2.0 2.0 1.000 24.80 49.0 25.50
13 500 10.0 2.0 1.417 24.11 49.0 26.33
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Table A7
PRODUCTION HISTORY FOR RUN 7

Porosity, ¢ = 36.0%

K,p = 18.0 um?
Koy = 13.4 um?
IOIP = 1163 ml
Sq = 0.926
Sample  Sample  Oil Vol, Ol Cut, Fluid Inj. WOR Cum Oil
No. Vol, ml % Prod., Press, Rec.,
ml HCPV kPa % 10IP
1 50 26.0 52.0 0.043 27.56 0.9 2.2
2 55 14.0 25.4 0.090 26.87 29 3.44
3 50 10.0 20.0 0.133 26.18 4.0 4.30
4 53 11.0 20.7 0.179 27.22 3.8 5.25
5 50 10.0 20.0 0.222 28.59 4.0 6.10
6 50 10.0 20.0 0.265 30.32 4.0 6.96
7 100 220 22.0 0.351 30.66 3.5 8.86
8 100 26.0 26.0 0.437 31.69 2.8 11.09
9 100 28.0 28.0 0.523 31.35 2.6 13.50
10 100 31.0 31.0 0.609 30.66 2.2 16.16
11 100 33.0 330 0.695 30.32 2.0 19.00
12 100 32.0 32.0 0.781 29.63 2.1 21.75
13 100 33.0 33.0 0.867 28.59 2.0 24.59
14 100 33.0 33.0 0.953 27.56 2.0 27.43
15 100 35.0 35.0 1.039 26.53 1.9 30.44
16 100 37.0 370 1.125 25.15 1.7 33.62
17 100 35.0 35.0 1.211 24.46 19 36.63
18 100 30.0 30.0 1.297 22.05 23 39.21
19 100 20.0 20.0 1.383 20.67 4.0 4093
20 100 16.5 16.5 1.469 18.60 5.1 42,35
21 100 15.0 15.0 1.555 17.91 5.7 43,64
22 100 15.0 15.0 1.641 17.23 5.7 44,93
23 100 12.0 12.0 1.727 16.19 7.3 45.96
24 80 7.0 8.7 1.795 15.16 10.4 46.56
25 101 6.0 5.9 1.882 14.12 15.8 47.08
26 140 8.5 6.1 2.003 14.12 15.5 47.81
27 100 6.0 6.0 2.089 14.12 15.7 48.32
28 100 6.0 6.0 2.174 13.78 15.7 48.84
29 100 5.0 5.0 2.260 13.78 19.0 49.27
30 100 5.0 5.0 2.346 14.12 19.0 49.70
3l 100 4.5 4.5 2.432 13.78 21.2 50.09
32 100 3.0 3.0 2.518 13.44 323 50.34
33 100 2.0 2.0 2.604 12.40 49.0 50.52
34 100 2.0 2.0 2.690 12.40 49.0 50.69
35 100 1.0 1.0 2.776 11.37 99.0 50.77
36 100 0.5 0.5 2.862 11.71 199.0 50.82
37 100 0.5 0.5 2.948 11.37 199.0 50.86
38 500 2.0 0.4 3.378 11.02 249.0 51.03
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Table A.8
PRODUCTION HISTORY FOR RUN 8

Porosity, ¢ = 35.7%
Kyps = 17.5 um?
2
Ky = 12.3 um
I0IP = 1162 ml
S, = 0.933
Emulsion Slug Size = 1.00PV,

Sample  Sample Oil Vol, Oil Cut, Fluid Inj. WOR Cum Qil
No. Vol, ml % Prod., Press, Rec.,
ml HCPV kPa % 1O1P

1 100 34.0 34.0 0.086 62.35 1.9 2.93

2 100 6.5 6.5 0.172 84.40 14.4 3.49
3 100 60.5 60.5 0.258 80.96 0.7 8.69
4 104 85.0 81.7 0.348 68.90 0.2 16.01
5 100 55.0 55.0 0.434 46.51 0.8 20.74
6 100 28.5 28.5 0.520 42.03 2.5 23.19
7 100 22.0 22.0 0.606 38.24 35 25.09
8 100 9.0 9.0 0.692 38.24 10.1 25.86
9 101 6.5 6.4 0.779 40.31 14.5 26.42
10 100 5.0 5.0 0.865 40.31 19.0 26.85
11 250 10.0 4.0 1.080 42.03 24.0 27.71
12 500 10.0 2.0 1.510 37.89 49.0 28.57
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Table 4.9
PRODUCTION HISTORY £ 38 &4 5

Porosity, @ = 36. 0%

k —185um
bs

koo = 16.1 wm?

'oxp = 1170 ml
S, = 0.932

Emnision 3iug Size = 1. OOPVb“

Sample Sample Qil Vol, G ui, Fluid inj. WOR Cum Oil
No. Vol, m! % Prod., Press, Rec.,
ml HCPV kPa % 101P
1 50 15.0 30.0 0.043 36.52 2.3 1.28
2 50 10.0 200 0.085 37.89 4.0 2.14
3 50 5.0 10.0 0.128 38.93 9.0 2.56
4 50 5.0 10.0 0.171 45.47 9.0 2.99
5 50 9.0 18.0 0.214 50.64 4.6 3.76
6 50 18.0 36.0 0.256 54.43 1.8 5.30
7 50 21.5 43.0 0.299 54.78 1.3 7.14
8 50 23.5 47.0 0.342 46.85 1.1 9.15
9 51 21.0 41.2 0.385 48.92 1.4 10.94
10 51 18.0 25.3 0.429 34.45 1.8 12.48
11 100 31.0 31.0 0.515 33.76 2.2 15.13
12 100 220 220 0.600 29.97 35 17.01
13 109 200 18.3 0.693 26.53 44 18.72
14 100 14.0 14.0 0.779 28.94 6.1 19.91
15 100 11.0 11.0 0.864 22.39 8.1 20.85
16 100 6.0 6.0 0.950 20.67 15.7 21.37
17 100 5.0 5.0 1.035 19.64 19.0 21.79
18 100 5.0 5.0 1.121 24.11 19.0 22.22
19 100 45 4.5 1.206 18.95 21.2 22.61
20 100 4.5 4.5 1.291 19.64 21.2 22.99
21 100 4.0 4.0 1.377 18.95 24.0 23.33
22 100 4.0 4.0 1.462 18.95 24.0 23.68
23 100 3.5 3.5 1.548 19.29 27.6 23.97
24 100 2.5 2.5 1.633 19.64 39.0 24.19
25 100 2.5 2.5 1.719 19.64 39.0 24.40




Table A.10
PRODUCTION HISTORY FOR RUN 10

Porosity, @ = 35.9%
Kpps = 18.5 um?

oy = 15.7 um?
IOIP = 1165 ml
S, = 0.931

Emulsion Slug Size = 1.00PV,

Sample Sample Qil Vol, Qil Cut, Fluid Inj. WOR Cum Qil
No. Vol, ml % Prod., Press, Rec.,
m! HCPV kPa % [OIP
1 39 3.5 9.0 0.033 36.17 10.1 0.30
2 70 9.5 13.6 0.094 41.34 6.4 1.12
3 96 10.5 10.9 0.176 39.96 8.1 2.02
4 72 22.5 31.2 0.238 36.17 2.2 3.95
5 76 28.0 36.8 0.303 32.73 1.7 6.35
6 97 29.0 299 0.386 29.28 2.3 8.84
7 126 26.0 20.6 0.494 25.15 38 11.07
8 128 25.0 19.5 0.604 22.05 4.1 13.22
9 132 20.0 15.2 0.718 23.43 5.6 14.94
10 104 6.0 5.8 0.807 22.05 16.3 15.45
11 182 5.0 2.7 0.963 21.70 354 15.88
12 144 - 5.5 3.8 1.087 21.70 25.2 16.35
13 104 5.0 4.8 1.176 21.36 19.8 16.78
14 93 3.0 3.2 1.256 21.36 30.0 17.04
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Table A.11
PRODUCTION HISTORY FOR RUN 11

Porosity, 9 = 37.1%

k. = 21.3 ym?
Ko = 15.9 ym?
IOIP = 1200 ml
S, = 0.927
Sample Sample  Oil Vol,  Oil Cut, Fluid Inj. WOR Cum Oil
No. Vol, ml % Prod., Press, Rec.,
ml HCPV kPa % 101P
1 70 29.0 41.4 0.058 42.03 1.4 2.42
2 50 15.0 30.0 0.100 48.57 2.3 3.67
3 50 10.0 20.0 0.142 63.73 4.0 4.50
4 S0 9.0 18.0 0.183 72.34 4.6 5.25
5 50 12.0 24.0 0.225 79.23 3.2 6.25
6 50 22.0 44.0 0.267 83.71 13 8.08
7 50 31.0 62.0 0.308 88.54 0.6 10.67
8 50 38.0 76.0 0.350 91.64 0.3 13.83
9 S0 39.0 78.0 0.392 98.53 0.2 17.08
10 50 38.0 76.0 0.433 105.97 0.3 20.25
11 100 75.0 75.0 0.517 111.27 0.3 26.50
12 100 76.0 76.0 0.600 115.06 0.3 32.83
13 100 76.0 76.0 0.683 115.06 0.3 39.17
14 100 85.0 85.0 0.767 121.26 0.2 46.25
15 250 220.0 88.0 0.975 126.78 0.1 64.58
16 500 490.0 98.0 1.392 127.46 0.0 105.42
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Table A.12
PRODUCTION HISTORY FOR RUN 12

Porosity, 0 = 36.3%
Kype = 20.0 um?

Kow, = 16.0 um?
IOIP = 1180 mi
S,, = 0.932
Sample  Sample Qil Vol, Qil Cut, Fluid Inj. WOR Cum Oil
No. Vol, mi % Prod., Press, Rec.,
ml HCPV kPa % 10IP
1 50 20.0 40.0 0.042 26.87 1.5 1.69
2 50 12.0 24.0 0.085 23.17 3.2 2N
3 50 9.0 18.0 0.127 25.84 4.6 347
4 50 8.0 16.0 0.169 25.15 5.2 4.15
S 52 9.0 17.3 0.21 28.94 4.8 4.92
6 50 9.0 18.0 0.256 28.94 4.6 5.68
7 100 20.0 20.0 0.341 2997 4.0 1.37
8 100 22.0 22.0 0.425 31.01 35 9.24
9 100 25.0 25.0 0.510 31.35 3.0 11.36
10 100 30.0 30.0 0.595 31.38 2.3 13.90
11 100 34.0 34.0 0.680 30.66 1.9 16.78
12 100 33.0 33.0 0.764 29.97 2.0 19.58
13 100 33.0 33.0 0.849 28.94 2.0 22.37
14 100 34.0 34.0 0.934 28.94 1.9 25.25
15 100 33.0 33.0 1.019 28.94 2.0 28.05
16 100 35.0 35.0 1.103 28.59 1.9 31.02
17 100 34.0 34.0 1.188 28.94 1.9 33.90
18 100 34.0 34.0 1.273 27.56 1.9 36.78
19 100 27.0 27.0 1.358 25.84 2.7 39.07
20 100 20.0 20.0 1.442 22.05 4.0 40.76
21 100 16.0 16.0 1.527 20.67 5.2 42.12
22 100 13.0 13.0 1.612 18.95 6.7 43.22
23 100 10.0 10.0 1.697 17.23 9.0 44.07
24 100 6.0 6.0 1.781 15.85 15.7 44.58
25 100 6.0 6.0 1.866 15.50 15.7 45.08
26 100 6.0 6.0 1.951 14.47 15.7 45.59
27 110 7.0 6.4 2.044 14.47 14.7 46.19
28 100 6.0 6.0 2.163 14.47 15.7 46.69
29 100 6.0 6.0 2.247 14.12 15.7 47.20
30 100 6.0 6.0 2.332 13.78 15.7 47,71
31 100 5.0 5.0 2417 13.78 19.0 43.14
32 100 4.5 4.5 2.502 13.78 21.2 48.52
3 100 3.0 3.0 2.586 13.09 323 48.77
34 100 2.5 2.5 2.671 12.75 39.0 48.98
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Table A.13
PRODUCTION HISTORY FOR RUN 13

Porosity, ¢ = 35.5%
K,ps = 18.2 um?
Koy = 13.5 um?
IOIP = 1153 ml
S,, = 0.931
Emulsion Slug Size = 1.00PV,

Sample  Sample  Oil Vol, Oil Cut, Fluid Inj. WOR Cum Oil
No. Vol, ml % Prod., Press, Rec.,
ml HCPV kPa % 10IP
1 50 17.0 34.0 0.043 32.73 1.9 1.47
2 50 9.0 18.0 0.087 30.66 4.6 2.25
3 50 2.0 4.0 0.130 33.07 24, 2.43
4 50 2.0 4.0 0.173 35.14 24.0 2.60
5 50 2.0 4.0 0.217 39.62 24.0 2.78
6 50 9.0 18.0 0.260 42.37 4.6 3.56
7 50 29.0 58.0 0.304 43.06 0.7 6.07
8 60 37.0 61.7 0.356 35.83 0.6 9.7%
9 100 61.0 61.0 0.442 30.66 0.6 14.57
10 100 59.0 59.0 0.529 25.15 0.7 19.69
11 105 45.0 42.9 0.620 22.05 1.3 23.59
12 100 31.0 31.0 0.707 20.67 2.2 26.28
13 100 27.0 270 0.794 20.33 2.7 28.62
14 100 25.0 25.0 0.880 19.64 3.0 30.79
15 100 17.0 17.0 0.967 19.29 4.9 32.26
16 100 13.0 13.0 1.054 18.95 6.7 33.39
17 42 5.0 11.9 1.090 18.60 7.4 33.82
8 100 11.0 11.0 1.177 18.60 8.1 34.78
19 244 18.0 7.4 1.389 18.26 12.6 36.34
20 510 38.0 7.5 1.831 17.91 12.4 39.64
21 500 24.0 4.8 2.265 16.88 19.8 41.72
2 500 22.0 4.4 2.698 15.50 21.7 43.63
23 500 15.0 3.0 3.132 13.78 323 4493
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Table A.14
PRODUCTION HISTORY FOR RUN 14

Porosity, 8 = 35.4%
Kyps = 17.8 um?
k.. = 13.2 ym?

owr

IOIP = 1150 ml!
S, = 0.931

Sample  Sample  Qil Vol, Oil Cut, Fluid Inj. WOR Cum Oil
No. Vol, ml % Prod., Press, . Rec.,
mi HCPV kPa % 10IP

1 50 17.0 340 0.043 29.97 1.9 1.48

2 50 15.0 30.0 0.087 29.97 23 2.78
3 50 16.0 32.0 0.130 30.32 2.1 4.17
4 50 19.0 38.0 0.174 31.00 1.6 5.83
5 S0 27.0 54.0 0.217 30.32 0.9 8.17
6 50 29.0 5 0.261 28.94 1.7 10.70
7 100 60.0 60.v 0.348 25.49 .7 15.91
8 100 67.0 67.0 0.435 22.05 0.5 21.74
9 100 60.0 60.0 0.522 18.60 0.7 26.96
10 100 37.0 37.0 0.609 16.88 1.7 30.17
11 105 23.0 219 0.700 14.12 3.6 3217
12 100 14.0 14.0 0.787 12.40 6.1 33.39
13 100 5.0 5.0 0.874 11.37 19.0 33.83
14 100 2.0 2.0 0.961 10.68 49.0 34.00

15 210 4.0 1.9 1.143 9.99 51.5 34.35
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Table A.15
PRODUCTION HISTORY FOR RUN 15

Porosity, ¢ = 35.2%
K, = 18.5 um?
Kowy = 16.7 um?
IOIP = 1150 ml
S, = 0.937
Emulsion Slug Size = 1.00PV,

Sample  Sample Qil Vol, Qil Cut, Fluid Inj. WOR Cum Qil
No. Vol, mi % Prod., Press, Rec.,
ml HCPV kPa % 10IP
1 50 22.0 44.0 0.043 33.42 1.3 1.91
2 52 12.0 23.1 0.089 37.55 3.3 2.96
3 50 9.0 18.0 0.132 40.65 4.6 3.74
4 50 8.0 16.0 0.176 41.34 5.2 4.43
5 51 10.0 19.6 0.220 43.06 4.1 5.30
6 50 20.0 40.0 0.263 4478 1.5 7.04
7 50 30.0 60.0 0.307 41.34 0.7 9.65
8 100 62.0 62.0 0.394 38.24 0.6 15.04
9 100 62.0 62.0 0.481 31.69 0.6 20.43
10 100 50.0 50.0 0.568 26.18 1.0 24.78
11 100 33.0 33.0 0.655 23.08 2.0 27.65
12 100 25.0 25.0 0.742 20.67 3.0 29.83
13 100 22.0 22.0 0.829 19.29 3.5 31.74
14 100 18.0 18.0 0.916 18.95 4.6 33.30
15 104 18.0 17.3 1.006 16.88 4.8 34.87
16 108 18.0 i6.7 1.100 15.50 5.0 36.43
17 100 16.0 16.0 1.187 13.78 5.2 37.83
18 100 14.0 14.0 1.274 13.78 6.1 39.04
19 100 12.0 12.0 1.361 13.09 7.3 40.09
20 100 11.0 11.0 1.448 12.40 8.1 41.04
21 100 10.0 10.0 1.535 12.40 9.0 41.91
22 100 8.0 8.0 1.622 11.02 11.5 42.61
23 100 8.0 8.0 1.709 11.02 11.5 43.30
24 100 7.0 7.0 1.796 10.68 13.3 4391
25 100 7.0 7.0 1.883 10.68 13.3 44.52
26 500 25.0 5.0 2.317 10.33 19.0 46.70
27 500 20.0 4.0 2.752 8.27 24.0 48.43
28 500 15.0 3.0 3.187 7.92 32.3 49.74
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Table A.16
PRODUCTION HISTORY FOR RUN 16

Porosity, ¢ = 35.7%
Kppe = 18.9 um?
& 9
Kowr = 15.9 um*
IOIP = 1155 ml
Sy = 0.928
Emulsion Slug Size = 1.00PV,

Sample  Sample  Oil Vol, Oil Cut, Fluid Inj. WOR Cum Gil
No. Vol, ml % Prod., Press, Rec.,
ml HCPV kPa % 101P

1 50 26.0 52.0 0.043 23.08 0.9 2.25

2 50 15.0 30.0 0.087 27.56 2.3 3.55

3 60 12.0 20.0 0.139 30.66 4.0 4.59

4 50 10.0 200 0.182 32.04 <0 5.45

5 50 12.0 240 0.225 34.45 3.2 6.49

6 50 28.0 56.0 0.268 33.76 0.8 8.92

7 50 31.0 62.0 0.312 32.04 0.6 11.60

8 100 62.0 62.0 0.398 28.59 0.6 16.97

9 100 58.0 58.0 0.485 24.46 0.7 21.99
10 100 54.0 540 0.571 22.74 0.9 26.67
11 100 36.0 36.0 0.658 18.60 1.8 29.78
12 100 29.0 290 0.745 15.50 24 32.29
13 100 24.0 240 0.831 14.47 3.2 34.37
14 100 210 210 0.918 13.78 3.8 36.19
15 100 20.0 20.0 1.004 14.12 4.0 37.92
16 100 16.0 16.0 1.091 13.44 5.2 39.31
17 100 15.0 15.0 1.177 14.12 5.7 40.61
18 100 13.0 13.0 1.264 14.12 6.7 41.73
19 100 12.5 12.5 1.351 13.78 7.0 42 81
20 100 17.0 17.0 1.437 11.11 49 44,29
21 100 13.5 13.5 1.524 11.37 6.4 45.45
22 100 11.0 11.0 1.610 11.02 8.1 46.41
23 100 11.0 11.0 1.697 11.02 8.1 47.36
24 100 10.0 10.0 1.784 10.33 9.0 48.23
25 100 10.0 10.0 1.870 10.33 9.0 49.09
26 100 10.0 10.0 1.957 10.33 9.0 49.96
27 500 55.0 11.0 2.390 10.33 8.1 54.72
28 500 45.0 9.0 2.823 9.65 10.1 58.61
29 500 40.0 8.0 3.255 8.61 11.5 62.08
30 500 30.0 6.0 3.688 8.27 15.7 64.68
k) 500 15.0 30 4.121 8.27 323 65.97
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Table A.17
PRODUCTION HISTORY FOR RUN 17

Porosity, ¢ = 35.6%

k,ps = 18.4 um?
b:

Koy = 14.5 um?

1O1P = 1155 ml
S, = 0.930

Emulsion Slug Size = 1.00PV,,

Sample Sample  Oil Vol,  Oil Cut, Fluid Inj. WOR Cum Qil
No. Vol, mi % Prod., Press, Rec.,
ml HCPV kPa % 101P
1 50 20.0 40.0 0.043 23.77 1.5 1.73
2 50 10.0 20.0 0.087 28.94 4.0 2.60
3 50 8.0 16.0 0.130 32.73 5.2 3.29
4 50 2.0 18.0 0.173 3445 4.6 4.07
5 50 18.0 36.0 0.216 36.52 1.8 5.63
6 50 320 64.0 0.260 35.14 0.6 8.40
7 50 31.0 62.0 0.303 32.73 0.6 11.08
8 100 62.0 62.0 0.390 31.00 0.6 16.45
9 100 63.0 63.0 0.476 25.49 0.6 21.90
10 100 438.0 48.0 0.563 20.67 1.1 26.06
11 100 32.0 32.0 0.649 18.26 2.1 28.83
12 100 27.0 27.0 0.736 17.22 2.7 31.17
13 105 25.0 23.8 0.827 15.85 3.2 33.33
14 100 20.0 20.0 0.913 15.50 40 35.05
15 101 19.0 18.8 1.001 14.12 4.3 36.71
16 100 16.0 16.0 1.087 14,12 5.2 38.10
17 100 15.0 15.0 1.174 14.12 5.7 39.39
18 100 13.0 13.0 1.261 13.44 6.7 40.52
19 100 12.0 12.0 1.347 12,75 7.3 41.56
20 100 12.0 12.0 1.434 12.75 7.3 42.60
21 100 11.0 11.0 1.520 12.40 8.1 43.55
22 100 11.0 11.0 1.607 11.71 8.1 44.50
23 250 26.0 10.4 1.823 10.33 8.6 46.75
24 250 24.0 9.6 2.040 10.33 9.4 48.83
25 500 40.0 8.0 2.473 10.33 11.5 52.29
26 500 33.0 6.6 2.906 10.33 14.2 55.15
27 500 30.0 6.0 3.339 10.33 15.7 51.75
28 500 25.0 5.0 3.711 9.99 19.0 59.91
29 S00 10.0 2.0 4,204 8.96 49.0 60.78
30 500 10.0 2.0 4,637 7.58 49.0 61.65




126

Table A.18
PRODUCTION HISTORY FOR RUN 18

Porosity, @ = 35.5%
Kpps = 19.3 um?
Kowy = 16.1 um?
IOIP = 1155 ml
S, = 0.933
Emulsion Slug Size = 1.00PV,

Sample  Sample Qil Vol, Qil Cut, Fluid Inj. WOR Cum QOil
No. Vol, ml % Prod., Press, Re..,
ml HCPV kPa % 101P
1 50 20.0 40.0 0.043 22.05 1.5 1.73
2 50 14.0 28.0 0.087 26.87 2.6 2.94
3 50 10.0 20.0 0.130 29.28 4.0 3.81
4 50 12.0 24.0 0.173 31.00 3.2 4.85
5 50 16.0 320 0.216 32.73 2.1 6.23
6 55 30.0 54.5 0.264 33.07 0.8 8.83
7 50 31.0 62.0 0.307 31.69 0.6 11.52
8 100 61.0 61.0 0.394 29.63 0.6 16.80
9 100 59.0 59.0 0.481 25.84 0.7 21.90
10 100 50.0 50.0 0.567 23.717 1.0 26.23
11 100 35.0 35.0 0.654 22.39 1.9 29.26
12 100 28.0 28.0 0.740 20.67 2.6 31.69
13 100 24.0 24.0 0.827 20.33 3.2 33.77
14 100 21.0 21.0 0.913 18.95 3.8 35.58
15 100 20.0 20,0 1.000 18.60 4.0 37.32
16 100 18.0 18.0 1.087 17.91 4.6 38.87
17 105 16.C 15.2 1.177 16.88 5.6 40.26
18 100 14.0 14.0 1.264 16.88 6.1 41.47
19 100 13.0 13.0 1.351 15.50 6.7 42.60
20 100 12.0 12.0 1.437 15.16 7.3 43.64
21 100 12.0 12.0 1.524 15.50 7.3 44 68
22 100 11.0 11.0 1.610 14.81 8.1 45.63
23 100 11.0 11.0 1.697 14.81 8.1 46.58
24 100 10.0 10.0 1.784 14.47 9.0 47.45
25 100 10.0 10.0 1.870 14.47 9.0 48.31
26 100 10.0 10.0 1.957 14.47 9.0 49.18
27 500 40.0 8.0 2.390 14.12 11.5 52.64
28 500 35.0 7.0 2.823 14.12 13.3 55.67
29 500 30.0 6.0 3.2585 14.12 15.7 58.27
30 500 20.0 4.0 3.688 14.12 24.0 60.00
31 500 10.0 2.0 4,121 14.12 49.0 60.87
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Table A.19
PRODUCTION HISTORY FOR RUN 19

Porosity, ¢ = 35.%%
k... = 19.0 um
b
koo = 15.5 um?
IOIP = 1150 mi
S, = 0.934
Emulsion Slug Size = 1.00PV,.

Sample Sample  Oil Vol,  Oil Cut, Fluid Inj. WOR Cum Oil
No. Vol, ml % Prod., Press, Rec.,
ml HCPV kPa % 101P
1 50 220 440 0.043 22.39 1.3 191
2 50 9.0 18.0 0.087 29.63 4.6 2.70
3 50 7.0 14.0 0.130 33.07 6.1 3.30
4 50 10.0 20.0 0.174 33.76 4.0 417
5 50 16.0 32.0 0.217 35.48 2.1 5.57
6 50 28.0 56.0 0.261 33.76 0.8 8.00
7 55 32.0 58.2 0.309 32.713 0.7 10.78
8 100 62.0 62.0 0.396 29.28 0.6 16.17
9 100 61.0 61.0 0.483 24.80 0.6 21.48
10 100 45.0 45.0 0.570 22.39 1.2 25.39
11 100 30.0 30.0 0.657 21.70 2.3 28.00
12 100 26.0 26.0 0.743 20.33 2.8 30.26
13 100 25.0 25.0 0.830 19.29 3.0 32.43
14 100 20.0 20.0 0.917 18.95 4.0 34.17
15 100 20.0 20.0 1.004 18.95 4.0 3591
16 100 15.0 15.0 1.091 18.60 5.7 37.22
17 100 15.0 15.0 1.178 18.26 5.7 38.52
18 100 12.0 12.0 1.265 16.54 7.3 39.57
19 100 12.0 12.0 1.352 16.19 7.3 40.61
20 100 11.0 11.0 1.439 15.50 8.1 41.57
21 100 11.0 11.0 1.526 15.16 8.1 42.52
22 100 10.0 10.0 1.613 15.16 9.0 43.39
23 250 25.0 10.0 1.830 15.16 9.0 45.57
24 250 20.0 8.0 2.048 14.81 11.5 47.30
25 500 30.0 6.0 2.483 14.47 15.7 49,91
26 500 30.0 6.0 2.917 14.81 15.7 52.52
27 500 20.0 4.0 3.352 14.47 24.0 54.26
28 500 15.0 3.0 3.787 14.47 32.3 55.57
29 500 10.0 2.0 4,222 14.12 49.0 56.43
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Table A.20
PRODUCTION HISTORY FOR RUN 20

Porosity, 8 = 35.7%

K, = 19.0 um?
Koo = 15.4 um?
[OIP = 1162 ml
S, = 0.933
Sample Sample Qil Val, Qil Cut, Fluid Inj. WOR Cum Oil
No. Vol, mi % Prod., Press, Rec.,
mi HCPV kPa % 101P
1 50 15.0 30.0 0.043 26.53 2.3 1.29
2 50 10.0 20.0 0.086 26.87 4.0 2.15
3 50 8.0 16.0 0.129 27.90 5.2 2.84
4 50 7.0 14.0 0.172 29.28 6.1 3.44
5 50 9.0 18.0 0.215 29.28 4.6 4.22
6 50 10.0 20.0 0.258 30.32 4.0 5.08
7 100 20.0 20.0 0.344 30.66 4.0 6.80
8 100 23.0 23.0 0.430 30.66 3.3 8.78
9 100 25.0 25.0 0.516 30.32 3.0 10.93
10 100 31.0 31.0 0.602 29.28 2.2 13.60
11 100 310 31.0 0.688 28.94 2.2 16.26
12 100 30.0 30.0 0.774 28.25 2.3 18.85
13 100 30.0 30.0 0.861 26.53 2.3 21.43
14 100 33.0 33.0 0.947 24.80 2.0 24,27
15 100 32.0 32.0 1.033 24.46 2.1 27.02
16 100 33.0 33.0 1.119 21.70 2.0 29.86
17 100 32.0 32.0 1.205 21.36 2.1 32.62
18 100 31.0 31.0 1.291 17.91 2.2 35.28
19 100 23.0 23.0 1.377 17.91 3.3 37.26
20 100 18.0 18.0 1.463 17.23 4.6 38.81
21 100 14.0 14.0 1.549 16.54 6.1 40.02
22 100 13.0 13.0 1.635 15.50 6.7 41.14
23 100 12.0 12.0 1.721 14.81 7.3 42.17
24 100 2.0 9.0 1.807 14.47 10.1 42.94
25 100 8.0 8.0 1.893 14.12 11.5 43.63
26 100 8.0 8.0 1.979 14.12 11.5 44.32
27 100 6.0 6.0 2.065 13.44 15.7 44 .84
28 100 5.0 5.0 2.151 13.44 19.0 45.27
29 100 5.0 5.0 2.237 13.44 19.0 45.70
30 250 10.0 4.0 2.453 12.06 24.0 46.56
31 250 10.0 4.0 2.668 11.71 24.0 47.42
32 500 15.0 3.0 3.098 11.02 32.3 48.71
33 500 10.0 2.0 3.528 11.02 49.0 49.57




Table A.21
PRODUCTION HISTORY FOR RUN 21

Porosity, 8 = 35.9%
Kps = 19.5 um?

K., = 15.8 pm?
IOIP = 1550 ml
S = 0.928

Sample Sample Oil Vol, Oil Cut, Fluid Inj. WOR Cum Qil
No. Vol, m} % Prod., Press, Rec.,
ml HCPV kPa % 101P

1 100 100.0 100.0 0.065 86.12 0.0 6.45
2 100 100.0 100.0 0.129 79.58 0.0 12.90
3 100 100.0 100.0 0.194 71.31 0.0 19.35
4 100 100.0 100.0 0.258 62.35 0.0 25.81
5 100 100.0 100.0 0.323 53.74 0.0 32.26
6 100 83.0 83.0 0.387 38.58 0.2 37.61
7 100 40.0 40.0 0.452 36.52 1.5 40.19
8 100 28.0 28.0 0.516 33.76 2.6 42.00
9 100 15.0 15.0 0.581 31.00 5.7 42.97
10 100 5.0 5.0 0.645 28.94 19.0 43.29
11 100 20 2.0 0.710 26.53 49.0 43.42
12 100 1.0 1.0 0.774 25.49 99.0 43.48
13 100 0.5 0.5 0.839 25.49 199.0 43.52
14 100 0.5 0.5 0.903 25.49 199.0 43.55
15 100 0.5 0.5 0.968 25.49 199.0 43.58
16 100 0.5 0.5 1.032 25.49 199.0 43.61




Table A.22
PRODUCTION HISTORY FOR RUN 22

Porosity, ¢ = 35.0%

k, = 19.1 ym?
Koo = 15.3 ym?
10IP = 1500 ml
S, = 0.922
Sample  Sample  Oil Vol,  Oil Cut, Fluid Inj. WOR Cum Oil
No. Vol, mi % Prod.. Press, Rec.,
ml HCPV kPa % 101P
1 100 100.0 ~ 100.0 0.067 88.19 0.0 6.67
2 100 100.0 100.0 0.133 77.86 0.0 13.33
3 100 100.0 100.0 0.200 69.93 0.0 20.00
4 100 100.0 100.0 0.267 66.49 0.0 26.67
5 100 100.0 100.0 0.333 52.71 0.0 33.33
6 100 100.0 100.0 0.400 44.10 0.0 40.00
7 100 72.0 72.0 0.467 37.89 0.4 44 80
8 100 36.0 36.0 0.533 33.76 1.8 47.20
9 100 30.0 30.0 0.600 32.73 2.3 49.20
10 100 19.0 19.0 0.667 31.69 43 50.47
11 100 11.0 11.0 0.733 31.35 8.1 51.20
12 100 10.0 10.0 0.800 29.63 9.0 51.87
13 104 10.0 9.6 0.869 29.28 9.4 52.53
14 100 10.0 10.0 0.936 28.94 9.0 53.20
15 100 8.0 8.0 1.003 28.59 11.5 53.73
16 100 7.0 7.0 1.069 28.25 13.3 54.20
17 100 6.0 6.0 1.136 25.15 15.7 54.60
18 250 12.0 4.8 1.303 24.80 19.8 55.40
19 250 12,0 4.8 1.469 23.43 19.8 56.20
20 500 25.0 5.0 1.803 23.08 19.0 57.87
21 500 20.0 4.0 2.136 23.08 24.0 59.20
22 500 15.0 3.0 2.469 23.08 323 60.20
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PRODUCTION HISTORY FOR RUN 23

Porosity, ¢ = 35.1%

Table A.23

k, = 19.3 um?

KoY = 15.5 um?

IOIP = 1520 ml

S = 0.931
Sample  Sample  Oil Vol Qil Cut, Fluid Inj. WOR Cum Oil

No. Vol, mi % Prod., Press, Rec.,
ml HCPV kPa % 101P
1 100 100.0 100.0 0.066 99.22 0.0 6.58
2 100 100.0 100.0 0.132 86.81 0.0 13.16
3 100 100.0 100.0 0.197 76.13 0.0 19.74
4 100 100.0 100.0 0.263 66.49 0.0 26.32
5 100 100.0 100.0 0.329 56.84 0.0 32.89
6 100 100.0 100.0 0.395 47.20 0.0 39.47
7 100 76.0 76.0 0.461 38.24 0.3 44.47
8 100 38.0 38.0 0.526 34.79 1.6 46.97
9 100 320 32.0 0.592 33.42 2.1 49.08
10 100 29.0 29.0 0.658 33.42 24 50.99
11 102 27.0 26.5 0.725 32.38 2.8 52.76
12 100 25.0 25.0 0.791 32.04 3.0 54.41
13 107 220 20.6 0.861 30.66 3.9 55.86
14 100 20.0 20.0 0.927 29.63 4.0 57.17
15 100 17.0 17.0 0.993 29.28 4.9 58.29
16 100 15.0 15.0 1.059 28.25 5.7 59.28
17 100 15.0 15.0 1.124 27.22 5.7 60.26
18 100 12.0 12.0 1.190 26.53 7.3 61.05
19 100 11.0 11.0 1.256 25.84 8.1 61.78
20 100 10.0 10.0 1.322 25.15 9.0 62.43
21 100 9.0 9.0 1.387 24.11 10.1 63.03
22 100 9.0 9.0 1.453 23.08 10.1 63.62
23 500 40.0 8.0 1.782 23.08 11.5 66.25
24 500 35.0 7.0 2.111 22.39 13.3 68.55
25 500 25.0 5.0 2.440 22.05 19.0 70.20
26 500 20.0 4.0 2.769 22.05 24.0 71.51
27 500 15.0 3.0 3.098 22.05 323 72.50

131



Table A.24
PRODUCTION HISTORY FOR RUN 24

Porosity, ¢ = 35. 8%

ko = 19.3 um?

Kooy = 16.2 ym?

1O1P = 1165 ml
S,, = 0.933

Emulsion Slug Size = 1.00PV,,

Sample Sample  Qil Vol,  Oil Cut, Fluid Inj. WOR Cum Qil
No. Vol, ml % Prod., Press, Rec.,
ml HCPVY kPa % 101P

1 50 25.0 50.0 0.043 20.67 1.0 2.15

2 50 17.0 34.0 0.086 25.84 19 3.61

3 50 13.0 26.0 0.129 28.25 2.8 4.72

4 50 9.0 18.0 0.172 31.00 4.6 5.49

5 50 12.0 24.0 0.215 33.76 3.2 6.52

6 S0 28.0 56.0 0.258 34.11 0.8 8.93

7 50 320 64.0 0.300 32.73 0.6 11.67

8 100 61.0 61.0 0.386 29.63 0.6 16.91

9 100 59.0 59.0 0.472 28.25 0.7 21.97
10 100 55.0 55.0 0.558 24.80 0.8 26.70
11 100 35.0 35.0 0.644 19.29 1.9 29.70
12 100 30.0 30.0 0.730 16.88 2.3 32.27
13 100 25.0 25.0 0.815 15.85 3.0 34.42
14 100 22.0 22.0 0.901 14.47 3.5 36.31
15 100 21.0 21.0 0.987 13.44 38 38.11
16 100 17.0 17.0 1.073 13.44 49 39.57
17 100 15.0 15.0 1.159 13.44 5.7 40.86
18 100 14.0 14.0 1.245 13.78 6.1 42.06
19 100 13.0 13.0 1.330 13.09 6.7 43118
20 100 13.0 13.0 1.416 13.09 6.7 44.29
21 100 13.0 13.0 1.502 12.40 6.7 4541
22 100 12.0 12.0 1.588 11.02 7.3 46.44
23 100 12.0 12.0 1.674 11.02 7.3 47.47
24 100 11.0 11.0 1.760 10.68 8.1 48.41
25 100 11.0 11.0 1.845 10.68 8.1 49.36
26 100 10.0 10.0 1.931 10.33 9.0 50.21
27 250 30.0 12.0 2.146 10.68 7.3 52.79
28 250 25.0 10.0 2.361 9.99 9.0 54.94
29 250 25.0 10.0 2.57% 9.99 9.0 57.08
30 250 20.0 8.0 2.790 9.65 11.5 58.80
3l 509 40.0 8.0 3.219 9.30 11.5 62.23
32 500 30.0 6.0 3.648 8.61 15.7 64.81
33 500 15.0 3.0 4.077 8.61 323 66.09
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Table A.25
PRODUCTION HISTORY FOR RUN 25

Porosity, ¢ = 35.5%
Kps = 19.0 um?
Ky = 15.4 pm?
IOIP = 1155 ml
S, = 0.933
Emulsion Slug Size = 1.00PVy,,

Sample  Sample  Oil Vol,  Oil Cut, Fluid Inj. WOR Cum Oil
No. Vol, ml % Prod., Press, Rec.,
ml HCPV kPa % IOIP

1 50 22.0 44.0 0.043 22.74 1.3 1.90

2 50 15.0 30.0 0.087 17.22 23 3.20

3 50 11.0 22.0 0.130 30.66 3.5 4.16

4 50 12.0 24.0 0.173 31.69 32 5.19

5 50 16.0 320 0.216 34.11 21 6.58

6 50 29.0 58.0 0.260 33.07 0.7 9.09

7 50 32.0 64.0 0.303 31.35 0.6 11.86

8 100 62.0 62.0 0.390 30.66 0.6 17.23

9 100 60.0 60.0 0.476 29.28 0.7 22.42
10 100 53.0 53.0 0.563 24,80 0.9 27.01
11 100 34.0 34.0 0.649 23.43 1.9 29.96
12 100 27.0 27.0 0.736 22.39 27 32.29
13 100 25.0 25.0 0.823 19.64 3.0 34.46
14 100 20.0 20.0 0.909 18.95 4.0 36.19
15 100 20.0 20.0 0.996 18.26 4.0 37.92
16 100 19.0 19.0 1.082 17.91 43 39.57
17 105 16.0 15.2 1.173 16.88 5.6 40.95
18 100 15.0 15.0 1.260 16.54 5.7 42.25
19 100 13.0 13.0 1.346 15.50 6.7 43.38
20 100 12.0 12.0 1.433 15.85 7.3 44 .42
21 100 11.0 11.0 1.519 15.16 8.1 45.37
22 100 10.0 10.0 1.606 14.81 9.0 46.23
23 100 10.0 10.0 1.693 14.47 9.0 47.10
24 100 9.0 9.0 1.779 14.12 10.1 47.88
25 100 9.0 9.0 1.866 14.12 10.1 48.66
26 100 9.0 9.0 1.952 13.78 10.1 49.44
27 250 20.0 8.0 2.169 13.718 11.5 51.17
28 250 20.0 8.0 2.385 13.44 11.5 52.90
29 250 15.0 6.0 2.602 13.78 15.7 54.20
30 250 15.0 6.0 2.818 13.44 139 §5.30
3 500 26.0 5.2 3.251 13.44 18.2 51.75
32 500 20.0 4.0 3.684 13.44 24.0 59.48
33 500 10.0 2.0 4,117 13.44 49.0 60.35
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ABSTRACT

In many light or moderately viscous oil (viscosity 1 to 200 mPa.s) reservoirs in Alberta and
Saskatchewan, a high water saturation zone of varying thickness and extent ("bottom
water") occurs 1it communication with the oil zone abcve. As a result, the primary
production period is short, and water coning occurs very early (6 to 12 months) in the life
of the reservoir. Later, during the secondary recovery stage, such a zone can have an
adverse effect on the waterflood efficiency. This research addresses the problem of

waterflooding such reservoirs.

The research was directed towards reducing water mobility in the bottom water zone for
more efficient oil displacement. Different surfactant concentrations were used to prepare
10% quality oil-in-water stable emulsions as blocking agents. Three displacement
processes, the Emulsion-Slug Process (ESP), the Alternating-Water-Emulsion (AWE)
Process and the Dynamic-Blocking Procedure (DBP), were used to improve vertical sweep
efficiency. All of these methods consist of two modes: blocking and displacing. The
differences among the processes lie in the application of the two modes. In the ESP, the
blocking and displacing modes are used only once with the blocking agent injected first
followed by a waterflood. In the AWE process, the two modes are used alternately. While

in the DBP, the two modes are performed simultaneously.

A mathematical model, accounting for crossflow, for waterflooding a reservoir under
bottom water conditions was developed o study water channelling quantitatively. From
this model, given the reservoir descriptions, the amount of crossflow can be estimated.
The model was used to analyze experimental data for all three processes. It is shown that
the Dynamic-Blocking Procedure offers the possibility of controlling crossflow.
Experiments conducted in this study showed that DBP led to nearly 15 percentile higher oil

recovery than a conventional waterflood.
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Symbols

A

o]

A,
BT

onil
Ja
Qp

NOMENCLATURE

Cross-sectional area of the oil zone, m?

Cross-sectional area of the bottom water zone, m?

Breakthrough

Height of model, m

Hydrocarbon pore volume (8S;V ;). fraction

Height of the oil zone, m

Height of the bottom water zone, m

Absolute permeability, m?

Effective permeability to emulsion at irreducible oil saturation, m?
Absolute permeability of the oil zone, m?

Effective permeability to oil at irreducible water saturation, m?

Absolute permeability of the bottom water zone, m?

Effective pex‘ineability to water a; residual oil saturation, m?

Initial oil-in-place, m?

Length of model, m

Mobility ratio, fraction

Fluid mobility in Zone a to fluid mobility in Zone c, fraction
Fluid mobility in Zone b to fluid mobility in Zone d, fraction
Pore volume, fraction

Pore volume of the bottom-water zone, fraction

Pore volume of the oil zone, fraction

Volumetric flow rate in the oil zone, m*/s

Volumetric flow rate in the water zone, m>/s

Volumetric crossflow flow rate between layers, m’/s

Volumetric flow rate in the oil zone, m/s



Subscripts

bw -
c -
e -
0 -
vw -

W -

Volumetric flow rate in the water zone, m>/s

Resistance of the oil zone (L, /A Kouy )» Pa.s/m

Resistance of the water zone(L 11, /A k), Pa.s/m

Pressure, Pa

Water-oil-ratio, fraction

Flood front distance from the injection end, fraction

Flood front distance in the oil zone from the injection end, fraction

Flood front distance in the bottom-water zone from the injection end, fraction

Bottom-water
Crossflow
Emulsion

Oil

Viscous water

Water

Greek Symbols

=

Viscosity, Pa.s

Porosity, fraction
Mobility, fraction

Term defined by Eq. (4.3)
Term defined by Eq. (4.4)
Term defined by Eq. (4.5)
Term defined by Eq. (4.6)



1. INTRODUCTION

Many light-to-medium oil reservoirs in Alberta and Saskatchewan contain some type of
high water saturation zone ("bottom-water") underlying the oil reservoir. Waterflooding
under such conditions is ineffective because of channelling of water through the bottom-
water zone. However, in some cases, waterflocding such reservoirs may still be feasible
and economically viable. While there is no doubt that some of the injected water bypasses
the oil zone through the bottom-water zone, most of the injected water may still displace the
oil, depending on the reservoir corditions. Therefore, a mechanistic understanding of oil
displacement by a waterflood in the presence of a bottom-water zone is the basis for
predicting recovery performance, and there is a need for developing a simple mathematical
model to describe water channelling under bottom-water conditions. Given the reservoir
description, the mathematical model should be able to estimate the amount of water

channelling into the bottom-water zone.

A few techniques have been proposed to improve waterflood performance in layered
reservoirs or under bottom-water conditions. Most of these are based upon the use of
chemicals to plug the bottom-water zone near the injection well. However, none of the
previous bottom-water studies accounted for crossflow effect when planning a chemical
flood. Yet, the effect of crossflow plays a major role in waterflood performance in layered
reservoirs. Thus, a systematic way of utilizing a chemical, in particular an emulsion, as a
blocking agent under bottom-water conditions accounting for crossflow is required for

efficient displacement of oil.



2. REVIEW OF THE LITERATURE

In a waterflood, water channelling from the injection to the producing wells, through the
more permeable portions of the reservoir, results in low oil recovery. By reducing the
water-oil mobility ratio in waterflooding, an increase in vertical sweep efficiency can be
obtained!. The problem of channelling is more severe in stratified reservoirs due to water
channelling through the high permeability zones®. In "bottom-water" reservoirs, the water
channelling problem is more severe because the bottom layer may have a high water
mobility. Many techniques have been proposed to improve waterflood performance in
reservoirs under such conditions. Most of these are based upon the use of chemicals to
plug the high water saturation zone near the injection well. In this chapter, previous work

on this subject is briefly reviewed.

2.1 Waterflooding Bottom-Water Reservoirs
In the following sections, different strategies for waterflooding a bottom-water reservoir
are discussed. Notice that none of the studies reported here treated the crossflow effect

quantitatively.

2.1.1 Viscous Water Injection

The problem in recovering oil under bottom-water conditions was first recognized in the
early sixties when Bamnes® suggested the use of a viscous water slug to improve waterflood
efficiency in a reservoir partially invaded by bottom water. Viscous water in Barnes' study
referred to water thickened by a chemical additive such that the viscosity of water was
greater than 1.0 mPa.s. He argued that injecting a viscous water slug in bottom-water
reservoirs would 1) reduce the flood life , 2) reduce lifting costs, and 3) increase ultimate
recovery. He also pointed out that the larger the quantity and the higher the viscosity of the
viscous slug injected into such a system, the greater the crossflow of oil ahead of the

displacing front, thus leading to a higher oil rate during displacement. His visual model



studies showed that crossflow was most severe immediately ahead of the front and
diminished to zero at the producing well. However, such a crossflow phenomenon was
not described quantitatively in the study. Barnes' study was directed towards increasing
the viscosity of water. Other chemical slugs that could reduce relative permeability to water

were not considered.

2.1.2 Polymer Injection

The use of polymer as a mobility control agent in waterflooding was shown to be effective
in the early sixties!, when numerous field and model studies of the polymer flooding
process were reporied. Unlike the viscous water used by Barnes3, polymer has the ability
to lower the mobility by reducing the relative permeability to water, as well as increasing its

viscosity?, so that the mobility ratio is improved.

Over two decades after Barnes' work, Zaidel* looked at waterflooding bottom-water
reservoirs with a polymer slug. His analytical model was based on the assumption of
instantaneous gravitauonal phase separation along the vertical, i.e., the polymer solution
did not enter the region with the residual oil saturation in a given section until it had filled
the zone containing zero oil saturation. He concluded that a polymer with a mebility lower

mobility of water

than that of water (R= —
mobility of polymer

>1, where R is the resistance factor)

improved oil recovery by increasing the flow resistance in the bottom-water zone, so that
improved displacement in the oil zone would result. However, as the polymer mobility is
lowered to a certain point (R 2 4), the increase in resistance is primarily due to the oil bank
formed in the bottom-water zone during the displacement. Thus, a polymer flood under
bottom-water conditions can have both favourable and unfavourable manifestations: in the
favourable sense, a high oil rate is obtained during the displacement; in the unfavourable
sense, a certain amount of oil is lost to the bottom-water zone if the polymer mobility is toc

low. As a result, Zaidel suggested that a moderately low mobility polymer (R= 2 to 3)

‘s



would increase the oil rate during displacement while minimizing loss of oil to the water

zone.

Shortly after Zaidel's theoretical work, Islam and Farouq Ali*® carried out an intensive
experimental study on the use of various chemical slugs in waterfloods conducted under
bottom-water conditions. The chemical slugs included polymer, emulsion, biopolymer gel,
air, foam and carbon dioxide-activated silica gel. The variables examined were: slug size,
permeability contrast, water-oil layer thickness ratio, oil vi*cosity, and injection rate of the
mobility control agent. The study showed that polymer and emulsion performed better
(i.e., high oil recovery and low WOR) than the other chemicals used. By comparing a
polymer slug to a glycerine slug having the same viscosity, they showed that the reduction
in the effective permeability to water by the polymer greatly improved oil recovery over that
from the use of a glycerine slug. They claimed that a recovery improvement of 27% IOIP
was due tc the reduction in the effective permeability by adsorption and mechanical

entrapment of the polymer.

2.1.3 Emulsion Injection

5,6.9.10 i was concluded that

Based upon other studies carried out by Islam and Farouq Ali
a 10% oil-in-water emulsion (200 ppm surfactant in the water phase) was most effective in
blocking the bottom-water zone. A slug of one pore volume of the bottom-water zone was
the minimum volume of emulsion required to create any blockage. However, a slug equal
to 2.5 pore volumes of the bottom-water zone was found to be optimal and capable of
reducing the bottom-water zone permeability permanently. Also, oil recovery was found to

be insensitive to the thickness of the bottom-water zone when the bottom-water zone

permeability was lower than that of the oil zone.



2.2 Flow Mechanism of Emulsion in Porous Mediza

In the following sections, the mechanism of flow of emulsions in porous media is brietly

reviewed.

2.2.1 Experimental and Field Studies

An emulsion is a mixture of two immiscible liquids, one dispersed as droplets in the other,
stabilized by an emulsifying agent”. The flow behaviour of emulsions through tubes and
unconsolidated synthetic porous media was investigated by Uzoigwe and Marsden'2.
Newtonian behaviour was noticed even when the dispersed-phase concentration reached
50% (vol.), after which the emulsion exhibited non-Newtonian behaviour. The study
treated the emulsion flow as that of a homogeneous liquid. No permeability reduction

resulting from emulsion flow was observed.

Use of stable emulsions as mobility control agents for oil recovery processes was first
introduced by McAuliffe'. In his study, he examined the transient permeability behaviour
of dilute, stable emulsions. An oil-in-water emulsion was obtained by reacting asphaltic
crude oil with a dilute solution of sodium hydroxids. Emulsions having different drop
sizes were injected into a consolidated sandstone under a constant pressure. He suggested
that for an emulsion to be most effective, the cil dropleis in the emulsion should be slightly
larger than the pore-throat constrictions in the porous medium. However, McAuliffe's
results showed that significant permeability reduction occurred even when the emulsion
drop sizes were very much smaller than the mean size of the pore constrictions. He argued
that as oil-in-water emulsion was injected, a greater amount of emulsion entered the more
permeable zones. As a result, flow became more restricted so that water began to flow into
less permeable zones, resulting in zreater vertical sweep efficiency. The emulsions reduced
water permeability greatly, to a level of one to ten percent of the original permeability. He
also observed that the permeability reduction caused by injecting an emulsion was retained

even when the emulsion was followed by many pore volumes of water, which suggested a



permanent permeability reduction. One important finding was that flow of oil-in-water
emulsions through porous media was non-Newtonian, regardless of the oil content of the

emulsion.

McAuliffe also reported a field test of an oil-in-water emulsion flood'®. A 14 percent oil-
in-water emulsion of three percent pore volume of the affected area was injected followed
by a cushion of fresh water of four percent pore volume after which saline water was
injected. After emulsion treatment over a two-year period, increased oil production from
the wells surrounding the emulsion-treated injectors, compared with little or no increase in
oil production and incrzasing WOR's for wells surrounding the water injectors, was
observed. It was conclizded that the emulsion decreased channelling of the injected water,
which increased the volumetric sweep efficiency. On the whole, 33,000 bbl of crude oii

were emulsified and injected, and 55,000 bbl of additional oil were -produccd.

Johnson??

reviewed the caustic and emulsion flooding methods. He suggested that
emulsion flooding was a natural extension of the caustic flooding emulsification and
entrapment mechanisms. If the oil cannot be emulsified in situ, then other oil emulsions
can be formed externally and injected. However, he pointed out that although the potential

of emulsions for improving oil recovery was well established, the cost of oil for

emulsification and injection was a serious deterrent to wider field use.

Soo and Radke!S reached the following conclusions from their study of a dilute, stable
emulsion: 1) the permeability reduction was caused by oil drops captured on pore walls
and in crevices as well as blocking of pores of throat sizes smaller than their own; and 2)
the overall permeability reduction was determined by the volume of drops retained and how
effective those drops were in restricting flow. As the drop size of the emulsion increased,
the drep retention increased. However, for the same amount of oil drop volume retention,

smaller sized drops were more effective in restricting flow. For the smaller drop-size



emulsion systems, the effect of drop size on retention dominated, and increasing the drop
size resulted in an increased permeability reduction. On the other hand, for the larger drop-
size emulsion systems, the effect of the drop size on restriction effectiveness dominate:d,

and increasing the drop-size resulted in less transient permeability reduction.

Schmidt!’ suggested using a dilute. stable emulsion to improve mobility control in EOR
processes. He claimed that an oil-in-water emulsion provided microscopic mobility control
through entrapment or local permeability reduction not through viscosity-ratio
improvement. Schmidt concluded that mobility ratio improvement was achieved by small
oil droplets irreversibly captured in the porous medium because of straining and

interception, thereby lowering the local permeability to water.

French, Broz and Lorenz'® suggested the use of emulsions for mobility control in
steamflooding. They observed that a reduction in permeability from emulsion plugging
may not necessitate that the median droplet size equal to or exceeding the median pore
throat diameter, and that competition from an ensemble of smaller droplets "crowding” a
single pore throat would have the same effect in blocking a pore throat. French et al.
concluded that injection of a small slug of oil-in-water emulsion prepared from oil and
water available in a specific field caused a significant reduction in the permeability of core

from that field.

Farouq Ali, Thomas and Khambharatana!? studied the flow of emulsions thro!::#: porous
media at elevated temperatures. In their work, thermal stability of emulsions s studied in
order to assess the flow behaviour at elevated temperatures. Surfacta~it v::ulsions, carbon
dioxide/water emulsions, sodium hydroxide (caustic) emulsions, s2i¢. ¢emulsions and
distilled water emulsions were passcd through porous media to exasine the changes in
emulsion characteristics. The study showed that the flow of emulsions through porous

media is a function or the drop-size distribution of the emulsion to pore-size distribution of

~3



the porous medium ratio. Farouq Ali et al. concluded that for both oil-in-water and water-
in-oil emulsions studied, the rheology of emulsions in the porous media is comparable to
the rheology in a viscometer. Furthermore, emulsion mobility is governed by the flow

velocity, an increase in which can cause shearing of the larger drops into smaller ones.

2.2.2 Numerical Correlation Studies

With the growing importance of emulsion flow through porous media, especially in
mobility control, it is important to have a numerical model for accurate prediction of
pressure drops due to emulsion flow. Currently, there are three theories available to
describe emulsion flow through porous media: viz. the bulk viscosity29, droplet

retardation?!, and filtration22.23 models.

The bulk viscosity model of Alvarado and Marsden?® describes emulsion as a single phase,
homogeneous fluid. The model does not allow interaction between drops and the pore
walls; thus, no permeability reduction is predicted. According to the model, emulsion flow
differs from Darcy flow oniy when the bulk emulsion viscosity varies with shear rate.
Although this model is limited because it cannot predict transient permeability reduction
behaviour, it is useful for emulsion flow computations in the case of high-concentration
emulsions having small drop-size to pore-size ratios. The bulk viscosity model was further
modified by Farouq Ali and Abou-Kassem?4-26, The modified correlation was tested using
the Alvarado and Marsden?® experimental data for 11 consolidated cores involving 56 data
points, obtaining accurate predictions: average absolute relative deviation of 2.4% with a

maximum deviation of 14.3% from measured pressure drops.

The droplet retardation model of Devereux?!, originally delineated by McAuliffel3,
includes transient permeability reduction. In this model, the transient permeability
behaviour was modeled based on oil droplets passing through pores of throat size smaller

than their own diameters, so that they have to squeeze through the pore constrictions.



Thus, in the passage along the tortuous paths through the porous medium, these droplets

overcome a capillary resistance force from each pore throat so that emulsion flow is

retarded.

Soo and Radke?2-23:27:28 proposed the filtration model for the flow of dilute, stable
emulsions in porous media. They suggested that emulsion droplets are not merely retarded
when they flow through porous media as describe by Devereux?'; ratber, they are actually
captured. Soo and Radke claimed that this is the only plausible expianation as to why a
permanent permeability reduction can occur. The filtration mode! predicts transient and
steady state permeability reduction caused by an emulsion. They suggested that transient
flow behaviour is characterized by three parameters: a filter coefficient, a flow-
redistribution parameter and a flow-restriction parameter. The filter coefficient controls the
sharpness of the emulsion front, while the flow-redistribution parameter dictates the steady-
state retention, as well as the flow redistribution phenomenon, while the flow-restriction

parameter describes the effectiveness of retained drops in reducing permeability.

2.3 Crossflow

When a stratified reservoir is being studied for waterflooding, failure to account for
crossflow can lead to large errors in oil recovery predictionszg’”. Under bottom-water
conditions, this effect is aggravated due to the presence of the mobile water phase.
Because of the complexity of the crossflow behaviour, analytical solutions are limited to
two-layer reservoirs under specified conditions, while multi-layer reservoir studies are

restricted to numerical solution only.

2.3.1 Analytical and Experimental Studies
Russell and Prats®* were among the first researchers to investigate the performance of
layered reservoirs with crossflow for a single, compressible fluid case. The system studied

consisted of a centrally located well in a bounded cylindrical reservoir composed of two



layers of contrasting physical properties. The mathematical model showed that, except for
early times, the performance of a two-layer reservoir with crossflow could be duplicated by
that of an equivalent single-layer reservoir, having the same pore volume and same
drainage and wellbore radii, and a flow capacity (kh, permeability-thickness product) equal

to the sum of the flow capacities of the layers in the crossflow system.

Katz and Tek® studied the case of unsteady-state flow of single-phase, slightly
compressible fluids during depletion of bcunded two-layer porous “vstems. Both linear
and radial systems were described mathematically. Katz and Tek suggested that
performance of fluid flow with crossflow would lie between the upper bound (infinite
vertical permeability, i.e., similar to single-layer reservoir discussed by Russell et al 34,
..id the lower bound (zero vertical permeability, i.e., no crossflow between layers as in the
layer-cake model). Furthermore, they concluded that the initial depletion performance of
stratified systems was near the lower bound, and as time and the radius of drainage

increased, the system perforrriance tended towards the upper bound.

Warren and Cosgrovc29 approximated the effect of crossflow based on Dietz's theory.
They claimed that the failure to use all available permeability data could lead to large errors
in the prediction of the performance of a stratified reservoir. By assuming that the
permeability could be characterized by a log-normal distribution, they concluded that the
effect of crossflow in a stratified system could be appreciable, particularly at very

favourable or very unfavourable mobility ratios.

~1ight, Dawe, and Wall*®

investigated the basic flow mechanisms and dispersion of an
~~emical in layered reservoirs. The variables controlled were layer permeability

ions, fluid viscosity and flow rate. Based on the study, they concluded that

. i increased the dispersion effect. Surfactant slugs would be susceptible to break

down in layered reservoirs.
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Lambeth and Dawe*? studied the effect of viscous crossflow experimentally and
theoretically. Experimenss in layered formations utilized viscous fluids, designed to
examine the crossflow behaviour. The analytical solution of a two-layer case was
developed, assuming a linear pressure distribution in one layer while allowing the pressure
in the other layer to vary with crossflow. Although this over-simplification is self-
contradictory, the solution gave an indication of the magnitude of crossflow when one fluid
displaces another fluid. The authors attempted to solve the case of non-linear flow in both
layers. However, the solutions obtained did not satisfy the original material balance

equations. Experimental study suggested that the viscous crossflow effects were rate

independent.

‘Vrig! -, Wheat, and Dawe®’ studied slug size and mobility requirements for chemically

-.ced oil recovery within heterogeneous reservoirs. Using a modification of the
analytical solution obtained by Lambeth and Dawe3, the authors suggested that the criteria
for the chemical slug disintegration caused by the effect of crossflow were more demanding
than previously considered necessary for reservoirs with common heterogeneities. They
claimed that a high-mobility slug would preferentially sweep the higher-conductivity layers,
but a low-mobility slug would tend to be pushed by crossflow into the lower-conductivity
layers. This mechanism must be considered when low-mobility slugs are used for

waterflood conformance improvement.

Ahmed, Castanier, and Brigham38 carried out an experimental study of waterflooding in a
two-dimensional layered sand model. The effect of flow rate on oil recovery by
waterflooding a three-layer sand visual model was studied. The authors reported that
intermediate oil recovery during a waterflood in a stratified reservoir with vertical
communication was sensitive to flow rate, oil viscosity, and interfacial tension (IFT).

During the displacement, oil recovery was observed to increase when flow rate was

11



Jecreased. Ahmed et al. concluded that oil recovery increased significantly when mobility

ratio was reduced.

2.3.2 Numerical Studies

Due to the lack of analytical solutions for multi-layer reservoirs, only numerical solutions
have been attempted io examine the effect of crossflow. Root and Skiba® were among the
first researchers to investigate the crossflow effects during a waterflood in a stratified
reservoir. The numerical study simulated one incompressible fluid displacing another
incompressible fluid of the same density and viscosity. From this study, it was concluded
that: 1) early breakthrough of displacing fluid could not be curtailed effectively by blocking
access to it in the production and injection wells unless a high-permeability zone was
completely isolated; and 2) when the adjacent strata were in communication, the single-

zone production-injection methc " lost much of its effectiveness.

Goddin, Craig, Wilkes, and Tek>! reported a numerical study of waterflood performance
in a stratified system with crossflow. Viscous and capillary crossflow was examined in a
field-scale model of a two-layer, water-wet sandstone reservoir. The authors reported that
maximum crossflow occurred in the vicinity of the flood front in the permeable layer,
similar to the observation of Barnes® in his visual model. It was concluded that viscous

crossflow was a function of mobility ratio.

Silva and Farouq Ali’? developed a two-phase, three-dimensional reservoir simulator to
study the effect of selective formation plugging in waterflooding a layered model. The
authors concluded that partially plugging a high permeability layer was ineffective if the
layers were in communication. They further concluded that reservoirs consisting of a

bottom-water zone might be susceptible to efficient waterflooding.

El-Khatib® developed a mathematical model for waterflood simulation in linear stratified

non-communicating layers, with no crossflow, and communicating layers with complete



crossflow (i.e., lower and upper bounds in Katz and Tek's study35). The study showed
that the effect of crossflow between layers increased the oil recovery at favourable mobility
ratios and decreased it at unfavourable mobility ratios. El-Khatib concluded that crosstlow

increased the influence of mobility ratio in waterflood performance prediction.



3. STATEMENT OF THE PROBLEM

Two major observations can be made from the literature survey in the preceding section.
First, waterflooding under bottom-water cond:tions is ineffective due to water channelling
through the bottom-water zone; however, a lack of suitable fluid flow equations for layered
formations may lead to conclusions that may not be valid. Second, injection of an
emulsion as a blocking agent under bottom-water conditions has led to improved oil

recovery5'6'9'10; however, the mechanism of this process is still not fully understood.

The principal objectives of this study can be stated as follows:

1) To develop analytical expressions for crossflow occurring in a waterflood when bottom
water is present, for several situa.ior .

2) To compare the analytically calculated crossflow with the experimental values.

3) To carry out waterflood experiments in a two-dimensional model using three strategies
involving emulsion injection: the Emulsion-Slug Process, Altemating-Water-Emuision
Process, and the Dynamic-Blocking Procedure.

4) To determine under what conditions emulsions are likely to improve waterflood

performance.



4. DEVELCPMENT OF THE CROSSFLOW EQUATIONS

4.1 Introduction

The previous analytical solutions®*33 for layered reservoirs were obtained for a two-layer
reservoir for single phase compressible fluid flow occurring during primary depletion.
These solutions are, therefore, suitable only for the single-phase flow case. Lambeth and
Dawe's>? solution for one fluid displacing another in a two-layer reservoir is unrealistic,
because one of the major assumptions used in deriving their solution was that the pressure
in the lower permeability layer was unaffected by crossflow. This assumption may be
justified when the permeability contrast of the two layers is large. It may not be applicablc
under bottom-water conditions, where the magnitudes of the permeabilities of the layers are
often of the same order. The following section presents the derivation of the crossflow
equation without a linear pressure distribution with respect to distance assumption in either

layer.

4.2 Derivation of the Crossflow Equation
In the following, «n attempt is made to develop an expression for crossflow occurring
while waterflooding a two-layer reservoir, the lower layer being a water zone. No

assumption of linearity of pressure with distance is made.

Consider a two-layer porous medium, the upper layer being the oil zone with a permeability
kowr» and the lower layer being the water zone with a permeability of k,,. Water is being
injected at a total rate Q, of which q, is entering the oil zone and qy, is entering the bottom-
water zone. The following assumptions are made:

1) flow is steady state;

2) crossflow is vertical;

3) crossflow does not alter the mobility in either layer;
4) fluids are incompressible;

5) displacement is piston-like;



6) only oil is flowing ahead of the flood front in the oil zone;
7) only water is flowing behind the flood front; and
8) capillary and gravity forces are negligible.

| Xf

[ =
- | p=0
Q - qa+ qb

i—=l@ n, .k, |O w,x,, Oil Zone
Q——

(b ! Bottom
Up—= = Pk ' © My » Ky Water Zone

Consider a vertical section of thickness Ax and width w, behind the flood front as shown

below:

where q_ is the flow in Section a ata distance x from the injection end, q,, is the flow in

Section a at a distance x+Ax from the injection end, and Aq_ is the vertical crossflow in the

section. Applying a mass balance to water in Section a above gives

q, - @, +A9)=0. L (4.1)

Using Darcy's equation and rearranging we obtain

Ak dp,| Ak dp| _  2wax
W, ox|,. K, ox| Hdb Hehy
k, Kk,

(Da=Dy)s  eereeen (4.2)
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where p, and p, are the average pressures of the corresponding sections taken from each

section center. (Note that the subscripts a, b, ¢ and d are used for simplicity.) Taking the

limit as Ax approaches zero, the following differential form of Eq. (4.2) results:

W-al(p.—pb) .......... 4.3

where o, = ——-—-—2——-—— and M, = LN is the ratio of the mobility of the tluid in
h, (1+M,, %L) ky /iy

Section a to that in Section b. If a similar procedure is carried out for Sections b and a, ¢

and d, and d and c, the following equations can be derived:

-2

‘Uafzb = az(pb - pl), .......... (44)

az

a’fzc =a3(pc —pd)’ .......... (45)

’p
and __a_;(Td__—_-a.‘(pd —pc), .......... (46)
where 0, = — 2 s e 2 = 0= 2 p— and where the
h, (1+M,, =) h, 1+M,, h—‘) hy (1+Me <)
b c 4

M's are the mobility ratios for the corresponding sections. Solving Eqs. (4.3) and (4.4)

simultaneously, and Egs. (4.5) and (4.6) simultaneously, the following solutions result

p,(x)=cl+czx+c3(g—‘-)-sinh(xﬁ+c4), ......... (4.7)
m

pb(x)=c,+czx+c3((—xn—]‘-—1)-sinh(x\/Fn-+c4), .......... (4.8)
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P (x)=c'j+c'yx+C'y (-%) . sinh(xvrﬁ +c'y)y (4.9)

and py(x) =c' +c',x+c'y (9—3-—1)-sinh(xwlg+c'4); .......... (4.10)
n

where m=0o, + 0, andn =0, +Q,.
The following eight conditions are used to obtain the eight integration constants for the
constant rate case:
1. gq=q,atx=0;
.q=qpatx=0;
. pc=0atx=1,

2
3
4. pg=0atx=1;
5. p. =D, at flood front X,
6

. Pp = Pq at flood front X,

7. M, 9p, = 9 at flood front Xg; and
Jx dx

dp dp
8. M, , —>=—2< atflood front X;.
Moox  ox a f

[t should be noted here that water influx into the oil and water zones is allowed to be
arbitrary (i.e., q, and qy, are independent variables). This is done for later application. It
will be shown later that by forcing qy, = 0 has little effect on the displacement performance
when crossflow exists, as was reported in previous studies®®32. Normalized horizontal
distance, x/L, where L is the length of the flow path, is used for the above conditions.

Thus, by applying the first four conditions, and then the remaining conditions we get:

C1 = qbu‘b gl_ q.u- (&_1);
Ak,m Ak, m
;= dibs (&1 gy Gelly O,
Ak, m Ak, m
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_(qbub q,K, 1
Ak, Ak, \/—cosh(\/x;)’

—_— .
C,=-C,

MM, |~ sich(X,Vm-vm) (o, . a, ||
cz—c(M vy ){ mcosh(X;vm —+/m) - Tranh(X VT v\ M +Mbd :

o = . Sinh(Xvm —m). 4ng
* 7 sinh(X,vn -+n)

c'y=-vi;

Now, vertical crossflow represented by Darcy's equation from the oil zone to the bottom-

water zone behind the flood front is given by (note: crossflow is positive downwards):

_ - 2WC3 X _
= 0 dqc_mjo Slﬂh(X’\/a ‘\/E)dx. .......... (4.11)

k, k,

Integrating the above equation we obtain

2we, | cosh(X;+/m = v/m) ~ cosh(~/m)
q. = e e (4.12)
(p'l [y + u'b b ) ‘\/E
k, k,
For crossflow ahead of the flood front, integrating from x = X tox=1leads to
g = o [lzeoshXn-Vm)| (4.13)
(“‘c e yXd d p’d d ) "[H
kc kd



mn

It should be noted that the only possible condition for zero crossiiow between the oil au¢

bottom-water zones is to make ¢, = 0, or simply

QoMb _ 9aHa _ g

Abkb Aaka
Thus, it can be seen that if flow occurs in only one of the layers {i.e., q, =0orq, = 0),
crossflow is bound to take place. Also, in a vertical-front displaccment, i.e., q,/A, =

1 3 -— £ " o
q,/A,, unless ina homogeneous reservoir (k /i, =k, /i), crossilow czn never be zero.



5. METHODS FOR IMPROVING WATERFLOOD PERFORMANCE

5.1 Introduction

In this research, methods using a suitable emulsion as a blocking agent for improving the
recovery of light and moderately viscous oils under bottom-water conditions are sought.
Essentially the problem is that, when waterflooding a reservoir with a bottom-water zone
underlying the oil zone, the injected water tends to bypass much of the oil zone, giving a

low vertical sweep efficiency.

In this section, first the problem at hand is examined. Next, three approaches are proposed
as possible solutions to the problem. These are referred to as the Emulsion-Slug Process
(ESP), the Alternating-Water-Emulsion (AWE) process, and the Dynamic-Blocking
Procedure (DBP). All of these methods consist of two modes: blocking and displacing.
The differences among the processes lie in the application of the two modes. In the ESP,
the blocking and displacing modes are used only once with the blocking agent injected first
followed by a waterflood. In the AWE process, the two modes are used alternately. While

in the DBP, the two modes are performed simultaneously.

5.2 The Problem
The problem of waterflooding an oil zone with an underlying water zone can be expressed
mathematically, provided the following assumptions are met:

1) flow is steady state;

2) fluids are incompressible;

3) displacement is piston-like;

4) only oil is flowing ahead of the flood fro-it ... the oil zone;
S) only water is flowing behind the flood front;

6) capillary and gravity forces are negligible; and

7) no crossflow occurs between layers.



Consider a two-layer porous medium, the upper layer being the oil zone with a permeability
kowp> and the lower layer being the water zone with a permeability of k,,. Water is being

injected at a total rate Q, of which q_ is entering the oil zone and q, is entering the bottom-

water zone.

—_ L -
Q=q+4q R B ——
R P, 5 P,
qo___,. L SN My kowr Oil Zone
Q ——
@ Bottom
qw_—" My ky uw ‘kw Water Zone
- Xp — X4 —

With the above assumptions, one can write the following equatioi.: by using Darcy's law,

P—P

Q=3 L BE e (5.1)
1Bk B
Ak K yur
— PL-P2
Qv =7 DX Bkl e (5.2)
L (et B
A, k, kg
or,
P — P2
=al22. 5.3
q, R, (5.3)
PL— P2
and == 5.4
Qw R (5.4)

where R = —I—-(E-"——x'—+bi‘£) and R, =—1—(M+M"—) are the flow resistances in
A,k k A, k k

o wor owr w w w

the oil and bottom-water zones, respectively, and A_and A  are the cross-sectional areas of

the oil and bottom-water zones, respectively.
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Using Eqgs. (5.1) and (5.2) with A, = A,,, one can obtain the following equations:
For x,=x,=0,and x, =x4 =L,

WOR = 3w = Kw Ko (5.5)

qo pw kowr * s s sss s

where WOR is the ratio of the mobility of the fluid in the water zone to that in the oil zone.
For most systems, the WOR >> 1. In the experimental model used in this research, the
WOR was about 60. This means that from the very beginning, the WOR will be at a highly
unfavourcble value. Thus, ways of impeding water flow in the bottom-water zone are
essential for improving oil recovery by a waterflood.

5.3 Emulsion-Slug Process (ESP)

(considering the system as one unit)

The main objective of the three processes proposed above is to try to isolate the bottom-
water zone when displacing oil by water. Emulsion is used as a biocking agent to increase
the flow resistance of the bottom-water zone. In the Emulsion-Slug Process, the blocking
mode is performed once at the beginning, followed by a waterflood. Under bottom-water
conditions, the flow resistance of the oil zone is much higher than that of the bottom-water
zone, i.e., Ry >> Ry, as discussed above; thus, the WOR will be high at the beginning of
the flood. The idea behind this approach is to inject emulsion into the bottom-water zone to
increase Ry, such that the bottom-water zone is partially isolated when followed by a
waterflood. It should be noted that from the previous studies?>3!, partial blocking near the
wellbore did not improve recovery performance when crossflow took place. As a result, a
large slug of emulsion should be used so that most of the bottom-water zone is blocked
(isolated) before the oil zone is waterflooded. However, the question arises: if emulsion is
employed as a blocking agent, how can it block the bottom-water zone without blocking the
oil zone when crossflow exists? This question applies even if the emulsion is injected only

into the bottom-water zone, since the layers are in communication (this is analogous to the

ta
‘e



situation where injecting water cnly into the oil zone will not improve the displacement
performance when crossflow exists21), Although emulsion injection was shown to be
effective in previous studies3:6.9, the above question should be considered so that the
blocking and displacing modes would perform more efficiently (the next two processes
examine this question). Also, it should be noted that assuming emulsion does penetrate the
bottom-water zone only, the water cut will be 100% during emulsion injection, which is
not desirable.

5.4 Alternating-Water-Emulsion (AWE) Process

(considering the model as many sub-units)
The Alternating-Water-Emulsion (AWE) process examines the question in Section 5.3 by

considering the model as many sub-units. Consider a two-layer porous medium, the upper

layer being the oil zone with a flow resistance R , and the lower layer being the water zone

with a flow resistance R . The initial state before emulsion injection is illustrated below:

R Qil Zone

o
LRP | =

o~ I

R
w Bottom Water Zone

Any injected fluid travelling from an injector to a producer would take the path of least
resistance. Thus the emulsion, which increases the resistance to flow as it advances,
would flow directly into the bottom-water zone, since the least resistance path (LRP) is a
straight line from the injector to the producer through the bottom-water zone as illustrated
above, as R >> R _,where R and R are given by R, =Lp /Ak,, and
R, =Ly, /Ak,, respectively. Now, by injecting emulsion directly into the bottom-
water zone, a point will be reached when the resistance of the bottom-water zone is equal in
magnitude to that of the oil zone above, so that a large proportion of the injected emulsion
invades the oil zone near the injection end instead of continuing to flow through the bottom-

water zone, as illustrated below.
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Here X | is the emulsion flood front position in the oil zone, X, 1s the emulsion flood front
position in the bottom-water zone, and q, is the emulsion crossflow. In the bottom-water
zone, up to the emulsion flood front X, the resistance is X Te (e =He/A Koy, where
the subscript "e" denotes the properties of the emulsion) and the corresponding resistance
in the oil zone above is Xor'e + (XW-Xo)ro (where r',=p /A k__ and ,=W,/Ak..).
When the conditions are such that the resistance of the bottom-water zone is higher than
that of the oil zone above, i.e., X J > X1, + (X,-X)r,. then a iurge amount of injected
emulsion is forced into the oil zone. Thus, at this point, a switch frc  the blocking to the
displacing mode is needed, in order to minimize emulsion blockage of the oil zone. This
stage is illustrated in the following diagram. (Note: the emulsion in the region 0 < X < X,

in the upper diagram is assumed to be small; thus, it is neglected in the following analysis.)

o
Water L )
~ e | Tw
I-——x-\ q X xTL

However, as water injection continues, the waterflood front wili eventually advance to a
point where water crossflow (channelling) into the bottom-water zone becomes prohibitive.
At this point, a switch from the displacing to the blocking mode to further isolate the
bottom-water zone is needed. This cycle is repeated as many times as necessary, and the

resulting process is called the Alternating-Water-Emulsion Process.
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It can be seen that by alternating between the blocking and displacing modes, the blocking
of the oil zone by emulsion is much less than that in the Emulsion-Slug Process.
However, the question arises: when to switch from the blocking mode to the displacing
mode, and from the displacing mode to the blocking mode. Tc ar:swer this question, the
exact flow mechanism of emulsion under bottom-water condii: >is must be known. In
other words, emulsion behaviour in both the oil and water layers must be known so that the
amount of crossflow between the layers can be determined quantitatively. Only wflen all

these factors are known, can the process be performed efficiently.

5.5 Dynamic-Blocking Procedure (DBP)

In order to eliminate some of the problems with the AWE process, such as finding the
correct slug size, a knowledge of the flow mechanism of the blocking agents is needed.
Thus, a new approach, which is called the Dynamic-Blocking Procedure (DBP), is
considered. This approach results from taking the sub-units in the AWE process to be

infinitesimally small.

Recall that the main concern in this research is to decrease water channelling by blocking
the bottom-water zone effectively so that a waterflood (or mobility control agent, MCA)
would advance in the oil zone. However, the blocking process is rendered difficult by the
presence of crossflow between the layers in addition to the problems of stability and ageing
of the blocking agent. Thus, if somehow the crossflow is minimized, the efficiency for
both the displacing and blocking processes would be improved. Therefore, the factors
determining viscous crossflow must be examined. Recall the crossilow equation behind

the flood front,

q 2we, [cosh(x,«/a —vm) - cosh(;v-fa)]

_(“'lhl +p'bhb) ‘\/E
kl kb



=(qbp‘b - A.H, 1 Consider the term (&u—“——q‘—ui-) in ¢

Ak, Ak, +m-cosh(+m)’ Ak, ALKk, ¥

where ¢,

When only blocking agent is injected into the bottom-water zone, this term becomes
qQuHe/Apky. It is evident that by injecting a displacement fluid into the oil zone, thus

including the term q,p,/Ak,, the magnitude of upward crossflow is reduced, since

qbp'b qbub qala : dplp qQaHa . . . .
> - , provided that /=== > —22. Notice that if this is considered
(Abkb) ALKy Aaka) P Agky A,k ’

aKa
from the displacement point of view (the displacement fluid being water) water channelling
is reduced by the injection of a blocking agent into the bottom-water zone. Thus,
depending on the fluids used and the rates at which they are injected, crossflow can be
controlled in both magnitude and direction. It should be noted that the above crossflow
equation applies to Newtonian fluids only, so that crossflow of a blocking agent such as an

emulsion is applicable only approximately. However, the previous reasoning, i.c., by

reducing the vertical pressure gradient, crossflow can be reduced, is still valid.



6. EXPERIMENTAL APPARATUS AND PROCEDURE

6.1 Description of the Experimental Apparatus

The experimental apparatus used in this research is shown in Fig. 6.1. It consisted of two
constant-rate pumps and an aluminium coreholder with a rectangular cross-section. Two
constant-rate pumps, a Jefri pump controlled by a PC, and an ISSCO pump, were used for
fluid injection. In the experiments requiring simultaneous injection of two fluids, the
ISSCO pump was used in conjunction with the Jefri pump. All other experiments used the
Jefri pump only. The Jefri pump was connected to two cylinders containing floating
pistons. This permitted a maximum volume of 1000 ml of fluid to be injected at a
maximum rate of 1200 ml/hr. The Jefri pump was monitored by an IBM PC with a
precision of 0.1 mi/lir. The ISSCO pump had a capacity of 500 ml of fluid to be injected at
a maximum rate of 400 ml/hr. The pressure differentials across the length of the flow
model were measured by a pressure transducer capable of sensing pressures up to 345 kPa
(50 psi). The rectangular coreholder was made of aluminium. The inside dimensions of
the corcholder were 122 cm (4 ft) length, 7.62 cm (3 in) depth, and 5.08 cm (2 in) width,
designed for a maximum pressure of 2100 kPa when properly sealed. The injection well
was specially designed to allow simultaneous injection of two different fluids. This well
consisted of two concentric lengths of tubing: the inside tubing delivered the fluid to the
bottom-water layer, while the fluid injected into the oil zone travelled in the annulus
between the two tubes. The injection points were located at the middle of each layer,
Points A and B in Fig. 6.1. A similar well was installed at the protuction end to simulate a
vertical interface between the two fluids injected (i.e. to satisfy the boundary conditions of

the crossflow equations).

6.2 Packing Procedure
The model was packed by the wet-packing method with 70-100 mesh glass beads, having

an average density of 2.5 g/ml. The model was tamped with a rubber hammer during the
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packing process. Once it was packed, air was driven through the bead pack for about 12
hours in order to remove the water used for packing. Then a vacuum was drawn overnight
(about 24 hrs) to completely remove the water. The model was, then, connected to the
pump and deionized water was pumped through. A material balance was performed to
determine :he pore volume of the bead pack. Subsequently, the absolute permeability of

the bead pack was determined using Darcy's law for several flow rates.

At this point, an oil flood was conducted to establish the irreducible water saturation. This
was done by injecting of about two pore volumes of oil, until no more mobile water was
observed at the outlet. Subsequently, the permeability to oil at irreducible water saturation
was determined using Darcy's law for several flow rates. The model was then opened
from the side for packing the bottom-water layer. In order to establish an accurate height of
the bottom-water layer, a special scraper was used to remove part of the oil bead pack.
When the desired height was scraped off, the bottom-water layer was packed manually
using the glass beads that were used for packing the oil zone; thus, the absolute

permeability of the bottom-water layer was assumed to be the same as that of the oil layer.

The initial oil-in-place (IOIP) was calculated using the IOIP of the homogeneous pack
before packing the bottom-water layer multiplied by the ratio of the height of the oil zone
thickness to the model thickness. This method of obtaining the IOIP of the bottom-water
layer was found to have less than 3% error when 4 checks were done by weighing the
scraped-off oil layer to obtain the exact amount of the removed oil. Thus, all of the IOIP's

of the bottom-water experiments were calculated using this method.

6.3 Materials, Chemicals, and Fluids
Glass beads «i 70-100 mesh size were used for packing both the oil and bottom-water

layers. MCT-10, supplied by Imperial Oil Ltd., was used as the oil phase and deionized



water was used for the water phase. The properties of oil and water phases can be found in
Table 6.1.

Three different oil-in-water emulsions, having 10% volume dispersed (MCT-10 oil)
quality, were used in the experiments as blocking agents. This amount of the dispersed
phase was proven to be adequate in an earlier studys. Concentration of the surfactant
(Stepanform HP-116, supplied by Stepan Company) was varied to obtain different
emulsions {0.4%, 0.04% and 0.016% of the total volume). The stability of the emulsions
was determined by visual observation of phase separation and apparent viscosity as a
function of shear rate. All three emulsions were stable over a 24 hours time period; i.e.,
the emulsion exhibited a single phase after a 24 hours period, with no change in viscosity
versus shear rate characteristics. All three emulsions had an average drop size of 2 um.

The viscosity versus shear rate behaviour of the emulsions is shown in Fig. 6.2.



TABLE 6.1: Fluid Properties at 22°C

Fluid Viscosity (mPa.s) Density (g/cm3)
MCT-10 Oil 63.0 0.8709
Deionized Water 1.0 1.0

Interfacial tension between oil and water = 33.5 dyne/cm.
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7. PRESENTATION OF THE EXPERIMENTAL DATA

A total of 25 experiments was conducted to study waterflooding and various injection
strategies with the use of emulsions under bottom-water conditions. The presentation of the
experiments is in chronological order. A summary chart of the runs is given in Fig. 7.1 for
classification of the types of runs conducted. Results of all the experiments are summarized

in Table 7.1. Data for each experiment is also presented in tabular form in Appendix A.

Runs 1 and 2: Waterfloods at Different Injection Rates

Runs 1 and 2 were carried out at different water injection rates in a homogeneous pack (viz.
no bottom-water). This was done to study the waterflood performance in the absence of the
bottom-water layer, and to estimate the effective permeability to water at residual oil
saturaton, k., for later analysis. These runs served as base runs since the effect would be
comparable to completely blocking the bottom-water layer, if present. In Run 1, an
injection rate of 400 ml/hr was used. Water breakthrough occurred after 0.391 HCPV of
fluid production. Figure 7.2 shows the production history for this run. Notice that after

water brezakthrough, the oil cut dropped sharply.

In Run 2, an injection rate of 600 ml/hr was used. Water breakthrough occurred at 0.332
HCPV of fluid production. Figure 7.3 shows the production history of this run. Again,
after water breakthrough, the oil cut dropped sharply. Figures 7.2 and 7.3 show that the
production histories for Runs 1 and 2 are very similar. Thus, it is concluded that the

injection rate does not play a significant role over the range considered.

ffe Ision iz

Run 3: Bottom-Water Run with Emulsion-Slug Process (0.4% Surfactant Conc. Emulsion)
ho/hyy, =3, ko/kypw = 1, Slug Size = 0.5 PVy,,

Run 3 was conducted to study the effect of the Emulsion-Slug Process with a small

emulsion slug size. An oil-to-bottom-water layer thickness ratio (h,/hy,,) of 3:1 was used in



Run 1: Flow Rate = 400 ml/hr ]

Waterflooding

Run 2: Flow Rate = 600 ml/hr J

Run 21: Emulsion (0.4% Surfactant) |

Emulsion

Base Runs

Run 22: Emulsion (0.04% Surfacmnt)—l

Flooding

Homogeneous Pack

Run 22; Emulsion (0.016% Surfactany |

Emulsion
(0.4% surf)

Run3: Slug Size =05 P%,,, Inj. PL@ A |

Run 4: Slug Size =1PVp,,  Inj. L@ A |

Run5: Slug Size =2 PV, Inj. PL@A |

ESP Emulsion

(0.04% surf)

Emulsion

Surfactant

Bottom Water Runs
(ho/h = 3, Ho/it, = 63, Ko/k = 1)

Run6: Slug Size =0.75 PV, . Inj. PL.@ A |

Run 8: Slug Size = 1 PK,,,, Inj. Pt @ Inlet_ |

Run 13: Slug Size = 1 PV, , Inj. Pt. @ Inlet |

(0.016% surf)

Run 15: Slug Size = 1 PY,,, Inj. PL @ Inlet |

Run 14: Slug Size = 1 PV,,, , Inj. Pt. @ Inlet |

Run 9: Emulsion (0.4% Surfactant) —I

Run 17: Emulsion (0.04% Surfactant) I

Run 19: Emulsion (0.016% Surfactant) |

Run 10; Emulsion (0.4% Surfactant)

-

Total Emul.
AWE Slug Size =
1 PV,
Total Emul.
DBP Slug Size =
1 PVy,,
Verification Waterflooding
of
Crossflow
Eqgs.
Oil Flooding

Runs 16 & 24: Emulsion (0.04% Surfactant) I

Runs 18 & 25: Emulsion (0.016% Surfactant)

Run 7: Inj. Pt. @ Oil Zone

Run 12: Inj. Pt. @ Oil and Water Zones

|
_ |
Run 20: Inj. Pt. @ Water Zone B

]

Run 11: Inj. Pt. @ Oil and Water Zones

Fig. 7.1: Summary Chart of all the Experiments.
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TABLE 7.1: Summary of the Experimental Results

Run Process Blocking Siug Size ko  Porosity Soi IOIP Recovery

No. Agent PVbw  (um?2) 8 (cm3) @ WOR=20

1 BASE N/A N/A 23.7 0371 0934 1612 59.5
2 BASE N/A N/A 23.7 0.371 0934 1612 62.5
3 ESP  Emulsion (0.4%) 0.5 21.4 0369 0932 1200 20.0
4 ESP Emulsion (0.4%) 1 18.7 0368 0935 1200 233
5 ESP  Emulsion (0.4%) 2 21.9 0370 0930 1200 224
6 ESP Emulsion (0.4%) 0.75 18.0 0.370 0930 1200 25.1
7 WF N/A N/A 18.0 0360 0926 1163 50.1
8 ESP  Emulsion (0.4%) 1 17.5 0357 0933 1162 27.7
9 AWE  Emulsion (0.4%) 1 18.5 0360 0932 1170 22.6
10 DBP  Emulsion (04%) i 18.5 0359 0531 1165 17.0
11 OF N/A N/A 213 0371 0927 1200 N/A
12 WF N/A N/A 20.0 0363 0932 1180 48.5
13 ESP  Emulsion (0.04%) 1 18.2 0355 0931 1153 43.6
14 ESP  Surfactant (0.04%) 1 17.8 0354 0931 1150 34.0
15 ESP  Emulsion (0.016%) 1 18.5 0352 0937 1150 48.4
16 DBP Emuision (0.016%) 1 18.9 0357 0928 1155 66.0
17 AWE Emulsion (0.016%) 1 18.4 0356 0930 1155 60.8
18 DBP  Emulsion (0.04%) 1 19.3 0355 0933 1155 60.0
19 AWE Emulsion (0.04%) 1 19.0 0353 0934 1150 54.3
20 WF N/A N/A 19.0 0357 0933 1162 46.6
21 BASE Emulsion (04%) N/A 19.5 0359 0928 136 434
22  BASE Emulsion (0.04%) N/A 19.1 0350 0922 1500 59.2
23 BASE Emulsion (0.016%) N/A 19.3 0351 0931 1520 71.5
24 DBP Emuision (0.016%) 1 19.3 0.358 0933 1165 66.1
25 DBP  Emuision (0.04%) 1 19.0 0.355 0933 1150 59.5

AWE - Altemnating-Water-Emulsion Process

BASE - Base Run

DBP - Dynamic-Blocking Procedure
ESP - Emulsion-Slug Process
N/A - Not Applicable

OF - Oil Flood
WF - Waterflood

For all experiments:

ho/hw = 3,

Injection Rate = 400 ml/hr except for Run 2 which was 600 mi/hr.
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the experiment. Absolute permeabilities of both zones were equal (ko/Kpw = D). The
injection and production wells were located at a depth of 50% of the oil zone. Both the
emulsion and the water were injected through the injection well, Point A in Fig. 6.1. In this
run, a 0.5 PVy,, (bottom-water pore volume) of emulsion was injected at the beginning of

the run at a rate of 400 ml/hr, followed by water injection at the same rate. Notice that 0.5

PV, is equivalent to a volume of 0.18 HCPV.

Water breakthrough occurred after 0.0083 HCPV (10 ml) of fluid production, indicating
that the emulsion was going into the bottom-water zone. Figure 7.4 shows the production
history of this run. Notice that the oil cut decreased rapidly to less than 15%, while the
pressure increased to the maximum permissible value. This rapid drop in oil cut indicates
that the emulsion was blocking the bottom-water zone. After emulsion breakthrough at
0.225 HCPV of fluid production, the oil cut increased from 14% to a maximum of 60% and
then dropped rapidly to a low value. This indicates that the emulsion slug had only partially
blocked the water layer and as a result of ti:e partial block, the injected water bypassed the
oil zone. This resulted in a low ultimate oil recovery: only 20% of IOIP was recovered.
(Note: ultimate oil recovery is defined as that obtained at a producing WOR equal to or
greater than 20.)

Run 4: Bottem-Water Run with Emulsion-Slug Process (0.4% Surfactant Conc. Emulsion)

ho/Pyy = 3, Ko/kio, = 1, Slug Size = 1.0 PVy,,

A larger emulsicn slug s.z¢ was used in Run 4, 1.0 PV,,,. In this run, the ratio of the

height and permeability as v-ell as the depth of the injection well were kept the same (h /h,,,

=3:1, ky/kpw =1, well penetration equal to 50%). The only variable was the emulsion slug

size. This time an emulsion slug size of 1.0 PV, was used.

AV
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The emulsion was again injected through the injection well at a rate of 400 ml/hr at the start
of the run. Figure 7.5 shows the production history of this run. Water breakthrough
occurred early at 0.014 HCPV of fluid production, and initial oil cut dropped to 13%, which
indicated that the injected fluid was going into the bottom-water zone. The rapid increase in
the injection pressure indicated that the emulsion was blocking the bottom-water. After
emulsion breakthrough at 0.252 HCPV of fluid produciion, the oil cut increased to a
maximum of 62.5%. Unlike Run 3, this time the oil cut did not drop sharply; instead, it
remained high for a while, before dropping to a low value. Because of this larger slug size,
a high oil cut was sustained for a longer period of time, which gave a better ultimate oil
recovery of 23.3% IOIP,

Run 5: Bottom-Water Run with Emulsion-Siug Process (0.4% Surfactant Conc. Emulsion)

ho/hpy = 3, ko/kyy = 1. Slug Size = 2.0 PV,

Run 5 was conducted to investigate further the effect of slug size on recovery. Once again,
all parameters except the slug size were kept constant. A 2.0 PV,,, emulsion slug was used.
The production history is shown in Figure 7.6. Unlike Runs 3 and 4, initial oil cut did nct
drop to a very low value; it declined to 20.5%. Early water breakthrough at 0.013 HCPV of
fluid production, and rising pressure during the initial period indicated that the emulsion was
starting to block off the bottom-water layer. After emulsion breakthrough at 0.279 HCPV
of fluid production, the oil cut which was still decreasing, started to increase and peaked at
0.50 HCPV of fluid production. This maximum value was less than that for the previous

runs, but was sustained for a longer period.

Since a larger slug size was used, it was expected that a higher ultimate recovery would be
obtained. Contrary to expectations, the ultimate recovery - 22.4% IOIP - was less than that

for Run 4 (23.3% of IOIP for a 1.0 PVy,, emulsion slug). Because the ultimate oil recovery

for the two runs was very close, it was assumed that the optimal emulsion slug size k-

41



Pressure, kPa

.A>E>n~ 'l =9321§ w:—m :O_m—zemv dS3 3yl M..:m: JIOAIISIY IANEM -Woliog v MEVOOFm uoIs|nuwy

(% '°A'°S8) AdDH Jo uomdesy ‘paidncddy pim

¢l

i [ 1 1 _ 1 1

01

K|
¢0

‘p uny 1oy A101S1H uononpold .~/ 31

- <
S

o e o e - - .- .-

09y 110 "wny)

"IAd 0°1 = 97t$ Sng uots|nwyg
$€6'0 =S ‘¢ = "Wy ‘[ = "Wy
%E €T =29y 11Q ‘Wt T L1 =My
89€°0 =@ ‘u gL =%y

Iy/qur gOf = ey uondalug
UOIS|NWIY U0 WLIDEHNS % b0

yim 454
P uny umy I\ -wonog

[ dom

85€°0 = (U oM

H

A
Ly "
1\ /mono
sy
um...O.«.
)

)
)

)
amssald

]
|}

)
o

-

d
i
t
!
1
!
[
'
t
¢
'
'
!
)
!
i

]

f=t
o0

rllllljjjllllll]lllllllrl]11l1lllrl|lllllrrll[llll

AOM Hn) {10 {£134003Y [IQ 2anE(WN)



e

-r

Pressure, kPa

)

A

o
™
}

("I g 0 = 2218 In|S uors|nw) ST Y1 Sulsf) JOAIASIY IAEA -WoNog € JUM0o[y uoisjnwy
"¢ uny 10j KIOISTE] uonanpord 9/ Sig

(U0 MpAY58) AJDH JO UOIBL] ‘PIIIA0Y PpIniq
0t

0 Sl

-
-~
-
-
P
bl B

BY'TT =Y 10

y/jw 00p
uoIs{nw "uo0)

"IAd 0°C = 971§ 3n|S uoisphuyg
0£6'0 = S ‘g = "Wy 1 = "Ny

0LED = ¢l p6 1T =""Y

G uny -uny I3eM-wonog

wr 9°81 = Y

= ey uondaluy
WRIDRLINS %P0
M 4S5S4

dOM

L1L0 = fu] 191ep

\

\
AISSAI ) p-

b o

6LT°0 =14 'thug

0c

09

<
[~2]

Ill'rl[rlll‘l1ll|llllllTlITllll!lll[]Tlrrlll‘ll[frll

O 14134009y [1Q dAlejnun)

JoM an) |



been reached (i.e., a larger emulsion slug size would not recover any additional oil). It
appeared that the optimal slug size was approximately 1.0 PV,

Run 6: Bottom-Water Run with Emulsion-Slug Process (0.4% Surfactant Conc. Emulsion)

ho/hpw = 3, ko/kpw = 1, Slug Size = 0.75 PV,

This run was designed to pinpoint the optimal slug size for the emulsion. From Runs 3 and
4, it was found that a slug size greater than 1.0 PV, would not help to recover more oil.
As before, all parameters except for the slug size were kept constant. Figure 7.7 shows the
production history of this run. The emulsion slug was injected through the injection well at
a rate of 400 ml/hr, followed by a waterflood at the same rate. Water breakthrough was at
0.014 HCPYV of fluid production, indicating that the emulsion was entering the bottom-
water zone. An increase in pressure before emulsion breakthrough indicated that the
emuision was blocking the bottom water zone. This time, however, the initial oil cut
dropped to only 30%. After emulsion breakthrough at 0.246 HCPYV of fluid production, the
oil cut increased to a maximum of 57%. This run followed a trend similar to that of Run 3,
except for the minimum oil cut value, which was twice that in Run 3. Because of the
comparatively higher initial oil cut, this run gave the highest ultimate oil recovery (25.1% of
IOIP) of all the runs with bottom-water. However, this figure is only slightly higher than

23.3%, obtained when an emulsion slug size of 1 PV, was used in Run 4.

Run 7: Bottom-Water Run with Waterflood in the Qil Zone
ho/Mpw = 3, ko/kpw =1

This run had the same parameters as all previous runs with bottom-water, the only
difference being that no emulsion was used. This was done in order to see waterflood
performance under bottom-water conditions (hy/hy,, = 3, ko/kpw = 1, and well penetration =
50% of oil-zone thickness). With the previous runs in view, it was expected that the
waterflood performance without the help of a blocking agent would be very poor.

However, an ultimate oil recovery of 50.1% of IOIP was obtained, which is far more than
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expected. Figure 7.8 shows the production history of this run. Notice that the pressure did
not rise to as high a value as in previous runs, but was sustained at close to the maximu;
value for a longer time. The oil cut dropped very rapidly to 20%, and then increased slowly
to a maximum of 37%. However, since this oil cut remained ai an average of 33.2% for a
period of 0.767 HCPV of fluid production, oil recovery was almost 40% before the decline
started.

Run 8: Bottom-Water Run with Emulsion-Slug Process (0.4% Surfactant Conc. Emulsion)

ho/hpw = 3, ko/Kpw = 1, Slug Size = 1.0 PVy,,

The reason for carrying out Run 8 was to see if the emulsion injection point influenced oil

recovery. Run 8, in essence, duplicated the conditions of Run 4, except that the emulsion

injection point was the end inlet, instead of the injection well (see Fig. 6.1). This end inlet
was located at the centre of the injection end. Because the end inlet was designed to pack
the model and to measure k,;, only, a semi-permeable metal plate was installed, which

acted as a smooth wall to the model, while covering the injection end. (Note: the injection

Point B in Fig. 6.1 had not been installed at the time of the experiment; therefore, the end

inlet was used instead.)

Comparing Run 8 (Fig. 7.9) with other emulsion floods (especially Run 4), two differences
are to be noted in this run. They are 1) the faster response time, and 2) a higher oil cut.
First, it took only 0.172 HCPV of injected emulsion before the oil cut started to increase.
This value is much less compared to that for other runs (0.25 HCPV in Run 4). Second,
the oil cut increased to 81.7% (62.5% in Run 4, which was the highest among the other
runs). With these two changes, the ultimate oil recovery was 27.7% of 10IP, which is
4.4% percentiles higher than the recovery for Run 4, which is credited to a more favourable
emulsion injection position. Thus, it can be seen that the point of emulsion injection has an
effect on oil recovery under bottom-water conditions. However, the difference is still too

small for it to be conclusive.
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Run 9: Bottom-Water Run with AWE Process (0.4% Surfactant Conc. Emulsion)
ho/hyw = 3, Ko/ky,y, = 1, Slug Size = 1.0 PV, (=4 x 0.25 PV,,,)

Run 9 was conducted to study the eifect of the AWE process. An oil-to-bottom-water layer
thickness ratio (hy/hy,,) of 3:1 was used in the experiment. Absolute permeabilities of both
zones were equal (k/kyy = 1). The 1.0 PV, emulsion slug was divided into four batches
to block the water zone. Similarly, the drive water was divided into four batches, each of
which had a size of 0.25 PV of the oii zone. Unlike the previous runs with a single
injection point, this run was conducted with a special well that allowed emulsion injection
in the water zone and water injection in the oil zone, as described in the previous section.
The run was started by injecting a 0.25 PV, emulsion slug into the water zone, followed
by a 0.25 PV,; water slug into the oil zone. The whole process was repeated by injecting

the emulsion and water alternately. The production history is shown in Fig. 7.10.

The production history of this run is similar to that of the previous single slug runs. Water
breakthrough occurred after 0.01 HCPV of fluid production, indicating that the emulsion
was going into the bottom-water zone. Notice how the oil cut decreased rapidly to less
than 10%, while the pressure increased to a maximum. This rapid drop indicates that the
emulsion was blocking the bottom-water zone. The only difference between this run and
the previous runs is that the pressure increased shortly after each emulsion injection.
However, there was not a noticeable increase in the oil cut corresponding to the pressure
increment. The highest oil cut was 47.0%. The ultimate oil recovery was 22.6% of 10IP,
which is similar to that for Run 4 with a single emulsion slug, 23.3% of IOIP.
Run 10: Bottom-Water Run with Dynamic-Blocking Procedure

(0.4% Surfactant Conc. Emulsion) hy/hy,, = 3, ko/kyy, = 1, Slug Size = 1.0 PV,
Because Run 9 did not show an improvement in oil recovery over Run 4, where a single
slug was employed, the simultaneous injection of emulsion and water was investigated in

this run. Given the same amount of emulsion, 1.0 PVy,,, the single slug is an extreme case
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of the AWE process because it employs only one slug. (On the other hand, as the number
of slugs increases, in the limit it is equivalent to injecting the emulsion and water
simultaneously into the water and the oil zones, respectively.) The production history for

this run is shown in Fig. 7.11.

The oil cut peaked at 36.8%, and then dropped sharply. Because of the low oil cut
~btained during production, the ultimate oil recovery was low: 17.0% of IOIP. This value

- 1e lowest among all the previous runs with bottom-water.

Runs 11 and 12: Oil Flooding and Waterflooding a Bottom-Water Formation

Run 11 was carried out to examine the effect of injection fluid on oil recovery under bottom-
water conditions. In this run, the same in-place oil was injected into both oil and bottom-
water zones. To simulate a vertical front displacement, the respective volumetric injection
rates for the zones were proportional to the cross-sectional area of each zone. Figure 7.12
shows the production history for Run 11. Notice that after 0.35 HCPV of fluid production,
an oil cut of 76% was attained. However, despite the fact that the mobility ratios were
favourable in both oil and bottom-water zones, the oil cut decreased for a period of 0.18
HCPYV of fluid production to less than 20%, before it started to increase. Thus, it seems
that the low oil rate during initial production of a bottom-water reservoir is unavoidable.
When a high oil cut of 76% was reached, this value was sustained for a period of 0.37
HCPV of fluid production befcre the oil cut started to increase due to production of injected
oil. Thus, it appears that there is a pseudostable regici: where the oil cut is approximately
constant for a Newtonian fluid flooding a bottorn:i-water formation. A similar pseudostable

region was observed in Run 7.

Run 12 was carried out to further investigate this region. This run employed the exact
iniection strategy and experimental set-up as that of Run 11, the only difference being that

water was injected instead of oil. Also, Run 12 is similar to Run 7 except that water

§1
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injection in Run 12 was conducted in both layers. From the production history in Fig.
7.13, it can be seen that the oil cut curve had a trend similar to that of Run 7. Notice that an
oil cut of 33.3% for a period of 0.76 HCPV of fluid production was obtained. Thus,
25.3% of I0IP was recovered during this pseudostable period. When the WOR was over
20, an ultimate oil recovery of 48.5% IOIP was obtained as compared to 50.1% for Run 7.
Run 13: Bottom-Water Run with Emulsion-Slug Process

(0.04% Surfactant Conc. Emulsion) h,/hy,, = 3, k/kyw = 1, Slug Size = 1.0 PV,
This experiment was carried out to examine the effect of a lower surfactant concentration
emulsion on oil recovery under bottom-water conditions. Run 13, in essence, duplicated
the conditions of Run 8, except that the surfactant concentration of the emulsion was
lowered to 0.04% from 0.4%. The viscosity versus shear rate relationship of this emulsion
can be found in Fig. 6.2. The end inlet was used for emulsion injection even though
injection Point B was available. This was done to single out the variable of a lower

surfactant concentration emulsion in this run with Run 8.

The production history in Fig. 7.14 shows that all curves exhibit trends similar to those in
Run 8 except that the oil cut was sustained at a high value of 60% for a period of 0.27
HCPYV of fluid production, giving over 16% IOIP recovery. Also, the oil cut did not drop
as rapidly as in Run 8; as a result, an oil recovery of 43.6% was obtained when the WOR
reached 20. Thus, by lowering the surfactant concentration by a factor of 10, using the
Emulsion-Slug Process, the ultimate oil recovery was improved by 15.9 percentiles.

Run 14: Bottom-Water Run with Emulsion-Slug Process (0.04% Surfactant Solution)

ho/hpw = 3, ko/kpw = 1, Slug Size = 1.0 PVy,,

Run 14 had the same injection strategy and experimental set-up as that of Run 13; the only
difference being that 0.04% surfactant was injected instead of emulsion (i.e., the 10% oil

was removed from the emulsion used in Run 13). Thus, this run examined whether the
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10% of oil in the emulsion was needed. Note that 10% oil in a 1 PV, is less than 4%

IOIP under the conditions studied.

The production history plot in Fig. 7.15 shows that the injection of surfactant gave an oil
cut similar to that in Run 13. However, after the oil cut reached a maximum of 67%: it
declined much more rapidly as compared to the case of an emulsion slug. Thus, surfactant
showed very little, if any, blockage in the bottom-water zone after a maximum oil cut was
reached. As a result, an ultimate oil recovery of 34% IOIP was achieved. Thus, by
emulsifying less than 4% IOIP oil to prepare an emulsion slug, as in Run 13, an extra
9.6% 10IP was recovered.
Run 13: Bottom-Water Run with Emulsion-Slug Process

(0.016% Surfactant Conc. Emulsion) hy/hy,, = 3, ko/ky,, = 1, Slug Size = 1.0 PV,
This experiment was carried out to investigate further the effect of a lower surfactant
concentration emulsion on ocil recovery under bottom-water conditions. In this run, a
surfactant concentration of 0.016% was used to make a 10% oil-in-water emulsion. This
was the minimum concentration needed to obtain a stable emulsioi:; also, this concentration
was used in a previous study5 for making a stable emulsion. Run 15, in essence,
duplicated the conditions of Runs 8 and 13, except that the surfactant concentration was
lowered tc 0.016%. The viscosity versus shear rate relationship for this emulsion can be
found in Fig. 6.2. Again, the end inlet was used for emulsion injection so that this run

could be compared with» Runs 8 and 13.

It can be seen from the production history in Fig. 7.16 thar all curves exhibit trends similar
to those of Runs 8 and 13. As in Run 13, oil cut was sustained at a high average value of
58% for a period of 0.30 HCPV of fluid production, giving over 17% IOIP recovery.
Also, the oil cut did not drop as rapidly as in Run 8; as a result, an oil recovery of 48.4%

was obtained when the WOR reached 20. Thus, by lowering the surfactant concentration
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further to 0.016%, using the Emulsion-Slug Process, the ultimate oil recovery was
improved by 20.7% and 4.8% over Runs 8 and 13, respectively.

Runs 16 and 17: Effect of Injection Strategy on Bottom-Water Runs Using 0.016%

Surfactant Conc. Emulsion (hy/hy,, = 3, k/kpw = 1, Slug Size = 1.0 PVy,)

To examine the effect of injection strategy on oil recovery under bottom-water conditions,
Runs 16 and 17 were conducted using the Dynamic-Blocking Procedure, DBP, and the
Alternate-Water-Emulsion, AWE, process. In these runs, the experimental s<t-up and the
emulsion used in Run 15 were kept unchanged to examine the effect of injection strategy.
In the DBP injection method, water and emulsion are injected simultaneously into the oil
and bottom-water zones, respectively. The injection rates are proportional to the cross-
sectional areas to simulate a vertical front displacement. On the other hand, in the AWE
process, water and emulsion are injected alternately into the oil and bottom-water zones,
respectively. The 1..; £y, emulsion slug was divided into four batches to block the water
zone. Similarly, the drive water was divided into four batches, each of which had a size of

0.25 PV of the oil zone.

The production history for Run 16 (Fig. 7.17) shows that the oil cut curve had a trend
similar to that of Run 15 employing the Emulsion-Slug Process. However, the oil cut
declined much more slowly in this run. This suggested that the blocking process of the
emulsion lasted for a longer time period when the DBP method was used. As a result, an
ultimate oil recovery of 66% IOIP was obtained in Run 16, as compared to 48.4% IOIP in
Run 15. Comparing this run with Run 10, which utilized the same experimental set-up and
injection strategy but a higher surfactant concentration emulsion, the result was quite
different: an ultimate oil recovery of 17% IOIP for Run 10 as compared to 66% for Run
16. Thus, it was concluded that the DBP injection strategy is strongly affected by the

blocking agent used.
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Similarly for the AWE process, the production history for which is shown in Fig. 7.18, it
can be seen that the oil cut curve had a trend similar to that of Runs 15 and 16. The oil cut
declined much more slowly than that in Run 15, but it was similar to that in Run 16. Asa
result, an ultimate oil r=covery of 60.8% IOIP was obtained in Run 17. Comparing this
run with Run 9, which utilized an identical experimental set-up and injection strategy but a
higher surfactant concentration emulsion, the result was quite different: an ultimate oil
recovery of 22.6% IOIP for Run 9 as compared to 60.8% for Run 17. Thus, it was
concluded that the AWE injection strategy is also strongly affected by the blocking agent
used.
Runs 18 and 19: Effect of Injection Strategy on Bottom-Water Runs Using 0.04%
Surfactant Conc. Emulsion (ho/hy,, = 3, ko/kyw = 1, Slug Size = 1.0 PVy,)
To examine the effect of surfactant concentration in emulsion on injection strategies under
bottom-water conditions, Runs 18 and 19 were conducted using the Dynamic-Blocking
Procedure, DBP, and the Alternate-Water-Emulsion, AWE, process. Runs 18 and 19, in
essence, duplicated Runs 16 and 17, respectively, the only difference being that a slightly

higher surfactant concentration emulsion was used: 0.04%.

The production histories for Runs 18 and 19, plotted in Figs. 7.19 and 7.20, show that the
oil-cut curves had a trend similar to those of Runs 16 and 17, respectively. The only
difference in Runs 18 and 19 with a higher surfactant concentration was that the oil cut for
these runs was slightly lower than that in Runs 16 and 17, respectively. As a result,
ultimate oil recovery was lower for these runs: an ultimate oil recovary of 60% OIP for
Run 18 and 54.3% IOIP for Run 19. Comparing these runs with Runs 16 and 17 (ultimate
oil recovery of 66% IOIP and 60.8% IOIP, respectively), it was concluded that both the
DBP and AWE injection strategies are governed by the blocking agent used.
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Run 20: Bottom-Water Run with Waterflooding in the Bottom-Water Zone
ho/hbw =3, k<>/kbw =1

This run employed the same parameters as all previous runs with bottom-water. It was
conducted to further examine waterflooding performance under bottom-water conditions
(ho/hyy, = 3, k/ky,, = 1, and well penetration = 50% of bottom-water zone thickness, Point
B in Fig. 6.2). This run employed the same experimental set-up as that of Runs 7 and 12,
except that the waterflood was carried out in the bottom-water zone to examine the effect of
the point of injection under bottom-water conditions. Figure 7.21 shows the production
history of this run. Notice that the oil cut was not greatly affected by the unfavourable
injection point location. In fact, a trend similar to that of Runs 7 and 12 was observed.
Initially, the oil cut dropped very rapidly to 14%, and then increased slowly to an
approximately constant value of 31.4% for a period of 0.77 HCPV of fluid production; oil
recovery was over 35% IOIP before the decline started. The ultimate oil recovary was less
than that for Runs 7 and 12 (50.1% IOIP and 48.5% IOIP, respectively). Nevertheless,
46.6% I0IP was recovered when the WOR reached 20.

Base Runs: Emulsion ing in the Absen B -Water T

Runs 21, 22 and 23: Emulsion Floods with Different Surfactant Concentrations

Runs 21, 22 and 23 were conducted to examine the effect of different emulsions (same
quality but with different surfactant concentrations) on oil recovery in a homogeneous
pack. The three different emulsions used in previous bottom-water runs were employed in
these runs. Emulsions were made using the same amount 10% (vol.) of oil content with
different surfactant concentrations: 0.4%, 0.04% and 0.016% for Runs 21, 22 and 23,
respectively. Figures 7.22, 7.23 and 7.24 show the production histories of these runs.
From Fig. 7.22, it can be seen that the emulsion with 0.4% surfactant concentration had an

early emulsion breakthrough at 0.368 HCPV of fluid production. After emulsion
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breakthrough, the WOR increased rapidly to over 20 when only 0.71 HCPV of fluid had

been recovered. As a result, a low ultimate oil recovery of 43.4% IOIP was obtained.

Emulsions with a lower surfactant concentration in Runs 22 and 23 exhibited similar oil-cut
curves with emulsion breakthrough at 0.419 and 0.429 HCPV of fluid production.
However, despite the similarity of the emulsion breakthrough in the two runs, a lower
surfactant concentration in Run 23 gave a much higher ultimate oil recovery of 71.5% 10IP
as compared to 59.2% IOIP in Run 22. Thus, it can be concluded that surfactant

concentration in the emulsion plays a major role in oil recovery.

Runs 24 and 23: Reproducibility of the Experiments

As described in the previous section, it can be seen that the experimental set-up and
procedure is labour-in:ici: i Trus, experimental error is one of the major errors likely to
occur in the experin: - (s. Howes=r, it can be shown from Runs 24 and 25 that when a
similar packing procedure was employed, error was about the same. That is, human error,
if present, was consistent in the packing process. Therefore, experimental results can be

meaningfully compared with each another.

Due to the long duration of the experiments, on the average 10 days for each run, ot:ly two
runs were repeated to examine the reproducibility of the experiments. Runs 16 and 18
were repeated as Runs 24 and 25, respectively. Figures 7.25 and 7.26 show the
production histories of these two runs. Comparing these runs with the previous Rusns 16
and 18, Runs 24 and 25 exhibit almost identical production histories. Cumulative oil
recovery for Runs 16 and 18 were 66% and 607% IOIP; for Runs 24 and 25, recoveries of
66.1% and 59.5% IOIP were obtained. Thus, it can be concluded that the experiments in

this study were reproducible with an error of less than 1% recovery of IOIP.
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8. DISCUSSION OF THE RESULTS

In this research, 25 experiments were conducted to study waterflooding under bottom-
water conditions. The principal objectives were to study the crossflow effect and examine
the use of emulsions as blocking agents under bottom-water conditions. This chapter is
divided into two main sections. First, different aspects of crossflow are discussed, based
upon the experimental results obtained in this study as well as the experimen:al results of

3.5.6

previous studies™*”. Second, different injection strategies for using an emulsion as a

blocking agent are discussed.

8.1 Crossilow
Four experiments (Runs 7, 11, 12 and 20) were conducted to verify the crossflow
equations. The equations were further confirmed using data from previous studies>>S, In

this section, different aspects of the crossflow equations are discussed.

8.1.1 The Effect of Injection Point on Crossflow

Runs 7, 12 and 20 were designed to study the effect of waterflood injection interval on oil
recovery. The injection intervals were located in the oil zone, both oil and water zones, and
the water zone, respectively in Runs 7, 12 and 20. The flow rate used in these runs was
400 ml/hr. In Run 12, the volumetric flow rates in the oil and bottom-water zones were
proportional to the cross-sectional areas of the respective zones to simulate a vertical-front
displacement. Figure 3.1, as weli as the production history graphs in the previous section
(Figs. 7.8, 7.13, and 7.21), show that the waterflood performance was very similar 1n that
the cumulative oil recovery curves exhibited similar trends with a maximum deviation of
4%. Root and Skiba>® concluded that oil recovery carnot be improved by blocking access
to a high permeability zone in the injection well. Runs 7 and 12 showed that this is indeed
the case: by restricting water injection to the oil zone, oil recovery improved only slightly;

an increment of only 1.6% IOIP in ultimate oil recovery (from 48.5% IOIP in Run 12 to
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50.1% IOIP in Run 7) was realized. In contrast, restricting water injection to the bottom-
water zone in Run 20 did not affect the oil recovery adversely (an ultimate oil recovery of
46.6% 10IP). When water was injected into both layers proportionally in Run 12 (i.e.,

4,/h, =q./h,, where subscripts refer to the respective layers), however, the oil recovery

was between the two extremes.

Crossflow as a function of the flood-front position is plotted for Runs 7, 12, and 20 in
Figs. 8.2a 8.2b and 8.2c using Egs. (4.12) and (4.13), raspectively, in order to examine
the similarity of the three runs. Notice that in all three fi: ires, the amount of crossflow
remained more or less unchanged after the flood front traver:cd less than 10% of the model
length. In the case of injection into the oil zone, Run 7, 63.2% of the injected water
channelled into the bottom-water zone, leaving 36.8% of the injected watet 7+ displace the
oil (Fig. 8.2a). (Note: water channelling is approximated using Eq. (4.12} at X =1.)
Thus, theoretically, the oil cut should be constant at 36.8% before water bi: :¥:iirough in
the oil zone. The experimental value of the oil cut averaged 33.2% over (0.” 67 HCPV of

fluid production (Fig. 7.8).

When water was injected into both the il and water zones (75% into the oil zone and 25%
into the bottom-water zone), in Run 12, 40.6% of the injected water channelled into the
bottom-water zone (Fig. 8.2b). Therefore, the theoretical constant oil cut should be 34.4%
(=75% - 40.6%). The experimental value of the oil cut averaged 33.3% over (.76 HCPV
of fluid production (Fig. 7.13). When water was injected into the water zone only, in Run
20, 35.6% of the injected water channelled into the oil zone (Fig. 8.2c). Therefore, the
theoretical constant oil cut should be 35.6%. The experimental value of the oil cut averaged
31.4% over 0.77 HCPV of fluid production (Fig. 7.21). On the whole, the agreement
between the oil cut values calculated from the crossflow equations and those observed

experimentally is good.
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In all three runs, the percentage of the injected water flowing in the oil zone, as given by
the crossflow equation, is of the same order, viz. 36.8, 34.4 and 35.6% for Runs 7, 12
and 20, respectively. In fact, if the identical reservoir descriptions of the model (i.e., the
permeabilities of the different zones) are used to calculate the percentage of the injected
water flowing in the oil zone, identical values are obtained regardless of the interval of
injection (i.e., using the crossflow Eq. (4.12) for any combination of flow rates in the oil
and the bottom-water zones, the percentage of the injected water flowing in the oil zone is
the same). Thus, it is concluded that the waterflood performance under bottom-water
conditions is not a strong function of the water injection interval when crossflow exists.
However, ignoring the effect of gravity, it is still preferable to inject water into the oil zone,
as it is evident that a small oil bank forms in the bottom-water zone, leading to a decrease in
the water mobility in this zone, eventually leading to a higher oil production rate. The small
oil bank can be identified as the crossflow of oil into the bottom-water zone ahead of the

flood front in Figs. 8.2a and 8.2b.

8.1.2 Verification of the Crossflow Equations

It can be seen from the previous section that the crossflow equations predicted the amount
of water channelling under bottom-water conditions. In this section it is shown that the
crossflow equations can be used to analyze Run 11, and selected results obtained in

previous studies>>.

8.1.2.1 Zero Crossflow Case
The case of zero crossflow between the two layers is of special interest, because the
displacement process is then similar to that in the case of a homogeneous porous medium.

The condition for zero crossflow between the layers was (Section 4.2):

Qb Gl o (8.1)
wkw Aokc
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where subscripts w and o denote the properties of the bottom-water and oil zones behind

the flood front, respectively, and q,, and q are the respective water injection rates.

In Run 11, 0il (MCT-10) was injected into both the oil and bottom-water zones to satisty
the above condition. Since the same porous media were used for both zones and the
injection rates in the oil and bottom-water zones were proportional to their cross-sectional

areas (i.e., q, /A, =q_/A ), the above condition was satisfied. From the experimental

results, Fig. 7.12, it can be seen that after 0.35 HCPV of fluid production, an oil cut of
76% was obtained (i.<., zero crossflow was attained, since ho/(ho+hw) =75%). Despite
the fact that the mobility ratios were favourable in both the oil and bottom-water zones, it
took 0.35 HCPV of fluid production before the oil rate reached 76%. Thus, it seems that
the low oil rate during the initial production stage of a bottom-water reservoir is
unavoidable. However, once the system reached steady state, the oil cut was constant at an
average of 76% for 0.37 HCPV of fluid production before the oil cut started to increase due
to production of injected oil. Thus, the crossflow equation predicted the zero crossflow

condition when the appropriate fluids were injected into the corresponding layers.

8.1.2.2 Previous Linear Waterflood Studies

Islam’ reported the only experimental investigation of waterflooding an oil zone with a
communicating water zone. Howsever, all of the waterfloods in that work were followed
by various types of chemical floods. Thus, only the portion of the fluid production history
prior to the chemical flood was used to verify the crossflow equation derived in this
research. In Fig. 8.3, the oil cut (before a chemical flood) when waterflooding a bottom-
water reservoir is plotted against fluid recovered, in pore volumnes of the model. Notice
that all of the oil cut curves exhibit a fairly constant value shortly after production started.
This further supports the premise that crossflow is constant after the flood front is away
from the injection well (approximately 0.1 of the model length, derived below in Section

8.1.3). Figure 8.3 shows that the crossflow equations predict water channelling into the
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bottom-water zone with a maximum error of approximately 5%. Again, water channelling

is predicted using Eq. (4.12) at Xe=1

8.1.2.3 Previous Radial Waterflood Studies

Although the crosstlow equations were derived for a linear displacement case, it can be
shown that crossflow between layers under bottom-water conditions is independent of
geometry (i.e., linear and radial displacements exhibit similar pressure distributions when

crossflow exists), and thus, can be used to examine a radial displacement case.

Consider the following radial displacement which is similar to the previous conditions:

Water Injection
l Water

—= =—
R

Qil

U\WT\ | | h .
L |,k @ | © a Oil Zone
W, k.,,\\\ | Hw, Kk, @ | @ hb Bottom Water Zone

— =T

..i¢; previous assumptions, as follows, apply in this case also:

1) flow is steady state;

2) crossflow is vertical,

3) crossflow does not alter the mobility in either layer;

4) fluids are incompressible;

5) displacement is piston-like;

6) only oil is flowing ahead of the flood front in the oil zone;
7) only water is flowing behind the flood front; and

8) capillary and gravity forces are negligible.



