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The present work is related to water cresting in horizontal wells. A
critical rate estimation method based on the observation of the
water/oil interface is suggested. For this purpose, a prototype reservoir
is simulated numerically to monitor the water/oil interface movement
when some relevant parameters are changed. Applying this method,
the effect of anisotropy ratio, well length, well position and mobility
ratio has been studied and relations between the critical rate and these
parameters are presented. The results compare favorably with the

work available in the literature.
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CHAPTER 1

INTRODUCTION

In the last few years many horizontal wells have been drilled
around the world. The primary purpose of drilling a horizontal well is
to enhance reservoir contact by virtue of its length and in this manner

improve the productivity of the well.

A vertical well is defined as a well drilled perpendicular to the
reservoir bedding plane. Therefore, a horizontal well is one that is
drilled parallel to the bedding plane. The most commonly cited
advantages of horizontal wells include reduction in coning (gas or
water) and viscous fingering, improved sweep efficiency, increased
productivity or injectivity and increased drainage area. Some
disadvantages associated with horizontal wells are high cost, difficulty
in logging, stimulation and selective perforation, limited recompletion
alternatives for high gas or water rates and limitation of vertical sweep

efficiency due to permeability barriers.



Oil production through a horizontal well causes the water-oil
interface to deform into a crest. As production rate is increased, the
height of the water crest also increases until the rate reaches a critical
rate, at which the crest becomes unstable and water flows into the

well. This is called 2-phase interface coning.

Water coning is a serious problem in many oil field operations,
significantly reducing oil production. Producing oil at a water cut
higher than necessary is always a difficult task for practicing
engineers. The existence of a critical rate above which excessive water
production occurs has been studied earlier by many researchers. It is
important to minimize or at least delay coning. Coning is induced by a
certain type of pressure distribution in the reservoir. For example, a
vertical well producing at a substantial rate, exhibits a large pressure
drawdown in the vicinity of the well-bore which results in coning. In
horizontal wells, coning is mitigated by virtue of reduction in pressure
drawdown. This may result in low production rate per unit length.
However the low oil production rate per unit length is more than
compensated by the long length of the horizontal well. The maximum
production rate for a displacement with stable water cone is termed
critical rate. Critical rate is therefore the rate above which water cone

becomes unstable and water breakthrough occurs impromptu.



CHAPTER 2

OBJECTIVES OF THE STUDY

Since the pioneering studies carried out by Muskat [1] and

Dietz [2], numerous papers have been published on critical rate

studies. Some of these were based on laboratory experiments, while

others were derived analytically. Both approaches have limitations in

the sense that they neglect the following reservoir and fluid flow

aspects:

. permeability variations and layering

1
2. relative permeability and capillary pressure effects
3.
4
5

properties of the aquifer and gas cap

. interference from neighbouring wells and boundaries

. after-breakthrough production.

To account for the above effects and then calculate the after

breakthrough performance, it is more convenient to use a numerical

simulator. Present day reservoir simulation is becoming a valuable

tool that if properly used, allows the petroleum engineer to gain

greater insight into the mechanism of oil displacement by water.



In the present work a method of estimation of the critical rate
based on the observation of the water/oil interface is presented. Since
the water/oil interface is obtained from the saturation distribution, this
work is carried out using numerical simulation. A commercial
simulator, ECLIPSE, is used for this purpose. The sensitivity of the
critical rate to the length of horizontal wells, the anisotropy ratio, the

reservoir geometry, and the mobility ratio will be studied.



CHAPTER 3

LITERATURE SURVEY

A literature survey of published material related to water coning
in vertical and horizontal wells is presented in this chapter with

emphasis on research studies related to the critical rate.

3.1 EFFECT OF LENGTH

The effect of horizontal well length on water coning behavior
"has been studied by numerous authors in the last 5-6 years. The
research work carried out to date has been either based on theoretical
formulations or numerical simulation by carrying out a parametric

study.

3.1.1 Simulation Study by Kossack and Kleppe
Kossack and Kleppe [3] made a simulation study of oil
production from Troll Field in the North Sea. They compared the



performance of horizontal wells with that of vertical wells. The most
significant result observed was that a 1500ft. horizontal well would
produce the same amount of oil as two vertical wells in a typical
sector pattern and a 2000ft. horizontal well would perform even better
than three vertical wells. A circular drainage area of radius 5000ft.
was divided in sectors of 30°, 45°, 60° and 90°. Results of a sensitivity
study of the length of horizontal well are shown in Figure 3.1. The
time to shut in is the time the well produces before shut-in is necessary

due to high water-cut.
3.1.2 Work of Butler

In his historical paper, Butler [4], presented a simplified and

simple relation between horizontal and vertical critical rates:

3.1)

It shows that the ratio of horizontal well critical rate to vertical well
critical rate is equal to four times the ratio of length, L, of the
horizontal well and the spacing, S, between parallel horizontal wells.
It is clear that a length equal to one quarter of the spacing between

parallel horizontal wells has the same critical rate as a vertical well. It



also shows that critical rates in horizontal wells are proportional to the

length of the horizontal wells.
3.1.3 Seventh SPE Comparative Solution Project

In this remarkable project in which fourteen organisations took
part with their own simulators, the effect of varying the rates and
lengths of the horizontal wells upon recovery of oil from reservoirs
where coning is important was studied [5]. They all consistently
predicted a decrease in coning behavior with an increase in well
length. It would be worth while to mention that the group also
included the effect of well-bore hydraulics in their study. They found
that its' effect is more pronounced in high permeability reservoirs than
in low permeability reservoirs. An important parameter considered in
well-bore hydraulics was the pressure drop along the length of the

horizontal wells.
3.1.4 Study of Horizontal wells in Helder Field

Zagalai and Murphy [6] carried out simulation of horizontal
wells in the Helder Field which is underlain by a water aquifer and has
a very high and unfavorable mobility ratio. The effect of well length
on performance was investigated by the use of a drainage area of 60

acres (2600*1000 sq.ft.). Figure 3.2 shows cumulative oil production



and water-cut versus cumulative gross production for well lengths of
500ft., 1000ft., 15001t., 2000ft. and for a vertical well.

It can be observed that a 500ft. horizontal well recovers 18%
more oil than a vertical well. Increasing well length to 1500ft.
increases incremental recovery over vertical well to 33%. However
beyond 1500ft. increase in length produces diminishing benefits. This
is due to the fact that as length increases the length of the non-
penetrated section of the reservoir decreases and the relative oil flux
from the edges towards the ends of the horizontal well decreases. It
was found that optimum length for horizontal well is 60% of the

length of the drainage area.
3.1.5 Parametric Study by Wang

Ben Wang [7] carried out a parametric study of the gas and
water coning in vertical and horizontal wells. Figures 3.3, 3.4 and 3.5
illustrate the effect of well length on coning. Figure 3.5 is the GOR
curve for a 50ft. gas cap (no aquifer) reservoir with a horizontal well
whose length varies from 200ft. to 4000ft. The well is located 35ft.
below the GOC. The vertical well is perforated 32.5ft. to 37.5ft. below
the GOC. It is evident from these figufes that the longer the well the
lower the GOR. The breakthrough time increases from 5 days to 229
days as well length increases from 200ft. to 4000ft. The plot of



recovery factor versus well length shows that at 6000 days recovery
increases rapidly from 4.1% to 14.1%. The increase is linear for
horizontal wells. However, it was shown that short horizontal wells
(around 200ft.) are not successful in effectively reducing coning. The
water coning effect is shown in Figure 3.4 for a 300ft. bottom water
drive reservoir (no gas cap). Again it is observed that longer horizontal
wells give delayed breakthrough and lower water cut. The economic
recovery also increases linearly with the well-length. For simultaneous
gas-water coning a gas cap of 50ft. and bottom aquifer of 300ft. were
taken. The same linear trend is observed in economic recovery as

shown in Figure 3.5.
3.1.6 Parametric Study by Yang and Wattenbarger

Yang and Wattenbarger [8] gave a correlation to predict critical
rate, breakthrough time and WOR after breakthrough for both vertical
and horizontal wells. It was found that the height between the WOC
and horizontal well, hyp, at which water breakthrough occurs
decreases with increase in well length. Therefore, longer horizontal

wells give higher WOC displacement prior to water breakthrough.
3.1.7 Study of thin oil zones by Haug "

Haug et al. [9] studied the effect of locating the horizontal



in water zone for producing from thin oil zones underlain by an
aquifer and overlain by a gas cap. They developed a correlation for
gas break through time (GBT). It was found that GBT is directly

proportional to L25 where L is horizontal well length.
3.1.8 Work of Suprunowicz and Butler

Suprunowicz and Butler [10] studied productivity and pattern
dimensions for optimum draining of a reservoir. They came up with
very simple relationships. A dimensionless pressure drawdown was

defined for drainage areas less than 35L2 as follows:

1+i
* 1%

12

(3.2)

For larger drainage areas:

P = iln-l-‘i’zi ~15
47 nL
(3.3)

Using the above equation flow rate can be found from:

A
poopt

(.4)
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It was shown that productivity of a 500ft. well draining a 16 hectare
area is 27 times that of a vertical well. However, the derivation was
based on a simplified 2D diffusivity equation solution. The solution is
good for small reservoir thickness. However for thick formations it
was proposed that a pressure drop term should be added to
compensate for the vertical convergence of flow into the horizontal

well. The result was the following equation:

_m(P-B,)
=TT % *
L p +PS
(3.5)
x 1 h, h
and Fg = 2n fannrw
(3.6)

3.1.9 Work of Gilman

In part I of their article [11], the authors compared the
horizontal productivity for a given set of reservoir parameters. Figure
3.6 shows the productivity of a horizontal well as a function of well
length. It can be seen that productivity is linear with length. In part II,
Gilman et al. [12] studied the effect of horizontal well length. Figure

3.7 shows a plot of cumulative oil recovery at economic limit versus

11



well length for gas and water coning. It can be observed that recovery

is linear with length.
3.1.10 Study of horizontal well arranged in a staggered pattern

Suprunowicz and Butler [10] studied the productivity and
optimum pattern shape for horizontal wells arranged in staggered
rectangular arrays. They modified the dimensionless pressure

drawdown, P*:

2
*  — 1L
P =Ny
(3.7)
= 1
where PN =—]Vj PNdA
(3.8)

Py is a modified pressure which is the value of actual pressure divided

by the largest pressure in the area which is farthest from the well. For
3D:

*
* 1h h
PN 2n L 1n‘21tr;:

(3.9)
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qzi(F—Pw)
uw prepl
(3.10)
. |k
B =h|-k
k,
(3.11)
r* = 2
w Wk
1+-2
k,
(3.12)

3.1.11 Coning Study for Ratawi Oil Field [13]

In this study the effect of length was evaluated for well lengths
of 1000ft., 2000£t. and 3000ft. It was found that the longer the length
the more the cumulative oil production and the lower the water-cut.
See Figures 3.8 and 3.9. Drop in water cut was attributed to smaller
pressure drawdown which tends to suppress water coning in horizontal

wells. Thus 3000ft. well gives maximum oil production for minimum

water-cut.
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3.2 EFFECT OF RATE
3.2.1 Study by Karcher

Karcher [14] studied post breakthrough performance of
horizontal wells and carried out a numerical simulation study using a
3-phase 3D simulator. He also studied the effect of rate. It was found
that for favorable mobility ratio critical rate did not exhibit any major
sensitivity. However for unfavorable mobility ratio recovery dropped
from 11.6% to 6.5% as rate increased from 22 to 42 times the critical
rate. Consequently supercritical production rates bring the same gains
after breakthrough but these gains do not increase afterwards except

for unfavorable mobility ratio.
3.2.2 Work of Kossack and Kleppe

Kossack and Kleppe [3] compared oil production in the Troll-
Field in North Sea using both horizontal wells and vertical wells. They
found that the performance of a horizontal well is greatly dependent

upon production rates.
In order to extend the life of the well a production schedule of

gradually lowering production rates was suggested. For the purpose of

this study as the GOR increased above the solution GOR, production

14



rates were lowered. It was observed that the GOR reverted back to a

lower solution GOR. After a period of time, breakthrough would again

occur and the rate would be further reduced. Table 3.1 [3] shows the

schedules. The time given is the breakthrough time and the rate given

is the corresponding rate. Figure 3.10 and Figure 3.11 respectively

show gas-oil ratio performance of schedules C and D for the 1500ft.

section. By gradually lowering the production rates, final shut-in times

were extended to 3649 and 3723 days respectively.

Table 3.1: Production Schedule

SCHEDULE TIME (DAYS) RATE (STBPD)
A Vertical 0-2700 1000
B Horizontal 0-6720 1000
C Horizontal 0-100 8000
100 - 240 4000
240-1730 2000
1730-3649.4 1000
D Horizontal 0-370 4000
370-1800 2000
1800-3722.5 1000

It was observed that schedule of high initial rates followed by

gradually reducing rates as the GOR increases recovers significant

15




amount of oil. For schedules C and D the recovery is found to be
nearly the same as observed in case B. However, it is observed that for
the horizontal wells the time taken is slightly more than half the time
it takes for case B.

3.2.3 Work of Zagalai and Murphy [6]

They carried out a reservoir simulation study of horizontal wells
in the Helder-Field located in the Dutch Continental Shelf. They
studied the effect of gross rate to water cut sensitivity. Figure 3.12
shows that a horizontal well is affected more adversely by high rates
especially at early times and at rates below 3000 STBPD. Above 6000
STBPD there is less sensitivity to gross rates. The plot of water cut
versus time, Figure 3.13, shows that rate has a strong influence on

water cut performance.
3.2.4 Parametric Study by Wang

Wang (7] studied the effect of gross production rate on
performance of a horizontal well. He studied the effect of gross
production rate for a horizontal well, g;, on GOR, WOR and recovery.
He found that for a gas cap, decreasing.qt from 4000 rbpd to 500 rbpd
delayed GBT from 10 days to 1200 days while the ultimate recovery
increased from 15% to 30% of OOIP. As for the GOR sensitivity to g,

16



it was observed that GOR drops instantaneously as rate changes and
moves along with the curve of new rate, q. He also studied the rate
effect on water coning and considered three cases:

1. low viscosity oil (0.95 cp) and 300 fi. aquifer (see Figure 3.14)

2. low viscosity oil and infinite water influx (see Figure 3.15)

3. viscous oil (20 cp) and 300 ft. aquifer (see Figure 3.16).

He found for the first case that the lower the q;, the lower the water cut
and the higher the ultimate recovery. However increasing the rates did
not result in a considerable change in behavior. Similar trend was
observed for case two. But for case three, it was found that q; at
breakthrough, water cut after breakthrough and ultimate recovery did
not change greatly. This led to the conclusion that g is an important
parameter in water coning for low viscosity oil with limited aquifer

but not in other cases.
3.2.5 Simulation Study by Yang and Wattenbarger

Yang and Wattenbarger 8] carried out an extensive sensitivity
analysis for horizontal wells. They found that increasing gross
production rates resulted in early breakthrough of water. They gave a

correlation for predicting WOR after breakthrough:
log(WOR +0.25) = m(hbp - hw b ) +1log0.25

(3.13)
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Since the equation is valid only for hyp < hy, while the slope,
m, for the above equation is always negative and increases with
increase in qy, it can be concluded that for higher g;, WOR increases.
However the correlation is limited because it assumes that rate
changes which causes hysteresis in WOR do not influence the
performance. In addition, the correlation is only valid for cases of

mobility ratio (water-oil) less than 5.
3.2.6 Work of Gilman

Gilman [11] compared the recovery from horizontal wells
versus vertical wells for water coning situation. Breakthrough occured
within days after production began. Cumulative oil production at 50%
water cut for vertical wells was found to be 7,000 STB and about
210,000 STB for horizontal wells. Oil rate declined rapidly for both
but less rapidly for horizontal wells. After a period of 5 years
horizontal wells had produced 229,000 STB while vertical wells
produced only 70,000 STB.

3.3 EFFECT OF WELL SPACING -
The decreased resistance to flow around an extended

horizontal well as compared to that around a vertical well implies that

fewer horizontal wells are required to achieve the same reservoir

18



drainage. The improved contact with reservoir achieved by means of

the horizontal wells has a dual nature:

1. The near well-bore flow resistance is reduced due to the extended
length and resulting lower velocity.

2. For long wells, length carries the well through larger reservoir area.

Extending length of the well reduces the distance that the reservoir

fluids must travel in order to reach the well.

3.3.1 Work of Kossack and Kleppe

Kossack and Kleppe [3] studied the well spacing parameter.
They considered a circular drainage area of radius 5,000ft. and
subdivided it into a number of equal sectors. Each sector was drained
by one, two or three vertical wells or by one horizontal well. This
comparison between production from sectors of different sizes gave
the effect of interference between the groupings of the wells. For
example a 30° sector has 72 groupings of wells in a 360° pattern while
a 90° sector has 4 groupings of wells. Runs were made on ECLIPSE
simulator by employing sectors of 30°, 45° and 90°. It was found that
cumulative oil recovery is highest for smallest angle. Between 30°-45°
there was a significant drop in recovery, while between 45°-60° this
drop was smaller. Reduction in the recovery between 60°-90° is again

found to be significant. See Figure 3.17.
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3.3.2 Work of Ozkan and Ragahvan

Ozkan and Ragahvan [15] determined the maximum drainage
radius for the case of vertical wells needed to avoid water coning,

They gave the following relationship:

k
r=2.3h, /va-
(3.14)

To drain a larger area, horizontal well lengths must be more than twice
this value so that the drainage area is approximately L2. This indicates
the need of vertical wells with closer spacing or horizontal wells in a

thin oil column in a reservoir which has an aquifer or gas cap.
3.3.3 Work of Yang and Wattenbarger

Yang and Wattenbarger [8] carried out an extensive sensitivity
analysis for horizontal wells. They found that for both vertical and
horizontal wells increasing the drainage radius (in vertical wells) or

drainage width (in horizontal wells) resulted in delayed breakthrough.

3.3.4 Work of Wang -

Ben Wang [7] carried out a parametric study of gas and water
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coning in vertical and horizontal wells. He studied four different well

spacings: 1,000,000 sq. ft., 4,000,000 sq. ft., 9,000,000 sq. ft. and

16,000,000 sq.ft. for gas coning in both horizontal wells and vertical

wells (equivalent radius of 564.2ft., 1128.4ft., 2258ft. and 3385.1ft.

respectively). The length of the horizontal well was the same as the
linear dimension of the square block in which it was centrally located.

For the same gross production rate of 1000 rbpd the GOR was plotted

versus economic recovery and it was found that :

1. Breakthrough times for vertical wells were all within days and
GOR increased much faster with economic recovery increments
for larger well spacing runs.

2. For horizontal wells breakthrough time was 15, 40, 230 and 560
days respectively for 1000ft., 2000ft., 4000ft. and 6000ft.
respectively.But overall GOR versus economic recovery curves
were close for various well spacings.

Therefore gas coning is important in vertical well spacings than

horizontal wells. Due to large pressure drop in radial direction the gas

will flow towards the radial direction for large well spacings. But
since flow lines are linear in a horizontal well the pressure drop is
greatly reduced. As a result the gas cap can still effectively push down
the oil column. For water coning it was found that large spacing
resulted in delayed breakthrough, highér water-cut after breakthrough

and lower economic recovery for both vertical and horizontal wells.
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Therefore horizontal well spacing is important in water coning but not

important in case of gas caps.

3.3.5 Work of Lacy et al.

Lacy et al. [16] studied well spacing and found that higher well
spacing is desirable in horizontal wells for two reasons:
1. Incremental reserves should be proportional to incremental costs.
2. Early production data demonstrates that the horizontal wells can
drain a large area in a small time even in tight reservoirs.
It was found that in a naturally fractured reservoir, spacing along the
fracture trend should be greater than that perpendicular to it. However,

they did not study the effect of spacing on water or gas coning.

3.3.6 Work of Butler and Suprunowicz

Butler and Suprunowicz [17] studied the production of oil from
reservoirs underlain by an active aquifer assuming water and oil of
equal density and viscosity. They used the formula describing the
velocity potential distribution and streamlines in a steady state, 2-D
potential field as a basis for their work. Recovery ratio at breakthrough

time is:
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. .
R= —lln(coshi)
Th a

(3.15)
Therefore the closer the well spacing the more complete and rapid is

the recovery of oil [18]. In another publication [18] the authors
developed quantitative means of defining the shape of optimum
pattern i.e. the ratio of length to breadth of a rectangular pattern. A 2D
pseudo-steady state was assumed and relations for optimum pattern

shape were found for a horizontal well in rectangular patterns:

a= 2+4
(3.16)
p=A
!
(3.17)
A =a, *b
(3.18)
The aspect ratio is defined as:
I
(3.19)
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It was found that the minimum drawdown can be found using a

simple correlation:

(3.20)

These results are derived for a thin reservoir and may be extended to a
thicker reservoir i.e. in 3D by adding a term to the pressure drop

required to achieve vertical convergence of flow to the central well:

h —_—
P +P,=-1(P-P,)
S ogun TV
(3.21)
pPr=thy k
S 2nL 2mn,
(3.22)
For different k;, and ky, :
*
* 1 h, h
Po=——In
S 2n L *
21trw
(3.23)
« [k
W =h|-h
k,
(3.24)
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(3.25)
By applying the equations to a 500m long horizontal well
draining 16 hectares, 27 times higher productivity was achieved for a
= 640m and b = 250m as optimum pattern shape parameters. If for the

same system a 15m thickness and kh /kv =10 is assumed, then for

rw=0.1m productivity 17 times rather than 27 times high is obtained.
The optimum aspect ratio for horizontal wells in staggered rectangular

arrays was found [18]:

A/ 2

[0} = —
Pl 1154/ 12 +1

(3.26)
3.4 EFFECT OF ANISOTROPY RATIO
3.4.1 Work of Chaperon

Chaperon [19] found that the critical rate is directly proportional

to /kvkh. Thus q, increases with increase in /kv /kh' Chaperon also
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found that the ratio 9.5 /qcv increases with an increase in %, /kh.

This is due to the fact that as ky increases qc, decreases. But for

horizontal wells an increase in ky results in an increase in qg,.

3.4.2 Work of Butler

Butler reported [4] that the length of horizontal well equivalent

to a vertical well can be found using the following equation: (See

Figure 3.18)
k
= h
L_%hJ -
v
(3.27)

The higher the £, / kh , the lower the equivalent horizontal well length.

3.4.3 Work of Haug

Haug [9] studied the effect of anisotropy ratio in thin oil zones
and found that isotropic reservoirs give the highest value of the
recovery, while recovery decreases with increase in the degree of
isotropy. It was found that isotropy was less important than the

absolute permeability.
3.4.4 Work of Ben Wang
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Ben Wang [7] also studied the effect of anisotropy. Figures 3.19
through 3.22 show the results of his parametric study. The value of the
ratio kv /kh was varied from 0.01 to 1.0. It is clear that the value of

this ratio is important in water coning phenomena. The economic

recovery decreases with increasing kv /kh ratio. This result is in

consonance with observations made for vertical wells.

3.4.5 Work of Yang

Yang and Wattenbarger [8] studied the effect of the anisotropy
ratio in their simulation study of water coning phenomenon. In
consistence with the published literature they also found that high
values of the vertical permeability ky resulted in later breakthrough of

water.

3.4.6 Work of Lacy et al.

Lacy et al. [16] studied the effect of low vertical permeability.
It was observed that low ky, results in suppression of water coning but
in turn also reduces well productivity. It was found that horizontal
well in low ky do not perform better than vertical well in water coning

applications.
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3.4.7 Work of Guo and Lee

Guo and Lee [3] developed _critical rate correlations for
horizontal wells. They found that the behavior of the critical rate is
insensitive to the vertical permeability k,. However they found that

the critical rate is directly proportional to the horizontal permeability
ky .

3.4.8 Work of Gilman

Gilman [11] studied the effect of vertical permeability and
found that for higher k, cumulative oil recovery decreases due to

coning. See Figure 2.23.
3.5 CRITICAL RATE CORRELATIONS

All the research work carried out to solve the gas and water
coning tendencies in reservoirs lead to the conclusion that water and
gas coning can be avoided by producing at low rates. Quantitative
relationships have been developed that give precisely the rate, which if

exceeded would result in gas or water coning. This rate is defined as

the critical rate.
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In this section we shall review all the work that has been carried
out in evaluating the critical rate for a reservoir beset with gas and
water coning problems. A

Unlike horizontal wells, vertical wells have pressure drop
concentrated around the well-bore. For a reservoir underlain by an
aquifer the high pressure drop around a vertical well-bore would lift
the water cone towards the well. For the same production rate, the
smaller drawdown in the horizontal well would lift an equal volume of
a water crest but having a much lower height, thereby delaying
coning. Thus, the critical rate is expected to be higher for horizontal

wells.
3.5.1 Critical Rate Correlation By Chaperon

Chaperon [19] made a 2D study of the coning phenomena for
anisotropic formation for both steady state and un-steady state
conditions
and found that critical rate is directly proportional to:

1. Transmissivity of the layer, khh / M-
2. Initial oil thickness. '
3. Length of the horizontal well.

4. Anisotropy ratio, /kv /kh .

29



Critical rate decreases with increase in lateral dimensions of the
reservoir drainage area. Thus close well spacing would resuit in higher
critical rate. However the effect of small vertical permeability is to
decrease the critical rate. This equation applies only where the length
is more than one quarter of the drainage volume dimension along the
well. The equation is derived for both steady state and pseudo-steady
state cases. If aquifer maintains reservoir pressure the steady state
equation applies while for no flow boundary pseudo-steady state

equation applies. For steady state:

Q,;,=4B %(A for a=13

(3.28)
k,h
_ _ h
B=3.486E S(Aph)[ %0 Bo)
(3.29)
X
(3.30)

For pseudosteady state the above equation can be used after replacing
X by 0.5X,. and re by 0.607re.
The following important result follows from this:

Qch/ qQev=4L/Xp fora=13 (3.31)
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Thus for large well spacings it is found that the improvement in
critical rate is insignificant if a vertical well is replace with a
horizontal well. )

3.5.2 Critical Rate Correlation By Efros

Efros [20] developed the following equation using hodograph

method :

4.888E -4k, Aph” L

uoBO(z Xor |z +h%)

9do =

(3.32)
Joshi suspects that X, in the denominator should be replaced by 2Xe
[20].

3.5.3 Critical Rate Correlation By Giger

Giger [21] proposed the following equation which was derived
using the hodograph method of calculation:
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3khAng e

dc =
1) 1+i—h-§-—1
o 3Xg'

(3.33)
3.5.4 Critical Rate Correlation By Giger and Karcher [14]
They presented following equation:
by Aok 1 n V
=4, —4__h_2P I O
== = N
(3.34)

3.5.5 Critical Rate Correlation Of Yang And Wattenbarger -

Yang and Wattenbarger [8] gave a correlation in 1991 for the
critical rate. Their work was based on the observation that GOR versus
average height of oil column above the perforations yields a straight
line after breakthrough on a semi-log scale. This observation was first

made for the case of gas breakthrough [8]. For horizontal wells:
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= _ay032 bp
9cp=+TRIE-AX - g W V2
D h=hgp) -,
(3.35)
[k, koL Apgh
q =
c " cD
(3.36)
X
=4
xp=-A [k,
(3.37)

It is observed that q. decreases with height, hyp, time or
cumulative oil production. The work is based on closed outer
boundaries which never reach steady state conditions. That is, critical
rate is time dependent. This correlation gives good results for mobility

ratios less than 5 or when viscous forces are not dominant.

3.5.6 Critical Rate Correlation By Guo And Lee

Guo and Lee [22] presented analytical solution for water coning
in 1992.They used conformal mapping theory and numerical
simulation for validation. It was based on the following assumptions:

1. homogeneous
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isotropic
oil is incompressible
steady state flow conditions prevail

well-bore is horizontal and straight and

AN O i

capillary pressure is negligible; abrupt 2-phase interface exists.

To determine the critical rate, following equation is used:

k= [k k

viH
(3.38)
d'=d V
%

(3.39)

Then using:

Hp= 0.033(1.18—0.00246d )(2.286Ay +0.77)(100—67LW)(10gk' +8.14) log X,
(3.40)

qp is found from Figure 24 [22] and using:

dn= Hodc 1
D 2nk d gAp

(3.41)

qc is found in rb/D.ft. This is finally converted to Q¢ in STBPD using;:

@l

(3.42)
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3.5.7 Critical Rate Correlation By Guo Molinard And Lee [23]

They presented another correlation in 1992 for critical rates in

horizontal wells. They found that the critical rates are proportional to
effective k, kvkh , thickness of the oil column, Ap, and inversely

proportional to p. It also depends upon the relative location of the
well-bore in the oil reservoir and is maximum when horizontal
wellbore is placed at about 70% of the reservoir thickness from
unwanted fluid. This work is based on asumptions of homogeneous
reservoir, dimensional flow, well-bore can be treated as a line sink,
steady state flow conditions prevail and capillary pressure is

negligible:abrupt 2-phase interface exists.

The critical rate is estimated based upon the examination of the
profile development of the stable water cone. The critical oil rate
depends upon the well-bore location in the oil reservoir. To determine
the critical rate, the paper refers to certain dimensionless curves
plotted from the results of the analytical solution. Based upon the
value of the well location a dimensionless graph gives the value of
qcp dimensio- nless (critical rate) which can be converted into real

rates.
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Figure 3.2: Horizontal well performance as a function of horizontal interval [6]
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CHAPTER 4

CRITICAL RATE DETERMINATION

A literature survey of published results shows that most of the
work related to critical rate studies is developed using analytical
techniques. However, the correlation by Yang and Wattenbarger [8],
which is obtained using extensive numerical simulaton, is an
exception. The present study is also based on numerical simulation.
Using a numerical model of water coning, a parametric study has been
carried out for horizontal and vertical wells to determine the
sensitivity of various reservoir parameters to critical rate. A new
method to determine the critical rate from simulation results is
described. This method is based on tracking the water front as it
develops and progresses towards the well. It can be called 'Method of

Saturation Function.'
4.1 METHOD OF SATURATION FUNCTION

There are many ways to define a value of critical rate from the
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results of simulation. Several variables, such as water-cut can be used
to estimate the critical rate. In this study the water saturation is tracked
in order to determine the critical rate. The idea behind this approach is
to track the water/oil interface movement so that the water saturation
build up can be detected. The procedure adopted for tracking the front
involves measuring the water saturations in vertical planes
perpendicular to the diréction of the horizontal well. Note that each
grid block in the grid block system is dentified by a set of (i, j, k)
indices. These indices identify the position of a grid block in the grid
system. As shown in Figure 4.1, a vertical plane XY is defined as one
formed by all the grid blocks with the same j index value. In each
vertical plane the water saturation is measured at two different
positions i.e. in two different grid blocks. One of these grid blocks, A,
corresponds to an index value of (ip, j, k), where iy is the index value
of the last grid block in the x-direction, j corresponds to the index
value of the grid blocks identified by the vertical plane in the y-
direction and the kp index is the index number in the z-direction
corresponding to the z-plane in which the horizontal well is situated.
The other grid block, B, corresponds to an index value of (i, j, kh),
where i}, corresponds to the index value of the x-directional grid block
in which the horizontal well is located. In case of a vertical well the
vertical plane is one in which the vertical well is located. After identi-
fying the positions of the two points in which the saturations are

measured, the next step is to keep track of the water saturation at these
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two points with time. As soon as the saturation starts to swell up it is
an indication that the water front has arrived. Subsequently an increase
in water-cut is always observed. In order to standardize the criteria for
setting up an upper limit on water saturation for which coning occurs,

a dimensionless Saturation function, Sf; is defined as follows:

H
S, =AS —
f w

(4.1)

« Sf=saturation function
« ASy = difference in water saturation between the two points in the

vertical plane in which the water saturation is measured.
« H =initial thickness of the oil zone.
« L =length of the reservoir in the y-direction.
At each time interval when the simulator generates a report, the
saturation function is calculated using the observed water saturation
values. If at the end of the simulation run i.e. after approximately
thirty years, it is observed that the saturation function has crossed its'
threshold value in any vertical plane in the reservoir then it is assumed
that the rate corresponding to that simulation run is asupercritical
rate. In this case another run is made with a slightly lower rate. A rate
is termed as subcritical for which the saturation function remains
below the threshold limit at the end of thirty years. In this case another
run is made at a slightly higher rate. Thus the rate
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is gradually increased or decreased until a satisfactory value is
determined for which the saturation function does not cross its'
threshold value even after a long period of thirty years. This value is

defined as the critical rate for the given reservoir and well conditions.

The threshold value of the saturation function for this particular
study was set at 1.0E-04. A smaller value gives more conservative
estimates for critical rates, while a higher value gives optimistic
estimates of large critical rate. After trying several values 1.0E-04 was

found to be a good compromise.

It is necessary to observe the behavior of the saturation function
in all the vertical planes along the length of the horizontal well. The
saturation function value in each vertical plane along the horizontal
well is observed. The critical rate corresponds to that value for which
the saturation function remains within its' threshold limit in all the
vertical planes along the horizontal well. However, for a vertical well
only one and not all planes needs to be observed: the one in which the

well is located.

4.2 BEHAVIOR OF SATURATION FUNCTION WITH TIME

-

The preliminary research was centered around studying the

behavior of the saturation function with time. Figure 4.2 shows how
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saturation function varies for different rates. Each point corresponds to
the saturation function measured at the end of thirty years for a given
rate. It can be observed that as the rate is increased from subcritical to
a supercritical rate a clear transition occurs. The rate corresponding to
the threshold saturation function value at the end of thirty years is

selected as the critical rate.

In Figure 4.3 the saturation function is shown as a function of
rate for various times. For a supercritical rate a dramatic increase in
the saturation function is observed, manifesting that coning occurs
suddenly when the rate is higher than a certain value. For subcritical
rates even after thirty years the saturation function does not show any
substantial rise. The method of saturation function thus provides a
reliable way of tracking the water front by observing the water
saturation and the change in it a soon as the water crest reaches the

well.

4.3 RESERVOIR MODEL

The commercial simulator ECLIPSE, version 93/A was used
for this research. All the runs were made on a SUN SPARCI10
workstation in the Petroleum Engineering section, KFUPM Research
Institute, Dhahran, SaudiArabia.A 3D reservoir model was used in this

study. The model selected for this study was basically based on a
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reservoir lying in a tilted plane. Table 4.1 and Table 4.2 provide basic
information about the model. A schematic diagram is given in Figure
4.4. It is a stratified reservoir model with several layers of varying
porosity and permeability differing in both horizontal and vertical
direction.This model was used for history matching purposes and for
preliminary study of a stratified reservoir. The tilt was removed for the
parametric study, which was carried out for a horizontal reservoir.In
order to simulate the tilt it was assumed that the surface of the
reservoir is composed of a series of grid blocks stepping downwards.
The numerical simulation model contains only a quarter of the actual
reservoir. By virtue of symmetry, it is not necessary to simulate the
entire reservoir thereby considerably reducing the computer time by
the use of fewer grid blocks. In accordance with the standard
definition, the horizontal well is assumed to be located parallel to the
bedding plane. All the simulation runs were made for a quarter block

of the actual reservoir to reduce data storage requirements.

4.4 GRID SYSTEM

Designing of the grid system is a fundamental step in
developing a simulation model. For coning studies it is necessary to
have a grid system which gradually refines as the well-bore is

approached. In this study a sensitivity analysis was carried out to
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Table 4.1: Reservoir Dimensions

DIMENSION FEET
length 4500.0
width 1250.0
thickness 169.0
depth of the reservoir 6384.0
thickness of the aquifer 30.0
tilt angle (tilted reservoir) 5°

Table 4.2: Rock Properties of the Stratified Reservoir

Layer | Porosity (%) kp (md) ky (md) Thickness
1 11.5 35.2 9.0 15.3
2 20.8 169.0 42.0 38.7
3 16.5 58.0 14.0 5.0
4 15.8 126.5 31.0 35.7
5 15.8 53.0 13.0 243
6 15.8 53.0 13.0 20.0
7 15.8 53.0 - 13.0 30.0
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determine the optimum grid distribution. For this purpose the Local
Grid Refinement (LGR) option available in ECLIPSE was also used.
It was found that the increased storage requirement and running time
did not warrant the use of extra reﬁned- grid blocks near the well-bore.
The grid system had to be modified for runs with different well
positions in the reservoir. Table 4.3 describes the grid system selected
for various simulation runs. The base case refers to the simulation

runs carried out for the stratified reservoir.
4.5 WELL REPRESENTATION

The version 93/A of ECLIPSE used in this study allows the user
to describe a tilted or a horizontal well by making use of a
COMPLETION key word in which the user provides the index values,
(i, j, k), of the grid blocks in which the well is completed. Thus it is
possible to complete the well in any set of inter-connected grid blocks
making it possible to easily describe a vertical, horizontal or deviated
well. In this study the horizontal well was completed in the second
grid block in the x direction and third in the z direction. Table 4.3
gives index numbers of grid blocks in which the horizontal well is
completed. Since the well is very close to the edge the symmetry

requirements are not affected by not completing the well in the first x
and y block.
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Table 4.3: Completion Data for the Horizontal Well

Well | Grid Block Index
Length X Y Z
500' 2 2-15 3
1000' 2 2-17 3
2000' 2 2-17 3
3000 2 | 2-15 3
4.6 PVT AND FLUID DATA

The PVT data given in Table 4.4 to Table 4.7 for this study is
taken from PVT data suggested for the Wafra Ratawi Oolite reservoir
study available in the published literature [13]. This set of data has
been selected not merely for the sake of convenience. In fact it only
adds to the credibility of the results in that, it comes from an existing
reservoir. The simulation runs carried out for the purpose of this study
can be conveniently divided into following phases:

1. The history matching

2. Study of a tilted stratified reservoir

3. Study of a horizontal reservoir with user defined properties
4

Study of a tilted reservoir with user defined geometries.
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4.7 HISTORY MATCHING

Using the above mentioned PV"[: data and reservoir properties a
numerical model was developed and validated by carrying out history
match using field production schedule data from published literature
[13]. The water coning model for horizontal wells for the Ratawi
Oolite Reservoir study was setup using the ECLIPSE 93/A version.
An example of the ECLIPSE Input file is given in Appendix A.

History matching is an important part of any simulation study. It
provides the only practical test of the validity of the computer model
of the reservoir.The quality of the match and therefore the amount of
confidence that one can have in a computer model depends upon the
amount of data available for the history. match. Matching parametres

were reservoir pressure and cumulative production.

The results obtained from the history match are given in Figure 4.5
and Figure 4.6. The results obtained are compared with field data as
well as the history match carried out in a previous study by Menouar
et al. [13]. In Figure 4.6 the sudden increase in production at 10684
days is apparent after replacing the vertical well with a horizontal
well. The results of the history match show that the simulator model
for water coning gives result that match with not only field data but

also with results obtained from previous history match. This validates
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Table 4.4: Reseljvoir Data

Gas surface density 0.04104 Ibm/cu.f.
Oil surface density 56.85 lbm/cu.ft.
Water surface density 65.55 Ibm/cu.ft.
Water viscosity (V) 0.50 cp
Water viscosibility (Cy)** 3.0E-06 psi-1
Water FVF (Bw) 1.0 RB/STB
Water compressibility (C)* 3.0E-06 psi-1
datum depth 6384 ft.
GOC depth 6384 ft.
WOC depth 6535 fi.
Rock compressibility 4.0E-06 psi-1
Initial datum pressure 2756 psi
Oil zone thickness 139 ft.
Aquifer datum depth 6535 ft.
Initial water volume in aquifer 10.5E11 STB
Total (water + rock ) compressibility 7.0E-06 psi-1

{Pha) s
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Table 4.5: Oil Relative Permeability Data

Water Sat. (Sw) Krw krow Pcow
0.206 0.00000 1.00000 0.0
0.250 0.00565 0.82296 0.0
0.300 0.01766 0.64270 0.0
0.350 0.03348 0.48469 0.0
0.400 0.05236 0.34894 0.0
0.450 0.07386 0.23545 0.0
0.500 0.09769 0.14420 0.0
0.550 0.12365 0.07521 0.0
0.600 0.15156 0.02848 0.0
0.650 0.18131 0.00400 0.0
0.680 0.20000 0.00000 0.0
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Table 4.6: Gas Relative Permeability Data

Gas Relative Permeability

Gas Sat. (Sg) krg krog Pcog
0.000 0.00000 1.00000 0.0
0.030 0.00000 0.92520 0.0
0050 0.00020 0.87643 0.0
0.100 0.00251 0.75842 0.0
0.150 0.00740 0.64624 0.0
0.200 0.01485 0.54021 0.0
0.250 0.02487 0.44071 0.0
0.300 0.03746 0.34821 0.0
0.350 0.05263 0.26327 0.0
0.400 0.07036 0.18664 0.0
0.450 0.09066 0.11936 0.0
0.500 0.11353 0.06295 0.0
0.550 0.13897 0.02016 0.0
0.600 0.16698 0.00000 0.0
0.650 0.19756 0.00000 0.0
0.700 0.23071 0.00000 0.0
0.750 0.26643- 0.00000 0.0
0.794 0.30000 0.00000 0.0
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Table 4.7: FVF and Viscosity of Reservoir Fluids

(a) Dry Gas )

Gas Press. Bg Hg
psia RB/MSCF cp
14.70 208.974 0.01280

500.00 5.86600 0.01320
1000.0 2.81000 0.01390
1470.00 1.85300 0.01480
1500.00 1.81300 0.01490
2000.00 1.33400 0.01610
2500.00 1.06400 0.01750
3000.00 0.89700 0.01900
3500.00 0.78600 0.02050
4000.00 0.70800 0.02200
4500.00 0.65200 0.02350
5000.00 0.60900 0.02500
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(b) Live oil with  dissolved gas

Rg Oil Pressure Bo Lo
MSCF/STB psia RB/STB cp
0.0012250 14.70 1.04 18.578
0.0602210 500.00 1.07 8.2850
0.1285700 1000.0 1.10 5.0520
0.2000000 1470.00 1.13 3.6800
0.2003610 1500.00 1.132 3.6170
0.2744900 2000.00 1.16 2.8210
0.3503000 2500.00 1.19 2.3180
0.4276000 3000.00 1.22 1.9730
0.5000000 3500.00 1.25 1.7220
0.6406000 4000.00 1.28 1.5310
0.7000000 4500.00 1.31 1.3800
0.8000000 5000.00 1.345 1.2590
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4.8 STRATIFIED RESERVOIR

After carrying out the hisotry match the same model for a
stratified reservoir was run for various production rates to determine
which of these rates is the critical rate. The characteristics of this
reservoir have already been described in the discussion of history
matching in the previous section. As the data for the stratified
reservoir represents a real reservoir case, it provides interesting study
of how changing the length of a horizontal well affects the critical rate
in a real situation. In addition comparison with the performance of a
vertical well is also done. The results are shown in Table 4.8 and
plotted in Figure 4.7. In addition it is found that the critical rate for the
longest horizontal well is as high as 8 times the critical rate for the

vertical well for the same position.

Table 4.8: Critical rate as a function of length.

Tilted reservoir
Length (ft.) Q (STBPD)
vertical well ’ 80

500.0 240

2000.0 ] 440
3000.0 600
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CHAPTERSS

HORIZONTAL RESERVOIR

After a successful history match which validated the reservoir
simulation model followed by the first results for a stratified reservoir
the parametric study was carried out for a series of simulation runs.
These simulations are made for a horizontal reservoir. The analysis is
presented for both vertical as well as horizontal wells and the effect of
well position, reservoir anisotropy and geometry, and mobility ratio on

horizontal well lengths of 500', 1000', 2000', and 3000' is studied in
detail.

5.1 EFFECT OF WELL POSITION

5.1.1 Horizontal Well

The effect of well position upon the critical rate was analysed

by determining the critical rate for well positions corresponding to ZD
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values of 1.0, 0.75, 0.50, 0.25. ZD is a dimensionless number, defined

as follows:
H -H
ZD=—1t -t
H,; 139

« H; is the vertical distance from the well to the WOC
« H,; is the vertical depth of WOC from the top of the reservoir

The reservoir is assumed to be homogeneous and isotropic with
an absolute permeability of 45.6 md. The PVT properties and reservoir
characteristics and geometry are the same as those for the stratified
reservoir with the exception that the reservoir is not stratified and

tilted. Results are shown in Table 5.1, Figures 5.1 and 5.2.

Figure 5.1 shows the effect of changing the well length for any
given position, while Figure 5.2 shows the effect of changing the well
position for any given well length upon the critical rate. From Figure
5.1 it can be seen that as the well length increases for a given position,
the critical rate increases from a minimum value for a vertical well to

a value which is 27 times higher for a 3000' well.

It should be noted that for any given increment in length the
percentage increment in critical rate was found to be the same for all

positions.
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Table 5.1: Critical rate as a function of well length and it's

position.

Horizontal Reservoir (a=1.0)

Length Qc Qc Qc Qc
(ft) | (STBPD) | (STBPD) | (STBPD) | (STBPD)

ZD=1.0 | ZD=0.75 | ZD =0.50 | ZD =0.25

500.0 120 100 80 40
1000.0 220 200 140 80
2000.0 380 340 240 140
3000.0 540 480 340 200
5.1.2 VERTICAL WELLS

Similar analysis was also carried out for vertical well. The
perforated interval was placed at the same positions, ZD, that were
used for the analysis of horizontal wells. The thickness of the
perforated interval in this study remains 20.0'. See Table 5.2 and
Figures 5.1 and 5.2. It can be observed from Figure 5.2 that as the well
is brought closer to the WOC the critical rate decreases from a
maximum to a minimum value with a_60% drop with respect to the

critical rate for the ZD=1.0 position. In addition it is observed that the
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critical rate for the longest horizontal well is as high as 27 times the

critical rate for the vertical well at the same position.

Table 5.2: Critical rate as a function of ZD for a vertical well.

Horizontal Reservoir
Anisotropy Ratio =1.0
yA) Qc (STBPD)
1.0 20
0.75 20
0.50 16
0.25 8

5.2 EFFECT OF RESERVOIR ANISOTROPY

The effect of reservoir anisotropy was studied using anisotropy

ratios of 1.0, 0.5, 0.2 and 0.1 for the four well positions, ZD.

5.2.1 HORIZONTAL WELL

The results for the horizontal well are shown in Tables 5.3 to

5.6. For this study only the vertical permeability is changed while the
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horizontal permeability is kept at the base case value of 45.6 md. It is

observed that:

1. As the well position is changed from ZD=1 to ZD=0.25, it is
found that the drop in critical rate increases progressively.

2. For well in ZD=1.0 position, the critical rate increases with length
but the percentage increase keeps on decreasing for each
increment in length.

3. Irrespective of the well position, ZD, as shown in Figure 5.3 to

5.6 and presented in Tables 5.7 to 5.10, the critical rate tends to
increase slightly as the anisotropy ratio decreases from a
maximum value of 1.0 to a minimum value of 0.1. However as
the length increases the trend tends to change.

An analysis of the behavior of critical rate for different

positions of any well length was also done. The results are plotted in

Figures 5.7 to Figure 5.10. The results are presented in Tables 5.11 to

5.14. As shown in Tables 5.11 to 5.14, the drop in the critical rate at

ZD=0.25 with respect to its' value at ZD=1 increases with decrease in

anisotropy ratio. It can also be observed that for a given anisotropy

ratio the percentage drop in critical rate does not change for any well

length.

5.2.2 VERTICAL WELL

The effect of anisotropy ratio was studied for the case of a
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Table 5.3: Effect of Anisotropy ratio on Critical Rates (ZD=1.0)

a=1.0 a=0.5 a=0.2 a=0.1
Well Length Qc Qc Qc Qc
(ft.) (STBPD) | (STBPD) | (STBPD) | (STBPD)
500.0 120 120 120 180
1000.0 220 200 200 240
2000.0 380 360 360 380
3000.0 540 520 500 520

Table 5.4: Effect of Anisotropy ratio on Critical Rates (ZD=0.75)

Horizontal  Reservoir
a=1.0 a=0.5 a=0.2 a=0.1
Well Length Qc Qc Qc Qc
(ft.) (STBPD) | (STBPD) | (STBPD) | (STBPD)
500.0 100 100 100 140
1000.0 200 180 180 180
2000.0 340 320 300 300
3000.0 480 460 420 420

-
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Table 5.5: Effect of Anisotropy ratio on Critical Rates (ZD=0.5)

a=1.0 a=0.5 a=0.2 a=0.1
Well Qc Qc Qc Qc
Length | (STBPD) | (STBPD) | (STBPD) | (STBPD)
(ft.)

500.0 80 60 60 60
1000.0 140 120 100 100
2000.0 240 220 180 160
3000.0 340 320 260 220

Table 5.6: Effect of Anisotropy ratio on Critical Rates (ZD=0.25)

Horizontal Reservoir
a=1.0 a=0.5 a=0.2 a=0.1
Well Qc Qc Qc Qc
Length | (STBPD) | (STBPD) | (STBPD) | (STBPD)
(ft.)
500.0 40 32 . 20 24
1000.0 80 60 40 40
2000.0 140 100 © 80 60
3000.0 200 160 120 100
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Table 5.7: Effect of anisotropy ratio on critical rate for ZD=1.0

Well Length (ft.) _ %Qi
Qc|a=l.0
500 1.5
1000 ' 1.1
2000 no change
3000 0.95

Table 5.8: Effect of anisotropy ratio on critical rate for ZD=0.75

Well Length (ft.) Qc|a=0.1
Qc|a=1.0
500 1.4
1000 0.9
2000 0.88
3000 0.88
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Table 5.9: Effect of anisotropy ratio on critical rate for ZD=0.5

Well Length (ft.) [
QC|a=0.l
Qc|a=l.0
500 0.75
1000 0.70
2000 0.66
3000 0.65

Table 5.10: Effect of anisotropy ratio on critical rate for ZD=0.25

Well Length (ft.) Qla=01
Ola=10

500 0.6

1000 0.5

2000 04

3000 04

90



Table 5.11: Effect of change in well position on horizontal well:

L=500'
Anisotropy ratio [ % drop in Qc
1.0 67%
0.5 73%
0.2 83%
0.1 87%

Table 5.12: Effect of change in well position on horizontal well:

1~=1000'
Anisotropy ratio | % drop in Qc
1.0 64%
0.5 70%
0.2 80%
0.1 83%
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Table 5.13: Effect of change in well position on horizontal well:

L=2000'
Anisotropy ratio | % drop in Qc
1.0 63%
0.5 72%
0.2 78%
0.1 84%

Table 5.14 : Effect of change in well position on horizontal well:

L=3000"
Anisotropy ratio | % drop in Qc
1.0 63%
0.5 70%
0.2 76%
0.1 81%
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vertical well. Table 5.15 gives the results for a vertical well. The resul-
ts are also presented in Figure 5.11. It can be observed that for a given
anisotropy ratio the critical rate drops as the well approaches the OWC
from ZD=1.0. This drop expressed as a fraction of the critical rate for
the top position of well increases as anisotropy ratio increases. This is
given in Table 5.16. Another observation made for horizontal well is
related to the behavior of the critical rate as the anisotropy ratio
changes from 1.0 to 0.1 for different well positions. As shown in Table
5.17 and Figures 5.3 to 5.6, increase in critical rate for vertical well

decreases with position of well.

5.2.3 DETAILED ANALYSIS OF WELL: L=2000'

In order to study the behavior of critical rate with respect to the
anisotropy ratio in more detail specifically for very small anisotropy
ratios, a detailed analysis of the effect of anisotropy ratio was carried
out by determining the critical rates for additional values of the
anisotropy ratio, and plotting the results to identify the exact behavior
over a still larger range of the anisotrooy ratio. The analysis was
carried out for ZD=1 and ZD=0.5 positions only and for one well
length of 2000'. The results presented in Table 5.18 are also shown in
Figure 5.12.
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Table 5.15: Effect of Anisotropy ratio on Vert. well for various

ZD.
Horizontal Reservoir
a=0.5 a=0.2 a=(0.1

ZD Qc Qc Qc
1.0 40 80 160
0.75 40 60 120
0.5 24 40 60
0.25 12 20 24

The following results are concluded from these observations :

1. As anisotropy ratio changes from 1.0 to 0.1 critical rate remains
unchanged for ZD=1 and drops by 33% for ZD=0.5 with respect
to higher critical rate.

2. As anisotropy ratio changes from 0.1 to 0.032 critical rate
increases by 41% for the ZD=1 case and by 33% for ZD=0.5

case.

5.3 EFFECT OF RESERVOIR GEOMETRY

After investigating the effect of anisotropy ratio, the following

reservoir geometries are studied:
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Table 5.16: Critical Rate % drop with anisotropy ratio (vert.

well)
Anisotropy ratio % Drop in Qc
1.0 60%
0.5 70%
0.2 75%
0.1 85%

Table 5.17: Effect of anisotropy ratio on vertical well Qe for all

VA)
yA)
cha 50.1/Q6'|a =10
1.0 8
0.75 7
0.50 4
0.25 3
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Table 5.18: Detailed Analysis for Anisotropy on well: L=2000'

Horizontal reservoir
L =2000' ZD=1 ZD=0.5
Anisotropy ratio | Qc (STBPD) | Qc (STBPD)
1.0000 380 240
0.5000 360 220
0.2000 360 180
0.1580 360 180
0.1414 360 160
0.1155 360 160
0.1000 380 160
0.0450 540 200
0.0316 640 240

A square reservoir of dimensions 4500*4500 sq.ft. (Case A)

A rectangular reservoir of dimensions 2250*%4500 sq.ft. (Case B)
The base case reservoir of dimensions 1250*%4500 sq.ft. (Case C).
The analysis is carried out for case A and case B for only two
well positions: ZD=1.0 and ZD=0.5. All the runs are made for the
case of a homogeneous, isotropic reservoir. In addition to the
vertical well well lengths of 1000, 2000' and 3000' were

considered too.
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5.3.1 HORIZONTAL WELL

In the case of horizontal wells it is observed that increasing the
area of the reservoir results in an increase in the critical rate. Table
5.19 presents the results. The effect of geometry is presented in Figure
5.13, Figure 5.14 and in Tables 5.20 to 5.22. The percentage drop in
critical rate with respect to the higher value.for all lengths is
presented. It is evident that longer well length shows higher drop in
critical rate and this drop is higher if the well position, ZD, is closer to
the OWC.

5.3.2 VERTICAL WELL

The effect of geometry on vertical well has also been studied.
Table 5.23, Figure 5.13 and Figure 5.14 show the results obtained for
vertical wells. The effect of reservoir geometry is also presented in
Tables 5.24 and 5.25. It can be observed that the effect of reducing the
size of the reservoir is to decrease the critical rate value. This drop

increases as distance from OWC increases.
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5.4 EFFECT OF RESERVOIR MOBILITY RATIO

A dimensionless mobility ratio,_ Mp, has been defined as the
ratio of any given mobility ratio to the mobility ratio for the base case.
The base case mobility ratio has been found to be 1.25. The mobility
ratios 12.15 (10 times the mobility ratio of the base case), 6.075 (5
times the mobility ratio of the base case) and 0.243 (0.2 times the
mobility ratio of the base case) were used:

1. Mjp=10
2. Ms=5
3. Mo.2 = 1/5 respectively.

The mobility ratio was changed by changing the viscosity of the
oil. The purpose of defining this dimensionless variable is to
demonstrate the degree of change in mobility ratio. For the sake of
brevity this ratio will be referred to as the mobility ratio (Mp). The
effect of mobility ratio (Mp) has been studied for the case of a
homogeneous and isotropic reservoir for the well position ZD=1 and

ZD=0.5 with well lengths, 1000', 2000', 3000' and a vertical well:

5.4.1 HORIZONTAL WELL

Table 5.26 and Figures 5.15 to 5718 present the results obtained
for the case of a horizontal well. The following interesting conclusions

can be made from these observations:
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Table 5.19: Effect of Reservoir Geometry on Critical Rate

Horizontal  Reservoir -
ZD=1 plane ZD=0.5 plane
4500'*4500' | 2250'*4500' | 4500'*4500' | 2250'*4500'
Well length | Qc (STBPD) | Qc (STBPD) | Qc (STBPD) | Qc (STBPD)
1000.0' 260 240 160 160
2000.0' 460 420 300 260
3000.0' 680 640 440 400
Table 5.20: Critical Rate % drop with reservoir geometry:
L=1000'
Res. Geometry | % Dropin Qc | Res. Geometry { % Drop in Qc
ZD=1 ZD=0.5
A-C 15% A-C 13%
A-B 8% A-B no change
B-C 8% B-C 13%




Table 5.21: Critical Rate % drop with reservoir geometry:

L=2000'
Res. Geometry | % Dropin Qc | Res. Geometry | % Drop in Qc
ZD=1 ZD=0.5
A-C 17% A-C 20%
A-B 9% A-B 13%
B-C 9% B-C 8%

Table 5.22: Critical Rate % drop with reservoir geometry:

L=3000'
Res. Geometry | % Drop in Qc | Res. Geometry | % Drop in Qc
D=1 ZD=0.5
A-C 21% A-C 23%
A-B 6% A-B 9%
B-C 6% B-C 15%
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Table 5.23: Effect of Geometry on Vertical Well

ZD=1
Geometry (ft2) Qc (STBPD)
4500*4500 32
2250*4500 24
ZD=0.5
4500*4500 20
2250*4500 20

Table 5.24: Critical Rate % drop with reservoir geometry for
vertical wells (ZD=1)

Reservoir Geometry % Drop in Qc
A-C 38%
A-B 25%
B-C 17%
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Table 5.25: Critical Rate % drop with reservoir geometry for
vertical wells (ZD=0.5)

Reservoir Geometry % Drop in Qc
A-C 20%
A-B no change
B-C 20%

1.As the value of Mp increases for horizontal wells from Mp=0.2
to Mp=1.0, the value of critical rate rises but thereafter for Mp>1
it keeps on decreasing irrespective of well position.

2. Shifting a well's position displays the following results:

« For 0.2<Mp<5.0 the value of critical rate rises for the
horizontal well ,while .

 For 5.0Mp<10.0 the value of critical rate decreases for the
horizontal well.

3. In Table 5.27 the effect of mobility ratio on the percentage
increase in critical rate, if a vertical well is replaced by a 3000
horizontal well is presented for various mobility ratios.

It can be observed that as the mobility ratio increases the

percentage increase in critical rate by replacing a vertical well with a

horizontal well increases.
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5.4.2 VERTICAL WELL

The effect of mobility ratio for the case of a vertical well was
also studied for the above mentioned mobility ratios. The results are
given in Table 5.28. The results are also shown in Figures 5.15 to
5.18. The following interesting conclusions can be made:

1. As the value of Mp increases for a vertical well, in contrast to the
behavior of a horizontal well, the value of critical rate decreases
irrespective of the range of Mp and well position.

2. Shifting a well's position gives the following results:

« In the range: 0.2<Mp<5.0, value of critical rate decreases for a
vertical well, while

« In the range: 5.0sMp<10.0, value of critical rate increases for

vertical well.
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Table 5.26: Effect of Mobility Ratio (Mp) on Critical Rate

Horizontal  Reservoir
ZD=1 ZDh=1 ZDh=1
Mj0=10.0 Ms=5.0 Mgp.2 =0.2
Well Length | Qc, STBPD | Qc, STBPD | Qc, STBPD
1000' 32 60 630
2000 60 120 1000
3000' 100 180 1300
ZD=0.5 ZD=0.5 ZD=0.5
Mjy0=10.0 Ms =5.0 Mg =0.2
Well Length | Qc, STBPD | Qc, STBPD | Qc, STBPD
1000' 20 40 440
2000' 40 60 720
3000’ 64 . 100 920
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Table 5.27: Effect of M on % drop in Critical rate for various

Mp.
ZD=1 ZD=0.5
Mobility ratio (Mp) | % dropin Qc | % drop in Qc
0.2 96% 95%
1.0 91% 91%
5.0 98% 96%
10.0 97% 97%

Table 5.28: Effect of Mobility Ratio, My on Qc in Vertical Wells.

ZD=1 ZD=0.5
Mobility Qc (STBPD) | Qc (STBPD)
ratio
Mjg =10 3.6 2.0
M;s =5 4.0 4.0
Mgp.2 =0.2 120.0 80.0
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CHAPTER 6

RESULTS AND COMPARISON

The previous chapter presented the results of the parametric
study. These results which have been shown in tabular and graphical
form illustrate the behavior of the critical rate as a function of various
well and reservoir parameters. The objective of this chapter is to

introduce dimensionless variables for the generalisation of the results.
6.1 DEFINING DIMENSIONLESS PARAMETERS

In order to generalise the results obtained in this study five

dimensionless numbers have been defined below. See Figure 6.1.

1. Dimensionless Critical Rate, QD: -

(6.1)
. Q is the critical rate (STBPD)
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. Qg is the flow due to gravity, defined as follows:

_25E-0Tk(

gHL
Ko BO R OW)

Og

(6.2)
In our case:
« k=145.6 md. (absolute base case permeability)
. Bg =1.15 (av. oil FVF corresponding to pressure range for this
study )
e lo=2.5 cp (corresponding to pressure range for this study)
« Pow = ( Pwater - Poil ) = 65.55 - 56.85 = 8.7 Iby/cu.ft.
« H=1609 fi. (thickness of the reservoir)
« L =4500 ft. (length of the reservoir)
. g=322ft/s2,80 that:

__9
oD 833.93
(6.3)
2. Dimensionless well position, Zyy:
The dimensionless well position, ZD, is defined as follows:
H H
D=1 "1
Z H,; 139
) (6.4)

. H; is vertical distance from the well to the WOC
. Hy; is vertical depth of WOC from the top of the reservoir
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3. Dimensionless Anisotropy ratio, a:

The dimensionless anisotropy ratio, a, is defined as:

a= %
h
(6:5)
« kp = Permeability in the horizontal direction
» ky = Permeability in the vertical direction
4. Dimensionless well length, LD:
A dimensionless well length, LD, is defined as follows:
L
LD=
b H .
oil
(6.6)

5. Dimensionless Ratio of the Mobility ratios, Mp:

A dimensionless mobility ratio, Mp, was defined as the ratio of

any given mobility ratio to the mobility ratio for the base case. The

base case mobility ratio was found to be 1.25. For this study four Mp

were selected, viz. 0.2, 1, 5, 10. The critical rate data obtained by

simulation is presented in Tables 6.1 to 6.8 in dimensionless form. The
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graphical relationships presented in Chapter 5 are plotted in
dimensionless form. (see Figures 6.2 to 6.23).

In Figures 6.12 to 6.15 the dime;nsionless critical rate has been
plotted with respect to a product of dimensionless length, LD and
anisotropy ratio, a. It can be observed that lines of different anisotropy
ratios seperate themselves into gently sloping curves as the anisotropy

ratio increases.
6.2 COMPARISON WITH EXISTING CORRELATIONS

The results of this study were compared to the correlations

available in the literatue to determine their consistency and accuracy.

In this regard the exisiting correlations available in literature
were applied to the reservoir used in our study. The results are
presented in Table 6.9. These results are for a 2000' long horizontal
well with ZD=1, in a homogeneous and isotropic reservoir. The result
is for the well located in the top position for which ZD=1.0. The same

is true for the case of vertical wells.

It can be seen that the results compare favorably with the most

recent correlations of Yang/Wattenbarger and Guo/ Molinard and Lee.
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Table 6.1: Effect of Anisotropy ratio on Critical Rates (ZD=1.0)

a =1.0
Well Length (ft.) LD QD Qc (STBPD)
500.0 3.6 0.14390 120
1000.0 7.2 0.26381 220
2000.0 14.4 0.45567 380
3000.0 21.6 0.64754 540
=0.5
500.0 3.6 0.14390 120
1000.0 7.2 0.23983 200
2000.0 144 0.43169 360
3000.0 21.6 0.62355 520
=0.2
500.0 3.6 0.14390 120
1000.0 7.2 0.23983 200
2000.0 14.4 0.43169 360
3000.0 21.6 0.59957 520
=0.1
500.0 3.6 0.21585 120
1000.0 72 0.28779 200
2000.0 144 0.45567 360
3000.0 21.6 0.62355 500
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Table 6.2: Effect of Anisotropy ratio on Critical Rates (ZD=0.75)

a =1.0
Well Length (ft.) LD . QDb Qc (STBPD)
500.0 3.6 0.11991 100
1000.0 7.2 0.23983 200
2000.0 14.4 0.40771 340
3000.0 21.6 0.57559 480
=0.5
500.0 3.6 0.11991 100
1000.0 7.2 0.21585 180
2000.0 144 0.38373 320
3000.0 21.6 0.55161 460
=0.2
500.0 3.6 0.11991 100
1000.0 7.2 0.21585 180
2000.0 144 0.35974 300
3000.0 21.6 0.50364 420
=0.1
500.0 3.6 - 0.16788 140
1000.0 7.2 0.21585 180
2000.0 144 " 0.35974 300
3000.0 21.6 0.50364 420




Table 6.3: Effect of Anisotropy ratio on Critical Rates (ZD=0.5)

a =1.0
Well Length (ft.) LD QD Qc (STBPD)
500.0 3.6 0.09593 80
1000.0 7.2 0.16788 140
2000.0 14.4 0.28779 240
3000.0 21.6 0.40771 340
=0.5
500.0 3.6 0.07195 60
1000.0 7.2 0.14390 120
2000.0 14.4 0.26381 220
3000.0 21.6 0.38373 320
=0.2
500.0 3.6 0.07195 60
1000.0 7.2 0.11991 100
2000.0 14.4 0.21585 180
3000.0 21.6 031178 260
=0.1
500.0 3.6 0.07195 60
1000.0 7.2 0.11991 100
2000.0 14.4 0.19186 160
3000.0 21.6 0.26381 220
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Table 6.4: Effect of Anisotropy ratio on Critical Rates (ZD=0.25)

a =1.0
Well Length (ft.) LD QD Qc (STBPD)
500.0 3.6 0.04797 40
1000.0 7.2 0.09593 80
2000.0 144 0.16788 140
3000.0 21.6 0.23983 200
=0.5
500.0 3.6 0.03837 32
1000.0 7.2 0.07195 60
2000.0 14.4 0.11991 100
3000.0 21.6 0.19186 160
=0.2
500.0 3.6 0.02398 20
1000.0 7.2 0.04797 40
2000.0 14.4 0.09593 80
3000.0 21.6 0.14390 120
=0.1
500.0 3.6 0.02878 24
1000.0 7.2 0.04797 40
2000.0 144 0.07195 60
3000.0 21.6 0.11991 100




Table 6.5: Effect of Anisotropy ratio on Vert. well for various ZD.

a =1.0
ZD QD . Qc (STBPD)
1.0 0.02398 20
0.75 0.02398 20
0.50 0.01919 16
0.25 0.00959 8
a =05
1.0 0.04797 40
0.75 0.04797 40
0.5 0.02878 24
0.25 0.01439 12
a =0.2
1.0 0.09593 80
0.75 0.07195 60
0.5 0.04797 40
0.25 0.02398 20
a =01
1.0 0.19186- 160
0.75 0.16788 120
0.5 0.07195 60
0.25 0.02878 24
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Table 6.6: Detailed Analysis of Anisotropy for Well: LD=14.4

LD =144 ZD=1
Anisotropy ratio Qp . Qc (STBPD)
1.0000 0.45567 380
0.5000 0.43169 360
0.2000 0.43169 360
0.1580 0.43169 360
0.1414 0.43169 360
0.1155 0.43169 360
0.1000 0.45567 380
0.0450 0.64754 540
0.0316 0.76745 640
LD=14.4 ZD=0.5
1.0000 0.28779 240
0.5000 0.26381 220
0.2000 0.21585 180
0.1580 0.21585 180
0.1414 0.19186 160
0.1155 0.19186 160
0.1000 0.19186 160
0.0450 0.23983 200
0.0316 0.28779 240
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Table 6.7: Effect of Reservoir Geometry on Critical Rate

ZDh=1 4500*4500 ft2
Well length (ft.) LD . QD Qc (STBPD)

vert. well - 0.03837 32
1000.0 7.1942 0.31178 256
2000.0 14.3885 0.55161 460
3000.0 21.5827 0.81542 680
ZD=1 2250*4500 ft2

vert. well - 0.02878 24
1000.0 7.1942 0.28779 240
2000.0 14.3885 0.50364 420
3000.0 21.5827 0.76745 640

ZD=0.5 4500*4500 ft2

vert. well - 0.02398 20
1000.0 7.1942 0.19186 160
2000.0 14.3885 0.35974 300
3000.0 21.5827 0.52762 440
ZD=0.5 2250*4500 £t2

vert. well . 0.02398 20
1000.0 7.1942 0.19186 160
2000.0 14.3885 0.31178 260
3000.0 21.5827 0.47996 400




Table 6.8: Effect of Mobility Ratio (Mp) on Critical Rate

Well length (ft.) LD QD Qc (STBPD)
ZD=1 Mjig =10.0
vert. well - 0.00432 3.6
1000.0 7.19420 0.0384 32
2000.0 14.3885 0.0719 60
3000.0 21.5287 0.120 100
ZD=0.5 Mj0 =10.0
vert. well - 0.00240 2.0
1000.0 7.19420 0.024 20
2000.0 14.3885 0.048 40
3000.0 21.5287 0.0767 64
ZDh=1 Ms5=5.0
vert. well - 0.00480 4.0
1000.0 7.19420 0.0719 60
2000.0 14.3885 0.144 120
3000.0 21.5287 0.216 180

125




ZD=0.5 M5 =5.0
Well Length (ft.) LD QD Qc (STBPD)
vert. well - 0.00480 4.0
1000.0 7.19420 0.048 40
2000.0 14.3885 0.0719 60
3000.0 21.5287 0.120 100
ZDh=1 Myp.2 =0.2
Well Length (ft.) LD QD Qc (STBPD)
vert. well - 0.144 120.0
1000.0 7.19420 0.815 680
2000.0 14.3885 1.20 1000
3000.0 21.5287 1.56 1300
ZD=0.5 Mjg.2 =0.2
Well Length (ft.) LD QD Qc (STBPD)
vert. well - 0.0959 80.0
1000.0 7.19420 0.528 440
2000.0 14.3885 0.863 720
3000.0 21.5287 1.10 920
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Table 6.9: Comparison for the reservoir used in this study

This study (simulation)

Vertical well
Correlation Qc, STBPD
Meyer and Pirson 7.5
Chaperon 17.35
Schol's 10.75
Hoyland's 12.7
Papatzacos (analytical) 16.4
Yang and Wattenbarger 18.9
This study (simulation) 20
Horizontal well
Correlation Qc, STBPD
Chaperon 150
Efros 8.3
Giger and Karcher 17
Guo and Lee 644.7
Guo, Molinard and Lee 398.7
Yang and Wattenbarger 459.4
380

127




Dimensionless Critical Rate (QD)

kv/kh=1
~ ID=3/4
—7D=1/2
- 7D=1/4
- 7D=1

0.60-

0.40+

0.20+

0.00-f

0 4

] 1 | |
. 8 12 16 20
Dimensionless well length (LD)

24

Figure 6.2: Variation of QD with LD for different well positions.
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Figure 6.3: Variation of QD with ZD for different well lengths.
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Figure 6.4: Effect of anisotropy ratio for a well when ZD=1.
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Figure 6.5: Effect of anisotropy ratio for a well whenzD=0.75
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Figure 6.8: Effect of anisotropy ratio for LD=3.6 well
for various positions.
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Figure 6.10: Effect of anisotropy ratio for LD=14.4

well for various positions.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

In this work the effect of well length, anisotropy ratio, reservoir
geometry and mobility ratio on the critical rate is studied. The results
are consistent with the published literature. However, as a result of

this detailed study two important observations have been made:

1. For horizontal wells, most of the studies present the critical rate as

an increasing function of the anisotropy ratio. The present study
shows that this is true only for 0.5<a<l. In fact, for 0.01<a<0.1,
critical rate is a strongly decreasing function of anisotropy ratio.
This is not a mere theoretical -case. Many reservoirs with
discontinuous thin silt barriers are believed to display very low

-

anisotropy ratios.
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2. Most of the studies describe the critical rate for vertical wells as a

decreasing function of the anisotropy ratio, opposite in behavior to
horizontal wells. Although the present study agrees with the
general trend, it shows that there is in fact a harmonious continuity
between vertical and horizontal wells and short horizontal wells

display a behavior in between.
7.2 RECOMMENDATION
Since this study is based solely on numerical simulation, a

check of some of these results using scaled laboratory models would

be recommended.
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4

NOMENCLATURE

drainage area, ft.

length of the drainage pattern, ft.

anisotropy ratio = Jk, /iy

width of the drainage pattern, ft.

gas FVF, RB/MSCF

oil FVF, RB/STB

water FVF, RB/STB

distance of the well-bore from bottom of the oil zone, ft.
thickness of the oil zone, ft.

acceleration due to gravity, 32.2 ft./s2

gas breakthrough time,days

gas oil contact

gas oil ratio, MSCF/STB

reservoir height, ft.

oil column thickness, ft.

dimensionless height of water crest

height of water crest at cusp point, ft.

vertical distance from well to WOC, ft.

vertical depth of WOC from the top of the reservoir, ft.

average oil column height below perforation,ft.
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break through height,ft.

oil column height above perforations, ft.

reservoir height adjusted for heterogeneous permeability,

ft.

permeability, md.

x-directional permeability, md.
y-directional permeability, md.
horizontal permeability, md.

vertical permeability, md.

relative permeability.

oil relative permeability.

water relative permeability.

c/d, well-bore location index, dimensionless
horizontal well length, ft.

slope of the straight line equation [8]
mobility ratio.

Mobility ratio over base case.
number of wells.

average pressure, psia

capillary pressure, psia

well pressure, psia

normalized pressure

average normalized pressure
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P*
Q. q

Qve

Qc, qcp
do

Qc, qc

TA

Sw
So

wC
WOR

dimensionless pressure drop for vertical convergence
dimensionless pressure drawdown

flow-rate, STBPD

critical rate for horizontal wells, STBPD

critical rate for vertical wells, STBPD
dimensionless critical rate

critical rate for oil, STBPD

critical rate, STBPD

flow rate due to gravity, STBPD

gross production rate for horizontal wells, STBPD
recovery ratio

dissolve gas oil ratio, MSCF/STB

well radius, ft.

well radius adjusted for reservoir heterogeneities, ft.
location of actual noflow boundary for pseudosteady
state, ft.

drainage radius for steady state, ft.

well spacing for horizontal wells, ft.

water saturation

oil saturation

gas saturation

breakthrough time, days

water-cut

water-oil ratio
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X cartesian coordinate direction

XA distance from the well to the lateral edge of drainage
volume, ft. )

Xe actual distance to no-flow boundary, ft.

Xa drainage width, ft

XD dimensionless drainage width

Y cartesian coordinate direction

Ve horizontal well spacing, ft.

ZD dimensionless well position.

Z cartesian coordinate direction

o aspect ratio: b/a

Apog density difference between gas and oil, Iby/cu.ft.

T kinematic viscosity, cp

o oil viscosity, cp.

Ay difference between th ehydrostatic gradients of water and

oil, psi/ft.

subscripts

0 oil

w water

g gas

ow oil-water )

og oil-gas

wg water-gas
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APPENDIX A

A SAMPLE ECLIPSE INPUT FILE

- THIS IS THE SECOND PROGRAM TO STUDY WATER CRESTING
-- IN HORIZONTAL WELLS.
- BASED ON DATA FROM RATAWI OOLITE RESERVOIR.

- SIMULATING A HORIZONTAL WELL FROM 1-1-1961
- UPTO 14336 DAYS
- 2000' HORIZONTAL WELL IN B LAYER R-101 (R-24)

RUNSPEC

RATAWI OIL FIELD 3 PHASE WATER CONING STUDY
=NDIVIX NDIVIY NDIVIZ QRDIAL NUMRES QNNCON MXNAQN MXNAQC QDPORO
QDPERM
11 18 12 F 1 F 00 F F/
= OIL WATER GAS DISGAS VAPOIL
T T T T F/
= UNIT CONVENTION
'FIELD" /
= NRPVT NPPVT NTPVT NTROCC QROCKC QRCREV
15 20 1 1 F T/
= NSSFUN NTSFUN QDIRKR QREVKR QVEOPT QHYSTR QSCALE
20 1 F T f F F |/
= NDRXVD NTEQUL NDPRVD QUIESC QTHPRS QREVTH
20 1 100 f F T/
= NTFIP QGRAID
1 F/
= NWMAXZ NCWMAX NGMAXZ NWGMAX MAXLGR MAXCLS LSTACK
1 140 0 0 0 /
= QEXGOP NWFRIC NUPCOL .
F 0 31/
= MXMFLO MXMTHP MXMWFR MXMGFR MXMALQ NMMVFT
0 0 00 0 0/
= MXSFLO MXSTHP NMSVFT
00 o0/
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=NANAQU NCAMAX
1 198/
DAY MONTH YEAR
1 'JAN' 1961 /
QSOLVE NSTACK QFMTOU QFMTIN QUNOUT QUNINP NGDISK IDYNAM
T of f F F/

GRID

-------- X-DIRECTION GRID BLOCK SIZES
DXV
6 420 4080100200 200 200 200 200 /

---Y-DIRECTION GRID BLOCK SIZES
DYV
800 750 950 190 160 80 40 20 10 10 20 50 350 7902502046 /

--INPUT Z-DIRECTION GRID BLOCK SIZES
DZ

2178*5.3

--- Z-DIRECTION PERMEABILITY

PERMZ
2178*13 /

--Y-DIRECTION PERMEABILITY
PERMY
2178*53 /

--X-DIRECTION PERMEABILITY
PERMX
2178*53 /

--GRID BLOCK POROSITIES

PORO
2178*0.158 /

--DEPTH OF TOP OF RESERVOIR
TOPS

198*6384.0 /

INIT

OLDTRAN

RPTGRID

---KY KZ MULT-X Y Z PORO * TPS PRV DPTH TRAN-X Y Z * * * * AQNUM AQCON
6*0 3*0 00000 3*0 6%/
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PROPS
-~-WATER RELATIVE PERMEABILITY AND CAPILLARY-PRESSURE AS FUNCTION
--OF WATER SATURATION.

-SWAT KRW KROW PCOW

SWOF

0.20600 0.0 1.00000 O

0.25000 0.00565 0.82296 1*

0.30000 0.01766 0.64270 1*

0.35000 0.03348 0.48469 1*

0.40000 0.05236 0.34894 1*

0.45000 0.07386 0.23545 1*

0.50000 0.09769 0.14420 1*

0.55000 0.12365 0.07521 1*

0.60000 0.15156 0.02848 1*

0.65000 0.18131 0.00400 1*

0.68000 0.20000 0.00000 0.0 /

--GAS RELATIVE PERMEABILITY
--SGAS KRG KROG PCOG
SGOF

0.0 0.0 1.00000 0.0
0.03000 0.0 0.92520 1*
0.05000  0.00020 0.87643 1*
0.10000  0.00251 0.75842 1*
0.15000 0.00740 0.64624 1*
0.20000 0.01485 0.54021 1*
0.25000 0.02487 0.44071 1*
0.30000 0.03746 0.34821 1*
0.35000 0.05263 0.26327 1*
0.40000 0.07036 0.18664 1*
0.45000 0.09066 0.11936 1*
0.50000 0.11353 0.06295 1*
0.55000 0.13897 0.02016 1*
0.60000 0.16698 0.0  1*
0.65000 0.19756 0.0  1*
0.70000 0.23071 0.0  1*
0.75000 0.26643 0.0 1*
0.79400  0.30000 0.0  0.00 /

--ROCK COMPRESSIBILITY
--REF.PRES. COMPRESSIBILITY
ROCK
2803 4.0e-6 / .

--SURFACE DENSITIES OF SURFACE OIL ,GAS AND WATER
-- OIL WATER GAS
DENSITY

56.85 65.55 0.04104/
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--PVT PROPERTIES OF DRY GAS

--PGAS BGAS VISGAS
PVDG

147 208974 0.0128
500.0 5.866 0.0132
1000.0 2.810 0.0139 -
1470.0 1.853 0.0148
1500.0 1.813 0.0149
20000 1.334 0.0161
25000 1.0640 0.0175
3000.0 0.897 0.0190
3500.0 0.786 0.0205
4000.0 0.7080  0.0220
4500.0 0.652  0.0235
5000.0 0.609 0.0250

/

PVTO

0.0025 14.7 1.0659 18.578/
0.1229 500.0 1.1135 8.285/
0.2624 10000 1.1686 5.052/
0.4000 1470.0 12229 3.680/

0.408900 1500.0

1.2265 3.617/

0.56010 2000.0 1.2862 2.821/
0.7149 2500.0 13474 2318/
0.8727 3000.0 1.4097 1973/
1.03300 3500.0 1.4730 1.722/
1.1954 4000.0 1.5372 1.531/
1.3598 4500.0 1.6021 1.380/
1.5459 5000.0 1.6678 1.259

5400.0 1.6634 1.259
5800.0 1.6590 1.259
6200.0 1.6546 1.259
6400.0 1.6524 1.259 / equation used is POIL=-1.1e-5*FVFO + 1.7228
/
PVTW
2803 1.0 3.0e-6 0.50 3.0e-6/
RPTPROPS
6*0 /
REGIONS =
RPTREGS

/
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SOLUTION

-~ DATA FOR INITIALISING FLUIDS TO POTENTIAL EQUILIBRIUM
--DATUM DATUM OWC OWC GOC GOC RSVD RVVD SOLN
--DEPTH PRESS DEPTH PCOW DEPTH PCOG TABLE TABLE METH
EQUIL -

6384 2756 6535 0.0 6384 00 1 0 -5/

---RS VS. DPTH
RSVD

6390 0.4000
6420 0.4000 /

AQUFET
6535 1* 10.5¢7 7.0E-6 5.0 1 11111812 12'K+/
6535 1* 10.5¢11 7.0E-6 50 1 1111181212'K+/

-- SWITCH ON OUTPUT OF INITIAL SOLUTION
RPTSOL
5*0000038*%6*0/

SUMMARY

-------- THIS SECTION SPECIFIES DATA TO BE WRITTEN TO THE SUMMARY FILES
-------- AND WHICH MAY LATER BE USED WITH THE ECLIPSE GRAPHICS PACKAGE
-- FIELD OIL PRODUCTION

WOPT

‘R-101"

/

/

WOGR

'R-101"

/

--BOTTOM HOLE PRESSURE FOR WELL
WBHP

'R-101"

/

WP1

‘R-101"

/

RUNSUM
SEPARATE
RPTSMRY
1/
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SCHEDULE

----- -- THE SCHEDULE SECTION DEFINES THE OPERATIONS TO BE SIMULATED
---CONTROLS OF OUTPUT AT EACH REPORT TIME

RPTSCHED

11*1/ -

--WELL SPECIFICATION DATA

--WELL GROUP LOCATION BHP PREF.PHASE
WELSPECS

'‘R-101' 1* 1 18 63993 'OIL' -1/

/

WELPI
'R-101'5.32/
/

-- COMPLETION SPECIFICATION DATA

--WELLNAME -LOCATION- OPEN/ SAT CONN WELL
COMPDAT

'R-101" 1 17 33 'OPEN' 2* 0.53* 'Y'/

‘R-101'
‘R-10I'
'R-101'
/

33 'OPEN' 2* 0.53* 'Y'/
33 'OPEN' 2* 0.53* 'Y'/
33 'OPEN' 2* 0.53* 'Y'/

'‘R-101' 1 16 33 'OPEN' 2* 0.53* 'Y'/
'‘R-101' 1 15 33 'OPEN' 2* 0.53* 'Y'/
'R-10I' 1 14 33 'OPEN' 2* 0.53* 'Y'/
'R-101' 1 13 33 'OPEN' 2* 0.53* 'Y'/
‘R-101' 1 12 33 'OPEN' 2* 0.53* 'Y'/
'R-101' 1 11 33 'OPEN' 2* 0.53* 'Y'/
'R-10I' 1 10 33 'OPEN' 2* 0.53* 'Y'/
'R-101' 1 33 'OPEN' 2* 0.53* 'Y'/
‘R-101' 1 33 'OPEN' 2* 053* 'Y'/
'R-101' 1 33 'OPEN' 2* 0.53* 'Y'/

1

1

1

H LN

--PRODUCTION WELL CONTROLS-OIL RATE IS SET TO 1000 BPD
--WELL OPEN/ CNTL OIL WATER GAS LIQU RES BHP
--NAME SHUT MODE RATE RATE RATE RATE RATE
--SPECIFY UPPER LIMIT OF | DAY FOR NEXT TIME STEP
TUNING

1/ -

/

2* 300/

WCONPROD
'‘R-101' 'OPEN' 'ORAT" 500. 4* 500.0/
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/

--AND ADVANCE TO 9953 DAYS 4174 DAYS
TSTEP

1.029.020.0 169.0 185.0 187.0 199.0 443.0 1857.0 345.203.299.0237.0
395.0 758.0 480.0 318.0 381.0 663.0 593. 730. 730. 731. 731.
/

END
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APPENDIX B

TILTED RESERVOIR

Critical rate estimation was also carried out for the case of a
tilted reservoir with a 5° tilt. All the simulation cases that were carried
out for a horizontal reservoir were repeated for a tilted reservoir. The
effect of well position, reservoir anisotropy and reservoir geometry on
critical rate were studied for vertical as well as horizontal wells of

lengths 500, 1000, 2000' and 3000'".
B.1. EFFECT OF WELL POSITION

B.1.1 Horizontal Well

The effect of well position upon the critical rate was studied by
determining the critical rate for dimensionless well position, ZD, equal
to 1.0, 0.75, 0.5 and 0.25. The Teservoir is assumed to be
homogeneous and isotropic with an absolute permeability of 45.6 md.

The other characteristics related to the PVT properties and reservoir
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characteristics and geometry are those that are valid for the horizontal
reservoir with the exception that the reservoir is not horizontal. The
results are shown in Table B.1. These_results have been plotted after
converting them into appropriate dimensionless form by using the
dimensionless numbers defined in Chapter 6. The results are presented
in Figure B.1 and Figure B.2. Figure B.1 shows the effect of changing
the well length for any given position, while Figure B.2 shows the
effect of changing the well position for any given well length upon its'

critical rate.

It can be observed from Figure B.1 that as well length is
changed for a given position, the critical rate increases from a
minimum value for a vertical well to a maximum value for a 3000'
well length which is 11 times higher than that for a vertical well. Table
B.2 assesses the trend observed as the horizontal well length is
increased from 500' to 3000'.

The % increment in critical rate is given in terms of the % drop
in critical rate with respect to the critical rate for the longer well. It
should be noted that for any given increment in length the %
increment in critical rate was found to be the same for all positions.
Therefore the values given are re};resentative of this behavior

irrespective of the well position.
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B.1.2 VERTICAL WELLS

Similar analysis was carried out for the vertical well. The
position of the perforated interval was varied and the well was placed
in the same positions, ZD, in which the horizontal wells were located.
The thickness of the perforated interval remains the same in this study
and is taken as 20.0 ft. The result is shown in Table B.3 and in Figure
B.1 and Figure B.2 in which the effect of changing the position of the
vertical well is illustrated. It can be observed from Figure B.2 that as
the well is brought closer to the OWC the critical rate decreases from
a maximum value to a minimum value with a 60% drop in the critical

rate with respect to that for the ZD=1.0 position.

B.2 EFFECT OF RESERVOIR ANISOTROPY

The effect of reservoir anisotropy was studied by varying the
anisotropy ratio, a, for all the well lengths. The analysis was carried
out for all the positions, ZD, and the following anisotropy ratios:

1. a=1.0

2. a=05
3. a=02
4. a=0.1. i
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Figure B.1: Variation with length for different well positions.
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Table B.1: Critical rate as a function of well length and it's

position.
Tilted  Reservoir a=1.0
Length Qc, STBPD | Qc, STBPD | Qc, STBPD | Qc, STBPD
ZD=1.0 | ZD=0.75 | ZD =0.50 | ZD =0.25
500 112 - - -
1000’ 140 128 80 24
2000' 232 200 112 32
3000’ 260 216 100 -

Table B.2: % increment in Qc for increasing Horizontal well

length.
Change in well length % increment in
critical rate
vertical well - 3000 91%
vertical well - 500' 79%
500" - 1000 20%
1000' - 2000' 30%
2000' - 3000 - 10%
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Table B.3: Critical rate as function of ZD for a vertical well.

Tilted Reservoir a=1.0
yA) Qc (STBPD)
1.0 24
0.75 20
0.50 16
0.25 4
B.2.1 HORIZONTAL WELL

As shown in Table B.4 to B.7, the results show the following trends:

1. As the well position is changed from the top (ZD=1) to the lowest
plane (ZD=0.25), it is found that the drop in critical rate increases

progressively.

2. It is observed that for the well in the top plane the critical rate

3

increases with length but the % increase itself decreases for each

increment in length.

3.  For all well positions, as shown in Figure B.3, and presented in
Table B.8 to B.11, it is observed that critical rate tends to increase
slightly as anisotropy ratio decreases from a maximum value of 1.0 to

a minimum value of 0.1. However as the length increases the trend

tends to change.
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Figure B.3: Effect of anisotropy ratio for a well when ZD=1.
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Table B.4: Effect of Anisotropy ratio on Critical Rates (ZD=1.0)

Tilted reservoir )
a=1.0 a=0.5 a=0.2 =0.1
Well Qc Qc Qc Qe
Length | (STBPD) | (STBPD) | (STBPD) | (STBPD)
500' 112 112 128 160
1000’ 140 140 120 80
2000' 232 224 240 272
3000’ 260 248 260 272

Table B.5: Effect of Anisotropy ratio on Critical Rates (ZD=0.75)

Tilted reservoir

a=1.0 a=0.5 a=0.2 a=0.1
Well Qc Qc Qc Qe

Length | (STBPD) | (STBPD) | (STBPD) | (STBPD)
500' - - - -

1000 128 120. 112 72
2000 200 192 188 180
3000' 216 200" 200 180
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Table B.6: Effect of Anisotropy ratio on Critical Rates (ZD=0.5)

Tilted reservoir A
a=1.0 a=0.5 a=0.2 a=0.1
Well Length | Qc, STBPD | Qc, STBPD | Qc¢, STBPD | Qc, STBPD
500' - - - -
1000’ 80 60 60 44
2000’ 112 100 88 100
3000' 100 88 72 72

Table B.7: Effect of Anisotropy ratio on Critical Rates (ZD=0.25)

Tilted reservoir
a=1.0 a=0.5 =0.2 a=0.1
Well Length | Qc, STBPD | Q¢, STBPD | Qc, STBPD | Qc, STBPD
500' - - - -
1000’ 24 20 16 16
2000' 32 24 12 8
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Table B.8: Effect of anisotropy ratio on Qc for ZD=1.0

Well Length (ft.) %|g=_0.1
) Qc'a=l.0
500' 1.5
1000’ 0.6
2000' 1.2
3000' 1.04

Table B.9: Effect of anisotropy ratio on critical rate for ZD=0.75

Well Length (ft.) Qc|a=o,1
Qc|a=l.0

7.2 0.6

144 0.9

21.6 0.8

Table B.10: Effect of anisotropy ratio on critical rate for ZD=0.5

Well Length (ft.) Qc|a=0.1
cha:l.O

7.2 0.6

14.4 0.9

21.6 0.7
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Table B.11: Effect of anisotropy ratio on critical rate for ZD=0.25

Well Length (ft.) |
gth (ft.) Ola=01
Ola=10
72 0.70
14.4 0.25

B.6 and Table B.12-B.15 show that the drop in critical rate at ZD=0.25
with respect to its' value at ZD=l increases with decrease in
anisotropy ratio. In addition it can also be observed that for a given

position the % drop in critical rate remains almost the same regardless
of the well length.

TaBle B.12: Effect of change in well position on well: L=1000'

Anisotropy ratio % drop in Qc
1.0 83%
0.5 86%
0.2 87%
0.1 80%
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Table B.13: Effect of change in well position on well: L=2000'

Anisotropy ratio % drop in Qc
1.0 86%
0.5 89%
0.2 95%
0.1 97%
B.2.2 VERTICAL WELLS

The effect of anisotropy ratio was also studied for vertical wells
in the same manner as for the horizontal wells. Table B.14 gives the
results for vertical wells. The results are graphically illustrated in
Figure B.7. It can be observed that for a given anisotropy ratio the
critical rate drops as the well approaches the OWC from the top plane.
This drop expressed as a fraction of the critical rate for the top
position of well increases as the value of anisotropy ratio increases.
This is presented in Table B.15. Another observation made for
horizontal well is related to the behavior of critical rate as the
anisotropy ratio changes from 1.0 to 0.1 for different well positions.
As shown in Table B.16 the increase in critical rate for vertical well

decreases with the position of the well.

183



B.2.3 DETAILED ANALYSIS OF WELL: L=2000'

The behavior of critical rate with respect to the anisotropy ratio
was studied in detail specifically for very small anisotropy ratios by
determining the critical rates for additional values of anisotropy ratio
and plotting the results to identify its' behavior over a wide range of
anisotropy ratio. The analysis was carried out for ZD=1 and ZD=0.5
plane only and for one well length of 2000'. The results shown in
Table B.17 and Figure B.8 show that:

1. As anisotropy ratio changes from 1.0 to 0.1 critical rate increases
by 17% for ZD=1 and reduces by 40% for ZD=0.5.

2. As anisotropy ratio changes from 1.0 to 0.032 critical rate
increases by 42% for the ZD=1 case and by 7% for ZD=0.5 case.

B.3 EFFECT OF RESERVOIR GEOMETRY

For tiited reservoir following reservoir geometries were studied:
1. A square reservoir of dimensions 4500.0%¥4500.0 sq.ft. (Case A)
2. A rectangular reservoir of dimensions 2250.0*4500.0 sq.ft. (Case
B)
3. The base case reservoir of dimensions 1250.0*4500.0 sq.ft. (Case
O
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Table B.14: Effect of Anisotropy Ratio on Vertical Well for all

positions
Tilted Reservoir
Anisotropy ratio =0.5
ZD Qc (STBPD)
1.0 40
0.75 32
0.5 20
0.25 12
Anisotropy ratio = 0.2
ZD Qc (STBPD)
1.0 88
0.75 72
0.5 40
0.25 16
Anisotropy ratio=0.1
VA)) Qc (STBPD)
1.0 128
0.75 100
0.5 60
0.25 24
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Table B.15: Critical Rate % drop with anisotropy ratios

(vert. wells)

Anisotropy ratio % Drop in Critical rate
1.0 83%
0.5 70%
0.2 82%
0.1 81%

Table B.16: Effect of anisotropy ratio on vert. well Qc for all ZD

ZD
Oela=01
Ocla=10
1.0 5
0.75 5
0.50 4
0.25 6
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The analysis was carried out only for positions ZD=1.0 and

ZD=0.5 for the case of homogeneous, isotropic reservoir for well
lengths of 1000', 2000, 3000' and for vertical wells.

B.3.1 HORIZONTAL WELL

In case of horizontal wells it was observed that increasing the
area of the reservoir resulted in an increase in critical rate. Table B.18
presents the results in terms of the dimensionless as well as the real
values. The effect of geometry is presented in Figure B.9 and in Table
B.19 to B.21. It is evident that longer the well length shows higher
drop in critical rate and this drop is higher if the well position ZD, is
closer to the OWC.

B.3.2 VERTICAL WELL

The effect of geometry on vertical well was also studied. Table
B.22 and Figure B.9 describe the results obtained for vertical wells.
The effect of reservoir geometry is represented in Table B.23 and
B.24. It can be observed that reducing the size of reservoir resuits in a
decrease in critical rate and this reduction is more if a well is situated
further away from the OWC. )}
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Table B.17: Detailed Analysis of Anisotropy Effect for Well:

L=2000'
Tilted Reservoir
L =2000' ZD=1 ZD=0.5
Anisotropy | Qc (STBPD) | Qc (STBPD)
ratio

1.0000 232 112
0.5000 224 100
0.2000 240 88
0.1580 240 88
0.1414 260 88
0.1155 260 88
0.1000 280 80
0.0450 360 100
0.0316 400 120
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Table B.18: Effect of Reservoir Geometry on Critical Rate

Horizontal  Reservoir )
ZDh=1 ZD=0.5
4500'%4500' | 2250'*4500' | 4500'*4500' | 2250'*4500'
Well length | Qc (STBPD) | Qc(STBPD) | Qc (STBPD) | Qc (STBPD)
1000’ 160 152 140 80
2000' 248 248 152 120
3000’ 288 280 160 112

Table B.19: Critical Rate % drop with reservoir geometry:

L=1000'
Reservoir | % Dropin | Reservoir | % Dropin
Geometry Qc Geometry Qc
ZD=1 ZD=0.5
A-C 13% A-C 43%
A-B 5% A-B 43%
B-C 8% B-C no change
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Table B.20: Critical Rate % drop with reservoir geometry:

L=2000'
Reservoir | % Dropin | Reservoir | % Dropin
Geometry Qc Geometry Qc
ZDh=1 ZD=0.5
A-C 6% A-C 26%
A-B no change A-B 21%
B-C 6% B-C 7%

Table B.21: Critical Rate % drop with reservoir geometry:

L=3000'
Reservoir | % Dropin | Reservoir | % Drop in
Geometry Qc Geometry Qc
ZD=1 ZD=0.5
A-C 10% A-C 38%
A-B 3% A-B 30%
B-C 7% B-C 11%
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Table B.22: Effect of Geometry on Vertical Well

Tilted Reservoir
ZD=1

Geometry (ft2) Qc (STBPD)
4500*4500 24
2250*4500 24

ZD=0.5

4500*4500 12
2250*4500 12

Table B.23: Critical Rate % drop with reservoir geometry for
vertical wells (ZD=1)

Reservoir Geometry

% Drop in Critical rate

A-C no change
A-B no change
B-C no change
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Table B.24: Critical Rate % drop with reservoir geometry for
vertical wells (ZD=0.5)

Reservoir Geometry

% Drop in Critical rate

A-C 25%
A-B no change
B-C 25%
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