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CHAPTERI
INTRODUCTION

Producing gas in reservoir with aquifer presents a challenging problem. The
main reason is water coning effect. In conventional completion, gas is produced from
reservoir above gas-water contact. When gas is produced, differential pressure occurs
around completion, causing aquifer water to cone into completion. After production is
continued to some specific point, water reaches and enters into the completion, i.e.,
water breaks through the.producer. Water production increases hydrostatic pressure
that results in water loading wathe‘well. This effect decreases production performance
of the well. :

One of solutiens for this problem is Downhole"Water Sink (DWS). In this
technique, water coning'can'be prevented_;by producing water below gas-water contact
interface to create a differential pressure 1n Jt-he water zone. This differential pressure
can counter the effect of the one in the hYdrOCarbon zone and, thus, prevent water
coning. In this scenario, there “are two:-i)mducing (completion) zones. The top
completion produces gas from the reservoi;r:eiﬁa bottom completion produces water
from the aquifer. These complétions ate éépﬁféted by a_packer. Gas and water are
produced in separat¢ flow-paths-Gas-is-produced-through the annulus between casing
and tubing while wateris produced through tubing.

The purpose of this study is to evaluate the performance of Downhole Water
Sink in improyingigasproduction from bottom water-drive,dey gas reservoirs using a
reservoir simulation software as a mean to mimic teservoir responses under different

circumstances.

1.1 Methodology

1. Gather and prepare data for simulation model.

2. Create base case model in which conventional technique and DWS (Downhole
Water Sink) model are applied.

3. Run simulation for both models to compare the production performance.

4. Conduct sensitivity on operating conditions for both models to observe the effect



of these conditions on production performance.

5. Analyze the results and conclude.

1.2 Thesis Outline

This thesis consists of six chapters. The outlines of each chapter are listed

below:

Chapter II reviews p d to water coning problem and

-

Downhole Water Sink technique.

onventional technique and

Chapter VI provides gonelusion ommendation of the study.

U
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CHAPTER 11
LITERATURE REVIEW

Water coning is a problem for gas well since it causes liquid loading in the
well and prevents gas production. Armenta and Wojtanowicz [1] have studied about
mechanism of water coning in gas reservoir. Combining the results from numerical
simulation with analytical models; they concluded that early water breakthrough and
largely increase in water production may.result from effects of increased vertical
permeability, low density.of perforation'and high-velocity gas flow (non-Darcy flow)
around the wellbore.

The easiest way to.avoid water coning effect is producing reservoir fluid at
low rate, i.e., below the critical rate. Thq. critical rate is the rate above which the
flowing pressure gradient at the well cal}r cause water or gas to cone into the well.
Therefore, it is the maximum allowable ﬂow rate that ecan be imposed on the well to
avoid breakthrough from goning effect. Prdducing more than this rate can cause high
pressure gradient that results'in coning instéfaﬂity and breaks through will occur.

Although there are several empirical— égﬁelations for critical rate estimation,
most of them are applied for il reservoir, 'i.'-'e".;'i:_ritical oil rate estimation. Only a few
of them can be applied-for-gas=water system-One-of theni 1S Chaney et al. correlation.

Chaney et al. {2] developed a set of working curves for determining critical
rate. These curves were generated by using a potentiometric analyzer study and
applying the water coning mathematic theory, idevelopedy by Muskat-Wychoft [3].
Each graph is used for a specific teéservoir model based on the types of fluid in the
system_.(oil-water, gas-water,  gas-0il), sand.thickness, drainage” area, perforation
interval ‘and distanee from top perforation to top of sand.(for oil-water or gas-water
system) or gas-oil contact (for gas-oil system).

Beside from producing at low rate, there are many other methods to eliminate
or reduce this problem with different production techniques such as using pumping
unit, gas lift, plunger lift, small tubing ID, etc [4]. One of interesting technique is
Downhole Water Sink technique.

Downhole Water Sink technique reduces water coning effect by producing

water below gas-water or oil-water contact to create a differential pressure in the



water zone. This differential pressure can counter the effect of the one in the
hydrocarbon zone and, thus, prevent water coning. Downhole Water Sink technique
was first introduced for oil reservoir model. Inikori [5] studied water coning control in
oil reservoir using this technique. Fluid flow behavior was studied for both vertical
and horizontal wells. The results indicated that this technique can increase production
rate.

Armenta and Wojtanowicz [4] later applied this technique in a gas reservoir.
They investigated the production performaace of this technique comparing to
conventional completion and well with Dewahole Gas Water Separator (DGWS).
DGWS is equipment that separates gas and water at the bottom of gas wells in which
separated water is re-injected 1afo a non-productive interval while gas is produced to
the surface. They also rescarched for reservoir candidates for which have the best
conditions for DWS technique. 45

The results show that DWS well %iyes higher recovery than recovery from a
conventional well but almost the same as f‘ltl_lalt from a DGWS well. However, DWS is
better than DGWS that it requirés less -?ﬁ;r'odc:‘luction time for the same production
recovery. In addition, they €oneluded that J{ﬁ‘e!pest conditions for DWS technique is
low-permeability low-pressure gas reservo_gﬁi;e., low productivity gas reservoir for
which DWGS technique is no;[ suitable. il

Later, Armeifa and Wojtanowicz [6] applied DWS technique in low
productivity gas reservoir model again. This time, they varied design parameters such
as the water withdrawalsrate, perforation position, perforation interval and time to
start water withdrawal operation in order to maximize production performance for this
type of reservoir. They concluded that the top completion should be shorter than 30

percent ofligas zons. , Water Wwithdrawal tate”should) be inlaximized 'to keep the top

completion water free.



CHAPTER III
THEORY AND CONCEPTS

3.1 Water coning in gas wells

Water coning is a phenomenon created by the rise of bottom water through the
pore volume near the wellbore to the perforation. In gas reservoir with aquifer, when
the well is perforated above the gas-water e¢ontaet (GWC), the gas production creates
a differential pressure and causes the gas-watetinterface to deform into a cone shape.

When the productien fate increases, the econe height rises from the original
contact. If the productien rate is too high (higher than the critical rate), the cone
becomes unstable causing waterto breakL_S through into the wellbore. If the production
is continued, water will finally load the wgll and prevent further production.

As mentioned ins Chapter 2, Cban?ey et al. |2] developed an analytical
correlation in order t0 dgtermine the cntlcal production rate for gas well. The
procedure consists of a set of graphs that is used to determine hypothetical critical
production rate and mathematieal formula t@iﬂuid and rock properties are taken into
account to correct the hypothetical ﬂow.‘ir—aig for actual reservoir rock and fluid
properties. The cortelation was developed such that it can-be used for oil-water, gas-
water and gas-oil sysferns. For this study, we will focus only on a gas-water system.

In order to determine critical gas rate, the-hypothetical rate must be
determined from the set“0f graphs. Severdl graphs are constructed for different
models. In these 'gtaphs, weservoir drainage area, formation thickness and well
characteristics (perforation position and its interval) are take into account to determine
the critical rate. For example, Figure 3.1 shows the hypothetical rate for the model

having sand thickness of 100 ft, well radius of 3 inch, and drainage area of 1000 ft.
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After the hypothetical critical rate is determined from the graph, this rate is
corrected for actual reservoir and fluid properties by mathematical formula. For gas-
water system, the critical gas rate can be calculated as follows:

k _
QgC = 0'5288 x 10_4 [g(pw—pgj} chrve
#.B, G.1)

where (), = critical gas flow rate (Mscf/d)

Q... = hypothetical crifical production rate (bbl/day)

k, = effective gas pe@eability (md)

P, = gasudensity(Ib/cu ft)
P, = water'density (1b/eu ft)

U, = gasg¥isgosity (cp) ¥

B, = gasgfformation volui}le.'factor (bbl/Mscf)

In Downhole Water Sink techniqi;e,. this correlation cannot be used because
both gas and water are produced af the ézime time. However, it is still useful for
verifying that the model is set il proper ma@éf;-then it is constructed. If the model is
valid, the correlation should be able to Verify'-simulation results.

As gas production causes water to cone arouind: the wellbore, this study
focuses on the effect of production rate on production performance. This includes gas

rate and water rate in Downhole Water Sink technique.

3.2 Partial penetration skin

Partial penetration is also.one of the techniques used to delay water
breakthrough. Norijally, the“eompletion 1 gas well with aquifer 1§ perforated from
top of pay sand to somewhere in the pay zone above the gas-water contact to prevent
water to cone into completion. However, the production performance may decrease
due to partial penetration skin. In this case, the fluid cannot enter the well over the
entire reservoir thickness. As a result, the well will experience a large pressure drop.

In several studies, correlations were developed to determine the skin resulted
from partial penetration. Brons and Marting [7] develop the relation expressed in term

of permeability, reservoir thickness and perforation interval.
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where s, = partial penetration skin
b = fractional penetration, &, / &
h, = dimensionless pay thickness, (k/k,)">(h/r,)

h  =reservoir thickness (ft)

h = perforated thickness (ft)

P

k = horizontal formation petrmeability (md)
k, = vettical formation periticability (md)
r, = weliborefadius (ft)

G(b) is a function of fractional pénetration and can be calculated from
G(b)=2948+7.363h =1 1;415b2 ~4.675b°

Odeh [8] developed an emﬁirical ﬁ{eléﬁon for skin due to an arbitrarily located

open interval:

" '

0.825 1y 7N
s = 1.35(l - 1) (s Jiy + 7) - 1.952[0.49 +0.11n(r, k) )]In(r,,. )}
b " = (3.3)
where T Y-
|75 exp| 02126(2.753 %z, Th) |, 0<z, / h <05
Toe = = = (3.4)
I"w‘ s y i1 O
i (3.5)
& &1 .
£ 993

= distance from the top of the formation to the top of the perforation
Many cotrelations-have perforation interval and position-of ‘perforation taken
into account. Effect of perforation interval and its position on production performance

are also included in the scope of this study.

3.3 High velocity flow
When fluid flows at very high rate, there is additional pressure drop around the
wellbore that increases in non-linear trend. This kind of effect is defined as Non-

Darcy effect since this non-linear trend is against general form of Darcy’s linear



relation. There are many authors who developed the correlation to express this effect.

Forchheimer [9] expressed the equation for high velocity flow

a =av+bV’
dr (3.6)
where Z—p = pressure drop across a cylindrical wall
r

a,b = constant
v ={luid velogity
Later, Green and Duwez [10] and-Comell and Katz [11] developed the

equation and expressed in‘terms of fluid and rock properties.

d—p=£v+,8,0v2

dr k (3.7)

where x4 ='gas viscosity
p  =@as density 1
f = high yelocity coefﬁi;_ie.nt
Normally, Forchheimer Jeduation‘-.;ﬂi;s ﬂexpressed as the radial Darcy flow
equation with a rate-dependent r_skijnl Dq. Foirdgas reservoir with uniform permeability,

this rate-dependent skin can be expressed as@lpy‘v:

kh
D,, Sozaant s g 3
4 JTR (3.8)
where y, =gas gravity
e, o T 83S VISCOsity.

By = property of reservoir rock
£ .ccansbe ealculated from
— 10 7.-1.1045
B, =2.73x10"k 59)

Beside from causing extra pressure drop in the wellbore, Non-Darcy effect
also increases the effect of water coning [1]. In this study, gas rate is varied in
sensitivity analysis to observe the performance of DWS well. Because of this, Non-

Darcy effect may also take the part in performance of this technique.



CHAPTER 1V
METHODOLOGY

As mentioned before, the objective of this thesis is to evaluate production
performance of DWS (Downhole Water Sink) technique applied in a bottom water-
drive gas reservoir under different operating conditions. To accomplish this task,
numerical simulation models are constructed using ECLIPSE 100 reservoir simulator.
The models are divided into 3 types for diffcrent purpose in order to fulfill the
objective. These are verification imodel; base case.model for conventional well and
DWS (Downhole Water Sinkj)well. Then, sensitivity analysis is conducted to observe

the performance of DWS teehnique under different operating conditions.

4.1 Reservoir Simulation model - ¢

The model is constructed -with a",, conventional well in a gas reservoir with

bottom water drive. Since this study 1s rel&tgq_to coning effect that occurs around the

wellbore, the reservoir modelis built-with 3D cylinder grid, and the well is located at

the center as shown in Figure 4.1. s H4

Figure 4.1: Reservoir model.
The reservoir model consists of 15, 10, and 40 radial grid blocks in the radial
(r), theta (0) and vertical (z) direction, respectively. In the radial direction, the grid

block closet to the wellbore has the smallest size. Adjacent grid blocks become larger
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as the distance from the wellbore increases. Sizes of grid blocks in the radial direction
for the model are shown in Table 4.1. The purpose of using refined grids near the
wellbore is that reservoir properties affected by water coning such as reservoir
pressure, fluid saturation, and fluid properties can be estimated with more accuracy
and coning shape can be illustrated in more details around the wellbore. However, all
grid blocks have the same size in theta and vertical direction. Grid sizes for theta and

vertical direction are 36 degree and 5 ft, respectively.

Table 4.1: Size of grid blocks 1n the radial direction for reservoir model

Radial (1) directiorf Radial (1) direction
No. gride|"Grid size (ft) | No. grid [ Grid size (ft)
1 S 9 28.78755
2 20127 10 40.17691
3 38955947 Il 56.0723
4 54368270 12 | 7825645
5 75878250 |8 413 109.2174
6 10:58083 [0 14 1524277
7 7| ddi7o5h |46 | 2127334
8 72062685 |1 2| 7453795

The model usSed in this study is a homogeneouéz‘reservoir. Reservoir fluid
consists of gas in the“pay zone and water in the aquifer. Vertical grid blocks are
divided into 2 zones evenly.for gas and water, i.e.,.20 grids for, gas zone and 20 grids
for water zone. Thete are 100 ft of.total pdy thickness and'100 ft of aquifer water in
the model. There is also 4900 ft of'fnumerical aquifer that is included as a source of
water using ECLIPSE’s keyword. Figure 4.2 shows the reservoiriwith gas and water

zone separated by gas-water contact.

WWELLT

Figure 4.2: Reservoir with gas and water zone (red color indicates gas zone, blue

color indicates water zone).
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Most of reservoir rock properties are taken from a gas field in Gulf of
Thailand. Tables 4.2 and 4.3 show reservoir properties and SCAL data taken from
field data, respectively. Relative permeabilities are also plotted in Figure 4.3.

Table 4.2: Reservoir properties

Parameters Values Unit

Number of grids 15x10x40 Grid
Drainage area 3140022 sq ft
Gas zone thickness 100 ft
Water zone thickness 100 ft
Aquifer thickness (excluding water zomne) 4900 ft
Porosity 215 %
Horizontal permeability l 126 mD
Vertical permeability y-v 10 mD
Top of reservoir . - -_,. 4950 ft
Datum depth & VX A\ %000 fi
Initial pressure @ datum depth y ‘ 4 2500 psia
Initial temperature @ datuna depth’ J*_‘ 175 °F
Initial water saturation in gas zone 2 _.u 25 %

Initial water saturation in water Zone . 100 %

J

Table4.3: SCAL properties — water saturaﬁon functions

Water Waterrelative Gas relative
saturation.(S,) | permeability (k.,) | permeability (k)
0:25 0 0.8
0.3 0.006 0.444
0.35 0:027 02238
0.4 0.0675 0.105
0.45 0.126 0.042
0.5 0.2055 0
0.55 0.3075 0
0.6 0.432 0
0.65 0.579 0
0.7 0.75 0
1 1 0
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Relative permeability

Reservoir flui , ifer water. Their properties are
- .J F

assumed with reasonab : __ ‘ ) water and impurities. Table 4.4

Water specific gravity
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density and gas formation volumé factor are<ealculated in PROSPER. For gas

’Qq ol d@)oolsbrkiah 12} bl ) csfinallhis biohetty in PROSPER.

All data used to generate the model in ECLIPSE 100 are listed in Appendix A.

4.2 Conventional well

For a conventional gas well, only the gas zone is perforated, and gas is
produced through tubing. Figure 4.4 shows well schematic for this model. The sizes
of tubing, casing and wellbore are listed in Table 4.5. All data used to generate the
model in ECLIPSE 100 are listed in Appendix B.
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Figure 4.4: Schematic of cony \\\\ } onventional model.
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Table 4.5: f’?’-.!"u ,tu sing and wellbore
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DWS model is used to evaluate production performance of gas well with DWS

technique, in which water zone is also perforated and produced to reduce coning
effect. Water is produced through tubing while gas is produced through the annulus
between casing and tubing. Gas and water zones are separated by a packer in order to
avoid multiphase flow. Figure 4.5 shows the schematic of DWS model. All data used
to generate the model in ECLIPSE 100 are listed in Appendix C.
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Vertical Lift Curves fof soth wells are @reated with PROSPER and defined in

different waysﬂrlu Hae%gg w@ %&Jﬂvﬁﬁ and annular flow for

WELL2. Other gck and fluid properties are the same as in the cor&fyntional model.
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After all cases are established, they are simulated as the reservoir is produced
with constant gas and water rate until the gas rate becomes lower than 0.5 MMscf/d.
The minimum tubing head pressure is set at 450 psia for gas well, and the minimum
bottomhole pressure is 500 psia for water well. When the simulation ends and results
are generated, the main factors used as performance criteria for these models are

recovery factor and cumulative gas and water production.
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4.5 Sensitivity analysis

Several cases with varying operating parameters from the base case model are
simulated for sensitivity analysis in order to observe their effects on production
performance. These parameters are gas rate, water rate, position of perforation and

perforation interval. Table 4.6 summarizes the varied parameters for sensitivity

analysis.
Table 4.6: Varied parameters for sensitivity analysis
No. Parameters Values Unit
1 Perforation interval 10, 20, 30,40.50, 60, 70, 80, 90, 100 ft
2 Gas rate 51015 MMscf/d
3 Water rate 0,250, 500, 750, 1000, 1500, 2000 stb/d

]
For perforation pesitions./ there are 4 cases of different combinations as
described below: - A ‘
a) The top completion is perforated at the top of the gas zone while the
bottom completion is perforated 1n the middle of the water zone
b) The top completron is perforated at the top of the gas zone while the
bottom completlon is perforated at the bottom of the water zone

.1..

c) The top completlon 1s perforated n the middie of the gas zone while the

bottom co_fnpletion is perforated in the middle 'of the water zone

d) The top corrlpletion i1s perforated at the middle of gas zone while the
bottom completion is perforated at the bottonr of the water zone

e) Thettop completion is perforated at the bottom of the gas zone while the
bottom completion is perforated at the top of the water zone

Figute 4:6 shows the position of perforation forthese different cases.
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Th1s sensitivity analysis is conducted for 2 different reservoir models. The first
model represents the reservoir with vertical permeability (10 mD from assumption)
that is equal to 8% of horizontal permeability (126 mD from field data). The second
model represents the reservoir with vertical that is equal to horizontal permeability

(126 mD). All four operating parameters are varied for both types of reservoir.



CHAPTER V
PRODUCTION PERFORMANCE

In this chapter, results generated from simulation are analyzed after
simulations of all cases have been run. The production performances for different
operating conditions such as different gas rates, water rates, perforation positions and
intervals are observed. The effects of' these conditions on recovery factor and

economic feasibility are investigated.

y |

5.1 Evaluation of produetion performance

The main aspects of this evaluat‘ion are improvement of recovery factor and
reduction of water produced from: the gat_s zone. First, the production performances of
base case models for gonventional weijl_i,'.and DWS well with the same gas rate,
perforation position and perforation intef}va‘l are described and compared. Next, the
results of sensitivity analysis are analyzéii_,___tq__‘ see the effect of gas rate, water rate,
perforation position and perforation intervalion production performance.

5.1.1 Conventional well - _“

In this case, the reservoit-consists ‘(J);T_-V.IQD, ft of gas zone and 100 ft of water
zone. Numerical aguifer with 4900 ft thickness is in¢luded using ECLIPSE’s
keywords as mentionéd previously in Chapter 4. The wellis perforated for 30 ft from

top of gas zone. Figure.5.1 shows well schematic of the conventional case.
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Gas production rate (Mivscf/d)
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‘ nventional well.

Figure 5.3 shows ' T pressure dropping as a function of time. At the
7 ¢ gas rate is maintained constant.
After 682 days, the production rate Sclinésid e low reservoir pressure and small

amount of gas remained in the this point, the decline rate of reservoir

pressure is slower a
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Figure 5.3: Reservoir pressure for conventional well.
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Figure 5.4 shows water production profile, and Figures 5.5 to 5.8 show water
coning effect that results in water production. Initially, gas-water contact rises as gas
is being produced. At this point, the contact doesn’t reach the perforation. Hence, no
water is produced during this period. After 500 days of production, the contact
reaches the perforation as shown in Figure 5.7, resulting in water breakthrough. Gas
rate begins to drop below a constant rate at 682 days while water production rate still
increase until 750 days. Finally, water overwhelms the perforated interval as shown in

Figure 5.8 and causes a large pressure dr‘gp from hydrostatic gradient, resulting
o’

-

decline in gas and water produetion rate.
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Figute 5.4:/Watet productionpréfile for Convientional well.
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Figure 5.5: Reservoir fluid saturation before production for conventional well (red

indicates gas and blue indicates water).
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Figure 5.6: Water coning effect after 300 days of production for conventional well.
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Figure 5.7: Water coning ffqét,a_f;tc::r 50@;@?2’5 of production for conventional well.
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Figure 5.8: Water coning‘effect after 750 days of production for conventional well.

Figure 5.9 shows bottomhole pressure orBHP and tubing head pressure or
THP. At the beginning, the bottomhole pressure reduces as the reservoir pressure
decreases in order to keep gas rate constant. Tubing head pressure also reduces for the
same reason. After 682 days, the tubing head pressure reaches minimum criteria of
450 psia and cannot be reduced further. At this point, gas rate cannot be maintained
and eventually drops. The tubing head pressure is still kept at minimum value so that

gas can be produced at the highest possible rate.
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In contrast, the bottomhole pressure increases after 682 days. Because of water
breakthrough, the hydrostatic pressure in the tubing increases. So, a higher pressure is

required in order to flow the fluid from bottomhole to surface.
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Figure 5.9: Bottomhole pres head pressure for conventional well.
5.1.2 DWS well
i
DWS well is e :---:-.—--.-:—--—:-_::: ------------------ dug tion performance with the
conventional well. Simiilar to th , ¢ Teservoir consists of 100 ft of

gas zone and 100 ft of v‘vater zone. Numerical aquifer with 4900 ft thickness is also
o

L7
included in tlﬁrﬁgjnfguﬁii ﬂﬁ‘l%ﬁﬂfﬂeﬁ?nd produced through
ced through the annulus be

tubing while gaql'is produ tween casing and tubing instead.
AT A
compl%n re orated ' f idd zone."Figure 5.10 shows

well schematic of DWS case.
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Figure 5.11: Water withdrawal rate from the bottom completion for DWS well.
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Figure 5.12 shows gas production rate from top completion. Gas rate from
conventional well is also included in the figure for comparison. From the figure, gas
rates for conventional and DWS wells are can be kept at constant for almost the same
production time. However, after the gas rate declines, DWS well can still be produce

gas for a longer period until reaching the economic rate at 1163 days.

&

= Conventional well

st O S e |

Gas production rate (Miscf/d)

AL o ";'-:_"J_—'_ i
Figure 5.12: g}as production rate from convent10}131 and DWS wells.

LR
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From this figui€, gas rate of conventional and DWS wells declines almost at
the same time althoug_l_; distance of the top completion-_i’s closer to gas-water contact
comparing to ¢onvertional well!l The feason i5/due to"water withdrawal from bottom
completion. Water withdrawal creates differential pressure at bottom completion
against.the.one.from top completion. This,prevents gas-water.contact to cone into top
completion’ and’ results ‘in water*btreakthrough “which—causes "higher hydrostatic
pressure drop. Figures 5.13 and 5.14 show the comparison of water coning shape of
the conventional and DWS wells at 200 days after production. Although water has
already breaks through in DWS well, the gas-water contact is a bit lower than that for

the conventional well because of water withdrawal at bottom completion.
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Figure 5.13: Water coni afier 300 days of production for conventional well.
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Figure 5.14: Water coning shape after 300 days of production for DWS well.

Figure 5.15shews water production profiles for conventionalland DWS wells.
The figure shows that, although water breaks through in DWS well earlier due to
shorter distance between the top completion and gas-water contact, water production
rate decreases at faster rate after production rate decline due to water withdrawal.
However, there is large amount of water withdrawn from the bottom completion in

exchange of higher gas recovery.
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Figure 5.16 shows' thé bottomhole press und the wellbore in the gas
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Figure 5.16: Bottomhole pressure for conventional and DWS wells.
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Figure 5.17 shows reservoir pressure for conventional and DWS wells. For
DWS well, reservoir pressure decreases lower than that in conventional well because

of water withdrawal from the bottom completion.
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Figure 5.17: Reservoirpressure for conventional and DWS wells.
According to e results; more gas can 1‘@ if water is produced from
bottom completion 0 pre ¢ efféct. Table 5.1 summarizes

improvement of producti ‘pn performance. From this table, DWS can produce longer

than conventlﬂvulﬂ)ﬁ(ﬂiﬁjnﬁ ﬁ ﬂ ﬁtjﬂore 375.71 MMscf of

gas production.gsWater production e top completion also decreases for 55,825
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Table 5.1: Production performance of conventional and DWS wells (top completion)

Conventional DWS well Improvement
well
Gas production (MMscf) 3922.38 4119.31 +196.93
Gas recovery (percent) 70.76 74.32 +3.56
Water production (stb)
) 74,982 99,001 +24,019
(top completion)
Water production (stb)
) 0 581,500 +581,500
(bottom completion)
Water production (stb) )
74,982 680,502 +605520
(total)
Production time (days) 1036 1163 +127

5.2 Sensitivity analysis s

In this section, gas rate, water rate,‘:ﬁ-pefforation position and interval are varied
in order to study their effeet ons'gas recb*’le,ry. The main subject for this analysis
focuses on improvement in gas recovery,;;_’n-‘d‘%‘reduction of water production from
coning when downhole water sifik techﬁi‘qﬁé is.applied. Sensitivity analysis is
conducted for 2 types—of ieseivoii—thetiist-icseivolr type has low vertical
permeability which is equal to 8% of horizontal permeability (since horizontal
permeability is 126 mD from field data and vertical onc is 10 mD from assumption,
this results in-around 8%, eof ky/ki ratie)s The second type has high vertical
permeability which'1s equal‘to horizontal permeability (126 mD).

5.2.1 Production performanee on low vertical permeability reservoir

5.2.1.1 Effect of water withdrawal rate

To study the sensitivity of DWS technique to water withdrawal rate, seven
water withdrawal rates of 0, 250, 500, 750, 1000, 1500 and 200 stb/d are considered.
Water rate of 0 stb/d indicates conventional completion, and the others indicate DWS

technique. Other operating conditions are kept the same.
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Figure 5.18 shows gas production obtained from the simulations. The constant
rate can be maintained as long as the reservoir pressure is high enough and there is a
sufficient amount of gas in the reservoir. At a certain point, the reservoir pressure

drops and the gas rate declines.
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For conventiorﬁ we th/ tlﬂdifferent trend comparing to

DWS well. This is becaudge gas is produced through tubing in conventional well while
o

DWS well p@% EJ;W%J% %TWﬂrﬁ Iﬁ: s. For this scenario,

conventional well can produce for a longer perio S well with water rate of

ok i PTobY Wieh (1] e

For low water withdrawal rates (250 to 750 stb/d), increase in water
withdrawal rate causes more differential pressure that counters the one from the top
completion, resulting in reduction in water production from water coning effect and a
delay of water breakthrough time as shown in Figure 5.19. Thus, gas rate can be kept

constant for a longer period when the water withdrawal rate is higher.
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However, there is

(1000 to 2000 stb/d). Although ce
¢

for high water withdrawal rates
still be kept for a longer period when
increasing the water withdrawal rat

- ,\w' "”"“ . .
water withdrawal rate iod. Tl ne tate increases as the water

rate drops faster than the one for low

withdrawal rate bec y-f-—r:::::::%‘— --------------- : e amount of gas and water
productions in the pefiod wit are higher for the cases with high

water withdrawal rates. .The reservoir pressure depletes fast from a high amount of

produced ﬂulﬁ \EJ tt} %Wﬁcﬁmﬂﬁductlon rate for a long

time after the ra@ eclines.
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In contrast to this sce Iﬁﬂg oo ases with high water withdrawal
el
rates that the reservoir pre re diC ter a auses the gas rate to drop earlier

than cases with lower water w1t d One of these cases are, for example, the

reservoir (other conditions

case with the top completion perforatt op O

are the same as th of DWS well 4( Section 4.3). Figure 5.21
shows gas productioni ¢ with 2000 stb/d of water
withdrawal rate, the gas aates drop before the one with 1500 stb/d of water withdrawal

rate. Figure 5. ﬁ ?Wﬁéﬂrﬂ ?e reservoir pressure in

this case is lower than the reserV01r pressure shown n Figure 9 for all cases.
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Figure 5.22: Reservoir pressure for different water withdrawal rates from the cases

with the top completion being perforated from top of reservoir.
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Figure 5.23 shows water withdrawal rate from the bottom completion. In the
same manner as gas production, producing water causes the aquifer pressure to drop
and eventually results in decrease in water production rate as the aquifer pressure is
too low to support the rate. Increasing water withdrawal rate causes more pressure
drop in the aquifer and water production rate to drop earlier. There is also more water
production when water withdrawal rate is high as shown in Figure 5.24. This can

become disadvantage due to higher water disposal cost.
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Water rate

250 stb,/d

|//777}.\\\ s

€ LA — 1000sto/d

1500
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Water production rate (sth/d)
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Figure 5.23: Water product@ om completion for different water
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Figure 5.24: Cumulative water production from the bottom completion for different

withdrawal water rates.
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Although water is produced to prevent water coning effect, producing at too
high rate can cause gas coning similar to the one in oil reservoirs and results in gas
production as shown in Figure 5.25. The reason is that differential pressure around the
bottom completion is too the high. In any case, the amount of gas is quite low. In the
figure, only case with 2000 stb/d of water withdrawal rate shows the presence of gas
production from the bottom completion while the other cases have gas production
close to zero. Figures 5.26 and 5.27 show the difference of coning shape for the case

with 750 and 2000 stb/d of water withdfaﬂyal rate after 500 days of production,
o

respectively. -
"

0.030 — —
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e
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= 0.020
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Figure 5.25:G4ds productiof fate frém the botfoth completion for different water

withdrawal rates.

GasSat

Figure 5.26: Gas coning shape after 500 days of production with 750 stb/d of water

withdrawal rate.
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Figure 5.27: Gas coning shape after 500 days of production with 2000 stb/d of water
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Figure 5.28 show_,,gas recover}/ factor for dlfferent water withdrawal rates,

and Table 5.2 summan;as’fﬁ,

to ‘i_‘ncreases. significantly when increasing the water

roductuﬁn performanee for different water withdrawal

rates. The recovery

50 ’s‘tB/d;ajf'ld slightly increases when increasing the

withdrawal rate from 250 t

water withdrawal rat¢ ev .as the 5eoovery factor is reaching its limit. As the

water withdrawal rate imcrease watér pré‘ductlon from the top completion decreases

o

drastically but water production frOm the jbottom completion increases in a linear

fashion. In general, it may not Jpg‘ worthwhﬂ,_{[.g withdraw water at a high rate just to

recover slightly more gas. .= & ;I_;;",_._
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Figure 5.28: A plot of gas recovery factor vs. water withdrawal rate.
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Table 5.2 also shows that the well can produce longer when increasing water
withdrawal rate. However, total production time becomes less when increasing water
withdrawal rate to some specific point due to higher pressure drop. The same reason
is applied to comparison between conventional well and DWS well with low water
rate (250 stb/d). In any case, total water production always increases as water

withdrawal rate increases.

Table 5.2: Production performance for different water withdrawal rates

Gas production from )
Water Water production (stb)
top zone Production
withdrawal .
Volume | Reeovery Top Bottom time (days)
rate (stb/d) Total
(MMsct) | faetor (%) zone zone
0 3922.38 7048 74,982 0 74,982 1036
250 3795.18 68 5 100,967 236,500 337,467 946
500 4119.31 743 9.9,601 581,500 680,502 1163
750 4425.13 T8 4. 43 81,774 1,024,500/ 1,106,277 1366
1000 4473.16 30.7 i 50;1 14| 1,166,584| 1,216,698 1210
1500 | 452846 | 817~ | 14,603 1,398612] 1413216 1108
2000 4559.14 82.2- 5317, 1,577,152 1,582,470 1088

5.2.1.2 Effect'of gas rate

To study the -sensitivity of DWS technique to gas production rate, three
different gas rates of 5, 10~and 15 MMscf/d were simulated. Water is withdrawn at
500 stb/d from the bottom completion. Other operating conditions are kept the same.
Figure 5.29 shows gas production profiles obtained from the simulations. High gas
rate results m more\production at an eatly period. Howewver, high gas rate causes the
reservoirpressure to drop faster as shown in Figure 5.30 and results in early decline in

gas rate.
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Figure 5.30: Reservoir pressure vs. time for different gas rates.

Although lower gas rate can be kept constant longer, the total production at the

end for the three cases are not much different as shown in Figure 5.31. This is because

in case of higher gas rate, most of gas production is recovered at early period.
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For the bottom completion, water withdrawal rate can be kept constant until
the end of production as shown in Figure 5.35. This is because the aquifer pressure is
still high enough to support water withdrawal rate. There is also no gas production
from the bottom completion due to low differential pressure from low water

withdrawal rate.

600 —
— 500 St S i T A
=
ry J
2,
g 400 e ——
e Gasrate
= 1
= 300 S F TN . =5 MMscf/d
=
'E 3 ¥ 10 MMscf/d
6 200 —F JF e e
5 o 15 Mpscf/d
5 '3 .
T — W R R

0

0 5007 1000 1500
” _‘ﬁ-ni;e (days] _li i

Figure 5.35: Wafgéwithdrawah%rtefrmﬂwbcﬁméﬁﬁﬂetion for different gas
F rates. 1

However, for some cases in iwhich-gas'isi produced at low rate and water is
produced at high rate, there is gas production from the bottom completion. For
example, Figure, 5.36 shows the.tesults for.the cases in which the top completion is
perforated for 30 fi from top of reservoir and the bottom'eompletion-is perforated for
30 ft at the middle of water zone. Water is produced at 1500 stb/d from the bottom
completion, and three gas rates of 5, 10 and 15 MMscf/d are used. In the figure, there
is the presence of gas production from the bottom completion for the case with 5
MMscf/d of gas rate. However, the gas production from the bottom completion is
very small. The reason for gas breakthrough is that there is more differential pressure
at the bottom completion than the top one. This causes gas to cone into the bottom

completion. Increasing gas rate can reduce gas production at the bottom completion.
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reduce water production and e gas recovery, high gas rate may be
better off since moi ; _g time. Cumulative water
production from :’f:f} 1" case with high gas rate as

shown in Table 5.3. Tg only disadvantage o

gh gas @e is that there is more water

production from the top gompletion due to high differential pressure at the wellbore.
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increases. This is because imore wat 2s into the top completion instead of
withdrawing from the bo‘rtom‘I : arger pressure decline from high gas
production rate is also another Teason fc Z%al water production. Total

essure drop.

production time alsg

Table 5.3: .Productlon performance for different gas rates

ﬁﬂﬂ?ﬁlﬂ@%&h@f ® |
Gas rate Production
(MMscfﬁ Volume Recovem TQ . “Bottom 'ﬁull" time (days)
o P il il 3] | “det £ TR E
5q 4119.31 74.3 99,001 581,500 680,502 1163
10 4090.54 73.8 133,235 490,000 623,235 980
15 4090.70 73.8 144,205 469,500 613,705 939




44

5.2.1.3 Effect of perforation position

As mentioned in Section 4.5, 4 combinations of perforation positions are
considered. These combinations are:

a) The top completion is perforated at the top of the gas zone while the

bottom completion is perforated in the middle of the water zone

b) The top completion is perforated at the top of the gas zone while the

bottom completion is perforated at the bottom of the water zone

c) The top completion is perforated in the middle of the gas zone while the

bottom completion is perforated in the'middle of the water zone

d) The top completion is perfbrated at the middle of gas zone while the

bottom completion is‘perforated at the bottom of the water zone

e) The top completion is perforated at the bottom of the gas zone while the

bottom completion‘isperforated at the top of the water zone

The well schematig for these perfGra,‘_tion positions are shown in Figure 4.6 in
Chapter 4. Gas production rate, water witﬁldrawal rate and perforation intervals for the
top completion and bottom compiefion alekppt the same for all cases.

Figure 5.38 shows gas ',product-idg_-);lisl-proﬁles for different positions of
perforation. In all cases, gas flows at a co@t{t rate of 5 MMscf/d at the beginning,
and then the flow rate declineqs é‘fter the resefv&r ioressure becomes too low to sustain
such rate. Gas produgtion for 2 pairs of scenarios, (a)-(6) and (c)-(d), are almost the
same. The plots imply that position of the bottom completion does not have much
effect on gas productions This is due to gas mobility and gas density that makes gas
tend to flow upward rather than downward into'the bottom completion. The effect of
pressure drawdown from the bottom completion is also low due to low water rate
(cases with highwidter tate from-the [bottoin completion) ate discussed'later). However,
position tof the top completion shows obvious difference in gas production. In the
figure, gas rate for scenarios (c) and (d) where the top completion is perforated in the
middle of the gas zone drops earlier than that for scenarios (a) and (b) where the top

completion is perforated at the top of the gas zone.
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Figure 5.42: Water withdrawal rate from the bottom completion for different

perforation positions.
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In the figure, gas production for scenario (a) where the top completion is
perforated from the top of the gas zone is higher than scenario (c) where the top
completion is perforated at the middle of the gas zone. This is because the effect of
pressure drawdown from the top completion for scenario (c) is closer to gas-water
contact so it can counter the one from the bottom completion more effectively.
Figures 5.43 and 5.44 show the difference of gas coning shape between 2 scenarios

after 1000 days of production.

0.00000 g 0.75002

Figlre 5.441 Gas coning shapeati1000 days for scenario (c).

Figure 5.45 shows, recovery factors for ‘different perforation positions. The
position‘of the bottom‘completion-has-only'a slight effect’'on’gas production but the
position of the top completion can increase the gas recovery significantly if the
perforation is far from the gas-water contact because it takes more time for water to
reach the completion. The position of the top completion also strongly affects water
production from the gas zone as shown in Table 5.4. Perforating the gas zone at the
top gives rise to less water production, making it an attractive choice. For the bottom

completion, there is no significant difference in water production.
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Table 5.4: Production performance for different perforation scenarios

Gas production from
Perforation top zone Water production (stb) Production
scenario | Volume | Recovery Top Bottom Total time (days)
(MMscf) | factor (%) zone zone
a 4490.52 81.0 44,665 652,000 696,665 1304
b 4483.14 80.9 46,646 653,000 699,647 1306
c 4119.31 74.3 581,500 680,502 1163
d 4123.37 06,1¢ 605,500 711,666 1211
e 4115.53 1,345,961 2056

different perforation intervals

ranging between 10 to 100 f 01 rvals can maintain constant
rate for longer period e als due to small pressure
drawdowns around the vic igure 5.47.
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Figure 5.46: Gas production rate from the top completion for different perforation

intervals.
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Figure 5.48 shows water production profiles forgifferent perforation intervals.
- LY :

Water breaks ﬂ tzjl T ‘ Tﬁrﬁ atﬂajjdue to closer distances

between the b :Hy omplet 0‘ and th g[- ater contact. Long perforation

water r. qs er lﬁr thr . iﬁth t in es drops faster

because of a sharp decline in reservoir pressure caused by a large amount of gas and

water production.
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Figure 5.50: Recovery factor for different perforation intervals.
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Table 5.5 summarizes production performance for different perforation
intervals. As the perforation interval increases, water production from the top
completion first increases due to a closer distance to gas-water contact and then
slightly decreases due to larger thickness for the gas to flow into the wellbore. A long
perforation interval allows more fluid to be produced and causes the reservoir
pressure to drop at a high rate. This effect results in production rate decline. The
economic limit is reached early, and thus, less water production. For the cases with
more than 50 ft of perforation interval, water production has only slightly difference
due to water loading in the well.

For the bottom completion, watér production decreases as perforation interval
increases. This is because.aWwell with a longer perforation interval has a shorter well
life resulted from depleted resesvoir pressure as a large amount of gas is produced
during the early period. Sin¢e most of water production comes from the bottom

completion, total watet production also dE;:reases due to shorter well life as well.
) ¥

i

Table 5.5: Produgtion pé‘rfc-)rmanc_éjf(;f different perforation intervals

S

Gas production from =7 )

Perforation top zone %{gr production (stb) Production

interval (ft) | Volume | Recovery Toﬁj Y Ema Total time (days)
(MMset) ffactor (%) | zone zone

10 4142.58 74.7 72,204 865,051 937,255 1748

20 4145.94° 74.8 96,232 703,000 799,232 1406

30 4119.31 743 99,001 5815500 680,502 1163

40 4128782 74:4 98,023 522,000 620,023 1044

50 4128.16 74.5 93,455 469,500 5623955 939

60 416574 75:2 93,842 456,500 550,342 913

70 4172.36 75.3 90,246 438,000 528,246 875

80 4219.22 76.1 93,103 441,000 534,103 881

90 4248.06 76.6 94,681 442,500 537,181 884

100 4258.70 76.8 95,077 441,000 536,077 881
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5.2.2 Production performance on reservoir with high vertical

permeability

In this section, the production performance between conventional well and
DWS well is evaluated for reservoir with high vertical permeability. For this scenario,
vertical permeability is set equal to horizontal permeability; i.e., 126 mD. The

sensitivity analysis with the same varied parameters is also performed.

btained from the simulations. The results
/ t obtained when k,/k;, = 0.08. Water

F131re le 5.6 summarizes improvement

Figure 5.51 shows gas prodi
show improvement in gas prodi ‘

production also decreases

of production performance
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Water production rate {sth/d)
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Figure 5.52: Water ugtion rate forc . »DWS wells (k, = 126 mD).
o ) '
For this case, DW. _ ‘produce longer than conventional well for 131

days. Additional 340.46 S recovered. However, additional
682,500 stb of water has to be"ﬁjiﬂﬂra xchange of additional gas production

. .—; o ';‘j 'll:’.'ll—'_.“ wid
This amount of wateﬁesults in higher total ¥
II N g

S well (top completion) for

reservoir with &k, = k;,

s
I
AU ITEIFING TS|
Gas production (MMsc o 3%06.08_ P 0 4146.54 - 40.46

]
Water production (stb)

178,065 154,908 -23,157
(top completion)
Water production (stb)
- 682,500 +682,500
(bottom completion)
Water production (stb)
178,065 837,408 +659,343
(total)

Production time (days) 1234 1365 +131
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5.2.2.1 Effect of water withdrawal rate

Figure 5.53 shows gas production profile obtained from the simulations.
Similar to previous cases, the constant rate can be maintained longer for higher water
withdrawal rate. The production profile of conventional well is different from that of
DWS well. Similar to the case with k/k;, = 0.08, the production rate drops faster for
high water withdrawal rate and results in shorter production time than that for low

water withdrawal rate. Water production, in the gas zone decreases when producing

water at high rate as seen in Fi

5]
Water
-3 1 withdrawal
- [
b ' ’/ rate
b= —
E 4 0 sth/d
8 e 2501 st fd
g
-3 —— 500stb/d
-]
T e 750 5tb
'E 2
g — 1000 stb,/d
8 4 e 1500 stb/d
e 20000 stb/d
0 - [ 2000

Figure 5.53: Gas Hoduction rate from the top comﬁtion for different water

ﬂua?%ﬁﬁ%Mﬁ“ﬂi
ammnimumw Y18 Y
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2 200 500 sth/d
-
2 150 =750 stb/d
[- 8
- —— 1000 stb;/d
< 100
= e 1500 stb fd
30 e 2000 st /fd
0
0 2000
Figure 5.54: Water pfoduction rate from the | \ smipletion for different water

Withg ; ;. (k ‘0
Recovery factors fi withd wa rates are shown in Figure
5.55, and production petrfo an -:“ imarized in Table 5.7. The results show

that water withdrawal rate as similar fashion as in the cases with

I/l = 0.08. . 4=

]

85
ULy e i i A
v
£ 75 ¢ = o
i UUNINHAE

65

&0

0 200 1000 1500 2000

Time (days)

Figure 5.55: Recovery factor for different water withdrawal rates (k, = 126 mD).
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Similar to the case with k,/k;, = 0.08, the gas production rate increases and
water production from the top completion decreases as water withdrawal rate
increases. Total water production also increases as most of water production comes
from the bottom completion. Production time increases as water withdrawal rate
increases and then decreases after water withdrawal becomes high due to high
reservoir pressure drop from higher fluid production. For conventional well, the
production time is higher than DWS well with low water withdrawal rate due to more

reservoir pressure drop from withdrawal of water from the bottom completion.

Table 5.7: Performance for different water withdrawal rates (k, =126 mD).

Gas production from )
Water . Water produetion (stb)
top zene | Production
withdrawal )
Volume | Recovery Top Bottom time (days)
rate (stb/d) - Total
(MMscih) | faeton (%) zone zone
0 3806.08 68.7 173,4065 0 178,065 1234
250 3735.53 644 11530963 1,255,000 408,076 1020
500 4146.54 74.8 +4 154908 | 682,500 837,407 1365
750 | 445522 | 804 | 124383 1,148,782 | 1,273,166 1532
1000 4480.66 80.8-- 82,650 | 1,264,822 | 1,347,472 1311
1500 44973501811 36,907 1 14110967/ 1,448,004 1175
2000 451598 81.5 21,272 | 1,542,081 1,563,353 1150

5.2.2.2 Effect of gas.rate

Figure'5.56 shows gas production obtamed from the simulations. Similar to
the cases with k/k; = 0.08, high gas rate causes higher water production rate from the
top completion at éarly‘timeés as shown in‘Figtre5.57./Gas rate dlgo has slightly effect
on recovery factor as shown in Figure 5.58. Production performances are summarized

in Table 5.8.
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Figure 5.56: Gasproduciion r letion (k, = 126 mD).
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.E 200 ’ E 1 0 WM scf
= 150 e 15 MMscf/d

. ; 3
ARIRANSAABATNBAR

Time (days)

Figure 5.57: Water production rate from the top completion for different gas rates

(k, = 126 mD).
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100
Q0

80

70

o0

20
40

Recovery factor (%)

30

20
10

Similar to the
production from the to
wellbore. Water productio
tends to cone into tlle top com@tgf@;ipg cad. Total water production also decreases

ﬁgure drop from higher gas

because of shorter

rate. = —=
Table 5.8: PrO(ﬂ;tion performance for different gis rates (k, = 126 mD)

as prodiiction from o ]
Gas rate ut& ZQ w EJ w j’w FE)J:MTT, ? Production
(MMsct/d) ;uolum; Reco‘}ery 7;? ; l;op é)ttom 7 Tofd time (days)

RO R

5 146.54°|" 748 154,908 82,50 407 1365
10 4146.92 74.8 204,326 598,500 802,826 1197
15 4153.28 74.9 219,967 572,000 791,967 1144

5.2.2.3 Effect of perforation position
Figure 5.58 shows gas production obtained from the simulations. Again, the
effect of perforation position in high vertical permeability reservoir is similar to the

cases with k,/k, = 0.08. Position of the bottom completion has slightly effect on water
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reduction and recovery factor while position of the top completion has major effect on

them as shown in Figures 5.59 to 5.61. Production performances are summarized in

Table 5.9.

5]
= a
L Perforation
g 4 position
E A —b
—
= 2
PSS
é 1 /Aff L\ — ——

B
) % J\\\\\
0

Figure 5.59: Gas productic P :’Q pletion for different perforation

6 mD).

200
450
400

Perforation
position

300 5 A% : > 17 ——
250 LD : ‘ j— —Y

200

350

Eaz)rnd uction rate {sth/d)

] ] 1000 1500 2000
Time (days)

Figure 5.60: Water production rate from the top completion for different perforation

positions (k, = 126 mD).
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85.00

82.50

80.00

77.50

#3.00

72.50

Recovery factor (3)

70.00

67.50

65.00

Figure 5.61: Recovery factor or (ﬁff dl'p C a on scenarios (k, = 126 mD).
Jid.au ! "

. r}{: (= Veakda ) ,

Beside the effect o gas *pgqé f n and water production from the top

JIJN A _.1 '

completion, position of the 't affects total water production and

production time as shown in Ta bﬁ? “his 1s because perforating gas zone at the top
g-l". 1‘;!‘ -, -{ T oy el 8
of reservoir can del} water breakthrougll_‘ 1 can produce longer. This

longer period result ore water w ‘
Table 5.9: Productlotgerforma perfor@on scenarios (k, = 126 mD)
Gas prod n from
P ‘Cg duction, (
pertoraion (3] 9 Jebobnt ) 8 V) S T Production
scenario | Molume | Recovery | Top Bottom time (days)
[ = TO@!I
3 53101 818 6,318 21,00 %753—1%- 1642
b 4519.20 81.5 121,472 826,500 947,972 1653
c 4146.54 74.8 154,908 682,500 837,407 1365
d 4062.03 73.3 155,398 628,500 783,898 1257
e 3929.94 70.9 329,922 915,000 | 1,244,922 1830
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5.2.2.4 Effect of perforation interval

Figure 5.62 shows gas production, and Figure 5.63 shows water production
obtained from the simulations. The effect of perforation interval is similar to that for
the cases with k,/k;, = 0.08. Perforation interval has a slight effect on recovery factor

as shown in Figure 5.64. Production performances are summarized in Table 5.10.

i}
Perforation
interval
= 3 —
T
s 4
= — 50 ft
a2
B 3 —— A0
=
e — 50 ft
g
- 2 a0 ft
g
= —
3
1 e B0
e G0
0
— 100 ft
2000
Figure 5.62: ate fi ompletion for different perforation
oo
Perforation
200 interval
-E, 70
- j —_— 70 i
s 6 4 30t
E Sanq]
; Q) =40t
A TON E
q & 300 i G ft
o
g 200 — 70
—Bﬂ-ﬂ
100
e G0 ft
0
— 100 ft
0 500 1000 1500 2000
Time (days)

Figure 5.63: Water production rate from the top completion for different perforation

intervals (k, = 126 mD).
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100
a0

Recovery factor (%)

100

is longer for the case with 50 ﬁﬁ_mrfor@te&al and results in more total water
production, gas recovery still has & ﬂlghﬂ%t rom other cases.
Table 5.10: Produofx '

Gas production from =
Perforation ﬂ zone T n produ@n (stb) Production
interval (ft) | _Volu d € time (days)
e i

10 1l‘=135.53 746 4 97,102 4239 694 | 1 036&)6 1889

fgq ’qoﬂsﬁ --75 -] 128286 7 70450 3@7 1409
30 4146.54 74.8 154,908 682,500 837,408 1365

40 4120.15 74.3 162,372 597,000 759,372 1194

50 4199.22 75.8 180,649 617,000 797,649 1234

60 4251.64 76.7 194,036 | 621,500 815,536 1243

70 4003.72 72.2 160,445 | 451,000 611,445 901

80 4035.75 72.8 170,007 | 453,500 623,507 906

90 4057.88 73.2 178,608 | 455,500 634,108 910
100 4075.36 73.5 186,667 | 457,000 643,667 913
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5.2.3 Comparison of production performance in low vertical

permeability reservoir and high vertical permeability reservoir

In this section, production performance is compared between two reservoir
settings: reservoir with low vertical permeability and reservoir with high vertical
permeability. Note that the two reservoirs have the same horizontal permeability (126
mD). Conventional and DWS wells are used to make this comparison. All parameters
used in the model are the same as in Section 5.1 for both conventional and DWS wells
(gas rate is 5 MMscf/d and water withdrawalllra'te is 500 stb/d for DWS well).

Figure 5.65 shows gas production from.cenventional well for reservoir with 10
mD and 126 mD of vertical-pérmeability. The plots.show that plateau of gas rate can
be maintained longer for low" vertical permeability case. This is because it require
more time for water to bféi(. through the completion duge to low vertical permeability.
However, the well can/p{o‘duce loi;ger 1L‘c;r high vertical permeability case because

lower differential pressur‘a"'i"s required for _@ui’d to flow due to higher permeability.

—_—— - e —————

&

10 mD

126 mD

Gas production rate (Mivkcf/d)

0 <204 400 aoo 800° © 1000 2200 | 1406

Time (days)

Figure 5.65: Gas rate from conventional well for 10 mD and 126 mD of vertical
permeability.
Figure 5.66 shows water production from conventional well for low vertical
permeability and high vertical permeability reservoir. As mentioned before, higher
vertical permeability causes water to reach the completion earlier. This also results in

higher water production rate.
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Gas recovery (percent) 70.76 o 68.66 2.1
SRR D LA T VIR Tav Rl
Production time (days) 1036 1234 +198

For DWS well, gas production profiles have the similar trends for reservoir
with 10 mD and 126 mD of vertical permeability. Higher vertical permeability causes
early water breakthrough but the well can still produce longer due to less pressure

drop. Figure 5.67 shows gas production profiles for both cases.
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Figure 5.68: Water rate from the top completion of DWS well for 10 mD and 126 mD

of vertical permeability.
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Although there is more water production for high vertical permeability case,
Table 5.12 shows that there is still higher gas production than conventional well
(Table 5.11). This value of gas recovery is also slightly higher than DWS well with 10
mD of reservoir vertical permeability. Additional gas recovery may result from longer
production time after gas rate declines. Similar to the top completion, the amount of
water withdrawn from the bottom completion for 126 mD of vertical permeability is

also higher than that for 10 mD of vertical permeability.

Table 5.12: Production performance of DWS well for 10 mD and 126 mD of vertical

pef;neability
LO'mD 126 mD Difference
Gas production (MMsgf) 4119.31 4146.54 +27.23
Gas recovery (percent) 7432 4 74.81 +0.49
Water production(stb)  d
99,001\ % 154908 +55,907
(top completion) 7
Water production (stb) bty
) 581,500¢ 682,500 +101,000
(bottom completion) : Al
Water production (stb) E EEc
650,507 rie 837,408 +156,906
(total) i=-
Production time (days) 1163 1365 +202

Table 5.13 shows improvement in production performance when DWS
technique is applied comparing to_conventional well. From the amount of additional
gas recovery, it implies ¢hat DWS well can| perform better in high vertical
permeability reservoir. Additional 2:59 percent of-gas recovery can be obtained in this
case. Thereis less water production  from the top completion but more water

withdrawn from the bottom completion. This is due to longer production time.



Table 5.13: Improvement in production performance comparing to conventional well

AU INENTNYINS

10 mD 126 mD Difference
Gas production (MMscf) +196.93 +340.46 +143.53
Gas recovery (percent) +3.56 +6.15 +2.59
Water production (stb)
) +24,019 -23,157 -47,176
(top completion)
Water production (stb)
) + +682500 +101,000
(bottom completion)
Water production (stb)
, 552 59,343 +53,823
(total) *
Production time ( -12 7 —.3 1 +4
e
& -
s T
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CHAPTER VI
CONCLUSION AND RECOMMENDATION

6.1 Conclusion

The purpose of this thesis is to evaluate the production performance of
Downhole Water Sink in comparison with conventional completion. In this technique,
both reservoir fluid and water are producedsat.the same time by a single well but
different flow paths. Reservour fluid is producéd-through annulus between casing and
tubing while water is produced through tubing. From the evaluation of Downhole
Water Sink techniquesuising” reservoir simulation, the results show that DWS
technique can effectively improve gas p|_r0duction and reduce water production from
coning effect. _:.

Sensitivity analysis is also conq,uded to observe the effect of operating
parameters on production performance. Tﬁ_e; tesults of sensitivity analysis performed
on water withdrawal rate; gas production rate, position of perforation, and perforation
interval can be summarized as follows: _ 4

1. As water withdrawal rate is incré_as'_gl;d, gas recovery factor is significantly
improved-up to a certain point. After that, the increase in water
withdrawal rate slightly enhances gas production because production time
is shorter ~due to higher reservoir pressure drop. However, water
production fromisthe bottom comipletion increases linearly as the water
withdrawal | rategin¢reases and ¢results/ in larger total water production.
Thus, a moderate water withdrawal rate should be implemented in order to
balance between the reserve gain jand the increase in water-production.

2. Gas production rate has a slight impact on gas recovery factor. Although
high gas rate enables us to produce the gas faster, it results in a large
amount of water production from the top completion. Increasing gas rate
also results in less water production from the bottom completion, total
water production and production time.

3. Position of the top completion has a significant impact on gas recovery

factor and water production. Perforating from the top of reservoir can
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improve production by reducing the effect from water coning so that the
well can produce longer. On the other hand, position of the bottom
completion almost has no effect on gas and water production. However,
perforating the bottom completion close to gas-water contact can slightly
reduce water coning effect. For total water production, there is no
significant difference among the varied cases.

4. Increasing perforation interval only improves production performance by
reducing pressure drop from partial penetration skin so that gas can be
produced at constant rate longet.~The disadvantage is that water can cone
into the completion mere edéily as the distance of the bottom completion
to gas-water contactas closer.

Sensitivity analysis'is.also performed for two different reservoir settings: low
and high vertical permeability reServoir. The results show that the effects of operating
parameters are very similar between tonseI_tings of reservoir. Moreover, DWS well
also perform better in high' vertical fi;_ermeability reservoir than low vertical

permeability reservoir.

- a2 dd

6.2 Recommendation ' e

Although many operating paramete'rg'"a’ir'é considered in this study, the effects
of some other controllable-parameters-such-as-tubing-head pressure, size of wellbore,
casing and tubing are ot mvestigated. In addition, the eftects of each parameter are
only observed by varying only one parameter at one time. Thus, there should be more
operating parameters to|beconsideted and- therelation«of the effects among these

parameters should be¢ investigated so that optimization method or correlation for DW'S

well can be developed.
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APPENDIX A
ECLIPSE 100 AND PROSPER INPUT DATA
FOR RESERVOIR MODEL

1. Case Definition
Simulator : BlackOil

Model dimensions

Number of g

Simulation sta

Grid type

Geometry type

Oil-Gas-Water Propertics: |
Solution type -

2. Grid

1) Properties
Active Grid Block

crofi 8] D wqum%’wmm

Y Perme%blhty : 126 md

ammnwum'mmaﬂ

Porosity :0.215
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2) Geometry
Grid block size
X Grid block size Y Grid block size Z Grid block size
No. No.
arid Grid size (ft) arid Grid size (degree) | No. grid Grid size (ft)
1 2 1 36 1 5
2 2.79127 2 36 2 5
3 3.895594 i , 36 3 5
4 5.436827 MY ’f% 4 5
5 7.587825 Ti 5 5
6 10.58983 _ 6 5
7 7 5
8 8 5
9 9 5
10 10 5
11 11 5
12 78.25645 12 5
13 109.2174 13 5
14 152.4277 14 5
15 212.7@1 CJ 15 5
) 745.499% 16 5
16 %5 IR 5
17 25 18 5
LI Tl )b
PR AN ENIWEAY :
U )
ARARIH 1 %;ic]%“s]nn Aok °
AL %ﬁ_ﬁi Ja :lz% 5
K 23 5
24 5
25 5
26 5
27 5
28 5
29 5
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X Grid block size

Y Grid block size

Z Grid block size

No.
grid

Grid size (ft)

No. No. grid Grid
grid size (ft)

No. grid

30

31

32

33

. 34

35

36

Coordinate Syste

K1
K2
Co

Con

-

. | 37

£

38

— | 39

40

DN | | W] | W] | WD | O W

a‘ # >

200

ﬂda.l'_-

3|
ALy

Depth of top fﬂ (top la ' m

inner radius

: 0.3646:1t

3>M@UEJ’J‘VIEW]’§WEI’]T’I‘§

Aqulferﬂonnectlon

q Wﬁ’ﬂﬁﬂ?m UA1AINYAY

I+
J-
J+
K-
K+

Face

215
01
210
140
140
K+




Numerical Aquifer Assignments

I

J

K
XSA
Length

Porosity

Permeability

Depth

3. Fluid and rock properties

f

PVT Data (For PROSM]
1:

217
01
01
: 1742400 sq ft
: 4900 ft
:0.215
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Variabl ' Ny, Unit
b

Gas gravity 4 EL"il_ 0.¢ -
Separator pressure N ' psia
Condensate to Gas Ratio - ;T;_-_ 0 \ STB/MMscf
Condensate gravity B2 9;‘; j:“:,.l‘i API
Water to Gas Ratio - 0 STB/MMscf

e
Water Salinity _—— 0000 ppm

S 2
Mole percent of H,S AR W %
Mole percent of COQT- -

.y

Mole percent of N, -

7o

7

Rock compress1b111ty 3.46X10°°

. sci) WIANTIIEU um'mma d

Water sa%uratlon function

Water saturation (S,,) | Water relative permeability (K,,) | Capillary pressure (P.) - psia
0.25 0 10.58
0.3 0.006 433
0.35 0.027 2.24
0.4 0.0675 1.36
0.45 0.126 0.91
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Water saturation (S,,) | Water relative permeability (K,,,) | Capillary pressure (P.) - psia
0.5 0.2055 0.65
0.55 0.3075 0.49
0.6 0.432 0.38
0.65 0.579 0.3
0.7 0.75 0.25
1 0.1

Gas saturation function

Gas saturation (S,)
0

0.
0.3

0.5
0.55

perﬂeab

//mm
i F —= NN
0.4 'lll

///

—‘ apillary pressure (P.) - psia

e —

AN
W\\

042

0.6

10

0.65

0.228

0Ty

EII

5. Initialization

3

S| O O O O O O o o o <o

i

E

Y-

Initial pressur %ﬁﬂ:ﬂ ahl j wpr;gsjunga)i
ARNA IR

TR

Initial water saturation :0.25

6. Regions  : N/A



1. Schedule

Well specification

APPENDIX B
ECLIPSE 100 AND PROSPER INPUT DATA
FOR CONVENTIONAL WELL

.
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Unit

I location

J location

Variable AN 7
Well name -
Group 9

Preferred phase

Inflow equation

Crossflow

Density Calculation

2. PVT (PROSPER INPUT)

Fluid Option
Fluid

Method
Separator

Fowt

j_%lac

&n le-Stage Separa&}r

el ﬂummmwmm

: Tubing

et ol AT N INYIAY

Type : Cased Hole
Gravel pack : No
Deviation survey
Measured Depth (ft) True Vertical Depth (ft)
0 0
5150 5150




Downbhole equipment
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Type Measured Depth (ft) Tubing ID (inch) Tubing Inside
Roughness (inch)
Xmas Tree 0
Tubing 5150 2.75 0.0006

Geothermal Gradient

Overheat transfer coefficient 2 BTW/h/ft*/°F

Formation Measured

Formation Temperature

Depthf)= (°F)
0 60
5150 "1 17845

VLP Input data

i -

-

Top node pressurg’ £+ 450 psia l-‘ :

Gas rates Firstnode pre,srsure | iWater gas ratio Condensate gas ratio
(MMsct/d) (psia), . I ;'f--_‘! (stb/MMscf) (stb/MMscf)
0.5 100+ = 0 0

1.52632 4227223 222

2.55263 744.444 444444

357895 44 1066.67 666,667

4.60526 1388.89 888.889

5.63158 1711.11 1111.11

6.65789 2033.33 1333.33

7.68421 2355.56 1555.56

871053 2677478 V71948

9.73684 3000 2000

10.7632

11.7895

12.8158

13.8421

14.8684

15.8947

16.9211
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Gas rates First node pressure Water gas ratio Condensate gas ratio
(MMscf/d) (psia) (stb/MMscf) (stb/MMscf)
17.9474
18.9737
20

Well connection data

Variable Value Unit
Well WELL1 -
K upper J 1 -
K lower 6 -
Open/Shut Flag | OPEN -
Wellbore ID : 0.73 ft
Direction 4 s, -
Production well control v

Variable 44 . Value Unit
Well ~ WELLI i
Open/Shut Flag . OPEN i
Control & GRAT -
Gas rate T 5000 Mscf/d
THP target 450 psia
Production well'economic limits

Variable Value Unit
Well WELLd -
Minimum Gas rate 500 Mscf/d
Workover procedure NONE -
End Run YES -
Quantity for Economic Limit RATE -
Secondary Workover Procedure NONE -
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FOR DWS WELL

1. Schedule
1.1 Gas producer
Well specification

Variable Value Unit
Well name o WELLI -
Group 1 -
I'location \ 1 -
J location l_ 1 -
Preferred phase k ; GAS -
Inflow equation J STD -
Automatic Shut-In instruetion —h 4 SHUT -
Crossflow ) . YES -
Density Calculation Z 7 4 _ JSEG -
Well connection data | ‘ il

Vaﬁe-lble Value Unit
Well | WELLI i
K upper 1 -
K lower 6 -
Open/Shut Flag OPEN -
Wellbore, 1D 0:73 ft
Direction Z -
Production well control

Variable Value Unit
Well WELL1 -
Open/Shut Flag OPEN -
Control GRAT -
Gas rate 5000 Msctf/d




85

Variable Value Unit
THP target 450 psia
Production well economic limits

Variable Value Unit
Well WELLI -
Minimum Gas rate 500 Mscf/d
Workover procedure NONE -
End Run Y ES -
Quantity for Economic Limit o’ RATE -
Secondary Workover Procedure NONE -

’

1.2 Water producer 4
Well specification :,

Variable ] Value Unit
Well name #WELL2 -
Group { J'f.-_‘_ 1 -
I location _’_;, 1 -
T location : 7 Sl -
Preferred phase WATER -
Inflow equation ol STD -
Automatic Shut-In instrqc_‘;_tion SHUT -
Crossflow YES -
Density Calculation SEG -
Well connéctiomdata

Variable Value Unit
Well WELL2 -
K upper 28 -
K lower 33 -
Open/Shut Flag OPEN -
Wellbore ID 0.73 ft
Direction Z -




Production well control
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Variable Value Unit
Well WELL2 -
Open/Shut Flag OPEN -
Control WRAT -
Gas rate 1500 stb/d
BHP target 500 psia
Production well economic li& o

\/2’:1I'if$l]f)leﬁI 'ﬂ’ ﬁ Unit
Well — T i

7//0 | SONSS

Workover procedure A\ e -
End Run )= S -
Quantity for Economic Li - -
Secondary Workover Procedur 7 ff;ﬁ . -
Minimum Liquid Production Rat 8 '51,2; o0 0 stb/d

2. PVT (PROSPER INPU

Fluid Option
Fluid

Method

Separator
Well

Well type : Producer

 AUELANENINLINT

m&&ﬁlﬂﬁﬂﬁm URIINYIR

: Cased Hole
Gravel pack : No

Deviation survey

Measured Depth (ft) True Vertical Depth (ft)

0 0

5150 5150
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Tubing Tubing Casing
Tubing Inside Tubing Outside Casing Inside
Measured ID Roughness OD Roughness ID Roughness
Type | Depth (ft) | (inch) (inch) (inch) (inch) (inch) (inch)
Xmas 0
Tree
Tubing 5150 2.75 0,0006! F /3.5 0.0006 6.276 0.0006
Geothermal Gradient J

Overheat transfere0efieicnt 2 BTU/M/AL/°F

Formation®™Measured |

Formation Temperature

Depth (ft) _ (SR
0 — 60
5130 = \ 178.45

VLP Input data

Top node pressure = : 450-psia

)
/N

=T
s A

Gas rates First nqd_q pressure :";‘i;.._’LNa_ter gas ratio Condensate gas ratio
(MMsct/d) (psia) | (stb/MMsg‘f)_ J (stb/MMscf)
0.5 100 | A 0

1.52632 422222 222.22?

2.55263 744.444 444.444

3.57895 1066.67 666.667

4.60526 1388.89 888.889

5:63158 1741441 KAl

6.65789 2033:33 1333.33

7.68421 2355.56 1555.56

8.71053 2677.78 1777.78

9.73684 3000 2000

10.7632

11.7895

12.8158

13.8421




88

Gas rates
(MMsct/d)

First node pressure

(psia)

Water gas ratio
(stb/MMscf)

Condensate gas ratio
(stb/MMscf)

14.8684

15.8947

16.9211

17.9474

18.9737

20
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