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The major advantage of water dumpflood is that there is no cost incurred by water
injection. However, water dumpflood generally results in lower oil recovery when compared
with conventional waterflooding due to limited amount of water cross-flowing from the
aquifer into the reservoir. Conventional waterflooding, on the other hand, requires
tremendous amount of water injection from surface that incurs large operating costs. To
utilize the benefits of the two methods, the different ways to combine water dumpflood
with water injection into oil reservoir were investigated: water dumpflood followed by water
injection (schedule 1), simultaneous water dumpflood and injection via different wells
(schedule 2), and simultaneous water dumpflood and injection via different wells followed

by conversion of dumpflood well to water injection well (schedule 3).

A simple reservoir model having the properties of one of the oil fields in Thailand
was constructed using ECLIPSE100 reservoir simulator to simulate three production scenarios:
conventional waterflooding, water dumpflood, and combined water dumpflood with water
injection. Additional parameters which are types of production, injection, and dumping wells
(vertical versus horizontal) and liquid production rate were also investigated. The simulation
results clearly illustrate the benefits of combined water dumpflood with injection (schedule
1) that it can achieve similar oil recovery with the conventional waterflooding but requires
much smaller amount of injected water. A combination of one vertical producer and two
vertical dumping/injection wells yields the highest oil recovery for the three production
scenarios. High liquid production rate also provides better production performance

compared to low liquid production rate.
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CHAPTER 1
INTRODUCTION

1.1 Background

With continuous oil production from primary recovery, energy of reservoirs that
do not have gas cap or aquifer support will decrease sharply to a level making
production un-economic. To alleviate this reservoir energy decline in term of pressure
support, secondary recovery method by water flooding is implemented in order to
maintain well productivities and sustain reservoir pressure. This secondary recovery
can be started at any time during the production process.

Dake [1] defined waterflooding as adopting a policy of water injection, with the
aim of complete or partial pressure maintenance and accelerated development
through the positive displacement of oil towards the producing wells. Waterflooding
can be performed via (1) water dumpflood if there is a water aquifer lying above or
below the oil reservoir and (2) water injection. Water dumpflood is used in many oil
fields since it does not require any surface facilities. The concept of water dumpflood
is to allow the water from nearby aquifer to flow naturally to the target oil reservoir in
order to maintain the reservoir pressure and prolong the well production life. For water
injection, water is injected from surface through injection wells to the target reservoir
and push the oil toward production wells. A successful water injection operation can
maintain reservoir pressure; therefore, it can both increase oil production and improve
the overall recovery.

However, oil fields that have the availability of both surface water and water
aquifer can be recovered using both water dumpflood and/or water injection methods.
Therefore, performance of combined water dumpflood with water injection needs to
be investigated. In this study, reservoir simulation is performed using ECLIPSE100 to
simulate three production scenarios: conventional water injection, water dumpflood,
and combined water dumpflood with water injection. Type of production, injection,
and dumping wells, liquid production rate, and dumping and injection schedule are

investigated.



1.2 Objectives

1. To find appropriate types of production and injection wells and production
rate for conventional water injection and water dumpflood.

2. To find appropriate types of production and injection wells, production rate,
and dumping and injection schedule for combined water dumpflood and water
injection.

3. To compare the performance of combined water dumpflood with water

injection with conventional waterflooding and water dumplood.



CHAPTER 2
LITERATURE REVIEW

2.1 Water dumpflood

Fujita [2] studied pressure-maintenance operation by dumping shallow aquifer
water into partially depleted oil reservoir of limestone formation. The study’s objective
is to maintain oil production by controlling GOR and to improve the ultimate oil
recovery after 6 years of production. Water was dumped into reservoir containing light
oil (33 °API) underlained by heavy oil mat formation (28 to 9 °API). Before dumping,
initial oil production was 30000 BOPD and increased up to 66000 BOPD then decreased
to 33000 BOPD after 6 years of production. GOR increased to 1550 scf/STB. Reservoir
pressure was depleted to 2650 psig, 1000 psig below the original, leading to closing of
five producers. To maximize the oil recovery, reservoir simulation on water dumpflood
was conducted. Eight wells were used to dump water with the total rate of 29000
BWPD. The GOR was kept below 1000 scf/STB. As a result, after five years of operation,
reservoir pressure was maintained at around 2600 psig, resulting in oil production rate
of 40000 to 45000 BOPD giving additional oil recovery of 19.58 MMSTB.

Quttainah and Al-Maraghi [3] conducted full field dumpflood injection project
to maintain reservoir pressure and extend production plateau in Umm Gudair reservorr.
At an early stage, average oil production was around 3000 BOPD. After 40 years of
production, this reservoir is confirmed to have very little natural pressure support,
leading to rapid falling of reservoir pressure from 4150 psi to 3000 psi. With this
condition and high off-take rate, the production was expected to stay on plateau for
only 3 years. To solve this problem, three main options were considered: water
injection, infill drilling and combined development options. The authors performed
many simulation options and selected the best case which is a combination of 16
dumpflood wells, 38 infill production wells and 6 disposal wells. This scenario
provided the oil production plateau length up to 11 years which is the favourable

option for the field.



Osharode [4] investicated the application of water dumpflood in a depleted
sandstone reservoir for recovering the remaining hydrocarbon in-place in Egbema West.
Oil production rate from Egbema West D reservoir dropped from 32 MBOPD to an
average of 5 MBOPD within 7 years. The reservoir pressure decreased from 3452 psig
to 2650 psig due to insufficient pressure support of the aquifer. In order to increase
the production and maintain the reservoir pressure, a pilot water dumpflood was
implemented in D reservoir. Aquifer at 4000 ft depth was allowed to flow naturally to
the target oil reservoir at 8000 ft depth by pressure and gravity differential. The pilot
water dumpflood successfully sustained the reservoir pressure at 2650 psig and
provided an increment of 8 psi after 12 years of injection. Cumulative oil production
was also increased by 33%.

Anansupak [5] studied viability of water dumpflood in the Pattani basin, Gulf of
Thailand, using finite difference numerical simulation. This study investigated on the
following scenarios: comparing productions from natural depletion with water
dumpflood using edge well injectors and centre well injectors, effects of different
aquifer sizes on dumpflooding, impacts of well productivity index and injectivity index,
dumpflooding performance for different reservoir depths, performance of underlying
and overlying aquifer, effects of oil gravity and starting time for optimal dumpflooding.
As a result, the author found that oil production from dumpflooding can be maximized
using edge well injectors. The best size of aquifer to reservoir ratio is around 43
RBL/RBL. The reservoir depth between 4000 to 8000 ft TVD used in the study has low
impact on oil recovery efficiency. The study also pointed out that overlying aquifer is
a better choice compared to underlying aquifer due to its higher cross-flow rate. Light
oil gravity of 30 to 40 °API is a favourable condition for this dumpflooding. The oil

recovery ranges from 33% to 37% with different starting times of water dumplood.

2.2 Water injection

Mendez et al. [6] demonstrated how the application of Water Injection for
Pressure Maintenance (WIPM) has successfully increased the oil production in Boscan

heavy oil field (10.5 °API). This field was estimated to have 35 billion barrels of original



oil in place but the cumulative recovery factor at the time of the study was only
around 5% OOIP with above 70 years of production. To increase the production, water
injection for pressure maintenance was implemented. The authors applied the study
of reservoir simulation combined with previous works to determine the optimum
recovery. At first, a four-pattern inverted seven-spot pilot was initiated in the centre of
the field as a defined WIPM. Three of the four injectors were converted from shut-in
disposal wells. Then an Injection Pilot, located east of initial pilot, began using 8
inverted 7-spot patterns. Later on, another pilot called Injection Pilot Expansion was
started using a pseudo 1-3-1 inverted 7-spot pattern configuration which was based on
numerical simulation studies. The Injection Pilot Expansion is located on the east of
the reservoir. As results, WIPM project in Boscan filed has yielded better results of
more than 75 million barrels of cumulative oil recovery and another 270 million barrels
of oil recovery to the economic limit is expected. Within the East and Expansion
project, additional oil recovery is expected to be 62 MMBO by the year 2026 and 189
MMBO to economic limit.

Paige et al. [7] studied the processes that can optimize the performance of
injection wells for two oil fields namely: Prudhoe Bay and Forties. Prudhoe reservoir is
a sandstone formation at depth of 8800 ft. It contained recoverable reserve around 12
billion barrels. In contrast, the Forties field is a poorly consolidated sandstone
formation located at depth of 7,000 ft and its reserve was estimated to be 2.5 billion
barrels. The study discussed on many parameters such as waterflood induced
fracturing, completion, water injection quality, and injection pressure. The results from
this study demonstrated that thermal effects have significant impact on well injectivity.
A cold water injection into warm reservoir can reduce the stress of the formation and
create the fracture in vertical direction in most reservoirs. Moreover, injection above
fracturing pressures can improve the well injectivities and allow the poor water quality
to be injected.

Westermark et al. [8] conducted a project to test parallel horizontal
waterflooding aiming to improve oil recovery in shallow low permeability sandstone
in north-eastern Oklahoma. The formation is now in the stage of depletion due to

solution-gas drive and low initial reservoir pressure. The recovery efficiency was less



than 20% of original oil in place. For secondary recovery method, injection pressure
above fracture pressure and small spacing well patterns can increase oil recovery but
still not economic because of the presence of natural fractures and number of wells
required. Thus, horizontal waterflooding is investigated. The pilot field consisted of one
horizontal injector and two parallel horizontal producers straddled the injector.
Simulation studies were conducted in the Bartlesville sandstone reservoir that had 85
ft thickness, 15-20% porosity, and permeability of 30-100 mD. From the simulation
studies, horizontal injector was located 20 ft above the bottom of the reservoir and
the producers were placed 20 ft below the top of the reservoir. The three wells had
the horizontal length of 500 ft. As a result, large amount of water can be injected
below fracture pressure leading to economic production. The horizontal waterflood
with 23 acre spacing generated $2.9 million cumulative revenue over 6 years of
operation, compared to $1.4 million cumulative revenue over 30 years of operation

under a five-spot vertical waterflood.



CHAPTER 3
THEORY AND CONCEPT

This section describes relevant theory and concepts used in this research which
are water dumpflooding, injectivity, mobility ratio, displacement efficiency, volumetric

sweep efficiency, relative permeability, and fracture pressure.

3.1 Dumping rate

The concept of water dumpflood is to sustain the target reservoir pressure by
naturally flowing water from high pressure potential aquifer into low pressure potential
oil zone [9]. This technique is widely used in many oil field projects due to its relatively
low operating and capital expenditures. Typically, the source of water can be from an
overlying or underlying aquifer. However, the better performance in term of cross-flow
is obtained from overlying aquifer compared to underlying aquifer [5].

Davies [9] demonstrated that the rate at which fluid transfers from one zone
to another is a constant value if the reservoir static pressures in both zones are
maintained. Equation 3.1 represents the rate of transfer which relies on productivity
and injectivity of the source and injected zones, frictional loss in casing and reservoirs’

static pressure differences.

qW|:|1+%+FL:|= peW_ peo (31)

where
g, = water producingrate, BWPD
I =injectivity index, BWPD / psi
J = productivity index, BWPD / psi
FL = frictional loss, psi/ BWPD
P, = boundary pressure in water zone, psig

P, = boundary pressure in oil zone, psig



3.2 Injection rate

Water injection rate into oil reservoir is one of other factors that contributes to
the efficiency of water flooding. However, the injection rate can be influenced by many
factors including skin effect near wellbore, rock properties and fluid properties, etc. In

oilfield units, the injection rate in radial flow system is commonly calculated as:

kh —\ Kk
G = (P = Pa)—2 (3.2)
r) 3 4,B
141.2 In[ej—Jrs v
r,) 4

where

Oi, = injectionrate, STB/D

k = permeability, mD

h = reservoir thickness, ft

I, =well's drainage radius, ft

r, = wellbore radius, ft
P, = water injection pressure, psig
BR = average reservoir pressure, psig
k., = relative permeability to water
M, = water viscosity, cp

B,, = water formation volume factor, bbl / STB

S = skin factor

3.3 Injectivity index

Injectivity index is the ratio of injection rate over the pressure differences
between the bottom hole and the reservoir. Determining the injectivity index is the
most common way of analysing performance of injection wells. In oilfield units, the

injectivity index is commonly calculated as:

| = Q
Pinj = Pr

(3.3)



where
| =injectivity index, STB/D/ psi

Q =injectionrate (as defined in equation 3.2), STB /D

Piy = water injection pressure, psi

Pr = average reservoir pressure, psi

As shown in Figure 3-1 [10], water injectivity index declines at the beginning

when water is injected into the reservoir that is depleted by solution-gas drive due to

filling up of pore space occupied by free gas. Later on, the injectivity is based on the

mobility ratio. The injectivity is constant if the mobility ratio is equal to 1 and increases

if mobility ratio is bigger than 1. For favourable condition to displace oil, mobility ratio

must be less than 1. In this case, injectivity decreases as cumulatived injected water

volume increases.

i <— Fillup of Gas Space

" Water Injectivity Index, BWPDPS| |

Cumulative Injected Water Volume

Figure 3-1 Water injectivity variations in a radial system [10]

3.4 Mobility ratio

Mobility ratio is defined as the mobility of displacing fluid divided by mobility

of displaced fluid. It can be written as Equation 3.4.
[k ]
(Ko 25 ]

(3.4)
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where
M = mobility ratio
k. = relative permeability to water at residual oil saturation

w

k. = relative permeability to oil at irreducible water saturation

ro

M, = water viscosity, cp

M, = oilviscosity, cp

If M < 1, the velocity of displacing fluid is equal to or smaller than that of
displaced fluid. It provides a smooth displacement front which is a favourable
condition.

If M > 1, the velocity of displacing fluid is higher than velocity of displaced fluid,

leading to a fingering displacement. It is an unfavourable condition.

3.5 Overall recovery efficiency

Recovery efficiency is a fraction of recovered oil produced from the beginning

of waterflooding. Equation for recovery efficiency can be written as follows:

Erx = E;xE,xE (3.5)
where
E; = overall recovery efficiency, fraction
E, = displacement efficiency, fraction
E, = areal sweep efficiency, fraction

E; = vertical sweep efficiency, fraction

3.5.1 Displacement efficiency

Displacement efficiency is the fraction of movable oil that has been removed
from the swept zone at any given time. It can be expressed as the difference of oil
saturation before water flood and after water flood over oil saturation before water
flood.

In term of equation,

(3.6)



where

11

S, = average oil saturation in the flood pattern at a particular point

B, = oil formation volume factor at particular point, bbl / STB

S

o = initial oil saturation at starting of waterflood

B,; = oil formation volume factor at starting of waterflood, bbl / STB

3.5.2 Areal sweep efficiency

Areal sweep efficiency is a fraction of the pattern area that is swept by the

displacing fluid. It is the area contacted with displacing fluid over total area. This sweep

efficiency is affected by four main factors which are

Flooding pattern type
Mobility ratio
Injected volume

Reservoir heterogeneity

3.5.3 Vertical sweep efficiency

Vertical sweep efficiency is the fraction of pattern thickness that is swept by

the displacing fluid. It is primarily a function of

Vertical heterogeneity
Degree of gravity segregation
Fluid mobility

Total injection volume

3.6 Relative permeability

Relative permeability is the ratio of effective permeability of a particular fluid

at a particular saturation to absolute permeability of that fluid at total saturation.

Calculation of relative permeability allows comparison of the different abilities of fluids

to flow in the presence of each other since the presence of more than one fluid

generally inhibits flow.



3.6.1 Corey’s correlation

12

Corey’s correlation [11] is a well-known correlation widely used to describe oil,

water and gas relative permeability. The correlation is a function of fluid saturation

and can be expressed from modified Brooks-Corey function as shown in the following

equations:

Ng
k, =k %
" =" 1- Sor < Sgr - ch

where
k., = relative permeability to oil
k., = relative permeability to water
k,, = relative permeability to gas
Kiomex = Maximum relative permeability to oil

k = maximum relative permeability to water

rw, max

Kg.max = maximum relative permeability to gas
S, = oil saturation
S, = gas saturation

S, = water saturation
S, = residual oil saturation

Sy = residual gas saturation

S, = connate water saturation
, = corey's oil exponent

n, = corey's water exponent

n, = corey's gas exponent

3.6.2 Stone’s model

(3.7)

(3.8)

(3.9)

Stone [12] described a method of using two sets of two-phase data to predict

the relative permeability of the intermediate wettability phase in a three-phase system.
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After his correlation, he came up with two relevant models namely as: Stone model |

and Stone model Il

Stone model |

This model emphasizes on the prediction of relative permeability in low oil
saturation region. Correlations of each phase suggest that relative permeability to
wetting phase (water) is a function of water saturation alone and of that to the
nonwetting phase (gas) is a function of gas saturation alone. By treating connate water

and irreducible residual oil as immobile fluids, the correlation is obtained as:

. S, 8

o =T — for S, =S, (3.10)
1_ch _Sor
S, = _Su=5w for S,>S,, (3.11)
1_ch _Sor
S, = > (3.12)
o 1- ch = Sor .

Oil relative permeability is related to oil saturation can be defined as:
kro = S;ﬁwﬁg

The two multipliers B,, and Bg are calculated from:

k

B, = —1—m§* (3.13)
k

B, = _1_“’;* (3.14)

Stone model II
Stone model Il is a modified version of Stone model I. It is a better predictor
than Stone model | in high-oil saturation regions. It is more appropriate for water-wet

systems and is not suited for intermediate wetting systems.
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k
kro :(kro)swc [U!(L;v_'—k”’"}[ﬁ_kkfg}_(km’*—krg) (3.15)

3.7 Fracturing pressure

A major saving cost of waterflooding is the reduction of the number of injectors.
To achieve this, the injector capacity should be maximized and placed at appropriate
location to sweep the oil efficiently. However, higher injection pressure above reservoir
breakdown pressure can create vertical fracture to propagate into other reservoir. This
fracture propagation causes the loss of injected water. Thus, initial injection pressure
should be below formation pressure to avoid fracturing condition.

Fracturing pressure can be calculated using Hubbert and Willis equation [13]:

+2
e afulilat . Pr (3.16)

where
Py = fracture pressure,psig
o,, = vertical over burden stress, psig

p; = formationpressure,psig

Fracturing pressure can also be calculated from correlation obtained from M

field in Thailand [14]:

Fracturing pressure= FRAC.S.GxTVD (3.17)

10.2

where
FRAC.S.G = 1.22 + (TVD x 1.6 x 10, fracturing pressure gradient (bars/meter)
TVD = true vertical depth below rotary table (meter)



CHAPTER 4
RESERVOIR SIMULATION MODEL

This section describes the reservoir model created using ECLIPSE100 for
numerical simulation to see the performance of water dumpflood, water injection and
the combination of water dumpflood with water injection into oil reservoir. Rock

properties, fluid properties and special core analysis parameters are presented.

4.1 Reservoir model

The simulation model consists of one underlying oil reservoir and one overlying
aquifer isolated by a shale layer of 1800 ft. The model is constructed as a rectansgular
shape in the Cartesian coordinates and is assumed to be homogeneous. The oil
reservoir is constructed with 43x19x20 grid blocks in the x-, y-, and z-direction
respectively. Two sizes of aquifer of 10PV and 50PV to oil reservoir are constructed as
shown in Figure 4-1 and Figure 4-2, respectively. The 10PV aquifer is constructed with
53x31x20 erid blocks in the x-, y-, and z-direction, respectively while the 50PV aquifer
is constructed with 101x81x20 grid blocks in the x-, y-, and z-direction, respectively.
Both 10PV and 50PV aquifer have the same thickness of 200 ft while the oil reservoir
has thickness of 40 ft.

Office 2014.1

Figure 4-1 3D view of oil reservoir (bottom) and 10PV aquifer (top)
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Figure 4-2 3D view of oil reservoir (bottom) and 50PV aquifer (top)

4.2 Reservoir properties

4.2.1 Rock and fluid properties

Rock and fluid properties used in the simulation were obtained from an oil field
in Thailand. Rock properties of both aquifer and oil reservoir are summarized in Table
4-1. Reservoir fluid properties in Table 4-2 include oil and gas gravity, solution gas-oil
ratio, bubble point pressure of oil, oil and water formation volume factor at initial
condition, and oil and water viscosity at initial condition that generated from
correlation in ECLIPSE100. The generated PVT properties such as oil formation volume
factor, oil viscosity, and solution gas-oil ratio as function of pressure are plotted in

Figure 4-3.



Table 4-1 Physical properties of aquifer and oil reservoir

Parameter Value Units
Oil reservoir Aquifer
Grid size 100x100x2 100x100x10 ft.
Top depth 8000 6000 ft.
Thickness a0 200 ft.
Effective porosity 20 20 %
Horizontal permeability 100 100 mbD.
Vertical permeability 10 10 mbD.
Initial pressure 3440 2580 psia
Temperature 240 200 °F
Dipping angle 0 0 degree
Fracturing pressure 5583 3933 psia
Table 4-2 PVT properties of reservoir model

Parameter Value Unit
Oil gravity 25.4 °API
Gas specific gravity 0.8
Salinity 6000 ppm
Solution gas-oil ratio @ initial condition 200 scf/STB
Bubble-point pressure of oil 1401 psia
Oil formation volume factor @ initial condition 1.162 rb/stb
Oil viscosity @ initial condition 1.541 cp
Water formation volume factor @ initial condition | 1.036 rb/stb
Water viscosity @ initial condition 0.241 cp
Water compressibility 4.829E-6 psi’

17
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Figure 4-3 Live oil PVT properties of the reservoir

4.2.2 Special core analysis (SCAL)

Relative permeability curves of the reservoir are obtained from Corey’s

correlation with input parameters shown in Table 4-3. Oil-water and oil-gas relative

permeability curves are depicted in Figure 4-4 and Figure 4-5.

Table 4-3 Special core analysis

Parameter Value

Corey’s oil exponent, n, 3
Corey’s water exponent, n,, 3
Corey’s gas exponent, n, 3
Connate water saturation, S, 0.25
Water relative permeability at Sq., 0.3
Water relative permeability at Sy, max 1
Residual oil saturation to water, S, 0.3
Residual oil saturation to gas, Sor 0.3
Oil relative permeability at S, 0.6
QOil relative permeability at S, 0.6
Critical gas saturation, S 0.15
Initial gas saturation, Sy 0.15
Gas relative permeability at Sy, 0.6
Gas relative permeability at Sgmax 0.6
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4.3 Well model

There are one production well and two dumping/injection wells in the model.

The production well is placed in the middle of the reservoir while the
dumping/injection wells are placed at the flank of the reservoir. Vertical wells are
perforated full to base, and horizontal wells are located at mid depth of the oil
reservoir. This geometry is a common direct-line-drive pattern. Four well type
combinations as shown in Figures 4-6 to Figure 4-9 and as described below are
investigated in this study:

® \Well option 1: One vertical producer and two vertical injectors (V)

® \Well option 2: One vertical producer and two horizontal injectors (VH)

® \Well option 3: One horizontal producer and two vertical injectors (HV)

® \Well option 4: One horizontal producer and two horizontal injectors (HH)

Figure 4-6 One vertical producer and two vertical injectors (well option 1)



Figure 4-7 One vertical producer and two horizontal injectors (well option 2)

Figure 4-8 One horizontal producer and two vertical injectors (well option 3)

21
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Figure 4-9 One horizontal producer and two horizontal injectors (well option 4)

For horizontal well trajectory, long-radius horizontal well type is selected with
build-up rate of 8° per 100 ft and kick-off point starts at depth of 7305 ft. Figure 4-10

illustrates the well trajectory of horizontal wells in this study.

r=716 ft (r = radius of curvature )
Kick-off point, 7305 ft (TVD) ---- -k —cec----

Build-up rate, 8°/100 ft

Total depth, 8021 ft (TVD)

H‘orizontal well length, 1600 ?t

Figure 4-10 Horizontal well trajectory

4.4 Production constraint

Well production constraints are selected as bottom hole pressure of
production well, maximum water cut and oil economic limit as summarized in Table
4-4. For injection wells, the maximum bottom hole pressure is set to be 5000 psia

which is below the fracturing pressure of 5583 psia.
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Table 4-4 Production constraints of production well

Parameter Value Unit
Oil economic limit 50 STB/D
Maximum water cut 0.9
Bottom hole pressure at production well | 200 psia
Production time 30 year

4.5 Methodology

This section illustrates the steps to be conducted in this study. The procedures
are based on two main parameters: reservoir parameters and operational parameters.
Two sizes of aquifer of 10PV and 50PV are selected as the reservoir parameters. Well
types, production and injection rate (assuming to be equal), dumping and injection
schedules are the operational parameters to be investigated. Each of the step is
describes as follows:

1. Constructing rectangular flat oil reservoir at the depth of 8000 ft with dimension of
4300 x 1900 x 40 cu ft.
2. Aquifer sizes of 10PV and 50PV with the same thickness are built above the oil
reservoir for dumping water and the top depth is 6000 ft.
3. Designing parameters that would help to maximize the recovery factor as follows:
> Well types:
® One vertical producer and two vertical injectors (VV)
® One vertical producer and two horizontal injectors (VH)
® One horizontal producer and two vertical injectors (HV)
® One horizontal producer and two horizontal injectors (HH)
> Maximum liquid production rate:

® 1000 STB/D
® 2000 STB/D
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Note that the maximum water injection rate is constrained to the same
value as maximum liquid production rate.
> Dumping and injection schedule:

® Schedule 1 (Two dumping wells later converted to two injection
wells): at the beginning, two wells at the flank of the reservoir
are used for dumping water from overlying aquifer into oil
reservoir. Then, these dumping wells will be converted to water
injection wells when aquifer pressure drops to 300 psi, 1060 psi,
and 1820 psi (100%, 66.67%, 33.33% of maximum pressure
depletion in aquifer) as three different cases. Note that the
maximum pressure depletion in aquifer is the difference
between the initial aquifer pressure of 2580 psi and the
abandonment aquifer pressure set at 300 psi. The production
well at the middle is scheduled to produce since the beginning.
® Schedule 2 (One all-time dumping well and one all-time
injection well): one well at the flank of the reservoir is used for
dumping water from aquifer while another well at the other
flank is used for injecting water from surface. These dumping
and injecting wells are used to flood the oil reservoir
simultaneously until production constraint is reached. The
production well at the middle is scheduled to produce since

the beginning.
® Schedule 3 (One dumping well later converted to water
injection well and one all-time injection well): one well at the
flank of the reservoir is used for dumping water from aquifer
while another well at the other flank is used for injecting water
from surface. These dumping and injecting wells are used to
flood the oil reservoir simultaneously. Later on, the well that is
used for dumping water will be converted to water injection

well when the aquifer pressure drops to 300 psi, 1060 psi, and
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1820 psi (100%, 66.67%, 33.33% of maximum pressure depletion
in aquifer) as three different cases. The production well at the
middle is scheduled to produce since the beginning.

4. Simulating the cases for conventional water injection using different well types,
and production and injection rates as depicted in Figure 4-12.

5. Simulating the cases for water dumpflood using different aquifer sizes, well types,
and production and injection rates as depicted in Figure 4-13.

6. Simulating the cases for combined water dumpflood and conventional water
injection by combining different aquifer sizes, well types, liquid production rates,
and dumping and injection schedules as illustrated in Figure 4-14.

7. Observing and evaluating the performances from each case

8. Summarizing the results and finding the appropriate cases for maximizing
production and minimizing injected water.

9. Making conclusions and recommendations.

Figures 4-11 to Figure 4-14 illustrate the summaries of all steps in the simulation

study and the combination of each individual parameters.



Figure 4-11 Flow chart of methodology
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Figure 4-12 Flow chart of simulation cases for conventional water injection
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CHAPTER 5
RESULTS AND DISCUSSION

This chapter summarizes the results of all simulation cases from conventional
water injection, water dumpflood, and combined water dumpflood with water
injection. In conventional water injection, four well options are used in the production
strategy with two different flow rates, and results are summarized in term of total oil
production, total water production, total water injection, and oil recovery factor. In
water dumpflood, the cases were simulated using two separate aquifer sizes (10PV and
50PV) and combining with four different well options and two liquid production rates.
The summary results also include the total water dumped from the aquifer.

In the case of combined water dumpflood with water injection, the discussion
includes the effect of water dumping and injection schedules integrated with liquid
production rates for different well options in both 10PV and 50PV aquifers, comparison
among different well options, and comparison among different approaches which are

conventional water injection, water dumpflood, and combination techinque.

5.1 Conventional water injection

In conventional water injection case, the oil reservoir located at 8000 ft depth
was produced with one producer and two injectors using four different well options
(option 1, 2, 3, and 4) in order to determine the best well types for producer and
injector. Maximum liquid production rates of 1000 and 2000 STB/D were simulated.
The total maximum water injection rate from both injectors was constrained to the
same value as maximum liquid production rate in each case. The production time was

limited to 30 years.

a) Maximum liquid production rate of 1000 STB/D
Results from simulation illustrate that well option 1 in case of maximum liquid
production rate of 1000 STB/D has slightly higher oil recovery factors of 1.27, 2.03, and

2.83 compared to the other three cases. Figure 5-1 depicts the cumulative oil
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production and Table 5-1 summarizes the results of four well options with 1000 STB/D
maximum liquid production rate. As illustrated in Figure 5-2, oil production rates from
the four well options can be achieved for a plateau of 1000 STB/D for a while and
start to drop steadily when the water breakthrough occurs. The oil production rate of
well option 1 drops faster than that of the other three cases due to early water
breakthrough from the rapid movement of the shortest streamline between vertical
injectors and vertical producer as shown in Figure 5-3 and Figure 5-4. When this flood
front arrives at the producer, the oil production rate drops sharply as oil saturation
around the producer decreases dramatically. Then, the other portion of injected water
sweeps the oil from the edges of reservoir to the producer, leading to a slower decline
of oil production rate. The well finally dies because water cut reaches the maximum
value of 90% cut-off. Ultimately, well option 1 provides higher oil rate but total water

injection is also higher due to slower decline of oil rate.
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Figure 5-1 Cumulative oil productions of four well options with maximum liquid

production rate of 1000 STB/D in conventional water injection
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Figure 5-2 Oil production rates of four well options with maximum liquid production

rate of 1000 STB/D in conventional water injection

Table 5-1 Results of four well options with maximum liquid production rate of 1000

STB/D in conventional water injection

Well Total oil Total water | Total water | Oil recovery | Production
type production | production injection factor time
(MMSTB) (MMSTB) (MMSTB) (%) (years)
Option 1 2972 2.434 5.783 46.65 15.84
Option 2 2.891 1.812 4.992 45.38 13.68
Option 3 2.843 1.387 4.230 44.62 11.59
Option 4 2.7192 1.226 4.018 43.82 11.01
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Figure 5-3 Reservoir water saturation profiles of well option 1 from top layer (top)
and bottom layer (bottom) after 5.5 years of production with maximum liquid

production rate of 1000 STB/D in conventional water injection

Water breakthroughs of well options 2, 3 and 4 happen consecutively after well
option 1 as depicted in Figure 5-4. The oil production rate of each case also drops
from the plateau rate in the same order as a result of water breakthrough. In the case
of well option 2, oil production rate drops sharply at 5.58 years of production for
nearly two years and continues to drop more slowly until the end of production.
Similar to well option 1, water breakthrough of well option 2 happens primarily from
the flood front of the shortest path between horizontal injectors and the vertical
producer, resulting in high water production rate and hence less oil production rate.
After that, injected water still displaces oil in areas along the edges of the reservoir
until the water cut reaches the limit at 90% cut-off. Figure 5-5 demonstrates the flood

front of well option 2 when water breakthrough begins.
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Figure 5-4 Total water cuts of four well options with maximum liquid production rate

of 1000 STB/D in conventional water injection

For well options 3 and 4 of which producer is a horizontal well located at mid
height of the reservoir, the oil production rate of 1000 STB/D can be produced for
longer times because of two reasons. First, horizontal producer has a better
productivity. Second, gravity segregation slows down water breakthrough. Due to
gravity segregation, injected water tends to move downward, underrunning the oil. As
a result, injected water reaches the horizontal producer (well options 3, and 4) at the
middle of the reservoir later than vertical producer (well options 1 and 2 with full to
base perforation) as shown in Figure 5-6. However, when the water breaks through the
producer, the oil production rate falls dramatically because injected water can easily
enter the well along the horizontal length. Thus, the production constraint of water

cut is reached quickly.
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and bottom layer (bottom) after 5.8 years of production with maximum liquid

production rate of 1000 STB/D in conventional water injection

As shown in Figure 5-2, oil production rate of well option 4 stays at the plateau
rate longer than other cases and drops sharply afterward. Since both the injectors and
producer are long horizontal wells, flood front of injected water travels at more or less
the same speed across the width of the reservoir (y-axis) but slower compared to other
cases. This provides a good areal sweep efficiency. When water breakthrough occurs,
injected water enters the producer at the same time along the length of the producer,
leading to sharp increase in water cut which eventually reaches the maximum value
of 90% in a short period of time after water breakthrough. Thus, the abandonment
condition is reached quite early. As a result, oil recovery factor is slightly less than

other cases.
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Figure 5-6 Side view cross-sections (z-x plane) of four well options at 6.16 years of

production with maximum liquid production rate of 1000 STB/D in conventional

water injection

As shown in Table 5-1, well option 1 produces the highest total water
production because of the earliest water breakthrough from the rapid movement of
the shortest streamline between vertical injectors and vertical producer and the
longest production time. For well option 2 of which two injectors are horizontal wells,

the injected water travels across the width of the reservoir but slower compared to
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vertical injectors with the same vertical producer, and the injected water breaks
through the producer from its bottom section. Thus, the total water production is
smaller than that of well option 1. Total water production of well option 3 is even
smaller compared to options 1 and 2. The reasons are that the injected water from
vertical injectors tends to move downward and reaches the horizontal producer
located at the mid height of the reservoir at later times and that the production time
is shorter. For well option 4 of which both producer and injectors are horizontal wells,
the movement of flood front is not only slow but it takes longer time to enter the
producer at the mid height of the reservoir, leading to later water breakthrough than
other three cases. After the breakthrough, the well can be produced for a short period.
As a result, well option 4 has the smallest total water production.

As tabulated in Table 5-1, total water injection of well option 1 is the highest
because of the earliest water breakthrough and longest production time. For well
option 2, the required water injection is smaller due to the benefit from horizontal
injectors that provides better areal sweep efficiency and a bit shorter time for
production. Total water injection of well option 3 is even less compared to options 1
and 2 due to the same reasons (later water breakthrough times and shorter production
times).

Production time of well option 1 is the longest due to slower increment of
water cut since the injected water gradually arrives at the producer. The shortest
streamline between vertical producer and vertical injectors arrives first and is followed
by other streamlines that travel for longer distances between injectors and the
producer. For well option 2, water cut jumps slightly faster because the smoother
flood front from horizontal injectors reaches the producer more or less at the same
time, leading to shorter production time than well option 1. In case of well options 3

and 4, rapid increases in water cut after breakthrough lead to early abandonment.

b) Maximum liquid production rate of 2000 STB/D
Table 5-2 summarizes the results of four well options with 2000 STB/D
maximum liquid production rate. Results from simulation illustrate that well options 1

and 2 have approximately the same oil recovery factors (less than 1% difference). As
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illustrated in Figure 5-7, oil production rate of well option 1 starts to drop steadily at
0.54 years of production because of high drawdown and low productivity of producer.
The rate drops again to another trend due to lower oil saturation around the well bore
as a result of water breakthrough from the rapid movement of the shortest streamline
between vertical injectors and vertical producer. When the other portion of injected
water sweeps the oil from the edges of the reservoir to the producer, the oil rate
declines slowly until the end of production. As a result, the highest oil recovery is
achieved as shown in Table 5-2. Finally, the well dies because water cut reaches the

maximum value of 90% cut-off.

Table 5-2 Results of four well options with maximum liquid production rate of 2000

STB/D in conventional water injection

Well Total oil Total water | Total water | QOil recovery | Production
type production production injection factor time
(MMSTB) (MMSTB) (MMSTB) (%) (years)
Option 1 3.064 2.333 6.269 48.09 8.59
Option 2 3.016 1.818 5.659 47.33 7.75
Option 3 2.715 1.242 3.956 42.61 5.42
Option 4 2.627 1.007 3.654 41.23 5.01

In the case of well option 2, oil production rate drops in the same trend as
well option 1 because of high drawdown and low productivity of producer. Later on,
the rate drops again to another trend because water breaks through the producer.
Water breakthrough of well option 2 happens at later time from the flood front of the
shortest path between horizontal injectors and the vertical producer but increases
faster than well option 1, resulting in high water production rate and hence slightly
less oil production rate. Ultimately, the well dies when the water cut reaches the limit

at 90% cut-off.
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Figure 5-7 Oil production rates of four well options with maximum liquid production

rate of 2000 STB/D in conventional water injection

Oil recovery factors of well options 3 and 4 have no significant difference but
are moderately lower than that of well options 1 and 2. For well option 3 of which
producer is a horizontal well located at mid height of the reservoir, the oil production
rate of 2000 STB/D can be produced for longer times (3 years) because of better
productivity of producer and gravity segregation that slows down water breakthrough.
However, when the water breaks through the producer, the oil production rate falls
dramatically because injected water can easily enter the horizontal producer along its
length. Thus, the production constraint of water cut is reached very quickly. Thus, oil
recovery factor is moderately lower than that of options 1 and 2.

Oil production rate of well option 4 also stays at the plateau rate longer and
drops sharply afterward. Since both the injectors and producer are long horizontal
wells, flood front of injected water travels at more or less the same speed across the
width of the reservoir (y-axis). This provides a good areal sweep efficiency and higher
cumulative oil production before water breaks through. When water breakthrough
occurs, injected water enters the producer at the same time along the length of the

producer, leading to sharp increase in water cut which eventually reaches the



39

maximum value of 90% in a short period of time. Thus, the abandonment condition is
reached quite early. As a result, oil recovery factor is slightly less than that of well

option 3 but moderately less than that of options 1 and 2.
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Figure 5-8 Total water cuts of four well options with maximum liquid production rate

of 2000 STB/D in conventional water injection

As illustrated in Table 5-2, well option 1 produces the highest total water
production because of the earliest water breakthrough and the longest production
time while option 4 yields the lowest water production due to latest breakthrough
time and shortest production time after breakthrough. This behavior is the same as the
one seen in the case of maximum liquid production rate of 1000 STB/D.

In term of total water injection, well option 1 gives the highest value because
of the earliest water breakthrough and the longest production time. Well option 4
needs the lowest amount of injected water for opposite reasons.

Production time of well option 1 is the longest due to the slowest increment
of water cut even though the breakthrough time is the earliest as shown in Figure 5-8.
The production time of well option 4 is the shortest due to opposite reasons. These
results are in accordance with the results obtained for the case with maximum liquid

production rate of 1000 STB/D.
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5.2 Water dumpflood from 10PV and 50PV aquifer
5.2.1 Effect of well type for water dumpflood from 10PV aquifer

a) Maximum liquid production rate of 1000 STB/D

Overlaying aquifer of 10PV size located 1800 ft above the oil reservoir is used
as a source of dumping water. All four well options consist of one production well and
two dumping wells. Dumping schedules of all cases are commenced at the beginning
of production and cease when the aquifer pressure falls below 300 psia (abandonment
aquifer pressure). Figure 5-9 illustrates the cumulative oil production and Table 5-3
summarize the results of four well options with the maximum liquid production rate

of 1000 STB/D.

Table 5-3 Results of four well options with maximum liquid production rate of 1000

STB/D in dumpflood from 10PV aquifer

Well Total oil Total water | Total water | Oil recovery | Production
type production | production dumped factor time
(MMSTB) (MSTB) (MMSTB) (%) (years)
Option 1 1.766 4.716 1.261 27.71 10.25
Option 2 1.841 1.231 1.279 28.89 11.25
Option 3 1.849 5.407 VEES 29.03 10.17
Option 4 1.961 2.483 1.277 30.78 9.42

As illustrated in Figure 5-10, the oil production rate of well options 1 and 2 is
1000 STB/D at the beginning and lasts for only two and a half years due to poor
productivity of vertical producer. Then, the oil rate drops steadily to oil production
constraint of 50 STB/D as the reservoir pressure is not enough to maintain the flow
rate. Water cross-flow from the aquifer in well option 1 with vertical dumping wells is
(1.261 MMSTB) a little less compared to that in well option 2 (1.279 MMSTB) with
horizontal dumping wells. The oil reservoir pressure of well option 1 also falls slightly

below that of well option 2 as shown in Figure 5-11. Total oil production of well option
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2 is 0.075 MMSTB over well option 1. In the cases of well options 3 and 4 with
horizontal producers, the production well can sustain the oil plateau rate for a longer
time due to high productivity of horizontal producer but the rate drops sharply as the
reservoir pressure declines faster. From Figure 5-12, water cross-flow rate from the
aquifer increases temporarily when the reservoir pressure starts to decline steeply. As
a result, the reservoir pressure drops at a slower rate. This temporary increase in water
cross-flow rate helps increase the oil production rate back again before declining and
reaching the end of production. In summary, maximum liquid production rate of 1000
STB/D in dumpflood from 10PV aquifer has no significant difference in oil recovery (1

to 3%) when operated with different well options.
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Figure 5-9 Cumulative oil productions of four well options with maximum liquid

production rate of 1000 STB/D in water dumpflood from 10PV aquifer
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Figure 5-12 Water cross-flow rates of four well options with maximum liquid

production rate of 1000 STB/D in water dumpflood from 10PV aquifer
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Total water production of four well options are relatively small because the
production mainly comes from the reservoir pressure itself and small amount of water
cross-flow from the 10PV aquifer. Well options 1 and 3 have slightly higher produced
water due to water breakthrough from the vertical dumping wells. As shown in Figure
5-13, water breakthrough of well options 1 and 3 of which dumping wells are vertical
wells increases slightly at the end of production from the shortest streamline between
producer and dumpers. Total water dumping and production time of the four well

options are also approximately the same.

b) Maximum liquid production rate of 2000 STB/D

Table 5-3 summarizes the results of four well options with the maximum liquid
production rate of 2000 STB/D. As illustrated in Figure 5-14, oil production rates of four
well options with 2000 STB/D maximum liquid production rate have similar trend to
those of 1000 STB/D with shorter plateau periods. The oil production rate of well
options 1 and 2 is 2000 STB/D at the beginning and lasts for only three to four months
due to high rate and poor productivity of vertical producer. Then, the oil rate drops
steadily to oil production constraint of 50 STB/D as the reservoir pressure is not enough
to maintain the flow rate. Water cross-flow from the aquifer in well option 1 with
vertical dumping wells is (1.256 MMSTB) a little less than that in well option 2 (1.276
MMSTB) with horizontal dumping wells. The oil reservoir pressure of well option 1 also
falls slightly below that of well option 2 as shown in Figure 5-15. Thus, total oil
production of well option 2 is slightly higher than well option 1. In the cases of well
options 3 and 4 with horizontal producers, the production well can sustain the oil
plateau rate for a longer time due to high productivity of horizontal producer but the
rate drops sharply as the reservoir pressure declines faster. Water cross-flow rate from
the aquifer increases temporarily when the reservoir pressure starts to decline steeply.
As a result, the reservoir pressure drops at a slower rate. This temporary increase in
water cross-flow rate helps increase the oil production rate back again before declining

and reaching the end of production.
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Table 5-4 Results of four well options with maximum liquid production rate of 2000

STB/D in dumpflood from 10PV aquifer

Well Total oil Total water | Total water | QOil recovery | Production
type production | production dumped factor time
(MMSTB) (MSTB) (MMSTB) (%) (years)
Option 1 1.767 4.258 1.256 27.73 9.67
Option 2 1.841 1.254 1.276 28.89 10.49
Option 3 1.859 6.689 1.256 29.19 8.17
Option 4 1.958 3.099 1.275 30.74 7.50
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Figure 5-14 QOil production rates of four well options with maximum liquid production

rate of 2000 STB/D in water dumpflood from 10PV aquifer
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Figure 5-15 Reservoir pressures of four well options with maximum liquid production

rate of 2000 STB/D in water dumpflood from 10PV aquifer

From Figure 5-16, well options 1 and 3 of which dumping wells are vertical
wells, water cut increases slightly at the end of production from the shortest
streamline between producer and dumpers. Thus, the two well options have little
more produced water than the other two well options with horizontal dumpers but
the difference is insignificant. Total water dumped of four well options are also
approximately the same values. The production times of well options 3 and 4 are
shorter than those of well options 1 and 2 because of high productivity of horizontal
producers from the beginning, leading to early production constraint.

In summary, there is no difference in oil recovery when the liquid production
rate is increased from 1000 STB/D to 2000 STB/D. However, total water production and
production time slightly differ.
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Figure 5-16 Total water cuts of four well options with maximum liquid production

rate of 2000 STB/D in water dumpflood from 10PV aquifer

5.2.2 Effect of well type for water dumpflood from 50PV aquifer

a) Maximum liquid production rate of 1000 STB/D

In case of strong aquifer (50PV), oil recovery factors of all well options have
better results compared to 10PV aquifer because of high water cross-flow rates from
the aquifer as illustrated in Figure 5-17. Starting with maximum liquid production rate
of 1000 STB/D, well option 1 provides oil recovery factor of 42.56% while options 2, 3,
and 4 yield oil recovery factors of 42.38%, 42.05%, and 41.89%, respectively, as shown
in Table 5-5 and Figure 5-18.

As illustrated in Figure 5-19, the oil production rate of four well options is
initially 1000 STB/D. When compared among the four options, well option 1 yields the
highest oil production, similar to the results in conventional water flooding. Water
breakthroughs of well options 2, 3 and 4 occur successively after well option 1 as
depicted in Figure 5-20. The oil production rate of each case also falls from the plateau
rate in the same order. For well options 1 and 2, the oil rate drops before water
breakthrough as a result of poor productivity of vertical producer. The oil rate drops

in a certain trend for some period then drops with a sharper trend after water
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breakthrough. For well options 3 and 4 in which the producer is horizontal well, oil

production can be sustained at the plateau rate until water breakthrough as shown in

Figure 5-19. However, when the water breaks through the producer, the oil production

rate falls dramatically because of lengthy horizontal producer where injected water

can easily enter. Thus, the production constraint of water cut is attained quickly.

Table 5-5 Results of four well options with maximum liquid production rate of 1000

STB/D in dumpflood from 50PV aquifer

Well Total oil Total water | Total water | Qil recovery | Production
type production | production dumping factor time
(MMSTB) (MMSTB) (MMSTB) (%) (years)
Option 1 2.712 1.447 3.808 42.56 16.51
Option 2 2.700 1.049 3.489 42.38 13.09
Option 3 2.679 0.913 3.233 42.05 9.84
Option 4 2.669 0.820 3.251 41.89 9.59
3000
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Figure 5-17 Water cross-flow rates of four well options with maximum liquid

production rate of 1000 STB/D in water dumpflood from 50PV aquifer
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Figure 5-18 Cumulative oil productions of four well options with maximum liquid

production rate of 1000 STB/D in water dumpflood from 50PV aquifer
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Figure 5-19 Qil production rates of four well options with maximum liquid production

rate of 1000 STB/D in water dumpflood from 50PV aquifer
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Figure 5-20 Total water cuts of four well options with maximum liquid production

rate of 1000 STB/D in water dumpflood from 50PV aquifer

From Table 5-5, well option 1 gives the highest total water production because
of early water breakthrough from the rapid movement of the shortest path between
vertical dumpers and vertical producer and long production life as water from different
streamlines reaches the producer at different times, resulting in gradual increase in
water cut. For well option 2 of which two dumpers are horizontal wells, the dumped
water moves across the width of the reservoir but slower compared to vertical
dumpers with the same vertical producer. When water breaks through, water cut
increases faster and reaches maximum value of 90% cut-off faster, leading to shorter
production life compared to well option 1. Thus, the total water production is smaller
than that of well option 1. Total water production of well option 3 is also less
compared to options 1 and 2 due to the fact that the dumped water tends to move
downward and reaches the horizontal producer located at the mid height of the
reservoir at a later time. As the water breaks through, water cut jumps very sharply.
Then, the production stops early. For well option 4 of which both producer and
dumpers are horizontal wells, the flood front moves slowly and takes some times to

enter the producer at the mid height of the reservoir. When water breaks through the
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producer, water cut increases very sharply, leading to earliest abandonment. As a
result, well option 4 has the smallest total water production and the shortest oil
production life.

Total water dumped of well option 1 is the highest because of earliest water
breakthrough and longest well production life as a result of gradual increase in water
cut at the producer. For well option 2, the required water dumped is smaller due to
the benefit from horizontal dumpers that provides good sweep efficiency and a bit
longer time for water to break through. Total water dumped of well option 3 is the
smallest because of good productivity of horizontal producer, late time of water
breakthrough, and shorter time of production life. Well option 4 gets a little high
amount of water dumped compared to well option 3 due to sharp increase of dumping

rate at the beginning of production from horizontal dumpers.

b) Maximum liquid production rate of 2000 STB/D

When maximum liquid production rate of 2000 STB/D is utilized, simulation
results as summarized in Table 5-6 illustrate the same trend with the cases of 1000
STB/D. The total oil productions from well options 1 and 2 for maximum liquid
production rates of 1000 and 2000 STB/D are approximately the same (see Table 5-5
for comparison), respectively, which means there is no notable effect of maximum
liquid production rate on well options 1 and 2. On the other hand, well options 3 and
4 in the case of 2000 STB/D have slightly less oil recovery factor than those of 1000
STB/D because of early water breakthrough and tremendous water cut.

Water production of well options 1 and 2 have no significant difference when
maximum liquid production rate increases from 1000 to 2000 STB/D. Well options 3
and 4 for maximum liquid production rate of 2000 STB/D, on the other hand, have
much higher amounts of water production compared to those of 1000 STB/D because
water beaks through the producer quite early and water production rate is high.

Both 1000 and 2000 STB/D maximum liquid production rate in well options 1
and 2 have approximately the same amounts of water dumped. Well options 3 and 4
for maximum liquid production rate of 2000 STB/D have much greater amount of

dumped water because of better productivity of horizontal producer and high
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drawdown, leading to fast decline of reservoir pressure. Thus, water flows in great
amounts from aquifer, especially for well option 4 of which dumping wells are

horizontal wells.

Table 5-6 Results of four well options with maximum liquid production rate of 2000

STB/D in dumpflood from 50PV aquifer

Well Total oil Total water | Total water | Qil recovery | Production
type production | production dumped factor time
(MMSTB) (MMSTB) (MMSTB) (%) (years)
Option 1 2.712 1.401 3.765 42.57 15.34
Option 2 2.688 1.069 3.489 42.19 11.84
Option 3 2.547 1.122 3.315 39.98 6.01
Option 4 2.544 1.325 3.579 39.94 5.67

5.3 Combined water dumpflood from 10PV aquifer with water injection

In this section, 10PV aquifer size is used for water dumping combined with
water injection. Maximum liquid production rate of production well is set at 1000 and
2000 STB/D. Water dumping and injection schedules are separated into three main
schedules as mentioned in Chapter 4. For schedules 1 and 3, converting from dumping
well(s) to injection well(s) is based on the abandonment aquifer pressure which is 1820,
1060, and 300 psia as three different cases. For dumping wells, water is allowed to
flow freely without controlling the rate. When these wells are converted to injection
wells, the total injection rate from both injectors is set equal to maximum liquid
production rate. In case of simultaneous one dumping well and one injection well, the
water injection rate is set to be equal to 50% of maximum liquid production rate. Total
oil production and total water injection are observed and compared between cases
to find out the appropriate well combination that can deliver comparable or more oil

production and minimize the injection water.
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5.3.1 Effect of water dumping and injection schedule for well option 1

a) Maximum liquid production rate of 1000 STB/D

As summarized in Table 5-7, oil recovery factors of schedules 1 and 3 are higher
when dumping well(s) are converted to injection well(s) at high abandonment aquifer
pressure of 1820 psia. Note that the aquifer pressure in schedule 3 never reaches 300
psia since the well which is designed as an injector at the beginning slows down the
decline in reservoir pressure. In the case of schedule 1 in which two dumping wells
are later converted to injectors, total oil production gains from this abandonment
aquifer pressure is 0.463 MMSTB, 0.713 MMSTB compared to the ones obtained in
1060, and 300 psia abandonment aquifer pressure, respectively, as shown in Figure
5-21. Moreover, total water production in the case of early water injection
(abandonment aquifer pressure of 1820 psia) is smaller than the case with late injection

(abandonment aquifer pressure of 1060 psia) as shown in Figure 5-22.

Table 5-7 Results of different water dumping and injection schedules for well option

1 in 10PV aquifer size with maximum liquid production rate of 1000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2.922 2.367 5.135 0.441 45.86 16.51
1 1060 2.459 2.894 5.345 0.852 38.59 20.43
300 2.209 2.318 4.572 1.261 34.67 20.58
2 - 2.595 1.699 3.105 0.867 40.73 17.01
1820 2.953 2.427 5.271 0.433 46.35 16.43
3 1060 2.775 3.032 5.152 0.840 43.55 22.26
300 N/A N/A N/A N/A N/A N/A
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Figure 5-21 Cumulative oil productions of schedule 1 of combined method from

10PV aquifer for well option 1 with maximum liquid production rate of 1000 STB/D
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Figure 5-22 Total water productions of schedule 1 of combined method from 10PV

aquifer for well option 1 with maximum liquid production rate of 1000 STB/D
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Figure 5-23 Qil production rates of schedule 1 of combined method from 10PV
aquifer for well option 1 with maximum liquid production rate of 1000 STB/D

Figure 5-23 shows that oil production rates of three cases in schedule 1 fall
after 2.3 years of production and follow the same trend for another 0.3 years. For the
case that the dumping wells are converted to injectors at aquifer pressure of 1820 psia
(early injection), the oil production rate has a slower decline than the other cases with
later water injection because of higher amount of water entering the reservorr,
providing better pressure support. Oil production rate in this case (early injection) later
falls sharply due to water breakthrough at the end of 5.7 years of production. Then,
flood front sweeps oil from the edges of the reservoir into the production well,
resulting in a slower decline of oil production rate. From Figure 5-24, oil saturation in
the upper part of reservoir in the case of early water injection (1820 psia abandonment
aquifer pressure) is lower than that of later water injection (300, and 1060 psia
abandonment aquifer pressure). Since the dumped water from 10PV aquifer is not
enough to sweep the oil effectively, the case with early water injection results in lower
oil saturation at the end. As a result, recovery factors at late water injection are lower.

Total water injection for abandonment aquifer pressure of 300 psia in schedule 1 is
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relatively low as water injection is started at late time of production as shown in Figure

5-25. However, recovery factor is also much lower than early water injection.
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Fisure 5-24 Top view of oil saturation profiles of schedule 1 of combined method
from 10PV aquifer for well option 1 with maximum liquid production rate of 1000

STB/D at the end of production

Production time for the case that the dumping wells are converted to injectors
at early time (1820 psia abandonment aquifer pressure) is shorter than the other cases
with later injection because of early water breakthrough from high water injection rate
compared to that of dumped water as shown in Figure 5-26. At the lowest
abandonment aquifer pressure of 300 psia, water breaks through the producer at the
latest time, leading to the longest production life.

When comparing between the three different schedules, total water injection

of schedule 2 is much smaller and its oil recovery factor is also 5 to 6% lower
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compared to cases with the highest recovery factor from schedules 1 and 3. In Figure
5-27, oil production rate of schedule 2 is 1000 STB/D until 3.6 years of production
because of sufficient pressure support contributed from one all-time injection well
since the beginning of production as shown in Figure 5-28. This oil rate starts to drop
sharply as the reservoir pressure declines and falls to another drift when water
breakthrough occurs. Moreover, this oil rate trend is lower than that of other schedules
which means that one all-time dumping and injection well from small aquifer size
cannot provide sufficient long-term pressure support to the reservoir. One all-time

dumping well in this case delivers small amount of water cross flow.
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Figure 5-25 Water injection rates of schedule 1 of combined method from 10PV

aquifer for well option 1 with maximum liquid production rate of 1000 STB/D

In summary, schedules 1 and 3 with early conversion of dumping well(s) to
injector(s) provide very high recovery factors for well option 1. Schedule 1 is
recommended if injection cannot be started at the beginning while schedule 3 is

appropriate for the case that water can be injected since the beginning.
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Figure 5-26 Total water cuts of schedule 1 of combined method from 10PV aquifer
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Figure 5-27 Oil production rates of schedules 1, 2 and 3 of combined method from

10PV aquifer for well option 1 with maximum liquid production rate of 1000 STB/D
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Figure 5-28 Reservoir pressures of schedules 1, 2 and 3 of combined method from

10PV aquifer for well option 1 with maximum liquid production rate of 1000 STB/D

b) Maximum liquid production rate of 2000 STB/D

According to Table 5-8, oil recovery factors of schedules 1 (48.47%) and 3
(48.15%) are still the highest for the case of 1820 psia abandonment aquifer pressure
(early water injection). The oil recovery factors of schedules 1 and 3 are almost 10%
larger than that of schedule 2. Schedule 1 provides slightly higher oil recovery with
negligible difference and slightly less amount of water injection than schedule 3.
Overall, the trend in the results for maximum liquid production rate of 2000 STB/D is
similar to the one for maximum liquid production rate of 1000 STB/D. Either schedules
1 or 3 with early water injection (abandonment aquifer pressure of 1820 psia) can be

implemented depending on the availability of the injection facility.
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Table 5-8 Results of different water dumping and injection schedules for well option

1 in 10PV aquifer size with maximum liquid production rate of 2000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 3.088 2.224 5.698 0.435 48.47 9.67
1 1060 2.495 2.996 5.761 0.845 39.17 13.01
300 2.083 1.706 4.089 1.256 32.69 13.00
2 - 2.479 2.969 5.083 0.484 38.92 13.92
1820 3.067 2.452 5.923 0.428 48.15 9.92
3 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A

c) Comparison between cases with maximum liquid production rate of 1000 and 2000
STB/D

Figure 5-29 depicts the total oil production and water injection of cases with
high oil recovery from maximum liquid production rate of 1000 and 2000 STB/D. For
maximum liquid production rate of 1000 STB/D, dumping and injection schedules 1
and 3 provide the highest total oil production of 2.922 and 2.953 MMSTB and require
5.135 and 5.271 MMSTB of total water injection, respectively. In the case of 2000 STB/D,
dumping and injection schedules 1 and 3 yield the highest total oil production of 3.088
and 3.067 MMSTB and need 5.698 and 5.923 MMSTB of total water injection,
respectively. Both schedules 1 and 3 with maximum liquid production rate of 2000
STB/D give high oil production but require much amounts of water injection compared
to the cases with maximum liquid production rate of 1000 STB/D. If there is no major
concern with cost of water injection, maximum liquid production rate of 2000 STB/D

is recommended.
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Figure 5-29 Cumulative oil productions and water injections of highest oil recovery
cases from maximum liquid production rates of 1000 and 2000 STB/D of combined

method from 10PV aquifer for well option 1

5.3.2 Effect of water dumping and injection schedule for well option 2

a) Maximum liquid production rate of 1000 STB/D

Combination of well option 2 has one vertical production well and two
horizontal dumping and/or injection wells. Table 5-9 summarizes the total oil and
water production, water injection, water dumped, and recovery factors of three
different simulated schedules. Dumping and injection schedules 1 and 3 provide the
highest oil recovery factors at high abandonment aquifer pressure of 1820 psia (early
injection). The recovery factor decreases as abandonment aquifer pressure is reduced.
The lowest abandonment aquifer pressure of 300 psia in schedule 3 is never reached.
In the case of schedule 1, starting water injection when the aquifer pressure is 1820
psia yields 0.329 and 0.564 MMSTB higher oil production compared to the ones

obtained in 1060 and 300 psia abandonment aquifer pressure, respectively.
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Table 5-9 Results of different water dumping and injection schedules for well option

2 in 10PV aquifer size with maximum liquid production rate of 1000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2.818 1.750 4.334 0.459 44.24 14.09
1 1060 2.439 1.992 4.418 0.872 39.06 17.68
300 2.254 1.475 3.627 1.278 35.38 17.83
2 - 2.641 1.481 2.938 0.884 41.46 16.09
1820 2.859 1.796 4.484 0.446 44.87 14.09
3 1060 2.769 2.460 4.443 0.855 43.47 19.85
300 N/A N/A N/A N/A N/A N/A

Figure 5-30 and Figure 5-31 illustrates the cumulative oil productions and oil
production rates of the three cases in schedule 1, respectively. The oil rate of early
water injection case (1820 psia abandonment aquifer pressure) stays at the plateau
longer than those of late water injection cases (1060 and 300 psia abandonment
aquifer pressure) because dumping wells are converted to injection wells early as
aquifer pressure drops to 1820 psia at 2.21 years of production. The oil production rate
of the early injection case has slower decline due to higher amount of water injection
entering the reservoir at early time, providing better pressure support. Later on, this oil
rate drops sharply because of water breakthrough at the end of 6.56 years of
production as shown in Figure 5-32. The flood front sweeps oil from the edges into
the producer as shown in Figure 5-33, leading to a slower decline of oil production
rate until the maximum water cut of 90% is attained. In the case of late water injection
(1060 and 300 psia abandonment aquifer pressure), longer time of dumping from small
aquifer with long horizontal dumping wells provides poor sweep efficiency due to
insufficient amount of water dumped from a small aquifer (10PV). As a result, oil

recovery of schedules 1 and 3 at late water injection are lower.
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Figure 5-30 Cumulative oil productions of schedule 1 of combined method from

10PV aquifer for well option 2 with maximum liquid production rate of 1000 STB/D
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Figure 5-31 QOil production rates of schedule 1 of combined method from 10PV
aquifer for well option 2 with maximum liquid production rate of 1000 STB/D
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Figure 5-32 Total water cuts of schedule 1 of combined method from 10PV aquifer

for well option 2 with maximum liquid production rate of 1000 STB/D
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From Figure 5-34, total water production in the case of early water injection
(1820 psia abandonment aquifer pressure) is less than that of the case with late water
injection (1060 psia abandonment aquifer pressure) because of short production time
that happens as a result of early water breakthrough which eventually reaches the
maximum value of 90% cut-off in a short period of time. This reason also results in
slishtly less of total water injection in the case of early water injection (1820 psia
abandonment aquifer pressure) compared to that of late water injection at 1060 psia
abandonment aquifer pressure. At abandonment aquifer pressure of 300 psia, total
water injection is quite small as water injection is started at late time of production as

shown in Figure 5-35.
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Figure 5-34 Total water productions of schedule 1 of combined method from 10PV

aquifer for well option 2 with maximum liquid production rate of 1000 STB/D
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Figure 5-35 Water injection rates of schedule 1 of combined method from 10PV

aquifer for well option 2 with maximum liquid production rate of 1000 STB/D

To compare the three different schedules, oil production rates of schedules 1
and 3 at abandonment aquifer pressure of 1820 psia and schedule 2 are plotted in
Figure 5-36. For schedule 1, the oil production rate declines early because there is
only small pressure support from both dumping wells at the beginning. However, the
declining rate is low since dumping wells are converted to injection wells early,
resulting in high cumulative oil production. The oil production rate of schedule 3 is
also similar to that of schedule 1, except that the plateau is longer due to high pressure
support from one all-time injection well from the beginning. In the case of schedule
2, the oil production rate stays at the plateau for the same duration as schedule 3,
then drops steeply as the reservoir pressure declines, and drops to another trend when
water breaks through the producer. This oil rate remains lower than that of other
schedules which means that long-term pressure support from one all-time dumping
and injection well is not sufficient for the reservoir.

In summary, schedules 1 and 3 with early abandonment aquifer pressure of

1820 psia are recommended for well option 2 in 10PV aquifer as they yield the highest



67
oil recovery factors. Schedule 1 should be implemented if injection cannot be started
at the beginning while schedule 3 is recommended for the case that injection can be

started since the beginning.
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Figure 5-36 Oil production rates of schedules 1, 2 and 3 of combined method from

10PV aquifer for well option 2 with maximum liquid production rate of 1000 STB/D

b) Maximum liquid production rate of 2000 STB/D

Using maximum liquid production rate of 2000 STB/D gives schedules 1 and 3
the highest oil recovery factor at abandonment aquifer pressure of 1820 psia (early
water injection) as demonstrated in Table 5-10. From Figure 5-37, oil production rates
of the three cases of schedule 1 drop very fast from 2000 STB/D in less than four
months as a result of high drawdown and small amount of dumped water. For the
case of 1820 psia abandonment aquifer pressure of schedule 1, the oil production rate
increases back steadily from 1000 STB/D to almost 1500 STB/D for nearly three years
when two dumping wells are converted to injection wells. The total of 2000 STB/D of
water can be easily injected, resulting in much higher water injection. Overall, the trend

in the results for maximum liquid production rate of 2000 STB/D is the same as the
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one for maximum liquid production rate of 1000 STB/D. Thus, both schedules 1 and 3

with early water injection (abandonment aquifer pressure of 1820 psia) are

recommended depending on the availability of the injection facility.

Table 5-10 Results of different water dumping and injection schedules for well option

2 in 10PV aquifer size with maximum liquid production rate of 2000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 3.029 1.950 5.329 0.455 47.55 8.84
1 1060 2.487 2.058 4.688 0.868 39.03 11.25
300 2.185 1.239 3.646 1.276 34.31 12.16
2 - 2.492 2.594 4.688 0.517 39.11 12.84
1820 3.013 1.907 5.317 0.442 47.29 8.76
3 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
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Figure 5-37 Qil production rates of schedule 1 of combined method from 10PV

aquifer for well option 2 with maximum liquid production rate of 2000 STB/D
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c) Comparison between cases with maximum liquid production rate of 1000 and 2000
STB/D

Figure 5-38 illustrates the total oil production and water injection of cases that
have high oil recovery factors from maximum liquid production rate of 1000 and 2000
STB/D. For maximum liquid production rate of 1000 STB/D, dumping and injection
schedules 1 and 3 provide total oil production of 2.818 and 2.859 MMSTB, respectively,
which are 0.211 and 0.154 MMSTB lower compared to that with maximum liquid
production rate of 2000 STB/D. Water injection in the cases of small rate (1000 STB/D)
are also much lower than that of the cases with high rate (2000 STB/D). Maximum
liquid production rate of 2000 STB/D is recommended over 1000 STB/D in the case

that there is no major concern with cost of water injection.
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Figure 5-38 Cumulative oil productions and water injections of highest oil recovery
cases from maximum liquid production rates of 1000 and 2000 STB/D of combined

method from 10PV aquifer for well option 2
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5.3.3 Effect of water dumping and injection schedule for well option 3

a) Maximum liquid production rate of 1000 STB/D

As summarized in Table 5-11, dumping and injection schedule 3 at high
abandonment aquifer pressure of 1820 psia (early injection) has the highest oil recovery
factor. Schedule 1 with early water injection has no significant difference in oil recovery
factor compared to schedule 2. In the case of schedule 3, in which one dumping well
is later converted to injector, oil production of 2.689 MMSTB can be obtained when
converting dumping well to injection well at early injection. At 1060 and 300 psia
abandonment aquifer pressure, oil recovery factors of both cases in schedule 3 are
approximately the same but total water injection of the case of 1060 psia
abandonment aquifer pressure is 0.487 MMSTB higher than that of the case of 300

psia.

Table 5-11 Results of different water dumping and injection schedules for well option

3 in 10PV aquifer size with maximum liquid production rate of 1000 STB/D

Dumping | Abandonment Total oil | Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2513 0.642 2.335 0.439 39.44 8.84
1 1060 1.693 0.002 0.643 0.852 26.57 6.50
300 2.141 1.097 2.563 1.259 33.60 13.00
2 - 2.491 0.868 1.912 1.245 39.09 10.48
1820 2.689 1.103 3.079 0.432 42.22 10.42
3 1060 2.490 0.881 2.475 0.839 39.09 10.42
300 2.489 0.849 1.988 1.245 39.06 10.42

As shown in Figure 5-39, the oil production rate of schedule 3 with early
injection (1820 psia abandonment aquifer pressure) remains at the plateau longer than
that of late water injection cases (1060 and 300 psia abandonment aquifer pressure)
because one dumping well is converted to injection well from 3.98 years of production.

Since dumping well is converted to injection well at early time, pressures from both
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injection wells are more or less in equilibrium, resulting in late water breakthrough
from one all-time injection well as shown in Figure 5-40. This oil rate then drops due
to water breakthrough. At smaller abandonment aquifer pressure (1060 or 300 psia),
the oil rate drops early due to water breakthrough from one all-time injection well. In
this case, injection pressure is much higher than dumping pressure from small aquifer
size, allowing injected water to flow faster to the producer as shown in Figure 5-41.
The effect of converted injection well at late time does not provide significant
additional pressure support to the reservoir, and sweep efficiency of longer time of
vertical dumping well is also poor. Thus, cumulative oil production from early water
injection (1820 psia abandonment aquifer pressure) is the highest as illustrated in Figure

5-42.
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Figure 5-39 Qil production rates of schedule 3 of combined method from 10PV
aquifer for well option 3 with maximum liquid production rate of 1000 STB/D

Total water production of the case with early water injection is higher than that
with late water injection because water from early converted injector enters the

producer in hish amount at the late stage of production. Total water injection is much
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higher with early water injection case compared to late water injection due to longer
time of injection. Production times of three cases in schedule 3 are approximately the

same as a result of production constraint of 90% water cut.
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Figure 5-40 Total water cuts of schedule 3 of combined method from 10PV aquifer

for well option 3 with maximum liquid production rate of 1000 STB/D
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Figure 5-41 Top view of oil saturation profile of schedule 3 of combined method
from 10PV aquifer for well option 3 with maximum liquid production rate of 1000

STB/D at 5.5 years of production
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Figure 5-42 Cumulative oil productions of schedule 3 of combined method from

10PV aquifer for well option 3 with maximum liquid production rate of 1000 STB/D

Figure 5-43 illustrates the oil production rates of schedules 1, 2, and 3 with
early water injection (1820 psia abandonment aquifer pressure). The oil production
rate of schedule 1 stays longer time at the plateau and begins to decline when water
breakthrough occurs. The declining rate is high because of much amount of water
entering the producer from both injectors, resulting in high water cut as shown in Figure
5-44. In the case of schedule 2, the oil production rate drops early as water breaks
through the producer from one all-time injector and its trend is lower than those of
other schedules due to insufficient long-term pressure support from one all-time
dumping well from small aquifer.

In summary, schedule 3 with early water injection (1820 psia abandonment
aquifer pressure) provides the highest oil recover factor for well option 3. With this

option, water is required to be injected since the beginning.
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Figure 5-43 Qil production rates of schedules 1, 2 and 3 of combined method from

10PV aquifer for well option 3 with maximum liquid production rate of 1000 STB/D
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Ficure 5-44 Total water cuts of schedules 1, 2 and 3 of combined method from 10PV
aquifer for well option 3 with maximum liquid production rate of 1000 STB/D
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b) Maximum liquid production rate of 2000 STB/D

According to Table 5-12, oil recovery factor of schedule 3 with early water
injection (1820 psia abandonment aquifer pressure) is still the highest but 2.08% less
than that in the case 1000 STB/D maximum liquid production rate. This small reduction
of oil production happens as a result of accelerated depletion of horizontal producer
with better productivity, leading to large amount of pressure decline of the reservoir.
As a result, injected water from one all-time injection well reaches the producer quite
early. Overall, the results for maximum liquid production rate of 2000 STB/D have
similar trend to the one for maximum liquid production rate of 1000 STB/D, except
that the production time is shorter due to early water breakthrough and high water
cut. For maximum liquid production rate of 2000 STB/D, schedules 1 and 3 with early
water injection (1820 psia abandonment aquifer pressure) have approximately the
same oil recovery factors and production times. Either the schedules 1 or 3 can be
implemented, but schedule 3 is recommended if injection can be started at the
beginning because it requires less amount of injection water and produces less water

production compared to schedule 1.

Table 5-12 Results of different water dumping and injection schedules for well option

3 in 10PV aquifer size with maximum liquid production rate of 2000 STB/D

Dumping | Abandonment Total oil | Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2512 1.315 3.302 0.432 39.42 6.09
1 1060 2.18 1.228 3.141 0.840 33.56 7.17
300 2.103 1.064 2.961 1.253 33.01 8.33
2 - 2482 1.293 2.404 1.110 38.95 6.58
1820 2523 1.225 3.217 0.425 40.14 6.00
3 1060 2527 1.536 3.218 0.832 39.66 6.67
300 N/A N/A N/A N/A N/A N/A
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c) Comparison between cases with maximum liquid production rate of 1000 and 2000
STB/D

Comparison of total oil production and water injection of the cases with high
oil recovery factors for maximum liquid production rate of 1000 and 2000 STB/D are
plotted in Figure 5-45. For maximum liquid production rate of 1000 STB/D, dumping
and injection schedules 1 and 3 give 2.513 and 2.698 MMSTB of oil production,
respectively, and these values are 0.001 and 0.175 higher compared to those for
maximum liquid production rate of 2000 STB/D. Moreover, water injection in the cases
of small rate (1000 STB/D) are also relatively low compared to those for the high rate
(2000 STB/D). Thus, well option 3 in this case should be implemented with either
schedules 1 or 3 with maximum liquid production rate of 1000 STB/D.
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Figure 5-45 Cumulative oil productions and water injections of highest oil recovery
cases from maximum liquid production rates of 1000 and 2000 STB/D of combined
method from 10PV aquifer for well option 3
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5.3.4 Effect of water dumping and injection schedule for well option 4

a) Maximum liquid production rate of 1000 STB/D

Combination of well option 4 has one horizontal production well and two
horizontal dumping and/or injection wells. As summarized in Table 5-13, oil recovery
factors of schedules 1 and 3 with early injection (1820 psia abandonment aquifer
pressure) are the highest compared to late water injection cases (1060 and 300 psia
abandonment aquifer pressure). Note that the aquifer pressure in schedule 3 never
reaches 300 psia since the reservoir pressure declines slowly as a result of one all-time
injector. From Figure 5-46, the oil production rate of schedule 1 at early injection stays
at the plateau for 6.32 years of production because of better productivity of the
producer and early conversion of dumping wells to injection wells that helps maintain
the reservoir pressure and sweeps the oil efficiently. Then, the oil rate declines sharply
as a tremendous amount of injected water from horizontal injectors enters the
horizontal producer at the same time along the horizontal length of the well, leading
to sharp increase in water cut which eventually reaches the maximum water cut of
90% in a short period of time. In the cases of late injection, the oil rates drop since
4.11 years of production due to insufficient pressure support from the two dumping
wells. As a result, cumulative oil productions of schedules 1 and 3 at late injection are
smaller as depicted in Figure 5-47.

Water production in the case of early injection (1820 psia abandonment aquifer
pressure) is lower than the case with late injection (1060 psia abandonment aquifer
pressure) due to early water breakthrough and sharp increase in water cut as shown in
Figure 5-48, leading to short production time. Moreover, early water injection cases

also require larger amounts of injected water.
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Figure 5-46 QOil production rates of schedule 1 of combined method from 10PV
aquifer for well option 4 with maximum liquid production rate of 1000 STB/D
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10PV aquifer for well option 4 with maximum liquid production rate of 1000 STB/D
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Table 5-13 Results of different water dumping and injection schedules for well option

4 in 10PV aquifer size with maximum liquid production rate of 1000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2.531 0.645 2.386 0.457 39.73 8.76
1 1060 2.204 0.753 2.303 0.878 34.59 10.92
300 2174 0.680 1.926 1.281 34.12 11.16
2 2.494 0.765 1.689 1.223 39.16 9.25
1820 2.664 0.958 2.963 0.445 41.81 9.92
3 1060 2.493 0.759 2.094 0.852 39.13 9.17
300 N/A N/A N/A N/A N/A N/A

The effect of three different schedules with maximum liquid production rate

of 1000 STB/D for well option 4 are plotted in term of oil production rate in Figure

5-49. The oil production rates of schedules 1 and 3 stay at the plateau longer time

than that of schedule 2 because of early conversion of dumping well(s) to injection

well(s). The rates then drop dramatically when water breakthrough occurs, resulting in

much higher amount of injected water in schedule 3, in which injection begins since

the beginning and slightly less for schedule 1. In the case of schedule 2, the oil rate

drops early due to partial pressure support from one all-time injector but later on, the

declining rate is slow as a result of dumped water that sweeps the oil to the producer

at late time. Thus, oil recovery of schedule 2 is slightly less compared to those of

other two schedules but its injected water is much lower than other cases.
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for well option 4 with maximum liquid production rate of 1000 STB/D
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Figure 5-49 Oil production rates of schedules 1, 2 and 3 of combined method from

10PV aquifer for well option 4 with maximum liquid production rate of 1000 STB/D
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b) Maximum liquid production rate of 2000 STB/D

As summarized in Table 5-14, recovery factors of schedule 1 with early injection
(1820 psia abandonment aquifer pressure), schedule 2, and both cases with
abandonment aquifer pressures of 1820 and 1060 psia of schedule 3 are approximately
the same. Schedules 1 and 3 with early injection require tremendous amount of water
injection compared to schedule 2 because dumping wells are converted to injection
wells quite early as a result of accelerated depletion and better productivity of the
producer, leading to sharp decline of reservoir pressure. Water production of schedules
1 and 3 is slightly less than schedule 2 because of late water breakthrough and short
production time that results from high water cut of both injectors. In conclusion,
schedules 2 and 3 with early water injection (1820 psia abandonment aquifer pressure)
are recommended for well option 4 with maximum liquid production rate of 2000

STB/D.

Table 5-14 Results of different water dumping and injection schedules for well option

4 in 10PV aquifer size with maximum liquid production rate of 2000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2.439 1.102 3.063 0.455 38.29 5.50
1 1060 2.178 1.065 2.749 0.864 34.18 6.42
300 2.122 0.642 2.289 1.279 33.30 7.25
2 - 2.468 1.167 2.223 1.160 38.74 6.09
1820 2.495 0.995 2.999 0.440 39.16 5.16
3 1060 2.469 1.165 2.707 0.847 38.77 5.75
300 N/A N/A N/A N/A N/A N/A
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c) Comparison between cases with maximum liquid production rate of 1000 and 2000
STB/D

Total oil productions and water injections of the cases with high oil recovery
factors for maximum liquid production rate of 1000 and 2000 STB/D are shown in
Figure 5-50. For maximum liquid production rate of 1000 STB/D, dumping and injection
schedules 1 and 3 give 2.531 and 2.664 MMSTB of oil production, respectively, which
are higher compared to those for maximum liquid production rate of 2000 STB/D.
Schedule 3 of maximum liquid production rate 1000 STB/D provides the highest oil
production while its water injection is slightly less than that with maximum liquid

production rate of 2000 STB/D. Thus, this schedule is recommended.
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Figure 5-50 Cumulative oil productions and water injections of highest oil recovery
cases from maximum liquid production rates of 1000 and 2000 STB/D of combined

method from 10PV aquifer for well option 4
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5.3.5 Comparison among different well options

In the combined water dumpflood from 10PV aquifer with water injection, well
option 1 gives the highest oil production of 3.088 MMSTB when maximum liquid
production rate of 2000 STB/D is implemented with schedule 1, in which two dumping
wells are later converted to two injection wells at early injection (1820 psia
abandonment aquifer pressure). As illustrated in Figure 5-51, this well option requires
tremendous amount of water injection of 5.698 MMSTB. In the case of well option 2,
the oil production can be maximized when maximum liquid production rate of 2000
STB/D is used with schedule 1. This combination provides 3.029 MMSTB of oil and
5.329 MMSTB of water injection which are 0.059 and 0.269 MMSTB of oil and water,
respectively, lower than that of well option 1. Well options 3 and 4 yield approximately
the same oil production and the highest recoveries are obtained when maximum liquid
production rate of 1000 STB/D is used with schedule 3. However, these oil productions
are relatively low compared to well options 1 and 2, but the amounts of water
injection are much smaller. If cost of water injection is not a major concern, well option

1 with maximum liquid production rate of 2000 STB/D and well schedule 1 is

recommended.
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Figure 5-51 Cumulative oil productions and water injections of four well options of
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5.4 Combined water dumpflood from 50PV aquifer with water injection

In this section, 50PV aquifer size is used for water dumping combined with
water injection. Maximum liquid production rate of 1000 and 2000 STB/D is
implemented. Dumping and injection schedules are separated into three main
schedules as mentioned in Chapter 4. For schedules 1 and 3, converting from dumping
well(s) to injection well(s) is based on the abandonment aquifer pressure which is 1820,
1060, and 300 psia as three different cases. For dumping wells, water is allowed to
flow freely without controlling the rate. When these wells are converted to injection
wells, the total injection rate from both injectors is set equal to maximum liquid
production rate. In case of simultaneous one dumping well and one injection well, the
water injection rate is set to be equal to 50% of maximum liquid production rate. Total
oil production and total water injection are observed and compared between cases
to find out the appropriate well combination that can deliver comparable or more oil

production and minimize the injection water.

5.4.1 Effect of water dumping and injection schedule for well option 1

a) Maximum liquid production rate of 1000 STB/D

As summarized in Table 5-15, aquifer pressures in schedules 1 and 3 never
reach 1060 and 300 psia abandonment aquifer pressure since the aquifer size is
relatively big, leading to small pressure decline during the production. With 1820 psia
abandonment aquifer pressure (early injection), schedules 1 and 3 have approximately
the same oil recovery as schedule 2. As illustrated in Figure 5-52, the oil production
rate of schedule 1 drops 0.75 years earlier than those of schedules 2 and 3 due to the
fact that its reservoir pressure declines faster compared to the other schedules at early
time as shown in Figure 5-53. Figure 5-54 clearly illustrates that total water cross-flow
rate of schedule 1 from both dumping wells is mostly smaller than 1000 STB/D. For
schedules 2 and 3, the total water cross-flow rate from one dumping well is mostly
higher than 500 STB/D at early production time. Thus, the total amount of water
dumping rate from dumping well and injection rate from injector is mostly higher than

1000 STB/D. This results in slower reservoir pressure decline of schedules 2 and 3
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compared to that of schedule 1. When aquifer pressure reaches 1820 psia, both
dumping wells of schedule 1 are converted to injectors, leading to increase in reservoir
pressure. Then, flood front sweeps oil from the edges of reservoir into the producer
as shown in Figure 5-55, resulting in a lower decline of oil rate and longer production

time.

Table 5-15 Results of different water dumping and injection schedules for well option

1 in 50PV aquifer size with maximum liquid production rate of 1000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2.934 2.399 3.541 2.105 46.06 16.43
1 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
2 - 2.898 2.125 2.829 2.240 45.49 15.51
1820 2915 2.259 3.191 2.096 45.76 15.92
3 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
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Figure 5-52 Qil production rates of schedules 1, 2 and 3 of combined method from

50PV aquifer for well option 1 with maximum liquid production rate of 1000 STB/D
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Figure 5-53 Reservoir pressures of schedules 1, 2 and 3 of combined method from

50PV aquifer for well option 1 with maximum liquid production rate of 1000 STB/D
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Figure 5-54 Water cross-flow rates of schedules 1, 2 and 3 of combined method from

50PV aquifer for well option 1 with maximum liquid production rate of 1000 STB/D
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Figure 5-55 Top view of oil saturation profile of schedule 1 of combined method

from 50PV aquifer for well option 1 with maximum liquid production rate of 1000

STB/D at 10 years of production

Oil production rates of schedules 2 and 3 begin to drop sharply at 5.22 years
of production due to water breakthrough and then drop gradually when the reservoir
pressure slightly builds up. The two schedules have the same trend and only show
slight difference at late time of production. This indicates that one dumping well from
the beginning of schedules 2 and 3 give a slower decline of aquifer pressure, resulting
in long production time in order to reach abandonment aquifer pressure of 1820 psia.
The three schedules have similar breakthrough times as shown in Figure 5-56. When
the aquifer pressure reaches 1820 psia, water cut of the producer in schedule 3
increases to almost 90% cut-off value, leading to a small additional oil recovery from
the converted injection well as illustrated in Figure 5-57.

Water production rate of schedule 1 increases at a slower pace than those of
schedules 2 and 3 at early times after breakthrough because of better sweep efficiency
from simultaneous water injection of both injectors and later on, increases with a
higher pace as flood front from the edges of the reservoir enters the producer. As a
result, schedule 1 has slightly higher water production. Moreover, schedule 1 requires
large amount of injected water because of early conversion of both dumping wells to

injection wells compared to schedule 3.
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Figure 5-56 Total water cuts of schedules 1, 2 and 3 of combined method from 50PV

aquifer for well option 1 with maximum liquid production rate of 1000 STB/D
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Figure 5-57 Cumulative oil productions of schedules 1, 2 and 3 of combined method

from 50PV aquifer for well option 1 with maximum liquid production rate of 1000

STB/D
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b) Maximum liquid production rate of 2000 STB/D

According to Table 5-16, schedule 1 with late water injection (1060 and 300
psia abandonment aquifer pressure) cannot be implemented because aquifer pressure
never reaches these abandonment pressures. In the case of schedule 3 with one all-
time injector and one dumping well later converted to injector, the aquifer pressure
cannot attain any of the three abandonment pressures (1820, 1060, and 300 psia)
because of the effect of large aquifer size and high injection rate of the one all-time
injector that slows down the decline in reservoir pressure.

As shown in Figure 5-58, the oil production rate of schedule 1 can be produced
at 2000 STB/D for only 0.22 years from the beginning and then drops sharply as a result
of low productivity of vertical producer. This high drawdown at the beginning leads to
rapid decline of reservoir pressure as shown in Figure 5-59 and as a result, tremendous
amount of water crosses flow to the reservoir as shown in Figure 5-60. Then, the
reservoir pressure declines slowly, and the oil production rate drops at slower trend.
Late on, this oil rate experiences another rapid decline due to water breakthrough.
When the injection begins, the oil rate increases due to increase in reservoir pressure
and finally decrease due to low oil saturation around the producer. In the case of
schedule 3, oil production rate of 2000 STB/D can be obtained a little longer compared
to schedule 1 because of the effect of one all-time injector. This oil rate then drops
sharply due to poor productivity of the producer. Water breakthrough in this case
happens at 3.2 years of production, resulting in another steep decline. The oil rate
trend is lower than that of schedule 1 because one all-time dumping well provides

much less amount of water cross-flow.
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Table 5-16 Results of different water dumping and injection schedules for well option

1 in 50PV aquifer size with maximum liquid production rate of 2000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 3.069 2371 4.129 2.093 48.19 11.51
1 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
2 - 2.888 3.099 4.931 1.472 45.33 13.51
1820 N/A N/A N/A N/A N/A N/A
3 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A

Water production and water injection in the case of schedule 1 are much lower

compared to those of schedule 2 due to simultaneous conversion of both dumping

wells to injectors that provides equivalent pressure support from both injectors. As a

result, flood front can sweep the oil more efficiently and water breakthrough in this

case occurs at late time as shown in Figure 5-61. Sharp increase of water cut from

simultaneous injection also results in short production time. In schedule 2, one all-

time injection well with maximum injection rate of 1000 STB/D (50% of maximum

liquid production rate) causes quite early water breakthrough, leading to tremendous

amounts of produced water and injected water.
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Figure 5-58 Oil production rates of schedules 1 and 2 of combined method from

50PV aquifer for well option 1 with maximum liquid production rate of 2000 STB/D
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Figure 5-59 Reservoir pressures of schedules 1 and 2 of combined method from 50PV

aquifer for well option 1 with maximum liquid production rate of 2000 STB/D
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Figure 5-60 Water cross-flow rates of schedules 1 and 2 of combined method from

50PV aquifer for well option 1 with maximum liquid production rate of 2000 STB/D
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Figure 5-61 Total water cuts of schedules 1 and 2 of combined method from 50PV
aquifer for well option 1 with maximum liquid production rate of 2000 STB/D
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c) Comparison between cases with maximum liquid production rate of 1000 and 2000

STB/D

Figure 5-62 illustrates the total oil productions and water injections of cases
with high oil recovery from maximum liquid production rate of 1000 and 2000 STB/D.
With maximum liquid production rate of 1000 STB/D, either schedules 1 or 2 can be
implemented since the oil productions are not significantly different but water
injection of schedule 1 is relatively higher than that of schedule 2. Schedule 3 with
one dumping well later converted to injector and one all-time injector should not be
used because the dumping well can only be converted to injector at very late time of
production which does not provide significant oil recovery. In the case of 2000 STB/D
maximum liquid production rate, schedule 1 is the best option because oil production
is higher and water injection is much lower compared to schedule 2. This schedule
provides the highest oil recovery factor for well option 1. If cost of water injection is
not a major concern, well option 1 with maximum liquid production rate of 2000 STB/D

and well schedule 1 is recommended.
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Figure 5-62 Cumulative oil productions and water injections of highest oil recovery
cases from maximum liquid production rates of 1000 and 2000 STB/D of combined

method from 50PV aquifer for well option 1
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5.4.2 Effect of water dumping and injection schedule for well option 2

a) Maximum liquid production rate of 1000 STB/D

Similar to well option 1, schedules 1 and 3 are not applicable with low
abandonment aquifer pressures (1060 and 300 psia) due to small aquifer pressure
decline during the production. As summarized in Table 5-17, oil recovery factors of the
three schedules are approximately the same with less than 1% difference. In Figure
5-63, the oil production rate of schedule 1 drops earlier than other cases because of
rapid decline of reservoir pressure as a result of using two dumping wells from the
beginning as depicted in Figure 5-64. This rate drops again due to water breakthrough
but the declining rate is not that high because of the conversion of the two dumping
wells. Later on, this declining rate is even slower since oil from the edges of the
reservoir is swept into the producer as shown in Figure 5-65, resulting in longer
production time compared to other two schedules.

Oil production rates of schedules 2 and 3 stay at the plateau longer than
schedule 1 because of high pressure support from one all-time injector since the
beginning. These rates then drop dramatically when water breakthrough occurs as
shown in Figure 5-66. Finally, the flood front sweeps the oil into the producer, resulting
in slower decline of oil rates. Note that conversion of dumping well to injector of
schedule 3 begins at very late time because aquifer pressure declines slowly. This
converted injector does not provide significant oil recovery since the water cut almost
reaches 90% cut-off at the time of conversion.

Both horizontal dumping wells of schedule 1 allow aquifer pressure to reach
1820 psia abandonment pressure early. As a result, the two dumping wells are
converted to injectors, and duration of water injection of 1000 STB/D is quite long,

leading to high water injection and water production than other schedules.
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Table 5-17 Results of different water dumping and injection schedules for well option

2 in 50PV aquifer size with maximum liquid production rate of 1000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2.841 1.719 2.700 2.154 44.59 13.59
1 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
2 - 2.831 1.507 2.328 2.150 44.44 12.76
1820 2.846 1.597 2516 2.067 44.68 13.01
3 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
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Figure 5-63 QOil production rates of schedules 1, 2 and 3 of combined method from

50PV aquifer for well option 2 with maximum liquid production rate of 1000 STB/D
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Figure 5-64 Reservoir pressures of schedules 1, 2 and 3 of combined method from

50PV aquifer for well option 2 with maximum liquid production rate of 1000 STB/D

DUMP / INJ DUMP / INJ

Dilsat

O,(!O 0!8

Figure 5-65 Top view of oil saturation profile of schedule 1 of combined method

from 50PV aquifer for well option 2 with maximum liquid production rate of 1000

STB/D at 8 years of production
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Figure 5-66 Total water cuts of schedules 1, 2 and 3 of combined method from 50PV
aquifer for well option 2 with maximum liquid production rate of 1000 STB/D

b) Maximum liquid production rate of 2000 STB/D

Table 5-18 illustrates that the cases of schedule 1 with late water injection
(1060 and 300 psia abandonment aquifer pressure) and schedule 3 with any of the
three abandonment aquifer pressures are not applicable because aquifer pressure
never reaches the limit values. Schedule 1 at early injection provides higher oil
recovery factor of 2% compared to the case with schedule 2. As shown in Figure 5-67,
oil production rates of both schedules drop quite early due to low productivity of the
vertical producer. In the case of schedule 1, water crosses flow from aquifer into the
reservoir in high amount at the beginning due to sharp decrease of reservoir pressure
and long horizontal dumping wells as shown in Figure 5-68. This tremendous amount
of dumped water slows down the decline of reservoir pressure, resulting in slower
decrease of oil production rate. Then, water breakthrough occurs, and the oil
production rate drops again until water injection begins. The oil production rate of
schedule 2 stays higher than that of schedule 1 since the beginning because of high

injection rate from one all-time injector. Later on, this oil rate falls sharply due to early
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water breakthrough from one all-time injector. The rate keeps falling below the trend

of schedule 1 as a result of less water dumped from one all-time dumping well.

Table 5-18 Results of different water dumping and injection schedules for well option

2 in 50PV aquifer size with maximum liquid production rate of 2000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2.975 1.975 3.565 2.143 46.71 9.76
1 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
2 - 2.848 2.089 3.865 1.533 44.71 10.59
1820 N/A N/A N/A N/A N/A N/A
3 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A

Schedule 1 produces less water and requires much lower water injection than

those of schedule 2 as a fact that simultaneous conversion of dumping wells to

injectors provides better flood front, leading to better sweep efficiency and late water

breakthrough as shown in Figure 5-69. However, production time of schedule 1 is short

because of sharp increase of water cut from simultaneous injection. In the case of

schedule 2 with one all-time injector, injected water arrives the producer quite early,

resulting in high amounts of water injection and water production.
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Figure 5-67 Qil production rates of schedules 1 and 2 of combined method from

50PV aquifer for well option 2 with maximum liquid production rate of 2000 STB/D
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Figure 5-68 Water cross-flow rates of schedules 1 and 2 of combined method from

50PV aquifer for well option 2 with maximum liquid production rate of 2000 STB/D
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Figure 5-69 Total water cuts of schedules 1 and 2 of combined method from 50PV
aquifer for well option 2 with maximum liquid production rate of 2000 STB/D

c) Comparison between cases with maximum liquid production rate of 1000 and 2000
STB/D

In the cases of maximum liquid production rate of 1000 STB/D, either schedule
1 or 2 can be used depending on the availability of injection facility but the oil recovery
is slightly less compared to the cases with 2000 STB/D maximum liquid production
rate. Schedule 3 with one dumping well later converted to injector and one all-time
injector is not recommended since the dumping well can only be converted to injector
at very late time of production which does not provide any significant oil recovery.
With maximum liquid production rate of 2000 STB/D, schedule 1 at early injection is
the best option compared to schedule 2 because it provides high oil recovery and
even less amounts of water production and injection as shown in Figure 5-70. This
schedule 1 also yields the highest oil recovery and short production time compared
to the cases with small production rate (1000 STB/D). Thus, it is recommended for well

option 2.
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5.4.3 Effect of water dumping and injection schedule for well option 3

a) Maximum liquid production rate of 1000 STB/D

As summarized in Table 5-19, schedule 1 with late injection (1060 and 300 psia
abandonment aquifer pressure) and schedule 3 are not applicable because of large
aquifer size that can deliver water to the reservoir without having much aquifer
pressure decline. From Figure 5-71 and Figure 5-72, reservoir pressure of schedule 1
drops below that of schedule 2 since the beginning because the total water cross flow
rate from the aquifer of both dumping wells is relatively less than that of the schedule
2 with one all-time dumping and injection well. Then, this reservoir pressure drops to
another trend due to sharp decline of bottom hole pressure of producer, resulting in
high gas-oil ratio as shown in Figure 5-73. Finally, the injection begins at 6.47 years of
production, leading to slower decline of the reservoir pressure. On the other hand,

one all-time injector of schedule 2 that injects 500 STB/D of water constantly can
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deliver more pressure support, resulting in slowly decline of the reservoir pressure

until the production ends. As a result, the oil production rate of schedule 1 is below

the trend of schedule 2 as shown in Figure 5-74.

Table 5-19 Results of different water dumping and injection schedules for well option

3 in 50PV aquifer size with maximum liquid production rate of 1000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2.704 1.119 1.481 2.097 42.45 10.51
1 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
2 - 2.829 1.199 2.025 2.035 44.41 11.09
1820 N/A N/A N/A N/A N/A N/A
3 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
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Figure 5-71 Reservoir pressures of schedules 1 and 2 of combined method from 50PV

aquifer for well option 3 with maximum liquid production rate of 1000 STB/D
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Figure 5-72 Water cross-flow rates of schedules 1 and 2 of combined method from

50PV aquifer for well option 3 with maximum liquid production rate of 1000 STB/D
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Figure 5-73 Gas-oil ratio of schedules 1 and 2 of combined method from 50PV
aquifer for well option 3 with maximum liquid production rate of 1000 STB/D
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Figure 5-74 Qil production rates of schedules 1 and 2 of combined method from

50PV aquifer for well option 3 with maximum liquid production rate of 1000 STB/D
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Figure 5-75 Total water cuts of schedules 1 and 2 of combined method from 50PV

aquifer for well option 3 with maximum liquid production rate of 1000 STB/D
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Water injection of schedule 1 is much lower than that of schedule 2 because
the injection begins at late time as a result of low pressure decline of aquifer. Water
breakthrough of schedule 1, as shown in Figure 5-75, occurs early and increases faster,
leading to 90% maximum water cut at early time compared to schedule 2. As a result,
schedule 1 produces slightly less amount of water. Note that water breakthrough in
schedule 2 happens later than schedule 1 because its one all-time dumping well can

also deliver water cross flow rate of 500 STB/D or more at early time of production.

b) Maximum liquid production rate of 2000 STB/D

In the case of maximum liquid production rate of 2000 STB/D for well option
3, only schedule 1 with early injection (1820 psia abandonment aquifer pressure) and
schedule 2 are applicable. Table 5-20 shows that oil recovery factor of schedule 2 is
41.02% and is slightly higher than that of schedule 1 of 39.89%. Figure 5-76 clearly
illustrates that the oil production rate of schedule 1 with maximum liquid production
rate of 2000 STB/D falls sharply and early than that of schedule 2. The reason is that
accelerated production from horizontal producer results in sharp decline of reservoir
pressure since the beginning and gradually decreases to another steeper trend when
the reservoir pressure is no longer sufficient to support that high liquid rate as shown
in Figure 5-77. The oil rate of schedule 1 then increases a little bit as a result of
increasing of water cross-flow and continues to drops steadily when water
breakthrough occurs. The conversion of both dumping wells to injectors at 3.69 years
of production has insignificant effect to the oil production rate.

In the case of schedule 2, the oil production rate can stay at the plateau for
2.75 years of production due to high water injection rate from one all-time injector,
leading to slower reservoir pressure decline. This oil rate then falls sharply because of
insufficient long-term pressure support and drops to another trend due to water

breakthrough at 2.86 years of production.
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Table 5-20 Results of different water dumping and injection schedules for well option

3 in 50PV aquifer size with maximum liquid production rate of 2000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2.542 1.169 1.462 2.081 39.89 5.67
1 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
2 2.614 1.156 1.947 1.747 41.02 5.33
1820 N/A N/A N/A N/A N/A N/A
3 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A

In well option 3, in which dumping or injection well(s) are vertical wells, water

cross-flow from the aquifer into the reservoir is not that high compared to horizontal

dumping or injection well(s). As a result, aquifer pressure drop is slower and takes time

to attain the abandonment aquifer pressure. Schedule 1 in this case requires relatively

less water injection compared to schedule 2 because of late conversion of both

dumping wells to injectors. However, water production of schedule 1 is slightly higher

than that of schedule 2. In opposite to the case with maximum liquid production rate

of 1000 STB/D, water breaks through the producer quite early in the case of schedule

2, as shown in Figure 5-78, because one all-time dumping well provides lower water

dumping rate than 1000 STB/D which results in rapid moment of injection water from

one all-time injector.
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Figure 5-76 Oil production rates of schedules 1 and 2 of combined method from

50PV aquifer for well option 3 with maximum liquid production rate of 2000 STB/D
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Figure 5-77 Reservoir pressures of schedules 1 and 2 of combined method from 50PV

aquifer for well option 3 with maximum liquid production rate of 2000 STB/D
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Figure 5-78 Total water cuts of schedules 1 and 2 of combined method from 50PV
aquifer for well option 3 with maximum liquid production rate of 2000 STB/D

c) Comparison between cases with maximum liquid production rate of 1000 and 2000
STB/D

As depicted in Figure 5-79, either schedules 1 or 2 of well option 3 with
maximum liquid production rate of 1000 STB/D provides the highest oil recovery factor
and slightly higher amount of injected water compared to those with maximum liquid
production rate of 2000 STB/D. If the injection facility is ready since the beginning of
production, schedule 2 of 1000 STB/D maximum liquid production rate is

recommended because it yields better oil recovery.
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Figure 5-79 Cumulative oil productions and water injections of highest oil recovery
cases from maximum liquid production rates of 1000 and 2000 STB/D of combined

method from 50PV aquifer for well option 3

5.4.4 Effect of water dumping and injection schedule for well option 4

a) Maximum liquid production rate of 1000 STB/D

As summarized in Table 5-21 and illustrated in Figure 5-80, oil recovery factors
of schedules 2 and 3 are approximately the same and higher when dumping well is
converted to injector at early abandonment aquifer pressure of 1820 psia. Note that
aquifer pressure in schedules 1 and 3 never reach 1060 and 300 psia since the aquifer
is large and the well which is designed as one all-time injector (schedule 3) slows down
the decline in reservoir pressure. For well option 4 in which both producer and
injection/dumping well(s) are horizontal wells, the oil production rates of the three
schedules are at the plateau for long period of time as shown in Figure 5-81. After that,
the oil production rates drop sharply as a result of water breakthrough. In the case of
schedule 1, water cross-flow rate from both dumping wells is generally around 1000
STB/D while the rate of schedules 2 and 3 from one dumping well alone is around 600

STB/D as depicted in Figure 5-82. As a result, dumped water from one dumping well



110

breaks through the producer early in the case of schedules 2 and 3 as illustrated in
Figure 5-83 and Figure 5-84. Water breakthrough of schedule 1 happens right after the
injection begins, leading to a very sharply decrease of oil production rate. In schedules
2 and 3, total water dumping with injection rate is higher than 1000 STB/D. Thus, the
reservoir pressure drop is slower, and more oil can be produced for slightly longer

production time.

Table 5-21 Results of different water dumping and injection schedules for well option

4 in 50PV aquifer size with maximum liquid production rate of 1000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2.702 1.070 1.530 2.147 42.42 10.34
1 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
2 - 2.806 LA/ 1.993 2.156 44.04 10.92
1820 2.805 1.162 2.019 2.135 44.03 10.92
3 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A

Water injection and water production in the case of schedule 1 are much lower
than other two schedules because the injection begins at late time. Schedules 2 and
3 have exactly the same trend and only small difference is observed at the end of
production. In summary, schedule 2 yields the highest oil recovery, and schedule 3 is

not recommended because the conversion of dumping well to injector is quite late.
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Figure 5-80 Cumulative oil production of schedules 1, 2 and 3 of combined method
from 50PV aquifer for well option 4 with maximum liquid production rate of 1000
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Figure 5-81 QOil production rates of schedules 1, 2 and 3 of combined method from

50PV aquifer for well option 4 with maximum liquid production rate of 1000 STB/D
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Figure 5-82 Water cross-flow rates of schedules 1, 2 and 3 of combined method from

50PV aquifer for well option 4 with maximum liquid production rate of 1000 STB/D
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Figure 5-83 Total water cuts of schedules 1, 2 and 3 of combined method from 50PV
aquifer for well option 4 with maximum liquid production rate of 1000 STB/D
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Figure 5-84 Top view of oil saturation profile of schedule 1 of combined method
from 50PV aquifer for well option 1 with maximum liquid production rate of 1000

STB/D at 10 years of production

b) Maximum liquid production rate of 2000 STB/D

As summarized in Table 5-22, there are only two cases that are applicable
which are schedule 1 with early injection (1820 psia abandonment aquifer pressure)
and schedule 2. Oil recovery factor of schedule 2 with high liquid production rate is
still the highest compared to schedule 1. As depicted in Figure 5-85, the oil production
rate of schedule 1 drops dramatically at early time as a result of accelerated
production from horizontal producer that leads to rapid reservoir pressure decline.
Then, the oil rate starts to increase sharply for a period of time due to high water
cross-flow during the rapid reservoir pressure decline and the conversion of dumping
wells to injectors. Later on, the rate drops again due to water breakthrough as shown
in Figure 5-86.

For schedule 2 in which one all-time dumping and injection wells are used, the
oil production rate remains at the plateau for longer time compared to schedule 1
due to high water injection rate since the beginning. This results in smaller reservoir
pressure decline. The rate then increases for a short time and falls again as water
breakthrough occurs. Finally, this rate falls sharply because of higher water production
that mainly comes from the one all-time dumping well that deliver water more than

1000 STB/D as shown in Figure 5-87.
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Table 5-22 Results of different water dumping and injection schedules for well option

4 in 50PV aquifer size with maximum liquid production rate of 2000 STB/D

Dumping | Abandonment Total oil Total water | Total water | Total water | Recovery | Production
injection | aquifer pressure | production | production injection dumped factor time
schedule (psia) (MMSTB) (MMSTB) (MMSTB) (MMSTB) (%) (years)
1820 2.482 0.978 1.324 2.134 38.96 5.09
1 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
2 - 2.567 0.791 1.705 1.812 40.29 4.67
1820 N/A N/A N/A N/A N/A N/A
3 1060 N/A N/A N/A N/A N/A N/A
300 N/A N/A N/A N/A N/A N/A
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Figure 5-85 Oil production rates of schedules 1 and 2 of combined method from

50PV aquifer for well option 4 with maximum liquid production rate of 2000 STB/D
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Figure 5-86 Total water cuts of schedules 1 and 2 of combined method from 50PV
aquifer for well option 4 with maximum liquid production rate of 2000 STB/D
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Figure 5-87 Water cross-flow rates of schedules 1 and 2 of combined method from

50PV aquifer for well option 4 with maximum liquid production rate of 2000 STB/D
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Schedule 1 provides slightly less oil recovery factor but also requires much
lower water injection compared to schedule 2 due to the fact that the conversion of
both dumping wells to injectors is started at late time of production. However, water
production of schedule 1 is slightly higher since the production time is longer than

that of schedule 2.

c) Comparison between cases with maximum liquid production rate of 1000 and 2000
STB/D

As illustrated in Figure 5-88, both schedules 1 and 2 with maximum liquid
production rate of 1000 STB/D yield higher oil recovery factors and require more water
injection than those of 2000 STB/D maximum liquid production rate. In term of oil
production, either schedule 1 or 2 with maximum liquid production rate of 1000 STB/D
can be implemented but schedule 2 is recommended if injection can begin since the
beginning of production. However, the cases with maximum liquid production rate of

2000 STB/D require less production time.
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Figure 5-88 Cumulative oil productions and water injections of highest oil recovery
cases from maximum liquid production rates of 1000 and 2000 STB/D of combined

method from 50PV aquifer for well option 4
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5.4.5 Comparison among different well options

The comparison among well options 1, 2, 3 and 4 in term of oil production and
water injection are summarized in Figure 5-89. Well option 1 provides the highest oil
production of 3.069 MMSTB and requires the highest water injection of 4.129 MMSTB
when maximum liquid production rate of 2000 STB/D with schedule 1 is used. In the
case of well option 2 where maximum liquid production rate of 2000 STB/D with
schedule 1 is implemented, the oil production is 2.975 MMSTB and water injection is
3.565 MMSTB which are 0.094 and 0.564 MMSTB of oil and water lower than those of
schedule 1, respectively. Well options 3 and 4 have approximately the same oil
production and water injection. These oil productions are relatively less compared to

well options 1 and 2 but the amounts of water injection are also much lower.
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Figure 5-89 Cumulative oil productions and water injections of four well options of

combined method from 50PV aquifer
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5.5 Comparison between conventional water injection, water dumpflood, and

combined water dumpflood with water injection

The simulation results of conventional water injection as discussed in section
5.1 show that well option 1 with maximum liquid production rate of 2000 STB/D yields
the highest oil production of 3.064 MMSTB with total water injection of 6.269 MMSTB.
For water dumpflood from 10PV aquifer, well option 3 with maximum liquid
production rate of 2000 STB/D provides total oil production of 1.859 MMSTB which is
higher than that of well options 1 and 2 of 0.092 and 0.018 MMSTB, respectively. But,
it is lower than that of well option 4 of 0.099 MMSTB. However, this well option 3 is
the good choice because it has only one horizontal well compared to well option 4
in which all three wells are horizontal. In the case of water dumpflood from 50PV
aquifer, well option 1 with maximum liquid production rate of 2000 STB/D is
recommended as it yields higher oil production and less water production compared
to those of 1000 STB/D maximum liquid production rate.

The comparison between different approaches is summarized in Figure 5-90
and Table 5-23. For combined water dumpflood from 10PV aquifer with water
injection, well option 1 with maximum liquid production rate of 2000 STB/D and well
schedule 1 gives the highest oil recovery factor compared to the best case of water
dumpflood technique from 10PV aquifer. However, this combined method also
produces large amount of water and tremendous amount of water injection of 5.698
MMSTB is required. When the combined method from 10PV aquifer is compared with
conventional water injection, well option 1 in the combined method is even slightly
better because it yields slightly higher oil recovery than that of conventional water
injection. Moreover, water production is also lower in the case of combined method
and amount of water injection can be reduced as much as 5.698 MMSTB in comparison
to 6.269 MMSTB for conventional water injection.

Combined water dumpflood from 50PV aquifer with water injection also
provides significant benefit compared to water dumpflood from 50PV aquifer and
conventional water injection technique. As illustrated in Table 5-23, water dumpflood

from 50PV aquifer gives the highest oil recovery of 42.57% and 1.401 MMSTB of
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produced water. On the other hand, well option 1 with maximum liquid production
rate of 2000 STB/D and well schedule 1 of combined method from 50PV aquifer
provides the highest oil recovery of 48.19%. It is clearly seen that combined method
generates more oil recovery but the amounts of water production and injection are
also larger than that of water dumpflood. With the best case of conventional water
injection, the well option 1 of combined method from 50PV aquifer provides very
slightly higher oil recovery and water production compared to that of conventional
water injection. The benefit is that the water injection of combined method is only

4.129 MMSTB which is much lower in comparison to 6.269 MMSTB of convention water

injection.
6.5 6.269
5.698
2 55
n
=
= 45 4.129
C
RS
B 35 3.064 3.088 3.069
_§ 2.712
= 25
Q 1.859
o
=
= 15
E
5 05 0 0
-0.5 Conventional Water Water Combined Combined
water injection dumpflood dumpflood method (10PV) method (50PV)
(10PV) (50PV)

m Qil production B Water injection

Figure 5-90 Cumulative oil productions and water injections of conventional injection,

water dumpflood, and combined water dumpflood with water injection
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Table 5-23 Comparison results of different approaches of conventional injection, water

dumpflood, and combined water dumpflood with water injection

Production Well | Schedule, Total Total Total Total Recovery | Production
strategy option liquid ail water water water factor time
rate production | production | injection | dumped (%) (years)
(STB/D) | (MMSTB) | (MMSTB) | (MMSTB) [ (MMSTB)
Conventional
1 2000 3.064 2.333 6.269 - 48.09 8.59
injection
10PV Water
3 2000 1.859 0.006 - 1.256 29.19 8.17
dumpflood
50PV Water
1 2000 2.712 1.401 - 3.765 42.57 15.34
dumpflood
Combined
Schedulel
method 1 3.088 2.224 5.698 0.435 48.47 9.67
, 2000
(10PV)
Combined
Schedulel
method 1 3.069 2.371 4.129 2.093 48.19 11.51
, 2000
(50PV)

Note the abandonment aquifer pressure is 1820 psia.



CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

This chapter presents the summaries of the simulation study including the
effect of maximum liquid production rate and well option on conventional water
injection and water dumpflood, and the effect of water dumping and injection
schedule for each well option in the combined water dumpflood from 10PV and 50PV

aquifer with water injection.

6.1 Conclusions

From results and discussions in Chapter 5, the conclusions can be drawn and
summarized as follows:

1) For conventional water injection, a combination of one vertical producer and two
vertical injectors yields the highest oil recovery factor of 46.65% and 48.09% in
cases with low and high liquid production rates of 1000 and 2000 STB/D,
respectively. The reason is that vertical injectors gradually sweep the oil from the
edges of the reservoir into the vertical producer, resulting in a gradual increase in
water cut at the producer and leading to slower decline of oil production rate until
the water cut reaches 90% cut-off. When maximum liquid production rate is
increased to high rate of 2000 STB/D, more oil recovery is obtained as a result of
better sweep efficiency that overcomes the gravity segregation between injected
water and the reservoir oil.

2) For water dumpflood from 10PV aquifer, a combination of one horizontal producer
and two vertical dumping wells with high liquid production rate of 2000 STB/D is
recommended as it provides higher oil recovery (29.19% recovery factor) compared
to the other two combinations with vertical producers. This well has oil recovery
factor of 1.55% lower than that of well option 4 (30.74%) which is combination of
one horizontal producer and two horizontal dumping wells but it requires only one
horizontal producer in comparison to 3 horizontal wells in well option 4. High liquid

production rate of 2000 STB/D with recovery factor of 29.19% is a good choice as it
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yields approximately the same oil recovery with short production time than that of
low liquid production rate of 1000 STB/D which yields 29.03% recovery factor. In
summary, oil production of water dumpflood from 10PV aquifer mainly depends
on the better productivity of horizontal producer and high liquid rate.

For water dumpflood from 50PV aquifer, a combination of one vertical producer
and two vertical dumping wells (42.57%) with high liquid production rate of 2000
STB/D is a good option because high liquid drawdown results in high water cross-
flow from the big aquifer and small increment of water cut, resulting in more oil

production.

4) In the case of combined water dumpflood from small aquifer (10PV), a combination

of one vertical producer and two vertical dumping/injection wells with high liquid
production rate of 2000 STB/D and schedule 1 which is to set two wells to be
dumping wells and later convert them to injection wells provides the highest oil
recovery (48.47%) because of early water injection from both dumping wells and
good sweep efficiency from high injection rate. This recovery is 19.28% and 0.38%
higher than those of dumpflood from 10PV aquifer and conventional water
injection, respectively. Total water injection can be reduced as much as 0.571

MMSTB compared to conventional injection.

5) In the case of combined water dumpflood from large aquifer (50PV), a combination

6)

of one vertical producer and two vertical dumping/injection wells with high liquid
production rate of 2000 STB/D and schedule 1 which is to set two wells to be
dumping wells and later convert them to injection wells also provides the highest
oil recovery which is similar to combined method from 10PV aquifer. It yields 5.62%
and 0.1% of oil recovery factors higher than those of dumpflood from 50PV aquifer
and conventional water injection, respectively. In term of water injection, a
combination of one vertical producer and two vertical dumping/injection wells in
this combined method from 50PV aquifer requires much less amount of injected
water of 4.129 MMSTB in comparison to 6.269 MMSTB of conventional water
injection.

In both aquifer sizes in this study, dumping and injection with schedule 1 and

schedule 3 (one dumping well later converted to injection well and one all-time
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injection well) give high oil recovery when the conversion of dumping well(s) to

injection well(s) begins at early abandonment aquifer pressure (1820 psia).

6.2 Recommendations

Since the study focuses on the homogeneous reservoir model and simple
geometry, complexity of reservoir geometry and reservoir heterogeneity are
recommended for further investigation. The results from this study might be different
when the new geometry and heterogeneity are included and the conclusion maybe

different.
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