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Abstract

In view of various methods of depletion and relevant constraints, reservoir simulation is
proved to be a reliable approach in estimating reservoir performance and production, and
predicting the final recovery efficiency. Smart well control was initiated and developed in
the 1970s, and predicted to be useful for enhancing field production efficiency for several
specific cases. However there are scarce efforts in evaluating the influence of flow rates
in optimizing the production of well patterned fields by reservoir simulation. Here a
mathematical theory of oil production rate optimization was analyzed; the numerical
module based on Jacobian matrix iterations was developed to provide solutions in field
production simulation; an optimization algorithm based on Newton’s method was
developed and applied to the numerical module to find the optimized oil production rate
and water injection rate to maximize production efficiency. The optimization process was
applied to a five-spot well patterned field, with one production well in the center and four
injection wells around it. Based on this approach in locating the optimum production
schedule, the model allows estimating the ultimate maximum production rate locally by
artificially controlling both the water injection and oil production rates, thus enhancing
the production. The model is proved to be a useful tool to estimate well-patterned
reservoir production by various tests. Sensitivity tests were also performed to accelerate
the optimization process, which could substantially increase the feasibility of this model.

It is evident that smart well real-time control of both water injection rate and oil



production rate on the specified five spot well patterned black oil field within two months

period will significantly enhance the recovery efficiency to the rate of 16%.
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1. Introduction

Smart well control is a frequently used technique to increase oil recovery, especially in
nonconventional fields. Previous studies (Holmes et al. 1998, Nyhavn et al. 2000, Savage
et al. 1974) shown that the control of injection and production rates will impact
production rate and ultimate recovery. Individual field studies have been conducted by
different authors, with comparison of optimization tools including Newton’s method (Qi
and Sun 1993) and steepest descent method (Cartis et al. 2010). In some cases,
commercial software was applied with optimization protocol as well (Yeten and Jalali
2001). However, the result for different optimization problems varies, and all researches
were done for a specific field, rather than for a general well pattern.

Smart well technology provides great flexibility in the operation of multilateral wells, as
each branch of the well can be controlled independently (Durlofsky and Aziz 2002).
Extensive research have been done in increasing the ultimate recovery efficiency by the
smart well control approach. Starting from 1970s, Savage and Thachuk (Savage et al.
1974) introduced the parameters that might affect the ultimate recovery, reservoir
withdraw rate was proved to be one of the strong influencing factors. In 1985, Nystad
(Nystad 1985) claimed that numerical optimization protocol can be applied to reservoir
simulation to increase profit. In 1998, J. A. Holmes (Holmes et al. 1998) used multi-
segment well model to simulate fields with advanced wells containing flow control. In
2000, Nyhavn (Nyhavn et al. 2000) indicated that a potential approach for improved oil
recovery requires that new strategies for well control are developed. In 2001, water

flooding was proved to enhance oil production of fully penetrating smart wells (Brouwer



et al. 2001). In 2001, the conjugate gradient method was applied to simulate the smart
well’s effect on recovery and production rate (Yeten and Jalali 2001). In 2002, a similar
simulation with a commercial model was developed to demonstrate the potential
variability in smart well performance implementation of different optimization criteria
and constraints (Durlofsky and Aziz 2002). Vasantharajan claimed the optimization
technique was applied to the general reservoir management rather than reservoir flow rate
control (Vasantharajan et al. 2006). Similarly optimization techniques were applied in the
other paper (Durlofsky and Aziz 2002), however it was limited to one particular field,
and the result indicated that an effective optimization strategy needs to take many
parameters into consideration, including the injection schedule, withdraw rate, water
injection etc. However, the influence of well pattern in enhancing the oil recovery has not
been well established and investigated in the foregoing optimization methods. Therefore,
the purpose in this work aims to investigate the impact of well pattern optimization in the

final recovery through an innovative objective function in the smart well control.



2. Literature Review

2.1.Background

2.1.1. Maximum Efficient Rate (MER) Curve

Savage pointed out that each reservoir has a specific Maximum Efficient Rate (MER)

curve that is the ultimate recovery versus the reservoir withdrawal rate (Savage et al.,

1974). The curve was drawn with the well producing at a constant oil production rate

until there’s insufficient reservoir pressure. The ultimate recovery is mainly determined

by the following parameters (Savage et al. 1974).

1.

2.

3.

4.

5.

Well spacing

Well completion practices
Fluid properties
Reservoir heterogeneities

Reservoir type and exploitation scheme

The production rate’s influence on reservoir ultimate recovery is shown in the Figure 1,

the ultimate recovery increases with decreasing reservoir production rate. For the

aquifer’s effect on ultimate recovery, the author proved that the larger aquifer yields the

higher the ultimate recovery. The author also indicated that producing at the minimal rate

is not economical to maximize the ultimate recoveries.
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Figure 1 The initial oil production rate versus ultimate recovery (Savage et al., 1974)

2.1.2. Water Flooding

Using water flooding to increase oil recovery has been studied by Brouwer in 2001
(Brouwer et al. 2001). The flow rate of water injection was controlled by using smart
well technology. The water flooding stimulation was able to reach major of the reservoir.
Smart-horizontal wells can stimulate the field to recover more oil by increasing the
pressure gradient in the reservoir, thus increase the ultimate recovery. This research
concluded that the ultimate recovery was dependent on flow rate control; the optimized

water flooding flow rate will lead to highest oil recovery.

2.1.3. Conjugate Gradient Optimization Method

Conjugate gradient optimization methods are widely used for unconstrained large scale
problems (Dai and Yuan 1999). Yeten (Yeten and Jalali 2001) used a conjugate gradient

optimization technique along with a commercial reservoir simulator to simulate a quarter



of five spot well pattern production optimization. The principle parameter considered in

the multi-segment well model is the total pressure drop (Ap;) across the inflow control

device.

This pressure drop is the summation of frictional pressure losses and the control device

pressure losses as calculated in Equation (2-1) to Equation (2-3):

Apc = Apy + pe (21)

Apy = 2G,f5 V3 (22)
2

Bpe = Gy (2-3)

The parameters used for Equation (2-1) to Equation (2-3) are shown as in Table 1:

Table 1 List of parameters

Unit Conversion Factor C,=215%1 0%

Dimensionless Valve Coefficient G

Mixture Velocities through the Choke Ve = Qo Ac

Mixture Velocities through the Pipe Vp
Fanning Friction Factor F
Length of the Pipe Segment L
Diameter of the Pipe Segment D
Area of the Constriction Ac

As shown in Figure 2, by applying optimization approach to commercial reservoir

simulator, the improvement of cumulative oil recovery was increased by 65% over the

un-instrumented base case (Yeten and Jalali 2001).
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Figure 2 Cumulative oil production comparison (Yeten and Jalali 2001)

Three cases of the production rate and ultimate recovery rate were studied and
compared, which are detailed as no control on both wells, control on injection well and
control on production wells. The latter two have similar results: the ultimate recovery was
not increased as expected. Controlling the production well didn’t increase the ultimate
recovery rate as expected, since the downhole control of the producer were not able to
offset a pressure drop large enough for the optimal algorithm to work on the production.
However the oil production time was longer in the optimized injection well, and the

recovery was improved by 39% over the base case (Yeten and Jalali 2001).



2.1.4 Influence of Controlling Production Rate towards Ultimate
Recovery

In view of continuous influence of injection and production in reservoir pressure, the
ultimate recovery optimization needs to consider more parameters with real-time
(Nyhavn et al. 2000). Several essential parameters that would affect the ultimate recovery
for a field were summarized and compared, as well as the practical way of controlling
these parameters. The methodology of using a model to predict and control production
was introduced, and smart well history data was used to determine reservoir data. The
real-time simulator is shown to be essential for reservoir management to optimize the
production.

Figure 3 showed the process of data management and the way to collect parameters that
might affect the ultimate recovery of a field, including the well injection and production
rates. These are the data that needed to be collected and analyzed during the production,
thus a simulation of injection and production rates would help analyze the most efficient

schedule to increase the ultimate recovery.
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Figure 3 The data management throughout the life of a traditional hydrocarbon

production system with the addition of permanent sensor data (Nyhavn et al. 2000).

Figure 4 shows that a surface control well would not function as well as the real time
intelligent well. Real - time simulation would increase the production significantly
according to this figure: not only the production time is longer, but the oil rate also

maintained at maximum for a longer period.
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Figure 4 Production with surface control of water rate (thin line) compared to a finely

sectioned intelligent well (thick line) (Nyhavn et al. 2000).



2.2 Modeling

2.2.1 General Purpose Black Oil Simulator for History Matching

A three dimensional, three phase grid general purpose black oil simulator was utilized to
history match the production profile in 1988 (Fox, 1988). This model assumed constant
bottom-hole pressure for production well, and constant water injection rate for injection
well. The conclusion was the optimum plan of depletion should mainly be specified by
economical evaluation rather than controlling the producing rate.

The reservoir data used in the model are shown in Table 2:

Table 2 Reservoir parameters (Fox, 1988)

Productive depth 5400-6800 feet subsea
Permeability (geometric average) 77 mD
Average thickness 350 feet
Areal extent 89 acres
Fracture gradient 0.75 psi/ft
Reservoir temperature 209 F
Original pressure 2923 psi @6000° subsea
Current pressure 1035 psig
Residual oil saturation 22.8%
Initial oil saturation 74.3%
Initial water saturation 25.7%
Original oil in place 33.8 MMSTB
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From Table 2, it is clear that average data for thickness and permeability was used in
this study to make the calculation easier. However, it does not simulate the in-situ
condition due to the existing heterogeneity and anisotropy in the reservoir.

Figure 5 shows that the simulated data highlights the approximate block water cut, with
slight errors, due to the homogeneity assumptions. In order to fix this problem, a grid
system is introduced in this study. Instead of using all average values, each grid can have

a specific data assigned to it to reflect the local distribution of heterogeneous properties.

___________________________________________________________________________

—— BLOCK WATER CUT OBSERVED i
=== BLOCK WATER CUT SIMULATED "

——————
-
-

uerrillrllll‘irl

L LA ]

Figure 5 Simulation water —cut history match (Fox, 1988)

2.2.2 In-Flow Control Valve

The injection activity is controlled through the in-flow control valve (ICV) device in
order to quantify the economic benefit and maximize the total recovery of a field. The
device was firstly introduced in 2000 (Yu et al. 2000). A simplified typical North Sea
model was simulated, and the benefits from installing this intelligent completion were

discussed.
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The ICV in this simulation acts as the following production policy:
Step 1: shut the lower ICV (No.1) initially
Step 2: after a period of time, when the well water-cut decreases, open this ICV (No.1)
Step 3: shut in ICV No.3, and later on, ICV No.2, when free gas is produced

From Figure 6, although the ICV doesn’t always give the optimized production plan, it
maintained the production acceleration and increased the final oil recovery by 4%, which
clearly shows by controlling the in and out flow rates of a field to adjust the production

plan, we can increase the ultimate oil recovery.

0.45 0.25
Field Qil Recovery (FOR Discounted Cumulative Production

0.4 Y (FOR panet
0.35

Horizontal ||, sss™*"" 02 - s

P Sdnlind il

03 — M
0.25 :k:‘"‘W 3 0.15 \ . ,
02 (e - I/I// 'Intelligent Completion*

FOR, frac.
FOR, frac

015 Slanted (1.73°) |1 & o
. // —+—Horizontal

014 0.05 d
Intelligent" Completion I— V —#—1.73 (DEG) Slantad with ICV's
0¥ . .

0.05 1

0

0 1000 2000 3000 4000 5000  GOOD  7OOO  BOOO 0 50 100 150 200 250
Days Month
(a) (b)

Figure 6 Comparison between horizontal and slanted well with and without "intelligent"
completion (a) Field oil recovery; (b) Field oil recovery discounted at 10% /yr (Yu et al.

2000).
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2.3 Methodology

2.3.1 Newton’s Method

An investigation about optimization technique was realized by implementing a new
algorithm to match against the field data (Lenoach and Bowen 2005). The tests of some
of the optimization tools for history matching were studied, and these test results were
used to determine the permeability of the field.

For the single —phase case, this study used second order gradient method given in
Equation (2-4) to calculate the derivatives and applied Newton’s method with the
inversion of Jacobian matrix to find the error,

x"l=x" - Jle (2-4)
where
e= Ry, {truth)- R, , { simulated) Error vector.
P = Parameter vector for all the wells and time steps.
x" = Current estimate of the parameter vector.
J= Jacobian of the system.

This research compared the two results of first order and second order steepest descent
method: they did not match, as shown in Figure 7. Moreover, the first order steepest
descent method didn’t converge at all. It reaches the mismatch of approximately 50 Psi
and stopped converging. Although the second order steepest descent method converges, it
doesn’t have the same behavior as the first order method, thus the steepest descent

method is not suitable for this optimization problem.
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n Comparison between first and second order methods
10 T T T T

T
—— First order
3 —— Second order |1

FRRTITT auul g

RMS mismatch Psi

TR

0 20 40 60 80 100 120
lterations

Figure 7 Convergence behavior comparison (Lenoach et al., 2005)

The Newton’s method for a single phase system was then applied, as seen in Figure 8.
The solution converge quadratically. After 21 iterations, the system reaches convergence.
The paper demonstrated that the converged result and the real data only have 1 psi’s
difference. Hence the Newton’s method is a feasible approach, which can be applied to
single phase optimizations.

RMS Convergence - Higher resolution permeability field
10 T T T T

RMS mismatch Psi
=]

o 5 10 15 20 25
lterations

Figure 8 Convergence behavior, demonstrating quadratic convergence (Lenoach et al.,
2005)
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In Figure 9, for the two-phase case, the Newton’s method is applied and compared with

the single phase case, and it shows that it converges faster and has a better result. Thus

Newton’s method can be applied to more general two- phase cases.

10

10°

RMS Mismatch Psi

10° b

10

2-Phase and Single phase convergence behaviour

10 F
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—— Single phase
\ i
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\ A N
EERAY N — " .
\;ﬂ"‘\.)/ 3/\ l‘ E
i ]
~g I| ]
| i 1
\ 1| / ]
\ \ {4
A 3
\ '
y
\
\ \
"n
A |
b 4
\
\
.
0 5 10 15 20 25

lterations

Figure 9 Comparison of the single phase and two phase convergence behavior (Lenoach

et al., 2005)

2.3.2 Semi-Analytical Modeling for the Performance of Intelligent

Well Completions

In Valvatne et al.’s paper (Valvatne et al. , 2001), the detailed modeling of intelligent

well performance is presented using analytical method combining with numerical

method.
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Three-dimensional reservoir simulation was used in this model. The governing equation

for the fluid transport is given by Equation (2-5):

92 92 92 d
Koz + ky SE+ k55 = one Sy (2-5)

The Jacobian matrix was used to solve using Newton’s method, as following:

B=-R (2-6)

Both Equation (2-5) and Equation (2-6) will be applied to this study.

After reviewing the previous studies, the well patterned field will be studied with the
optimization protocol to study the impact of flow rate control on ultimate recovery. Both
the analytical analysis and numerical simulation are applied for well pattern field, to
study the impact of adjusting injection and production rates on ultimate recovery and
production efficiencies. A model of well patterned field simulation was established. The
Jacobian optimization method was applied. The optimization of production rate and
injection rate are calculated and adjusted every time-step to achieving the maximum
production rate per day for a five spot well pattern. Other well pattern conditions are also
simulated to examine the feasibility of this optimization approach. Tests of the most

efficient optimization objective function are compared and discussed.

3. Analytical Approach of Flow Rate Optimization

In this study, the analytical solution and numerical modeling are both implemented to
examine their feasibility in optimization production. In terms of developing an analytical
solution in guiding optimization, a homogeneous reservoir is defined to simplify the
solution derivation, The analytical solution including both gas and oil phase is derived to

locate the optimized flow rate.



3.1 Gas Reservoir

The pseudo-pressure is defined as follows:

PP
Po pz

@=2f —dp

Define equation of state:

_ pMW
P= TR

Define the equation of continuity:

(V) = - - (p0)

16

3-1)

(3-2)

(3-3)

All the parameters mentioned above are defined as follows:

t: time

p: density

¢ : the volume of flow

Po : the initial reservoir pressure
p : current reservoir pressure

Using Darcy’s law for horizontal flow:

u= -

T | X

p

one would have

0 Py _k b
=) == [E Pl
So that the pseudo pressure/ real gas potential flow is

10 00y _ bcoe
rar(rar)_ k ot

M : viscosity of the reservoir
z : the compressibility factor
MW molecular weight

R: ideal gas constant

T: temperature

(3-4)

(3-5)

(3-6)
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Putting the flow equation into dimensionless groups for radial cylindrical system, one
obtains:

~ (15 52) = 5 (ARy) (3-7)

rop 0rp

where

o= rL Dimensionless radius

w

T . .
do = %C Dimensionless flow rate
]

AR = % Dimensionless pressure change
ivD

1. Whentp<25

1 1

2. Whentp =25
R = %(| f + 0.8 0)9 (3-9)
tp = 208009 (3-10)
By definition,
Ak t
tD UiCir\%/ (3-11)
Thus,
Ak t
o= 04 4687 (3-12)

Matching units on both side, Equation (3-12) turns into Equation (3-13):

A2
t=04 4 'Ack'rw 2Pt (3-13)



In pseudo- steady state, tzD >025

e

2tD 3
Pt 2 + rbD_Z
feD

Calculating the dimensionless time we can maintain the same flow rate from

Equation (3-15) to Equation (3-20):

2'[D Pi—Q
+ | -3
2o e D 4 ((P QD)
_ (pi—@)k h
Os = Zxt e - 3T
re2 HiCi rw Y
2tp -0
—=— + = +
rgD e D ((P QD)

2
t = re MiCi [((P| @)k h_ | he__'_ §]
2 kK gs &T Mw

12 g (@ (p)k h_ r 3
QSct—e II[ : qsél __)]
_ 13 pici(@i-@)k h_r3 pig 23
qsct_ 62}( VT _ez)k (I _) Qs ¢

With the condition from Equation (3-21) to Equation (3-23):
tp
= >025

Akt

ucr2
||W>025

eD

HiG .2
t>0.2 SV e

18

(3-14)

(3-15)

(3-16)

(3-17)

(3-18)

(3-19)

(3-20)

(3-21)

(3-22)

(3-23)
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Since t satisfies Equation (3-24) and Equation (3-25):

_rg mci(@i-@)kh | ro 3
t= = [ oy T I ﬁw—+z] (3-24)
t> 02 5% r2 (3-25)
We would have Equation (3-26):
(pi—@)kh_ | re 3,1 )
[W | ﬁw""4]>2 (3-26)

Realizing g5 s the largest flow rate possible for the pseudo-steady state flow as shown

in Equation (3-27).

(9i-@)k h -
Os c< YT he;_%) (3-27)

3.2 Single Phase Oil Reservoir

Similarly, the dimensionless expressions for pressure, time, drainage radius, and flow

rate could be obtained as below:

Dimensionless pressure: AR, = = (3-28)
Dimensionless time: tpa= % (3-29)
Dimensionless radius: rp = # (3-30)
Dimensionless flow rate: Op = kaq—r;i@ (3-31)
Dimensionless time: tp = Sgrizv (3-32)
For radial-cylindrical flow, A=26 3 7TH (3-33)

y=1412 (3-34)
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The entire producing time can be identified as three different production periods:

1. When the system is infinite acting, the boundary of the field is not affecting the

production by any means.

2. Inthe late transient period

H:

3. During pseudo steady state

1 4 Apa

R=-31 03 Srﬁ,) (3-35)
S 28+ 4 Mo a- F) (3-36)
( 17 arﬁc MRELTY (3-37)

By calculating the dimensionless time, the same flow rate can be maintained before

pseudo steady state. Suppose the longest distance between the well and one point in this

reservoir is r. When every point of this reservoir feels the pressure transients, the field

enters into the pseudo steady state.

Then, time is calculated from Equation (3-38) to Equation (3-40):

o=5 (3-38)
B _

D=t (3-39)
uerf _

S om =t (3-40)

where r is the distance between the first boundary point and the well.
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Thus the total production in infinite acting would be

2
Os ¢ t= rd;u—oclg\sc (3-41)

and at times when system is infinite acting:

2 2
R=11 (tp+ 080 9)0=721 (2+ 0809072 62+ 08 0 0)7 (3-42)

Thus, the pressure at r,, can be calculated by Equation (3-42) using formula for a radial
cylindrical system, when the infinite acting ends. The pressure remains the same no
matter the shape of the reservoir geometry is, at the time when the system is no longer
infinite acting, i.e., when only one point on the boundary is reached by the flow transient.

Thus the pressure can be calculated by Equation (3-43), which transforms into Equation

(3-44):
P-P_ 1 r?
pac= 3 05z +0809)07 (3-43)
2
p:pl-%PIqDl (5o +0809) 7 (3-44)

When the late transient period begins, flow rate remain the same, however the pressure
drops faster than in infinite acting period. The time ends when all the points in this

reservoir is influenced by the well. Thus

i_ 5 3-45
4tp - ( } )
_ 13
17 55 (3-46)
il (3-47)
20k !

where r, is the distance between the farthest point and the well.
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Thus the pressure at the well can be calculated now by the formula for pseudo steady

state for polygon.

1 4A
R=z( frgzc v 4 ™A (3-48)

where C, = €7, F is the shape factor.

P-P_ 1

oo E( i +4 " (3-49)

The well pressure is determined in Equation (3-51):

_p_Pd, . 4A mr3 i
P=R 2 (1 1.7 8rﬁ,cA+ 5A) (3-50)

_p_VYBuss,, . 4A nr3 i
R=R 2kh(| '1'.78r£,cA+5 (3-51)

Since now the system is in pseudo steady state, Equation (3-52) to Equation (3-55) is

satisfied:
R=72+1 oo g (3-52)
o= —o (3-53)
R=po (3-54)

o p= ;= (3-55)
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The maximum flow rate at the time t, in Equation (3-56) can be calculated as from

Equation (3-57) to Equation (3-60):

_ _uor3
tp = =2 (3-56)
2tp 3 Pi-P
2o | p - 3= PP 3-57
rapo e D Pidp ( )
HCr3ak yBgs ¢ 4A mz
_HCToAK sl Pi=(P= S5l pg =2))
2ORPTH 4] -2 (3-58)
rLZG_ M'w 4 Pidp
w
2 2
rs r 3 _ yBgs ¥ 4 A Trs
+ - == A + == -
102 ! f:_ 4 2kIhqD(| 17 81§ Ca SA) (3-59)
gs £/ ﬂ—z— m%)
s 1.7 818, Ca
q= 3 - (3-60)
2( Hgﬂ f'vTZ)

In Equation (3-60), flow rate g should be equal to qs for continuity. Thus,

Trr2 fe_E )
(1 1“78rﬁ,cA 5 2(1®2 rW 4) (3-61)

Where r in Equation (3-61) is equal radius for this field, r, satiesfies Equation (3-62):

a x?+1 r=b (3-62)
where a:ﬁ b= A—ao—+ Ui Sy Ny (3-63)
5’ 178rECh 5A 2

The resulted Equation (3-64) is plotted in the Figure 10:

x2+1 R (3-64)
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Since Function (3-64) is not a polynomial, neither a monotonic function, the minimum
cannot be calculated straightforwardly, for this homogenous one- phase system.
Therefore using numerical simulation to perform the optimization might be a more

feasible method than analytical analysis.

Figure 10 The curve of Function (3-64) showing difficulties to locate minimum value

4 Reservoir Model

A three-phase, two-dimensional black oil reservoir model is developed to be used as an
optimization tool. The definition and data used in this model are discussed in detail
below. The five-spot well patterned field is simulated, with one production well located
at the center, and four identical injection wells located at the corners. Reservoir properties
and initial conditions including permeability, pressure, porosity, viscosity,
compressibility, etc. are described in Table 3. The initial guess for optimized flow rate is
a key parameter in determining the optimized production rate, optimized injection rate, as
well as the resulting water saturation, as main outputs.

The entire model is based on changing the injection and production flow rate to get
optimum recovery from the system. The optimization strategy mainly focuses on

adjusting the injection and production flow rates by locating the optimum scenario via
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objective function. The Newton’s method (Nocedal et al., 2006) is used to update flow
rates according to the objective function.

There are two time loops in this optimization process, for each of the large time step, the
simulation runs from this specified time step till the end of the production period, i.e.
when the maximum flow rate decreases to the abandonment flow rate. During the
simulation of the entire production period, the time is then partitioned as small time steps
to run the reservoir model, to increase the accuracy. For each of this small time step, the
reservoir model would iterate till the convergence of residual is reached, i.e., the material
balance is kept for each convergence of small time step. However for the large time step,
the optimization would not necessarily being reached, for the maximum optimization
iteration step is set as 6 iterations in this thesis. Although it might not converge to the
optimum flow rate toward the maximum value of the objective function, the
improvement is still shown after 6 iterations of optimization. The workflow for this

optimization strategy is represented in the Figure 11:

DDefine initial conditions|
4
Use specified flow rate to run simulation until stop conditions reached|
4
|Ca|cu|ate the numerical derivative of recovery w.r.t. injection/ production rate|

L2

|Change the injection/production rate according to numerical derivatives|

Figure 11 Structure of the optimization strategy

After obtaining the initial simulation results according to the defined initial conditions,
the results including injection and production rate would be analyzed through numerical

derivative, in order to achieve the optimum combination. The predicted combination



injection — production rate would be adjusted in the next iteration run to perform the

optimization.

4.1

Initial Conditions

26

Below is a table of the initial data for variables in the model, these data is extracted from

the chapter project in the book “Basic applied reservoir simulation” in section 8.6

(Ertekin et al. 2001), as well as the PVT data used in 4.2.

Table 3 Initial data of the simulation (Ertekin et al. 2001)

Nomenclature Symbol Data
Gas formation volume factor Bg 68 3 @4RBSCF
Oil formation volume factor Bo 1.4638 RB/STB
Water formation volume factor Bw 1.0263 RB/STB
Reservoir rock compressibility Cr 3¢ %p s
Depth G 4000
Standard condition pressure P 14.7 psi
Initial gas saturation Sg 0.1
Initial oil saturation So 0.6
Initial water saturation Sw 0.3
Permeability permeability mD
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4.2 Preliminary Calculations

4.2.1 Index

In order to define and label the different blocks of the system, the “index’’ is introduced
as a label to identify blocks by their functions: whether it is in the system or whether it is
a well block.
The definition of index in this model is defined as following:
If the block is on the boundary as an imaginary block, the index is 0.
If the block is in the system, but not as a well block, the index is 1.
If the block is in the system and is a well block, the index is 2.

The definition in Figure 12 is used throughout the model.

The line is labeled as ‘i’ and column labeled as j” in the grid system.
l—h i+
i+

Figure 12 Label of directions

4.2.2 Linear Transmissibility

The rectangular grid system is constructed in this model. The linear transmissibility is
the average of area and permeability, defined as shown below:
South:

S 2 Ai(ij) Ai(i+1j) ki(ij) ki(i+1}j)
S EaZ T k() diGr L)AL KiGF1y) diGd)

(4-1)
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Where
A(i,j) is the cross-sectional area normal to i direction of block (i,j), L?, ft2.
A;(i,j) is the cross-sectional area normal to j direction of block (i,j), L?,ft2.
ki(i,j) is the permeability in the direction of the i axis of block (i,j), L2, darcy.
k;j(i,j) is the permeability in the direction of the j axis of block (i,j), L2, darcy.
d;(i,]) is the distance of the center between block (i,j) and block (i+1,j).
d;(i,j) is the distance of the center between block (i,j) and block (i,j+1).

Similarly, the north, east and west linear transmissibility are constructed as shown in

Equation(4-2) to Equation (4-4):

North:
o 2 A(ij) A1) ki(ij) ki(i-1j) )
Wi n ST k) dili- 1)+ AGi-10) ki(-10) d (i) (4-2)
East:
. _ 2 AJ(I,J) Aj(i,j+1) kJ(I,]) kj(i,j+1) _
©in CaK ) k(i) dj(ij+D)+A[(j+1) k(ij+1) dj(ij) (4-3)
West:
2 A(i) AG-1) k(i) kj(ij-1) (4-4)

Wi n EaZ) ) dyli- DA -1 k(-1 b))

4.2.3 Initialized PVT Data

The PVT data used in this model is reviewed in this section. These data are used for

initial conditions for this reservoir model.
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Figure 13 PVT data: oil density
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Figure 14 PVT data: oil formation volume factor

The formation volume factor (FVF) is the definition of the volume of fixed mass of
reservoir fluid varies with change of pressure, i.e., this variable is going to convert the
volume of reservoir fluid at reservoir conditions to standard conditions. In the above
Figure 14, the saturated oil has FVF increased with increasing oil pressure. However in
under-saturated system, the FVVF decreases with increasing oil pressure. This typically
shows that the gas dissolved in oil is going to affect most of the volume change; however

the single - phase oil with no gas is not affected significantly.
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Figure 15 PVT data: oil viscosity

The fluid viscosity is a measure of the ease with which the fluid flows as a result of an
applied pressure gradient, i.e., how the fluid is going to resist to flow as a consequence of
their random movements. In Figure 15, we can see that the oil viscosity is going to
decrease when the pressure is high for saturated oil, but will increase for under saturated
oil. Since gas is extensively compressible, the viscosity is going to increase when
pressure increases. On the contrary, since oil is almost incompressible, the increased
pressure has minimum influence in changing the oil viscosity. Thus for the two - phase
oil gas system, in the under-saturated oil region, the mass of gas in oil remains unchanged
and only the oil component density decrease when the pressure decrease, as a result, the
oil-phase viscosity would decrease when pressure decreases. In the saturated oil region,
both the oil phase and gas phase density changes when the pressure changes. When
pressure decreases, the gas evolves from oil phase so that there would be a lower gas
saturation. This would affect the viscosity as it would increase since the density is higher

for the saturated oil.
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Figure 16 PVT data: solution-gas/oil ratio

The solution-gas/oil ratio is tested at reservoir temperature and pressure, when the
thermal dynamic equilibrium of gas/oil in the system is reached for the transfer of mass
between these two phases. The ratio is also described as solution- gas/ liquid ratio in
black oil models since black oil model doesn’t consider the gas solution in water.

However, in this model, there is also gas dissolved in water.
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Figure 17 PVT data: water density
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Figure 18 PVT data: water formation volume factor
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Figure 19 PVT data: water viscosity
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Figure 20 PVT data: gas density

Gas density is normally given by the real-gas law:
M
Py = TR+ (4-5)
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Figure 21 PVT data: gas formation volume factor
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Figure 22 PVT data: gas viscosity
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Figure 23 PVT data: oil/water relative permeability
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Figure 24 PVT data: oil/gas relative permeability
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Figure 25 PVT data: gas/oil capillary pressure
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Figure 26 PVT data: oil/water capillary pressure

4.3 Detailed Time Loop

Figure 27 shows the detailed calculations prior to the time loop. Optimized flow rate is
updated after each time loop, which goes from the beginning of the production till the
total depletion. For each time loop, the Jacobian is calculated based on the last optimized
flow rate or the initial setting. The variables including recovery from the time loop the

water saturation, and time for the entire production period are calculated, as well as their
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derivatives, which constructs the Jacobian. The J function optimization objective function
with respect to these principle variables, and can be calculated based the Jacobian.
The pair of injection-production flow rates is updated according to the J function. Then

the next time loop starts from the initial status of the field with the new flow rates.

¥

Calculate Jacobian w.r.t. specified flow rate|
L 4
|Ca|t:u|ate recovery/ time/ average water saturation with specified flow rate|
g

|Ca|cu|ate the first order derivative of recovery/ time/ average water saturation|

[Calculate J function according to derivatives
hd

|Update flow rate w.r.t. J function to optimize recovery/time/ average water saturation

Figure 27 Detailed calculations prior to the time loop

4.4 J vector

The optimization objective is represented as a vector in this study, defined as following:
J=[a d(r eco)er(ly-a d ﬁ’av(gd a direco)ygt(l-a

d &,., ng] (4-6)

where ais a coefficient0< a< 1

d(r e c o)y gsrthg first order derivative of recovery w.r.t. oil flow rate.

d Sw dlgois, the first order derivative of average water saturation w.r.t. oil flow rate.

Similarly, d(r e ¢ o)y gigthe first order derivative of recovery w.r.t. water injection

rate.

dSs N g, is the first order derivative of average water saturation w.r.t. water injection

rate. By calculating the vector and updating the flow rate with respect to the vector, one
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can balance the maximization of the recovery and minimization of the average water
saturation.
The iteration for calculating the J vector and updating principle unknowns are as shown

in Figure 28:

|Ca|cu|ate the ) vect0r|

4

[Check the absolute value of the J vector] s [if smaller than tolerance, return valug|

p.

If larger than tolerance]

-

|U pdate the oil production rate, water injection rate according to the J vectod

Figure 28 Loop for calculation of J vector

The absolute value of J vector is checked and compared with tolerance after each time
loop before updating the pair of injection-production rate, to determine if the
optimization process needs to continue for next iteration.

When updating the oil production rate, water injection rate, the following functions are

used:
Qoinle w= doi ¥ O X1) (4-7)
Qwat gay= Awat &0 JX2)
Where q, i, IS the updated oil flow rate, g, ; is the specified oil flow rate from the last
iteration step.
o is the amplifier for the change of principle unknown, and is defined as following:

o= 1 0 & the first iteration step.

100 . .
o= at the rest of iterations.
numbefiterati on
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The definition of a makes it more accurate and effective towards the convergence since
the assumption is defined as the closer the convergence point is, the smaller step is

needed for accurately going to the converge.
4.5 Main Module of the Reservoir Simulation

The main module of the reservoir model is using specified oil production rate and water
injection rate to calculate the variables of production period, including the resulted water
saturation, oil recovery and reservoir pressure, until a minimum production rate reached
and the field would be considered to be depleted. The sub-module for reservoir model is

shown in Figure 29:
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Initial data input
4
IPVT data initialization|
4
ICalculate the platform sand face pressure and minimum sand face pressure]
4
If the current sand face pressure can sustain production rate [w= o, stop producing]
4
h’es, next time 5tep|
A 4
Iteration loop starts|
¥
[Update PVT datd
¥
ICalculate residue for each block
4
ICalculate first order numerical derivative of residue w.r.t. principle unknowns|
¥
IConstruct the Jacobian matrix|
4

IConstruct the residue vector
\ 4

labsolute value smaller than tolerance, break| 4m jupdate Residue vector]

4
l Inbsolute value larger than tolerance, return to iteration loop beginning ==

ICalculate current sand face pressure)

Figure 29 Module of reservoir model

After initializing the PVT data according to the pair of injection-production rates from
last time step, the flow rates are checked to determine if it needs to be adjusted or the
field would stop producing. After adjusting the flow rates, the PVT data are recalculated,
and for each block of the grid system, the residue and its first order derivative are

calculated, the Jacobian is constructed and the flow rates are updated accordingly.
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4.5.1 Specification of Production according to Pressure Calculations
There are two pressures needs to be calculated before the time step starts, in order to
specify the production type between sandface pressure specified and flow rate specified.
One is the platform pressure, which is the oil pressure that can sustain the specified

production rate. The formula is shown in Equation (4-8):

0pI atf( Jr)m

— 0 éj) Ho i(i4) Boi(iJ) )
=14+ dogpecll )+ S k)|2nkr(u1) (ki(ij) kj(ij)%5 t hi c k(hjke s s (4-8)

This formula is well known as the Peaceman formula.
where
Roo 1 a1 ¢ Gip), 1s the oil face pressure that can sustain the specified production rate
at block (i,j).

Jos p g$:.the oil production rate specified.

r @,j) is the drainage radius.

Rw is the wellbore radius.

skin is the skin factor, which represents near-wellbore damage or stimulation,
perforation, and partial- penetration effects.

B, i is the oil formation volume factor.

Mo i i the oil viscosity.

k r iethe oil relative permeability.

ki, k; are the permeability of direction i and j, respectively.

thickness(i,j) is the formation thickness at block (i,j).
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The other pressure needs to be calculated is the oil pressure when the well stops

producing, the formula is in Equation (4-9):

S r 6) . o i(id) Boi(ii) )
Fomi (1) = L&+ Qo (I O) + 8 K)ighy r @) (ki(1) k()95 t hi c k(e s s (4-8)

4.5.2 Specify Well Conditions

The well condition in this model is determined by specified flow rate. When the well is
producing at the specified oil rate, the flow rate for water or gas phase is calculated with
respect to the mobility of the phase, based on relative permeability, viscosity and
formation volume factor. The mobility of three phases are shown in Equation (4-9) to
Equation (4-11):

kr o

MO - Mo Bg (4-9)

M, = —rw 4-10
W Hw Bw ( )

Mg = —r8 (4-12)
97 ug Bg

and then the flow rate is specified by the condition in Equation (4-12).
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The distribution of flow rate between phases is proportional to the mobility.
Jo:Qw:dg = Mo My, : Mg (4-12)
However, when a well is not producing at constant flow rate, i.e. not on the Plato rate,
the flow rate then is determined by the current sand face pressure or the minimum flow
rate by the Peaceman formula, the permeability used is the geometric mean of both
directions.

WhenQO > Omi ni mum

Mw

05 .

dw = 2 T(ki kj) thick@®esh) TS s ki n (4-13)
05 . M

qg =2 T[(ki kj) t hick (]P@—S%) mi N (4-14)

Calculation of the Upstream Pressures

The main loop for this model is based on repeated calculation of residual at each
iteration level.

The goal for this residual calculation is to calculate the numerical differential in each
direction for each block (i,]) by adding a & value to the pressure of each block separately.
Since it is difficult to change the oil pressure for a little and change it back, this model
used five labels to represent oil pressure for the block (i,]) to calculate derivatives from
each direction.

The calculation of upstream pressure ¢ starts from each block in the entire grid. For each

blocka t o ¢ a(t,j), ealoulate the upstream as follows:
boi(i) = Rilid) = =, Poi(i)) i) (4-15)

Where
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P, i i oil pressure,
Po i i the oil density,
Gis the gravity factor of that block.

The entire loop scans through all the blocks in the system. For each iteration, when the
block (i,]) is considered, mark the block in the i+ direction as (i ,1), and mark the block
in the i- direction as (i ,2). Similarly, mark the block in the j+ direction as (i,j )1 and the
block in the j- direction as (i,] 2

When calculate the upstream pressures ¢, the oil upstream pressures of adjacent blocks

are also calculated and stored as ¢ ; ,00; o 1q>0j ,Similarly, the water pressures of
adjacent blocks are stored as ¢y, 4§ ; 2¢Wj 1¢w,- 5

Calculation of the Transmissibilities

The transmissibility is calculated based on the upstream pressures. The relative
permeability used for the transmissibility is the block with higher upstream pressure.
For example, when calculating the south transmissibility ( the transmissibility between
block (i,]) and block (i + 1,j)):

If the upstream block is (i,]), i.e., the pressure ¢ at block (i,]) is larger than the ¢ at

block (i + 1,j):

N e g K r (o)) ]
Soilhi) = s i nbid} 4 (=T B G ) B G0 (4-16)

If the upstream block is (i + 1,j) , i.e., the pressure ¢ at block (i,j) is smaller than the ¢
at block (i + 1,j):

k r(o+1))
(Mo i (i+ 1)+ Mo i(ii)) (Bo i(i+1)+Bo (i)

Soi(hj) = s i nbid) 4 (4-17)

The same stands for water and gas calculations.



45.5 Calculation of the Residuals

The residual is based on the material balance equation.

Or i gainla hbel otcFkl aw F I cows Oirle ma ihrhbel o c k

Flow-in from each direction is calculated as follows:

1O Sor 1 (R i+ L) - By - &, 220l g4 1 ) - Gilj)))

1 Poij 16i—1))+po i (i)

oW, Fhoi(ih)) (Ridi-1)-Ri)-7,———— (@i-1j)-dij))
_ .. .. .. 1 Poijlii’j+1)+Poi(i’j) .. ..
fF1oweseii) (Ry i+ D)-Ril)-7,———— ([ ij+1)-dij))

1O o7 Woilid) (Poy (Li= 1) = Poi(id) = 2, (Poy ifii = D+ poii))  (GLi- 1) - Gi.]))

The change of oil in the block

_ Vi) . sat undijp _sat urmgit @i
QiTgerm POT OB (5ms Boig () )

The residual is calculated as:

Re s iodid)es f Woi 1, hf Wi, .+ T Woi 4T Wi ., 7% (b)) — Qi)

And residue should be approximately zero, to make the material balance equation valid

and the simulation results reliable.

(4-18)

(4-19)

(4-20)

(4-21)

(4-22)

(4-23)



4.5.6

Jacobian Matrix Construction
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The idea of constructing this Jacobian is based on the Optimization method used. It is

constructed as shown in Figure 30.

Ro1,1

Rw1,1

Rgl,1

Ro1,2

Rw1,2

Rgl,2

Ro1,3

Rw1,3

Rgl,3

Ro2,1

Rw2,1

Rg2,1

Ro2,2

Rw2,2

Rg2,2

Ro2,3

Rw2,3

Rg2,3

Ro3,1

Rw3,1

Rg3,1

Ro3,2

Rw3,2

Rg3,2
Ro3,3

Rw3,3

Rg3,3

delta
Pol,1

delta delta delta delta delta
Swl,1 Sgl,1 Pol,2 Swl,2 Sgl2

delta delta delta
Pol,3 Swil,3 Sgi,3

delta
Po2,1

dRo11

dRo11/ dRo1l/ dRo1l/ dRoll/ dRoll/ dRoll/
dPoll dSwil dSgll dPol2 dswil2 dsgl2 0 0 01
dRw11/ dRw11/ dRw11/ dRw11/ dRw11/ dRw11/
dpoll dSwil dSgll dPol2 dswi2 dsgl2 0 0 01

dRgl1/ dRgll/ dRgll/ dRgll/ dRgll/ dRgll/

dPoll dSwill dSgll dPol12 dSwi2 dSgl2 0 0
dRo12/ dRo12/ dRol12/ dRol12/ dRo12/ dRol2/ dRo12/ dRo12/ dRol2/
dPoll dSwill dSgll dPol2 dSwl2 dSgl2 dPol3 dSwi3 dSgl3
dRw12/ dRw12/ dRw12/ dRw12/ dRw12/ dRw12/ dRw12/ dRw12/ dRw12/
dpoll dSwill dSgll dPol2 dSwl2 dSgl2 dPol3 dSwil3 dSgi3
dRg12/ dRgl2/ dRgl2/ dRgl2/ dRgl2/ dRgl2/ dRgl2/ dRgl2/ dRgl2/
dpoll dSwill dSgll dPol2 dSwi2 dSgl2 dPol3 dSwi13 dSgl3
dRo13/ dRo13/ dRo13/ dRol13/ dRo13/ dRol3/
0dPol2 dSwl2 dSgl2 dPol3 dSwi3 dSgl3
dRw13/ dRw13/ dRw13/ dRw13/ dRw13/ dRw13/
0dPol12 dSwil2 dSgl2 dPol3 dSwi3 dSgl3

dRg13/ dRgl3/ dRgl3/ dRgl3/ dRgl3/ dRgl3/
0dPol2 dSwl2 dSgl2 dPol3 dSwi3 dSgl3

/dPo2

/dPo2

0

dRo21

dRo21/ dRo21/ dRo21/
dPoll dSwill dsgll 0 0 0 0 0 01
dRw21/ dRw21/ dRw21/
dPoll dSwill dsgll 0 0 0 0 0 01

dRg21/ dRg21/ dRg21/
dPo1l dswil dsgll 0 0 0 0 0

dRo22

dRo22/ dRo22/ dRo22/
0dPol2 dSwil2 dSgl2 0 0 01
dRw22/ dRw22/ dRw22/
0dPol2 dSwil2 dSgl2 0 0 01

dRg22/ dRg22/ dRg22/

0dPol2 dSwi2 dsgl2 0 0
dRo23/ dRo23/ dRo23/
0dPo13 dSwi3 dsgl3
dRw23/ dRw23/ dRw23/
0dPol3 dswi3 dsgl3

dRg23/ dRg23/ dRg23/
0dPol3 dSwi3 dsSgl3

0

dRo31
/dPo2 dRo31/ dRo31/

0 0 0 0 0 0 0 0 01

Sw2,1 Sg2,1

0

0

0

0

0

dSw21 dsg21

delta delta delta
P02,2 Sw2,2 Sg2,2

delta
Po2,3

dRo11/ dRol1/
dsw21 dsg21
dRw11/ dRw11/
dsw21 dsg21

0 0 0 0

0 0 ] 0

dRg11/ dRgl1/ dRgll/
0dPo21 dSw21l dSg21

0 0 0 0
dRo12/ /dPo2 dRo12/
0dPo22 2 dSg22 0
dRw12/ dRw12 dRw12
0dPo22 /dSw2 /dSg22 0
dRg12/ dRgl2 dRgl2/
0dPo22 /dSw2 dSg22 0

delta delta
Sw2,3 Sg2,3

0

delta delta delta
Po3,1 Sw3,1 Sg3,1

delta delta delta delta delta delta
Po3,2 Sw3,2 Sg3,2 Po3,3 Sw3,3 Sg33

0 0 0 0 [ 0 0 0 0 0

/dPo2 dRo13/ dRo13/

0 0 0 03

dSw23 dSg23

dRw13 dRw13/ dRw13/

0 /dPo2

dSw23 dSg23

dRg13/ dRg13/ dRw13/

0 0 0
dRo21

0 dPo23

/dPo2 dRo21/ dRo21/ dRo21/ /dSw2 dRo21/
 dsw21 dsg21l dPo22 2
/dPo2 dRw21/ dRw21/ dRw21/ /dSw2 dRw21
dsw2l dsg2l dPo22 2

_dsg22 0

/dsg22 0
dRg21

dRg21/ dRg21/ dRg21/ dRg2l/ /dSw2 dRg21/
0dPo21 dsw2l dsg2l dPo22 2

dsg22 0

dRo22 dRo22

/dPo2 dRo22/ dRo22/ dRo22/ /dSw2 dRo22/ /dPo2
dSw2l dSg21 dPo22 2
/dPo2 dRw22/ dRw22/ dRw22/ /dSw2 dRw22 /dPo2
dSw21 dSg21 dPo22 2

dsg22 3

/dsg22 3
dRg22

dRg22/ dRg22/ dRg22/ dRg22/ /dsw2 dRg22/ dRg22/
0dPo21 dSw2l dSg21 dPo22 2

dsg22 dPo23
dR023/ dRo23 dRo23/ dRo23
0dPo22 /dSw2 dSg22 /dPo2
dRw23/ dRw23 dRw23 dRw23
0dPo22 /dSw2 /dSg22 /dPo2
dRg23
dRg23/ /dSw2 dRg23/ dRg23/
0dPo22 2 dsg22 dPo23

dRw31 dRw31/ dRw31/

0/dPo2 dSw21l dSg21

dRg31/ dRg31/ dRg31/

0dPo21 dSw21l dSg21

0 0 [ 0
dRo32
dRo32/ /dSw2 dRo32/
0dPo22 2 dSg22 0
dRw32/ /dSw2 dRw32
0dPo22 2 /dsg22 0
dRg32
dRg32/ /dSw2 dRg32/
0dPo22 2 dsg22 0
dRo33

0 0 0 0 /dPo2

dRw33 dRw33/ dRw33/

0 /dPo2

dRg33/ dRg33/ dRg33/

0 dPo23

dsw23 dsg23

0

0

0

dRo22/ dRo22/

dSw23 dSg23

dRw22/ dRw22/

dSw23 dSg23

dRg22/ dRg22/

dSw23 dSg23

dRo23/ dRo23/

dsw23 dsg23

dRw23/ dRw23/

dsw23 dsg23

dRg23/ dRg23/

dsw23 dsg23

0

dRo33/ dRo33/

dsw23 dsg23

dsw23 dsg23

dSw23 dSg23

Figure 30 3 by 3 Jacobian matrix structure
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The goal of this construction is to represent each block as a 3 by 3 matrix, and is in the

order as following:

dRoi 1 dRgi |  dRgj |
dF)oil dSwat er dsgas
dRwat er dRwat er dRwat er
dPoiI dSwat er ngas
dRg a s dRg a s dRy a s
[ dF)oil dSyat er dsgas]

(4-24)

1. First line is the derivatives of oil residual with respect to three principle
unknowns respectively, in the order of oil pressure, water saturation, gas
saturation.

2. Second line is the derivatives of water residual with respect to three principle
unknowns respectively, in the order of oil pressure, water saturation, gas
saturation.

3. Third line is the derivatives of gas residual with respect to three principle
unknowns respectively, in the order of oil pressure, water saturation, gas
saturation.

The entire Jacobian is constructed as follows:

1. Each block is the same pattern and is in the order as the main diagonal line lies all
the derivative of the pressures of blocks w.r.t. the principle variables of the same
block. For each block (i,]), the diagonal 3*3 matrix is the derivatives of the
residual w.r.t. the oil pressure, water saturation, gas saturation of the block (i,j),
respectively. And the main diagonal scans the entire grid system row by row, in

the order in Figure 31:
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bl (Llk 0
[ ]
0 bl o33k

Figure 31 The Jacobian construction

2. On each row of the Jacobian, the left side of the diagonal (upper diagonal) is the
derivative of the residual of the center block (the block on the diagonal) w.r.t. the
principle unknowns of the block left to the center block; the right side of the
diagonal (lower diagonal) is the derivative of the residual of the center block w.r.t.
the principle unknowns of the block right to the center block. Similarly, on the left
side of the upper diagonal lies the derivative of residual of the center block w.r.t.
the principle unknowns of the block above the center block; on the right side of
the lower diagonal lies the derivatives of the residual of the center block w.r.t. the
principle unknowns of the block below the center block. As shown in Figure 32,
the fourth from the left lies on the main diagonal.

dRes{(ijJue dRes{(iiJudRes{i,ukRes(i,ue dRes {i,J.ue
d(i - 1,j) d@i,j- 1) d(i,j) d@i,j+ 1) d(i + 1,j) ]

Figure 32 Structure of each row of the Jacobian matrix

4.5.7 Update of the Principle Variables

After constructing the Jacobian, the principle variables are updated by adding a o value
to the principle variables. This 9 is calculated as following:

1. Put all the residual in one column, the structure is shown in Equation (4-26):

b | L1k
] (4-25)

Ro wg— [ .
bl 3k
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For each of the block, put the residual in the order shown in Equation (4-27):

b I dig)k= [Rwat €d)] (4-26)
Ry a.])
Calculate the by dividing R, \, oy J a ¢ o ¢howa in Equation (4-28):
d0=Jacol/lRjugn (4-27)

2. Add this delta to the original principle unknowns:
For the i; yyow of &:
If remainder (i/3) = 1, add it to the oil pressure of the corresponding block.
If remainder (i/3) = 2, add it to the water saturation of the corresponding
block.
If remainder (i/3) = 0, add it to the gas saturation of the corresponding

block.

5. Results and Discussion

5.1 Case Study | — The Effect of Production Rate on Objective

Function
The first test was dedicated to determining the best optimization objective function.
Different initial injection and production rate were tested to see the effect of initial
conditions on the objective function.
In Table 4 and Figure 33, the objective function is monotonically increasing when the
injection rate increases. The objective function is recovery multiplied by a constant, and
it increases with the flow rate when the system is depleted in a short period of time, since

the flow rate would not affect the production time significantly. Thus different initial



condition would give different results. As a result, the objective function needs to be

revised by adding more variables. When the objective function is considering both

recovery and average water saturation, this situation was changed, as shown in case Il.

Table 4 Case study | - the effect of production rate on objective function
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T _ recovery
Objective function= 05 ﬂg 05 T ec ov(@@Orly
Initial g, 500 550 600 700 800 900 1000
Initial q,, -100 | -100 | -100 | -100 | -100 | -100 | -100
dg 0.20 0.17 0.13 0.11 0.11 0.12 0.11
dg 0.03 | -0.03 | -0.04 | -0.04 | -0.03 | -0.03 | -0.03
Objective function | 393.95 | 409.48 | 424.00 | 450.15 | 471.75 | 490.79 | 505.52
5.1
4.9
4.7
5
*é 4.5
3 43
2
o 41
© 3.9
3.7
35
500 550 600 650 700 750 800 850 900

Produciton rate (STB/D)

Figure 33 Case study I - objective function vs production rate
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5.2 Case Study Il — The Optimized Production and Injection Rates

The test was conducted with an initial guess of oil flow rate of 550 STB/D, and the
water injection rate 100 STB/D. The initial guess was based on the various tests done
with the model, so that the production can sustain for a period of time that is not too long
nor too short, thus the recovery can be calculated. If the initial guess of flow rate is too
high, the production time will be too short to show recovery variation. The well pattern

used for this case is shown as in Figure 34:

9, ®
&

9, 8,

Figure 34 Case study Il - five-spot well pattern

The production well is in the center, while there are four identical injection wells around
it.

The objective of this test is to find the optimized oil production rate and water injection
rate, such that the objective function get the maximum value.

The objective function here is shown as below:

Obj ectai veec 0¥ €Ll-¥) Syat gyerage (4-1)

Here ' as'a coefficient to control the percentage of importance of every circumstance
so that this function is more general and typical for optimization purposes.
The optimization has a maximum iteration number of 6, which means that after six

iterations, although it might not meet the condition that the derivative of the objective



function is considerably negligible, it still returns the most closed result to the

optimization to accelerate the process.

In this case study, the coefficient in front of recovery was set to be a= 0.1.
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The result is shown in Table 5 and Figure 35, both Table 5 and Figure 35 show the

recovery comparison of each 10 days as well as the total recovery and the average

recovery per day. Although the total recovery for 60 days increased less than 5%, the

operation time was reduced from 60 days to 52 days, which showed a 16% increase in the

average daily recovery. Thus, the optimization shows a significant effect on the

efficiency of production in this case.

Table 5 Case study Il - recovery comparison

Days 10 20 30 40 50 52 60 Total Average
Recovery with
7804.72 | 8670.63 | 7949.62 | 4473.22 | 3565.83 | 848.10 | 848.10 | 33312.11 | 640.62
optimization (STB)
Recovery without
5500 5500 5500 5500 5500 1100 | 5482.10 | 32982.10 | 549.70

optimization (STB)
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Figure 35 Case study Il - recovery comparison
Figure 36 and Table 6 show the oil flow rate comparison between the optimization case
and the case without optimization, the optimized case has a significantly higher
production rate in the beginning of the production period. Although the production rate
would be lower than the initial guess case without optimization after 20 days, the
production process ends faster and the optimized case is thus more productive.

Table 6 Case study Il - flow rate comparison

Days 10 20 30 40 50 52 60 Average

Oil flow rate (STB/D) 867.06 | 864.02 | 447.32 | 441.30 | 441.30 | 441.30 | ------ 640.62

Initial oil flow rate (STB/D) | 550 550 550 550 550 | --—--- 548.21 | 549.70
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Figure 36 Case study Il - oil flow rate comparison

Table 7 and Figure 37 shows the comparison of the water injection rates between the
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optimized case and the case without optimization. The negative rates represent injection

rates, comparing to positive data representing production rates. Although the injection

rate of water is much higher than the original plan, it leads to a higher oil production as

shown in Figure 36, and the water saturation remained the same as original water

saturation.
Table 7 Case study Il - water injection rate comparison
Days 10 20 30 40 50 52 60
Injection with optimization (STB/D) -156.19 | -201.07 | -230.47 | -107.35 | -108.42 | -108.47 | -
Injection without optimization (STB/D) | -100 -100 -100 -100 -100 | - -100




Water injection rate (STB/D)

-290

-240

-190

-140
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—@— injection with
optimization
(STB/D)

—@— injection without

optimization
(STB/D)
[ . . 4 \ 4
10 20 30 40 50 60 70  Vime (days)

Figure 37 Case study Il - water injection rate comparison



55

Revision of test two:

1. The code would crash at the point when the initial guess is higher than the
maximum flow rate possible due to the flow rate check was made after each
iteration.

The model is modified by adding a ‘STOP’ trigger in the entire code in each
loop to check the flow rate before the iteration starts.

When the initial guess is too high, it will show ‘stop producing’ on the screen
and stop the entire loop.

2. The model was modified so that all the data would be recorded after each time
step, not to record all the data, but to avoid starting from the beginning for the

following tests, as it takes an hour for each time step.

5.3 Case Study 111 —The Effect of Objective Function on Efficiency
of Optimization

The previous tests were mainly focusing on production and injection rates influence’s
on the optimization. This test is focusing on searching the most suitable objective
function to run the simulation more efficiently.

As previously stated, the objective function is in the following form:

Obj ectaiveec oV €% Syatgverage (4-28)

The coefficient ‘a’ is crucial because it determines the importance of each optimization
conditions. However, since the recovery and water saturation is not on the same level of

measurement, the objective function is revised as:

. . recovegy
OO¢Ct:F'V_%_+SNat§\r/earge (4-29)



Several tests of different a is shown below:
o = 1000, 500, 250 fail to converge.
o = 200, converged after 12 iterations.
The data for each iteration step when a = 2 0 i3 shown in Table 8.

Table 8 Case study Il - data of each iteration when =2 0 0

Iterations 1 2 3 4 5 6

Production/Day 458.08 485.36 507.03 523.30 540.61 558.46

Time 72 68 65 63 61 59

546.17 581.66 611.59 644.95 678.63 713.10

-106.68 -114.26 -122.43 -129.23 -135.86 -142.28

0.23 0.18 0.15 0.17 0.17 0.17
-0.03 -0.03 -0.04 -0.03 -0.03 -0.04
Iterations 7 8 9 10 11 12
Production/Day 577.02 587.76 598.41 609.81 621.05 623.88
Time 57 56 55 54 53 53

737.91 760.35 787.27 811.54 833.54 851.95

-150.30 -158.42 -165.63 -173.01 -180.51 -188.18

0.12 0.11 0.13 0.12 0.11 0.09

-0.04 -0.03 -0.03 -0.03 -0.04 -0.04

56



57

Since the average flow rate/ day only shows the short - term recovery rate, the increase
in of this number would possibly shorten the life of the field. Thus, the objective function

was changed into 0.5* average rate + 0.5* total recovery.

Table 9 Case study 11 - revised objective function converges in 4 iterations

Revised the objective function into 0.5*average rate+ 0.5*total recovery
Production/Day 458.08 556.39 597.44 621.57
Time 72 59 55 53
do 668.52 755.26 816.66 879.21
Ow -124.37 -148.56 -171.79 -190.25
dg 8.43 4.34 3.07 3.13
dg -1.22 -1.20 -1.16 -0.92
Total recovery 32982.10 32827.07 32859.29 32943.36
Objective function 16720.09 16691.73 16728.37 16782.47

As shown in Table 9, the total recovery is in the range of 1 8, while the flow rates are in
the range of 5 0 © 1 6. Thus the objective function would not show an equal importance
of both flow rates and recovery if the coefficient on both parts are the same. This gives an
idea that the objective function would be interfered by the absolute value ratio of two
parts. So that the function was revised by normalize each part with its measurement, so
that the two parts have almost equal ratio. However, since the objective function is
optimized by changing according to the derivative rather than the function itself, the

normalization should be based on the quantity of the derivative.
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The average recovery rate has derivative in the rage of 1~10, while water saturation
derivative is in the rage of 1 0°~1 0°. So that the normalized objective function is in

the form:

Av e rfalgaewfraNavga

When a = 1 0, two cases with different initial guess of flow rate shows the
convergence behavior as in Figure 38. The case with initial guess flow rate equals to 500
converges to 516.0083, while the bottom case with initial guess flow rate equals 400 goes

to 472.2163 after 6 iterations, and shows a continuous increasing behavior.
520

/of-\c . . . -
500

480

_— —@— initial guess 500

—@— initial guess 400
440

420

production rate
I
D
o

400
0 1 2 3 4 5 6 7

iteration steps

Figure 38 Case study IlI - convergence behavior with different initial guess flow rates
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5.4 Summary

From the above three case studies, especially the case study Il of applying optimization
to reservoir simulation to determine the most suitable water injection and oil production
rate of a five-spot well patterned black oil field as shown in Figure 34 and Table 3, is
proved to increase the economic efficiency of the reservoir. The optimization would not
only limit to increase production, but can be used for various purposes by changing the
variables of the objective function as shown in case study I. Determining the most
suitable objective function is also essential for the optimization: for a specific purpose of
the simulation, finding the most effective objective function would accelerate the
simulation as shown in case study Il1. In the case study I, the result showed that the initial
guess of the flow rates (both water injection and oil production rates) would affect the
optimization process significantly. An appropriate initial guess will accelerate the
optimization process. The case study Il showed that by setting up a mathematical model
and numerical module of reservoir simulation, the optimization method based on
Newton’s theory applying on the numerical module would increase the ultimate recovery
itself as well as the efficiency of the recovery. The optimized average recovery efficiency
is 16% higher than the original case, and the total recovery was increased by 5%. The
case study 111 showed that finding the most suitable objective function is essential for an
efficient optimization process. Various initial guess would lead to similar optimized
result, but the optimization process takes a longer period if the initial guess is not
relatively close to the optimized flow rate. As shown in Figure 38, the initial guess of 500
STB/D converges in two iteration steps, while the initial guess of 400 STB/D would not

converge after 6 iteration steps.
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By setting up the reservoir simulation module and combining the optimization process
with this module, the influence of flow rates toward the ultimate recovery of a five-spot
well patterned field is studied. Using optimized flow rates for production would not only
increase the final recovery but also would shorten the production time, thus enhance

production efficiency.
5.5 Future work

The future work on this topic would be combining the optimization protocol with a
commercial reservoir simulation software, rather than using the Jacobian iterations as
shown above. Using a commercial reservoir simulator would accelerate the optimization
protocol and generalize the optimization protocol to larger scale reservoir modules,
however, the various settings in commercial simulators might affect the stability of the

optimization protocol, which needs to be discussed in the future.
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