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(a) Facies model (b) Sand SGS (c) Shale SGS  (d) Final model

Figure 2.2 An example of generating a geological model for the research
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Table 3.1 Summary on the simulation setup for 6 cases

The number of models | Use of IGMSS | Type of inverse method
Case 1 400 No None
Case 2 Less than 120 Yes None
Case 3 400 No ES
Case 4 Less than 120 Yes ES
Case 5 400 No Proposed inverse method
Case 6 Less than 120 Yes Proposed inverse method
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Figure 3.2 Various Tls for Field 1, Field 2, and Field 3
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Figure 3.3 Log permeability field and histogram of the reference (Field 1)

Table 3.2 Channel information (Field 1)

Parameters Values
Reservoir type Channel oil reservoir
Facies Sand and shale
Ratio of sand, fraction 0.47
Mean of In(ksqnq), In(Md) 5.34
Mean of In(kgpaie), IN(Md) 2.37
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Table 3.3 Well locations and operating conditions (Field 1)

Well names Locations, coordinate Control mode
Constant injection rate
. (11,11) (300 stbiday)
P1 2.2
P2 (20, 2) Constant BHP
P3 (2, 20) (500 psi)
P4 (20, 20)

Table 3.4 Petrophysical parameters for simulation (Field 1)

Parameters Values
Top depth, ft 2,700
Oil-water contact, ft 3,000
Initial pressure, psi 2,000
Porosity, fraction 0.2
Water 1 at 2,000 psig
Formation volume factor, 1.012 at 0 psig
rb/stb oil 1.011 at 1,000 psig
1.01 at 2,000 psig
Water 48.6
Density of fluid, Ib/ft3
Oil 62.3
Water 1
Viscosity of fluid, cp
Oil 3
Water 5.00E-07 at 2,000 psig
Compressibility, 1/psi
QOil 3.00E-05 at 2,000 psig
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(c) Case 5 (b) Case 2 (@) Case 1

(d) Case 6

Figure 3.9 Channel information distribution for Case 1, 2, 5, and 6 (Field 1)
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(a) The reference field
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Figure 3.10 Log permeability field and histogram of the reference (Field 2)

Table 3.5 Channel information (Field 2)

Parameters

Values

Reservoir type

Channel oil reservoir

Facies Sand and shale
Ratio of sand, fraction 0.39
Mean of In(kggnq), IN(Md) 581
Mean of In(kspaie), IN(Md) 1.80
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Table 3.6 Well locations and operating conditions (Field 2)

Well names Locations, coordinate Control mode
Constant injection rate

. (23, 23) (300 stbiday)
P1 2.2
P2 (23, 2)
P3 (44, 2)
P4 (2, 23) Constant BHP
P5 (44, 23) (500 psi)
P6 (2, 44)
P7 (23, 44)
P8 (44, 44)
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Table 3.7 Petrophysical parameters for simulation (Field 2)

Parameters Values
Top depth, ft 2,700
Oil-water contact, ft 3,000
Initial pressure, psi 2,000
Porosity, fraction 0.2
Water 1 at 2,000 psig
Formation volume factor, 1.012 at 0 psig
rb/stb oil 1.011 at 1,000 psig
1.01 at 2,000 psig
Water 48.6
Density of fluid, Ib/ft3
Oil 62.3
Water 1
Viscosity of fluid, cp
Oil 3
Water 5.00E-07 at 2,000 psig
Compressibility, 1/psi
Oil 3.00E-05 at 2,000 psig
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Table 3.8 Channel information (Field 3)

Parameters Values
Reservoir type Channel oil reservoir
Facies Sand and shale
Ratio of sand, fraction 0.31
Mean of In(ksqnq), In(Md) 5.93
Mean of In(kgpaie), IN(Md) 1.70
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Table 3.9 Well locations and operating conditions (Field 3)

Well names Locations, coordinate Control mode
11 (5,57)
12 (30, 53)
13 (2, 35)
14 (27, 29) Constant injection rate
5 (50,35) (100 sm3/day)
16 8,9
17 (32, 2)
18 (57, 6)
P1 (16, 43)
P2 (35, 40) Constant BHP
P3 (23, 16) (395 bar)
P4 (43, 18)
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Table 3.10 Petrophysical parameters for simulation (Field 3)

Parameters Values
Top depth, m 3,600
Oil-water contact, m 5,000
Initial pressure, bar 400 at 4,000 m
Porosity, fraction 0.2
Formation volume factor, Water 1 at 400 bar
rm3/sm3 Oil 1 at 400 bar
Water 900
Density of fluid, kg/m3
Qil 1,000
Water 1
Viscosity of fluid, cp
Qil 5
Water 1.00E-05 at 400 bar
Compressibility, 1/bar
Qil 1.00E-05 at 400 bar
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Figure 3.18 WOPR predictions of all cases (Field 3)
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Figure 3.24 Channel information distribution for Case 1, 2, 5, and 6 (Field 3)

95



4, A&

3 ete]

No

ol

JﬁNO

AT-elA= IGMSS, DCT, A<

i

ol

ol
Jlo

o

0

i

2ol

3
g

9%

AR

sl

&

PCASl MDSE

L=
-

IGMSS ]| A]

ﬁo

AT

Al 7] L

i

13
o

3o

°]&

SVM<

B
file)

e

)A

oy

L
T

2. PCA%} MDS

Aot

=
)

Hol A 7HEA

1)

[¢]

2741

o ol

Hr

o
™

ol

oy

A st

SVM&

—

0

4
ol
mmo
=l

o

o

96



a7 ot &

H

_50

ESel 4

KR
=

Ao A= DCTS AEAR A

=
=

s

sith. DCT

7IMe Al

o X
5

ﬁo

T

o

T
I

1o
B
b

el

=K

2ol

Z7] 40070°] =d, IGMSS=Z A

4.

1 o]=5 ES9 A

S

Case 2= A9

e =

T

ks

A=y

]

5

ES®

g o) st
= Z}7} Case 59} Case 6°.% 7g 9]

=
=

X 313+ T}, Case 13} Case 2

E
=

Case 3%} Case 4%

27}

Ptk

S

A3

]_
Aol M AlgE

5|
Rl

]

&

REsL= R

T

Case 6°|H, 7} Alo]A

S

o=

2

1),

1| 'd A 73+ (Field

2

<l

o

|

oA ¥ 13k

= (Field3)

ARE

Ul
=

A

A4l

§9 A 73 (Field 2), 3

2

3]

i

5. Field 19 2% w49 /|47t A3 Adselo]

el
i

pre
=0

4007129 ¢

7]

=

A5}

o
=)

el T

J|

oy

FAI%E Field 2, Field 3¢} 3Fe] m] =7}

J|

ol

)

97



ol

Eix

A
1=

Field 29} Field 3] 4]

| —
R

utekx Case 39 Case 5

9

3t oA A e ETE 8857 o)

Z A
-1 =

=
=

oM At

=
E_

ol

S|

- Y
- -

IGMSS

6.

°
Ar

ofny

ol

ﬁo

or
P
i

o

Ao 144,

A gk

A

ojiy

Case 42]

o
o

at7] of 8 3l

Selg vho}

155
=

A

AN AEAG A=

S ke yu
o - =< —

AT AF7IH <A Case 6

H
.

8.

98



ﬁo

b,

S

o]
Hjn

B/

)

et 2t

59

e 2754

IGMSS

A=

] = & Aot} Es IGMSS

vk wEbA

1ol

~O

Al

Njo
!

sl
)

—
file)

=
N

0

¢+

B

o
ol

—

ju

a

o

o

99



s
pR

_-AU

G

Ho

_EO

2017.

A7 A

oW
To

A

i, A&, p. 25—31.

UM, 2008.

&)
0

wir
.Z%O

o|AE, 2014. AT

, AEdieha, A, p. 22-28.

g2, p. 7-8.

3L

HEZ 2013, A FEAS AL Ant

Al-Anazi, A. and Gates, I1.D. 2010. A support vector machine algorithm to

classify lithofacies and model permeability in heterogeneous reservoirs.

Engineering Geology 114 (3-4): 267-277.

Agbalaka, C.C. and Oliver, D.S. 2011. Joint updating of petrophysical

properties and discrete facies variables from assimilating production data

p——

100



using the EnKF. SPE Journal 16(2): 318-330.

Astrakova, A. and Oliver, D.S. 2015. Conditioning truncated pluri-Gaussian
models to facies observations ensemble-Kalman-based data assimilation.
Mathematical Geosciences 47(3): 345-367.

Astrakova, A., Oliver, D.S., and Lantuéjoul, C. 2015. Truncation Map
Estimation Based on Bivariate Probabilities and Validation for the

Truncated Plurigaussian Model. ArXiv e-prints.

Evensen, G. 1994. Sequential data assimilation with a nonlinear quasi-
geostrophic model using Monte Carlo methods to forecast error statistics.
Journal of Geophysical Research 99(C5): 10143-10162.

Gholami, R., Shahraki, A.R., and Jamali-Paghaleh, M. 2012. Prediction of
hydrocarbon reservoirs permeability using support vector machine.
Mathematical Problems in Engineering 2012: 670723.

Gu, Y. and Oliver, D.S. 2004. History Matching of the PUNQ-S3 Reservoir
Model using the Ensemble Kalman Filter. Paper SPE 89942 presented at
the SPE Annual Technical Conference and Exhibition, Houston, Texas, 26-
29 September.

Gu, Y. and Oliver, D.S. 2006. The ensemble Kalman filter for continuous
updating of reservoir simulation models. In Transactions of the ASME, Vol.
128, Issue 1, 79-87. New York City: American Society of Mechanical

Engineers.

Jafarpour, B. and McLaughlin, D.B. 2007. Efficient permeability

101



parameterization with the discrete cosine transform. Paper SPE 106453
presented at the SPE Reservoir Simulation Symposium, Houston, Texas,
USA, 26-28 February.

Jafarpour, B. and McLaughlin, D.B. 2008. History matching with an ensemble
Kalman filter and discrete cosine parameterization. Computational
Geosciences 12(2): 227-244.

Jafarpour, B. and McLaughlin, D.B. 2009. Reservoir characterization with the
discrete cosine transform. SPE Journal 12(2): 227-244.

Jafarpour, B. 2011. Wavelet Reconstruction of Geologic Facies From
Nonlinear Dynamic Flow Measurements. IEEE Transaction on Geoscience
and Remote Sensing 49(5): 1520-1535.

Jo, H., Jung, H., Ahn, J., Lee, K., Choe, J. 2017. History matching of channel
reservoirs using ensemble Kalman filter with continuous update of channel

information. Energy Exploration and Exploitation 35 (1): 3-23.

Jung, S. and Choe, J. 2012. Reservoir characterization using a streamline-
assisted Ensemble Kalman filter with covariance localization. Energy
Exploration and Exploitation 30(4): 645-660.

Jung, H., Jo, H., Kim, S., Lee, K., and Choe, J. 2017a. Recursive update of
channel information for reliable history matching of channel reservoirs
using EnKF with DCT. Journal of Petroleum Science and Engineering 154,
19-37.

Jung, H., Jo, H., Lee, K., and Choe, J. 2017b. Characterization of various

102



channel fields using an initial ensemble selection scheme and covariance

localization. Journal of Energy Resources Technology 139(6): 062906.

Jung, H., Jo, H., Lee, K., and Choe, J. 2018. Geological model sampling using
PCA-assisted support vector machine for reliable channel reservoir
characterization. Journal of Petroleum Science and Engineering 167: 396-
405.

Kang, B., Yang, H., Lee, K., and Choe, J. 2017. Ensemble Kalman filter with
principal component analysis assisted sampling for channelized reservoir

characterization. Journal of Energy Resources Technology 139(3): 032907.

Kang, B. and Choe, J., 2017a. Initial model selection for efficient history
matching of channel reservoirs using Ensemble Smoother. Journal of

Petroleum Science and Engineering 152: 294-308.

Kang, B. and Choe, J., 2017b. Regeneration of Initial Ensembles With Facies
Analysis for Efficient History Matching. Journal of Energy Resources
Technology 139 (4): 042903.

Kim, S., Lee, C., Lee, K., and Choe, J. 2016a. Characterization of channelized
gas reservoirs using ensemble Kalman filter with application of discrete
cosine transformation. Energy Exploration and Exploitation 34(2): 319-
336.

Kim, S., Lee, C., Lee, K., and Choe, J. 2016b. Characterization of channel oil

reservoirs with an aquifer using EnKF, DCT, and PFR. Energy Exploration
and Exploitation 34 (6), 828-843.

103



Kim, S., Jung, H., Lee, K., and Choe, J. 2017. Initial ensemble design scheme
for effective characterization of three-dimensional channel gas reservoirs

with an aquifer. Journal of Energy Resources Technology 139 (2): 022911.

Lee, K., Jeong, H., Jung, S., and Choe, J. 2013a. Characterization of
channelized reservoir using Ensemble Kalman filter with clustered

covariance. Energy Exploration and Exploitation 31(1): 17-29.

Lee, K., Jeong, H., Jung, S., and Choe, J. 2013b. Improvement of ensemble
smoother with clustering covariance for channelized reservoirs. Energy
Exploration and Exploitation 31(5): 713-726.

Lee, K., Kim, S., Jung, S., Shin, H., and Choe, J. 2014. Channelized Reservoirs
characterization using ensemble smoother with selective measurement data.
This Paper presented at 76" EAGE Conference & Exhibition, Amsterdam,
Netherlands, 16—19 June.

Lee, K., Jung, S., and Choe, J. 2016. Ensemble Smoother with Clustered
Covariance for 3D Channelized Reservoirs with Geological Uncertainty.

Journal of Petroleum Science and Engineering 145: 423-435.

Lee, K., Lim, J., Choe, J., and Lee, H.S. 2017. Regeneration of channelized
reservoirs using history-matched facies-probability map without inverse

scheme. Journal of Petroleum Science and Engineering (in press).
Lorentzen R.J., Flornes, K.M., and Navdal, G. 2012. History matching

channelized reservoirs using the ensemble Kalman filter. SPE Journal
17(1): 137-151

104



Luo, X., Stordal, A.S., Lorentzen, R., and Nz vdal, G. 2015. Iterative ensemble
smoother as an approximate solution to a regularized minimum-average-

cost problem: theory and applications. SPE Journal 20 (5), 962-982.

Navdal, G., Mannseth, T., and Vefring, E.H. 2002. Near-well reservoir
monitoring through Ensemble Kalman filter. Paper SPE 75235 presented at
SPE/DOE Improved Oil Recovery Symposium, Tulsa, Oklahoma, USA,
13-17 April.

Nejadi, S., Leung, J., and Trivedi, J.J. 2015. Characterization of Non-Gaussian
Geologic Facies Distribution Using Ensemble Kalman Filter with
Probability Weighted Re-Sampling. Mathematical Geosciences 47(2): 193-
225.

Peters, E., Wilschut, F., and Leeuwenburgh, O. 2011. Integrated workflow for
computer assisted history matching on a channelized reservoir. Paper SPE
141659 presented at SPE Middle East Oil and Gas Show and Conference,
Manama, Bahrain, 25-28 September.

Sebacher, B., Hanea, R., and Heemink, A. 2013. A probabilistic
parameterization forgeological uncertainty estimation using the ensemble
Kalman filter (EnKF). Computational Geosciences 17 (5): 813-832.

Sebacher, B., Stordal, A.S., and Hanea, R. 2015. Bridging multipoint statistics
and truncated Gaussian fields for improved estimation of channelized
reservoirs with ensemble methods. Computational Geosciences 19 (2):
341-369.

Shin, Y., Jeong, H., and Choe, J. 2010. Reservoir characterization using an

105



EnKF and a non-parametric approach for highly non-Gaussian permeability
fields. Energy Sources, Part A: Recovery Utilization & Environmental
Effects 32(16): 1569-1578.

Skjervheim, J.-A., Evensen, G., Hove J., and Vab@, J.G. 2011. An ensemble
smoother for assisted history matching. Paper SPE 141929 presented at the
SPE Reservoir Simulation Symposium, The Woodlands, Texas, 21-23
February.

Van Leeuwen, P.J. and Evensen, G. 1996. Data assimilation and inverse
methods in terms of a probabilistic formulation. Monthly Weather Review
124(12): 2898-2913.

Zhou, H., Gomez-Hernandez, J.J., Franssen, H.J.H., and Li, L. 2011. An
approach to handling non-Gaussianity of parameters and state variables in

ensemble Kalman filtering. Advances in Water Resources 34(7): 844-864.
Zhou, H., Li, L., Franssen, H.J.H., and Gomez-Hernandez, J.J. 2012. Pattern

recognition in a bimodal aquifer using the normal-score ensemble Kalman
filter. Mathematical Geosciences 44(2): 169-185.

106



ABSTRACT

Ensemble smoother(ES) is one of the powerful optimization schemes for
production data history matching in petroleum engineering. It updates all
available observation data at once and has high calculation efficiency. For
successful history matching using ES, several assumptions should be satisfied.
An average of models should be close to a reference field and petrophysical
properties should follow a Gaussian distribution. Since channel reservoirs
usually have high heterogeneity, they hardly satisfy the assumptions.

In this paper, the three schemes are integrated in ES: initial geological
model selection scheme(IGMSS), discrete cosine transform(DCT), and channel
information update scheme. In IGMSS, reservoir models are reduced in
dimension and visualized in two-dimensional(2D) plane. Then, the transformed
models are classified using support vector machine(SVM). DCT figures out
main channel features by extracting out essential coefficients which represent
overall channel characteristics. Channel information update scheme can
assimilate channel information of ensemble models close to the reference,
maintaining a bimodal distribution of parameters.

The proposed method is applied to three fields to test its applicability:
simple 2D field, complex 2D field, and 3D field. The suggested method can
maintain channel properties and bi-modal distribution and solve over-/under-
shooting problems in cases of high uncertainty and a large number of grids.
Moreover, it provides reliable prediction of future productions. The proposed
method can be helpful for making proper and reasonable decisions in operation
of petroleum production.

Keywords: ensemble smoother, initial geological model selection scheme,

support vector machine, discrete cosine transform, channel information update
Student number: 2013-21026
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