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Fig. 1.1 Static data for reservoir characterization(Remy et al., 2009).



Dynamic data integration

Well informations: well production rates, ratio of production rate, bottomhole pressure
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Fig. 1.2 Dynamic data for reservoir characterization: PUNQ-S3 reservoir
model.
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Fig. 1.3 Concepts of forward and inverse modelings.
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Table 1.1 Features of EnKF method

Categories Features

Real-time assimilation

Easy-coupling with forward models

Advantages Various applications for model parameters

Uncertainty analysis

Well-established in Mathematics

The mean of ensembles is true.

Assumptions
Normal distribution

Overshooting

Problems

Filter divergence
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divergence) A7} R EATH(Y5=Z, 2008; Park and Choe,
2006; Aanonsen, et al, 2009; Jeong et al, 2010; Oliver and

Chen, 2011).
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EnKFE wgA= e 7idEs S8 Hd=as sdAY vE 7Ive
F7LR FHsRR QAo T ITh

T oRAR Aderd EeAAdS aeskA X8kt Jafarpour
and McLaughlin, 2009b; Sarma and Chen, 2009; Lorentzen et al.,
2009; Wang et al, 2009). 82-F4 vl dAo] & ALAFZ
SAoR Q8 V|PFEHARIC] FxFEe) FARSHA A 7]

ol Tt mebq Z7|pEel 2R ANE AP AT 5 9
o417
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stt} (Jafarpour and McLaughlin, 2009a, 2009b; Sarma and Chen,
2009; Lorentzen et al, 2009; Wang et al, 2009). 2] AFZ=

33919 Wk ol Al X AANE AUARF S48
o

2 Qg vd & gtk webkd 349 AYAFZ

é

3
9 oWAE @ARAER ohw S @S wWHol

Atd HEEVIRZINM S AREE] ojew R obyEh dwRbAQl
W o] HA Xeta 54 A-gelwt AE7ss dA7E St

2 Ad 7Y T dFe AEAFA st
WAHANHETE We FAE B (Sarma and Chen, 2009;

Lorentzen et al, 2009). wztx Aitolgs wreEx

TR FYA
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Initial ensembles
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Tra 'nj.ng i.Inage & core

Static data

inte graﬁon

6
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3
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Distance-based
method

1
Hausdorft distance \\ .t

t

Multidimensional By '
N Fss .
scaling =

K-means clustering

S
o B s
1 mteglatlon
Ve
08
Updated ensembles
0.6 Permeability [log-md]
E 25 20
o4 20 25 : 20
- (P90 | |Ps0|| (P10 Performance Rk P
L. 10 20
prediction 5 1: 15 o
0 59 10 o
250,000 260,000 270,000 280,000 290,000 300,000 o A
4 Field oil production [STB] y L s Ns

Fig. 1.4 Procedures for channelized reservoir characterization.
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FAS  Agst 9ot g'S EAE S Edgold
olu] A (training image, TD Z5-H ZA1F-g&5S dof RAJAGS
ARG 2 AT Tl AAE MEEZ AFTY SA500]

TRl oE@A EExEHJ=Ad dF Ars P A =

A BRIEANS  dorsly] 98 wEeaRe  Algd

goase Fold AAARF wden od T OFY
43

Fig. 2.1 TAHA] A =8| o] A (sequential indicator
simulation, SIS)¥ TEAIEdHOIAS F3] AT AArAS

HolFEr WA SISe A9, Fig. 2.1a% FAAR} #Hge1
Tl AARDS YA SISE AAE AAREe A

AAAT e B AAAQ AEAAAo] FFshrh(Fig. 2.1¢).

o
o

o
o

1o "l g Al EEo]l A S SFvpel SNEsim (single normal
equation simulation)> ANEAZAALS FHsA  FHIFSTL
Hlg] @ 7oA ARR-SE 1Abgks Rbdste] Fig. 2.1b9k 2ol TIE
A48kt TIgh Fig. 2.1a9 FAAEE o] &3te] SNEsimOZ
A EEeol e A Ay, ATl 7= dEde

F¥stes AARESs Al (Fig. 2.1d).
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o9 Lol FAATEAINE B AATEE Ayt
@7k Ak ARG go] vpow Fola NA4nT
aaHoz velsby] faAE TIR §8® GAATEAES

AHg-sok Fet.

Sh
o,
ot

gl ealo] old TIE %3 FNYRE woldt}(Fig. 2.2b).
TIE o2 ATFEAZINES w2 B4 (stationary) &

w3l o 3t} (Caers and Zhang, 2004).
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Hard data

| ] [} ]
n || | |
L] L L}

Variogram

vy :0.2 +0.85ph150 (h)

(a) Hard data and variogram (b) TI

(c) Models by SIS

(d) Models by SNEsim

Fig. 2.1 Comparison variogram with T1 for facies modeling.
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(a) Geology structures (b) Tis

Fig. 2.2 Channel patterns in geology(Caers and Zhang, 2004; Gettyimages).

GAAFEAZIHE  Guardiano®} Srivastava(1993)e] 2] sf
AlQF= Glth. o] % Strebelle (2000) & 2.2 & W TI AAS F3
S4072 ZFAHITES AFAs= EMEL (search tree) ES
=S98kt Fig. 2.32 HAEZS o] &3 gAY +
3l SNEsim] &4 %o|t,

HA TIES AAs7] 93t dolg8ZE (data template) <

ot

Attt dolHEERS IAARGe] B4z A AT
AR F9 XS FATY. Aoz 2x19L 6070,
3ak9 e 80719 THAARE  AFLstt(Remy er al, 2009).

dolH B 4% Fole BAEnS AYstel T AAe

.T. .T]-'r



Define a search template

[
h 4

Construct a search tree

v

Assign hard data
and define a random path

T
b 4

Find the conditioning data event from

" search tree
v
Assign a simulated value from
conditional probability
~— Emptygrid?
_Eﬂa_“""‘ﬁf""___f_f_

L |

Initial reservoir models

Fig. 2.3 Flow chart of SNEsim.
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Jo] wWolx] Fig. 2.4b%}
[e]

A

2

[e)
27 <
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vl (point bar) ¢} &2 AFTol FAH7
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WA
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(distributary river)©] A #t}(Fig. 2.4¢).
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1993).
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£ 2ot (Fig. 2.4a).
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9
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I} (Fig. 2.5a).
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1962).

L& e (dendroids),

A2 A o] 2}

[e)
223 8 (ribbons),
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HE P (belts) & &3t} (Fig. 2.5b).
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Hewitt, 1977). Fig. 2.7 %= Cheshire°] 3+ Bollind}x 2]
W3S HolFEth(Hooke, 2003). 1850dFE 1989Wd7kA] <k

140 gt SF7F FRERen o) wep EQlEwRe] A%

AiE R gebhel, =3 1989des TEE FREEo] A=
NS golsk 4 Qi o]yt Mz Fe HIE QYA FFO
A5 A4S 7

(a) Point bar (b) Braided river (c) Distributary river

Fig. 2.4 Types of channelized reservoirs(Hyne, 2001).
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Q

(a) Sheet

A/N28.

(b) Elongate

Fig. 2.5 Horizontal connectivity of channelized reservoirs(Potter, 1962).

(a) Vertical overlapping (b) Horizontal overlapping (c) Isolation

Fig. 2.6 Vertical connectivity of channelized reservoirs(©]-2 <, 1993; Harris

and Hewitt, 1977).
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Fig. 2.7 Historical sequence of the Bollin river, Cheshire, UK(Hooke,
2003).
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Qi AEARE S54e odd FAFH AdAel
Qs ot fFAEEe 2 9FL vAL AW o

AdHe w@ddel W A ALATEY FASES )

o] =&}l th(Fig. 2.8b). ©]&= Fig. 2.8acllA] H<Ql Ar+dAA T
dx Tt Fig. 2.8c= A 7, 89 FF wgdgel 9%

TAZEY dF= BT 153 2TdMs A TS AA

A 8Wloew @ fAdo] EASHARE 3ol FUAE

R Qe AYARS  S4Rd P o
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(a) 3D channelized reservoir

Water saturation

l;1
l>>D5

(c) Connectivity between the injection well and well P8

Fig. 2.8 Fluid flow as channel streams.
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#HE #AFAFEA ty, 7HA WESH EnKFE & N 719
AFTEDS ARgstEz 5o ds ESA4E7L

7Vs3ttt EnKFe 334 & =52 a3t 7 o] Fig. 3.10]t}

ensemble Kalman filter

Generate initial ensembles

v
Simulation of previous models until
new data acquisition
4
Compute one Kalman gain
with new data
4
Assimilate all ensembles
with Kalman gain
¥

YES _ Futhorobsorvation
data ?

No

‘ Predict reservoir performances using J

the final model updated

Fig. 3.1 Flow chart of EnKF.
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EnKFe] FAAQl mwAFae 24 (3.3)3% Zr. #5#u<
debs o} o =3ke] oo ZwbAI9l (Kalman gain), K & 3}

AEMEE 34 e
yé =y¢ +K(dP*® — Hyy) (3.3)
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Generate initial ensembles \

T

3

Compute one Kalman gain
with all available new data

}

Assimilate all ensembles
with Kalman gain

.

Predictreservoir performances using

the final model updated

Fig. 3.2 Flow chart of ES.
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Reynolds 5 (2006) 2 EnKFel HHEH7IE-S =9)35ke] A
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Chen¥} Oliver (2012), A= Emerick ¥}

Reynolds(2013a)= ES HEEH 9=  BruggeZ-9o AJFS
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RML (randomized
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Reynolds (2007)

Zafari2}

o
e

(3.10)

likelihood)

maximum

=zt

yeldith, MAP

m

ol
X

M

ol
el
ol
3r
ol

o

(3.10)

mpgy, = my + CyG'(GCyG™ + CD)_l(duc — f(my,))

A71AM, mye =

~
N

,_lr”

—

A

J_.NO

S-AFd o] otk (Zafari and Reynolds, 2007; Oliver et al, 2008;

Wang et al., 2009; Oliver and Chen, 2011).

o
7

X
_Zr!
G

o gt

12} 5}of

w1 dlo
- = -

Zv. webd MAPL

&

RML ) A

Al 2 (Oliver et al.,

ar

w2} A

%

3.3

Fig.

39



71 9

FEZIREZ| R 9 Al

A
o

g

EnKF$} ES

[e]

)

<K

ESelA =

e

H

=7

b

S

3.3a).

o} (Fig.

Eix

=

Feol Falidls 4 9

21 (3.3)°A4 <

ke
T

Alrtstet (Fig. 3.3b). ©]

T

o)
=
=

=

L —

L

(3.3) ol A
™ o

S|
Ay

X
sttt oigk ES

Q3

3
=

st

[}
hui

oI g 13]

=

=

SAZ AR AY7I7H o

ot
F7HHE PR ESS

FE 2 o

oy
-

°©

o1&

F71 o1zl

4

ST

]
Fig.
)

zl

ol

&
3.3.2

_]

el MR SHolgkes 7HEexE ¥ Ag
o]
ql
)
2

71 oleh=

s

& A7)
ol

7]

43}

s

o

Al

o1 A

Eis

e

oA

A2 2hg wt

40



€
5
4
S

-] 15 20 25

K

(b) The proposed method

Fig. 3.3 Differences in the calculation of Kalman gain.
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Proposed method

{ Generate initial ensembles J

{ Predictreservoir performances using}

the final model updated

Fig. 3.4 Flow chart of the proposed method.
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U 1070 Eds A4S 4 v O 35 E 10MoR FolwA
10079 Fdst BFAGS ATTE £ Utk ATIHES
10709 dZrds A7) &) AbgEh

A7 v fAM S YeElde AgARts 2 s7 9

AR = o ojwet A% 1 7lEe] & F Qnh bwk Age

JANWAYE HRA ool ATH o] 8E o] gatr] @

o

gz AR vlst REEE ARl sval deksith
Suzuki®} Caers(2008) = Hausdorff A& o]&3sto] 234
AEAFTO v S AFdor H7betsith(Fig. 3.5a). g
NIAFF2 ArFAdAdA o] YEIZolY AAGHT LR & TS
nAEE FAAFEH Aol s Bt

A9 (2012) % Jin F(201D)E M=) Ak S
AA7INAY S ARESITE. dAE(2012) S GEECA]
Aareky o o]l z]e& CHV(connected hydrocarbon

volume) &} T4 % (local window) = A#7]Fo 2 AFE-3F T (Fig.

3.5b).
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AgZleor ARGSRITE ESE LAMEAFTE ARG Al
B yx7F A9 38 (steam chamber) 3o =23 oS FE=ZE
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Static-based distance

Facies, connected hydrocarbon volume

(a) Facies (b) CHV
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Fig. 3.5 Types of distance concepts(CHV from ¢ % &, 2012).
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Fig. 3.7 MDS from distance matrix.
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Fig. 3.9 Decision making from reservoir characterization with uncertainty

quantification.

of =gt FAE 9 73 AAFS ¥9rATd (boxplot) oy
FAGESSE Ed ayzor EIAAS Ugd 5 9tk
dEE4 AxeudEFs  dE= P10, P50, P90
7}s (possible), 37 (probable), &<l (proved) wWiZHFo T

FERLS



P90 geligadat Fdd golar P50 FEridd
Flmfdds e dolth. PLO ThewiARs FAHWMEH,
Aujdds v B9 s DTk wEbq Figo 3.104H

FIee CSws o8 FAHGEITelA P10, P50, PY0=

0.8

0.6

CDF

0.4

P90 P50 P10

0.2
\/ \

0
250,000 260,000 270,000 280,000 290,000 300,000

Field oil production total(STB)
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97N 742 dAE (Table 4.3) 5 7 A3kl Fig. 4.1be
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59



Table 4.1 Parameters for 2D Tl

Parameters Values
Grid system 250x250x1
Grid size, [ft] DX=DY=DZ=10
Geobody type Sinusoid channel
Length Constant distribution, (mean, 1,000)
Width Constant distribution, (mean, 3)
Thickness Constant distribution, (mean, 1)
. . Triangular distribution,
Orientation (min, 45, mode, 90, max, 135)
. Triangular distribution,
Amplitud .
mpiitude (min, 5, mode, 8, max, 10)
Triangular distribution,
Wavelength (min, 50, mode, 80, max, 100)
Sand ratio 0.15

60




K.aody.

(b) The reference field

Fig. 4.1 The 2D reference field.
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Table 4.2 Parameters for the 2D reference field

Parameters Values
Grid system 25x25x1
Grid size, [ft] DX=DY=DZ=30
Target Reference field (sand, 0.5, shale, 0.5)
ratio | nitial ensembles (sand, 0.5, shale, 0.5)
Search Nodes 60
template Ranges (min, 10, med, 10, max, 10)

Table 4.3 Well information and boundary conditions for 2D channelized

reservoirs

Well Location (X, y), Facies Control mode,

name [ft] [STB/day or psi]
11 (375, 375) sand Rate, 300
P1 (75, 75) sand BHP, 500
P2 (375, 75) sand BHP, 500
P3 (675, 75) sand BHP, 500
P4 (75, 375) sand BHP, 500
P5 (675, 375) sand BHP, 500
P6 (75, 675) sand BHP, 500
P7 (375, 675) sand BHP, 500
P8 (675, 675) sand BHP, 500

6 2

i
—




Table 4.4 Petrophysical parameters for 2D channelized reservoirs

Parameters Values
ReservE)lgip;essure, 2000
Initial conditions P19 -
Water saturation,
. 0.1
[fraction]
Initial porosity, [fraction] 0.2
1.012 at 0 psig
Oil formation volume factor, [rb/STB] 1.011 at 1,000 psig
1.01 at 2,000 psig
Water formation volume factor, [rb/STB] 1 at 2,000 psig
Water compressibility, [1/psi] 5.00E-07
Viscosity of fluid, Oil 3
[cp] Water 1
Density of fluid, Oil 48.623
[b/ft*] Water 62.313
Rock compressibility, [1/psi] 3.00E-05 at 2,000 psig

0.8

0.6

0.4

0.2 4

Relative permeability curve

0.4

0.6
Water saturation

—Krw

0.8

Fig. 4.2 Oil-water relative permeability curve.
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Fig. 4.3 Well productions of the 2D reference field.
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Fig. 4.4 Well productions of initial ensembles: 2D with proper initial

ensemble.
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Fig. 4.5 Result of distance-based method: 2D with proper initial ensemble.

Table 4.5 Dynamic data for history matching: 2D with proper initial ensemble

Parameters Values
Assimilation interval, [days] 20 (from 20 to 600)
Available data for 8 production wells Oil production rate
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Fig. 4.6 The mean of updated log-normal permeability fields: 2D with proper

initial ensemble.
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Fig. 4.9 Well productions of EnKF: 2D with proper initial ensemble.
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Table 4.6 Parameters for T1: 2D with improper initial ensemble

Parameters Values
Grid system 250x250x1
Grid size, [ft] DX=DY=DZ=10
Geobody type Sinusoid channel
Length Constant distribution, (mean, 1,000)
. Triangular distribution,
Width (min, 6, mode, 8, max, 10)
Thickness Constant distribution, (mean, 1)
. . Triangular distribution,
O tat .
fientation (min, 45, mode, 90, max, 135)
. Triangular distribution,
Amplitude (min, 5, mode, 8, max, 10)
Triangular distribution,
Wavelength (min, 50, mode, 80, max, 100)
Sand ratio 0.72
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@) TI

(b) Initial ensembles

Fig. 4.16 Channelized reservoirs: 2D with improper initial ensemble.

Table 4.7 Parameters for channelized reservoirs: 2D with improper initial

ensemble
Parameters Values
Grid system 25x25x1
Grid size, [ft] DX=DY=DZ=30
Target ratio (sand, 0.72, shale, 0.28)
Search Nodes 60
template Ranges (min, 10, med, 10, max, 10)
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Fig. 4.17 Well productions of initial ensembles: 2D with improper initial

ensemble.
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Fig. 4.18 Result of distance-based method: 2D with improper initial ensemble.

Table 4.8 Dynamic data for history matching: 2D with improper initial

ensemble
Parameters Values
Assimilation interval, [days] 20 (from 20 to 900)

Available data for 8 production wells

Oil production rate
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Remy et al., 2009).
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Table 4.9 Information for 3D TI(Remy et al., 2009)

Parameters Values
Grid system 200x200x5
Geobody type Sinusoid channel
Sand ratio 0.27

Table 4.10 Parameters for channelized reservoirs: 3D with improper initial

ensemble
Parameters Values
Grid system 31x31x3
Grid size, [ft] DX=DY=DZ=30
Target Reference field (sand, 0.6, shale, 0.4)
ratio Initial ensembles (sand, 0.8, shale, 0.2)
Search Nodes 80
template Ranges (min, 10, med, 10, max, 10)
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Table 4.11 Well information and boundary conditions: 3D with improper

initial ensemble

Well Location (x, y), Facies Control mode,

name [ft] [STB/day or psi]
11 (465, 465) sand Rate, 400
P1 (135, 135) sand Rate, 150
P2 (465, 135) sand Rate, 150
P3 (795, 135) sand Rate, 150
P4 (135, 465) sand Rate, 150
P5 (795, 465) sand Rate, 150
P6 (135, 795) sand Rate, 150
P7 (465, 795) sand Rate, 150
P8 (795, 795) sand Rate, 150

Table 4.12 Petrophysical parameters for 3D channelized reservoirs

Parameters Values
Pressure, [psi] 2,000 at 2,700 ft
Initial conditions Oil-water
contact depth, [ft] 3,000
Initial porosity, [fraction] 0.3
1.012 at 0 psig
Oil formation volume factor, [rb/STB] 1.011 at 1,000 psig
1.01 at 2,000 psig
Water formation volume factor, [rb/STB] 1 at 2,000 psig
Water compressibility, [1/psi] 5.00E-07
Viscosity of fluid, Oil 3
[cp] Water 1
Density of fluid, Oil 48.623
[Ib/ft*] Water 62.313
Rock compressibility, [1/psi] 3.00E-05 at 2,000 psig
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Fig. 4.30 Well productions of the reference field: 3D with improper initial

ensemble.
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Fig. 4.36 Well productions of EnKF: 3D with improper initial ensemble.
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Fig. 4.37 Well productions of ES: 3D with improper initial ensemble.
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Fig. 4.38 Well productions of the proposed method: 3D with improper initial
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Fig. 4.39 Field productions of the three methods: 3D with improper initial

ensemble.
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Fig. 4.41 Comparison all ensembles with representative ensembles: 3D with

improper initial ensemble.
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Table 4.13 Parameters for channelized reservoirs: 3D heterogeneity case

Parameters Values
Grid system 31x31x3
Grid size, [ft] DX=DY=DZ=30
Target Reference field (sand, 0.7, shale, 0.3)
ratio | njtial ensembles (sand, 0.7, shale, 0.3)
Search Nodes 80
template Ranges (min, 10, med, 2, max, 1)

Table 4.14 Well information and boundary conditions: 3D heterogeneity case

Well Location (x, y), Facies Control mode,

name [ft] [STB/day or psi]
11 (465, 465) sand Rate, 400
P1 (135, 135) sand Rate, 200
P2 (465, 135) sand Rate, 200
P3 (795, 135) sand Rate, 200
P4 (135, 465) sand Rate, 200
P5 (795, 465) sand Rate, 200
P6 (135, 795) sand Rate, 200
P7 (465, 795) sand Rate, 200
P8 (795, 795) sand Rate, 200

140



= au-2000
£
2
= 1400
S
N |
-
W 800
{ 200

(a) 3D heterogeneity case

(b) 3D with improper initial ensemble (c) 3D heterogeneity case

Fig. 4.43 Channel connectivity of the 3D reference fields.
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Fig. 4.45 Well productions of the reference field: 3D heterogeneity case.
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Fig. 4.46 Well productions of initial ensembles: 3D heterogeneity case.
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Fig. 4.48 The mean of updated log-normal permeability fields: 3D
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Fig. 4.51 Well productions of EnKF: 3D heterogeneity case.
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Fig. 4.54 Field productions of the three methods: 3D heterogeneity case.
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Abstract
Channelized Reservoir Characterization
using Ensemble Smoother
with a Distance-Based Method

Kyungbook Lee

Department of Energy Systems Engineering
The Graduate School

Seoul National University

Channelized reservoirs have lots of uncertainty in future reservoir
performances because of heterogeneities in channel connectivity, which affect
fluids flow. Therefore, it is essential for reasonable decision making that
reliable future performances are predicted by reservoir characterizations.

Ensemble-based methods such as ensemble Kalman filter (EnKF) and
ensemble smoother (ES), have been researched for reservoir characterizations
in petroleum engineering. They have two fundamental assumptions: model
parameters follow Gaussian distribution and the mean of ensembles is true. If
those assumptions are not satisfied, ensemble-based methods give improper
reservoir characterizations with two typical problems: overshooting and filter
divergence.

The purposes of this research are efficient and reliable channelized
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reservoir characterizations. A new method of ES with a distance-based
technique is proposed. The method uses several Kalman gains rather than one
representative Kalman gain. The distance-based approach separates initial
ensembles into several groups based on their similarity.

The proposed method is applied to various channelized reservoirs to
verify stability and applicability: 2D and 3D reservoirs, improper ensemble
design, and high vertical heterogeneity. The results from the proposed method
manage typical overshooting and filter divergence problems. Also, they
conserve channel connectivity and bimodal distribution of the model
parameter.

The proposed method can keep history matching time low because there
are no modifications of equations and global update in the standard ES and
the distance-based method is not time-consuming. Therefore, the time of the
proposed method reduces more than 95% of that of EnKF with 45
assimilation steps and 200 total ensembles.

The ES with a distance-based method provides reliable productions with
reasonable uncertainty ranges. Also, prediction time can be reduced since
representative ensembles from each group estimate similar uncertainty ranges
over all ensembles. Therefore, the proposed method can be applied for
decision making because it predicts reliable future productions through fast

and reliable channelized reservoir characterizations.

Keywords: channelized reservoir characterization, uncertainty quantification, history
matching, ensemble smoother, distance-based method, clustering
Student number: 2009-21050
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