UBsJIgAj PALB TA¢E¢E

i Bszggdj ) 2T q? BAITEq? UYBAQ?

] ?) ¢3¢ ZAUB@pBsBUL] E EgALEmL) E¢) ¢ YABE
gq? EBEALEzZtTq? T3z)¢€q?. Kiaj ANzBil¢ Eég? ¢t
GAqQsBULT¢FE | UBU¢TBXRE B e FERKLEZLETE | 2 7T

ZYANL?E ) T¢RE Ltq) ??¢E
7K¢) Ugldjt) TB UNBAQ/EAG)Bs BUL LD jstsBBAA

TAE) BgIj L) T¢g AKANTG) EL)

K> K¢ | B¢t T¢ KBLgABUY¢
by GALPEE | ?2¢q?EtBE, T)U. UBsJIEA] PALBI TAEE¢ER (KU
TBTITLE?2B3 | ASHSENqENE) EAE TAFEFE

2] ULtBI ) T¢E Kzz)?B3gs, AKYBLTBIABE T)U. UBsIgAj ?A

i ] ?t) , FRADELtABE 2018






Uy sUche U3 U
RN BT RO U = s BT 4 I o TSR v
saGaUU R - T - - KOOSR vii
o TR =Y 00 e T X RO viii
B U J 0 300 M0l ettt ee ettt enen ettt et enenn e ix
J B S T R A T et et mm—— et e e et annnr e X
K 9 0 U Q.00 Bttt eema ettt ettt e m ettt ettt bt annt et tens 1
Ry VT = S V- OO 3
1.1 U0UUxy3 a0 0d.d..0200.0258.0.0d00d e, 3
L 2 B Xl ee et eeeee et eeee e 4
1. 3 BUL Ul emeas e 6.
R S B T T o] s = W < Y RO Q
1.5 A0 GalU.d. U p g smes s 11
7l LU YT =S U - N TR 13
2.1 GUssoee ogellsar.. Usa0 X0 0o, 13

2.2 TgeUUsoee Uszalrld uUsYueseldd .Uae.gllsalls ag
2.3 KiGUyecgoe Udd eUdhieg Uxsgadu Ulduiegeskhs o

....................................................................................................................................................... 19
2 .04 B U . 8.8 0Bl 22

BT UG Y 80808 ettt 24
3.1 Bde U A B o0 Bttt 24
3.2 JidPgadY ) 2.0...68. 05380 e 26

T T G U I c ¥ - S c T o 0L OO 29
3.3.1 @o¥YoyUegel.}jeed. . Usd6.).0.086.0u ... 30

3.4 deegUUU Ude 96.g4..0.a.0d..Ue2a.6.).0.dEe.8.0.cc.....c.........31

3.4.1. Jaoh)odes.d..Mac.Cor.e3.D9 i, 31
3. 4. 2. | MaoQprMAaACKHDO B..0......uuiiiiiiiiiiiii e 31
3. 4. 3. | SBUARL.0. 0.8 .8 .0 e 32
3. 3. 4. | BBONBaiedrdnCli®..........oooiiiiii e 33



3. 4. 5. | RHOSYINOUEMOGEIBD ........o.ooeeeeeeeeeeeeeeeeeeeeeeeses e e seeeeseeeeene. 33

A3T U G Y 300088 ettt 35
4.1 z83U0Uyac 6¢6.68.96.2.038.60.0... . .8 0.8 .0 eeeeeiereeeeieenn. 35

4.2 OaUosced Usayj abUsld..Uy.adedla.n.gi..06ee.lUdbaed
4.3 OaUoeced ) Asaeg UsUly.cered. . laleasl.3.48gcY
4.4 j39eahodqid Uvxs..U..8.4.}).6.0d0a.5.1.3..6.},.0.%.3...46
4.5 z63U0ya6 4800l Xe. Y UX3 e A7

45. 1 EFg3dUUsa¥Y GUslleso) YeeUUU ..e.6.3.0y.26.0.4% i a
4.6 ze63Uyae U)ot 3 .gl.aeh3laxa. . . 00Lxe¥.Uxs..51

o

461Fg3dUUsoayY GUslGeasgoy Yee UUN.. .e.63.0y.2.6.9..0,581 3

BET U0 Y 0088 ceeeiiicieeeie ettt 56
SR S T R o {3 W W o 10 (R 56
5.2 zydeitued Udd a.Ual.eased..UsYasaUlddd....... 57

5.3 "YUy Usesasiddid Udd..dyol.dd..U. . e.de.a.lg.0d.d58

5.4 sUoa¥3d Y4.03.6.0..0.00Yald e, 60
55 RBUj; vyeUUB Q) Uiha . . . Bl 8.8.G.BT oo 60
5.5. 1ABPB6) 9090 L...0.0.6.28.0.0.0 U .o 61
5.5.2 AbU @}).9U0s.2ar..}.08.6.26.0.00U. e, 63
5.5. 3Ap008) sU90k...}.08.626.000U. e 64

]

5.6 Yyeleeceavidd U UjstlisyYldUOWGe..a.Ux.a6.0966hH ¢

o

5.7 KFga3dUOUsea¥Y GUslea.04.Yee 00 }.606.£.68.0.x060d

5.8 HKFioe)osld GgsdUUm-8D.s..0.0a0...6.0.4.Ue.8.¥.0%3732

o LR = LU - YN < SO & 4
6.1 Fge QAUFAe0RUY AL e 77
D9 D 39 B2 Ll 0. Ui et 80
2Ushoorylld dab.29.8.2.0. 000U e, 80
Koad @B D 09 6.0..0l.0. Uit enn s 81
Bdoyd U f 06 0.9.U00.0.80.08 oo, 81
L AN T AN S PSPPSR 82



MACCORESD ..o 82

MACCORMAKSDO_VERSDN 4......cooiiiiiiii e rrririn e 83
SOURCE ..o e s 85
ABSORBING_BOUNDARIES ...t e 86
RUN_SYNTHETIC_MODEL......cciiiiiiiiiiiiii i e e aeenas 87



sadUU EFecdevYU~vs

Zc

Vp=3000an/sa U s
Fcece

Fcec

Fc
(Vpr) )

"3 Uoe U

G
G

“al0add

F G
Fc
Fc
F G
F G
Fc
Fc
Fc

Us g.d...........

E G
Fc
U Usoe
E G

@ © ®© ®©

Cc Coc Ce

(@] Cc Cc @®

@ ®© ®©@ ®© ®© ®© ®©
M ®m® M ®m® M ™ ™
@ C< Cc Co Co Co Co

T ® ®© ®©
w ™
O C¢ Ce

™
Ce

] 3Yagld ec€aUd usGusyYOUUUMJ...UgUeh
FeoyaUsd UYlGddg, "~ Uy Ueghydridd bUs
GgsUy UelUs Uesg .G.4.h3.8.9..(.Sher.i.f.f..1& Ge
1 FgsosGUL GUd Uddysderaaly g( Siide r iafUtglRs JG
1 Fc Ui o.Uble.fhd.. ..doed..6.3.0y.26.4.....25

2: KooafhsU U 6y} eidlsal.s..84.0x3..08 6t
3
4

[N

0@90Y60 4} OIE.LEBUG... AN BB e 30

. ¥geUUsesy) lie ~ Haoerd..oslU..als3U).938e
5: EKFUsoeshUg 8 "~ Utaeseg "~ alGdd kgmd U,y
“doe eU0 a U3 Ky api2 bmsb)psmst)3e B dL3d.ons......... 34

4. 1: 0U0reU0U0.a.U0..8.c.8.5.6.2.U3.86..d...c8.3.0y.236 g

4. 2: ] Useahssld Urs o).User.a..clayl3dd 0
4. 3: FKFioeaystd GUe ~ SourceBy Ugds " dds dg) &d

W W W W W N Co

GoUGey OUUseayd Useyd os0Gidja l8lyd E cd sy a0 f¢
"o dlddids@le U dyadUsd GUegd ..a.he.bag.d.38¢, i

4: FKFgooaUs3UyvyUseh daXYo,.leelU. . 00Ua3®yYUy
5: FEKFioeayosdd Udd UsUeagUssed (Source

4 .

4 .

U 9 ¥Y2mlUo0.d..068.0...8.03. %D 8.0 e, 40

4. 6: FKFiooeaypsld o633t 3..00ad..0}50s.d..0.94050C

A4 . 2050 BBUBQMI. %K. 8.8 eeceeeeeeerceeeeeeeeee ettt eeems ettt 42

A4 . BL[50 BOUBGIM. % 8.8 ueeeeeeeeeerceemseeeeeeeteeeee et ees et eeemsa e eee et eee et n e 42

DL G B22[B0 38 BBM...iiieiieieieeeee ettt e ee et e e 42

A0 GIRBEBO 62 3BM...eeoeeoeeeeeeeeeeeeeeeee oo eeeee e 42

4. 11: FUUUo2j; UGyd Ueg e63Uy.as.g..c.0.48ds

addgedmoU Uss "~ jeliusaeysteh Uxs U UgddalU

4. 13: Fioeystd s63t13 Usg oUxlGuseg 20
.................................................................................................................................. 46

4. 14: GUxeU0U0) al..c6.30ya6.0..0i.6..00..x4YU0y

asd . Egl:ﬁdﬁl’]se‘?‘ Gl°Jt“Je&:cyaa[lﬁya»ee(gss%g’e;'aig)fpajﬂsx:

s 0U0Us Ua....00as..0dd. . .008dd. ... A9
4 16: 0 L°J veUOU) aU.ze3.0yaa.g.. U130l re Y

\



FceeU 4. 17: 7TUUUoj UlGyd oUxiti.zxa..0Us..0088 U
FceeU 4. 18: 7TUUUo; mMday.d..o.U0x0L.3.53...00..254.58
FceeU 5. 1: ¢760%PieiroP. jandRapakonstantinoG.M., 2004)........... 60
FeceeU 5. 2: EFUypvyeUUBoa)bBadotcegU®pdatddd(Hrfeedr
DOOA).... oo eeee e e e eoeeeeee oo e e et eee s ettt eeeee et e e eeeme e e 62
FeceeU 5. 3: {UrxeU0OUj90a¥ cUj UaUdy) s@ilpayryBdc d}y
UsUsGUesscei 3 GUU aUy.1.e000..06.40..80a3.0aUd...5....1..65
FeceeU 5. 4: ¢390uayYaUUUs G Us (el Al Ueya 3eyles .U GE
PP 66
FeceeU 5. 5: Uyad “~doed oaUs gim(elilstyvesU UdY aslHlL
IR QLU 1=V LTI W o s 1 SRR 68
FeceeU 5. 6: EKEgadUUseafh GUsbe.fay.le.e.l...c.63.0y686(g
FceeU 5. 7: EKEgsdUUsaf GUs.he.ho.4.Uscl.c06.3U0y68a6g0g
FceeU 5. 8: j3UseavYlUsd U.LA.UL..0U4Le 000 U@g U
FceeU 5. 9: Ypelluscseysdehd Uxrs 6Q.haxas..00dqd 0y
EFceeU 5. 10 "YUyeluse)oalehd 6y hays GUe acs3ad
L0 =T010) 1) PRSP OY 71
Fcee U 11: "Yyellussyostehd dUxy.dlas.l.3..647837¥s3

5 ¢}
FeceeU 5. 12: | @UUeyme l0U0.. . .1.606.c.06.0.%0.dd..078 2
FeceeU 5. 13: FiooiDBiedUsUdomic ddls? @ d @B5..0daf
5 2
5 2

Co

14: RFiooiMiedUsldomic das? @ Jiye3sn (dqa) Ug
15: FKFioesyosld aUs "~ jellUse) DedM].28¥s3

™
Ce

Fce

™
Ce
Co

Fce

Vi



sadgUuU Us3Yovs3
YasUaUd 4. 1 a3 Usa Ud...c.U..... 0 UeyU}).694d..£.8338y aa
a3z UaUd 4. 2 Bas Usa Ud..e.0....0).0s.%0).694d..0dd36" do
a3 Us UdaxtUa B U Usd U Uey.Uy.6.0.d...0x3..0.0x8 3 ¥
YasUaUd 4. 4 Ya3 Uald..o04.Ue.e.r.3...0.Ux0.1.3.%.3....37
a3z UaUd 4. 5 FgooajatUad. . 0lxdL.3.2x.3...£.0..0.g.34000C
basUaUd 4. 6: ) 6UUeayteUUU..g. ..6.26.2.9.0.8.8.0i..640H37
YbasUaUd 4. 7 B U vevkUv.lbysa...c.6.3.Uy.a.6.9...0.i..6...0.047
YasUaUd 4. 8 U} ye OUy 69 .. .dar.d..ca3.ly.acg.48i ¢
a3z UaUd 4. 9 U} YeOUyes oUxGt3¥3 €63 Uynpesly U
bectdy 2d 0 UBL. .U . L.0.0 ettt 48
basUaUd 4 10: J eUUeay e UUU..g. ..6.286.2.9.10.¢.6.4..5) 3
Yas UaUd 4 11: YUy vyeO0Uy g.5....e.8.3.Uy.as.g..0).08.1.3510 0y
BaszUaUd 4. 12: YUy YeUOU) oo Y.Ugaed..ca3.ly.ae9510) 9
a3z UaUd 4 13: YU yYeUOUy 89 oUxG6.L.3.73...8.8.3.0y58a6(9
Yas UaUd 4 14: j3h3es oageyYUxys o0sU Ue Uswf Ug:
.......................................................................................................................................................... 54
YasUaUd 4. 15: j3h369 ©2geyYU¥ys o299 th.Us..U3¥50go
YasUaUd 5. 1 BU; YeOU; 89 Usg e€63Uyacg. ¢ UUc
Jj 1 UsUGyy OU0UUs GUe GUsYy o6 “eeyvyiadd Usdg..clU..5668% U
BasUaUgd 5. 2 BUy.Ye OUy.sa..0dd.. . .da’.d... 67
YasUaUd 5. 3 Uy G Usd...gu.,.a0..3.%.3...006..8.06.3.0y6%¢c
BasUaUd 5. 4: s oaaw).oa.lUlUsh.).g.0.6.9..6.4.03.6.9.70( ¢
YasUaUd 5. 5 s a6a aUUUsfhy g3i.6.5...6.4.0.3.6.8..729 U
YasUaUd 5. 6 i oo} 90d 6J) A3¥3 YDhkalsed .. .Us.lUisaYl

vii



AKgeUy saUaUg
U UgUfR We edddela e UdUBghbdl osmiilde G s bay 63 U
j 30Ut 396 wUGUald o9sU Uds Ue s0UslCisad “~e6g ¥
)

sgayyr Uds U000 UgesUse eg6g UyoUGaU g  f U

¢

A o odyBsedUalU 30U UgecUpstUely o8ds Ugp. T,
g eeeg3e oalUs UdaggeavyadeedUdsedelxodlgy oalU Urs U
shydyadd Udd zUOUU UgesUsed UyoUGaUd.

¢

j ofhedll edUaU 30 UgecUpstUely UWKoesywsadd Udd
ThoosBslg adjt UjsU oUddoebdUless hck UsBgeg o
zUdsegliYad U aecgdesegdlUddqgegU Weleddd eai Usc
"Uy U00dyetUsd Uesgd “~yYa3x aUds ushydyrlad oaUs
Uy oU0GaUd.

gyaasad, dU edUaU 30 UgecUj;stGUely Uds esaa
zUzd ol Usae, YUz Oaglijsvgeds 09 Y i UG
ot Ja®Ysl aUs E UsUsityYead EUyase 295U Ud GUey
UsaY)aUsU Udd eU0UU UgesUsed Uy oUGaUd.

viii



U aadyd

g8 UsUsoaUacUsze Udd edlgd Ui dg sdashoagapid@; o U a
"3 806 ¢ oyt digs ¥ Ui (geotpm BU A P 5 O U ® &r al ddlsis-
Gee ' f Ud "YadieeBlGaideci ddidd deeddd giigadicamsgs e d
Usp dj e e UdslsgacgoalU “~jelUooatUdoaU aelpliyr Uxs
98 U0gooaUB) odggUs el " fMagEoenitke d

¢geydailedl UygsUtasyaivg 1 3 UaszUs e€alU U [ Usgd
UjysdedUsoeayd eUdhiudgd obdrateigdasbaie @i v @
9Uoes3hd 8lGUaalUUs GUes HUs UaszUs Uikd&sealU UGC

G UG Waq tlbUs

giude sadddehpaie ) " vrd oaUs 8s "~ jelaeeasst GUs
cee3Uyatae UUdTelmaeddavataAdp OU0YGUdaU d ey de
Udd "je0eedgrdapfgdaealUd Uds Ujsdedilbae U

sesaU3syd e63 Uy aas.

q,(Q.
—_

ZUd Ggs3pyeWedest ddalUs Uiae uUusUlGey UUsa¥Y ¢
sUvyagosa¥Y U L2 U@0¥e JalbddEmcdls s aca oaUUU
UsUstGUessceddalUs U UU U gUUeaylGeUUU Uxs oaU0U0

¢y ocd, "3} UoeUUas " @ slksdhtddp & t 9 et Beagy G o U ¥ o«
ceesdldeg Y asglUstdUoroe U9@Usilhes gi Waeige Ur3jdy C
UUe s UgWey Us UUay e UUU Udd "jeleecadbddg GUsd
eU UU U gUUeayleUUU Udd Us0lsYwdU U d) g dUalae
UsraYU®dsUs Uogelixss o

bYdlas U sUU0aUGe¥YUx¥s Udd eUUU UgesUsec
dge yyhUee ] eydeued Uxs YU Uy UlGeysrs @oUliay
UaUsy UUsay¥Y Uicy daUdd Bdeo jee g U als Ussl) U BxoY ¢
“"goi o6alU oyYyw&eosoayY ec6830

K o a3l sUlWdygi si@8scavyaddg GU UpstlusyGU
;) dY, UlGHGe3 yecegs U UaddUgUUa a i
sUvyago90ai ee3Uyco®sgU UlcelBadglig guU
GgooajatoselU e W UWH JU teslillioeyyileUUdd 3 eleecgarid



| BSTRACT

Accurate and realistic three dimensions (3D) wave equation modeling is
becoming increasingly important as 3D data collecee@D world requires a 3D

solution.

So, he subject of th®iploma Thesis was thereation ofa threedimensional
simulator algorithm,in order to simulate a thre#mensional geological model of
carbon dioxide storage. The methodology was followed through the Finite Differences

and more specific the MacCormack scheme.

The Finite DiffeenceMethod is one of the most important numerical methods
in geoscience simulations. This is happened due to the fathi¢satmethodsre easily

adaptable to complex problems with high precision@rdputationally efficient

The implementationof these algorithms was done in the Matlab program, as
well as simulations of the threkmensional model. Theorrectnessf thealgorithms
is based on the comparisortloé arithmetic with analytical solution, @homogeneous

model.

Then two different models with two and three geological layers were
simulated. Vertical timewas calculated and correlated with the results otrdmes
Finally, was simulaked a threedimensional geological model of Prinos Unit, with
CarbonDioxide (CQ) storage into the reservoir layer ALo verify the simulation
results were compared with the results of the-divoensional simulationand the
matching of théracesfrom the direcedand the reflected waves.

Based on the results, it is concluded thed Finite Differencemethods are
extremely easy taseand can respond quickly and with great precision to complex

geological models.

In addition, the results of the algorithms in a thd@aensional medim aretrue
because of, their solutions have been verified. In the simulation of the 3D geological
model of CQ storage the results are similar and comparable to the results -of two
dimensional simulation. So, it is believed that the results of the siomlate reliable,

but there are several improvements in the overall structure of the algorithms.
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