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1.1 #BRIBBR LK R ORI L OF S E D&)A
2015 4 7 AICENEORFEEL IR AL X —FHRAmEL "WaeREkL, Tod
T 2030 AEE IR HBEFHREEZIRE L (Fig.1-1). ZIU X EFERBIKFE %2 1A

AREBELATOR 3 F))D 20 - 2%FRE~EEBTHE L TWE—FHT, IREET A

i

(Greenhouse Gas, GHG) %% < HEti 5A kK « Al « KRR A D KT FEEIZHOWT
IR S FIZ R DFNG Lo TVD.

F4E 12 A 12 HIZT7 T > & - %Y TR S vz EE B A BIF 4K (UNFCCC) %
21 [EfFERIE S (COP21) 1Z8BNT, 2020 4FLARE IR AL RTREIZ b~ 2 [E RS 1 3R ) B
DA DHARAZ R LT XY Wi IR S L7z, N BEILRM B S L CEES
MLLAT & OIRE EHZ2 2CRIICMA S BIC 1L.5CRIEZ BIET 2 &, ZD72dITH
JECH 72 GHG EHEDO B — 2 7 o h & 21 itz o 81 5 ABAEJRO GHG % 1E
WROIZT 22 LaB|iT TRy, TOEBICMITHRER FEEZET 196 7 E2TORMKIE
I35 FEICHIREHE GRRESR) OFEH LRHAITY, ZOBICAT LY biE LA
MARETHIETHERINTND . HAETIL 201547 A 17 BISHHREZR IR
EHHILTEY, GHG @ 2030 412 2013 4L 26.0%jk (2005 4L 25.4%) %
BIF Vs, ZOEROTEDIZETFLT —  TRLX—I v 7 AOEHABHEE ST
WA D, [RIREIZ 5 B A2 % 5 KITEE~OKRT 2B F 2 B b iR F I ET 8 £k

(Carbon dioxide Capture and Storage, CCS) N EE /& EI# Ri-Fbo L s Tnd
14,5)
CCS [T THFRBEATHE D N BRI KRB HIRIC B W TEEZ GHG TH D COr &

R BRI 2 = & 72 < S0 - [BI0T LA & 7= 1 b U Bl - P95 (Fig12) =



ETCRERHTD COMRE ERZCHMicH L . BE, ABARBHMET S0 FUEK
1996 fE#E S "NV THHEASD COy AT LTV RWZ), T 2Tl
JEF~ CO Z[EAT D HFIFREICIR > CREZED 5. 7ok, Ui H CIREIE T E
~OD COJEA MR T COIFR) 1T Y N—=R Y X b ~DOBEKIZ L VD TN D O

CO, #IHP TR ICI6 1T 2 T 7 AT T (23 Reteids K ONR R ol U A - (ke « 78 &
Gie) RHEAKFAKENZET B 5. EERIITIN R OWIE FITEE O ITE % v 3>

ANEIREROK) 3 B EHEE SN TWDR 7, HIRIZ XL > TR Y 235 D FRCERBEIICE
WCIIHHRIC S8 2 2 RIS KB DO F v /307 ¢ WAKRORK 7 I D LHE S
nTnsg o,

CO, #t P ATREIC I 1T DL AMERHIIZ 1L, FEAICHE O g OrF R HE S DA /15
H 7RI A, JEA LTz CO DIRHITAE 5 8 » T T K DG GeR0 R - g~
DEBEIHBOFMEN BT SN D . £/ CO, BWRETICEIFT B 561%, IFRICk
DIRRALINHIN RS KD D AN B 5. WFE T COy BrFIZHB W T, WEED N H
CO, DRKHENFIZKIT DNy 77 L7e 2 ERIRFIZEETMO= > KR A > b b
o7, Wh~ CO, BRI DBEOEB A2 THIT L2 RN T ry ey N OZEMRT

flirx XN E=2 Y ZEHEOREICBNTEEL RS (Fig.1-3).

Proposed energy mix in 2030
by the Japanese government

Renewable
22-24%

Nuclear
20-22%

Natural gas
27%

Fig.1-1 Proposed energy mix in 2030 by the Japanese government (produced based on “Long-term Prospect

of Supply and Demand of Energy”!"V). Thermal power generation accounts for more than 50%.
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Fig.1-2 Conceptual diagram of Carbon dioxide Capture and Storage under the seabed. CO; is captured from
emission source, transported, and injected into sub-sea geological formations, often in the supercritical

phase subject to temperature and pressure of reservoir.

Returning to the atmosphere

=il

Ocean Dissolutioan o
Bubbleg

i

Reservoir -
Supercritical CO,
Fig.1-3 Conceptual diagram of leakage/seepage in CO, storage under the seabed. Buoyant CO, leaks
through pathways such as faults dissolving in the groundwater. When it reaches ocean, it forms

bubble/droplet through seabed sediment. Some dissolves into seawater during rising sea-water column, and

some return to the atmosphere.
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Fig.1-4 Size and shape of bubble.

r=kA(C,-C) (1-1)

Table 1-1 IFHEE X (LIHENEIC KL D CO,, CHy ZBE T COIFREICE T DR DT T =
INTFTu sl LT BEINEKIAT A XA2RELLAOKEIIHLTELDILED
THD " Figl-5 122 O—H 2R 505, &gt A RXIKE, G EEOKEE
DOMBEITR 572y, £ O Table 1-1 (127R3 & 5 IZ/KEEK 1500 m T 8-10 mm £ D
IR 20 m T 60-80 mm R (7272 L, MREH LEZICEROSIENEGHRL TN D
AREEDH V) ORIE TIPBEINTVWDH I EnD Y, KEEZT TRHT A KA A X
EWETHZEIIRETH D Z R0 sd. —RICHENGA L D558/ ET A X%
ERLWE - REIRSIONFHINT CATEHREIND 20 WET CO, FrRFIZI W\ THI
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Table 1-1 Examples of observed bubble/droplet size seeping from seafloor sediment. 5" row shows an
example of liquefied CO, droplet. For 6™ row, Italiano ez al."'” indicates possibility of bubble coalescence

at the discharge.

Location Origin Content Water depth (m) Diameter (mm)
Ardmucknish Bay, Release CO, gas 11 2-11

Scotland!-13 14 experiment (50% of 6.5-9.0 mm)
Wakamiko, Volcanic CO, gas 200 16-33

Japan!-110) (+H2S)

Iron Gate, Danube CH4 CHs4 gas 20 2-3

River, Romania'''” | reservoir

Dnepr Paleo Delta CH4 CHs4 gas 90 1.3-11.3 (4.1 ave.)
area, Black sea!"'? reservoir

Okinawa Trough, Volcanic CO; liquid 1424-1520 8-10

Japan''®

Panarea, Italy'-!? Volcanic CO; gas 21 60-80

(+CHy)
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Fig.1-5 Examples of observed bubble sizes seeping from seabed sediment. Patterns of lines indicate main
components of gas. Solid line indicates CO, and dashed line indicates CH4. Observed locations are
Ardmucknish Bay (Scotland)'"'> ¥, Iron Gate, Danube River (Romania)!"!”, Dnepr Paleo Delta area (Black

Sea)'"'”), and Wakamiko, Kagoshima Bay (Japan)'-'> !9 in order from shallow depth to deep depth.
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Blackford ez al. X WL ORI F &2 D O CO, U ERIZI N T, EHHERY
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CO, MEHFICIHH T 2 E H L 0 TIX COy HADRHEREWRL 2R E AL L/ S22 <UF
B (Ryr~—2) R LZOERDKIANAER L TND I L EZRE L. Zhit
FUEIR BN T B A DS HERE Y O i E & 2 S0 2 BB RRIE DR
SHLAZEHRLEGESDZ L2 LTS,

INDHITRENDREFEE~DO T AN LD HALL KIS 2 iR 57

DITIE, WIS - TR - U A2 OERIE —AHRE 2 A 2 L E 1 % (Fig.1-6) .
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X

Fig.1-6 Conceptual diagram of three-phase interaction in bubble formation through unconsolidated

sediment.



1.3 B XK =FEIRENZ RS9 5 BEE O3

REFEEIZITRA LT T ARKEREDRL 2L DT 2 Z LI KD TABBIEHD A T
ZALIONWTIEE L DBENERSLY I 2 L— g UM TR TW 5 239 Holtzman
et al. NI OREFEE 2T D HAHB B A B Lol oBaIcBiT 28RN
(fracturing) & X5 L C capillary fracturing & FEA TV 5. —#x O RS U722 UG HEARIZ
BT D AHGEE) (Z 2 CIHRR TR IR (0 2) 12 X DRkt Ok) oE#REE 2 5)
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% ). viscous fingering (X SR ENZ I 1T DRNMED RLEIZ I D HANREIRD 7 Z 7 2 V7
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BEEZBA TEALTWSHRTHDH. 2O _DI3EHEREED O THD F v
EZ U —H Call Lo THESIT oD .

NS OBGIIKE U capillary fracturing (5 E S E AR OB LV H K& W
GA I ERRL DB HH L CH AL L ERRT 2BIR TH 5. W@HE O fracturing & #72
0 REE R U AR T O B ELEC X 5. Jain & Juanes V1L EfE B #EE  (Discrete
Element Method, DEM) & —FHIfi O f sk ST « WiAE BB OMERET V2 HEE L,
JE T 300m IZ351F D A X T ADFEAZFEE L7 [E KK =FEFENZ > T ZRoc £
TNhERN Y I ab—ra & (Tol. ZORE, BER 723/ RHIZONTE
BED BT Z BRIV capillary invasion 7> & capillary fracturing ~4 A FRE) L 27— A D
BABEZ D Z L BRBEES TN D

T T A=A T U —JE, Hele-Shaw & /L% 7= REFE G~ AEAFE
BT < thbitTiy P RO E EIITMAEIC L D T ARE L U — AD%E
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AWFGE CIEAR E R B I 3817 D B SIK =M B) & F 8L LR E RS 438 U 72 Ak
(252 2 5 BOMINCE T 2728, BRI & ARSI O =Rt B <R —FRikE) > <
2 L—HERETHIEEEMEL, SHICERBLEY I 2 L—2 %A, [Ef - RIE
EEICBIT B HARALKIATERER Y I 2 L— 3 VB I OREREEICB T 5578
TERZEENARD NT A X AET 4 %2475 . BRI AV Y~ ik (Lattice
Boltzmann Method, LBM) & DEM DL 2 = L— & 214 L, MBEHERY O < K
(2 ZE D BB S, O BIZEDEEE 3> TV D LW DRI ERUE LT X
BB KIAR Y I 2 b—rva a2 FEm L, i - MR - REFONRT XA ZNRE2 %

HRBERND.
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2. LBM-DEM # %2 L A EKIE =ABRMEN S I 2 L —F D

A3

AR TIIAMIEICIB W TERI LB KK —MHRE Y 2 = L — 2 ORERFiEE 20
MBS T 2MAECOWTIER D, K I o b—F TR - RS MR
(K -COx) WA DT EHEME L, FRRIRIEFHE O 2 AiffE & L TRHK 3t
RO RNy <k (LBM) 7D EBEREFRE (DEM) 22k L2 8iE 7 v 75 A
ThD. FERFEEN M O — B AR -1 O B B 52 & KUK _AHiE% LBM 71 7' 7 A
ZRWTHNT L, R 7OfE - EENEH%Z DEM 7' 1 7 J AT U BEASKL-iES) &

OV RESRER G2 E, B S obi 5 LBM 7'1 77 AZik$ (Fig.2-1).
IR, 2.1 fi CITAIE AT LBM B /1, 2.2 fii CILHA - Bk 7 0@ 8 &%
E7 L, 2.3 H#iTiZ DEM O BRI AAEHET T O TR, 2.4 i THAEY B
B2 HWZET VORIEZOWTCEHAT 5. £z, 2.5 HiCIIEEET LV OEE - J&8

JEARAFHEIZ DWW T O 2R 5

Lattice Boltzmann Method (LBM) =—

2-phase flow with moving boundaries of
solid grains and momentum-exchange

Positions and velocities of solid grains

Update positions and velocities of solid grains
Discrete Element Method (DEM)

Interactions of grain-grain and
confining pressure boundary conditions

Fig.2-1 Conceptual diagram of coupled program of LBM and DEM.
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2.1 IR _FEPE LBM £V

LR ZARWER O LBM TS OE T VBRI I T D 2390 RIFSEClE He et
al. PODIEE LTz — ORI f g \IC XV RIEAHEA T v 7 AgL ik u & fE <
ETV (HCZ ET V) D% R— 2RO LY N Inamuro et al ™Y O F 5% HLD

ATz, B, g B IO, u & ORERAE LI NIRRT,

J (x4 e Arr+ Ar)= £ (x0) -1 (x.0)- £ (x.0)] (2-1)

f

g (x+eAv,t+Af)= g[(x,t)_ri[g,.(x,t)_ 2 (x,1)]

g

(2-2)
+3E,{iv[ﬂwu+uv>1—<1—po/p>c}~c,
o,
B _ L 0-9, 00 _
0=31 s p=put = o= p) p= el ) (2-3)
u=2g, ¢ (2-4)

T IIIENY MV, 1T, aZERREER], oo IXFEEVEEE, pl XN
B, il TREEAREL, GITENINEEXY ML THDH. THHEX L, GIZZENEIIE -
FERET, FTFHE 7 MRS THD. fBLO T FEEscHh v kAT
Kb,

g (x,1)= E{p'+ 3c, -u—%u-u+%(ci u)’ +%(rg —%)ci ~(Vu+uV)-ci}
(2-5)
+%[Eici J(¢)c. _§Q,|V¢|Zj

7 (xt)= E,[mci w2 .u)sz(r, —%}[(ci —)-(Vg—3VP )]} (2:6)

EB X UOQIZLBM (T8 2 HMEATITHRE, ¢ ZHARLFEENY ML THY
LBM OIEEET ML > THZ BN, AW TIXLL T 3 %k 15 3% (D3Q15)
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TFVEMALE (Fig2-2) Y.

[cl’cz’cs’CA’cs’cﬁ’c7’cs’c9’cm’cu’cu’cu’cu’cls]
0100 -1 0 01 -1 1 1 -1 1 -1 -1 9.7
=001 00 -1 011 -1 1 -1 -1 1 -1 27
0001 O O —-11 1 1 -1 -1 -1 -1 1
E =2/9, E,=E,=E,=-=E, =1/9, E,=E,=E,==E,_ =1/T2 (2-8)

Q =-7/3, Q =3E(i=234,...15)

(2-9)

Fig.2-2 Particle velocity distribution of D3Q15 model in LBM.
Fp IIMEEN ZBE TR ST EL 20, PIIBIFHENTHY, KIR

HR)NT AL, JEREA 2T v 7 ADEEANT FATHY, LFORNTERER
2.

p'=Xg (2-10)
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SEML A @-11)

2 (¢L - ¢G)
30) =2 (V9)ov)-2 Vel 1 (2-12)
= 3¢% 4¢° 2-13)

Z 2 CoXFIRAEEIMRE, D7 e/ T ANICB T AREES, I _IRICHN
FUVILTHAD.

He et al OO —FE T /L CIIREEIZEITER D vy, BikiER Sy, B %
L o ICLL FORBURN AL T 5.

v—(r—lin 2-14
=73 (-14)

BIH ZAHD 5 BRIV SWRRIZIE, B 1-R S A 38 L OWERIZI - Al(=Ax /c) 134H
IZE S TARETHLTD, BAMRER AL > TS EDIVERDHDH. L LR
5, IR AZNSVMEZ 525 RO RLEMIZER > TLEY, HEYKRER
RAMELREL D ZED & D “MFITH A 72 &V 5 D B - Tz

Z OREE R T 5728, Inamuro et al “IXREMEEZ BHICELD 2 9 2 & CREFIRERH
7, SRIEHE oo 2 NQ-14)DO¥EMEvE OBMRN DUV EEL, [EEICE XD Z L2 AREIC L
2. Bih, KQ-5DFHLEFE SHEHTRICEENDMMERAMZ L, NQ-2)DOHUF 4 11
KRV Fup) GBI TMEEAINT 260 b DO THSD. Ky Ialb—H
TIHEREMEIRIA TH 27K+ &AH CO, DFfEALE O(10™) - O (10°) mm A — & — D RS HEERL T
JBIZIBWTLEITHT T 2720, RFEEZWD AN, BEmkFHz=1 & L.

7%, AL CHEE L7Z LBM 7 VB W T, WERITRLITE®E 0, K TES X,
FEMEE L oy CLAT O L D I2lERkot b 5.

u=u/c,, X= X/Xp plp,s m=mX’/p,, p=p/c,,

a=u/(p,e,X). 6=0/(pc:X). =aX]e,, G=GCX/c. 13

18



2.2 LBM (28T S BENRST & - EAH SR BinE

FEYE LBM 7 7T A CIREARL T O K 2 BB (moving boundary) & LT
B fv, EEEORZ ZEHT 5.

¥ i EERELLALO: I N E T 2 BB EE V, O B SRR 1 3\ T A 02 F5 0%
BEE U BT DIRAR O uy, FEA T v 7 A, RO mBEE S B0
ELOEEm OEE~ZTEINGEHEP L AEHE LIS I OEOHEV, - A
FEa, OEFIFLLFOXTEREIND (Fig2-3) >0

A-1 1

——u,+—V,  A<I)2
A+ 7 A+1 T
VN 1 (2-16)
——u,+—-V Az1)2
A A7

L (2-17)
0.~0.+220(5-1)
20 (x,0)+(1-2A) £ (x —¢,At,t)-2Q Ac, -V, A<1/2
fxt+Ar)=1 2A-1 1 (2-18)
— fAx,t “(x,t)——Qe¢, -V A=1/2
P=3p(g +g Je, +mG (2-19)
L=x xP (2-20)
V=Vt LoV (2-21)
m
o' =0 +£At (2-22)
m

d, BT g B BEERAIEHRQAS)D f1Z g #RALE bOTH 5.
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Xy (= X; -et):
qui‘dJ\jode

xxygq:ﬂMdHOde
T = To60xex)

|

e (= -e) et  wall

X, (= X5 +edl)]
body node

Fig.2-3 Conceptual diagram of the collision process for velocities of opposite direction.

2.3DEM (2 X % BRI AEER

AT B TEMARL T - B AR 7O AAEM - EB) X DEM 7' 1 7' Z A CTdh 5 ESyS-
Particle” V& FHWCHEA L. BRI T2 EREER TET UL, EROERZ FRE
BRI %. BB mBIOEMEE—A 2 2B HEEERC, D, &7 F, kL
7 N oM@ < EkEZEF o#ES HRATrcERsh s 2.

: 0
. x +C —x +F =0 2-23
mx atz i xat i i ( )
9’ d
I 0+D—0 +N =0 2-24
"ort "ot ' ( )

i, RFRIOMEAEMIZBE L, R i &R j OEIIZ L > T 55047 F 6 &

OV B2 IR 7 OE 2 Y s 2 W T Fo L s itk s 5.
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F =kdJe, (2-25)

y yoyon

F’=—u,F'e’ (2-26)

T 2T,k i ISR B, e (THEMG M O BALEE XS NV TH D . F T up 1 TEEEELREL,
FiXERITm O ORE S, o 1THBRFMOBNLEE XY M THD. Kiftd, Yo

JEE, WUV HvERO TR, jMERT O, NRER kLU TOL ) IcRS

ns.
@zﬁéfwww
3
i{j—ﬁ+lﬂf
EE E (2-27)
1
=t
d d

AR =2 b—H% TiL DEM OShE _EH LSO FHEEEE R 2 s okl g & LT
BEL B LCHUD LS. KL EEEOREZRICE T 2 3R EEIFTNQ2DICTB W TEED d %

ERE (Bbd ~d) ELlebDLns.

2.4 EAEMEE T VRRGE

ARECIFRTHIE CICTHEE L2V 2 L—F 2 AWV TERIK BRENIC B 5 5k
72 BB G O FELZITV, BT VORGELZIT 572, FWERBR TILEITKE 200m O
WEIE NIZAE2Y 9725 2MPa, 10 °C IZ31F 5 /KI LU CO, & MRIEHEREY) T O RO EERL - 2 41

ELTWD. KWMEE% Table 2-1 IR,
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Table2-1 Physical properties for three-phase simulation.

Properties

Density of liquid pr (kg/m?) 1.00 x 103
Density of gas p¢ (kg/m®) 4.30 x 10!
Viscosity of liquid x4, (Pa-s) 1.00 x 103
Viscosity of gas i (Pa-s) 1.00 x 10
Surface tension coefficient o, (N/m) | 7.28 % 102
Contact angle 6(°) 26.0

2.4.1 BAH—RIRP OIKIZH DD IET IV

AE TIEGRAA - BERE O AAER OB AR T 2720, B —HRETIZEE Sz
BRI D8 hEy I ab—a L, BfEOME - B E O 21T o 7. —HRik
P OERIZ 3D D HIIHRE Cp 13 Stokes DHHTIERIR Newton oD FEER K 2 F T HFD

L IR - BB AR LT B 213,

24Re™ Re<1
c, =1(0.55+4.8/VRe| 1<Re<10° (2-28)
0.44 Re>10’

ZZTRelIbA ) NVAE (=udply) TH%. Table 2-1 DWPEE & —FEEH u = 0.1
(m/s), BkP% d, = 4 (mm) % 22282 AT 5 LK HFRICEH ) T Re =400 TH Y Cp=0.62,
KHFIIZI VW T Re=1720 THY Cp=044 72 5.

ZOBRREFHT 5720, BABCRER O BRI LR Z5RE L x = 0 tll —E il
HWE 2 HHEETNVEBELZOPIMREEA Y I 2L — a2 L7z, Fig2-4 I[Z&H
DIENZATERERT MDY 2 b— g UFER, Fig2-5 v Ialb—yarick

S THRLNEHIREEXQ2-28) 2 AV TH LN S RIEZ /R, KEHH TIEEHEAE
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W@ LA VAT BT DB AE L TEOENNE X TWD A, HHEH - [EFHOXR

FIZBWTHEFEOHE R « BB EBEEORNT-HNNEHEH TETWDL I ERnnh5.

X (m)

0 0.005 0.01 0.015 0.02 0.025
X (m)

(b)

Fig.2-4 Pressure distribution and vectors of flow velocity in (a) single liquid phase and (b) single gas phase.
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0.5(

0111|l|111|||11||||1|1||1|1||||

0 05 1 156 2 25 3
Lapse time (sec)

(2)

0 e v o 1

0 05 1 1.5 2 25 3
Lapse time (sec)

(b)
Fig.2-5 Simulated drag coefficient (solid line) and reference value derived from Eq. (2-28) (dashed line) in

(a) single liquid phase and (b) single gas phase. Last part of velocity in gas phase indicates vortex

effect with high Reynolds number.
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242 B—5KE ERETV
RIE T MAERBEIOFR AR T 5720, #FiKPICBIFARE EAEY I 21—
varl, FORRBLOEREEZBEFOHEEET LD LG UT-. [IaOES)

FREXTFEMERE do ZHNTTFRDO LD IZHEZ BNS.

du, _Ap 3., p, u

=FLGe-2c, = ]
at p, 4 "p.d, (2-29)

F70, KIEOFIMRBIZZOV A XL FTRo LY IzeETmbsing 21419,

C, =24Re"(1+0.15Re"") d_ <0.98(mm)

C, =48Re"'G(y)1 + H(y)Re "] 0.98(mm) < d_ <18(mm)

2 =1+0.63E0"" (2-30)

8 "
C,= gEo(Eo+4) d. >18(mm)

ZZTCTEo I hRRITHY Eo = gd’o'Apl £ EZND. G(pB L O H(p)idEH K
DEBEL YO TH Y Moore® DIz L 5. K(2-29)0ESN 2K & K2-30)0 L BP0
BB O K LFHEIZ LY, KIAO &S A E MRS K D 5715, Table 2-1 DY
P & KIARE dop =4 (mm) % 525 L #&a EAEE X u=032 (m/is)ERKDOBND.

TOBRGET I 2 b— g U THET B OIS IS BRGR, S5 & R
DK T T L&A LI FHREE TS, B de =4 mm)ORJaZELE LT
VEEY, IO FREE L REBE L. 2B, SREFMORMEERZRIT -2 L
Z &0 2 8B LA ORI N R D120, KA LA OMEEZEEZ RO TN D,

Fig2-6 I ab—a VLo THELAVERIE EAEE & S RENTIE, Fig2-7 (2
ERT 2 RIBOTARK T
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rrrr1 7 1T rTrrrrrfJrrr
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Velocity of bubble (m/sec)
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O
o)

Fig.2-6 Simulated rising velocity of bubble (solid line) and reference value derived from Eq. (2-29) and Eq.

(2-30) (dashed line).

0.03
0.02 Q
£ | O
ML OO
L )
0 0.005 0.01

X (m)

Fig.2-7 Change in shape of rising bubble.
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ENTE T 2 & B LA 00 Al O IRE D BB TN D 28, B IR & 12 IF [R5
OEFEENE SN, £EREMHICBWTT b2 Eo = 2.06, E/L k¥ Mo (=
g *Aplp ) =244 x 10" L 72 V), Clifter al > D OIGIRE TITFE A DFER & 72 D 233 2

2= a Y TRLALXIADIFIRG 2 L BEFICEET 5 (Fig2-7).

243 AfFICBIT 52 BEEET IV
ARETREXE —MHOBEHREZMREET 5720, HFEICBT 2 BEEOHIAZIT 7.
SUES TR ) o6, B2fib A 00 8 5K —FRICBE LIRS d OMFEICR T 2 BETE PoldikX

TRIND.

4o, o
p =40, c08

c p (2-31)

Al A O[] S A5 AR ] D S ok J 6% 2 oep (0B = S:solid, G:gas, L:liquid) % FHVNTLL

Tokosickasns (Fig2-8).

O' —
cosf =———>= (2-32)

Solid plate

Fig.2-8 Conceptual diagram of contact angle.
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KX a2 b—F TIFEEMA e, K[ E  ore Z NT1/3T A% & L THRNICE X
L. ZIT, 22T AN ERdOMEEET L E LTRQE3DDEEE Pe
HELTE 20 % MEE LT,

AETIEEEE N7 v 7R EITH M TR Z R LT 5. Sorai et al > OVRMEE T i
BIZRIT DU « > — VIETREE & 72 DM FEREE 1000 m 2 A58 L72IRE « £/ 40°C -
10 MPa (IZBW Ty — VgD A — MEAEL, PRIC-EROEELAE L7-F v
U —7L— b LT, BEEOUEEIToT. TORME, BEd=1.0 (um®
Fr BT U =T — MIBWTEEE Pc=69.1 (kPG HN TS, ZHER(2-31)IZ
RAT D & RaiTE S & 2l ORIIZ o cos8=1.73 x 107 (N/m) DK D B 5. Sorai
et al”'ODFEBR Tl ore, cosOEl x DIEZFHU L TV 72WAS, R - £ 40 °C + 10 MPa
DEETIZET D CO,y - K - 2V BROFER I L OB AIZOWTE, BEED F5R
IZB N Tog=24%107-3.3x 107 (N/m), #filifso=20°- 60°DBHPENEF LN TS »
748 2 2B o167 c0s0=1.73 x 102 (N/m) 72 Dl AA ot 2B BT 5 & O#FBHIL o6,
cosd] = [2.4 x 10 (N/m), 44°] - [3.3 x 102 (N/m), 58°]1& 72 %. LizA->T, ABFFETIEZ
OFIAIZI T D o, cos@DMABDHLEZEZNS DDAV TELR d=1.0 (um)OHEIZBT
HEEIE Pc=69.1 (kPA)DAIARY I =2 L — X THETX D20 EMEE LT V[0, cosé]
DRI R % Table2-2 12, IR - [£7740°C + 10 MPa OSAE FIZEBIT HK + CO, D
DOWYVEE % Table 2-3 127”77, ¥ = L—3 3 Tl Sorai ef al7'ODOEBRTHW S
BeP AL e L, NS B AR CHRE LZMEO T ATF ¥ o —%
Bl L C, biigd —@EEINTR o 72 ECFmIC BRI 72 FE 217 2 #5217 - 7= (Fig.2-
9). FEJIORFZEAL & T F fE L B OFRITE W72 E R O KRS 25k, [
RCHADT VAT AN—PNRIDHENZE VI ab— a3 L. Fig2-10 IZZ DR
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Fig.2-9 Conceptual diagram of simulated step-up method. Gas chamber is set at the bottom of a circular
tube, and inside and top of the tube is filled with water. Pressure at the top of the domain is maintained

constant and that at the bottom is escalated in incremental steps. Gas phase saturation is recorded at three

depth at the central axis of the tube to observe breakthrough of gas.
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Table2-2 Combination of surface tension coefficient and contact angle for simulation of capillary pressure.

Properties/Case Case 1 Case 2 Case 3
Surface tension coefficient oz (N/m) | 2.45 x 107 2.69 x 102 3.02 x 1072
Contact angle 6(°) 45.0 50.0 55.0

Table2-3 Physical properties for simulation of capillary pressure.

Properties

Density of liquid pr (kg/m?) 9.96 x 102
Density of gas p¢ (kg/m®) 6.29 x 10?
Viscosity of liquid 4, (Pa-s) 6.54 x 104
Viscosity of gas i (Pa-s) 4.78 x 103
Surface tension coefficient o (N/m) | 2.69 x 102
Contact angle 6(°) 50.0
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Fig.2-10 Simulated breakthrough of gas for different combination of 076 cos@=1.73 x 102 (N/m) and
reference value of capillary pressure derived from Sorai et al.>'® (Dashed-line). [016, cosd] = (a) [2.45 x
102 (N/m), 45°], (b) [2.69 x 102 (N/m), 50°], and (c) [3.02 x 10 (N/m), 55°]. Black solid-line indicates
pressure difference between the top and bottom of the computational domain. Other lines indicate gas

saturation at the central axis of the circular tube. Dotted-line indicates the lower point, light gray-colored

line indicates the middle point, and gray-colored line indicates the upper point in Fig2-9. (Continued.)
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Fig.2-10 (Contd.) Simulated breakthrough of gas for different combination of 0r.6-cos@ = 1.73 x 107
(N/m) and reference value of capillary pressure derived from Sorai ef al.'® (Dashed-line). [016, cosd] =
(a) [2.45 = 10 (N/m), 45°], (b) [2.69 x 102 (N/m), 50°], and (c) [3.02 x 10 (N/m), 55°]. Black solid-
line indicates pressure difference between the top and bottom of the computational domain. Other lines
indicate gas saturation at the central axis of the circular tube. Dotted-line indicates the lower point, light

gray-colored line indicates the middle point, and gray-colored line indicates the upper point in Fig2-9.
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Fig.2-11 Conceptual diagram of calculation domain.

Table2-4 Physical properties for solid phase.

Properties

Density of solid ps (kg/m?) 2.40 x 10°
Young modulus of solid (GPa) 73.1
Poisson ratio of solid 0.17
Dynamic friction coefficient of solid 0.1
Static friction coefficient of solid 0.6
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Z ORf, LR RGOV E OMBEIILLTo®@ Y FHild 5 (Fig.2-13).

1. BACEEERE(x, YW W TR REHE S z(x, y)ZKD 5.

2. z(X, Y)DIR/ME zgmin 23K, ZHLLF OFIROER - JRAEIE 2R HT 5.

F72, D z2=2gin DV ZTE S NIZ T ABHOWHEZ RO LW & 1 5.

XOF o+ 4 4 & &

(a) (b)
Fig.2-12 Conceptual diagram of simulation model in (a) 2D and (b) 3D view. Water-filled layer of sand

grains is set at the base of computational domain and water column is set the above. Gas flows in from the

bottom with constant flow velocity (m*/m?/s).

36



Z5(X2, Y2)m g

> Zs(X1, Y1)
/_\ « Surface of section for
computing channel size

Zsmin 1

Volume for
computing porosity

Fig.2-13 Conceptual diagram of computing porosity and channel size. z,(x, y)is the top position of solid
phase in each point of (x, y), and zsui» is the lowest point of z«(x, y) among the domain. Gas channel size is

computed at x-y plane at z = z,;,» and porosity of sand layer is computed using volume below that plane.
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Fig.2-14 Conceptual diagram of separated bubble for computing bubble diameter.
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Fig.2-15 Conceptual diagram of gas channel. Blue circles indicates positions of gas channels, that

is, area through which gas seeps and forms bubble or plume.
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Fig.2-16 Conceptual diagram of gas channel and computing its size. Diagram (b) shows cross-sectional
view of gas channel at z = z,;,. White color indicates solid phase, blue color indicates liquid phase, red

color indicates gas phase, and yellow/green color indicates liquid-gas interface.
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Fig.2-17 Example of snapshot series of (right) 3D view and (left) cross-sectional view of gas channel at z
= zgmin- (1) shows the initial state, (2) shows the snapshots just prior to breakthrough of gas and (3) - (12)

show snapshots series after (2) at intervals of 6.25 x 102 sec. (Continued.)
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Fig.2-17 (Contd.) Example of snapshot series of (right) 3D view and (left) cross-sectional view of gas
channel at z = zgy,. (1) shows the initial state, (2) shows the snapshots just prior to breakthrough of gas and

(3) - (12) show snapshots series after (2) at intervals of 6.25 x 102 sec. (Contd.)
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Fig.2-17 (Contd.) Example of snapshot series of (right) 3D view and (left) cross-sectional view of gas
channel at z = zgy,. (1) shows the initial state, (2) shows the snapshots just prior to breakthrough of gas and

(3) - (12) show snapshots series after (2) at intervals of 6.25 x 102 sec.
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Fig.2-18 Example of analysis of bubble forming simulation. (a) Simulated channel equivalent diameter vs.

flow rate per area and (b) simulated bubble equivalent diameter vs. channel equivalent diameter.
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Table2-5 Simulation parameters for different domain area.

Parameters

Grain diameter dj, (m) 2.0 %103
Porosity of sand layer ¢ 0.35
Layer thickness H (m) 1.4 x 102
Vertical domain length (m) 3.75 x 102
Node spacing Ax (m) 2.5%10*
Mock acoustic velocity ¢y (m/s) 5.0
Time step size At (sec) 5.0 x 107
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Fig.2-19 Simulated channel equivalent diameter for different domain area. Grain diameter d, is 2.0 mm,

porosity of sand layer ¢is 0.35, and flow per area Q, is 2.67 x 10~ m*/m?/s.
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Fig.2-20 Cross-sectional view of gas channel at z = z,;, for different domain area. Lp = (a) 7.5d,, (b) 10 d,,

(c) 12.5d,, (d) 15d,,. Grain diameter d, is 2.0 mm, porosity of sand layer ¢is 0.35, and flow per area Q, is

2.67 x 102 m*/m?/s. Thickness of sand layer is 7d, (1.4 cm).
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51



[Z%3CHK]

2-1) McNamara G., Zanetti, G., 1988. Use of the Boltzmann equation to simulate lattice-gas
automata, Phys. Rev. Lett. 61,2332-2335,

2-2) Cundall, P.A., Strack, O.D.L., 1979. A discrete numerical model for granular assembles.
Geotechnique 29(1), 47-65.

2-3) Gunstensen, A.K., Rothman, D.H., Zaleski, S., Zanetti, G., 1991. Lattice Boltzmann model
of immiscible fluids, Phys. Rev. A 43(8), 4320-4327.

2-4) Shan, X., Chen, H., 1993. Lattice Boltzmann model for simulating flows with multiple
phases and components, Phys. Rev. E 47(3), 1815-1819.

2-5) Swift, M.R., Orlandini, E., Osborn, W.R., Yeomans, J.M., 1996. Lattice Boltzmann
simulations of liquid-gas and binary fluid systems, Phys. Rev. E 54(5), 5041-5052.

2-6) He, X., Chen, S., Zhang, R., 1999. A Lattice Boltzmann Scheme for Incompressible
Multiphase Flow and Its Application in Simulation of Rayleigh-Taylor Instability. J. Comput.
Phys. 152, 642-663.

2-7) Huang, H., Huang, J.-J., Lu, X.-Y., 2014. A mass-conserving axisymmetric multiphase lattice
Boltzmann method and its application in simulation of bubble rising. J. Comput. Phys. 269,
386-402.

2-8) Inamuro, T., Ogata, T., Tajima, S., Konishi, N., 2004. A lattice Boltzmann method for
incompressible two-phase flows with large density differences. J. Compt. Phys. 198, 628-644.

2-9) Huang, H, Thorne, Jr., D.T., Schaap, M.G., Sukop, M.C., 2007. Proposed approximation for
contact angles in Shan-and-Chen-type multicomponent multiphase lattice Boltzmann
models. Phys. Rev. E. 76, 066701.

2-10) Bouzidi, M., Firdaouss, M., Lallemand, P., 2001. Momentum transfer of a Boltzmann-

lattice fluid with boundaries. Phys. Fluids 13, 3452.

52



2-11) Abe, S., Place, D., Mora, P., 2004, A parallel implementation of the lattice solid model for
the simulation of rock mechanics and earthquake dynamics. Pure. Appl. Geophys., 161,
2265-2277. <https://launchpad.net/esys-particle/> (accessed June 01, 2016).

2-12) Cook, B., Noble, D., Preece, D., Williams, J., 2000: Direct simulation of particle-laden
fluids. In: Girard, L., Breeds, D. (eds.), Pacific Rocks. 279-286, Balkema, Rotterdam.
2-13) Batchelor, G.K., 1967. An Introduction to Fluid Dynamics. Cambridge University Press.

ISBN 0-521-66396-2.

2-14) Clift, R., Grace, J.R., Weber, M.E. 1978. Bubbles, Drops and Particles. Academic Press.
New York.

2-15) Moore, D.W., 1965. The velocity of rise of distorted gas bubbles in a liquid of small
viscosity. J. Fluid Mech. 23, 749-766.

2-16) Sorai, M., Fujii, T., Kano, Y., Uehara, S., Honda, K., Experimental study of sealing
performance: Effects of particle size and particle-packing state on threshold pressure of
sintered compacts. J. Geophys. Res. Solid Earth 119, 5482-5496, 2014.

2-17) Bachu, S., Bennion, D.B., 2009. Interfacial tension between CO2, freshwater, and brine in
the range of pressure from (2 to 27) MPa, temperature from (20 to 125) °C, and water salinity
from (0 to 334 000) mgL™"'. J. Chem. Eng. Data, 54, 765-775.

2-18) Sarmadivaleh, M, Al-Yaseri, A.Z., Iglauer, S., Influence of temperature and pressure on
quartz-water-CO; contact angle and CO»-water interfacial tension. J. Colloid Interf. Sci. 441,
59-64, 2015.

2-19) Thomas, L.K., Katz, D.L., Tek, M.R., 1968. Threshold Pressure Phenomena in Porous
Media. SPE Journal 8, 174-184.

2-20) =HREAT, 2009. WUNAr =L R 2 b—3 g S K DR PRI B A A

Fe. H20 B HUUOR S BRI R A SERHE TR

53



2-21) Li, H., Fang, H., Lin Z. et. al., 2004. Lattice Boltzmann simulation on particle suspensions
in a two-dimensional symmetric stenotic artery. PHYSICAL REVIEW, E69, 031919.
2-22) AT HFER, 2013, WRRHERED > DI 2 50u A XPGE A T3 = X LI 5 0F

2. H24 A B RURS L ah AR2Em .

k=10

2-23) Loimer, T., Machu, G., Schaflinger, U., 2004. Inviscid bubble formation on porous plates
and sieve plates. Chem. Eng. Sci. 59, 809-818.
2-24) Davidson, J.F., Schiiler, B.O.G., 1960. Bubble formation at an orifice in an inviscid liquid.

Trans. Inst. Chem. Eng. 38, 335-342.

54



3. REFRBIZBITO2XIEERY I 2 b —Ta v

ARETIIHE 2 EOMBELEZEXE ARE I 2 b—2 2Ty Iialb—vay
ATV, WEHERY O Z< KMICRKERT AWM N TE, 20 RICHE BEE % - T
WAHIRTEZIEE LTz, REFREEIZHBIT DT AAL « KIS KIZE SR = e o 5-2 %
ERAMNTT 4. £7, 3.1 #HiTIXERE R L OSRERE I T 5 KIS BN O
TyIalb—varzfryy, TOERZHREFTS. HVT 3.2 JiCILimE - [ - kL
BOZNT AL, KIS I 21— a DTG RAEZRAET 4 Z{To1-. AlA
13dH < ETHFRIZRBEBICEAT 23 ETIIH 5 b 0D, 2N b O RZEE 2 33 filC T,

KEFEEDOKIATEHA T = A LZHOWNTEH L 5.

3.1. EftE & RERERE BT 2 RBERES O ER

AR TR F RIS A A RIS & LT, BB L OREREICE T 25
JAERR Y 2 = L—3 3 Y EITV, TOXREOZER)N S, B RERIC X 2 B =ik
BN RIAERRIC G5 2 DB LRI 5. V2 2 b— a3 IS, BEHEREY o7 2
FO EICHEOEEE RS TND E WS r— R ME LEHAEET VEERT L. 7
TR OV IEHERE R 10 2 A0 E L, RiF% 2.0 mm TRIFRAZE 0.35 & 043 Ofg % 7=,
F 7z, BEWRLFEIE, AKFd KOS E GRS A XICB LTI E 2 avhift 7 7%, 12.5
BB L 18IS FOEAE F . TP A XA IR 0.125 %, FEHEEH ¢ 1% 5.0 m/s
&L, BRI EAr = Ax/c) TH 2 TWD . ARIZIFIEEE 10°C « [£7) 2MPa DS TFIZ
B HKE CO,p BRRLFITIT AT B & EHE Sy &35 — IR K7 &2 4878 L7z,
Table 3-1 IZ3 X = b— g  CHWEAWMEEZ, Table 3-2 (KGR RT A X 2.
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Table 3-1 Physical properties for bubble forming simulation.

Properties

Density of liquid o, (kg/m?) 1.00 x 10
Density of gas pg (kg/m?) 4.30 % 10!
Density of solid ps (kg/m?) 2.40 x 103
Viscosity of liquid 4, (Pa-s) 1.00 x 1073
Viscosity of gas i (Pa-s) 1.00 x 103
Surface tension coefficient 01 (N/m) 7.28 x 1072
Contact angle 6(°) 26.0
Young modulus of solid (GPa) 73.1
Poisson ratio of solid 0.17
Dynamic friction coefficient of solid 0.1
Static friction coefficient of solid 0.6

Table 3-2 Parameters for bubble forming simulation.

Parameters

Grain diameter d}, (m) 2.0x 103
Porosity of sand layer ¢ 0.35,0.43
Layer thickness H (m) 1.4 x 1072
Horizontal domain length Lp (m) 2.5x%10%
Vertical domain length (m) 3.75x 1072
Node spacing Ax (m) 2.5x10*
Mock acoustic velocity ¢y (m/s) 5.0
Time step size Af (sec) 5.0 x 10
Flow rate per area Q, (m*/m?/s) 2.67 x 1073
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Fig.3-1 Initial package of sand grains. Grain diameter is 2.0 mm and the porosity is (a) 0.35 and (b) 0.43.

Horizontal domain length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-2 Cross-sectional snapshots of gas phase intrusion into unconsolidated layer, started from Fig.3-1(a).
White area indicates solid phase, blue area indicates liquid phase, red area indicates gas phase, and
yellow/green area indicates interface of liquid and gas, respectively. Grain diameter is 2.0 mm, the porosity
is 0.35, and the flow rate per area is 2.67 x 10 m*/m?/s. Horizontal domain length is 2.5 ¢cm and the

thickness of sand layer is 1.4 cm.
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Fig.3-3 Cross-sectional snapshots of gas phase intrusion into unconsolidated layer, started from Fig.3-1(b).
White area indicates solid phase, blue area indicates liquid phase, red area indicates gas phase, and
yellow/green area indicates interface of liquid and gas, respectively. Grain diameter is 2.0 mm, the porosity
is 0.43, and the flow rate per area is 2.67 x 10 m*/m?/s. Horizontal domain length is 2.5 ¢cm and the

thickness of sand layer is 1.4 cm.
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(a)

(b)

Fig.3-4 Three-dimensional snapshots of gas phase intrusion and formation of bubble through
unconsolidated layer of which porosity is 0.35, (a) at forming gas channel and (b) during formation of
bubbles. Grain diameter is 2.0 mm and the flow rate per area is 2.67 x 10 m*/m?%s. Horizontal domain

length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-5 Three-dimensional snapshots of gas phase intrusion and formation of bubble through
unconsolidated layer of which porosity is 0.43, (a) at forming gas channel and (b) during formation of
bubbles. Grain diameter is 2.0 mm and the flow rate per area is 2.67 x 10 m*/m?%s. Horizontal domain

length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-6 x-y plane snapshots of gas phase intrusion and formation of gas channel in unconsolidated layer of
which porosity is 0.35, (a) at initial condition and (b) after gas intrusion. White area indicates solid phase,
blue area indicates liquid phase, red area indicates gas phase, and yellow/green area indicates interface of
liquid and gas, respectively. Grain diameter is 2.0 mm and the flow rate per area is 2.67 x 107 m

Horizontal domain length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-7 x-y plane snapshots of gas phase intrusion and formation of gas channel in unconsolidated layer of
which porosity is 0.43, (a) at initial condition and (b) after gas intrusion. White area indicates solid phase,
blue area indicates liquid phase, red area indicates gas phase, and yellow/green area indicates interface of
liquid and gas, respectively. Grain diameter is 2.0 mm and the flow rate per area is 2.67 x 10~ m*/m?/s.

Horizontal domain length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-8 x-y plane snapshots of pressure in unconsolidated layer of which porosity is 0.35. (a) shows the tip
of gas phase and (b) shows a x-y plane lying directly on the plane of (a). Grain diameter is 2.0 mm and the

flow rate per area is 2.67 x 10~ m*/m?/s. Horizontal domain length is 2.5 cm and the thickness of sand layer

is 1.4 cm.
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Fig.3-9 Two different cross-sectional snapshots of gas phase intrusion through consolidated layer, (a) is the
same cross-sectional plane in Fig.3-1(a), and (b) is another plane where gas intrudes furthest. Gas migration
stopped after reach narrow throat. White area indicates solid phase, blue area indicates liquid phase, red
area indicates gas phase, and yellow/green area indicates interface of liquid and gas, respectively. Grain
diameter is 2.0 mm, the porosity is 0.35, and the inlet pressure is 300 Pa. Horizontal domain length is 2.5

cm and the thickness of sand layer is 1.4 cm.
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(b)

Fig.3-10 Two different timing of cross-sectional snapshots of gas phase intrusion through consolidated layer
of Fig.3-1(b). Gas migrates upward conquering capillary pressure. White area indicates solid phase, blue
area indicates liquid phase, red area indicates gas phase, and yellow/green area indicates interface of liquid
and gas, respectively. Grain diameter is 2.0 mm, the porosity is 0.43, and the inlet pressure is 300 Pa.

Horizontal domain length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-11 Gas passage thorough unconsolidated layer of which porosity is (a) 0.35 and (b) 0.43. Gas flow

makes channel in unconsolidated layer. Grain diameter is 2.0 mm and the flow rate per area is 2.67 x 103

m?3/m?/s. Horizontal domain length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-12 Gas passage thorough consolidated layer of which porosity is (a) 0.35 and (b) 0.45. Gas just

migrate through large throat conquering capillary pressure in consolidated layer. 300 Pa is smaller than

threshold pressure in case of low porosity. Grain diameter is 2.0 mm and the inlet pressure is 300 Pa.

Horizontal domain length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-13 Bubble diameter distribution forming through consolidated layer and unconsolidated layer. Bar

indicates the minimum and the maximum, and square indicates the mean value in each case.
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Table 3-3 Properties for parameter study.

Properties

Flow rate per area (x 10 m¥/m?/sec) | 2.00 x 10 -1.20 x 102, 2.00 - 8.00

Porosity of sand layer 0.35,0.43
Grain diameter (mm) 1.2,1.6,2.0
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Fig.3-14 Conceptual diagram of simulation models for different thickness of sand layer. Thickness of sand

layer H in each case is (a) 5 dp, (b) 7 dp, and (c) 9 d), respectively. Grain diameter d,, is 2.0 mm and porosity

is 0.43. Horizontal domain length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-15 Simulated channel equivalent diameter for different thickness of sand layer. Grain diameter d, is
2.0 mm, porosity of layer is 0.43, and flow rate per area is 2.67 x 10~ m’*/m?/s. Horizontal domain length

is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-16 Cross-sectional view of gas channels at z = z,,;, for different thickness of sand layer. Thickness of
sand layer H in each case is (a) 5 d;,, (b) 7 d,, and (¢) 9 d,, respectively. Grain diameter d, is 2.0 mm, porosity

of layer is 0.43, and flow rate per area is 2.67 x 10~ m*/m?/s. Horizontal domain length is 2.5 cm and the

thickness of sand layer is 1.4 cm.
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3.2.2 JiiE & BIBRR DR
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Fig.3-17 Initial cross-sectional of Y-plane in case where porosity is (a) 0.35 and (b) 0.43. Grain diameter is

2.0 mm. Horizontal domain length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-18 Simulated channel equivalent diameter and vs. flow rate per area for different porosity in cases
where the order of flow rate per area is O(10~) m*/m?%s. Grain diameter is 2.0 mm. Horizontal domain

length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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DOFH L — 2B 25 L, Bl O CO, FEAIT L DA MIEHERINE A FhE L Tu
% K [E Rangely TiZ, 4ER] 170 - 3800 ton @ CO IR THEE STV 5 Y. Zh
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IS 100 m? DO H S 2 i E L Table 3-1 O H A 43 kg/m® A5 L, CO, I
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Fig.3-19 Simulated channel equivalent diameter vs. flow rate per area for different porosity in cases where
the order of flow rate per area is O(10°) m*/m?/s. Grain diameter is 2.0 mm. Horizontal domain length is

2.5 cm and the thickness of sand layer is 1.4 cm.
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Fig.3-20 Simulated bubble equivalent diameter vs. channel equivalent diameter for different porosity in
cases where the order of flow rate per area is (a) O(10~) m’*/m?/s and (b) O(10°°) m’*/m?/s. Grain diameter

is 2.0 mm. Horizontal domain length is 2.5 cm and the thickness of sand layer is 1.4 cm.
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Orifice transition theory
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Fig.3-21 Flow rate per channel vs. channel (orifice) equivalent diameter. Solid line indicates the line of
transient flow rate for a circular orifice defined by Eq. (2-35) and symbols indicate present simulation data
for different orders of flow rate per area. Grain diameter dj, is 2.0 mm. Horizontal domain length is 2.5 cm

and the thickness of sand layer is 1.4 cm.
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Table 3-4 Classification of grains of sediment.
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0.004 0.06250.1250.25 05 1 2 4 64 256 (mm)

e 2
S 52
#it | v b A LA
T A
0.002  0.02 0.2 2 (mm)
Ve 2 1

JIS A1204 Hh LR MRS | E> | KA | R PR | R

(2009) 0.005 0.075 025 0.85 2 4.75 19 ~75

(mm)
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FOGEI A XL, ZENENRRTREBI 125658 Le. £o, &7V XAx 13hL
L0125 fiF, BUEEIE o3 5.0m/s & L, FEEIZIZEAI= Ax/cO0 TH 2 TWb. T ARE
BLORWEY A REBT T2 AT v 7 v a vy NORIRIEL, 625 x 102 sec & L7z. Table
3-5 AR KTT DR T A Z 2T

Fig.3-22 IZRiR A (b SH 2560, HALEME S 720 MEICkT 2 T AL %
Y. FEEEIT 1.0 sec 2 THY, KBTS 72y MIATEE R, F—LEF
RLKRHAERE L T RnWT AR L E &, 7, FRRL BRI  HED 7 —
AT ENT, | RO UITEBO T ABLGIZB T 5 A A0 6o - REHAE %

ZNE

Table 3-5 Simulation parameters for cases of different grain sizes.

Parameters\ Grain diameter d}, (m) 1.2 x103 1.6 x 1073 2.0 x 103
Porosity of sand layer ¢ 0.35,0.43 0.35,0.43 0.35,0.43
Layer thickness H (m) 8.4 %103 1.12 x 1072 1.4 x 1072
Horizontal domain length Lp (m) 1.5 x 1072 2.0 x 1072 2.5%10
Vertical domain length (m) 2.25 %102 2.40 x 102 3.75x 102
Node spacing Ax (m) 1.5 x 104 2.0 x 10 2.5%10*
Mock acoustic velocity ¢y (m/s) 5.0 5.0 5.0

Time step size Af (sec) 3.0x 107 4.0 x 107 5.0 x 107
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Fig.3-22 Simulated channel equivalent diameter vs. flow rate per area for different grain size. Porosity of

sand layer is 0.43. Other simulation parameters are indicated in Table 3-5.
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Fig.3-23 Dimensionless channel equivalent diameter ( = d./d,) vs. flow rate per area for different grain size.
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Fig.3-24 Simulated bubble equivalent diameter vs. channel equivalent diameter for different grain size.

Porosity of sand layer is 0.43. Other simulation parameters are indicated in Table 3-5.
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F 72, Table 3-3 ® Wentworth % ¥ 23\ CTHEED/HE & 72 DRiFE 4.0 mm (2O T,
HARAD Y X 2 b— 3 U EITo /bR % Fig3-25 1277, J@OMBRFEIL 043, HAL
RS & 72 0 it BV XU T CO B DI A2 HE L7 6.98 x 10° m*/m¥/s & Lz, FFE 3
7 A X % Table 3-6 |Z/”7.

OV A XETHRBRNRKREL b &, TAFERR 72 RE BT L HERZE
STERFLTWS ZERTE, MRMICRER TH-TH, HIERTAALLEESL Z L
RJERMmMETER Lc. BN ANEIZ ERT 5720, fixOKIdE BT % &
WY EDIETA—BROTAREH L L7 o7, B 035 OBIZEWTSH, FED
ZENRO LN W LT T AHZLZ @ U TORIEM & 1ZA T =X LD 5815
LR DT, K 2.0 mm LU FOREIZIIT 5288 & FERICHT 5 2 LI, @EThun
EEZLIND.

Table 3-6 Simulation parameters for bubble forming simulation with grains of 4-mm diameter.

Parameters

Grain diameter dj, (m) 4.0 %103
Porosity of sand layer ¢ 0.43
Layer thickness H (m) 2.8 x 107
Horizontal domain length Lp (m) 5.0 x 102
Vertical domain length (m) 7.5 x 102
Node spacing Ax (m) 5.0 x 10#
Mock acoustic velocity ¢y (m/s) 5.0
Time step size At (sec) 1.0 x 10
Flow rate per area O, (m*/m?/s) 6.98 x 10
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(a)

(b)

Fig.3-25 (a) Cross-sectional and (b) three-dimensional snapshot in case where grain diameter is 4.0 mm.
Gas intrudes almost all of throats. Porosity of sand layer is 0.43. Horizontal domain length is 5.0 cm and

the thickness of sand layer is 2.8 cm.
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Circular orifice transition theory
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Fig.3-26 Transition flow rate vs. channel (orifice) diameter in circular orifice theory (solid line) and present

simulation data (square symbols).
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Fig.3-27 Bubble equivalent diameter vs. channel equivalent (orifice) diameter in circular orifice theory
(solid line) defined by Eq.(2-35), present simulation data (square symbols) and its correlated function

(dashed-line). Correlation coefficient R is 0.45.
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Fig.3-28 Cross-sectional diagram of gas channel in present simulation (Red color indicates gas phase) with
different flow rate. In these cases, grain diameter is 2.0 mm, porosity of layer is 0.43, and flow rate per area

is (a) 2.67 x 107, (b) 5.33 x 1073, and (c) 8.00 x 10 (m*/m?/sec). (Continued.)
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Fig.3-28 (Contd.) Cross-sectional diagram of gas channel in present simulation (Red color indicates gas
phase) with different flow rate. In these cases, grain diameter is 2.0 mm, porosity of layer is 0.43, and flow

rate per area is (a) 2.67 x 107, (b) 5.33 x 103, and (c) 8.00 x 10~ (m*/m?/sec).
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Table 3-7 Simulation parameters for bubble forming from circular cylinder.

Parameters

Grain diameter d, (m) 3.0x1073,4.0 x 103,5.0 x 103
Layer thickness H (m) 1.0 x 10
Horizontal domain length Lp (m) 1.25 x 1072

Vertical domain length (m) 3.75 x 10

Node spacing Ax (m) 2.5 %104

Mock acoustic velocity ¢y (m/s) 5.0

Time step size At (sec) 5.0 x 103

Flow rate per nozzle Q. (m’/s) 2.0 x 10
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Fig.3-29 (a) Bubble equivalent diameter vs. orifice diameter in circular orifice theory (solid line) defined

by Eq.(2-35) and simulation data for circular orifice (black circular symbols). (b) Snapshot of bubble

forming from circular orifice of 4-mm diameter.

AR alb—a BT, TABRLN 45 EHANCENY AV v MROEEE %
TR LTEJRIR D —21 %, HgEib g OFERRIZ B W TR DR 1% FTHE L DD/ T A X A
BT LRI DERE L ba— V%479 7, EE Ny 7 — YO0 IR LFEEZ{T
S T2 B O E MBS D, AFHFEEBICB W TENEBEO®R M- T2 Litd D
EEZEZBND. AR TIE, RERET 28 U@ RESZO>NT, ML 7 ¢
A B ORIATG R ZEE) & DR AZGE L, BEXIR=HRENC K> TR SN T ARL
ERIADOY A RIZEB LTI 21T o720, RIRCHIBRE, Fik, AR T o FeEkEE
Lo T, HABZLOWRERIMmA D Z &3 +aExbhd. 2L xiE, Figs-
26 1 XHIfR 2.0 mm, [IBREE 043 O —RAZBWT, B EEH TV EEEX RO
AHBHWIHZ R LIZ b DN, MENRELRDHIFERY v MROTAHLBLBRILR LT
WS R REMBREOND. 72721, RBIFEDO Y I 2 b— 3 U ClIdiE A — 4 — 72

ST —=RZENWTY, LROBEDE Ny X 7 OEELERPONE AT v MROT A

94



HHINFEL TWDL T, HERLHBRRBROZE LT TAHRERDMFDRVLETHA 9.
F W RIS X 2RI REE ~DE IOV TH, SHOBETH 5.

K2 b—a T, REFEBIZBOTER SNIZH AH 61 S OKIBIE R ZEE)
IZ, MEICED VY=L B IO ABL LY A XL KJd A ORI L, MBS
V7 4 2 & O—EDOFRIN R b7z, FiFEOFREMEITL D XY v MROT A I
LIS, SN D250V A A~ B2 5272 B2 6050, MEITWA
AHBHLREREND XD REAICE, Woz o O & OIS HERNI S S,

F72Fig3-3012, ¥alb—yary THRLNATHT AL LB ORI 2 5%
i &, WHPDOERTHE (K) GTHEPDONE~~) ZAWr—2C81) 5 [FE
7 m oy b LTz, YT — ARV CRIRIT 1.18-2.0mm, B ORI 0.34 & ST
BY, YIab—Ya AIBWTUIRAEE - MR E BICIN LV REFENLOPRE WE
EERELTWD. JiTH POERICBIT 28T AHLLOIRSCKE SRS T

WS, Y ab—va COEITERTEBN SN S Lo/~ PREOKIE L FRETH

> 7.
1 0 r O [ | D = 2.0 mm/Porosity = 043
B * D = 2.0 mm/Porosity = 0.35
L A D =1.6 mm/Porosity = 043
@ D =1.2 mm/Porosity = 043
g 8 ; 6 Kawada's experiment (2013)
@ | O
o |
=0 O
86r
e n
£ . O
©
g4t -
o n
N .
2 0 O
S 2+ .
m |
0 L ]
1 1.5 2 2.5 3

Flow rate per channel (10° m’/s)

Fig.3-30 Bubble diameter vs. flow rate per channel in present simulation data and results of sand (1.18 -

2.00 m) case in kawada’s experiment>>.
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Fig.3-31 x-y plane snapshots of pressure difference at the tip of gas phase in unconsolidated layer of which
grain diameter is 2.0 mm porosity is 0.35 in the case where flow rate per area is (a) 2.67 x 10~ m*/m?/s and

(b) 2.32 x 10 m3/m?¥/s.
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Fig.3-32 Bubble diameter forming at orifices of different diameters d. vs. flow rate per channel, following

Eq. (2-35) and properties in Table 3-1.
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