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Evaluation of Drainage System and Coupled Analysis of Heat Transfer and
Water Flow for Ice Ring Formation in Daejeon LNG Pilot Cavern

Woo-Cheol Jeong, Hee-Suk Lee, Dae-Hyuck Lee, Ho-Yeong Kim and Young-Tae Choi

Abstract NG storage in lined rock cavern demands various techniques concerned with rock mechanics, thermo-
mechanics and hydrogeology in design, construction and maintenance stage. LNG pilot cavern was constructed in
Daejeon in order to verify these techniques. In this paper, evaluation of drainage system and ice ring formation
was studied by numerical simulation. By Modflow analysis in the viewpoint of aquifer and Seep/W analysis in
the viewpoint of flow system, it was verified that the drainage system in the pilot cavern was efficiently operated.
Since ice ring formation can be simulated by interactive relation between heat transfer and water flow, coupled
analysis of those was performed. In this anatysis, the position of ice ring was presumed and it was demonstrated
that the formation is affected by velocity and direction of groundwater flow.

KeyWords LNG storage, lined rock cavern, drainage system, ice ring, coupling analysis of heat transfer and water flow
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2004.01.10
LN2 B3AI%t

2004.11.01
N2 EE 3 H

2005.03.01
Cavermn 3§ &

. | I

¢

; ¢ ¢

¥ ¥ L Y ¥ T ¥
2004.02.01 2004.04.01 ’290'4.06.01 2004.08.01 ™ 2004.10.01 2004.12.01  2006.02.01
PR - T L
Fhe A

2004.06.10 L~ 2004,07.01 2004.07.08 T 2004.08.12
ste|S=ER] - Cavem M| H= HAu|FX| T~ LN2 RENo|st

;o XX 4

7 T ? T T
2004.06.10 2004.07.01 2004.08.01 2004.08.12

2004.07.05
LN2 825t

Fig. 2. Operation diagram of Daejeon LNG Pilot Cavern
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Table 1. Material properties for hydrogeologic modeling.

Hydraulic Storativity
Rock conductivity Specific Specific Porosity
(m/sec) storage yield
-6
Granite 4.72x10 1.0%10° 0.02 0.02
(at saturation)

Note 1) Specific storage : The volume of water that a unit volume of aquifer releases from storage under a unit decline

in hydraulic head.

2) Specific yield : The volume of water that an unconfined aquifer releases from storage per unit surface area of aquifer

per unit decline in the water table.
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Table 2. Material properties for coupled analysis.

Temp/W Seep/W
. T. conductivity Volumetric heat capacity
Material N ..
ateria (k, W/m/C) (Cp, Jm/C) H. conductivity
(m/sec)
Frozen Unfrozen Frozen | Unfrozen
PU foam Variable 1.088x10° Optional
Concrete 2.621 2.554 1.811x10° 3.3x107
Rock 2.621 2.554 2.480x10° T 2.520%10° (at saturation)
3.0E-02 2863
- 262 |+
— 25E-02 ~
) © 261
§, 20802 - g 260
2 iseor 27 £ 250
3 3 258
2 1oEm g7
S O 257
= =
50E-03 255
0.0E+00 255
180 4180 120 80 -60 -30 0 30 08 07 06 05 04 03 02 01 0
Temperature (T) Temperature {C)
(a) PU foam (b) Rock & Concrete
Fig. 9. Thermal conductivity distribution for temperature
4.3 siM Ant =t EHHOM "EIZI*‘ E’“Oﬂ o % 7

Aol Al 7] GHE AEE o) ffs) o
A4 T o|FHE 3 vj4E Z2usly| oAz
o gHE sHe SAsEon, T FUE Fig 103

m\l

ot A a1k ujeE Sdshy) &zl 20043
6 10Yol= 0T T24o] AREF o1, FH, AR
oA YHE 7|Eo2 247} -3.9 m, +5.2 m(ZFHED),
146 m HER HnjE 2o ety AYTE 20
gl Ad#|%l Extensometer2] &% Al H|o]E{e} ]
@k Ak 1 ke Coolel ATt A A
oF FARE Zilhg Holi Qlol, 7] 9dd s At
of N4 s F1 Uk

oAl HHE AE 272 A0R Blo] syl
7} FEHE F 0T SL43 Aot Alskegivt
Ice ringo] dAHE IAL AR Btk Fig. 112
Ie ring B4 YL SAER Lk 1geld], 0T
S2AM RE ABEAHOZ FERel 7S Ice ring
o] BHE e 2Tt o714 sk AEA
& Seep/WollA19] gl om, Zh=4=qto] 091 A]
HE AT Saohiloln, oji E8l gk} wEs
2709) AN oulgict

7} “HOVE] 742 Unfrozen water content= A13-& £3)
23k 7 L]—E}lﬂ Z16]cHKrahn, 2004b) o] A% AT}
off fg2d, £%7} -0.75CE "Hol&-S u9] Unfrozen
water content”} 0.052] wfj-& 22 ﬁgi aaste A
& Heke o, -1.0C o= Hoj A% Unfrozen water
content7} 78] 0¢fl 7|7k A ZHog Itk ulEhA
= et = FEE Qaf 287t 0T o]stollA]
g}xﬁg] 047(] OJ—_T!_ %‘L} &o] _T'_}_s}\‘: ;7]-0] 0T &
2ol A - 24 Abo] A7bol MRl 21R]EHA] A,
O]‘* HH—’FQ Z]OHJ} Arsste] AAEs 439 0T
olste] oHlo 2 R EIH= &7 i o] d&oz i
o1 "ok 2 delert
o]%4E Ice ring FA o
A A OVF 2L

g 130)4 &
taete A9
g



46 )& LNG Pilot CavernojlA]9] uj=AlA%) H7 W Ice Ring Ao Wt Wi dEal4

> : KT Temperature History of Extensometer E6
~ NAWAI. “
TIITAELFy 0T Isothormal ine \ 2
A8 Ay 9 \
39 AN S A SS : T — AT
T ) A R D et e -
A \ w10 |y SRS R— :
- 1- g ‘\‘
= <] N
[} =15 "L é", \\_
TR ~5~2 @ o) —
i S : 3
Y 8 -l
23] X, 5"0 I
/ / 20 | e HBCY o A ECT
; ——5CE - - - -#ACT
[ X X | =803 — - -suce
G U 0 \
\/\ ')( 10-Jan04  30Jan04  19.FebD4  10Mar04  30-Mar-04 19-Apr-04 9-May-04 29-May-04
L T 1 T T AN S D
ate
/_A_#,_....-—-‘?:A‘ :
) H{ 0 Isothermat Line | 2 - 1
Zoxaninnnn o Sl
g Groundwater \ . .
infiltration . :
JIRNNINN . N
LAV — - ' -
ALY 9’
EEAN -
T :
TUULS .
_L_ \_' \,\_,‘ Y N . : V- - : )
64 10Y 6% 20 74 3¢ 8 10¢

Fig. 11. The process of Ice ring formation

2

£ o

O 06 =

& / o

[ 1

= otk 1

H 0.4 ::h N Water Flow

N =

£ / \ '\E\ Heat Transfer}
4»-5&—“/ \’ &\l\ \ AN

00 . . ‘ : : T
[

0.8 0.7 086 05 -0.4 03 0.2 0.1 o \
Temperature{'C) \ \ \ \
LAY
Fig. 12. Unfrozen Water content by latent heat in frozen rock below 0T Fig. 13. Direction of heat transfer and water flow

(Krahn, 2004b)



Bl g} Akt

47

Temperature History of Cavern Extensometer E2

Temperature (Degrees)

e

10-Jun-04 30-JunGs S-hug.08

Date

Temperature (Degrees)

Temperature History of Cavern Extensometer £4

40

19234 20-Jand4 30-9u1-G4 10004 20,4404 20-Jub04 §onugrd

Date

Temperature History of Cavern Extensometer E6

3 el

Temperature {Degrees)

N

ES <

3004 100k 04 203008

Date

E
10.9ur-08 20-dun-s

]

.4t 04

Fig. 14. Comparison between the temperature history by numecrical analysis and real measurement

Al B o] 22 ol Hek webd, 4 (1)
oA A A5 7T G dge] thRA
Hgel FHR 0T F2HT A5HR917E ks 72
of F7b AeE, ol Q) 0T F2Ao] bl
&7} =i, 0T

gl

2419 QR TgoiE 2R

[CRyuat )

7} Al oA} oA =k of#jdt Aal= Fig. 149
Az Ang SHAE 599 5 Aok

2

Fig. 1404} A58 FH(E6)T SHHEd)IME <=
Z|a Aupet Al Auprt Ak og nls=gh AR
Holil QE= o 4= qlok SR AR =
of o] & AolE Holal glt, ol AARE 8¢
10?—47/}11 Aol d HepEATE 4 718k %A

I R S R = ﬂﬂ%ﬁw ot dddo] AAe
léH FEs) 2A v Ak ot £
< ZHE6) M A2 Emﬂ A8 27} ok W
Zog Yt glo, s 7I7F ek e S
of efgtdirt A& = sHYENHS AT ASE

wo} 7P SR Ugkee & 4 ek
Fig. 155 23k4=9] Bxol it si4 Auje} A% 2

EDS uﬂ o1 1 Wt gk A e Aste
7 Aes o 4 o
5.4 2

H otof| A= M LNG pllot caverns: 9% ‘-t' =
YR A& % vlsAILE) B 42l
x{ZL_AE Atﬂ u471-_.—,] oIL-lh} uH/\7] J—}L]oi
© AlBk9iet th fee ringo] AW S
ek viAlLgo] Aet R B4 E}H\'o—
o] WAEE 93k Modflow®} f-5- A&
8 919 SepWE Aol SAHAS AT 5

S WEolA BEE Aoh49let Hlastct
Ice ring #Adof gt ZAR= lemp/W See/WE AME-
so] eire] ABsIAS UG, MR A
Z20ef vlwstgch. 2 dAqtoja] S=aid Ae 1
Hake chest o) ackd 4 gk



48

M

9% NG Pilot Caverno A9} sj=Aj A" =7t 9 Iee Ring 3/gol) U3 Ygey d5304
8
6
g f/
£
£
< i -
: /
2 0
§ 4
;]
: !
2
4 f}} | e A %P2
7 el
£ + + 4 g
2004-01-10 2004-02-15 2004-03-22 2004-04-27 2004-06-02 2004-07-08 2004-08-13
Date
Fig. 15. Comparison between ground water level by numerical analysis and real measurement
Al Aol tiEt FFE s 2 wiegelr & A ek
AE FFE vierol AT AR Aeste (5) WEed dEeiy 23 ARSE S skl
T A59] Aotare ASdunet vlasigck N L= AS AL ANHOR HaY PAS 1
#4243}, Modflow Bik= AEYT obF: FAREH ola IZE & 7 USirk AR EHEe] 3
A U9k, Seep/W A9 4¢15Pg0] thi at o] & Aol molm gliu, ol a4 A] 42}

)

3)

*)

2 oFAS O $- vl Aoz e

2 FER A 4 Ait= AA] dutgolA] B
HE uheh 32 S dA5A M 2Oy
2 BAgtHE Fojl M gl tha: "od 4= 9l
ol sER|gE, of2dt djao] A gAY Hie= &
ot vl BEA FHrtole avtole}t gt
Az A7t FFE7] AREA B wiE T8t
7] A7) 0C 52410 AYF5 sh&, &4, A
HollA] QIHE 7]&o 2 Zkzh 39 m, +5.2 m(ZH
WE), +4.6 m FEE Huprl AR vehgct A
A4 =y ulgko) AX|E Extensometer?] &%
A dlolgje} vjwst A, vl fAS BiE B
olal Qlof 27| GAY siA At A= E 45
3 F£1 ick

Sl vt S o] 3HE sk 7|3t ¢
28 q7A 9 Ygd dseiadE sPsgom,
Ice ring AT 0C B-=2A413 7H==¢to] 021
ARE QA3 Askegder Fepl Ao s
519t Iee ring @7 ARSI A Pilot
caverno| x|t 7 72 ehiltgol A= 4ge
P AX G2 ACER UEten, A5dhs A
Blp0] Lo Wikl I P = Alos B

- olHE, oA, o34, Ty, A4, T,

471 9l Z1gEE
o] Aol vJ3} ZA| Lhe Ao WeEch Mgk
9 B AA] AZAT} vhS AL, S vl
Fastn 5ot Asiee) Bkt AEReE 3
F3ick

s

. o|tfE, =&F, 75 Y, Anne Moretto, 2004, tA LNG

213147 Pilot Cavernol|l A Q] x|skss vl Ajag] MA) 2
A3, gh=rehteEts) edREa9 Yy SheAlny =15,
pp- 85-94

2004, o
A LNG Pilot Cavern AQFAF 29 9 27 AZ&AR
B4 A3 - NIESE 29U SR, BEANIE
ZABte S =24, pp. 85-100

. oI, 0|84, A5 Y, v, F4F, 2004, T LNG

Pilot Cavern ¥ ¥l 2x iz 9 A% AS A3}
RHrohib el FAghet g =23, pp. 35-48

. Black, P. and Tice, A., 1989, Comarison of Soil Freezing

Curve and Soil Water Curve Data for Windsor Sandy
Loam, Water Resources Research, 25(10): 2205-2210

. Krahn, J., 2004, Seepage Modeling with Seep/W, GEO-

SLOPE International Ltd

. Krahn, J., 2004, Thermal Modeling with Temp/W, GEO-

SLOPE International Ltd



Bda Asket

49

Hes
19991 A Lefsin st e asiat
e
200113 gL dishel X Pl
apaht Zetaar

Tel: 02-3700-7064
E-mail: wcjeong-j@skec.co.kr
2] SKH4 GEOTASKY the]

ol i &
19914 Aot Fatdst 2z
Fapr}
199319 Mgt ofstel Adgetal
Fopaiat
11998 AMechsha st Apekaakat
| ZshaAr
A " Tel: 02-3700-8644

DN / / E-mail: dhlee-d@skec.cokr

@A sK44d Gsucd i

2 SH
1979 FAA|chekaL Fatcel E2Fata
Fap
19991 AAThEHL ohohel E=go
FEHAL
2006\ Sethstn el Exgoky
Zapapp
Tel: 02-3700-7477
E-mail: ytchoi@skec.co.kr
A7) SKAM EE7EEy AR

ol
199313 A&t
3t AL
19959 Algehshin =
FopAIA}

1999 A2 oSt vekel Apiget
st

Tel: 02-3700-7229

E-mail: hslee@skec.co.kr

A SKx14d GSUCH 2

> o
x

o),

bz gziefst At

Pl Aol

e

K=
e

M
B

i)

=g

o
1980 Algoista Fafrhet xpegst
o AL

19829 Algohstu sk gt
F3pAA}
2

i
19891 AlZrfshin skl A-gat

=

| opapat

" Tel: 02-3700-7481

E-mail: hykim-d@skec.co.kr
A SKA GSUCAHTHS A+




