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Stability Analysis of Multiple Thermal Energy Storage Cavems
Using a Coupled Thermal-Mechanical Model

Hyunwoo Kim, Dohyun Park*, Eui-Seob Park, Choon Sunwoo

Abstract Cavern Thermal Energy Storage system stores thermal energy in caverns to recover industrial waste heat
or avoid the sporadic characteristics of renewable-energy resources, and its advantages include high injection-
and-extraction powers and the flexibility in selecting a storage medium. In the present study, the structural stability
of rock mass pillar between these silo-type storage caverns was assessed using a coupled thermal-mechanical model
in FLAC®. The results of numerical simulations showed that thermal stresses due to long-term storage depended
on pillar width and had significant effect on the pillar stability. A sensitivity analysis of main factors indicated
that the influence on the pillar stability increased in the order cavern depth < pillar width < in situ condition.
It was suggested that two identical caverns should be separated by at least one diameter of the cavern and
small-diameter shaft neighboring the cavern should be separated by more than half of the cavern diameter.
Meanwhile, when the line of centers of two caverns was parallel to the direction of maximum horizontal principal
stress, the shielding effect of the caverns could minimize an adverse effect caused by a large horizontal stress.

Key words Thermal energy storage, Multiple rock caverns, Thermal stress, Coupled thermal-mechanical model,
Sensitivity analysis
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and Lee, 2010), Al5=%F FA2 Q0| o} 46}
7] $1& ol AYE AF Q) 14 5 F8
Afige] Ay} A8 E4o] 2 AuE Suiol
QltiPavlov and Olesen, 2011). 3HH b5 #4
(cavern thermal energy storage) A|AELS 27| 71/4dH]
o] Adjaog urolx|ut B8] oA E A
Aet 4 glow] mo] wet AXPPUAIS A 4
Ql= Aol ItiNordell et al., 2007).

o] & eRkEs= AT e 359 -2
A T} TlEo] AgAdsol alejEojof gith H
Ak AR T AFEE Svo] glon, 443
59 T=8|(Foll theh ol H)7F A-SE AE Dol
Hx]o] d5SK(stratification) 7} A F-A= o] A s
& G 35 ol 5] ol AZomA oot
Z ool AdlEl= Aoz BALQITi(Park et al,
2013b). olof ik FFeto R T M-S S
7h g3 Ao R Aruel tEgEeR B A3
= Wlo] Aijkd 4= itk Iy tessS HAlsh
90 ot daglo] Qold 4 9= EAHo] Z7Hh
o] 35 YRR G FTISHA H, o]F Eol7)
A= 7 AFEES I BRIkl AdE 4
o S|5(heating) ¥l UHE Heier T8 Wash ol
tf A A, ReF EAEEEOl W 7 =0
FH o e 27|HA RS =4 fAIEE A%
A O] EASEE =A FAE EeE o} R =Y
A& JA] 7FAS7| "ot Park et al., 2013a).

AT ojeit BAjo] et e ok A
Fees A8 @ s & off A%Es 14, &
WA HE 5 FacltEe] $5 Al vt Ueh
(rock mass pillar) 9] QP v x]= FeFS X34
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(Itasca, 2009)5 o]-8-5to] =l en, A-Hsha
Asliae Aol 28" HdEEA2 A (D gk

(90’,;]_ dey aT.) ( 2 )(88“ oT

PR B PR PR R e a sl | S P e e B
(1)

A7|A, 0,8k e, = A7 A (Pa) B AP ECIH,

€
Ko} G 717} qrire] AAeg AP W AT
(Pa), a,= A8 B34 A <(linear thermal expansion co-
efficient, K')oltk. 7%= £5(K), t= AZKs), 6,2 2
27 dEKKronecker delta)o|t}. SFH Hbe] &
MBSk TR 4] (ol AAIE vle} Zo) ol x\(c)2} A
AP (e)oll ol douAl =, ouAs =
(conduction) 5ol 23t Af-<i(heat flux)oltt H
(heat source)S 2Ju|sich

@

1714, ti DI 28 AWm’)olr e A
wgolck A, 9k B, = BAAS

A M, =170 - Q)ol9, pi Pkl Wr(kgm’), ¢
& vldlkgK)olth FLACT:
o oeby si4 2 s

material constant)=

A Z|(quasi-static)
HHESHAA AAs)
Ag sk, o] IANA kol Ao FFE 1l
2|4 = oA k]l HEh HAYSHE S uf%
AE2RE AR (time step)= 4-8-5tct whEkA] A
1y F AFH o] =) ujR= FF vju]sirt=
A slol] B B, S 022 7Py, AapHoz
E Sl meofa dYos Qg ¢te] 2 ¥k
G5 FESAN IR ekl Halrl ot

Tl YFE AR et

22 220 U2 A F4o| M3

Qhile] A%, ojsty BAS L% Z7lo) uje} W)
w]m, ole} PIE ATSo] 5, AP, vhvt B
%) 5 e BN Aol A|2EHES olale B
S8 AF2oARE 1000T o4 g efet 2= 24
A %ol gtk 1 FolA Fig. 1< 39 of3) gl
oA tEA I AlBE ARM-E= Westerly granite
o] £ieof whE 54 WIS HojErh AP QWAL
= d71k 24 o sk sk A9 o-BA
o] WY 2(573C) A7 Frlekglen, Aok
relo] A fadh=s Aoz Yehth(Heuze, 1983;
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Fig. 1. Properties of Westerly granite vs. temperature (Birch and Clark, 1940; Heuze, 1983; Robertson and Hemingway,

1995)
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Fig. 2. Mechanical properties of Hwangdeung granite vs. temperature (Lee and Lee, 1996)

Van der Molen, 1981). H|¥= a-BZHo] ¥R 71X
%7135t WhH(Robertson and Hemingway, 1995), &4
= =(thermal conductivity):= 200C7}7] $=3% A3
oA g asl= Ao g e t(Birch and Clark,
1940). HfollAl= 9] WAMY H71E9] RokAE-Z
aejste] PO kA FAdof it = &Y AT
7} £3§% v} Qth Lee and Lee(1996)= A-2HE]
100C 7tA 22 600 C7H2] 7Hgd et EdelolE,
ERUP|E A AJES o R A5 W rEIA
HAE ANt dEAE 9 A, IFBEE
3 AR HAREE Feiginh 23] 4
Fig. 29} ZFo] A5=7ms 400 C7HA] 419 4]
20% 7V sttt o] SA% AEASE HA
o, A= A9 ¥sHA ot Eupy AR =
olF A3 Hadshe AP HEUth Bauer and

Johnson(1979)7} Westerly graniteS A} o2 433}
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2 dAFolA = Sl tiet AR At
(KIGAM, 2012)2 =t Hoek et al.(2002)] B
0]-8-3}o] RMR(rock mass rating) 7|5 HE%H41-60)
o slidsh= ARF B4 APstar viad BElQl Mohr-
Coulomb X -2 #-g(Table 1)3}%Tt &5 =2F A
Wl Qls) WAV 4= Sl ol 4 W 99 ojgk 5
2 &EXA4(disturbance factor) S E3) E4J0] HESE
(Hoek et al., 2002), 1 mEloA zdulu} £ 7]
AEEo R ol &4Jo] AY gle 2 kR Q1Y
Hli 4ol Wol ® ze] F7lol sgels B¢
(EdHAF 045 78I Ad=olA Y vjd 9 4d
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Table 1. Mechanical and thermal properties of the rock mass used in numerical analysis
Property Value
Density (kg/m®) 2650
Deformation modulus (MPa) 6200
Poisson’s ratio 0.34
Cohesion (MPa) 1.5
Internal friction angle (°) 47.0
Specific heat (J/kg-K) 880
Heat conductivity (W/m'K) 2.5
Linear thermal expansion coefficient (/K) 7.9x10°

20, 40, 60 m

7.5 m%
174 m

e
38m (D)

400-
440 m

(600 m in thickness)

700 m

Fig. 3. Schematic diagram of numerical model

L& HA] KIGAM(2012)9] AWAIE A1k o853
o, AP LYAA == Westerly graniteo]] that =4
ZhH(Heuze, 1983)S &85ttt ot 2%71 S71sHA|
=H Fig. 1o AXNE A et 944 240mY, €
Axt) W AFGYATE A S7FsAY st
L& o4 2es Atk A EH A= 75
e FakE HANE dAETEe HEr AR g2
A& este] Hrdskr] gt 2 ATtolA] A==
oA A% 22 100CE dA] gom, T8t &
T AN B A= A2 99% 4ES FAIstkaL
A& 9 fHepEzr QA 24| FAaskA] 97 wiiel
25 Z7ol| w2 A5y B4 Wk 1fekA] eklch
EZMA( K= =Y ke dide g thdzt g
AR Aol ZASEe] Choi et al.(2008)0] A
QFeE 4] 3)ell whet AP E|QIL). Alof] whE W A FEHO
B2HE k-5 v 7EA 9] A7t 102-142 m(Fig.
)Y o SYUATE 0.54-2.450|0, 2 AtofA= S
A47 Aga-59 Hgel uix= g vjudt 4=
UEE o] WL HellA 0.5, 1.0, 2.0& &-g3}3itk

6 240
7+0.5 <K, <7+0.1 3)

A7|A, K= FH W a8 Patglolw Z=
2= (m)o]ch

RS BUS Fig. 33 o] 47 38 m, o] 74
m, OfX|F o] 7.5 mE FIH] 1.95, AA-GF oF
84,000 m’¢l AFd= el Qhubgs gk o] Uieks) uj
== ALE 7P-(Park et al., 2013c)8F3 o™, A+
5 Ato] et Fap Fo] 247+ 0.5, 1.0, 1.5, 2.0uf(0]
3} 22+ 0.5D, 1.0D, 1.5D, 2.DZ 37|34, o]7]A4 D
= AEEe] A7) ) ARIE Agelslc A
53} w8 57 Ao At AREE 17l 7w oAt
S SAe] 371 % 700 m(AEYEF Zo] 600
m), =] 400-440 mZ A om, A EHO ZHE
35 AETR] A= 20, 40, 60 m= H7FSH3Ach A
B 2AgHe 7]2x 25C, dlFg g A4 (convective
heat-transfer coefficient) 9 W/m>K ZA0A dwst
o] dojupm, ok 2= 19CE A3

oleat 27127 alolA] ShikgE BR(EAR 71%)
- x|gto] QPE Al ol& the FollvAE d4
(hot water)7} A=, H4= 25%7} B]A £A] o7
fito] SaAf= AXER] o A= 7SIt &
Gt A 7)o HhekR 50T, 4R 05T o
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Fig. 4. Comparison of major principal stresses before and after thermal energy storage

Table 2. Average major principal stresses on pillar centerlines

Conditions Major principal stress (MPa)
Cavern depth In situ stress W=0.5D W=1.0D W=1.5D W=2.0D

Ko=0.5 5.1 3.7 3.1 2.8

20 m Ko=1.0 6.8 5.1 43 3.8

Ko=2.0 10.2 7.8 6.8 6.1

Ko=0.5 5.9 4.3 3.8 3.5

40 m Ko=1.0 8.1 6.1 5.2 4.6

Ko=2.0 12.2 9.5 8.3 7.6

Ko=0.5 6.5 5.1 4.6 4.2

60 m Ko=1.0 9.2 7.0 6.0 5.3

Ko=2.0 14.3 11.2 9.8 9.0
A ot g el BEed B ARG AL HAED AR ) LS Hol 40l &
H 7F A7 60 m, A7) 2.090 ZANA F 719 sJrjlom, 1 Ay} Z =X} (deviatoric stress)o]
AHEE 22 5 7o) obgH *PﬂJE ApRE, 8 2gels 47 ZRins) QA et critically stressed

Z4(Fig. 39] C-C'A9] ZA)o|A= 6.2-9.5 MPa
279} FHolgsol wasgon ArHom ¢ 2
22o] FFEE Wajo] ZBHo|A L 10.4-12.8 MPa
o] Hrjagelo] WHlsh: Ao HrlEIIckFig. 4)

o]F AYFES A7 T o sk E-SE
arfsh Foja=g-2le e} FA4fol4] 7.1-13.3 MPa,
g} S ol 13.1-15.4 MPa2 A& A $Hc} 7}
b 15-40%, 20-26% 278ttt E3) Yep Zo| L
-2 Fig. 4a9} 20 J5pHom o 2 gelo] Hgale
SAlO] b 2w Ao B A Asstol dol
ofgt g 271 oA & Aom et olzia o
gele 7 27k 24 gheiehe Sekkeel net 2
£ og/dell S i 4= ok AR Aspo Pillar
Stability Experiment(Andersson, 2007) ZZAEof A
= FYurk 2 517 Alo] et Fo] 1] slelE

mkal mlo

N

¥ d

state)o]] 717kS w] o]t F-L2jo] H3|A|H F 1 MPa
=719} 22 39 STkl ot w7 e 4= 9l
Ao EUER

2

2 Atollde AR (W), SUANK),
ko] QAo S A= 8
S olgsto] WtE HA
< AABITE AFAEY T BE AR 4 =
3o s} Ae-S 4afol= AFul | H(three-way factorial
design)S A83}0] 2 3671 4l s=Falgion, =
2} PAdS Hlawsl] sl Ass St =ololAl &
AR £ 35S Sl et $44(Fig. 39 C-C'A)
ol WAst= JJEH 39| Hatgh(Table 2)& H53ick
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Table 3. Analysis of variance table for major principal stresses
Degree of
Factor Sum of square| Mean square F-value F (0.05) Remark
freedom
Pillar width (W) 3 63.349 21.116 1026.58 3.49
Lateral pressure
coefficient (K) 2 158.167 79.084 3844.71 3.89
Cavern depth (De) 2 29.735 14.867 722.79 3.89
WxK 6 4.743 0.790 38.43 3.00
WxDe 6 0.352 0.059 2.85 3.00 Statistically insignificant
KxDe 4 4.140 1.035 50.31 3.26
Error 12 0.247 0.021
Total 35 260.732
o= ]’]—E]—IH O] xﬂ—]]:l—t\ﬂ-% Al ‘L}- ‘VC]:\__ C\’_]_U]—T;]—Q,] Pillar width Lateral pressure coefficent Cavern depth

AFEo R Bagro =l 9o uls) 53] 2 4L
Ule felo] FARIA] Zopfj= W olck(Park, 2009).
B oA ZF Q219] HA|F(mean square, A%t
= XHrEE e ol A= 82l fFolA 15
W ghe)zt o xje] FaAlE vl FRko] He, o] ghe
oo gt 2919 FAES Lepdth 2 Fgto] 2
oA B0 o & 9 vX= 79 ‘LZ}(Slgnlﬁcant
factor) 2 H7}5lch Table 30 AAISE 2 Lo B4
AnE w0 B9l ol b An, AREE
22, A5 AR Pete] HojESeo] Qe vlA)s
74 og E}XJE] 1:]. o];q. 7]- ﬂgxl&_ ;(111—.1& 7]-1!
3 AE0) WEAG(IWx D) Fgrol Fol4E 5%0
Ke] 717wt wob BAE ZolA ol gl A
o= WAHYAT. wehy S9A%e) Awe] Waatg
(5% Do) W ARFE D23} 29PAe] ok
<12 Wafe] g elo] Qe vlAw, olo] uje}
70e HE EE ARBE 0] F& 2o|Ae] St
A sk AR e W TE 02 ZA0Ao
Wt Wato] HojEselo] o 2 RS FE Ao
2 ZRIElch

olggt Wk AdH R FRITE 4= JIEE Fig. 5}
o] FaNE 9 w3 s Aottt IEofA
7 e o 4 B e Ao og 5
of FETNE X2 HA A AHTE 170] 05D
97 Aol ek HFSEY] Htgkel 8.8
MPag& UElH, no 2859 25 24T H& S
A K =20, 3% 714 05D 37 shaakele] B
%k 122 MPag Yepdlitt Famt=9| 7|1 &7)7F g8
2 oIz} "ale] W FFSHo| n|x]= Jsko| A
W, BS2EE0) 7)&77F gEE 3 AT e
QIafo]l mlA|t= ogapo] ick Fig. SolA] ZtARe} A

(MPa)

I I I I I I
05D 10D 15D 20D 05 1.0 20 20m  40m  60m

(a) Main effect plot

05D 10D 15D 20D 20m  40m  60m (MPa)
'S T T T T T 12
. o 1

Lateral pressure co.
Lateral pressure —e— 05

coefficient RN o g .

e 10
e 2.0

712 | Pillar width

—e— 05D

Pillar width Jg | ccccleee 10D
] wees 15D
T4 —wd— 20D

Cavern depth

(b) Interaction effect plot

Fig. 5. Main and interaction effect plot for major principal
stresses on pillar centerlines

A3 140 o] B Y 4 glor], 53] F
% 7V 05D 9 K, =209 uf ThE ARE} F3]
FEE. Bere] B HrhEs o] et Jge
TR AR 9] o el g elst 2A
T 60 m, 35 7+4 0.5D, =2.0)Y w| 14.1£0.9 MPa
(95% Al=igholm, olet withel 7bg 954 87

K, =0.5)0] A= 2.940.9
MPag 7g=|Qiet. Auta oz ot detol Wlah=
Hat HWFEH ] A7|= EAe W Az o
g} 3.5-7.58(7 1 et =AM Fa(F ) 71
2 7P 953 Ao Ao Hd(F4) Z1dgk w7t

A AL 5 gk

33 GNYBS Ao B
AY5E Aol ¢
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&S u)It} Martin and Maybee(2000)7} Th 33ARS]
ek detoll Y3t 7|1E A AaE EAste] EReh
Aol W= F 1787) 2AF ti 7RHl 10271 ARl
7 sk B by SEow BAEglon, 1 F o
90%7} IRt Heke] F/zzo] v|7h 1.5 o|st= =33t
Ato] 7HAo] v|aA] F2 Fe-of =t w5 F
Ab A= Al Do) wolrt wUd 2oA det
of %A} astE ohel] 2§t Bt Sol F7t
3le ojy] Aexlorw AT A QtHLunder, 1994).
GolvR] AFEE9 Aol o=t 23 A
I} gEo] A7 R stk E-88 9A 35 1
Zlo] ofabg W=tk Fig. 601 AINE Hle} o] 7H2o]
FETE gt AR 25 wWEA gsote] 270
O SER Sefaly] e, oln] st gelo] 4
dom 27 Agela g E Bl o 2 9%
elo] HajxAl Hek 1 A3 Wt Zo] 7H F& F4
¥ et Sejo] Y5(Fig Tadl L A RR)E, 1
2} Zo| F2a] Yol Fig. b2} Zo| A2 IS 1]
AR =t

25 1170 w2 Hojrge wsls A 9}
of &I} F5 AR AZ7F 60 mel 7ol dish

Contour of Min.
Principal Stress
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"o F44et Uet SR TRl Fig. 8ol Lt
tolck g4 SFE HE S 7t U BE
2 A Hdgele] S7KsI9om, 53] Weh & 0.5D
ol Hejgelo] Al ow a7 FAekc. Bet
FHRE ofshy 92 W A% BE BE 7149 o
a2 Wol We} 2 7k A HYHOR F7HIHE 05D
ol uf Fs Z7tetolc). ube Weje] Zune A
s dofuAieh 44 A& el Ggelo] 3%
ZFAel) oot 27 gebAl gpor, Wet % 05D
uj ofslx o 2 gelo] Zuine] wlshs Ao
A Fig. 80 AXE Ajo] vz @) AR %
A 9l AR g S 18] T 1S He
o F3lof sk 49 Hawt 5 47 ol Wet Bg
shrsfor o Aoz gaE, vk AAT AES 9|
A AEgtan 5 A8, ANATE 12449
o 4Hge ast ok

s Abellel Zol BUst 2719 AAFEFol U
3] WA EE A5 olw FF Tl T A4
9 A 58 Y AR $=Z)7Y(utility shaft)o]
2 4 glek oA AHo] ThE 44| 24
o) AEETRS] A7h el nlAE Ak
317] Slald, 27 38 m AARFE FH] 38 m
o] 52780] S G AR, =10, X E}
AR 7E A7) 60 m)E ATk 2 7] FEo
A4k 504 7k A4H oz AgEE Aoz Nt
§ 2L 98] AXE S FAR 2O Hlo]
= AlEE TPtk Al LE AAzAe]
w7 ggokom, 27] gt £ 19CF §X/siert
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(b) Pillar width 2.0 D

Fig. 7. Distribution of major principal stress around UTES caverns (after 50-year storage)
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