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Analytical methods for thermo-mechanical coupling of artificial caverns
of the compressed air energy storage

JIANing, LIU Shun, WANG Hong-bo
(North China Power Engineering Co., Ltd. of China Power Engineering Consulting Group, Beijing 100120, China)

Abstract: The air temperature, pressure, as well as the temperature, stress, and strain of the sealing layer, concrete liner, and
surrounding rock in the compressed air energy storage artificial cavern undergo variations during the inflation and extraction cycles.
Jointly solving these variables is a key technique in engineering design and a difficulty in theoretical analysis. This article proposes a
coupling calculation method between the thermodynamic of air inside the artificial cavern and the thermal conduction of the cavern
wall, based on the one-dimensional basic solution of heat conduction and the basic solution of air temperature in the artificial cavern.
The validity of the methodology was confirmed through a rigorous comparison with numerical simulation outcomes. An illustrative
case study of a steel-sealed cavern was conducted. The findings reveal that the process of inflating and extracting air within the
cavern leads to a substantial variation in air temperature, with the amplitude of pressure fluctuations exceeding those predicted under
the assumption of constant temperature. The depth of the tunnel wall is minimally affected by periodic temperature fluctuations. Once
the thickness of the concrete lining surpasses the influence range of periodic temperature fluctuations, the temperature of the adjacent
rock mass gradually increases until it reaches a stable state. The analysis of the strength and stability of the surrounding rock can be
proceed without considering the influence of periodic temperature fluctuations. The sealing layer is significantly affected by the dual
effects of temperature and air internal pressure, necessitating the consideration of thermal-mechanical fatigue in its design. The
characteristics of hoop stress and radial strain exhibit notable disparities between the inner and outer surfaces of concrete lining.
Depending on the working conditions, the hoop stress on the inner and outer surfaces may approach the compressive and tensile
strengths of concrete, both of which are crucial design considerations. Concrete lining mitigates the pressure of surrounding rock,
albeit with limited effectiveness. At an appropriate burial depth, selecting the appropriate inflation pressure ensures that the

surrounding rock remains in an elastic state.
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Fig.2 Schematic diagram of tunnel type artificial cavern

N AT EE A 34 5 AR BAE TRE T stk AT
MRYEA R R BT R R GG . N AR P2 B B
JE 42 S A Re 00 H 1) E s B AR IR YE T [

B 45 25 S e RGN, BA7 2541
BRI RA IR %, FRERER, REGEM
MR R — MRS, AR N A 30%E. [H
I 4 A5 S e LR RS B i ) T KR . H
ATERE 45 = S RE F i il 5 kW~ 1.5 MW 5E
B0 FL S A BRI B . 2022 4EFRIE EUFE 100 MW
AR RN TE T T HUS B3N, 300 MW &2 T
AR e b . X TR S IR
PR A S WA N AN WaTH 3 g8 ¥ NE Sy
HENTARRES . 5 AR — B R A -
AR MRS 4 DB, 4 AN BT R 46
FRHEDE IR T30 R TAE R 1R IR —oREok e,
KRS — ok, E2 IR .

DAERAR 9% 48 2 (i SO 7 R DA AE R IR S M
SEEDRE N, tnE it Skallen 78 Y8 RIRSAESJE
B R iRt s M R0, %48 S A RIER, &
KR4 md, HAE35m, &E51m, HIE115m,
WAMEARET] 20 MPa, AR 20 d, $hAEHK
10 d.

R RERBR, K, =
SAHREHRE B A BB SR . BRI SE
AR, IR SRR IR 102 &2,
BRKEBAR . T R 48 25 S A RE FRL N T I RBP4
Grakas, —RZAT B NRMAER, R%
WSIERIREE 10 B2, i KT RIS SE.



% 8 1 B

TR RS UE RN AR PRI AR G AT 5 AT 2265

JE 4525 S A e FL b 3 R AR A SR S, Fedh
AR, (A S R ZE R A AR, AR A A
SR DJRVEE S e i SO R e A R AR, K
B B 9 AL RE v, e B T R B A
i N 2= SR Ak, S B BE L S 0T
EEE IRE AR BEERE . R RAEA
et R RN . 5 RIRSESIFEMLL,
BB 2 BN AR R AR AR EEE R R
AR IR, S 5 2% (1 TN 57 16 il 8 o
WXLy 2%, W& E EE A0, JRE A2 R
480 Mr BT R B, AL, 7E TRV B
B BT P 2 S0 ) R B AR A R B AL 1T
ST

BOAE VL RN BRI B 70 1% o) R P 7925 &1
YRR [ S5 A RN 240, BUA A A 1AL
AFRRIREAA, AT & A T AE F AT HUE 2
se i N, (BEE RRE AR . W A R lR
NP BB BE— e Z Al A 25 SR S AR,
KR BB 7 1SR AR 75 2 g A . B o)A
FF b #E COMSOL Multiphysics, H 4ififl 245
HIRD TR, WG AT T T IRE T
P B U BT HIRZE 07, AL T <5k
PR BORREE D S SEAR AR R AL b T B S I G
T PR R S e T RECT L R
Tt FE 2

AR T-HAE VB 3%, AT A SR A S i g fe AR
T o FERNT T A ST T R P S R A
JRESE, @S REE ST R B E R,
MR PG AL B @ AR BE 2 2 e SR, AR
I BRI 1 P A AT SR A

Prado ZFUMER F BT AR 7120 90 1 A /<A 2 74
D12 FE DA KA B () #e S R . (ERAESRAR
B, HMTETET Matlab BAESZI, ASE
F TAEN o Kushnirl SVRE 7 g 0OV (5 @ 42—
FEAH G N S AR, SR BT
SRIGIITT R IARE G T RE . Ma 507135 [R A 122 255,
BIR, B3 T ERRT. WS EE A .
BT B = S E 7 FE AN LS e B 7 R IR e, SR
fiR It RIS R T b R A S R, AR AT AR
SERT BT SR R RME RN TLZE R R
B, THEMEER, B, HFHHRM TR
SGE R FhrE T, AR AR RO R
WA R . B RS T 28 SUE I FE AR AR
HEPEIR TR R, HR L yERb s K, & T
FEVET A R 2R, DR b5 oK B mad F 1 R A 7

E e,

FH T 22 P 2SR T R DL SR BE 24 Jiid
RiFy. RASHIARAY, S22 ST 22 e s il A1,
W52 73 S SR EE 2 TR B0 B DL A B 25 A 5
JR R SRR R S H], DR AT A M A
T O FE N 2SI 22 5 1 BE L 5 % SRR G
(il B [ 5 AR PR A S R SR i o A0 DA R
R ARSCHR A — P T i) 1A] B O — 4E L ST
FRIIRR A 77, AT LAy (0 R il e 44 7 2 DL K Al
BERAL B, SRASAR B N 2 R DL S BE &
IR . TREUH IR, ARG 2 1R 2
WA SIRE NP . F b, Za. AL
BIAFE, AN S SR A A AU, E 2
AP R TR SR, 2 TREYIE R
BB AR, AR T35 2 SR R R EE A T2
AT B - N8 A M R0 Wi h B Be B 2 08 1R
i

B TR RS, H AT R4 2 e R
N AR e e bk — e or TR . Se B BA X . AT
ST HUA AR RE, B IR R E . KA
ToBR AR AL LA, b — D 5RAG TREE & 2
(RN JRINEAR - IR RV BT B AR 1 45 2R, ik
T Mohr-Coulomb 58 BEAEN] 734 1 BBl & mURJTAR
Ao TEUBAMZ, A& RN KT
1, D8 s AT RAS , AR ST AT A5 21 i 25 JmT LA
SRS BRAE L A e I DX R N S N T T
M2 DX AR A T B MEARAS, F HSEBR B X K
TUHEGER, KR rss R T A% 4.

2 AR

2.1 AR

100~300 MW %5 2 HL 3l il S 5 AR — e
10 /7 m® HEH 10 /7 m’ A FE EAA—KAE 12~14m
Z ), KEMIERE R EET R, A K
KT HZ HE—BAE 150~200 m 2 [8], HFEEE
I 10 5 LA b, & TR AR 2E0O-20,

TR TR S REFIA 2 b, B2
B BT ERUDN, BIAE LR, fEiREL
WA E AT R IEA T, A HEH
FE VR o At )R B 5 J2 v P AR R S o iR E 7R SR
TR EE AT IR B Z N TR 0,

X R A 2 2 DR, XA 1 R
—RAE 10~20 mm Z[0], JEFERU/N. HEERIH T
MR R IRE LA LA 1) 10 0L E, B
U, ATUAASE FEAN AT IR A, AT R ZIAN A AT



Inl>
H_

2266

2024 4

PR 5 L P AR

FEERNRE LA FARE FIRLA
[2.94 W/(m - K), 0.96 kJ/(kg - K)]'5 FE & H[2~5 W/
(m - K), 0.75~1.14 kJ/(kg - K)]#223T, $IREE L4t
HREAMANFR -, BA MRS
o 975 R R FE N SR AR AR VR B Ao A
BRI T AL IR FEAE R, AR RE B # ) 1 Z H0
W EA AT IS S, B DAV Ao )5 LA A4 R
S HI R A I S5

FEHENMEE N, AMUERIE N s TR
T AR AR vy 5 WS B ARIE R 7 o
Nttt ry MAMNEA R EAAR . Ay 2 (R JEEBE R 7
S HOREE T AT S5 kS R R
R 3,

B3 FHE. BEECRBINEES e SRR
Fig.3 Simplified model for heat conduction in sealing layer,
liner, and surrounding rock

2.2 A
Kushnir £ H ) TR 456 25 S 6k BEAR 2 #4124
PRI (1D ~ (7). HEERTETEN

dT, oU
Ve, —~=m_(t)| h,—h, +ZRT, — p—
pV df m( )( in a a pa

+
P,
mex(r)(ZRTa -pY

op TH}LQ
Ao VAR (m®); p NHRZEN 2S5
(kg/m®); e, AR, ¢, =717 Ji(kg « K);
T, A 2SR (KOs ¢ ARFTE] (8)5 s (1)
NFTHRRE () NHTERREG b, N7
NZSIE (Ds b NEENZSE (D Z RS
SIEHREG R AT HEE, R=286.71/ (kg + K);
U NIAERZSIINEE (D O NIRENZ < 51
BE 3 GE R (J/s).
PL—/MrAERE R A, X (D PR AN IE,
HAER N, B E LK 4.

(D

B4 FEAAH IR R

Fig.4 Inflation and extraction rate functions

Jo B SR T R
Vd_p:min(t)+mex(t) 2
dt

X AR TT R«
O=nA(T)., 1) (3)

ek ot e N 23S i BE 2 TR] RO A A 2R B
(W/(m?+K))s A NENRER (m®); T, A
BN & U B (KO

il 2 N 25 5 i B A T 2 A

or,

—k, (4)
or

=h(T,~T,)

r=n

T, =Tyt > ®© (5

b &, AIREEE A S H R I (Wi - K))s T
NI (K.

& i 505 e
2
o _ k(I LOL)
o pc,\ o r or

ek, AEAERSHEAEE (W(m - K); p, NEE

R (kg/m®)s ¢, FEETEELR kg« K)).
7SR ARIRAS T R

P, = ZpRT, (7

X BNIAENZSIES (kPa).
3 TR EEEmEEIVE SIE TR

31 —HERERELRR

BRI (6) FXFRIBAE SR, ¥ AB
BRI VUZE IR R A, RIS . st |,
VR4 25 BT P B — e e, SR o FI A
HIRAL S RZBRUN, BN A SR AR A )
FFE A I RN B, BRI, T K AR



% 8 1

H

TR IRl REN AR PR AR R AT 5 VE T 2267

fBE AL T, T DR — 4 S RN0-21, X
FEAML AT ORI TSR, R BE fRIE 2 B8 Tt
FREIE. 12 EIRBUERMT, #vE U ERRINE 5
PR. fEBRR A, SRR e SRRy —
YR IR, B R 2 — 4RI BRI
AR R B /0N B B X IR A — A%
PR &Ly . —YERE AN SR B
fEiw, BPEE HIARIERSE Ty, -

VELE A )
r
)
o 0 =
AT Lt

UL JEE R

NI LS &

S L

Bs5 —dREFE

Fig.5 One dimensional heat conduction model

N T SEB SR E NSRRI AR, R
SERIIRAE AT Bl IR B A BE B 28 1 0 AT D9 A T e
HBf o) ML Al 0 A 1) T

O'T,(x.1) _ 1 0T, (x.t)

; 0<x<L,t>0 (8)

ox? a ot
T =T,;x=0,1>0 (D)
T =Tip; x=L,t>0 (10
Tuzf(x);t:O (1D

R o WA HAE, a=k,/p,: T, NEEE
BE (KOs Ly 4G SHUEE, L=rr.
U R A T A A A

(1) FaARFF R

o°T,
Wz(x)=0;0<x<L (12)
Ox
T,=T,;x=0 (13)
T, =Ty x=L (14)

A T, RS ARSI IR A T i e 8 P A2 A
IR A8 i L i N

T, (x)= Teo~tu)y i 7 (15)
w L m

(2) JERRFSFFIRIA) 8

2
0 Tf(xvt):l.an(x’t); O<x<L,t>0 (16)

ox’ a ot
T.=0;x=0, 1>0 am
T,=0,x=L,t>0 (18)
T,=f(x)-T,(x); =0 (19

e T 9 ARRRAS TR UK I i ] i P i 2 A (1]
DR AT
AP AR 0 L) i

Ty () =7 Zie " sin(4,0) L[ £ (x) =T ()]

sin(B,x)dx
(200
JRE MR (8) ~ (1) HIfEN
T, (x,0)=T, (x)+1T;(x.1) QD

B a5 it 20) AR (21 FEERs

T, () =7 5, sin(, )

{ﬁf&ﬁm@yﬂw+l—

(—TRO _ijx+T
L m

(22)

K ﬂmz%,mzl,Z,?a,---,ooo

JE fife 1) R R S A E TS R IE B, SEbRit
FE AT DS R, 18 m PR, ASCHL 20,
3.2 PR AR B A

B B s s IR PR S, B N SR A
A, FRACER G A OER L (D s
W itE, Xia P E (2) M (3) BHH
FE T i«

T,=(T, +a)e’ ™ —a (23)

A

m.c T +h AT
— == TR B
min(R—cp)—hcA

C

a= -T,, f#SHE (©23)
h AT
—een— S
mexR_hcAc




2268 b + yal = 2024 4
. 7! _7it
o (R60) bk gy (o L e S L 7
Vpc, h, Ax
B= 5@3,%%MQ (25) 3 (27) ATLREIARI S R R T . L
P bW SR T O YIRIRE T, L E—
L N I 25 e SR T R R, R A
Vpe, ERERAMR (3 (23)) ATLAE BN ¢ (9% SR

p= py > TERPTE (26)

%+@%§ilm~m&

)

A T RIAERZSAIGIERE (KD; 6, NG
IFE](s); o NAHPE N SHIAEE L (kg/m?); ¢, N
ARSI (1004 J/(kg - K))s T ARAES
FIHRE (KD
3.3 MEAZSRNZEMREERLSITENES
TR B, R REK A, ARYE 70 4
Skl B (260 THEAF R EE U AR A
ek, PA—MFREiE e, i 6 fis.

S B

o

p/ (kg m)

Ko BEUEHNZSEERILME

Fig.6 Discrete curve for air density

FERE— AN TR B, BUE IR A 2 U
A, BRI T, A3 R RS TR SR AR
e 2, AR — e ST AR

ES RPN L A b VA
LA AL S MBEAT . SEPRTFERT, JERE B AR
Pl BEAT RS, I BLAAERE x RS IEI R O Ax
THE_E I 25 G5 RN AR 2 A 2 IR E T, AR BE AL

i-1 _ pi-l

u

LU VH B FEF aTui_1
B R R R ——

x=0 >
ol -t N

A (4) BHHE

FET, o VAb—IFD H 5545 21 B A RO1RT L 5 JELE 73 A1
T UORWIAGIREE AT f(x) » PATL 55, F
F— 4l AR (30 (22)) W LU BIARE 4T
FOVRI R 5 % AR B 70 A1 T

5 F& B da 2 U P AR A 51 A MR R BB
PP PN 2R B S, 7 EEAR AR BE R ST R R A A
AR EIATIBIE:

TeT - (Tn’l —Tr:l’l)mmcm

a a

, (28)
pVey

qrb: TOABIERIRAPE A AR (KD: m, N
HERETE (kg): ¢, NEHZERER Qikg < K)o

WG B R FTHE KA, 1S 2
BA TR A AR AR AR
NG SE BT 2 P 23 A58 25 R 5 il e e 1o FE2
e . B—rPREREE 7.

I [A] PR, TH RS R, (H TR AR R
Koy WDKK, THEIRZEROK, THERER .
SEFR PR RIR, B K 60~600 s B, THREE
PR, S SR R ER

i
i P 2 5 i e BT RN, R
Xt U A T 2 R EER L STl

RIS, REBEHBERET, (Q7)

!

e | BT v [ g
e Lol
HHE23) A HEGE22)
e 2 g i -
=R B
B

|’Eﬁiu'?'1f‘%ﬂ%ﬁ(m\i(28)) |

|

K7 S-NPReTERER
Fig.7 Flowchart for each coupling cycle




% 8 1 B

TR RS UE RN AR PRI AR G AT 5 AT

2269

4 B BESA Y BTURE N - MR A

TEA B TR BRSBTS, AR 3%
FORIE RS 3 S BIRIRIE, KA S A
PO A PR 002 RS BB T B

4.1 BEEEMER T SRR

ST 3 WA, HER (29) RAGEEE.
SRR BE Ao I B U5 P e T WA TP T, O R
WA T, (r,0) -

TN - AR T AR AR B AN R O R R 2 T, Ty #EHIE =1
AR P B 2 8 A8 T LI ALt 7 £ 6 PR AT T (rt)=qT,(r.t) Ty, #Wi=2 (29
R AL e 240 AR S 3 FE VAR AR & T, (r,t) Ty, HE =3
B 22 9 S SR, AR (7)) TSI 2R R
BSEIENP, . FRHE P i A A 58 R T 15
aE 1 rz_r*z,l 7. r .
ar'j(r,t)— Lo — | ——L=[7 T (r,t)rdr=[" T, (r,t)rdr|; r <r<r,(j=12,23) 30D
_/Jj 7 rj _],-]'71 1 o . .
, o,E, 1 r2+rj71 , , ) )
O'gj(}",l‘)=1 # r—z . [ Tj.(r,t)rdr+fr Tj.(r,t)rdr—Tj(r,t)r ;;371<r<;3(1=1,2,3) 3D
—H AL/ a
E. 2.
ol (rt)= il - 'ujz [ Tj(r,t)rdr—Tf(r,t) sro<r<r(j=12,23) 32
L= =™ | |
l+u, af., (I—Z,uj)r2+rj{1 ,
u;j(r,t)zl L. L L Tj(r,t)rdr+ —— L T](r t)rdr ;}’]71§r<rj(]—123) (33)
M Ty =T !

FaVaE o (r,t) 7 (r.t) - az'j(r,t) P uw,; (r,2) 737
P EIRIET, (r,0) fERT 2 j BT 3 B4R
FEAE AR ST FRIAIN. 77 YN IR B FAR TR 52 5

a;~ E, o RPN RN RINEIEIK R B
PERL R AR LL .
[ (33) TTAE] =, Bl = r AEIIRTES 55
A
' 2a, (L4 )1, ,
tyo (rst) = ——5—=—=] T,(rt)rdr; (j=12.3)
J Jj-1 '
(34)
2a, (L4 ), .,
ty (rt) = ——5—==[] T;(rt)rdr; (j=12.3)
/R

(35

4.2 PRERVEL R K AR AT Bl S ) 51 R K R
JIFALES

L SCAE VAR BEAN R 5 A S R R A R

R AALREI, SRH T ASFE S BRI AR BN, B

TIHECE . FL BT RFEL R A AR,

BRI AL IR SE il B j AR BANER 4+ 1 A

JRZ BRI LT P, (=1, 2). 2HIAR

FERE T Bl Ak s 00 Py, PR A BESR o8 By (R

TRHE P 229 AR JE K LA 5 79
R R P B S A RS

oy, ()
oy (r.t)= ’”2(’32—”,271) (1) rz(,?g_rjil)lz(t)
(36)
" _ 7.'/2—1 (rlz + r2) _ rlz (VZ + r—l)
U&/(r’t)_rz(rlg_r/g_l) /—l(t) ”2(”_/2_”/2—1 P/(t)
37
o (r,t) = ;) [0;; (r,2)+ oy (r,t)] (38)
u? (r,1) I rjz_l [(I—Z,u )r2+r2}
A" Ej 7’2(7’1«2—’}-2,1) J J
1 2
171( ) —;luj 2 (rzrj_rz )[(1_2ﬂ1)r2 +r] 1:|Pj(t)
J J J-1

(39)

A Jg(r,t)\ ng(r,t)\ G;'j(r,t)ﬂu;}(r,t)?'\jﬁ‘e

FRPEL A R AR R R b 77 51 R AR R R T
NG SN N IR R A

Wz (39) AILAG SN r =7 Ml r=r, BHISLFE A



2270 eI

7i % 2024 4

4.3 ARIE T LA R B Al T s 77
M B R S AR5 B S T A A% Ak
ki, A

u +ul =ul +u
t“ r”11 rlzo r”ZO} (42)
Uy T U = Upzg T U3
] o WL B T Y Rl A RS 2 A
Uy +ul =y (43)
K u, NNRMEZIIMHNIE B, L5 @I E T

N0, AEARIY ry IR BE B 50 P A R T (7% -

P
uB—(l+,u3)r3?3 (44)
K (42) ~ (44) wT LR A FA i 2 18] 1)
Fefh R 7 B AL Py, DA LA I P R i Rl 5 7
P, .
4.4 WEABENZBURESZE TR D S5MB
FEiE S (30) ~ (33) Ik (36) ~ (39)
Sl BN, ARSI B T3 R AR E
BEJE ) P ARG AE T (I B IS T FIALFS

o, (r.t)=0y(r.t)+0)(rt) (45)
oy, (r,t) =0y, (r.t)+ oy, (r,t) (46)
o, (rt)=0ol(r.t)+ol(r.t) 47

u,; (r.t)=ul, (r,t) +ul;(r.t) (48)

A A O'rj(l’,l)\ O'gj(r,t)‘ azj(r,t)fﬁl]urj(r,t)ﬁj\%u
A5 T R A 2R N BE ) P R
ER R IR RN 7 BRI S hm) By FgR
FALF% o
45 HEMAHHE

BT N AR E 2, TR 5 SR 4G 8 77 53

A, U R E - E S R ), IR EH R
TN LA PRS2 5 R B AR T o 1R T A
SR A TEBR AR AL i) ok o B0, A
EFHE L (49) ~ (51D,

2

a;@):_%{u+z%}_%l_u_1y

o (49)
(1—4£%+3£%}mﬂ204
r r
‘ b r
063(r):—7 (1+4) 1+r—2 +(1-2)-
) (50)
£1+3%]cos(29)}
r
P 2 4
r%(@=-é{@-ﬂ%ﬁ+z%—3%Jmn@9ﬂ<5n
r r

K o8 (r) ops(r) Mz, (r) 20 N AR PETT 2
G, BIERIN S e B FIEIR Ty

35 R A R R SN g 5 BN S g A A
§EP= P SVl v e ¥

oy (rt)=0,4(rt)+05(r) (52)
Ogs (1, 1) =045 (r,1) + 045 (r) (53)
o (rt)=04(r1) (54)
(1) =75 (r) (55

X o (r0) og(rt) oh(rt) fo,,(r) AHE
ETHUEARFIN S SIS B T AL
BIR AT

ARSC VAL SR AR A IE - B B 73 A0 s
BN, BRI,

5 BENAPIRE

WHEE G RNEZEA N e, FEIIN ¢ PiL
SE N o, WAL MR 8 ATvr. fR4E Mohr-
Coulomb 58 FEHEN, 14— U8 ) [ 5omEAL2R L, #H
DINF, Z A FEMRA: J5PihmE L L, A
TIeS, iz Tk RS . B8 R 4 5
PLbram LAY, AT okbmRIRES: M B
LAY, AT EEIRE NAE C A5T
ISR EELLRARYT, AT R Es .

NT EREGSNIPIRE, ASCE XGRER IR



% 8 ] WoOTE

&

i A REN AR e AT R & AT T 1T 7T

2271

-
o2

B8 mEEES N SHEEER
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Table 1 Geometric parameters of artificial cavern

4 % 4 n 2

/ m? /m /m /m / m

3x10° 8 8.01 8.6 12
K21 BRARSIESH
Table 2 Air thermodynamic parameters
R ¢, cy
/7 (kg K)™ /d- kg K)™ /3 (kg K)™

287 1005 718 1

R3 TEREHEMEESH

Table 3 Operating parameters of energy storage power stations

T, RO Ey T: [ m2 L3 [ ri’lm 77'1Cx
/K / MPa /K /h /h /h /h /(kg+s) /(kg+s)
310 45 3224 8 14 18 24 236 472
R4 WESNREAEEI%ESH
Table 4 Thermophysical and mechanical parameters of each medium layer of cavern
k . a E
i B C“ B L B B u
/(W +(m-K)™) / (kI - (kg + K)h) / (kg - m™) /K! / GPa
AiEEa 45.0 0.500 7 800 1.7x107 200 0.3
TREE AT 1.4 0.837 2500 1.2x1075 30 0.3
[ 7+ 3.5 1.000 2700 1.2x1075 30 0.3
N - TP N 60 TN 18
BAWENRA COMSOL k47t 4, it — Bl

FRACR M =M, BRR T KA 3
T P A R THI I BE B30 67, o W BEIA AN 13 ISR A,
KT AL FEART R . v B PR S R A
IR, gl 7R TR, 2R
MGIRRE . TR B A I AR R T R
R . ARES ) EERIERE . R
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Fig.9 Air temperature and pressure variation
in the cavern



. &k % 2024 4E
6or 13.0 g
6 — T —
25 - -
50 4 | o e
20 - ot — MR
- £ g - - Bl
E F,/ e 15;\5 E ok T zlgi}m,'d
— 4 {Hl{?/ﬁf}"t 1.0 = o I ZIKI'/TéIIlIJ
S P ' »
— — Bl AR fok ; | \I
.......... S Ex ] 0.5 6t )
20 - . . . . 0.0 5 . . , , , .
0 4 8 12 16 20 24 0 4 8 12 16 20 24
t/h b

B 10 FEHREE SR A AR A4 L

Fig.10 Temperature and radial displacement variation

of sealing layer over time

o/ MPa

B 1 EHEAREN S o SR [E2240 2k
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Fig.12 Strain variation of inner side of the sealing
layer over time
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Fig.13 Stress variation of the external side of
the liner over time
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Fig.14 Strain variation of the external side of
the liner over time
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Table S List of stratum distribution and physical and mechanical property of each formation

PR SRR HEy

IR mERE BRI e NEEM

RS K - 2K THIALE
/m /m / (kN + m™) E 12/ MPa E/GPa / kPa @/ (°)
® MR E+ 2.35 0.00 19.5 3.5 - 10 12 0.35
@ WA E L 9.85 2.35 19.0 5.5 - 28 15 0.35
@ AL P IFRE 9.80 12.20 225 50.0 — 20 40 0.34
@, R AE B R 28.00 22.00 245 — 8 100 45 0.32
®s WORAGIE R HRRE 200.00 50.00 26.0 - 18 1000 50 0.30
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e, JEATRRIERRE — NN BN YEE . AR
RS KRN B AR T Lol NigAT. &R
FRAs e FL Sl M TR 2 A, R T IR AR B
T e K Ao VF B J74% 11.5 MPa % & . 4533 iEF A
FIAE /28 10.0 MPa i, TAE 5 h JT /s 46 25 <,
HAIN 13307 to G5A AN KN 8 h, e <k
K 739.28 kgfs, FAIHFEN 462.04 kg/s.

PRI AT H e B ML, e N N A 2
BRI 40 7 o’ o AR RIAR PEIE IR RGE ,  Filfitiis
17 7335 N 11.5~8.5 MPa.

A ZE RN 40 71 m®, REBK, HET
H ATAR e ToK-F AL, ARIH ik 4 AR
FRIRHE, KRR TAZ O, TR

JEREA 0.7 mo fHEZEZE AR, BEEN T cm.
BRI AR BT BLAR IR, (A B2 38 B 2 i K v
M UITEEAT 04T, Bl Y5 [ TE PR EE A, 4TS
e R BE .
72 HESH

T 4 MESEREHFERER . SafmislT
B, AROOFH A AT R, 56 &
REMTFESHNE 6~8, HRASHINE 6 &=. i
J2E N S ST UG I FE 55 B A i R AR

&6 ANLWELASH

Table 6 Geometric parameters of artificial cavern

4 i 5 5 5
PR . ROEAIIFEEN 4 m, &N 365 m. /e /m /m /m /m
RHE P 8% =9 80.5 me WISCJEREHN 0.3 m, —4f D10 22 2201 2301 37
RT FEREEMEESH
Table 7 Operating parameters of the energy storage power station
T,/ K P,/ MPa T /K t,/h t,/h t,/h t./h m, | (kg+s™) [ (kg +s™)
286.25 0.1 313.15 8 13.5 18.5 24 115.5 184.82

#®8 MERXNREHMES HESH
Table 8 Thermal physical and mechanical parameters
of each medium layer of the cavern

c a E

IR b B yr
/(&) - (kg + K)™) /K / GPa

B 0.500 1.7x1075 206.0 0.25

VR A ) 0.837 1.0x1075 33.5 0.20

A 1.000 0.7x1075 18.0 0.21

MRIEE 5 A EAE . R FRARALE S
JE 77, FagE R 3, 1SRN 150 m, M)
R0 fAT Oy A B ) B, S 2058 4.75 MPa. FR Bt
TR R 0 B 5 SR A KT BT U R 3
1M 2.5 f5 BRI By, WA 11.88 MPa; 7K FHIUH
NFER SR 1.5 5N ), W 7.13 MPa. 54
P HRE N 1.2 MPa.

HIRF AR R bR, B IR B 2 7
REEFITERAT, NP RAERIEREN
FEARES 8.5 MPa, BT ES RSN H A
18.32 ho Sy G fifl e 9 S I =, IR A A,
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Fig.15 Variations of air temperature and pressure
over time in the cavern
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Fig.19 Hoop and radial stress variations of inner surface
of sealing layer over time
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Fig.20 Hoop and radial stress variations
of inner surface of liner over time
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Fig.21 Hoop and radial stress variations of external
surface of liner over time
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Fig.22 Hoop and radial strain variations
of inner surface of sealing layer over time
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Fig.23 Hoop and radial strain variations
of inner surface of liner over time
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Fig.24 Hoop and radial strain variations of external
surface of liner over time
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