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Thermal Stratification and Heat Loss in Underground Thermal Storage
Cavemms with Different Aspect Ratios and Storage Volumes

Dohyun Park, Dong-Woo Ryu*, Byung-Hee Choi, Choon Sunwoo, Kong-Chang Han

Abstract Thermal stratification in heat stores is essential to improve the efficiency of energy storage systems and
deliver more useful energy on demand. It is generally well known that the degree of thermal stratification in heat
stores varies depending on the aspect ratio (the height-to-width ratio) and size of the stores. The present study
aims to investigate the effect of the aspect ratio and storage volume of rock caverns for storing hot water on thermal
stratification in the caverns and heat loss to the surroundings. Heat transfer simulations using a computational fluid
dynamics code, FLUENT were performed at different aspect ratios and storage volumes of rock caverns. The
variation of thermal stratification with respect to time was examined using an index to quantify the degree of
stratification, and the heat loss to the surroundings was evaluated. The results of the numerical simulations
demonstrated that the thermal stratification in rock caverns was improved by increasing the aspect ratio, but this
effect was not remarkable beyond an aspect ratio of 3-4. When the storage volume of rock caverns was large,
a higher thermal stratification was maintained for a relatively longer time compared to caverns with a small storage
volume, but the difference in thermal stratification between the two cases tended to decrease as the aspect ratio
became larger. In addition, the numerical results showed that the heat loss to the surrounding rock tended to increase
with an increase in aspect ratio because the surface area of rock caverns increased as the aspect ratio became larger.
The total heat loss from multiple small caverns with a reduced storage volume per cavern was larger compared
to a single cavern with the same total storage volume as that of the multiple caverns.
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£ B A% U 9438k oluAAR AL"Y] 58S FIA7IAL o A H B facuxE
o] fls B2 71Eolt) duba o R Agae] FRB|(Fe] thet wol9] v)e} A7]of w2t B45=7F
debl S0 gelA Itk B RO 44 AL 913 IEES] FRue A8l AHTE W I4S
slo} olitme] Aeel nlAt G HASHS d] A7 o] glek. ol 9Ish WA At F=¢) FLUENT
£ o|83to] uts-5o Fu8|et AFEel W EAE AlEdoldS askslth A= AYE AeE
olgate] AT WE AHEIC) MBS BATIAON, AYTE oJRzel BLUS WA B
A3, SRR SRRkl tet 35 W @453 FEe ARe BYou, F3H] 34 o dREE o]t
oJaol ZA| ohe A0 ARGk AFEe] AL gl Hs| §aol T UFFAN Afom
A AR 52t 453 =A fAlEE Aoz BAFES Y, S84 7ol wet Ag-8e] the 355119
85T} Aol7t EolEe S UElth dutEEe SRR AdSsE 359 2Hzo] Soju FRH|Y
71l wet =9 ko z o] dEHo] Frkehe A HYlon, ] AFEEE £ ot s
93k 4% 3 ATl BU BAFEel vis) WA dedgol Feke Ao HAEgc

Y

[
MOl ks oluA] A, ddseh @ E 7Y

I

Received: Aug. 12, 2013

Revised: Aug. 27, 2013

Accepted: Aug. 28, 2013 1. B
*Corresponding Author: Dongwoo Ryu

Tel) +82428683099, Fax) +82428683416 oA A4S 5t fA12] d4ZESKthermal strati-
E-Mail) dwryu@kigam.re.kr

ion)= o] Q73 o Foju i
KIGAM, 124 Gwahang-no, Yuseong-gu, Daejeon 305-350, Korea fication):= °}-87F53t 801 #|(available energy or

308



B 2|5kt 309

exergy) 5 SHAIA FAR A|LH9] oUA] ol §aE
& A7) $I8 Bl Tgole). B4t 7]
H e]= g& HE(thermal buoyancy) ©]-85fo] 1L
3} A e ool Bikmixing & Eo] Aozl
3 23)E fABRE Aol & ofiix) FYA| 112
$A WET} s} ARE o]t L7k e 4]
21.29] GAof vl AR oz Wy} o} off&

o ojFsiuR AgE fAlL Lwo Het 58 ol
= Stk A A el el Gatlol g
£ 49, 1o The SRl A gla Ao ¥

AL fARE Bl glorg g9 Equ{heat convection)
= WAEHR] ka1, =371 Ik (heat conduction)
Tk AYSHA H-
A& W {A419] D&% (degree of thermal strati-
fication) Za= (1) A4 F=9] &4, (2) oY
219] ] W HiEA] fAIEF ot A i F(forced
convection), (3) =70 AE, (4) A4 B
A1) dRo] ofgt W 9] FA412] A4 thF(natural
convection)©f 2J3| H*/\gﬁ]-E]-(Flg 1). wabA 05*3%5
o] e 7 U] B4 1Y = 2 vl
&= Aa 439 oihﬂ](aspect ratio) @ AAF4 xHX\

SOl 9l g w=ch(Park 2], 2012).
Agne] ARl SlolH 7 $Hm o= Fgslolol
SR e Ao §% 2 YO RA kel ol

ol

oF AE(B) 5O F4S AAsHE Rolekn & 4 9tk
WO R APl FRY(Eo) B ALLE Y
S A FAlERE Ao® dEA qitiUoo 2], 2008).
Cole & Bellinger(1992), Ismail £](1997), Hahne &

Charging Discharging
[l I
- m \"\\— -
M 20 SR N
(2) Forced
| ___convection i ,,,,,,,,,,,,,
. v AW
(1) Heat lﬂs;.i;n the || ]« ‘(: _%,fn_g_ﬁ_cr_ﬁ_ﬁ_dn_ o (1) Heat lns's’igl the
SuIToun S SUIT O ZS
N VO TR
N VAR
...ECP)I‘.V;EFPE‘...i ............ T et
W WAL

Voo

(1) Heat loss to the
surroundings

Fig. 1. Factors influencing thermal stratification
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Table 1. Properties of rock used in the present study
(KIGAM, 2012)

Specific heat
(kJ/m’-K)

Heat conductivity

Density (kg/m’) (W/m-K)

2,680 2,310 3.0
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Fig. 2. Thermal properties of water with respect to temperature

Table 2. Dimensions of the silo-shaped rock caverns for different aspect ratios

Storage volume = 84,000 m’

Storage volume = 42,000 m’

W, Width (m) H, Height (m) Aspect ratio W, Width (m) H, Height (m) Aspect ratio
47.0 48.5 1.03 38.0 37.0 0.97
38.0 74.0 1.95 30.0 59.5 1.98
33.0 98.0 297 26.0 79.0 3.04
30.0 119.0 3.97 24.0 93.0 3.88
28.0 136.5 4.88 22.0 110.5 5.02
26.0 158.0 6.08 20.5 127.0 6.20

22 Ut Eo| ZHHE Y MY
2 g ;Loﬂ/q% Park £J(2013)7} AF43E ¢FekEEo]
LS BEO2 359 FA) AYS 275k Park

2](2013)9] AFtox= U ofFtE 17] TX](1,0004]
ghell sl 271Y B E4 FF0] 7HsPEE A
AA-8-84,000 m)S APHSIGITE 2 Ao A 117
g abEEel S3H|= oF 1-69] W0, e
AL dste] M2 JIrS B8] Y8l A A%
o] Al B1](42,000 m)S 2= AHAEY ok
ol deix= ddd oH A st ALl
84,000 m’T} 42,000 m’¢l ohFEEo] =3njy A}
A ¢ Table 29F o, 552 T/t S7Fs

25,000

22,500

20,000

17,500

15,000

12,500

Surface area (m’)

10,000

7,500

5,000 L L L L L L

Aspect ratio
Fig. 3. Surface areas of the two caverns for different aspect
ratios



et A5Hgst 31

o ule} Fig. 31} Zo] 352 FHA(surface area)o]
S7Fh= A3 Eelth Fig 3¢ A Ade A%
85 42,000 m’Ql FF EAA] £ ufES vl
= AL 2A, A A74-85(84,000 m) Artog &
dsto] HkEE F NS AAshE B ddsEel
aff A o] F7lok= Ze & 4= Utk of7]A HF
2 A3 dvkEEo xHYorA AF Yool o

of wiAat A% Zwel Euge] g vrehick

2.3 -¢-i| =TT aHM =
AtolAl AL Et ANhEs-2 AFEE FAFOE Fig.
49} ol ZohWaial symmetry) Z7L Ao -
AmAYS siick sy Geo) WAL 304 m, ol
484 mo|glon, FEo| M2 Awl AEH-FF Hsk
5 AP 71202 50 mE Aeiick Fig 5= A&
o] 84,000 m’o] 3 FHH|7} 19591 92| 4] w4
Z uehdich
AT el whE QojuiA|e] Ln WEle BAe)]

Rock cavern

434m

304m

(a) Schematic diagram

-~

Rock cavern

(b) Numerical model (vol. = 84,000 m’, aspect ratio = 1.95)

Fig. 4. Numerical modeling using axial symmetry (W and
H = width and height of the cavern, respectively,
which are indicated in Table 2).

918l vl el ransient state) 4S eshLom
T E SHAZE 1020]0Eh B AToAE
FLUENT) solid 27-& o4t} F1 ohihe mule

S P ohie BESFOR Jbgstel ek o)
Asle] G sk dTh F5 Wl A=
= ok Aolo] FAEE walle] FA
coupled =715 #-gsto] FAef Aol Axddo] 7}
okEs st

FH ghiel 7] 2L Table 39 1A A5
(KMA, 2011)E Ej2 19C=E AAstgict okre) %
7] £%(19C)%= Table 39] X3} 5 m AlLo] A=+ &
L0 HH#ZH15.3C)2 Table 22] EE=9 H}E%
ot 2 Afole] Hat A2 oF 150 mE ARt 2=
olth=y H+# A& =718 25C/km(Song, 2008)=
295D, R FEHol= AR A Alg(free-convective
heat transfer coefficient) 9 W/m>-K¢} 7] &&=

fr

>P

Fig. 5. Numerical mesh (storage volume = 84,000 m’, aspect
ratio = 1.95)

Rock cavern
95°C

Constant
temperature
gradient

[€]

50°C

Fig. 6. Initial temperature distribution of stored water
assumed in the present study



312 Aot A 5o FRve AFEF wE 245 H &Y

=

Table 3. Underground soil temperature at a depth of 5 m (KMA, 2011)

Year 2011

Station
Jan. Feb. | Mar. | Apr. | May | Jun. Jul. Aug. | Sep. Oct. | Nov. | Dec. | Avg.
Sokcho 13.9 12.6 11.2 10.2 10.1 10.7 11.9 13.5 15.7 16.4 16.4 15.6 | 13.18
Chuncheon | 16.7 15.8 15.1 14.5 14.2 14.1 14.7 15.9 17.1 17.8 17.9 17.5 | 15.94
Gangneung | 15.3 14.1 12.9 12.2 12 12.4 133 14.5 16 16.7 16.8 163 | 1438
Seoul 15.8 14.5 13.4 12.5 12.3 12.8 14.1 15.8 17.1 17.7 17.6 17 15.05
Incheon 15.5 14.4 13.4 12.8 12.6 14 15.2 16.4 16.9 16.9 16.4 14.79
Ulleungdo 14.5 14 13.1 12.4 12.1 11.9 12.1 12.7 13.4 14.2 14.7 14.8 13.33
Suwon 15.4 14.4 13.4 12.6 12.3 12.4 13.1 14.1 15.3 16.2 16.5 16.2 14.33
Uljin 14.7 13.5 12.4 11.9 11.8 12.3 13.1 14.2 15.4 16.2 16.3 15.8 13.97
Cheongju 15.8 14.8 13.9 13.1 12.8 12.9 13.6 14.8 16.1 16.8 17 16.6 | 14.85
Dacejon 17 15.9 14.8 14.1 13.8 14.2 15.1 16.5 17.9 18.6 18.7 183 | 16.24
Pohang 17.5 16.6 15.6 15 14.9 15.2 15.8 16.7 17.5 18.2 18.4 182 | 16.63
Daegu 15.4 14.3 13.4 12.9 13.2 13.8 14.9 16.1 17.2 17.6 17.4 16.7 | 15.24
Jeonju 15.6 14.4 134 12.7 12.7 13.2 14.4 15.7 16.6 17 17.1 16.6 | 14.95
Busan 17.3 16.4 15.5 14.8 14.6 14.8 15.6 16.6 17.6 18.2 18.4 18.1 | 16.49
Mokpo 16.5 15.1 14.2 13.8 14.2 15.2 16.5 18 19.2 19.6 19.2 18.2 16.64
Yoesu 17.6 16.8 16 15.1 14.8 14.8 15.4 16.3 17.3 18 18.3 18.1 16.54
Jeju 18.4 17.6 16.6 15.7 15.4 17.6 19.5 | 204 | 203 19.7 19.1 | 18.03
Jinju 16.2 15.7 15 14.4 13.9 13.8 14.2 15 15.8 16.6 17 17 15.38
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Thermal performance
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Fig. 11. Mechanical stability and thermal performance vs.
aspect ratio (Park 2], 2013). (FS = factor of safety,
TS = thermal stratification, and ARuesign = designed
aspect ratio of a cavern)
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rock cavern in Sweden (KIGAM, 2012)
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