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Numerical Discussion on Natural Convection in Soils
Az A Shin, Hosung

Abstract

Thermal behavior of soils is mainly focused on thermal conduction, and the study of natural convection is very limited.
Increase of soil temperature causes natural convection due to buoyancy from density change of pore water. The limitations
of the analysis using fluid dynamics for natural convection in the porous media is discussed and a new numerical analysis
is presented for natural convection in porous media using THM governing equations fully coupled in the macroscopic
view. Numerical experiments for thermal probe show increase in the uncertainty of thermal conductivity estimated without
considering natural convection, and suggest appropriate experimental procedures to minimize errors between analytical
model and numerical results. Burial of submarine power cable should not exceed the temperature changes of 2°C at
the depth of 0.2 m under the seabed, but numerical analysis for high permeable ground exceeds this criterion. Temperature
and THM properties of the seafloor are important design factors for the burial of power cable, and in this case effects
of natural convection should be considered. Especially, in the presence of heat sources in soils with high permeability,
natural convection due to the variation of density of pore water should be considered as an important heat transfer

mechanism.
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Ao GeHe FEAT g 7l5adol
U 715sto] ofgk AAE Aol et A7k o
£ AASTh SIA, 2ol Ak tite] 21912le]
AU AASAL Ak 92 BEe a9
3k A7k Frs] AE|RA, dol el-g3at A
Sl e Faie] 4=sm gk olefst Ak
gol Skt 95 52 W falol o3 4F 2B
ek ohfet Aol A A, QISIA FARE,
129] H71 ARA

A, 47 E](carbon sequestration),
A% 71 Y MAIAPE A, s A=A wi A, mieR]
Z(landfill leakage), M&} Slo]=d|o]E 7J2HCH;4 hydrate)
T U< E?_ ZopollAl S gt A shA Hok

T o8 thie FA19 SAYel olsto] Hol o]
= dARS AASH, 419 2 Hmolecular thermal
diffusion)} F-412] o]-5of ot FHE?] o]F(advection)
£ A =dsHA Hok shAuk, FgHiko] FAAReE
Aloll &fste] FAlof| o] Fof &= AHte] tigh A4 o
A= d9] o]=o] H(conduction, thermal diffusion), Tf
H(convection), E-AHKradiation)o]] 2]5}o] o]Fo{x= A
o2 AT, 59|, AugsolN Fag BHY WA
o= QAEL QUEl BN FEa 3T
o gAl] Aol efsto] ol Zol A, thRie] AT
o} By9| Bt Qo] WEE o] Sk Aol
L 3} 2| 524wt o], gA|olet Hoe
- e 0 S0 QA4S gl o 2

ol
FlF e,

/53), S-Z/=dba) 7ho] AMEIE Zuksl z|ukg] &
e XPXHd(latent heat)ol] 2J5}o] & o]=S I3}

A Z7TX 2 4> 9IthKoorevaar et al., 1983). =2 &%=
O] EAJof|A] WrAtE]: FE Al(thermal radiation)= Z|5}
ol 4] AR} A electromagnetic radiation)2] ©]H]
St ZEZ)o](penetration depth)@ Q15}o] FA|SIAL Ltk
(Farouki, 1981). whebs] A]uke] o] o5 kAol
G529} &0 &% (conduction), ]F(convection)o]] 2]
&fo] WkAlsltar & 4~ Qith

Aukgarel Aske] AR} Agael o
32 B7Iel o] F o8&t E4] A sfAlol gt
G177} 2=lo] Ut W, A5} Lolol Al 7|
ofuix), PAFO] AT A AA, 0GB BHAL Sofl
AFAZ x3te vad A= thRrdde] +ad
e a3t A+ diidel Hol gth(Ingham and Pop,

O{N o

36 E=AELES =28 H33H H2=

2005; Nield and Bejan, 2006; Vadasz, 2008; Vafai, 2005).
fAGTOIA R o)Fsksa WExe] st 44
9] o]%(density different-driven motion)S 7|&o 2 7}
A tfF(forced convection), 3+ tfF(mixed convection
transport), ~12]311 A} | F(natural, free Z-
driven convection) = J-E3HCHLewis, 2004). 744 )&
= A0 BET] Ggale olalgol ofFt 2 44
I} =2 4285+4] Reynolds number Z 745} A W5}
L d5Es ujaith Ad Rt 2AY 97 5
(forced fluid flow)o] mIR|gE AFefoll A {419 D=xvt
of o3t FA|9] ol s = WS i d/dolt) 17

buoyancy-

2 H

(buoyancy-dnven convective flows)Z 4 TloFsk sHREE
ofe} WAk Welo] QIthBear, 1972). {3 A 3}o]| A 2]
AAgF= t2d QPEY B9y 3 o F(unstable
circulative convection)®] 7ls/dof gt erdAd Sdto
2748 F11 QItiCheng, 1978; Nield and Bejan, 2006;
Nithiarasu et al., 1997).

SAlefstolA Lxxo] 1 485 2 (horizontal
layered system)oflA] &9 tfj o] WY 7ol =8
wAIQL Bk, ZRkgste] dafjAof A= W g=2ehA]
Reynolds numberslo| 4] A =9} 314 o Z(circulative
convection)7} &=Q3t &9 o]% dAlo] H}h EHF
3 Y57 b dhol Hlste] BE @2 AR
UG =3 i Fol A et o] FAxH]
3 A% AL He AAA ZRkzziof A AHhy
ol oJRt Eeby iFe] A mif- AlRHA e
WIS FR T Johansen, 1975; Engstrom and Nordell, 2016;
Simmons, 2005; Van Dam et al., 2009), A] A& o]}
Aol AAE Al dof| ofsto] AAF7F
Alsle= Aoz dfA Qlth(Bidarmaghz and Narsilio,
2016; Grosan, 2009; Wang et al., 2016). X]=o]||X] 7|
o, 9 WA w71, E]al eiA vl dEA 5
o A7 As Wi @S A= B, A=
o3t & A Bk ofy2} 7ol o3t o o]Fo]
2% 4 & HAYSZe| ok

2 =7 1L o Azo] AXA BA A
g mAels] gt A o] 4ok A4
T, el ARz Adrise] WS o2l
olo] tigt QL BASIILA T,

Foorlo ofN > r4>
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2 A=W =4 Newtoninan 7-55/d< Hoj
= A ool gk AL Al A4 B+t (volume
Averaging)< 48510, Tedte v Aol tigh
Navier-Stokes WA 412 § =3 4= QJti(Lewis, 2004;
Vafai, 2005). 12|11 ofJR] H=of tfa A Al e

AR HoR g 4 glck

¢ ox;\ ¢

-
ct cx 7

Y =Y TRTp aP A2,
P_f{ﬂ+i{_fﬂz_0__ﬁu_ Ay

[bCre,), + (- )iee,), ]—f +(pey) o= 2

A7IA, v FAG] HEolH o= v A= IF
Z&(porosity)oTh. o2} = $A12] WE(density)}
& (viscosity)o|th. Alm’l TR AR ol gt A
o Srdoleh. T gAlet ko) FRA AR
(local thermal equilibrium) A4 8] &Fo|H, A= 5
7} @A &= (thermal conductivity of porous matrix)©|CT}.

o Azl $4 SlEHAAC (1)olA] §50]
dle oA uAY BARIE BAR S Qo 4

()¢} 7S §-A} Brinkman 4 4]o] .

ﬁx : K ax. 2 (2)

S}A|9E, Brinkman2 ¢>0.6t} 2 7-9-of tigh A9}
0] Aol gt A2 AF-5 +H5HATHLundgren,
1972). BiF-E0) oA ARolA ¢ 2 ghS 7HA

52, Brinkman A& - AlEHEl Aolut 488 4

QITHNield, 2013). Auriault(2009)+= Brinkman %}7%]4]
WS e TR 2 WA YRl Hl B
Soll chshAlet fasta, Quel 354 TEE Y
ch3EA o) e Al Darcyol o] fagt oz
AEA ek

A BRE BASY] S FHE0R fR01%
WgAe] LS BE fA] Y| WakE wefs
ofof Gk, o] ATt A TR H S
A#40) 484 E ol f2 Boussinesq®] TAPEE 44
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lot rlo

fr
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9lthNield, 2013).
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I M99l B2 el Rayleigh Number(Ra)E ©]
45131 QIthKundu, 1990). E<H4 #ddiFo] LAY 3t
7| Rat= o] ZH O & 42l A 07 A|k=| ¢tk Horton and
Rogers, 1945; Lapwood, 1948). Caltagirone 5(1981)-2
Ra®] ¥slo] & ot Az AAFE tha
3} o] 9k Ra<in’ : 7| weto] ebgsle] 4
7 ©](stationary) THHFEHAY, 4n?<Ra<240~300 : Z7| gk
of 2J5}o] oFA A Ql(steady counter-rotating) 2] =%} Tff
5, Ra>240~300 : oscillatory2} bifurcation A5 < +%
359 AT A WHEshE EHE s8R

THZ FERUe x23tE o A=A ARk
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2016; Lapwood, 1948; Nield and Bejan, 2006; Wang,
2016).
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A(i=—Av D& ol83te] g
Auba el thE AR R -4
A FAI T FTFel dgstctar 7%@‘*\‘4. 3L,
10°C~80°C 2= 9joll A Eof Th9d
glem’(EZE7I¢ho =, A3 %%‘Jﬁl# 2 3HAEA] 69%
10°°Co] Htk ol th A Fo| FshAlsol vlstod o
th3] 2 740 2(Quartz=0.33%10"/°C, Concrete=12x10"/°C,
Steel=11x107%/°C), @=H3}o] o3t 712520 W W3}
£ A Ame] oo Al §h=A] aLefsteiof gtk
SLA|TL, 1IMPa2] fgleo] oJgh Eo] theFake] M=
0.0006g/cm’ njqto| o2 Qt&of o8t Qe 13}
ororch whEbA, AAtRE BAksE7] flsiAl A (7))
ol 2rof w2 {Ae dxHsE etk

op) dT
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Z)8fjA 2 73] Geo-COUS(Geo-COUpled Simulator)
o Agstelch

loh il

} o rle
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3. K[Ete| KIACHFof 2het s=X[ofiA]

AR @A A {e AAAE AR aQlE
che Ul el ofstol W el e %
3t A& 7] (thermal
probe) A&} &3 HAH (Thermal Response Test) o] A]
A =7} 4y 51 (Anderson, 2014; Bidarmaghz and
Narsilio, 2016), §Ao| A ¥ o2 HE A7|7F AT
o] WAEh= E] Wul oy YA iy SolA=

UL Uk 2 EROAME A daes 5

5ol WAl Ik thete] teolslTat s,

Aol d EAAE SAs] S1g 7HE gl B
B2 GER7IE o] 8she Aolth I FollA v g3
H(single probe method)S YATH U A|Htof| A4
st G Fto] 2 W3hE dfjAste] ko] dx=
L5 Hrkehs WHolth d'RVIE o83 EiEE
S AsdugrlofA Ate] == FrkE 9
slod Aol E-3-54 S (Thermal Response Test)2} &
st Fot A9 HY(Infinite line heat source model)
= ARgsEaL Qlek =of gt GAEE SPAHNA =
o] L7t Fobd s ARl ot dHeE £4
o] B0l SIS & dA leH(Kwon and
Lee, 2012), Rp7IX| &2 A|HHe] AAE==E B7Fst7] 9
gt GE 7] Al R o] Tl HolAntk =07} B gt
ARiolnt. 2T BAlert 2 e EAEY 4
o]l AR 25 AUl AFBuet))ef ot
Aetehe] S0l thete] ofs} etk Bidarmaghz and

Narsilio, 2016; Anderson, 2014; Gehlin and Hellstrom,
2003; Choi and Ooka, 2016). £3], Choi2} Ooka(2014)
= TRTAH et Aol 71akek A7 424
Aol e AUz AeArhro] ofste] ol
QAL 50T NFY| GUEES 9% o4 £ B}
e mojRlth metd, E4AeTt & el AR
N Lo o3t AAtRE THa] e AL A%
08 A 28S AU Ttk AAE 4= 9lckBidarmaghs
and Narsilio, 2016).
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Sk $XAF ATE HhgOoR YA (steady state)
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Fig. 1. Temperature distribution near the thermal probe at time 500sec (sample size: D=10cm, H=20cm).
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a) w/o Natural Convection

(assuming constant fluid density, w/o NC), b) w/ Natural Convection (temperature varying fluid density, w/ NC) (Eq. 7), ¢)
temperature difference from a and b, d) probe installed at 3cm deep (w/ NC).
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Fig. 2. Fluid flux (log scale) at time 500sec. a) w/o NC (sample D=10cm and H=20cm), b) w/ NC, ¢) probe installed at 3cm deep (w/

NC), d) D=20cm (w/ NC).
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