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Analyzing Effective Thermal Conductivity of Rocks Using Structural Models

Jang-Hwan Cha'”, Min-Ho Koo', Young-Seuk Keehm', Youngmin Lee?
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For 21 rock samples consisting of granite, sandstone and gneiss, the effective thermal conductivity (TC) was
measured with the LFA-447 Nanoflash, and mineralogical compositions were also determined from XRD analysis,
The structural models were used to examine the effects of quartz content and the size of minerals on TC of rocks.
The experimental results showed that TC of rocks was strongly related to quartz content with R? value of 0.75.
Therefore, the proposed regression model can be a useful tool for an approximate estimation of TC only from
quartz content. Some samples with similar values of quartz content, however, illustrated great differences in TC,
presumably caused by differences in the size of minerals. An analysis from structural models showed that TC of
rocks with fine-grained minerals was likely to fall in the region between Series and EMT model, and it moved up
to ME and Parallel model as the size of minerals increased. This progressive change of structural models implies that
change of TC depending on the size of minerals is possibly related to the scale of experiments; TC was measured
from a disk sample with a thickness of 3 mm. Therefore, in case of measurements with a thin sample, TC can be
overestimated as compared to the real value in the field scale. The experimental data illustrated that the scale effect
was more pronounced for rocks with bigger size of minerals. Thus, it is worthwhile to remember that using a mea-
sured TC as a representative value for the real field can be misleading when applied to many geothermal problems.

Key words : effective thermal conductivity, structural models, rocks, quartz content, scale effect
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FEUEM 9] JgofuiA] Eg-e A gldte] gt
3 =7l Hla] AH o REe HolA g 23R
9] A& Ada HEe ol AR AE5E

Atatel] 28-3517) % AldE FAgsied, =3
AR AFEE &8 AE Wt

B o]FAXI Yo Ha T Ao

o dEd (Song et al, 2006). A= ZUAAME
AGAUAE I, AdGF 5 Tt eg
A od &gsla glo] ole} 72 ALy XA
9] Ego] N&Fog ZuE HS W oA A
oF W giA ZIE ZIdE 5 Aok 3 A FelhA
28] FTIEA 2] Zwkr|ee] BAE Huke}
of sAIRt o7 &= el X GRE Ao g
AAHQ A7 e 23K Ealz e AgolH
(Song et al, 2006), E3] H|E LA XFAAH )
B S HAE] siMe Ak fa1xgdek
EAE Whge SollviR] A Al2Ele) sfdoe] AJFs}
& 4 9lt} (Shim and Lee, 2010).
AEE FHoT o] g3l= AIY EHZ (geo-heat
pump) Al=gle] AAV A 248 fsiMe AF 2
o Az ¥ 2 A7 wsle) g R} g
F83 (Lim et al, 2007), ol FAxs ¢ 48
AHAIGS) 7H& Apke] AEA 23l ARHE Ao
2 gEA Arh Ak 4B NEFH FAlIA
2 WSl (Kim et al, 2004), BAMY =
71& A% (Wells and Bathke, 1979), A9z}, A)g
g FokllA 2 FaAe] tiFgo] wet g4e) £g)
A Adx EE4A FA Singh er al, 2007;
Ugur and Demirdag, 2006), 2%, gfglo] g2
vX]= 93 (Seipold and Huenges, 1998; Vosteen
and Schellschmidt, 2003; Ray er al, 2006; Dwivedi,
et al, 2008), &9l o wWE FA=E W3}
(Clauser and Huenges, 1995) 53 22 954 A+
7} Bol sl =)

ols} Zo] Aol AEAL X3} d A REFS
AEFEOZ Hrpsluat & wf 7y $AFom AAs)
of 3= T2 dEdsEt & & o). AWk 424
A e dvbdo g 1) gEEE 9 gERe
ol&sk= W, 2) ot NEE s sk
W, 3 AT 2=#F AEES sl Ll W,
4) €uks- A8 (thermal response test)S ©]&3F £
AR Y Foz PEHAT (Cha er al, 2008).
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- olgxl

& =R A A LN Aol AR ke
A 3o} ARE AFL EEALE 43 S A
Hre] gEAJo] g DBE 752 Ut (Pak ef
al, 2007; Park et al, 2009).

¢ G4 S8 A5 gAY AT 22
A W R FEAS FHE & AU ol
o g= Ax9l EA (Magsood ef al, 2004;
Sundberg et al, 2009) =& P3¥ £T 9 IEA
(Ozkahramn et al, 2004)72] BA2 Fo| AAJE u}
UATE, F2 NG P 2YAEN EHF R F
F 398 7Y ARERH €849 FHse 9
o] o]l2%t} (Pribnow and Umsonst, 1993; Luo ef
al, 1994; Fieldskaar et al, 2009). ¢4 FAs=
BE @WEE, 370, B L Al HH o)s
9] gz tdt EF9 EFHEY (mixing
model}& ©]g3l FA=LE AT 5 o 718}
E3ted (Woodside and Messmer, 19612 327}
A gl ol8 e tiAl] g 2y Edolr).
Jessop (2008)2 X|ndle Eslo] FEURL] A7)}
g wethE gEErt oh gl 5 Sleg
B

FH 2EFE HoplMe 249 €AERE 34
3l7] 93 ¥4 (generic) RFUE 27 (structural
model)ol] thak <3t} Euksit} (Maroulis ef al, 2002;
Carson, 2006; Carson et al, 2006). T+x=24g< o
A& Pshe AEEY EYFQ x| Hgs
2 olgale] 7 PAES EHEES T e
FEEAES WIS odZ3k= sl4 Edo|t}. Carson
et al 2005y thad wiEe] F=T2E IA WEF
= (internal porosity)?} ]%-¥= (external porosity)>-
2 e oo et v wide] fEEHEET}
LA EElR A X815}, Wang et al (2006)
O rRRYES Tk 99 (unifying) 84
£ fEdlgen, txRdES s B v
9 HEEE &3k oF TREIE A
Wang et al (2008} +ZEY £ Maxwell-Eucken
ME) 243} favjze]2 (EMT) 29 o|835k]
AeAEH 2R (COE fEslfer 2 H)
Ao FEEAEEE o=sh=u 43

ol FERREH F ATE FE AES R
T EY E oA AR AL AR AP
AAE vk At (Carson et al, 2005; Wang et al,
2008). 3= Cha et al (20100 EY ¥ 2 A&
S WL JARRE EX3le denld) uE BX
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o o] FER Y g3 Pol BAg vjEe)
FEEWNETE 298l 22292 A (sedes)t
o, WY (paralleDd, 718} (geometric mean;
GM)xd, Maxwell-Eucken ME)=d, $&ujao)&
(effective medium theory; EMT)Rd, 45494 2y
{co-continuous model; CC model) 5°] Ut} (Carson
et al, 2005; Wang et al, 2008).

Series ¥ parallel=d-2 vjA e A3k ZF HEE
ol 347xE 7H o A4He rd2, A%
o} /ol 428 A9 Seriesdo], £HE AL
parallei® o} Zg@rh, GMwR-S o) zr 744
ol dojof ek BXE zhe R vide #
REAEEE Pl 7P 44 o848 4 de W
Holrlk, MERY (Eucken, 1940; Maxwell, 1954)&
HadE Pk AR F syt 9E3Q dog &
AP 2 el U] EEo] viddtos Bt
ol e T+2RE 2 9 F4HE Zdojt, MER
de] FRe AT 2 YR BaEe) Sle 38
YAt Zhe GAER xlolo) e} ¥y 2R
=i, o] Aol Mg Asgor olgsigrt.
EMTEY (Landaur, 1952; Mattea ef al, 1986y vl
o] BE FEe] A&Hol At ko] Vel
o] ofjz}t 48] FA9) (random)E I3k X2
£ 24& AT HEse 2doln. vixgez CCrY
< WZE dske Zzte] ARl AR dEFe
2 2¥3)= ZU=E H2 Wang ef 2l (2008 <3l
AANEJT. Series, Parrell, GM, ME, EMT 2 CC
Hdo) REEARER AHgale 7zt o3t 42,
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AN ke v FREARR, Lo vie A7
A Aol grvwol €8 (volume fraction), &=
ALzl Ao dAxxeE Jehdth

B aFeMe iela AFT S (), At
&) 2 e () AEE e R e dE4
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Arsidrt. el SAEEE Parker ef al (196190
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o] GL 713k T wiHe] dgdd 88 2x A
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o] EAETE AR AR A 2 b
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oA71M kot o FHEE (WmK) R dEtAs
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Table 1. Measured porosity, thermal conductivity and mineralogical compositions of 21 rock samples

Minerals (volume fraction, %)

. k
ID  porosity (W/mK)

Ab Orth Micr  Musc Bio Chl  Calcite Dol Qz Hbl Hem
11 0.016 1.88 43.8 - 21.6 - 38 5.6 1.6 - 23.6 - -
12 0010 2.27 32.5 274 - - 83 1.1 - - 30.7 - -
13 0010 2.68 40.2 9.2 - - 8.7 2.1 - - 39.7 - -
14 0.011 291 345 25.5 - - 0.8 5.4 - - 33.7 - -
I5 0018 3.30 224 13.7 - - - 2.0 - - 59.1 2.8 -
16  0.006 3.30 26.8 - 30.7 45 - 1.0 - - 371 - -
17 0012 4.04 325 15.8 - - 8.0 - - - 437 - -
S1 0.032 2.06 58.1 134 - - - 17.6 1.5 - 1.6 7.7 -
S2  0.033 2.88 41.2 - 11.9 5.7 - - 1.1 9.7 302 - 0.2
S3  0.020 3.65 31.5 - 59 8.8 - 2.1 1.7 - 50.0 - -
S4  0.005 492 - - - 49 - 2.1 29.2 - 62.5 - 13
S5 0.003 5.59 - - - 7.5 - 5.4 - - 872 - -
M1  0.008 1.66 77.0 - - - 133 - - - - 9.7 -
M2 0.006 232 349 11.4 - - 18.7 - - - 35.0 - -
M3  0.019 3.00 28.0 52 - 10.9 - 1.8 19.3 - 348 - -
M4 0.004 3.57 20.6 - 6.9 9.1 57 5.1 1.2 - 514 - -
M5 0.005 3.65 24.3 2.2 - 21.6 11.9 4.8 1.7 - 337 - -
M6  0.006 3.97 14.9 - - 19.6 28.5 1.9 - - 35.1 - -
M7 0.008 4.50 6.4 - - 12.8 7.3 1.1 - - 72.5 - -
Mg  0.032 453 - - - 10.1 - - - - 89.9 - -
M9  0.005 5.07 7.8 - - 16.7 6.0 33 - - 66.1 - -
k* 2.14 2.31 249 2.28 2.02 5.15 359 5.51 7.69 2.81 11.28

k* : Thermal conductivity (W/mK) from Clauser and Huenges (1995)
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Fig. 1. Comparison of mineralogical compositions and the
effective thermal conductivity of the 21 rock samples.
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Fig. 2. Close view of igneous rocks: () a photograph of 13,
(b) a photograph of 17, (¢) a microphotograph of 13 and (d)
microphotograph of 17,
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Fig. 3. Close view of metamorphic rocks: (a) M2 and (b)
Mé.
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Fig. 4. Comparison of measured thermal conductivity and quartz content: (a} all samples, (b} igneous rocks, (c) sedimentary

rocks and (d) metamorphic rocks.
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