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A Comparison of Laser Flash and the Divided-bar Methods of Measuring
Thermal Conductivity of Rocks

Jaeho Oh!, Hyoung Chan Kim' and Jeongmin Park®*

i Korea Institute of Geoscience and Mineral Resources, Dagjeon 305-350, Korea
“Chungnam National University, Daejeon 305-764, Korea

In this study, we conducted the study of the merits and demerits of the laser flash and the divided-bar methods
for measuring the thermal conductivity of rocks and investigated applicability of the divided-bar apparatus which
was developed by KIGAM. The laser flash method can measure thermal diffusivity, specific heat capacity, and ther-
mal conductivity of rocks with even small thickness (<~3 mm) in the high temperature range(25-200°C) in non-
contact mode. For the laser flash method, samples must be uniform and homogeneous. In the case of the divided-
bar method, the apparatus measures only thermal conductivity of rock samples at the room temperature. We mea-
sured thermal conductivities of 12 rock samples with low density and high porosity using two methods. In the laser
flash method, there exist potential errors caused by the effect of pulse dispersion and reflection by various minerals
and porosity in rock samples; the difference in thermal conductivity values measured on the front surface and the
opposite surface ranges from 0.001 to 0.140 W/mK with the standard deviation of 0.003 ~0.089 W/mK, which
seems to be caused by heterogeneity of rock samples. On the contrary, the divided-bar apparatus shows stable ther-
mal conductivity measurements and relatively small measurement errors; the difference in thermal conductivity val-
ues, just as we applied to the laser frash method, is 0.001 ~ 0.016 W/mK with the standard deviation 0.001 ~ 0,034
W/mK. In turn, the divided-bar method can be applied to more thick samples that are more representative of bulk
thermal conductivity.

Key words : laser flash method, divided-bar method, thermal diffusivity, thermal conductivity, porosity
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gradient)?} o] EATEE o83l NGFFE 4
230, g B2 Aedr Ao}, 9] A
<, Birch and Clark(1940)] ¢J8} ¢4 SA=T
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d E¥sh= ¢HE AFH FE FEANE 243
o olo) tigt Fue A7) AYHL YTk Park et
al, 2007. 2009). ¥4 H=Ts} Y Exshs AF
T 2RHEFAEE o183 NEFFE A& Kim and
Song, 1999) &, 5] AERF 54 At 43
H3 9Jem(Kim and Lee, 2007), AGEEZ 9 o]
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2 SItHKim et al, 2006). = XAle gAY &
4 A8 A= &&= (Song et al, 1996), A
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olgfst gAe] dA® 24L& S8 2 S0
Maso] gt} A=A AAAA T GAEE 23
Aele] W3l JAE BHY, et (EAT 23]
19708 AForis AAe] v5HE o83t scholeder
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TE 2439} ol gAgeE o ¥ 84
< gz L 7l AedHe 2RE sk W
olt}. 19904 Fw el EAE® 49 /P A
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ol ATelrle FHZ Bo| AMS3IaL e Laser flash
method®] LFA-447 71719} &} A28t Divided-bar
apparatus®] Y] BlwE T FUHE vim A3
Z+ 3t

2. 5%4le] ¥ FEE Hm

2.1. Loser Flosh Method

Laser flash® ©]§3}e] ¢Ale] SFIEE MN&E3l=
HE Parker ef 2/(1961)° <5} Aok=HZeH, =
2l Netzschrloll A 74esl LFA-447 (Fig. D=4 717]

Fig. 1. Schematic of the LFA-447 based on the laser flash method.
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Fig. 2. Schematic of heating to the front surface sample by
laser pulse and measuring the temperature as a function of
time using an IR detector.
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Fig. 3. Theoretical curve of temperature raise at the rear
surface of the sample.
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Table 1. Thermal diffusivity and thermal conductivity as a function of temperature for Certified Reference Material BCR-724

from Institute for Reference Material

Certified Reference Material BCR-724

Glass-ceramic (Pyroceram9606)

Thermal Diffusivity, o

Certified vatue [m?%/s-10°%)

Uncertainty? [%]

0=4.406-1.351°107T+2.133+10°T2-1 541 « 108 T°+4.147- 102 T* 6.1

Thermal Conductivity, A

Certified vatue [W/mK]

Uncertainty® [%]

A=2.332+515.1/T

6.1

apparatuse= Benfieldo] &jsl] x1-2 7juts|o](Benfield,
1939) ¥4e} EAEE FAL 79 o] 7|72 34
A o, AF7IRE ol o857 ok &% 2
AL g 2 olgslgon, Ay sEE olgsle
F2 ERAXME S4T F e 71718 AEE)
Fig. 4= #¥3<Q Divided-bar apparatus®) H2%o0)
o, GA AR & = FHo) st

Fig. 40ollx{el 7ho] AR} 3o dAEwrt &
T2 Ao 2 9 Ao AANE HREr L&
Aolg HUAT|AL A FYol NEE Yo] AREE
SA3ke Aotk A59 AR HEh Ale], AlE9}
- AN Apold) Y& dAREE 2= BY B3

I pressure

} /

Hot (~40°) water [

low conductivity »
polycarbonate, 2

points

3

sample swmmm——p.

X,

peraturg

?

Cold {~ 20 %) water C# }

| pressure

Fig. 4. Schematic of a_ typical divided-bar apparatus
(Beardsmore and Cull, 2001).

9] spacer AU L% HolE e EFFL T
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AU E AXg). [ duviel 1L dHne] &
5 Aole 2PskEE ARY &% F7 goll 93 =
A 4 stk Fg 40iMe 3 20°C, 744 40°Col
DFo] AlF SALEE 0°CHMY dHERE 24
g ok

25°Celxe] Mg EAE ASME 10 ~40°CE %
3 gt} Fig 5= A A2k Divided-bar apparatus

)2

Fig. 5. Divided-bar apparatus developed by KIGAM.
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Sk eme AUEE +0.005°Co HE2EA
vla BAstgien, g ol xAMIE 24
+0.005°C ool S5 Bt

FAESEL A o|8H dEle v 2

Fourieri #olM €7% Qe GA=R 4, A8 2
A AT A8 5 A2t & o BA1RE o9t
2t

=2
Q iXAx &)

Fig. 4049} 7bol spacersl AlBARJ] Q= L5&
Z¥7k Ta, Th, T, Th, spacer BAEES} FAE zHz}
Ap X, MBS SAEEY FAE 742} 2, x,0l2 &
W Ni=T-Tp T=Tc-Tp Ts= Tp- Teol23t
H A spacer Alole] EFRF @ AR Alole] BFRF
Qs 3 spacer AP0l ERY Qe BF ZoBZ

Qzlpxaiﬂvxzx:ipxz 10)
X, X, X,
a=0th 4 an
T, ‘2x,

omz caepm, aA Ane) QdEE 2z

2x,

I+T,

ls(measured’) = st (12 )

olt},

e AA 771l AlEe] HER HEAE
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/1:( correctedy Aﬂs(mcuxw‘fd)
LI PR (14
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2 3tk Laser flash metodofir] AMESH B ¥
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2 7o) ABE SAs] 8 5 ok 547719
Agdeee] 10°C, T2 40°CE FANA &
et

Table 2= A7 ¢ 8719 FFAIEE 717]4
Yol 273 Ajo|t}. EFAIRY] d¥E%E Table 1
o] XY ALY T,9 T. Alole] FF &=8
HENAE W] gHx% goloh

Table 2. Summary of measurements of standard samples BCR-724(pyroceram 9606) with different thicknesses measured by

the divided-bar apparatus

thermal conductivity

thermal resistance

standard sample o . o thickness

oyroceramogos. 1O TO) TLO) TL0) o s oy T
S-1 39259 26702 24.108 11389 4.006 2.981 0.744 0.103
S-2 39.264 27.355 23402 11344 4.006 5.069 1.265 0.165
S-3 39296 28205 22.539 11.308 4.007 7.770 1.939 0.254
S-4 39333 28.696 22.030 11.285 4.007 9.807 2.448 0312
S-5 39350 29.536 21.230 11.246 4,006 13.087 3.266 0.420
$-6 39405 31343 19289 11.151 4,007 23.495 5.864 0.744
$-7 39467 32,755 17.686  11.051 4.007 36.582 9.129 1.129
5-8 39481 33349 16923 10938 4.008 44,352 11.066 1.355
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Fig. 6. x/Acomectea VS- T/AT1+T2) curve.
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el ) B8 mke},

laser flash method= HIEA 02 24T 4= glo
o 200°C71A] 258 &Y F JE Aol g =
BALE & gxoA XY o A5Y of 6EFE
A7, A7 254 mm, ¥4 3 mm olUie] ZL A

2 34 4 Yk £ GE4E By ojE ®
FANRE olg3le gulE Bae E8) vigde Al
I URE 2 JEEEE A2 4 gl v
L8E o Avte] Agujelm, AlE 24 Al EH
laser pulseZ FAFSl] WAL EHE Sol7 4 & W
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al, 2009).

divided-bar methode] 73-9-= HFHOZ AlsTt 7
AETE Bgsit. 2 Aol GojsiH, A58 2
7o) 54 plated vl 24E F e o] Qv
AN 7R AR FAo| e} thEu YAl ¢4
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g 4o) Jou £z gnE sof itk AR &
A Aol S Adr] 2 ol dHuie] @ WA 9%
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Az FHES Yool dth EF R 25
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ANE AR Ry A AX7E Hasith ¢4 4
AT 24 W 717] BA Ao AAg ZFAE
A el HH oM S0 dh SHLEE
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I HEolng U 24 Alx AT e &
A 4 9en, Laser flash methodold AH&-Ee
AlRET F77] Wi} o] 7z B4l diEAol
=t}
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W ARE F 7INE ol sl o A9E v
& At Al AME U ANEE FFE]
& shRE 2Eg 839, RS ol8sh
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FHol| Laser pulseS FALeE7] wjito] with wHojA
A gjefe] 2ol gl A Yol B sk 13
=3 % o] vl Weoz EdA 2Asiged, 127
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o2 2339k & o ®el &3 Ao Fou
oA AFF vlel 7ol AJE W) graphite I
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FeHo] ol tigt Gkl AF £ Yo | ol &



oY AAEE 92 98 Laser Flash Method®} Divided-bar Method ¥ 303

AZ olH Y}, T3 Laser flash methodolr AR R3S Aatsle] 73iginh HIE 728 A FolAut
AEE Divided-bar methodo]l ©]€F ] HEAo|m Aol we} ekzre] B4 zlolrt itk ole 0394 %
2 4L 10 kg’ 7BIFEY on) AlEs gk X9 FBY BE 5 o 7N ol U A
ofsll & FAA A AR AFS sfok sl EAlZE BREH, gk ‘:771]91 AE Boe FAL "137} &
A aeiEz A AMEH A 9¥S HA 9 tiE4ol A& AT AEr). Ake] B4Rl
25 mm% Fo}Hdd Laser flash methods o}8-3 AA N F 71714 BHEE 2L vl B
7] 9% 3 mm FA9) AJ89 divided-bar methods Table 3 © 4% F 77| NEE 4% o),
ol&% A8 13~ 17 mm ¥4 AEE WEY) FFE tis F 719 AYE 2 Agge} 471
B FEel FHES M AEE 103°CY) Az gEx dlus] mr)gsle] B8] tis g 12
QB0 2407k o} AzBl BAE ZAskw, T et BEAEE M
Vg A3 80 ARE 2o 923 48A7F 2 Laser flash methodo] AM8-E 95 Age Wwv}
e M F FAS BEo AR FAE 24§ 1.959~2587 gem®, FFE 04 ~236% HSolH,

i—{n

Table 3. Result of thermal properties of samples using Laser flash method

N . . o specific thermal . . thermal
sample no. thz;k;c)ss ("ge/f?;%y) P o(xz)c;s;ly g’f;:zggz capacity  conductivity d;}ff:éeg}g; conductivity ~ STD
? T WKy  (WhnK) (W/mK) average
-01 11 6 , .
B o ose s 00
2.961 2487  46% ‘ : : 1.531 0.015
2 0.679 0.900 1.519
i 0.028
b2 0.686 0.907 1.547
n0-02 fl ) 0.81 1.460
bl g gzg 0 zvg 1477 0.016
3111 2.573 1.6% ’ e ' 1.465 0.009
i) 0.703 0.805 1455 0012
b2 0.699 0.816 1.467 |
-03 11 ) ) 459
e ot oms s O
098 565 220 : - ’ 1. )
p 0 2 2% 0.702 0.832 1.499 0057 503 0.040
b2 0.699 0.868 1.556 )
no-04 fl 0.506 0.808 0.800 0012
bl : ; )
3.158 1959 236% 0.505 0.796 0.788 0.796 0.009
i) 0.490 0.839 0.806 0.017
b2 0.490 0.822 0.788 :
no-05 {1 0.74 0.869 1.681
bl 0 74§ 0.845 1623 0.058
3355  2.585 1.0% ) : oy 1.670 0.044
2 0.749 0.891 1.725 0.074
b2 0.750 0.852 1.651 ’
n0-06 f1 72 0. 1.535
§ s S LT
158 2.587 7% e ) ’ 1.604 0.089
p o3 58 0.7% 0.725 0.900 1.689 0017 8
b2 0.724 0.893 1.672 )
-07 fl . 792 1.114
e ven om0
3471 2290 64% : o - 1.111 0.024
i) 0.643 0.732 1.077 0.054
b2 0.616 0.802 1.131 )
08 2
B cets  oms i 00
382 2573 5% : : ) 1.34 )
p 33 6.5% 0.642 0.850 1.405 0,035 0 0.057

b2 0.645 0.826 1.370
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Table 3. Continued

. . . o specific thermal . . thermal
sample no. thmkrr:le)ss fgejmlt% p m:;S)lty (dlifugivxcty) capacity  conductivity 3§ere?ft_l g; conductivity STD
{m om * mm/sec. J/gK) (W/mK) ue (W/mK) average
AT
. y .59 ’ ’ ’ 1.454 0.048
2 3139 2482 45% 0.710 0.811 1.430 0.013
b2 0.706 0.809 1.417 ’
no-10 f1 0.777 0.830 1.652 0,001
bl o 0.776 0.832 1.653 '
. s 65 0.003
2 3016 2362 04% 0.781 0.823 1.647 0.006 1.651
b2 0.766 0.8342 1.652 )
S R T
.184 . 7Y ) ’ ’ 1.722 0.085
2 3 2347 8.7% 0.733 1.061 1.825 0175
b2 0.687 1.024 1.650 )
no-12 f1 0.589 0.889 1.187 0.021
bl 0.592 0.900 1.208 )
1 . .19 1.202 0.011
f2 3139 \ 2266 12.1% 0.596 0.899 1213 0.013
b2 0.591 0.897 1.200 ’
reference
BCR724
. R 4.012
fl 1.941 0.793 0 0.001
bl 2.983 2.607 0.0% 1.938 0.794 4.010 4.013 0.003
2 1.940 4.794 4.015
b2 1.930 0.798 4.015 0.000

11 : first measured sample to one direction

bl : first measured sample to reverse direction against f1

2 : second measured sample to same direction with f1

b2 : second measured sample to same direction with bl

differential value(f-b) : absolute value of differential with one direction and reverse

Table 4. Result of thermal properties of samples using Divided-bar method

. . R thermal . . thermal
sample no. ﬂlz;lk:lne;ss (dge/l:sr;t% b o(r;s;ty conductivity 3:;{:?&% conductivity ;ii?:;fi
? (W/mK) (W/mK) average
no-01 é‘i i:j? 0.018
16.837 2.491 2.5% ’ 1.460 0.014
2 1.472 0.004
b2 1.468 )
16.458 2.557 0.6% ’ 1.547 0.010
2 1.556 0.008
b2 1.548 ’
no-03 g 1:2 0.005
16.892 2.543 2.4% ’ 1.469 0.010
2 1.476 0.002
b2 1478 ’
no-04 ;‘i gzgg 0.010
15.516 1.949 22.0% ’ 0.865 0.029
2 0.890 0.001

b2 0.891
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Table 4. Continued

. . . thermal . . thermal
.. tandard
sample no. thé;k;‘;ss ?;/281? po(roc;s)lty conductivity Sﬁ:e?gg conductivity Seililatif)n
™) o (W/mK) (W/mK) average
no-05 f1 1.596
bl 1.622 0.026
16.829 2.571 1.8% 1.616 0.014
2 1.620 0.006
b2 1.626 )
no-06 f1 1.574 0.001
bl 1.575 ’
17.026 2.570 0.5% 1.575 0.001
2 1.575 0.002
b2 1.577 '
no-07 f1 1.234 0.004
) .
b 16.712 2332 10.2% 1.238 1.238 0.003
2 1.240 0.001
b2 1.241 ’
no-08 f1 1.351 0.004
| .
b 16.968 2.511 7.0% 1.347 1.378 0.034
2 1416 0.020
b2 1.396 )
no-09 f1 1.385 0.003
| . .
b 17.202 2.485 3.9% 1.388 1.400 0.016
2 1411 0.006
b2 1.417 )
no-10 f1 1.651 0.015
| .
b 17.070 2.588 02% 1.636 1.649 0.010
2 1.661 0.015
b2 1.646 )
no-11 f1 1.250 0.002
bl 1.252 ’
16.583 2327 9.9% 1.258 0.009
2 1.261 0.009
b2 1.270 ’
no-12 f1 0.946 0.005
bl 0.951 ’
13.070 1.787 30.8% 0.953 0.006
2 0.956 0.003
b2 0.959 )
reference
BCR724 f1 4.006 0.002
bl 4.008 )
13.087 2.607 0.0% 4.009 0.003
2 4.010
b2 4012 0.002

#fl : first measured sample to one direction

bl : first measured sample to reverse direction against fl

2 : second measured sample to same direction with fl

b2 : second measured sample to same direction with bl

differential value(f-b) : absolute value of differential with one direction and reverse

Divided-bar methodell AFEE £7A & A= dUxr) ABE AQslreE Az oz AEIARY A
1.787~2588 glem, T3E 0.2 ~ 30.8% Hslelt}. (e 095372 dAx4e] vigrt & 9 Hold.

T 71719 &g ARAAE Dolrr] s Ze} FFEC] & aFAME At & gx|s)
Fig. 75} 7] 2Ast. F280] & no.ll, nol2 £ AE o] FFE YolE F SHF xelg



396 eAE -4
3
W O<f<5%
O 5%
T R = 0.9537
st
b4
E
z
g
1
0
o 1 2 3

Divided—bar(W/mK)

Fig. 7. A comparison of rock thermal conductivities with
different porosity measured by the laser flash method and

AA7E O a]le] g RAow )

Fig. 8& UVl A28 4314 248 ddcse] g5
UAE Hag Aog FFE AHlo] F 7)7]M
Hap7t B}, T2t Laser flash methodolde] ¥
FHAE 0003~ 0089 WmK #9992 vebug,
Divided-bar methoddl X+ EZHIF 0001 ~ 0.034
WmK H92 ¥wd AL e B9t} 3389
g FFHEA ol HolX g7 Wi ke 8¢l
o] 9J& Aeow ek

Fig. 9= $HNEE 17 39 & 5Y ABE Yo}

010
o)
o G Laser flash
® Divided-bar
o
D005 T 5
[+]
[V]
]
n
[+]
- ° ,
m o]
- ]
000 .
0% 10% 20% 30% 40%
porosity (%)

Fip. 8. Porosity versus standard deviation of thermal
conductivity values measured by the laser flash method and
the divided-bar method.

Dlase tash
# Divided-bay
015 | MOVt

AL (WImK)y

0.05 |

el

nod 2 nod med 005 nod o7 nod peS nod0 nodt not2 b

sample

0.00
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method and the divided-bar method.

HE vl 22 s WHoE 23 33E 3
HE 1, 2% 3] Aolg Fd e B A
olh. Fig. %M ¥ 4 gl upel 7ol Laser flash
methodelA] Z4E gk 0.001 ~ 0.140 WmK ¥
2 Velten, Divided-bar methodold 249 ke
0.001 ~ 0.016 WmK 22 Laser flash methodoj A
249 gk FgE e B3k ol Laser pulse
2 48 7IIE d AE ARRe TR gl F
E 2ot 3¢ B0t thE AT "ol WAL
2 AR FE0FE Qg oAt BAE Aleg wus
o, Divided-bar method 73-$ A& Ywe] W3zo]
FL AYSIEE laser pulse® S FARK= AxD)
HHE e Kol Aoz wdsE

4.4 E

A7) APE3E 29, Laser flash methode
GENE, U, GAEEE 24T F oke Aol
om, ZARzANA Age FFok ke AA E
Ho| FUsfof Frle A WSk & Zoz A
"ok g9 A e 2YolnE AFgHHe ¥
BxAo] thE & Q7] wjEol 23t A Aeg v
¢lt}, 22)EE Laser flash method® ¢49] 93w

2 FRY e 999 4% s Teke
Ro| epgsich

Divided-bar methode AEEYRe Ay 2A4%
& JE ol Uy AA Aze] gojsitt. E3
A e] AE FFo] o] X, FEY 240 &
AR E %7] W89 Laser flash method HTH= ¢t

ot



&4 AT =4S 93 Laser Flash Method®} Divided-har Method ®)a 397

oxl
Z O
flr

TOH, B8] AR HEXOT =3 wR
FLE E4 Ao Hx) A9 ‘:‘r TS AR T
% Laser flash method Bl & ABE EAHE
T Qo] e 440 e EHEHE =4 & Utk
ol ¥ £ 1 FHslL thkst ¢
B3P H sk olglgol YA 94

O

KX
=2
= = 1
BN E 3

=80l B2 749e 717 4849 HAESE o)
=HO) Hhzel] eI 3 SRt v 44

< APt AF7A) AFEY 8% 4,
30 2 49 dHER &40 ot =iy
Divided-bar apparatusg A A28l vl~E3 At
DY A8 EXo) Adsithe 42¢ 4t

A} Al

ol dAFE FHAAALATY 7|EARIS AL
AE G WA 8 7P AR AES A &
H 7% g ARI(GP2009-16)9] Adoez 8=l
o, 59 Netzsch o] LFA-447 A4 9} Crustal
Heat Flow(Beardsmore & Cull, 2001) 71'1& AF=
7171 9] 2 o]&& AL3}. Eoz MAF A
Foll szl ojHe] AAEA ZAk=c)

o
ra*

ik

1

Beardsmore, G.R. and Cull, J.P. (2001) Crustal heat flow:
A guide to measurement and modeling, Cambridge
Univ. Press, 324p.

Benfield, A.E. (1939) Terrestrial heat flow in Great Brit-
ain. Proceedings of the Royal Society of London,
173A, p.428-450.

Birch, E and Clark, H. (1940) The thermal conductivity
of rocks and its dependance upon temperature and
composition, Am. J. Sci., v.238, n.8, p.529-558.

Herrin, JM. and Deming, D. (1996) Thermal conduc-
tivity of US. coals, J. Geophy. Res., v.101, n.B11,
p.25381-25386.

Cha, J.H,, Koo, M.H., Kim, Y.S. and Lee, Y. (2011) Ana-
lyzing Effective Thermal Conductivity of Rocks Using

Structural Models, Econ. Environ. Geol., v.44, n.2,
p.171-180.

Kim, H.C. and Song, M.Y. (1999) A Study on the Effec-
tive Utilization of Temperature Logging data for cal-
culating Geothermal gradient, Econ. Environ. Geol.,
v.32, n.5, p.503-517.

Kim, H.C., Lee, Y. and Park, J. (2006) GIS spatial D/B for-
mation of geothermal data and Distribution of Heat
Flow of Korea, Preceeding of the 2006 Spring Work-
shop of Korean Soc. New and Renewable Energy,
p.459-460.

Kim, H.C. and Lee, Y. (2007) Heat flow in the Republic
of Korea, Journal of Geophysical Research. 112,
B05413, doi:10.1029/2006]B004266

Lim, K.H., Kim, S.K. and Chung, M.K. (2009) Improve-
ment of thermal diffusivity measurement of thin sam-
ples and error prediction, Proceeding of the 2009 Fall
workshop of Korean Soc. Mechanical Engineers,
p.1687-1692.

Mizutani, H., Baba, K., Kobayashi, N., Chang, C.C., Lee,
C.H. and Kong, Y.S. (1970) Heat Flow in Korea, Tech-
tonophysics, v.10, p.183-203.

Park, J., Kim, H.C., Lee, Y. and Song, M.Y. (2007) A study
on thermal properties of rocks from Gyeonggi-do,
Gangwon-do, Chungchung-do, Korea, Econ. Environ.
Geol,, v40, n.6, p.761-769.

Park, J., Kim, H.C., Lee, Y., Shim, B.W. and Song, M.Y.
(2009) Thermal Properties of Rocks in the Republic
of Korea, Econ. Environ. Geol., v.42, n.6, p.591-598

Parker, W]., Jenkins, RJ., Buter, C.P. and Abbott, G.L.
(1961) Flash method of determining thermal diffu-
sivity, heat capacity and thermal conductivity, J. Appl.
Phys., v.32, n.9, p.1679-1684.

Shim, B.O,, Lee, Y., Kim, H.C. and Song, Y. (2006) Inves-
tigation of Thermat and Hydraulic Characteristics for
the Performance Analysis of a Borehole Heat
Exchanger, Jour. Korean Soc. Geosys. Engin., v.43,
n.2, p.97-105.

Song, M.Y,, Kim, H.C. and Jun, U.S. (1996) The mea-
surements of Heat transfer on some rock specimens
in Korea, Jour. Korean Earth Science Society, v.17,
n.6, p.458-464

Von Herzen, R.P and Maxwell, A.E. (1959) The mea-
surement of thermal conductivity of deep-sea sedi-
ments by a needle probe method, Journal of
Geophysical Research, v.64, p.1557-1563.

2011d 99 19 9XFES, 2011 109 159 AA=<]



