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Table 1  Test soil properties

WG 1 +45 IS TR T4 4 R a ko g R/ LR
REC FKRF%  REBUW-mK) FH/W-mK)™") AR (kg (kgrm™) (mgkg™")

27 15 0.50 0.90 0.30 1 660 1650 6.74




3608 EZ N D ERRE

WAR G, AR COMSOL £ #MBHAITH P A & X i PDE Bk, 4 & - G AN & 1L s 5
B KRR LR BB 1) 2200 3 3R Dl sh o R R AR R, IR IR IRE Y S — 80 2) M
TG Qe o £ g rp N, RGBS R AL TS Y B K R TR R R,
WA GE 2075 Y AL AL 5 3) 4 RIS 5000 . WIEERY . 4% 1 [l 9 2404 2245 4) K
(R FAE A T RAE s S) WA AR L ARR A D 45 R Ak S RN . 6) R
JE R B 7K R AR AR KT - A M 11 52 ) 2 AN T

B2 Ry £ NI R LG R R, B SR 2L L BE e R IR
W IR AR, WK &, KFER T LR, FLB SR S2 IR B A TE S (0 9K 3 1)
NPT, B AL IR B A RN, TR R T IR s AR IS . R I R R L SRR
PN ETAT. e nT 0, H P PE Bt A T B K RN L S B L R AR DL K Y
PHL, UK Eh AL LB,

— KSR
=L - FEJ13RE)
" L1 4K E) - R
- LK E) R
c&
Pkt e
ﬁﬁi 9 o wl
FXS YL 0 Q
- A ;
WAHK
A o - RS BR
R
-

2 ERARRIHBIHREE

Fig. 2 Schematic diagram of heat and mass transfer mechanism in soil
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Fig. 3 Geometric model and distribution map of measuring points
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Table 2 Numerical simulation calculation conditions
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Table 3 Numerical simulation parameters
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Fig. 4 Fitting curve of heating rod temperature rise
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Fig. 5 Temperature distribution at each monitoring

point in the radial direction
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Fig. 6 Comparison of simulated and measured soil
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Fig. 8 Effects of different heat sources on temperature changes (under 15% initial moisture content)
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2.4 I RST LIRS KR E AR R

20 A 1 A0 - 3 rh oK 43 35 RS 46 T RS BON PR AR 1 i AR AR Y BUE R A T, Rt
AT R 5 7K RN R A R R R BT S T BRI B B B, P e S K SR, in BB B -
MO, W [ BEAER I ] ORE, EUR IS B Bl B B AN R AR A B, PR (750 C)
A, DS KA, R BN W AR S R P R R B, TR AR B A SR K T m
Ak, AR R ARG 750 °C 2R B AN R0 6 75 7K SR IR 70 A W 1AT 102) BT, 15% . 25% 1 35% 1 £
e f 5 K R ) AR B 27 °C A BN W BB IR 58 ¢ I ar I 12, 15 M 23 d, THEE AR

100 240
90 |- 220 .
of 200 ¢ A —15%
70 180 |- AN .- -25%
I 9 160 | A - =35%
4&; 60 140 | h
=z 0 iz 120
=40 = 100
.L» J_< -
T o
20k - - - 25% i
— —359 40 +
10 - 20 |
O 1 1 1 1 1 1 1 1 ] 0 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 0 0.2 0.4 0.6 0.8 1.0
Tt a)/d A B /m
(a) PEA LR E 1 mibiREE 1 (b) 20 A [Fl 42 [ B 8 T B 3 A

B 10 TEHNEEKESREERHEM (750 C)

Fig. 10 Effects of different initial moisture contents on temperature changes (750 °C)



511 RUSEHRSE TR 3 S A2 i ot v i A P R AL 3613

Bk 2,58, 2.07 #1135 °C-d' VSR BL, AKAHASVEIE A AR, K 43 B 22 00 A AR 7 AR )RR
3PP UGR KR A A RE 13, 26 #1134 d tE AT AR B o B I B BT £ R S 1R RN 28 R RN R
TR ER &, RIRE —, RS MZRERLE, WS-SR EANAL .

AN TRV 463 B KRN AL T M BB M AN 1] 10(b) BT 7R o FIAR S /K M, BB B ERAIG . Ul
RN SR Y 7 N ES I B W 7 N B 5) B i 0 R e T I D < - A1 e e <X B I e
oM, 15%. 25% F135% WIRIAG & K R 38, 7E42 R 25 0.2 m AbJEEE 43 il oy 242 223 1201 °C,
TE 0.5 m AR EE 4308 91, 77 F 71 °C, MR EERLEE 40008 503.33 ., 486.67 Al 433.33 CG-m ™', AR 4H
TR T RE WL Lme PARREERA 3 5. ) SREBIWIG SRS IEME, VI
B, AL, FIMABE K. CAO ZEPY A T« 40 Z Fb & 7K 5 10 38 Jin iy 38
K, ELIE R B 5 7K SR B B 0T U/ — S5 . 2) R S 2 A R TR R R R R A () S A
H, WA E KRB, TR RE RS R K, DA A R R R R S, 3 BOUR R RY e Y FEE AR  o
3) VIR B K MR, AR AR 2, 52 R AR N

15% 25% 35% L PC

700

600

fl 500

|/ 400

300

. 200
yix 100

B 11 AEEESKETHEESERTR (750 °C)

Fig. 11 Temperature isosurface map under different initial water content (750 °C)
3 4

1) KR G BB BT 5 /N S0 57 £ AR W) B A, SRR DU B /N T 2 4 X R 2
0.61, f/NFEIHIXTTRZE 1.30 %, ASHEST 3 H A IR HE A BUE AL il Sk

2) X b ROH W BB B RS EAT RS, & 30 6 B B3 e 82 ) (] 5 AR D 3 38 A L, 3o 3R B T
T R 5 BRI B A OE HE A A S R . AL 1000 °C VIR BE AR S R ST R s £ 90 d 45 4R
FEVY ST AR BE A 100 °C 2o Ay FLIR BER T4k &l b FF, FERERRLEI, Sore R g S8 8 TR S itk
T LA B H bR R PEINER I, TR R SR

3) 3 M R SH IR B AL S48 2+ S0 Uf & K RAE 15%~35% J5 1B N, A6 A TA) 4R R IE B S i R
15% & KR PR ERER, SRREE, WRMMERBRERESGENRE KRG, ST
15% VUG Sk B b B FE 4738 M HEK , FF 55 1k K

2 % XX W

(1] i, w0k k. 5 U PR B W A5 00 TR AR 1)), BRBEZ53%, 2016(17): 2018, 610-611: 391-401.
28-31. [41 DING D, SONG X, WEI C, et al. A review on the sustainability of
[2] HOU D, GUTHRIE P, RIGBY M. Assessing the trend in sustainable thermal treatment for contaminated soils[J]. Environmental Pollution,
remediation: A questionnaire survey of remediation professionals in 2019, 253: 449-463.
various countries[J]. Environmental Management, 2016, 184: 18-26. [5] VIDONISH J E, ZYGOURAKIS K, MASIELLO C A, et al. Thermal
[3]  SONG Y, HOU D, ZHANG J, et al. Environmental and socio-economic treatment of hydrocarbon-impacted soils: A review of technology
sustainability appraisal of contaminated land remediation strategies: A innovation for sustainable remediation[J]. Engineering, 2016, 2: 426-

case study at a mega-site in China[J]. Sicence of the Total Environment, 437.


http://dx.doi.org/10.1016/j.scitotenv.2017.08.016
http://dx.doi.org/10.1016/j.envpol.2019.06.118
http://dx.doi.org/10.1016/J.ENG.2016.04.005
http://dx.doi.org/10.1016/j.scitotenv.2017.08.016
http://dx.doi.org/10.1016/j.envpol.2019.06.118
http://dx.doi.org/10.1016/J.ENG.2016.04.005

3614 wow TR ¥ ERRES
ARESTA M, DIBENEDETTO A, F LE C, et al. Thermal DAVIS R J, LILJESTRAND H M, KATZ L E. Evidence for multiple
[6] STA 0] RAGALE C . Thermal ~ [19] DAVIS S idence for multipl
desorption of polychlorobiphenyls from contaminated soils and their removal pathways in low-temperature (200-400 °C) thermal treatment of
hydrodechlorination using Pd- and Rh-supported catalysts[J]. pentachlorophenol-laden soils[J]. Journal of Hazardous Materials, 2020,
Chemosphere, 2008, 70(6): 1052-1058. 400: 122870.
(7] 2R, BRt, BRI % AR IR A B E FRRAEKMWIATS  [20] YU Y, LIU L, YANG C, et al. Removal kinetics of petroleum
Qe BT TERE IR ()], FRIET5 4 S B R, 2012, 34(8): 63-68. hydrocarbons from low-permeable 'soil by sand mixing and thermal
(8] . 75 e T A BEBHH A (9 B 5 2 T AAH5[0]. SR8 5 T #5555 enhancement of soil vapor extraction[J]. Chemosphere, 2019, 236:
JE, 2019, 44(4): 144-148. 124319.
[9] ZHAO C, DONG Y, FENG Y, et al. Thermal desorption for remediation [21] WEE, TAEN, WEAR S 12750 1 B (bR AR B 5
of contaminated soil: A review[J]. Chemosphere, 2019, 221: 841-855. WFE 122 0], BRES T R4, 2019,13(10): 2328-2335.
[10] SUNH, QIN X, YANG X, et al. Study on the heat transfer in different (221 FNZEW. 5 HLTS He A SRR HE AR 10 B 0 D4 22 TR 52 SR 10 R BT %
aquifer media with different groundwater velocities during thermal [D]. K FHA2£2018.
conductive heating[J]. Environmental Science Pollution Research (23] s, 2 fl, Ao JEt (St fH 1 5 75 20 b eI B Al
International, 2020, 27: 36316-36329. RS, REIE TR 2021(1): 70-73.
11 BASTON D P, KUEPER B H. Th 1 ductive heating in fractured N S SR e
) ’ ermal conduciive heating W ARCHES (241 S WV WA, HHERMAI A B E AL )
bedrock: Screening calculations to assess the effect of groundwater B4, 2008, 28(12): 7-11.
influx[J]. Advances in Water Resources, 2009, 32: 231-238. | .
[25] "TOSUN I. Antoine Constants. In: The Thermodynamics of Phase and
[12] RFE, Zethd, #EASAF. RO A R B AR A S AT LTS Y b b 16 i AW A . .
Reaction EquilibrialM]. Elsevier: the United Stastes, 2013: 667-669
SRR FHRCR[T]. FR8E TR A1, 2019, 13(9): 2049-2059. - . . . L -
[26] AEM, 352, TR, JEALR T M ARAE A LIS e B E T
[13] ZHAO C, MUMFORD K G, KUEPER B H. Laboratory study of non- "
ARG HI[I]. fL T B, 2020(31): 87-90.
aqueous phase liquid and water co-boiling during thermal treatment[J].
[27] WANG W, LI C, LI Y Z, et al. Numerical analysis of heat transfer
Journal of Contaminant Hydrology, 2014, 164: 49-58.
performance of in situ thermal remediation of large polluted soil
[14] HICKNELL B N, MUMFORD K G, KUEPER B H. Laboratory study
areas[J]. Energies, 2019, 12(24): 4622.
of creosote removal from sand at elevated temperatures[J]. Journal of
[28] VINEGAR H J, BONN M M. In situ thermal desorption (ISTD) of
Contaminant Hydrology, 2018, 219: 40-49.
[15] XIE Q. MUMFORD K G, KUEPER B H LA il odel ) PCBs[C]//U.S. Department of Energy. Hazwaste World, Superfund
5 s , et al. A numerical model for
o . / ) XVIIIL. Washington,1997.
estimating the removal of volatile organic compounds in laboratory-
[29] e, JCABEMHE AR 1S LS R M S iR, ALt
scale treatability tests for thermal treatment of NAPL-impacted soils[J]. . RO BB AERA R R H R, Lt
,2018, 59(3): 182-186.
Journal of Contaminant Hydrology, 2019, 226:.103526. ® ®
[16] XUHJ, LIY Z GAO L J, etal. Planned heating control strategy and [30] LI C, CLEALL P J, MAO J, et al. Numerical simulation of ground
thermodynamic modeling of a natural gas thermal désorption system for source heat pump systems considering unsaturated soil properties and
contaminated soil[J]. Enérgics; 2020, 13(3): 642. groundwater flow[J]. Applied Thermal Engineering, 2018, 139: 307-
(170 b, WU, 305 15 b I o T AR AR 5 JEAA X 316.
BRSBTS . AR KR, $REE T 25, 2019, 13(10): [31] CAO D, SHI B, LOHEIDE S P, et al. Investigation of the influence of
2302-2310. soil moisture on thermal response tests using active distributed
[18] XIE.Q, MUMFORDK G, KUEPER B H. Modelling gas-phase recovery temperature sensing (A-DTS) technology[J]. Energy Buildings, 2018,

of volatile organic’ compounds during in situ thermal treatment[J].

Journal of Contaminant Hydrology, 2020, 234: 103698.

173:239-251.

(WAE SR 2 E L)


http://dx.doi.org/10.3969/j.issn.1001-3865.2012.08.014
http://dx.doi.org/10.1016/j.chemosphere.2019.01.079
http://dx.doi.org/10.1007/s11356-020-09131-2
http://dx.doi.org/10.1007/s11356-020-09131-2
http://dx.doi.org/10.1016/j.advwatres.2008.10.019
http://dx.doi.org/10.12030/j.cjee.201905110
http://dx.doi.org/10.1016/j.jconhyd.2014.05.008
http://dx.doi.org/10.1016/j.jconhyd.2018.10.006
http://dx.doi.org/10.1016/j.jconhyd.2018.10.006
http://dx.doi.org/10.1016/j.jconhyd.2019.103526
http://dx.doi.org/10.3390/en13030642
http://dx.doi.org/10.12030/j.cjee.201906019
http://dx.doi.org/10.1016/j.jconhyd.2020.103698
http://dx.doi.org/10.1016/j.jhazmat.2020.122870
http://dx.doi.org/10.1016/j.chemosphere.2019.07.050
http://dx.doi.org/10.12030/j.cjee.201905119
http://dx.doi.org/10.3969/j.issn.1000-4416.2008.12.003
http://dx.doi.org/10.3969/j.issn.1008-4800.2020.31.043
http://dx.doi.org/10.3390/en12244622
http://dx.doi.org/10.1016/j.applthermaleng.2018.04.142
http://dx.doi.org/10.1016/j.enbuild.2018.01.022
http://dx.doi.org/10.3969/j.issn.1001-3865.2012.08.014
http://dx.doi.org/10.1016/j.chemosphere.2019.01.079
http://dx.doi.org/10.1007/s11356-020-09131-2
http://dx.doi.org/10.1007/s11356-020-09131-2
http://dx.doi.org/10.1016/j.advwatres.2008.10.019
http://dx.doi.org/10.12030/j.cjee.201905110
http://dx.doi.org/10.1016/j.jconhyd.2014.05.008
http://dx.doi.org/10.1016/j.jconhyd.2018.10.006
http://dx.doi.org/10.1016/j.jconhyd.2018.10.006
http://dx.doi.org/10.1016/j.jconhyd.2019.103526
http://dx.doi.org/10.3390/en13030642
http://dx.doi.org/10.12030/j.cjee.201906019
http://dx.doi.org/10.1016/j.jconhyd.2020.103698
http://dx.doi.org/10.1016/j.jhazmat.2020.122870
http://dx.doi.org/10.1016/j.chemosphere.2019.07.050
http://dx.doi.org/10.12030/j.cjee.201905119
http://dx.doi.org/10.3969/j.issn.1000-4416.2008.12.003
http://dx.doi.org/10.3969/j.issn.1008-4800.2020.31.043
http://dx.doi.org/10.3390/en12244622
http://dx.doi.org/10.1016/j.applthermaleng.2018.04.142
http://dx.doi.org/10.1016/j.enbuild.2018.01.022
http://dx.doi.org/10.3969/j.issn.1001-3865.2012.08.014
http://dx.doi.org/10.1016/j.chemosphere.2019.01.079
http://dx.doi.org/10.1007/s11356-020-09131-2
http://dx.doi.org/10.1007/s11356-020-09131-2
http://dx.doi.org/10.1016/j.advwatres.2008.10.019
http://dx.doi.org/10.12030/j.cjee.201905110
http://dx.doi.org/10.1016/j.jconhyd.2014.05.008
http://dx.doi.org/10.1016/j.jconhyd.2018.10.006
http://dx.doi.org/10.1016/j.jconhyd.2018.10.006
http://dx.doi.org/10.1016/j.jconhyd.2019.103526
http://dx.doi.org/10.3390/en13030642
http://dx.doi.org/10.12030/j.cjee.201906019
http://dx.doi.org/10.1016/j.jconhyd.2020.103698
http://dx.doi.org/10.3969/j.issn.1001-3865.2012.08.014
http://dx.doi.org/10.1016/j.chemosphere.2019.01.079
http://dx.doi.org/10.1007/s11356-020-09131-2
http://dx.doi.org/10.1007/s11356-020-09131-2
http://dx.doi.org/10.1016/j.advwatres.2008.10.019
http://dx.doi.org/10.12030/j.cjee.201905110
http://dx.doi.org/10.1016/j.jconhyd.2014.05.008
http://dx.doi.org/10.1016/j.jconhyd.2018.10.006
http://dx.doi.org/10.1016/j.jconhyd.2018.10.006
http://dx.doi.org/10.1016/j.jconhyd.2019.103526
http://dx.doi.org/10.3390/en13030642
http://dx.doi.org/10.12030/j.cjee.201906019
http://dx.doi.org/10.1016/j.jconhyd.2020.103698
http://dx.doi.org/10.1016/j.jhazmat.2020.122870
http://dx.doi.org/10.1016/j.chemosphere.2019.07.050
http://dx.doi.org/10.12030/j.cjee.201905119
http://dx.doi.org/10.3969/j.issn.1000-4416.2008.12.003
http://dx.doi.org/10.3969/j.issn.1008-4800.2020.31.043
http://dx.doi.org/10.3390/en12244622
http://dx.doi.org/10.1016/j.applthermaleng.2018.04.142
http://dx.doi.org/10.1016/j.enbuild.2018.01.022
http://dx.doi.org/10.1016/j.jhazmat.2020.122870
http://dx.doi.org/10.1016/j.chemosphere.2019.07.050
http://dx.doi.org/10.12030/j.cjee.201905119
http://dx.doi.org/10.3969/j.issn.1000-4416.2008.12.003
http://dx.doi.org/10.3969/j.issn.1008-4800.2020.31.043
http://dx.doi.org/10.3390/en12244622
http://dx.doi.org/10.1016/j.applthermaleng.2018.04.142
http://dx.doi.org/10.1016/j.enbuild.2018.01.022

511 RUSEHRSE TR 3 S A2 i ot v i A P R AL 3615

Numerical simulation of heat transfer during in-situ thermal conduction
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Abstract The current in-situ thermal conduction remediation technology has the problems of unclear heat
transfer mechanism and unclear relationship between the main influencing factors. The verification of the
coupled heat and moisture migration mechanism inside the soil is. achieved by simulating indoor soil column
experiments, and applied to the outdoor site size to clarify the effect of heat source temperature and initial
moisture content on in-situ thermal conduction remediation-under site size. An in-situ thermal conduction
remediation coupling model was established, and a small-scale experiment was used to verify it by numerical
simulation. The influence of the heat source temperature and initial moisture content on the in-situ thermal
remediation was explored under the site size. The results showed that the in-situ thermal conduction remediation
coupling model had high accuracy, and the average relative error between the simulation results and the
experimental results was 1.30%. The duration of the boiling phase was inversely proportional to the temperature
of the heat source, and the heating rate during the overheating phase was directly proportional to the temperature
of the heat source. In engineering practice, the removal target should be the evaluation criterion instead of the
cold spot temperature. The 1initial soil’ moisture content was within the range of 15%~35%. The lower the
moisture content, the higher the thermal conductivity under the same temperature. The in-situ thermal
conduction remediation technology was suitable for sites with low moisture content. If the initial moisture
content was higher than 15%, proper drainage or water-stop curtains should be installed before restoration. The
research results can provide a theoretical reference for the engineering practice application of in-situ heat
conduction repair technology:

Keywords in-situ -thermal conductive remediation; heat transfer; numerical simulation; heat source

temperature; initial moisture content
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