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Table 2 The calculation relative deviation of each point
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55 mm -0. 093 -0. 128 -0.33
65 mm -1.009 —1. 141 -1.25
75 mm -1.912 -2.235 -3.05
85 mm -3.659 -3.459 1.88
95 mm =5.222 —4. 940 2. 66
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Fig. 3 Transient study temperature profile of each case: case 1~8 (a)~(h)
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Fig. 5 Variation of heat flux over time
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Table 4 The top-bottom temperature difference and heat flux data of each case
E S e TG 22/°C Bl /T SHGE R/(Wem™) & G /(W -m™) it AR /(W em ™)
1 20 #a i 2.4623 2.4571 0. 0052
2 20 5 2.4978 2.4571 0. 0407
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4 20 0 2.5203 2.4571 0. 0632
5 15 2 A 1.8614 1. 8579 0. 0035
6 15 7.5 1. 8789 1. 8579 0.0210
7 25 Z A 3.0534 3. 0461 0. 0074
8 25 2.5 3.1167 3. 0461 0. 0706
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Fig. 6 Cumulative deviation and maximum deviation between

each temperature curve and adiabatic temperature curve
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Fig. 7 Adiabatic curve and optimal environmental temperature

50

curve under different temperature gradients
4 it

28 S 358 COMSOL B 2 , DA PR ) R 45 R 56

AR D R, B T — RSB, X
A JZ PRI T T A S IR S B BB
WIE T — RN A3 LR 45E

(D TEREA JZ AL B R v, PR3 T B2 BB X 14 £
JEIRE S 7= FE W I A B2, S PR B R T )=
S R4l FEE N B A 2 R TR ot 2k 2 1) i 3 000 O
¥ , I8 T At JEE 0000 A 5 =4 B B3R B /N T 1 A
JZEAV- 27 R N B A 2t R ) A D <2y A1 o 0
DA% , 150 P A B2 K i)

(2) P15 it J3E BE X W A7 )= P9 8 P4 7 A
W] , AR T4 AR, PR3 5 A 22 T ) AR 52 4
SRR A J2 ARG 8 B B ™ A AR AL, S PRSI
JEE 5 A1 T2 TR 2 L e I e £ J2= PR B
58 JEE T8 B g /IMEL, B BRI T E 1) T e /A, X
UL O B 23 I TG 5 o A )= LT Ie) b Al R
JEE B 1T T S 1 R A8 PR, B 2 U
ol INAEA 1 P ) ERGAL 2

() TEBEAT A KA 2 A RN A I i,
ol INER I3 L PR TR A BB T, B O o
XFREAT JZ PR B2 0, D BE 2 1 D U A AL 2
AT DU AT BT, R 24 15 PR I R O A =P
KR

(4) S PR T AR Fp T A aod 38 FH R S5 e >R 3
Ve A R DU B 5 A SR 2 AR 2546,
M3 S A 2 3 7 [ AR R

5% 3L (References) :

[1] Zhou Youwu, Guo Dongxin, Qiu Guoqing, et al. Geocryology
in China[M]. Beijing: Science Press, 2000. [ %1%, ¥4
&, EREPE, 45 b EEREIM]. JEst: Bl diet, 2000. ]

[2] Harris S A, Pedersen D E. Thermal regimes beneath coarse
blocky materials [J]. Permafrost and Periglacial Processes,
1998, 9(2): 107-120.

[3] Delaloye R, Reynard E, Lambiel C, et al. Thermal anomaly in
a cold scree slope (Creux du Van, Switzerland) [ C]//Proceed-
ings of the 8th International Conference on Permafrost. Balke-
ma: Zurich, 2003, 2125: 175-180.

[4] Niu F, Cheng G, Niu Y, et al. A naturally-occurring ‘cold
earth’ spot in Northern China[J]. Scientific Reports, 2016, 6:
34184.

[5] Cheng Guodong, Lai Yuanming, Sun Zhizhong, et al. On the
“thermal diode” function of crushed rock layer[J]. Journal of
Glaciology and Geocryology, 2007, 29(1): 1-7. [ #2E#:, #ft
WL, FhER, L O Z M B S RE ] W
+, 2007, 29(1): 1-7. ]

[6] Cheng Guodong. Influence of local factors on permafrost distri-
bution and its enlightenment to Qinghai-Tibet Railway design
[J]. Science in China: Series D, 2003, 33(6): 602-607. [F#
Pl A Rt PR 380 20 4 s e A ) S ) B HG X 75 R Bk i e i
MRl ] ERE:: DA, 2003, 33(6): 602-607.

[7] Zhu Zhaorong, Zhao Shouquan, Han Kan, et al. Test device



1014 K JI

+ 45 3%

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

and method for frost heave characteristics of subgrade filling of
freeway in cold regions [J]. Highway Engineering, 2020, 45
(1): 156-162. [RIKSE, B8p4x, Shfil, 5. JE DR o B
SEBURHR AR 01K 0 2 B ik (0], AR TR, 2020, 45
(1): 156-162. ]

Liu Yue, Wang Zhengzhong, Li Jialin, et al. Evaluation on
the effects of freezing-thawing resistance by block-stone re-
placement for main canal in Jingdian Project [J]. Yellow Riv-
er, 2018, 40(4): 147-149. [XIH, EIEH, M, 5. &
HL T T S B S SR B R AR AN [T ], N R,
2018, 40(4): 147-149. |

Miao Qi, Niu Fujun, Lin Zhanju, et al. Progress and prospects
of research on frost heave of high speed railway subgrade in sea-
sonally frozen regions[J]. Journal of Glaciology and Geocryol-
ogy, 2019, 41(3): 669-679. [iifH, 2F w2, Mzt 5. &
VR A DX kI R R M IF YOt e R (D). vk IR
2019, 41(3): 669-679. ]

Yang Hairong. The roadbed stability in permafrost region[J].
Journal of Glaciology and Geocryology, 1985, 7(1): 83-88.
(Wi . 24 ok LU IX B IR AR R AL T D0 S 48 e LR E T
MR HELT ). VIR, 1985, 7(1): 83-88. ]

Goering D J, Instanes A, Knudsen S. Convective heat transfer
in railway embankment ballast [M ]//Ground freezing 2000:
frost action in soils. CRC Press, 2020: 31-36.

Feng Wenjie, Ma Wei, Zhang Luxin, et al. Application of rip-
rap slope protection to roadway engineering in permafrost re-
gions [J]. Journal of Glaciology and Geocryology, 2003, 25
(6): 632-637. [, thak, sk&Hr, 5. Wi
X B TR g 0 [O] KON R L, 2003, 25 (6) -
632-637. ]

Lai Yuanming, Zhang Luxin, Zhang Shujuan, et al. Cooling
effect of ripped-stone embankments on Qinghai-Tibet Railway
under climatic warming [J]. Chinese Science Bulletin, 2003,
48(3): 292-297. [ M, SREHT, SRIBUR, 5. RAIEA
PER TR A B A [ IRLOR [T ], B4z, 2003, 48
(3):292-297. ]

Wen Zhi, Sheng Yu, Ma Wei, et al. Study on in-situ monitor-
ing of effect of degenerative permafrost protected by crushed
rock revetment[J]. Journal of Highway and Transportation Re-
search and Development, 2009, 26 (11) : 26-30. [ iR % , #%
R, DhER, L AR A B R IR AR R R AU I
GBI ], ABACHBHYE, 2009, 26(11): 26-30. ]

Xu Lianjun, Luo Qiang. Analysis of temperature variation char-
acteristics of gravel slope protection base of Qinghai-Tibet Rail-
way[J]. Subgrade Engineering, 2007(6): 93-94. [1RiE%, ¥
SH TR R AT B B R R A AR AT (D). T
2, 2007(6): 93-94. ]

Liu Zhengping. Study on long-term stability of gravel slope pro-
tection subgrade in permafrost region of Qinghai-Tibet Railway
[J]. Railway Standard Design, 2010(Suppl 1) : 56-59. [ X4+
V- T UK 2 A R DR A B R R R s S (T ],
Y bRHEBLT, 2010(28H] 1) : 56-59. ]

Sha Zhiwei, Pu Bu, Mao Xuesong. Cooling analysis of gravel
subgrade engineering in permafrost areas of Qinghai-Tibet High-
way[J]. Subgrade Engineering, 2011(1): 140-143. [ Vb,
EeAr, BT TR B 2 AR O DA B R I T AR P
HAHTLT]. BEEETRE, 2011(1): 140-143. ]

Yu Wenbing. Study on special embankment in permafrost re-
gions of Qinghai-Tibet Railway[D]. Lanzhou: Cold and Arid
Regions Environmental and Engineering Research Institute,
Chinese Academy of Sciences, 2003. [ SCFe . Tk £ 4E
IR XA S L 5T (D] 220 . h ERR 2 B € X R X

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

Hag 5 TRBEFEA , 2003. ]

Wang Shuangjie, Sun Binxiang, Xu Xiaozu, et al. Research
on laboratory experiment of natural convection mechanism of
embankment ballast[J]. China Journal of Highway and Trans-
port, 2004, 17(2): 18-23. [TEXUA, #MbH:, TREGH, 55. B
Bed AT B AR I LI A 3 A BRI BESE [T ], 2
#i2, 2004, 17(2): 18-23. ]

Sun Binxiang, Xu Xiaozu, Lai Yuanming, et al. Impact of bal-
last grain sizes on natural convection cooling effect of embank-
ment in permafrost regions [J]. Chinese Journal of Geotechni-
cal Engineering, 2004, 26(6) : 809-814. [fhaktf, #EtH ,
T, 45 A RLAR X S DX SR 1 AR o U ek a2 7 (1 5 1
[J]. %A+ TR, 2004, 26(6): 809-814. ]

Xu Xiaozu, Sun Binxiang, Lai Yuanming, et al. Study on the
long-term effects of ballast embankment of the Qinghai-Tibet
Railway[J]. Journal of Glaciology and Geocryology, 2004, 26
(1): 101-105. [FRFAGR, FMIkEE, BT, 5. TR 1
SERINM IR AT LI ] vk, 2004, 26(1):101-105. ]
Xu Xiaozu, Sun Binxiang, Liu Qi, et al. Laboratory experi-
ment on the influence of paving location and diameter on the
cooling effect of ballast embankment [J]. Chinese Journal of
Geotechnical Engineering, 2005, 27(3): 254-257. [ ##A,
INRAE, XEF, . R Bl SO S MORLAR X % BE ER SIOR B
WA RS s TARRA, 2005, 27(3) : 254-257. ]
Lai Yuanming, Zhang Mingyi, Yu Wenbing, et al. The influ-
ence of boundary conditions on the cooling effect and mecha-
nism of eipped-rock layers[J]. Journal of Glaciology and Geoc-
ryology, 2005, 27(2): 163-168. [, kA X, mySC ke,
S LSRR WA R BREIRBCR ML B S [T ). oK1 R
4, 2005, 27(2):163-168. ]

Sun Binxiang, Xu Xiaozu, Lai Yuanming, et al. Determina-
tion of thermal diffusivity and conductivity on ballast[J]. Jour-
nal of Glaciology and Geocryology, 2002, 24 (6) : 790-795.
[PMURE , BRI, Bl , 45 P i BUR B 2 5 R
Wi k0], IR+, 2002, 24(6) : 790-795. ]

Yang Lijun, Sun Binxiang, Liu Qi, et al. Experimental investi-
gation on cooling capability of open crushed rock embankment
enhanced by perforated ventilation pipe[J]. Rock and Soil Me-
chanics, 2012, 33(2) : 407-414. [ Wi, #MEEE, XIH,
S5 B RE KRR T SR PR IR (1], A
%, 2012, 33(2): 407-414. |

Yao Yangping, Wei Bin, Chen Han, et al. Research on the
law of water vapor circulation of the pot cover effect[J]. Rock
and Soil Mechanics, 2021, 42(6): 1512-1518. [BkM0°F,
Mo, BRE, S ROV K RIE S LERBER (). A4
%, 2021, 42(6) : 1512-1518. ]

Zhang Chunyang. Study on the improvement of frost heaving
characteristics of channel foundation by replacement technology
[D]. Lanzhou: Lanzhou University, 2020: 20-33. [ Gk .
A AR SECRE B X T e IR SR R R PEIT 52 (D). 220 =2
MK, 2020: 20-33. ]

Bai Ruiqgiang. Study on the coupled heat-water-vapor-mechan-
ics model of unsaturated soils [ D]. Lanzhou: Northwest Insti-
tute of Eco-Environment and Resources, Chinese Academy of
Sciences, 2020: 61-78. [ F%ii® . AFHL A4 K-~ 1 4
ARTIWETE D], 22 e i R B 7Y b A A PR EE B ISR 5T
B, 2020: 61-78. ]

Zhang Mingli. The influence of rainfall variations on the ther-
mal-moisture dynamics of the embankment in permafrost re-
gions of the Qinghai-Tibet Plateau [D]. Lanzhou: Northwest
Institute of Eco-Environment and Resources, Chinese Academy

of Sciences, 2016: 34-69. [GKHAFL . s B IR 1 i B K 44



3 TRERITAR  IRBEIR XA JE AL PR A R I A 1015

SRR AR AR B R R SE (D], 22 i E R B VS I AR 177-185. ]
IR 5EBE, 2016: 34-69. | [35] Nield D A, Bejan A. Convection in porous media[M]. 2nd
[30] Teng Jidong, He Zuoyue, Zhang Sheng, et al. Moisture trans- ed. New York: Springer-Verlag, 1999.
fer and phase change in unsaturated soils: physical mechanism [36] Zhang Wei. Experimental study on the mechanism of abnormal
and numerical model for two types of “canopy effect”[J]. Chi- ground temperature distribution under gravel layers [D]. Lan-
nese Journal of Geotechnical Engineering, 2016, 38 (10) : zhou: Northwest Institute of Eco-Environment and Resources,
1813-1821. [JR4EAS, BULER, sKTF, 4. AREAI LK TITH Chinese Academy of Sciences, 2016: 15-17. [5KEf. 7R
BRSPS B RO R AE L BB LT ] A 2 M A G AL FE (D] 22 M.
T4, 2016, 38(10): 1813-1821. ] LB v AL A P B IRA B . 2016: 15-17. ]
[31] Wang Xiaogang. Study on characteristics of frost heave and [37] Zhang Mingyi. Study on long-term thermal stability of air-
thawing settlement of pile-soil system in permafrost regions cooled subgrade in permafrost regions[ D ]. Lanzhou: Cold and
[D]. Xi’an: Xi’ an University of Science and Technology, Arid Regions Environmental and Engineering Research Insti-
2019: 40-54. [ EMEA. 7 A X b 4 1A 2 75 ik b DR PR BT 5 tute, Chinese Academy of Sciences, 2007: 46-49. [ KB X .
[D]. P42 PHLRHCRY:, 2019: 40-54. ] ZARR L XU PR R R B S GEPETSE (D], 220 . h R
[32] Lai Y, Zhang L, Zhang S, et al. Cooling effect of ripped-stone 2EBEIE X R IX B 5 TR, 2007: 46-49.
embankments on Qing-Tibet Railway under climatic warming [38] Yang Shiming, Tao Wenquan. Heat transfer[M]. 4th ed. Bei-
[J]. Chinese Science Bulletin, 2003, 48(6): 598-604. jing: Higher Education Press, 2006: 559-560. [#7ith%%, BaSCs: .
[33] Kong Xiangyan. Advanced mechanics of fluids in porous media fEE M. 4hR. Jbat: mAEEE AL, 2006: 559-560. ]
[M]. Hefei: USTC Press, 2010. [fLf 5 . @& Bn 1% [39] Luo Ting, Chen Han, Yao Yangping, et al. Experimental study
[(M]. AR FEBMZE AR K AL, 2010. ] on vapor transfer under pot-cover effect of subgrade soil in cold
[34] Kong Xiangyan, Wu Jianbing. A bifurcation study of non-dar- regions[J]. Journal of Tianjin University (Science and Technol-
cy free convection in porous media[J]. Acta Mechanica Sini- ogy), 2019, 52(Suppl 1): 29-34. [ZIT, B, WeimF, & .
ca, 2002, 34(2): 177-185. [fLHF, R . ZAABPW FEIX P HE 450 55 00 AR T FE [T ], RER 2= 2% 4]k
ARIAVE A A X B3 2 WF5E D], J12 274, 2002, 34(2) (AR S TREARND , 2019, 52T 1) : 29-34. ]

Study on the effect of ambient temperature on heat transfer
characteristics of gravel layer

LIANG Mingxuan'?, GE Jianrui’, NIU Yonghong'
(1. State Key Laboratory of Frozen Soil Engineering , Northwest Institute of Eco-Environment and Resources, Chinese Academy of
Sciences, Lanzhou 730000, China; 2. University of Chinese Academy of Sciences, Beijing 100049, China; 3. College of
Energy and Power Engineering , Lanzhou University of Technology, Lanzhou 730050, China)

Abstract: The study of heat transfer mechanism of gravel layer is of great significance to the application of sub-
grade improvement technology in cold regions and the interpretation of “abnormal” frozen soil distribution in na-
ture. Many researchers have carried out experimental research on the gravel layer, but there is no unified stan-
dard for the temperature setting in the test. Compared with fine-grained soil, the influence of moisture in coarse-
grained material is smaller, so the temperature setting in the test plays a key role in the test results. In order to
compare the influence of different temperature settings on the three-dimensional heat transfer process of gravel,
different roof temperatures, floor temperatures and ambient temperatures are combined, and COMSOL software
is used to simulate different combinations under the condition of considering the heat transfer of porous media in
gravel layer. The results show that even when the insulation is wrapped, the ambient temperature can still have a
significant impact on the temperature profile and the heat flux in the vertical direction. When the ambient temper-
ature is consistent with the average temperature of the gravel layer, the heat flux in the vertical direction reaches
the minimum, and the heat transfer efficiency is the lowest. Therefore, in the subsequent indoor gravel layer test
design, if it is necessary to reduce the impact of heat exchange in the horizontal direction, the ambient tempera-
ture should be set near the average temperature of the gravel layer as far as possible. In the project, the heat ex-
change inside and outside the gravel layer can be enhanced by reducing the side boundary temperature of the
gravel layer, so as to enhance the heat exchange efficiency of the gravel layer.

Key words: COMSOL; porous media; heat transfer; heat flux; temperature profile
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