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Radon Migration in Overlying Strata during Spontaneous

Combustion of Coal Underground and ItsApplication

Abstract

Coal is an important basic energy and raw materials. More importantly, it
is a non-renewable resource. The spontaneous combustion of coal, resulting in
substantial waste of resources, threats to the safety of production. However,
fire prevention has faced to great difficulties dut to the imperceptibility of fire
and its hundred meters below under the ground. Therefore, it has been being a
major worldwide problem to precisely detect the location of fire source. The
measurement of radon isotope has been applied to many coal mines to detect
fire source, but it is short of a complete theory. Therefore, radon migration law
in overlying strata and its influencing factors are the keys to further enhance
the precision of fire detection, showing the scientific significance and
application value.

The basic principle of radon migration was obtained on the basis of
the analysis of the influcing factors on the radon migration. Using the largest
self-developed spontaneous combustion of coal and radon laboratory bench,
the migration mechanism of radon under overburden rock during the
spontaneous combustion of coal underground, the characteristics of radon
liberation at the different temperatures and in the different depth were

systematically studied through experimental research, theoretical analysis and



numerical simulation combined with on-site detection. The dangerous zone of
the spontaneous combustion of coal in goaf was simulated. The abnormal
regions of radon were analyzed according to detection on the ground.

The main research contents and results are as follows:

(1) The forming machnism of abnormal radon in overlying strata during
the spontaneous combustion of coal. The forming machanism of abnormal
radon was proposed on the basis of the combination of the effects of coal
spontaneous combustion on radon in overlying strata and the "geogas" theory,
according to the formation of radon, characteristics and sources.

(2) The research and development of the spontaneous combustion of coal
and radon bench. On the basis of the mechanism of radon migration, the
spontaneous combustion of coal and radon bench was developed with the
highest level of automation, which can be used to research the whole process
of spontaneous combustion of coal with the different sizes and air leakage
intensity, as well as radon libration laws in different media and under different
construction conditions.

(3) Research on the relationship between gases generated during the coal
spontaneous combustion and the radon libration and the experiments on
temperature field in the bench. The relationship between the index gases and
the radon libration at the characteristic temperature was obtained. The
relationship between the high temperature zones in different horizons and time
and that between the high temperature zones in the centre measuring point and
horizons, giving a guide for the arrangement of the radon measuring points
during the coal spontaneous combustion.

(4) Experiment of radon migration in overlying strata. The radon libration
law in the different emanation media was studied during the spontaneous

combustion of coal in the bench, giving out the effect of the porosity,

II



temperature, position and depth on the radon libration.

(5) On-site observation of the radon detection. The ground radon
detection process, the data effective values and the analytical method were
given. The relationship between the spontaneous combustion of coal
underground and the abnormal radon amount on the ground through the
on-site detection under four typical conditions, combined with the actual
fire-fighting project results.

(6) The numerical simulation of spontaneous combustion dangerous
zone in goaf and the earth’s surface radon libration law. Through long-term
observation on gases in goaf on Wuda mining 1293 longwall working face, the
danger zone was simulated with CFD, suggesting the consistency of

spontaneous combustion dangerous zone with the on-site observation.

Key words: spontaneous combustion of coal, overlying strata, radon gas,

characteristic temperature, precipitation rate, CFD simulation

III






20

50

90% DI

(7

1.1

[2]

(4]

21

33.8
(1]

2050

[5 6]

21



9]

[10]

20

80
[11]

ACARP “ Laboratory-Based Study on Radon
Emanation from Coal and its Vertical Movement in Overburden Strata”
C13021 “ ”
:2006DFA 62520 ‘
5 041004

1.2

[12]



1.2.1

1.2.1.1
[13-15]
30m 30 m 30-50m
1.2.1.2
el 1-1
IS EDEDEDEDEDEDEDED I
I RS EDEDEDEDEDEDEP DI
IS EDEDEDED DD D NP
1-1
Fig.1-1 The working principle of radio wave method
1.2.1.3

[17,18]



1-2a

1-2b
b HLZ B R R T o B
‘_A\/‘,—{/‘,__,_ {a)
_ oy ——
S G A T i
(b)
1-2

Fig.1-2 Single channel wave shape of geological radar

1.2.1.4

[19,20] 1211 CF,CIBr
SFs

SFe 1211 1211
(7]

CF,CIBr



550

1.2.1.5

1.2.1.6

1.2.2

1.2.2.1

[25-27]

CO CHy4

[22-24]

20 60

50 160m

C,He

CHy



NOAA

™

1.2.2.2

I~1.5m

1.2.23

[28,29]

AVHRR

NOAA

10~30m
CO CH,

400

120m

C,Hg

™

CyHy

H,



1.2.2.4

1.2.2.5

p=an"S

p—

[32-34]

AB

npo

I m

[30,31]

AB

MN

1 m



1.2.2.6

1.3

800

1900

1200m

2000

F.E.Dorn

7

CDTH

[5] 0

96

600m

[35-46]



100

20 21

1.3.1

1.3.1.1

Fick

[54]

[55]

[56]

[47]

Fleisher

20 30

Flfigge!*®

Mogro-Campero

[50-53]

10°

]

Zimens

[49]



[57]

1.3.1.2

[50,53,58]

Tanner

S.Lombardi Wilkening[sg]

Lennart Malmqvist

[60]

[61]

[62]

1.3.1.3

20 80 J.E.Gingrich (5]

[63]

Kristianssonand Malmgqvist™" 6m

Somogyi Lenart

10



1.3.1.4

[64]

[65] _
1.3.1.5

[66]
[67]
2:00 3:00
12 1
1.3.1.6
Folger %

11

12:00
6 8

Im

14:00

Im



[69]

[70]
1.3.2
1.3.2.1¢ "
[71-74] 1 :
3
o ‘He
27m
o ‘He
He-Rn
He-Rn
1.3.2.2 “geogas” [75,76]
geogas Kristiansson ~ Malmqvist [77-81]

12



20 60-70

Soil-gas anomaly

,,’” |‘ diffusion or
L | | R ' , ; rcss riven flow
s AV FIR prossure d ©
e 2
Ty 555%5555555’5555” ”"SS
5555%5555555 . lfl//IIIIII!.P)IIIIJ?‘:::’:II _ graundwa:er level
:“Illl.ﬂ'.ﬂ'f}}l&l!/l!lhﬂ'!Ilh YT E Y Yy
N Ry ryys LEROTEILECEREELAL PG PLT IV LY .
Yy, n AR A A A A o I A A A Rk water-fillcd fraciure
LELRPRL LT TR PR PR P2 I LIS E&fl!flh‘llldd'fr(rde‘/ririf-f.u‘
LEEERLRLEELECELEE PP R PIE P FE Y PELECELEIPIEF LI AL AP LT L2 A
W LSRRy PRI L IR rr P r ) . FEL LTI PRL PP RS FE AL
";’ A AL AAAAARAAARARRRRARRRELL f
s, i H PR F RIS ETE TP PP RTSF asccnd]ng bubblcs Ur
” ROCK Wit"l prrriresd FERLLFPPRLRRIL PP IR TR RIS 78IS
7 berrereeed Ty yryverry : C
¥/ low U e d R ey yyrreyy, carrier pas ( 02)
b7l loow U content $5500207] PP e e e Ve ]
- YO Ly
’
F/IIIIJI.#IIJJI/{IJ”/JJJr// fr!f/f/l/Illlllll!lll‘:;lsf//)
R2IERAGIIEITEPERTIIEIIIT 2V 222272222 7228708278820 2772727
A A At A A A A A A A CELEE AL EL LRSI OFLS|
T COuerveicioryorsiorsriae s et ld
FLAERLELPEIIII I P I EPRALIT LI Y Yy Yy Yy . .
L rrateerirseecresivrrricsred. Ly yry radignuclide
e Rn ] e R THAA A0 il i
,
B A e M i Ifling by flotation or
4 YTV Y YIYY,
i COz LYYy yyyry .
Y RV U Gaiaseiatoroeita sisits acrosol (ranspem
Ry Yy 4 Yy yryy
P2 r L P s 20 s st s 7 Ra 1 ) ORI
PP Lt st s T F I by 1 L T Y ey
sy FPARIIIEES A 0 R Y Yy Yy ry
A LSRR L IR PSPPI PP ) 4 s b FLPS LSS PSSP S ELIS 1

1-3 CO,
Fig.1-3 Sketch model of carrier gas (CO,) micro-bubbles generating a radon anomaly

20 70
Gingrich and Fisher and

Mogro-Campero and Fleischer [83-59]

10m

13



Kristiansson and Malmqvist

geogas
Etiope G and Lombardi  S. “ » [90]
1
2
CO, CH; N,
3
A
C
4
geogas
5
geogas

14

80

1-3

geogas

geogas

He Rn



1.4

“ Geogas”

15



1293 CFD

16



Rn 20

50
20 80
4 N
A
7>82
a B y
2.1
2.1.1
on U Th AcU
U-238 Th-232
U-235 2-2
2-1 238 232 -235
Table 2-1 Radioactive characteristcs of U-238, Th-232 and U-235
Y MeV
U-238 92 238 451% 10° a 4.196
Th -232 90 232 1.4%x 10° o 4012
AcU -235 92 235 7.1x 10° o 4.598
222 *ZRn 220 *PRn 219 %JRn
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2-1

2-2
Table 2-2 Radioactive characteristics of three kinds of emanations
T MeV
Rn-222 Rn 86 222 3.825d o 5.489
Rn-220 Tn 86 220 55.6s a 6.288
Rn-219 An 86 219 3.96s o 6.819
2-2 Rn-222  Rn-220 3.825d 55.6s Rn-220
Rn-220
Rn-220 Rn-222
U-238 0.32% Rn-219
3.96 Rn-222
Rn-222 Rn-222 -226 Ra-226
Ra-226 -238  U-238 B2l
Rn-222 2-1

Sadan and il= dawghlers

4

2-1

238U

Fig.2-1 Decay of ***U series

18




2.1.2

N Nee™ N t
0 A
—v t 706930t .
radioactivity
curie 1 3.7x10" ci®
1977 ICRP 26
ICRU SI
1986 SI Becquerel
1 Bq 1Bq=1dps=2.703x10"'Ci"*
2.1.3
2.1.3.1
226 222
Ra —» Rn+«a
88 86
AN, =—ANg, 2.1
ANg, = =2, AN At

ANy, = A, AN At )
Ng, —t
Ng, —t
A Ra™

2-2 t
A rn Rn t Ara Ra 1 ci 2-2
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9.96kg/m’

7.7 -61.8 -71
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2222
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N =N,e "™

No —
N — t
A Ri—
t —
222Rn U 238U 218P0 214Pb 214Bi
*I*po 2-1 90%

[101]

2.2.2
2.2.2.1
2-3
2-3 U Th Th/U
Table 2-3 Contents of U, Th in the layers of the earth and Th/U ratios
U ppm Th ppm Th/U
4 13.5 3.4
1 4 4
0.014 0.056 4
0.012 0.048 4
0.003 0.013 4.3
1987
2-3
4 30
133 4PPm
IPPm

[102]
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| [103]

1:2 1:4~1:5
P [104]
U Ut u™
2-4
2-4 10" g/g

Table 2-4 Ra contents in deposited rocks  10™'g/g

1 1 1.8 05 2 05 1.2 0.8 2.1 1 26

1.2 28

3.2

Th U Cm/Cuy

2222

23




1/1000

2-5 Rn Ra U

Table 2-5 Contents of Rn  Ra and U in several kinds of water

Rn / Ra / U/
0 1-2 x10™" 6-20 x107
0 1072 8x107°
6-5 2300 x107? 1-2 =10
100 2-4 x107"? 4-7 %10
2223
U
1/1000
2224
45% 55%
80% 80% 95%

[105]
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2.3.2

self-sustained combustion
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120°C)

steady-stat

(removalof moisture between 50°C and 80°C)

e oxidation

(up to

slow oxidation

50°C)

coal + oxygen

2-2

Fig.2-2 Sequential stages in spontaneous combustion of coal
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C+0, - CO, +394kJ/mol
2C+0, = 2CO +170kJ/mol
2H, + 0, - H,0 +241kJ/mol

42kJ/mol 50

42kJ/mol -
105 kJ/mol

2-3

products of combustion
(CO, CO,, H,, etc.)

By N coal A\

2-3

Fig.2-3 Principal chemical and physical flows during heating of coal

80 peroxygen

coal + oxygen — coal — oxygen complex + heat

80
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coal — oxygen complex - CO + CO, + H,0O + heat

propylene

hydrogen

ethylene

carbon monoxide

carbon dioxide

Fig.2-4 Fire ladder
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2-5

Fig.2-5 Emission concentrations of typical combustion products with increasing coal temperature
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2.3.3

CaCO;

2.4.3.1
2-6
2-6

Table 2-6 Transfer ratios of Rn and its daughters in lengthways and crosswise
5 10 20 30 40 50 60
17 / 26 32 34 / /
/ 35 41 45 / / /
/ / 64.5 70 82 96 99

A. Hukutuh
o 0.02%

2-6 A.H.
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2-7

Table 2-7 Effects of temperatures on the rock emanation

20 100 200 300 400 500 600 700 800 900

a % 0.02 | 0.063 | 0.474 | 0.925 1.31 1.55 1.84 2.81 11.6 38.5

0 100 200 300 400 500 600 700 800 900 1000

2-6
Fig.2-6 Relationships of radium emanation coefficient of uranium-bearing ore and temperatures

2-6 2-7 2-6

700

2432

J.E Gingrich
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Table 2-8 Relationships of radon emanation concentrations and temperatures

2-8

2-8

T a % T a % T A % T %
0 0.510 20 0.254 50 0.136 80 0.112
5 0.420 30 0.195 60 0.125 90 0.110
10 0.351 40 0.159 70 0.117 100 0.108
234

[107]
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Fig.2-8 Motion and failure of fire area arroud terrane
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2-9

Fig.2-9 Rock stress distribution of coal seam after buring
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Bg/s-cm’ fl __b gradC 2-6
n
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Fig.2-10 Calculative coordinate of semi-infinite medium
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Fig.2-11 Analysis unit of coal conversation of energy
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Fig.2-12 The region of the mathematical calculations on coal spontaneous combustion
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3-2 A-A

Fig. 3-2 A-A profile map
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Fig.3-5 Theoretical oven curve

34

3.4.1

EXCEL ORIGIN

41

11

33

57



172

16
0.1
3-6
L—p{A/D —
——P
— > - »IA/D —p
——P

3-6

Fig.3-6 Temperature detection system
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3-7

Fig. 3-7 Scheme of equipment control system for spontaneous combustion of coal
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4.1

4.1.1

Geogas”

Fig. 4-1 Process of coal spontaneous combustion
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4.2

4.2.1
4.2.1.1
42.1.2
2005 11 8 8" 304 48407
GB482-1995
7.51ug/g 0.09Bq/g
30mm 4-1 2 1
4-1
4-1 8’
Table 4-1 Experimental conditions of 8" coal sample from Ximing coal mine
/mm /em /kg /m’
8# 4.8 180 1636 1.57
/ / /
g: cm’ g cm’ L/min
1.54 1.13 0.28 2 15 20
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4.2.2

2005 11 10 8 00 2005 12 21 9 00
320.28 41
42.2.1
4-2 8# 4-3 8#
4-4 2
4-2 8’
Table 4-2 Original data of indicator gas from 8" coal sample, Ximing coal mine

/ CcO CO, CH4 CH, C,Hs CH, C;Hg
30 1.37 812.26 816.26 0.00 10.33 0.00 0.00
40 2.69 857.16 1655.84 0.00 13.87 0.00 0.00
50 5.53 1075.21 2212.77 0.00 18.05 0.00 0.00
60 9.99 1267.90 2993.05 0.00 24.25 0.00 0.00
70 16.96 1356.53 3585.56 0.00 30.03 0.00 0.00
80 32.43 1384.16 4488.67 0.00 38.45 0.00 0.00
90 52.18 1266.25 4825.91 0.00 44.63 0.00 0.00
100 88.73 1207.45 5249.81 0.00 55.28 0.00 0.00
110 141.52 1209.73 5444.43 0.00 63.91 0.00 0.00
120 217.00 1205.61 5002.68 0.00 72.59 0.00 0.00
130 343.03 1286.54 3959.69 0.00 76.56 0.00 0.00
140 568.50 1630.58 3299.66 0.00 85.78 0.00 0.62
150 915.27 2196.77 2513.42 1.21 92.70 0.00 1.03
160 1493.62 3079.34 1722.81 2.04 99.76 0.00 1.68
170 2684.91 4809.13 700.97 3.99 91.50 0.00 2.83
180 4759.77 7942.28 368.40 8.42 93.30 0.00 6.08

/ CH4 C,Hy C,He C,H, CsHy

200 337.84 22.48 117.68 0.00 12.24

220 432.88 59.90 133.23 0.00 14.13

240 437.96 116.44 98.59 0.00 20.76

270 517.88 162.62 82.26 0.00 31.55

300 686.56 188.69 85.40 0.00 53.55

PPM
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4-3 8"

Table 4-3 Original data of radon in the process of temperature rise

pCi/L pCi/L

10 — 160 52.44

20 2.51 170 63.43

30 7.01 180 64.73

40 10.87 190 71.18

50 10.95 200 75.37

60 14.38 210 72.79

70 18.97 220 76.50

80 30.85 230 76.64

90 27.34 240 83.97
100 31.43 250 88.29
110 30.74 260 91.77
120 40.24 270 95.69
130 41.83 280 101.38
140 47.17 290 107.66
150 54.79 300 115.51

4222
8
CO CO02 CH4

10000

8000
S 6000 | ——C0
~ /K‘/‘\\ » —=—C02

4000 / -\// —&—CH4

2000 A.JAFH—%

0 — ¢ : :

200

42 8" CO CO, CHy

Fig. 42 CO CO, and CH,change trends of 8" coal sample
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C2H4 C2H6 C2H2 C3H8
200
9 150 § —e—C2H4
< —=— C2H6
S L
100 —a— C2H2
50 | —x— C3H8
O A
0 30 60 90 120 150 180 210 240 270 300
/
4-3 g CHy CoHs Cs3Hg CoH,
Fig. 4-3 C,Hg, C,Hy, C3Hg and C,H; change trends of 8" coal sample
4.2.23 Rn
140
120 [ )
o 100 | C = 0.3857T - 6.3166
S 80 R? = 0.991
S 60 [
[a 40
20
0
0 30 60 90 120 150 180 210 240 270 300
/

4-4 8" Rn

Fig. 4-4 Change tendency chart of radon and temperature in 8"coal sample

4224C0O, CHs Rn

geogas” Rn CO, CHy
Rn CO, CHj4
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4-5 Rn CO,
Fig. 4-5 Rn and CO, change tendency chart along with temperature in the process of coal oxidation
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4-6 Rn CH,

Fig. 4-6 Rn and CH4 change tendency chart along with temperature in the process of coal oxidation

C02/Rn

140
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100
80 |

k= 0.0001T® - 0.0272T? + 0.771T + 103.88
R? = 0.9267

C02/Rn
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4-7 COyRn

Fig. 4-7 Relationship of the CO,/Rn ratios and temperatures
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4225

200 400
160 200
140 300
120 250
100 > 200
28 150
0 100
0 0
1357 91113151719212325272931333537394143 1357 9111315171212 57298133353 7394143
/d /d
160
140 120
120 100
100 80
80 S 60
60 40
40
20 20
0 0
135 7 9111315171921 232527293133 3537 39 41 43 13 57 91113151719212325272931333537394143
/d /d
135 7 91113151719212325272931333537394143
/d
4-8
Fig.4-8 Relationship between the highest temperatures and time at different coal seams
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Fig.4-9 Relationship between the central temperatures and coal seams
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5.1

5.1.1
2006 3 10 8" 304 48407
GB482-1995
7.51ug/g 0.09Bg/g
2 1 30mm
5-1 0.25

5-1

Table 5-1 Analyze result of coal grain bolt and coal gangue

/mm 1% /mm 1%
+10 23.1 -3 +1 14.3
-10 +5 16.9 -1 18.2
5013 27.5




5-2

Table 5-2 Analyze result of loess grain bolt

/mm 1% /mm 1%
+8 13.1 -3 +0.5 313
-8 +5 15.6 -0.5 12.5
5043 27.5
wy» « n
5.1.2
5-3
Table 5-3 Experimental condition of coal
/mm /em /kg /m’
8# 4.16 190 1536 1.49
/ /
g cm” g cm” L/min
1.54 1.03 0.28 2 15 20
1/2
3 5-1
RAD-7
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5.1.3

3pCi/L

2006

3

1/ ML
; s
{ T
o |
|
ROIHRED
5-1
Fig.5-1 Main display
3
15 8 00
225
300
5-4
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5-4

Table 5-4 Original data of radon in the process of temperature rise

1 12 2

pCi/L pCi/L pCi/L
20 3.46 20 3.51 20 3.50
30 8.75 29 8.72 28 8.81
40 10.47 39 11.26 35 9.78
50 9.24 49 11.70 42 10.41
60 12.54 58 12.35 49 12.47
70 2545 68 20.73 56 19.35
80 32.54 75 28.47 61 26.43
90 29.43 85 28.65 65 27.30
100 32.18 91 31.83 70 31.17
110 33.45 95 32.01 76 32.04
120 41.74 102 38.19 85 37.91
130 43.57 109 41.37 90 40.78
140 51.32 112 44.58 92 42.65
150 64.54 116 46.73 93 43.52
160 69.55 125 4991 94 47.39
170 74.57 133 53.09 97 50.26
180 76.73 142 55.70 98 53.13
190 83.18 150 59.45 100 56.00
200 85.37 157 64.63 103 52.87
210 82.79 157 65.81 127 60.74
220 86.50 166 67.99 129 63.61
230 86.64 171 74.17 131 67.48
240 93.97 160 79.5 144 71.7
250 98.29 183 78.53 144 71.82
260 100.77 189 82.71 146 74.09
270 105.86 193 87.89 147 76.96
280 111.49 196 90.07 153 81.83
290 127.64 198 94.25 157 85.70
300 135.53 202 108.6 160 96.00
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5.14

5.14.1 1
5-4
1 Rn
160
140 r
< 120 | C = 0.4446T - 8.468
S 100 F R® = 0.9796
o
~N 80
60 |
o
o= 40
20
0
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
/
5-2
Fig.5-2 Relationship of Rn and temperature in coal when the loess as overlying medium
5-4 5-2
70 90
120 140 0.42pCi/L/ 260
280 0.87pCi/L/
5.14.2
5-4
1 2 3 Rn
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8.74
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8.68
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Rn/pCi/L

—e—Rn

Fig.5-3 Measuring point temperatures and radon values at 30

5-3 30

of central temperature

60

12.6
12.55
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Rn/pCi/L

——Rn

Fig.5-4 Measuring point temperatures and radon values at 60

5-4 60

of central temperature

30
29.5
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28.5
28
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27
26.5
26

Rn/pCi/L

—e—Rn

Fig.5-5 Measuring point temperatures and radon values at 90

5-5 90

of central temperature




120

—e—Rn

Rn/pCi/L

172

5-6 120

Fig.5-6 Measuring point temperatures and radon values at 120  of central temperature

150

160
140
120
100

80
60

Rn/pCi/L

—e—Rn

40
20

5-7 150

Fig.5-7 Measuring point temperatures and radon values at 150  of central temperature

180

200
180
160

140

—e—Rn

Rn/pCi/L

120
100
80

5-8 180

Fig.5-8 Measuring point temperatures and radon values at 180  of central temperature
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210

220
200
180

160

140 —e—Rn

Rn/pCi/L

120
100
80

5-9 210

Fig.5-9 Measuring point temperatures and radon values at 210 of central temperature

240
270 100
240 95
90
210 85
80 =
180 =
s 2 | "
150 70 nc: —e—Rn
120 65
60
90 55
60 50

5-10 240

Fig.5-10 Measuring point temperatures and radon values at 240  of central temperature

270

300 110

270 100

240

210 * g
g0 8 | "

180 = |—e—Rn
70 ©

150

120 60

90 50

5-11 270

Fig.5-11 Measuring point temperatures and radon values at 270  of central temperature
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300

Fig.5-12 Measuring point temperatures and radon values at 300

350 160
300 - 140
250 120
100 <
200 F 3
= g0 8 |- .
L +

150 60 g n
100 F 40

50 | 20

0 0
1/2
5-12 300

of central temperature

Table 5-5 Critical temperatures, dry ignition temperatures and average radon densities

at ignition point under loess

pCi/L 1/2 pCi/L pCi/L
90 29.8 274 26.1
150 Om 65 0.2m 48.6 0.4m 45.9
270 120 95.2 85.1
71.6 57.1 524
0.8 0.73
0 72.5 23.5
pCi/L/m
5-5
14% 48pCi/L/m 1/2
20% 72.5pCi/L/m 1/2 8%
23.5pCi/L/m
5-4 5-3 5-12
12
90
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14% 1 08 0.73
90 1.03 1.08
1:0.92:0.88 150
1.38 1.45 1:075:0.71 270
1.20 1.38
1:0.79:0.71
5.2
5.2.1
2006 4 15 8" 304 48407
GB482-1995
7.51ug/g 0.09Bq/g
21 30mm 5-6
0.35
5-7
5-6
Table 5-6 Sizes of coal and coal gangue
/mm 1% /mm 1%
+10 22.4 -3 +1 18.3
-10 +5 18.1 -1 14.7
5043 26.5
5-7
Table 5-7 Sizes of sandstone
/mm 1% /mm /%
+8 35.1 -3 +0.5 11.3
-8 +5 29.6 -0.5 6.5
5043 17.5

4c+77
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522

5-8

Table 5-8 Experimental conditions of coal

/mm /em /kg /m’
8# 4.13 190 1566 1.49
/ /
g cm g cm” L/min
1.54 1.05 0.28 2 15 20
4
Im
3 50cm
RAD-7 5-13
Rad-7

5-13

Fig.5-13 Layout of measuring point position
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5.2.3

3
4pCi
2006 4 20 8 00
5 9 223.4
13 300
59 5-10
5-9
Table 5-9 Original data of radon in the process of temperature rise
pCi/L pCi/L

20 4.46 170 85.40
30 9.65 180 78.77
40 7.65 190 78.00
50 10.24 200 87.70
60 11.50 210 87.79
70 28.75 220 97.50
80 36.59 230 105.91
90 36.43 240 103.5
100 37.12 250 112.74
110 38.76 260 123.00
120 48.40 270 123.87
130 42.57 280 130.98
140 57.80 290 135.91
150 70.60 300 146.79
160 71.64
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5-10

Table 5-10 Original data of radon at different coal temperatures and in different depths

Rn pCi Rn pCi
1 9.65 1 78.77
30 2 10.79 180 2 79.91
3 12.49 3 88.61
1 11.5 1 87.79
60 2 12.64 210 2 88.93
3 14.34 3 95.63
1 36.43 1 103.5
90 2 37.57 240 2 104.44
3 40.27 3 117.14
1 48.4 1 123.87
120 2 49.54 270 2 125.01
3 54.24 3 145.71
1 70.6 1 146.79
150 2 71.74 300 2 147.93
3 75.44 3 159.63
5.2.4
5241 1

5-9
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R? = 0.9854

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

/

5-14

Fig.5-14 Relationship of Rn content and temperature in coal with river sand as the overlying medium
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Fig.5-15 Radon variation with temperatures under different porosity overlay
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5242

5-10
30
415 —
= 10 * ~
Q o | C = -4.1085n(9) + 31.377
\ -
& R* = 0.9998
50 100 150 200 250
/e
5-16 30
Fig.5-16 Radon values in different depths from the fire source at 30
60
20
S 15 | —_ A
810 | C=-4.1035Ln(x) + 33.227 )
E 5[ R? = 0.9998
O | |
50 70 90 110 130 150 170 190 210
/cm

5-17 60

Fig.5-17 Radon values in different depths from the fire source at 60
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50 100 150 200 250

5-18 90

Fig.5-18 Radon values in different depths from the fire source at 90

120

Rn/pCi/L

5-19 120

Fig.5-19 Radon values in different depths from the fire source at 120

Rn/pCi/L

150

5-20 150

Fig.5-20 Radon values in different depths from the fire source at 150




180

Rn/pCi/L

5-21 180

Fig.5-21 Radon values in different depths from the fire source at 180

210

Rn/pCi/L

5-22 210

Fig.5-22 Radon values in different depths from the fire source at 210

240
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100
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5-23 240
Fig.5-23 Radon values in different depths from the fire source at 240
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5-24 270

Fig.5-24 Radon values in different depths from the fire source at 270
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5-25 300
Fig.5-25 Radon values in different depths from the fire source at 300
5-11
Table 5-11 Radon vertical attenuation rate under river sand
1 2 3
pCi/L pCi/L pCi/L
90 36.43 37.57 40.27
150 70.6 Im 71.74 0.5m 75.44
270 146.79 147.93 159.63
846 | - 8.7 | - 91.8
0922 | - 0.934 1
pCi/L/m | - 2 e— 122 | -
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5-11
0.5m 7% 0.5m Im

5-9 5-10 5-11 5-16 5-25

4.1%
0.5m 7% 0.5m Im 1.2%
90 100cm 150cm
200cm .11, 1:0.93:0.9 150
150cm 1.05 200cm 1.07
270 100cm 150cm
1.18 1:0.93:0.92
53
1 5-2 5-14
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6.1

6.1.1

6.1.1.1

6.1.1.2

30cm

6-1

Fig.6-1 Detection process

2020 m  15x15m 10xI0m  5x5m

12x8cm?
30-40cm
6-2
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6-2

Fig. 6-2 Schematic of detective cup laid underground

6.1.1.3

4-10h CD-la Imin 2min

3min 4min S5min 3min 3min

6-3 CD-1a

Fig. 6-3 Appearance of CD-1a cup emanometer
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6.1.2.1
CD-la 6-3
6-4 CD—la

1
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— L » —>
900V
* 6V
1.5V
. | N
6-4 CD-1a
Fig. 6-43 Principle diagram of CD-1a cup emanometer
6.1.2.2
a
2
20 o U
3 50
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6.2

6.2.1

12

6.2.1.1

6m

50°

164

100°
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10m

250m
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6.2.1.2

6m
3-4m
2-6m
400
6.2.2
270m
6.2.3

15-19 m
1-2m

15x 15m

6-1
6-6

NS

30%

105

234

15-30m

10m 4-8m

A 255m
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6-5

Fig.6-5 3D diagram of Jincheng Zhang Lingcun West spontaneous small kiln fire zone radon

measurement
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6-6

Fig.6-6 Contour plot of Jincheng Zhang Lingcun West spontaneous small kiln fire zone radon

measurement
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6-1 50 197 293

| 490 783
6-5 6-6
4 6-1
6.2.4
6-7
6-7
Fig.6-7 Borehole temperature measuring instrument
F2 G2 189.8
6-8
P7 Q6 187.1 182.1
6-9
Gl14 HI14 161.2
139.2
80
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6-8

Fig.6-8 Picture of smoke from drilling hole

6.3

6.3.1

5.50 Km 29.5052 Km?
1.5

CO 2000ppm

6.3.1.1

+43.73 m +35.30 m

6-9

Fig.6-9 Picture of smoke from drilling hole
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6.3.1.2

3 0 353 m
1.50 6.70 m 5.56 m
3m 5m
3 1 3
0.05 19.45m 3
1945m 3 1.8m
02 3.0m
40 60m
0.2 353m 15%
6.3.2
EW 2337 40m 150m
2340 300m 2340
32m 15x 15m 40 6300m>
6.3.3
6-2 30 51 41
1 2 92 133
6-10 6-11
2 6-2
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6.3.4

G7H7 80 Gl6H16
95
6-2
Table 6-2 Original data of zaozhuang chaili coal mine spontaneous fire zone radon measurement
A B C D E F G H I J K L M
1 51 58 62
2 32 67 64
3 49 67 61
4 47 70 80
5 25
6 24
7 25
8 20
9 59
10 46
11 81
12 44
13 31 30 39 37 27
14 64 28 54 57 34
15 45 21 47 57 43
16 12 32 23 25 54
17 33 38 26 17 44
18 16 28 28 20 46 62 45 45 23 30
19 16 22 21 19 17 64 52 56 25 21
20 15 22 21 15 12 36 60 41 25 33 38 21 15
21 15 17 18 15 13 24 58 59 28 30 30 22 20

N/3min 30 51 41
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Fig.6-10 Block diagram of chaili coal mine spontaneous fire zone radon measurement
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Fig.6-11 Contour plot of chaili coal mine spontaneous fire zone radon measurement
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6.4

6.4.1
43 .2km? 4 2*
3 g* o g o 230 ¢
49309 3.3m 190m
150m 750m 3.6m 6-12
620m CO 2000ppm 49311
89 90
5 1* 49309 2% 49309 3% 48309
4% 49311 5% 48309 6-13
8#
%
8#
9#
6-12
Fig.6-12 Fault section plane schematic drawing
.
# —C 1 1
= 'K
T 48300 o.
49309
49311 - B
3#
SN
48309 1" ——'—I:
|:|| /Zli,;
— Y 6#

6-13 49309
Fig.6-13 Schematic diagram of 49309 working face fireseal wall

1# 2# CO
100
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49309

6.4.1.1
113 VH
1747.7m 987.5m
760.2m 200m 1144.3m
603.4m
3° 12° 5°
6.4.1.2
O# &# 9
1.9—4.42m
3.31m Km=100% vy 17.9% 1 2
0.02 0.54m
8
223 5.82m 3.95m
1 3 0.05 2.95m
2.03 3.39m 2.71m 3.6 4.68m 2#
4.14m 34 4.87m 11# 4.13m 1149 3.55 4.84m
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28101 4.19m 1146 3.29m 4.12m 8

25%
6.4.2
23509
255m 60m 15 15m 90 15300m*
6.4.3
6-3

Table 6-3 Original data of Xishan ore district ximing coal mine spontaneous fire zone radon

measurement

A B C D E
1 19 26 24 28
2 22 11 10 35
3 16 48 21 36
4 18 12 26 37
5 15 36 25 23
6 31 21 26 40
7 59 16 25 64 40
8 20 17 33 27 69
9 36 15 34 37 38
10 42 41 59 40 42
11 20 31 26 0 46
12 16 29 38 22 49
13 51 20 57 34 48
14 7 39 34 50
15 21 10 17 24
16 76 35 29 67
17 24 9 23 30
18 55 10 18 56

N/3min 220
1123
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Fig.6-14 Block diagram of ximing coal mine spontaneous fire zone radon measurement
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Fig.6-15 Contour plot of ximing coal mine spontaneous fire zone radon measurement
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2 6-3
50m

20m

6.4.4

25 220

1 2 1343 2466
C1-C5
60m Cl15-Cl18 49309
30m E

6-16

Fig.6-16 Layout of the fire road
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6.5

6.5.1
106
08 39 06 6.3 2.5
15.8
2007 2 9 CO 0.02% 0.03%
2321
2 13 2 15 CO
2007 2 23 2321 CO 2321-4 14
63 CO 2% CH4 4.5%
02 3% CO2 4% CO 0.2% CH4 1% 2421
2421
24 3#
1 Im
6.5.1.1
1718 2102m
1421
+1640m 1800m 220m 0.396Km?
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300m
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3¢
8 73m 45.1m
15
6.5.2
15% 15m
6.5.3
6-4
6-17
1
6.5.4
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60000m?>

6-18
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Fig.6-18 Contour plot of ningxia baiji gou coal mine spontaneous fire zone radon measurement

6-17

Fig.6-17 Block diagram of ningxia baiji gou coal mine spontaneous fire zone radon measurement
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6.6

30% 30m 50 N/3min 490 783 N/3min
15% 500m 30 N/3min 92 133 N/3min
25% 200m 35 N/3min 110 360 N/3min
20% 300m 40 N/3min 100 152 N/3min
10
5 02 04
10
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1293

Computational Fluid Dynamics

7.1 1293
7.1.1 1293
1293 122 122
1292 1294 7-1

203 K EI A A AT 0

¥ =
1292
-
] | — |
L . —
EI‘ 1293
| ol
L s
| | | | ] | | | | [ | I .i".
| - I
| |
1294 !
7-1 1293

Fig.7-1 Layout system of 1293 fully mechanized coal face and the adjacent face
12 122 121 123
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122 1292 1294

12 CO
20ppm
26° 44° 116° 134° 5 7°
3.80 4.20m 815m 192m 156480m?
3.8m 1.45t/m® 862205t CHa 6.5 m¥min
CO;, 2.28 m*min
4.4m 3.3m
3.2m 3.3m
U 1219.3 m*min

1000~1420m3/min

—p 1002 —p-122 —p 121 —» 1293 —»

—» 1293 —p 123 —» 10" —>

7.1.2

CFD
7-2
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7-2

Fig.7-2 Beam tube arrangement of sampling points
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8 1293 1292

2m
1293
1 7-3 -6 1" 2f 0,
7-7  7-8 CHs CO;
250m
10% 90%
6%
250 300m 10%
CH; CO, CO, 1"
1293 1292
1293
1293 1294
Oxygen level behind longwall face - No.1
25
20
~ 15
S
© 10
5
0
0 100 200 300 400 500 600 700 800
Distance behind longwall face (m)

7-3 I 0,

Fig.7-3 O, density change condition of 1* spot Along with working surface advancement
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N2(%)

Nitrogen level behind longwall face - No.1

0 100 200 300 400 500 600 700 800

Distance behind longwall face(m)

7-4 1" N,

Fig.7-4 N, density change condition of 1* spot Along with working surface advancement

02 (%)

Oxygen level behind longwall face - No.2

20
18
"
14
12
10

o N b~ O

100 200 300 400 500 600

o

Distance behind longwall face (m)

7-5 2" 0,

Fig.7-5 O, density change condition of 2" spot Along with working surface advancement
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Nitrogen level behind longwall face - No.2

—o— N2(%)

N2(%)

0 100 200 300 400 500 600

Distance behind longwall face (m)

7-6 2* N,

Fig.7-6 N, density change condition of 2 spot Along with working surface advancement

CH4 and CO2 level behind longwall face - No.1

—e— CHA%
—a— CO2
CH4 and CO2

CH4 and CO2 (%)

0 100 200 300 400 500 600 700 800

Distance behind longwall face (m)

7-7 1 CH, CO,

Fig.7-7 CH4 and CO, density change condition of 1" spot Along with working surface advancement
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CH4 and CO2 level behind longwall face - No.2

—e— CO2(%)

—= CH4(%)

CH4 and CO2

CH4 and CO2(%)
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7-8 2" CH, CO,

Fig.7-8 CH, and CO, density change condition of 2* spot Along with working surface advancement
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7-11 1# 443m
Fig.7-11 Mined-out gas density change situation when 1# measuring point apart from the working
surface 443m
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7-12 1# 543m
Fig.7-12 Mined-out gas density change situation when 1# measuring point apart from the working
surface 543m
2008 7 21 a4 68m
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Fig.7-13 Mined-out gas density change situation when 1# measuring point apart from the working

surface 660m
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Fig.7-14 Mined-out gas density change situation when 1# measuring point apart from the working
surface 705m
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7.1.3

7-15

Cl

SF6 SF6
1293 550m
2008 7 14 17:00
2008 7 14 17:10
20
1098m>/min 1121m*/min 23m’/min
SFs
1292
4* 93 ot 1
150m 300m 450m 600m 775m
AN | 74 I:I
]
o) . ]
sE 5 L]
]
]
Cal
| = — 8
® 6) A SF¢
7-15 SF

Fig.7-15 SF¢release position and gas sampling spot

SFe
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SF¢ 1293
1" 4
e SFs
SFs
7-1 SFg
Table 7-1 SF¢ release and test data chart
17 17 2 2 3 3 & &

/ /ppm / /ppm / /ppm / /ppm
0.00 0.0000 0.00 0.0000 0.00 0.0000 0.00 0.0000
0.33 0.0000 0.36 0.0000 0.39 0.0000 0.42 0.0023
0.67 0.0000 0.70 0.0000 0.73 0.0082 0.76 0.0034
1.00 0.0086 1.03 0.0536 1.06 0.0185 1.09 0.003
1.33 0.0092 1.36 0.0209 1.39 0.0121 1.42 0.0055
1.67 0.0053 1.70 0.0229 1.73 0.022 1.76 0.0079
2.00 0.0081 2.03 0.0203 2.06 0.0135 2.09 0.0106
2.67 0.7448 2.70 0.5278 2.73 0.355 2.76 0.1656
3.33 0.9369 3.36 0.5716 3.39 0.538 3.42 0.2987
4.00 0.7509 4.03 0.6477 4.06 0.3084 4.09 0.1268
5.00 0.2321 5.03 0.3019 5.06 0.1143 5.09 0.0593
6.00 0.1132 6.03 0.209 6.06 0.1804 6.09 0.0419
7.00 0.15 7.03 0.158 7.06 0.187 7.09 0.058
9.00 0.075 9.03 0.074 9.06 0.0388 9.09 0.036
11.00 0.12 11.03 0.07 11.06 0.106 11.09 0.05
13.00 0.075 13.03 0.06 13.06 0.0894 13.09 0.048
17.00 0.027 17.03 0.032 17.06 0.023 17.09 0.024
25.00 0.042 25.03 0.0402 25.06 0.0422 25.09 0.037
35.00 0.0385 35.03 0.034 35.06 0.0381 35.09 0.03
40.00 0.0135 40.03 0.0156 40.06 0.017 40.09 0.012
45.00 0.0072 45.03 0.0065 45.06 0.02 45.09 0.0121
55.00 0.0122 55.03 0.0035 55.06 0.029 55.09 0.0416
65.00 0.0495 65.03 0.0067 65.06 0.012 65.09 0.0915
70.00 0.0973 70.03 0.0092 70.06 0.008 70.09 0.1312
75.00 0.1012 75.03 0.0996 75.06 0.1327 75.09 0.154
80.00 0.2319 80.03 0.2415 80.06 0.2598 80.09 0.174
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Fig.7-16 SF¢ density and time change curve of 1# sampling spot
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Fig.7-17 SF¢ density and time change curve of 2# sampling spot
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Fig.7-18 SF¢ density and time change curve of 3# sampling spot
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Fig.7-19 SF¢ density and time change curve of 4# sampling spot
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7-20 1#  4# SFs

Fig.7-20 SF¢ density and time change curve of 1# 4# sampling spot
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Fig.7-21 Layout of the mined-outzone air leak according to the tracer gas test result

7.1.4 1293 CFD

CFD Navier-Stokes

Navier-Stokes

T T oo 7-1
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Al ' do
p_'+pujﬂ:_@+_] 7-2
a X j X<~ X j
M MH p Jdouu—-q;)
— oy —=—— 7-3
Pa TP a T a X
t— time
X— position
u— velocity  all components
p— density
p— pressure
H — total enthalpy
o— viscous stress tensor
q— heat flux
0 0 Gp 0 Gj
—(pu)+—(pup,)) =——+——+pg, + 7-4
p (o14) x (ot 14;) o " ox P9+
S— momentum sink viscous loss
term inertial loss term
1
S =—uv, +0.5C,pv,|v}] 7-5
a
oa— permeability
C,— inertial resistance factor

equation for conservation of mass
continuity equation

o, oom) _g 6
ot OX:

S,— continuous phase mass
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FLUENT 6.3 FLUENT
S
S,
Sm = Qen, X (1.5-x/L)
Qcna kg/s.m’
X— X m
L— m
S
FLUENT
7-2 CFD

CFD

C++

7-6

Table 7-2 Parameters and boundary conditionof working face CFD modeling

C++

1 550m 770m 192m 3.8m
4.5m 3.5m
) CFD o 70m ——
60m 10m
3 570
4 “ U 1100m*/min
5 CH; 6.5m’/min CO, 2.28 m’/min
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