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Abstract: The common mechanisms of coalbed fracturing assisted with cryogenic gases, such as liquid nitrogen, have been rela-
tively clear, but the impact of low-temperature characteristics of cryogenic gases on coalbed physical properties and its mecha-
nism of improving the fracturing performance have not yet attracted wide attentions, and lack of theoretical understanding. The
mechanisms of cold shock of cryogenic gases to the coal rock are summarized first. Then based on the freezing condition of for-
mation water and the thermal properties of cryogenic gases, the cold shock performance of liquid nitrogen to the coal rock was
verified by laboratory experiments, and the behavoirs of the cooled coalbed around the wellbore after liquid nitrogen injection
were predicted by numerical simulation method. Then the application potential of cold shock was analyzed. The results show
that injecting cryogenic gases, such as liquid nitrogen, during coalbed fracturing, can cause a cold shock to the coal rock around
wellbore, which will induce the coal matrix shrinking and the formation water freezing. A large number of new microcracks will
generate in the coal rock. The mechanical strength of the coal rock will decrease by 10% —30%. These phenomena are favorable
for the ice temporary blocking and the improvement of coalbed fracturing. Taking the coalbed of layer 3 in the Fanzhuang block
in the Qinshui basin as example, when a amount of liquid nitrogen with a volume of 30 —120 m® is injected underground, a
good cooling and shock performance in the coalbed will be obtained within 3—5 m around wellbore. The porosity of the nearby
coalbed will increase about 1.5 times and the permeability will increase 4 times. A stretching and squeezing damage may also oc-

cur in the coal rock around wellbore. The cold shock of cryogenic gases and its induced ice temporary blocking can be used for
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the improvement of hydraulic fracturing techniques in coalbed methane and shale gas wells.

Key words: coalbed methane; liquid nitrogen; CO, hydrate; cold shock; microcrack; coal rock strength; coal mine.
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Table 1 Summary of thermal properties of cryogenic gases
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0.025 5>~0.056 9°
198.6(5.56 kJ/moD)
193.22~351.40

B A (kT / (kg + "C))
FMAEB(W/(m - T
S AL (K] / k)
RIS AR (kg/m®)

FE g Bk

AR L 22 4 mT 4 R X T

2.21"~3.92¢
0.033 7°~0.092 5¢

1.09~2.02¢
0.016 9*~0.108 1¢
230.5~339.6(0~—50 C) 510.9€0.10 MPa)
265.49~935.74 90.18~196.25
BT SRR AW IRIE BARR TR RUK A 5 R
Xt Pl /N Y ENi L PN

T :a.COz B 2R T VKT AR 51.0.1~1.0 MPa P2 B A R R IR HG .16 MPa 1 29 0 P03 FS 30 R B I %
2% B AL A ST B R 4521 U5 3 AR B B I BT A B A 45 R 4 oK AR L 1987 s B L 2002,



54 G S 1M R R i P e WA S e R L V] 667
g s 2020
= —-1MPa -0-6MPa =
@ 4r ——11 MPa ——16 MPa 50'16
5 3 —*-21 MPa = 0.12
& e~ =4
féf 2. =K —K—K * m-%~‘§32*=x-x N& 0.08
m al ST —

E 0 (a) 1 1 1 1
180 -130 -80 -30 20

_ #BECC)

o 6

w St

<

= 4T

=

g 3r

B2 g

g 1T

Q 0 1 1 1

© s 30 -10 10 30

a #BECC)

L 16

2 14

s 12

& 10

% 8

i 6

B 4 gepepeeid e S i e

=2

c S , ,
-150 -100 -50 0 50

B ECO)

B3 KR AR B A IR
Fig.3 Heat capacity and thermal conductivity of cryogenic gases

a. Ny A ;b.CO, JEMEA ;e.CHy M ;d. N, S EE;e.CO, M AEGILCH, S EE; 1 Aspen Hysys(2006)

10
—0— 1% NaCl —— 3% NaCl g (b) —0— 0% KCl —0—1%KCl
- —4— 5% NaCl ——10% NaCl — —— 2% KCl1 ——5%KCl
£ £
z z
R & ? o o o =
s M A’: 5 © H
- =
1 1 1 1
4 6 8 10 12 12
I ECC) RECC)

Bl 4 CO, KAWL
Fig.4 CO, hydrate equilibrium curves
a.NaCl /KW 5 b. KCLK I 5 48 A #f 44 (2008)

R 1E 0~10 “CHLREIE BU/K & ¥, T 1 JZ 7K Fii
KB 25 DRI HR T Bk F) 0 °C LR, AR S
CO, MR DX B A 78 8 o S8R A JAHL, B H
T (e T AHY e 2 2 R, 0 °C LB a] B i AR
KEYBILFAE— 2 B R4 T R AR IR A
W N, R CHL 925 353 T3 A CH.L » AR
Ve il MOR B R VR UK W AH N2 2 %
I Tt & 5y B8 5 b SR A T A Bl E i
Loy I T B AR B, Al A S B R N, AR

RV i A B O A CO,.

2 W N XA VS v SBOR 52 50 4 iE
21 XBRFEERSRE

O 58 UE ARG i M R R 4 v b i ORI
N, RS FEAT Ve v il S 36 0] P 75 9 X 2 L B
SR GET) M) JO7 D L AR 4 D A I8 R 1) A2 A L o A )
v ik BT S R SR R N R AE R T AR Ak R R R R



668 HERBLY:  http://www.earth-science.net

41 %

K2 AWEWERBENRRETN

Table 2 Velocity change of P-wave in coal samples before and after cold shock
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Table 3 Parameter setting of numerical simulation model for cold shock by liquid nitrogen
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25.29 m®/t, FIHH L 15~25 45/5 cm.

PRI S B0 BN 3 BRI Z B R H o
BIAEIE , v i) — 0 AR IR R TEBR 1 N, 1A
HEE K 500~2 000 Sm® /min(FH4 T 0.75~3 m® ¥k
N, /min) , 7 AR E R —100~ —60 C (Z ] 2745
L3 P BRI N, el AR R — 100 °C) L AR
8] A 40 min, ZJ5 %I 10 h(FEB 640 min) . N, &
HEA'R 25~100 t, 49 F W N, Hy30~120 m’ ; 5 )&
MEZ 5 W% 2 E RS e, N, R B
0.056 9 W/(m « ‘C) (16 MPa), fi ft A R H % T
TRLEE ¢ [ pR BT B8 R RO T O R T B L B
FEHEAW N, Z00, — e A —E I E R N,
I I ) b 2 K R 2 R R RS L A M BB I
W LB AR A N, DA A A 40l i 7
3.2 EHEERRERSH

P2 ARIR N, J5 88 3 4 A i 7
JroR. i Bl 7a ATHT OBl S5 1 BB B RN 1 X
107" m? (FEAEEE R 1000 Sm®/min, 7 AR E K
—80 °C) KR N, 7 A G AT 735 42 W B il —
AN S5 AR T — 20 °C A X, AT L3k 3 M 2 K
I P K T 45 K O UK B B T RE A s BEE N,
AR X AN W 3 K, A 45 BB (40 min

W IRF] 3.7 m; &I B2 IR E R LT 10 h J5
(640 min B H IR BE M —80 C EFFE —50 C Ik
TR /N ZE 3.3 m, B whidi 5O 2
R 8% 75 — 2 B 8] A DR B M1 A i B, ) DA SRy s 28 5
Jith UK AT B 1) He 24 T2 AR I R 8 K B IR ) B 1T
A S DR R AN S G O T L B N, T A
ALLA P K% o d B, YA
2 000 Sm*/minff , K X 42 035 5.1 m (& 7b) . 7F
ik BE D B SR 25 R BB 385 38 IR il DX 9 91 R 52 il A
KO 7e, 7d) 3t DL a1 2 & Nk, FEARIR N,
7o TR PR T A G AR LN, AR R CRIH [R5 A
) T B A T8 ) 2 5 i V8 wh il ) i R R AR R X
T F B B, T AR B R 5 IR X ik 2 R AIG
BEMEERE.
33 EHBEERLSHERR

KA HTHE N, X 35 S I 2 00 ¥ b o R T A
ST U E 5 P I O FR AR AR ) A T A R
(1655, 2007) , B2 R B 7™ A8 A J08E 2 5k T ic 4 v
Moy = Ewa AT/(1—v) o, HlFE"
AU 45 L F3 0 MPas v RIS s AT R il
B.°Cha,,, WA REIKRELC S Ew NI
B B, MPa. B R ) M2 K 4 UK A
WK o, =a, Ew AT/(1—v)= 1/3Co,.../ 0. —
D Eio/(I—v), W w5 B 10 200 1 2846y
NG =0, o AR T ARG SR A T
FR ST AE e =1 —v) Ao /E i s0, N

ice

a

thermal thermal
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50K A W K T, MPas Ao % thdi 77 R
AR AE A, MPasa, N IKE Ik REC
UK TR ik 22 85— M oy 2 VR I ik 2R 85000 3 A%, BRItk
a NAT=1/3Cp, /0 — 1) E UKAY AR &
MPa;p,.  NK#RE  kg/m* ;0. HUKE B kg/m’ ;e
A RO 1 AR A SR 1 32 0 7 5 ] AR TG i 4N R
T30 7 ) AR S A S R o AL B R
AR PR Ve iy e R 1 B ALBR T o=, + 26, F
PREE 5 Y K Aa = 50e/n X B, n A H HA %L
45/5 cm; B oA I B 4 L R, R AL B/ R L R
JE A TR 4 S 0 2R RN R B AL B R L bl SR
A B 5 ] R P Levine (1996) 1Y 28 56 /8 U
K, =1.013 X 10" (a, + Aa)*/(12b7) FiTH, 8 %
2 M 1y Kozeny-Carman 2 = ¥ i+ &, H
K, =K,(¢/¢ ) [(1—¢)/(1—¢)]"(Xuand Yu,
2008) , ¢, FBEE IR BALBRE s @ MR vl 5 B
SALBEE K, AREA R RBER 10 Y m* 3 K ¥
i JERAE BB E 10 Y m?sa, KRG B P Z4E 5
JE . mm; Aa &b 5 EI AL S K E  mms b K
TR EE , moms o Sy AT R B R ) DLAS B0 bty
J5 BEA LB EE FNB B R W KAS B M, = ¢/¢, I
My, =K, /K, 8 My, =K,/K, .M, JHE LK E
HRAGH M R E05 33 F8 0 A% B 4 25 o Ui 46
PSRN T 0y =0 g O — 0 0, W]
RE 8 WL T PR B IR L A5 45 UK ik 7 2B 09 ¥ 1
T16 icomprens = Oree 0., —0 =0, WA AT GEE 52 5%
JEWIR o, F HE BOICAR 77 AR 1 47 % T . MPas
0 ecomprens I VKR A2 B ¥ B ) . MPaso IR
J G A BN T MPas o hBEE SUPLBR B, MPaso
A BUE R E  MPa.

RS ..., =3.87X10 °°C ' (Kelemen
and Kwiatek, 2009), o =1 000 kg/m’, p, =
900 kg/m’,E ., = 3.65X10° MPa,E,. =660 MPa,
v=0.3,7n=20 %&5/5 cm,b=2.5 mm,B3=0.24,¢,=
3.5%,K,=1X10"" m",a,=0.01 mm,t =34,
o, =8.6 MPa,o, =2 MPa,s_ =39 MPa, 2 T F A
M —100 C . AHE 1000 Sm’/min, 7 AR [E]
40 min J5 I 8 2R B2 3 TH A B0 2 A N
T3 R ALBREE 8 7 AL A 3 i AN e 8 A 9 Fros i
JE TR B 3500 B R IR N T (o0 PR R
FEE S A 5.5 m AN, K/NEE 0~26.23 MPa, J= 4=
RN JT (o) B0 AT IK 15,63 MPa, 3 4
3.68 m LN IS (o = 0) AT BB £ 7 A ir il i
NG IEJE 4,18 m AN BB JZ IR /N T 0 °C LA 1k

=0
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Fig.8 Stress change in coalbed around wellbore
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Fig.9 Porosity and permeability change in coalbed around

wellbore

P A N e e N DR 6 ) ) O O Raa o i
35 MPafy % JIk I 11 (o, ) F1 4.6 MPa ¥ FE 1 /1
(0ot compress ) » T AE BB A 1955 BBEIR. AE¥8 o 1 T
T TR B LB R 3 O RO 1Y 1,45~ 1.67
i B 1B I KON JFR Y 3.16~4.89 £if. Levine(1996)
N3 Kozeny-Carman 24 2, (Xu and Yu, 2008) 715
FFEN) My Fl My, JLF5E 2 E A U T 3 A X AT
BB 35 25 RS HL A B i T SRR GE o DL B Sy
B BF N NIE I ZEZ W N, ¥ ohidi 5, 58 2 L
IR B AR B HR IR (8 2 25 A S I A0 L Bt B R
B 15 IR — 2 AT 3 B 3 2 AU RO AT
TR 52 ).

4 W N, ¥ bl LB R 0 53 b

4.1 BEEREZGNT

N, ¥ MU RE 75 & 5 AE B2 & B
A 8 BEOR AR AR 25 R b 1 )R B ek 2K
SN TR). 4 R OHE 2 o R AR B ph /N B K a0 ol AR AR
RS HE R L JBE A 4 IR 45 M (O B ke 4%
2002). J5t A BTN i L0 52 ) 36 58 Bl i IR AR E /D L DR
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A1 %

Az )2 BN G5 A6 TR 25 DR A7 56 8 SRR 52 90 O 5 R 1 B
A, DR AE 8 b i A R 2 7 AR R i SR B, 2308
BCVF 22 58T 1 Tk 24 . T A A OO R JBE e A 1 D AR 5
A2 A IR 7 i, R B R AR /DN A S B B R
PR I o) 330 28 52 1 A7 74 b o R K A B .

FEXT S B 52 SR AT o B, T A2 B N )
FEHT U HOR AR o R S 3R A LR T REAEFE LA T
[ . (A FHAE TR B 5 BP0 5 B 25 4 K3~
8 fif (B K A8, 2006) , b 2 7K &5 vk I JiK 7T RE AN 2 i
L Y T R VA 4 b o 4 FH S B 2 i e i
FEA PR 5 (2O ¥ w77 A i BE 5 TR 5% , T RE S
FE 0 )RR A AR (E AR A2 N R o
i T O A B UKL B 3% 0T A SO S A R g v, AT
E—E R LB R e A IR R — B e
J1 s BME R A8 A & A 1 ) 2 R B R AR
b, W 45 B 2 T AR, A1 A R T e 24 T 20 i 5
Jite . R A A BB S /N T T 5 B DR e R
Vo wprchy 7 A R R R AT B IR T 25 ) S B

IRV R T A IR T B B AR IR G A R
T3 T AR AL R 5 M A G AR IR A R
B BE A 0.018 MPa/m, i B FE K 0.027 C/m, i
YL 3.3 1, WK N [ R B AL AR 2 A A —
TR BE BT = AR W B ) (o) ANTEL 10 T 7o 4
SRR ENE —30 C L HERAE 500 m P Y2 T 2
T U BEAE 1 N 7 45 A58 1 500 m IR AL Y 1 2
7™ A B AR B IR, W B R R E R A R
—100 °C LAF. DA i, 45 )23 S8 %, ¥4 o 7 A B
SLHE JIT T B0 ¥ H L RGOV N, AR TR AT R
ORI G 1 2% 5 T TR b 2 R AT A SR A, 3138 O IR
BF I B 25 T T SRR R B T R AT v i AR
JZ IS R R WL 0 DL LAy b, 2B N R IE AR
Ny ¥4 el (4 R J2 2 2 v R 0 % D A R e A
¥ b O BRI 6 )2 A R A T2 UE.

42 BMHFIEMSERE

FIHVE N, XF 3 I 5 2 A7 ¥ wh i, 03 1
Yk DA B IR ARG TR X o Bl o H iR B2 SR
HT LML T WL, BT SEEK S 3% TR R
S IR AR R IR LB 0 I 2 SO Pk R 24, DL &
C 2 RE BAR A B2 SO H R R AR D
PR - (DB EE A I N, B I 8 R 2
F18y b J22 7K 3R 38 5 e b Y o o I £ S O IS 4 vk, DA
JEERTEAM N, BEAS BRI 2 IR AL s (2) R IF AW
N 35 2 A7 o o i I W 1 L B0 R AT
ANEY TR I TE B R R 2 B s (3) 4 45 1 AR Tl

40

—O— i B =-30°C O HhiE £ %E-80°C
—O— ML P £2-100°C  —A—0res

G net-pull (MPa)
=
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Fig.10 o,

o at different depths with coal rock temperature

decreasing to certain level

N, I 3 sl g 5 — 5 f 15 PR K L 16 PR K B W iR
N, FE AR JR LB R AR R A B N T8 5 A3
T AR — 8 TR AL 38 Ve B UK O A
(4) BEJ5 13 A 240 Chn iy B0 K i TR 2280 5% T
N, ) S8 45 047 0 O el i 52 T 2 Y LT SR 4
(5) J 258 iU » B A I L2 8 5 101 T, vk AR i A
i 28 AE R TR N, 2 K 3 1 0T D) i . = 20
EHYR L TEARMR N, 2262, DIg iz 2P
ISP AV 3 DX A LB e Y b J2 K R A K G 4 DK
I 5= A 3 IR AR5 22 R WO A T B b AR R B
IRF ] 9 SR 1 M A S DRIE 7K S5 s SRR S 45 57 1Y
IR A o ) 7 e 280 A Z BT T — A B R R B
FEN L ) I ) il B R A PR LETE AR IR N,
AW 1k R SR AR I LB B S 25 K.

BRI N, Bl B R O R e v i v e il
VEJUALER , 75 il 5 AR N 1 B3 M D 7 58, T 245 3¢
R L B2 W DN ok 5 O R WL A T IR
TRLEE W, mT DAARAS I N, B3k 0 2 0 S B il B A
Wil N, 275 A 1 88 0 F a3 0 R BE AT 7% il
DA B AR Ao 2 247 AR T 9 IF 1] 5 368 5 ol b 7 W, T
DL 2 r A0 g 5 5% 1 T 03 LA e K e 7 1o o
SE Ve it B A R L5 2 5 LR HEYD L R kL
A R/ L DL SR 5 SJe A ok A A T LI IBT R v
e e VR R AR 77 A R a PO R B T LB
9 45 DRAR S 45

5 4Eip
(¥ N, 6 8 155 T 4 1 LA B0 AR 9 7% b o 2

R BRI CO, AR IR X B8 A (B8 5 T2 K
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PRVK RT3 S B2 R B R 2 — 30~ —20 °C, AT {RIIE
IREZ D UK AR B8Pk B 1 PR O B LA B R

()G ZE L0, N, A9 ¥ wh o /5 AT L) B
DB AN RE RS, 7 AR E T KRR T m
()T 54 4% , I T BURE 2 ORI v LA S iR B B AR, I 5
()P 58 BE ] B AR 14,090 LA | (14,7 % ~ 33.7%0),
SR AR A 10.0 %0 DA (10,5 % ~25.0%0).

(3) ¥ 1t 8 SR F 000 25 SR SR WY, 6 T30 7K 4 b A7
JEX He 3 # 2, MWl N, AEEAE 0.75 ~
3.00 m*/min, A S ELE 30~120 m® B, 7] X} 3L H
JE Rl 3~5 m PN A9 2 B R A R RO L HLAIRIR R
SE IR TR] K IO 7 356 Jo A 4 R b J2 7K 485 UK 2 ik T 5
FORE A LB K 1.5 £ . B iE R K 4 5,38
FEIE 5 ] BE T 32 A AN B R A IR

(DFEW N, 8 N, i B2 R 2 o,
T e ¥ ik S5O I B E L AN g S A 1R ) A
D28 RV N, PR AL R X 3 )23 A % o
UK AR S o) R 2L AR IR R A R
T BT ) I 2 4 A A LR 7R 43 R .
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