952 2021

1% 1% 1 2
1 3 4 1
1. ( ) , 102249
2. , 225009
3. , 100101
4, s 102206

[ :l 5 H H H
DOI:10.16262/j.cnki.1000-8217.2021.06.013

s s ( )
, .
[1] °
N N N ’ 7 (111 )
Y b °
[2 ( )
> N ’ “ ” “
o b ”
s N s 1
’ s ( )
o b Y ’
. 9
’ (
/
, 14 Top 6 .
b o ’
2
b
N b b
[3] [4] .
o b ~
:2021-07-25; :2021-09-16
* , Email: huangzw @ cup. edu. cn, wuxg(@ cup. edu. cn

(51725404)



35 6 : 953

b ’
b o b
b A b
“ ”»
o b
s / (CO,) N
(LPG) . / (Fiberglass) R
o LPG.CO, s ,
b A Y b b b
, [10] 1 “ ”
o b b
. Grundmannd
[6]
o b b
’ ’ 1 o
o b ’
; ) 2 o
R 20 90 s ,
jj b A} A b 2 h ’
Lo . —127.0°C ”
b
b b
“ ”
b .
) 8. 9]
: (D)
)5 (2) (
)5 (3)
1 0« ” [11]
( ) (4) (
1 6]
)5 (5) (
),
, m 1000 m’/min 0.7
, C 15 C 15
C/100m 3 MPa 15
’ mm 50,64 ke/m’ 7850
mm 60. 30 W/(m°C)44.5
mm 101. 60 J/(kg’C) 475
s mm 114. 30 kg/m’ 2600
s . m'/min 1.6 W/(m°C) 2.09
., , C —183.15 J/(kg’C) 850




954

2021

3(2)

[11]

: (D)

P110)

¢ 3b),

[12]

(J55, N80,

N



35 6 : 955

5 () ()0
3
—196 °C,
’ 6 () () [8]
[13] ,
4, 86% ~15. 14%,
31 11 55% ~177. 27%,
[14—18] 6 , °
. ) 3.2
’ . Ll (1)
, ;(2) .
[14] , .
93 55%, . ,
10. 43%, , ,
33 74% 20.61%. 7 . , (
. )9 .
Ll 4, 14% ~ , .
4, 95%, 2. 69% , .

~3.53%, , , S



956

2021
. J—
’ ’
’ ’ ’ o
[24—27]
° , R
3. 3 1) o ’
’ o
’
’ o
[22] .
’ b
o ’
’ ° 150 OC i
600 C ,
’ ) 11%’\’18%[28]0
s o - s
)
, 10 ,200°C
’ . . 35% °
’
b o
[23]
4
’
’ o
b
4 ’
4.1
7 [18, 21] ,
,Cai
ol NIST ,
’
’
o ’ ’
’ ’ ’
, 9 o
’ ’
8 [21]



35 6 : 957

. 81, 25 MPa ,
4.2 150 °C ~260 C o
(D )
» Zhang
’ - [31] s
o 1) ° WU
10 o b b L‘%ZJ b
18.34 B, ) ,
0 , , o ,Zhang
, [33, 34] ,
90. 8%, , (<3 MPa), )
o b 11 b b
9 (a) (b) 0]
10 (a) (b)
( zcm)[Sn] ll

( 1 mm)B4



958 2021
(2) , s
s 90° ( 13a),
) o ( ),
. . . , 13b
° ( 13C) ) ]
. Cﬂl 1)
[29] ,
R N-S
5
Zhang ,
S , 20
, 90 s
25 MPa , 12
[361 13 ,
12

( 10 mm) 3% 13

[36]



w

o

959

4Oyo b b

( 350 C), o

o 14 : :

, 10~77 B,
696 ’ o

b
, ’ ’
’ b o
’ ’ ’
s ’ ’
’ ’ °©
o b ’ ’

14 (391



960 2021
’
“
+ ”” [11] s
b
’ ’
17 R
’
b
b b
15 7l
Y b
’
“ ”»
2
b
o b
b
b
b
16 tel
@)
20 90 , ’
. McDaniel ’ ° ’
Grundmann ’ >
( 16 )
[6.7] R ’
8V 1) N
s s b o
. 20 90 )
b b ’
o ’ hY
b
b
b

1

8]



961

3

)

@y

(2

18.

17 “ +

24,

(1]

(2]

(3]

[4]

47 (1)

[11]
90. 8%,
(3) ,
b b
o b
’
(1)
.
’
, 2020, 47(2): 416—426.
. 2020,
120—128.

s 2019, 39(7): 99—105.

Maguire QJ. Cryogenic Drilling Method. 2008.



962

2021

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

[20]

Wilson DR, Siebert RM, Lively P, et al. Cryogenic coal bed
gas well stimulation method. 1995.

Grundmann SR, Rodvelt GD, Dials GA, et al. Cryogenic
Nitrogen as a Hydraulic Fracturing Fluid in the Devonian
ShaleAll Days. Pittsburgh, Pennsylvania. SPE, 1998.
McDaniel BW, Grundmann SR, Kendrick WD, et al. Field
applications of cryogenic nitrogen as a hydraulic fracturing
fluid. Journal of Petroleum Technology. 1998, 50(3): 38
39.

, 2019, 46(4): 768—775.

, 2013, 32(S2):
3790—3794.
Zhang HY, Huang ZW, Zhang SK, et al. Improving heat

extraction performance of an enhanced geothermal system

utilizing  cryogenic  fracturing. Geothermics, 2020,
85: 101816.
( ), 2020.
( ), 2018.
’ ’ ’ s 2014, 35(4): 965—971.

Cai CZ, Gao F, Li GS, et al. Evaluation of coal damage and
cracking characteristics due to liquid nitrogen cooling on the
basis of the energy evolution laws. Journal of Natural Gas
Science and Engineering, 2016, 29. 30—36.

Cai C, Wang XC, Yuan XH, et al. Experimental
investigation on perforation of shale with ultra-high pressure
Shape, mechanism and

abrasive water jet: sensitivity.

Journal of Natural Gas Science and Engineering, 2019, 67

196—213.
, 2017, 38(2): 354—360.
( ). 2016,
40(1): 79—85.
( ). 2015,
, 2016.
Wu XG, Huang ZW, Li R, et al. Investigation on the

damage of high-temperature shale subjected to liquid nitrogen
cooling. Journal of Natural Gas Science and Engineering,

2018, 57: 284—294.

[21]

[22]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Cai CZ, Li GS, Huang ZW, et al. Experimental study of the
effect of liquid nitrogen cooling on rock pore structure.
Journal of Natural Gas Science and Engineering, 2014, 21:

507—517.
Wu XG, Huang ZW, Zhang SK, et al. Damage analysis of

high-temperature rocks subjected to LN; thermal shock.

Rock Mechanics and Rock Engineering, 2019, 52 (8):
2585—2603.
, 2016, 44(6): 99—105.
, 2017, 42(9) . 2345—2352.

Wu XG, Huang ZW, Cheng Z, et al. Effects of cyclic

heating and LN2-cooling on the physical and mechanical
properties of granite. Applied Thermal Engineering, 2019,
156 99—110.

, 2020, 46(10): 1—8.
Cai CZ, Huang ZW, Li GS, et al. Feasibility of reservoir

fracturing stimulation with liquid nitrogen jet. Journal of

Petroleum Science and Engineering, 2016, 144. 59—65.
Wu XG, Huang ZW, Song HY, et al. Variations of physical

and mechanical properties of heated granite after rapid

cooling with liquid nitrogen. Rock Mechanics and Rock
Engineering, 2019, 52(7). 2123—2139.
Cai C, Li G,

Huang Z, et al. Velocity distribution

characteristics and parametric sensitivity analysis of liquid
nitrogen jet. Engineering Review. 2017, 37(1): 1—10.

Wu XG, Huang ZW, Li GS, et al. Experiment on coal

breaking with cryogenic nitrogen jet. Journal of Petroleum
Science and Engineering, 2018, 169 405—415.

Zhang SK, Huang ZW, Li GS, et al. Numerical analysis of
transient heat transfer and thermal

conjugate stress

distribution in geothermal drilling with high-pressure liquid

nitrogen jet. Applied Thermal Engineering, 2018, 129.
1348—1357.

Wu XG, Huang ZW, Zhao HQ, et al. A transient {luid-
thermo-structural coupling study of high-velocity LN, jet

impingement on rocks. International Journal of Rock
Mechanics and Mining Sciences, 2019, 123: 104061.

Zhang SK, Huang ZW, Zhang HY. et al. Experimental

study of thermal-crack characteristics on hot dry rock

impacted by liquid nitrogen jet. Geothermics, 2018, 76:
253—260.

Zhang SK, Huang ZW, Huang PP, et al. Numerical and
experimental analysis of hot dry rock fracturing stimulation

with high-pressure abrasive liquid nitrogen jet. Journal of

Petroleum Science and Engineering, 2018, 163 156—165.



35 6 : 963

[35] Zhang SK, Huang ZW, Wang HZ, et al. Experimental of Cryogenic Fracturing of Rock Specimens Under True
study on the rock-breaking characteristics of abrasive liquid Triaxial Confining StressesAll Days. Vienna, Austria. SPE,
nitrogen jet for hot dry rock. Journal of Petroleum Science 2016.
and Engineering, 2019, 181: 106166. [39] Yang RY. Hong CY, Liu W, et al. Non-contaminating

[36] . . : cryogenic fluid access to high-temperature resources: Liquid

( ), 2020. nitrogen fracturing in a lab-scale Enhanced Geothermal

[37] Cha MS, Yin XL, Kneafsey T, et al. Cryogenic fracturing System. Renewable Energy, 2021, 165; 125—138.

for reservoir stimulation -Laboratory studies. Journal of [40]
Petroleum Science and Engineering, 2014, 124 436—450. [41]
[38] Algatahni NB, Cha MS, Yao BW, et al. Experimental Investigation : , 2013.

Theory and Research Progress of Liquid Nitrogen Fracturing and Rock Breaking
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Abstract Liquid nitrogen shows great potential in reservoir stimulation and drilling rate improvement of
unconventional reservoirs due to its remarkable cryogenic cracking effect, which could provide new insight
to address issues such as large water consumption, reservoir damage and environmental risks accompanied
with water-based working fluid. This paper systematically summarized five key scientific problems involved
in liquid nitrogen fracturing and drilling, including cryogenic cracking of rock, liquid nitrogen flow and heat
transfer in a wellbore, rock-breaking performances of liquid nitrogen jets, mechanical behaviors of the
working tube at low temperature, and fracture propagation mechanism of liquid nitrogen fracturing. The
basic theory and research progress of liquid nitrogen applied in fracturing and rock breaking are reviewed,
and main bottlenecks and technical difficulties are analyzed. Some suggestions in research and engineering
applications are provided for future work. This paper helps readers understand the theory and research
progress of liquid nitrogen in rock breaking and stimulation, and provide basic theoretical guidance to the

novel drilling and fracturing methods in unconventional reservoir development.
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