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Visualization of fracture initiation and morphology by cyclic liquid
nitrogen fracturing
HONG Chunyang, YANG Ruiyue, HUANG Zhongwei, WEN Haitao, XIA Zhihao, LI Gensheng

State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum-Beijing, Beijing 102249, China

Abstract Conventional hydraulic fracturing generally produces high breakdown pressure, results only in single major fracture
morphology and increases the risk of seismic events during the stimulation of dry hot rock (HDR) reservoirs. Aiming at ad-
dressing the above bottlenecks during hydraulic fracturing, a new reservoir stimulation method, known as cyclic liquid nitrogen
(LN,) fracturing, based on cyclic soft stimulation (CSS) and LN, fracturing was explored in this paper. In cyclic LN, fracturing,
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morphology by cyclic liquid nitrogen fracturing. Petroleum Science Bulletin, 2023, 01: 87-101. doi: 10.3969/j.issn.2096-1693.2023.01.006
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low-temperature LN, was injected in a cyclic manner, i.e. alternating high-injection-rate and low-injection-rate (or stop injection).
Hence, formation rocks would be subjected to fatigue damage under the combined action of alternating thermal stress and fluid
pressure, which was expected to promote fracture initiation, propagation and bifurcation to form complex fracture networks and
improve the stimulated reservoir volume. However, the research on LN, fracturing was mainly focused on the mechanisms of
cyclic or single cooling treatment on rock and the fracturing performance of LN, fracturing. No works on the cyclic LN, fractur-
ing performance, especially subjected to in-situ stresses were published as far as we know. To verify the feasibility of developing
HDR by cyclic LN, fracturing, the fracture initiation and morphology of cyclic LN, fracturing were revealed by using Polymethyl
Methacrylate (PMMA) based on the self-developed true-triaxial experiment of cyclic LN, fracturing. The effects of horizontal
stress difference ratio and the number of cycles on cyclic LN, fracturing performance were studied. Cyclic water fracturing
experiments were also conducted as a comparison. The results show that cyclic LN, fracturing can significantly reduce the break-
down pressure, with 47.1%~71.7% lower than cyclic water fracturing. Under the combined action of alternating thermal stress
and fluid pressure, cyclic LN, fracturing tends to form a complex fracture network characterized by “thermally-induced fractures
+ major fractures”. The fracture initiation and morphology of cyclic LN, fracturing are not easily affected by the horizontal stress
difference ratio. Complex fracture networks can still be produced by the cyclic LN, fracturing under a larger horizontal stress
difference ratio. Increasing the number of cycles can reduce more breakdown pressure and generate more pronounced complex
fracture networks. When high-pressure LN, was injected into the wellbore, the breakdown pressure was even higher than that of
water fracturing, which indicated that cyclic LN, cooling pretreatment was the key to enhancing the LN, fracturing performance.
In general, cyclic LN, fracturing can achieve better fracturing performance with a relatively lower number of cycles and cyclic
pretreat pressure compared with cyclic water fracturing. Cyclic LN, fracturing was expected to provide a new way for the green,
economic and efficient development of HDR. The results were expected to provide a theoretical and experimental basis for the

development of HDR by using cyclic LN, fracturing.
Keywords Enhanced Geothermal System (EGS); PMMA; cyclic liquid nitrogen fracturing; thermal stress; fatigue damage
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Fig.1 PMMA specimen and schematic diagram of cyclic LN, cooling treatment on PMMA samples



90

AImEFER 2023 4E2 A 45 8 B 1 4)

%, Wi PMMAIRFIFAREE 2B miRAE A,
RN TGS 5, i, FeiTRs
SAEJR Y TAE R i AL b A T H =il
2%, TR CT M7 5 B R RAES R (3
SEVIRE . TR RBAE), B NBRIEI R
TEEENLIE

N T R BN I RGBSR, R anTE
2 it 7 of PR 25 9 PMMA RURE = 48 2 1 448 T 4
I 2

1.2 SEWiE&E

3 IR A = SRR 3 K G PR I 2 S0
FEAAFEE RN TR SRR . &RRATEA
RY . BERESEG RS 3 A, IR AE
IR SRS KGR R 240 oY . =T Tk S
JINER R e 22 AR AR N 7 28548 (18] 3a), AT Z5 981 B
FARRER ST 400 x 400 x 400 mm, T ARHE LI TR EE R
TR TR RS (8 A, LSS ) R HalRE =l 1 Y
Iz %R Gt K RTINS0 MPa, 4545 5 A
0.1 MPa, 7ERMPIREITA —~EMRRE LA A
TNAS PRIR, DABTHH 2R B 450, IR Gt KT

&1 PMMAMARREREILRNE HF L

o 14.4 kW, BCG IR A AT S P R UL R A S A A
e WK R G0 R T A SR e e e AR 4
(P 3b). FEfa et DU HE i A v RS e
FEREECR, WS e HE A R, M AET)
R BEE G IR AEE, 2 AR T3 (E A LA
B HE R AR R R I TR R e . T KT
ARG KA ST 100 MPa, FEHIHEEE 4 0.1 MPa,
B R VE AHE T 35 100 mL/min, % R HIKTE AR N
800 mL, #HIKEEE N 0.1 mL. % EFK A 0B IR R
PE, BRI A AR R SR, S ok I 2
B IN2E 5 URES . WA INIRIAE . 2 BT 21 R %
W, F, ARLEREE PR ERATEARS
K FH feit R RS BIK Bl o F W U i R AIRE R
T VRS I 9T g AR T T DT 4 o Y U T AR
F1 o XFPSRFH i R UK Sl R A T R 2 S 6 ) 1k
WOk G IINE R €7t IS N R A3 By
N E R AR R R0 S A . ERRA
T RS FEALSE 8RR . = RRARE . <k
1R FE A S SRR L 3e)o [ i AU RE 2
ThEmERARRME A, FEHR 175 L, &K%
4 MPa, =R AMEZ 8 5L, Kt 30 MPa,

Table 1 Comparison of basic geomechanical properties between PMMA and different types of granites

YIS EL PMMA TLEAE RN BRkAE Y £ Jj 129)

S F /(kg/m) 1170 2690 2650 2630
FRANL R E /MPa 90.00 150.00 137.00 121.97
Prhise g /MPa 14.34 11.48 7.10 10.02

¥ i /GPa 2.56 46.00 38.00 39.41
TARAH 0.41 0.25 0.21 0.28
FLBRE /% — 0.39 0.55 0.45
BIER /md — 6.57x 107 1129% 107 11.60 x 107
B2 FHEAHRERS_LEEFFE

Fig.2 Unfolded 3D graphics and fold-out diagram of a sample
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Fig. 3 True-triaxial fracturing equipment. (a) true triaxial-loading and heating system; (b) water injection system; (c) high-

pressure LN, injection system
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Fig. 4 Schematic of the true-triaxial equipment of cyclic LN, fracturing
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Table 2 Experimental matrix for cyclic LN,/water fracturing on PMMA samples
ETd EEli ow/MPa o/MPa ov/MPa KV ) 75 5 2R R TEPR AL
LN 1 WA 10.0 10.0 15.0 0 1
LN2 A 10.0 8.5 15.0 0.2 1
LN3 WA 10.0 7.0 15.0 0.4 1
LN 4 WA 10.0 5.5 15.0 0.8 1
LNS5 WA 10.0 7.0 15.0 0.4 0
LN 6 WA 10.0 7.0 15.0 0.4 3
LN 7 WA 10.0 7.0 15.0 0.4 5
Wi WK 10.0 10.0 15.0 0 1
w2 EK 10.0 8.5 15.0 0.2 1
w3 HK 10.0 7.0 15.0 0.4 1
W4 Tk 10.0 5.5 15.0 0.8 1
W5 K 10.0 7.0 15.0 0.4 0
W6 K 10.0 7.0 15.0 0.4 3
w7 K 10.0 7.0 15.0 0.4 5
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Fig. 5 Temperature-pressure alternation curves during cyclic LN, and water fracturing
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Fig. 6 Pressure-time curves of the cyclic LN,/water fracturing tests under various horizontal stress difference ratio
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Fig. 8 Fracture patterns of PMMA under various horizontal stress difference ratio. The fracturing fluid and horizontal stress difference
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Fig. 10 Schematic diagram of cyclic LN, fracturing mechanism
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