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1. Introduction 
Most of the unconventional gas wells, including 

shale gas cannot be put into production without 
fracturing stimulation [1]. However, because of the 
low reservoir quality, a series of problems appear 
during hydraulic fracturing for unconventional 
reservoirs. First of all, the invasion and retention 
of water causes water block damage for the 
reservoirs, thereby causing the decrease in 
formation permeability [2,3]. Second, expansion of 
clay mineral and migration of grains will happen 
when water invades the formation, then resulting 
in the block of gas flow channels [4]. Third, a 
great amount of water is required in hydraulic 
fracturing. For example, more than 10000 m3 
of water is usually consumed for fracturing a 
single shale gas well [5]. Fourth, the numerous 
chemical components, including drag reduction 
agent, bactericidal agent, clay control agent, etc, 
in fracturing liquids may enter in groundwater 
and surface water, causing the pollution of water 
resources [6]. 

Various fluids have been attempted by 
petroleum engineers in order to use little and even 
no water during fracturing [7,8]. With the advance 
of petroleum technique, a fracturing treatment 
with liquid nitrogen was successfully realized 
at the end of 20th century [9,10]. Because of its 
excellent compatibility with reservoirs, there is no 
water sensitivity and water block damage during 
this process. Favorable stimulation performance 
was also obtained in the fracturing using only 
nitrogen gas in strong water-sensitivity formations 
[11]. As there is little water used, the problems in 
hydraulic fracturing can be solved fundamentally. 
In this paper, a review was performed on the 

treatment procedures including “water frozen” 
diverter method of liquid nitrogen fracturing. 
Then the rock cracking mechanisms due to liquid 
nitrogen cooling and the advantages of this 
technology were analyzed by combining with 
the experimental results. Finally, its technical 
difficulties and application prospect were also 
discussed. 

2. Major procedures of liquid nitrogen 
fracturing

During liquid nitrogen fracturing, there are two 
pumping paths, namely, tubing pipe and tubing-
casing annulus. The former is mainly used to 
pump liquid nitrogen; while the latter is used to 
pump nitrogen gas. The major procedures of liquid 
nitrogen fracturing are as follows [9, 10]: first, 
pressure up well. Nitrogen gas is pumped into the 
well through the annulus until a stable pressure 
is obtained in the well; second, liquid nitrogen 
fracturing. Liquid nitrogen is pumped into the well 
through the tubing while nitrogen gas is pumped 
through the annulus continuously; third, when 
pumping of liquid nitrogen finishes, nitrogen gas is 
pumped through the tubing to replace the residual 
liquid nitrogen in tubing. In order to carry out 
multistage fracturing, water can be pumped through 
the tubing when the temperature of tubing recovers 
to above zero. Ice will be formed when water enters 
into newly created fracture. Consequently, «frozen 
water» diverter can be realized as shown in figure 
1; forth, heat the pipes on the ground. All the 
vaporizers are turned on to pumped nitrogen gas to 
warm the pipes until they are defrosted; fifth, shut 
in the well and monitor the pressure changes for 
about 15 minutes. 

At present, liquid nitrogen is regarded as an excellent substitute for water-based fracturing 
fluid. In order to analyze the effect of liquid nitrogen cooling on rock cracking, the acoustic and 
permeability tests were performed on the same shale sample before and after liquid nitrogen 
cooling. The results indicated that liquid nitrogen cooling could not only induce thermal cracks 
on the surface of samples but also lead to the growth of micro-cracks. After liquid nitrogen 
cooling, the acoustic wave velocity of shale sample decreased by 2.69%-3.53%. Meanwhile, the 
permeability presented an 11.55%-177.27% increase. The advantages, technical difficulties and 
application prospect were also discussed in the paper. 
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3. Mechanisms of rock cryogenic cracking 
due to liquid nitrogen cooling

The most distinct feature of liquid nitrogen 
fracturing is that the cryogenic nitrogen can induce 
great thermal shock to formation rock and aid in 
rock cracking. Then the thermal cracks are expected 
to be generated on the surface of the main fracture, 
which can theoretically help to prop the main 
fracture. Thus, the major mechanisms of liquid 
nitrogen fracturing is the rock cryogenic cracking 
with liquid nitrogen.

Due to the sharp decrease in temperature, 
the thermal stress could be induced in rock [12]. 
Especially, when the stress intensity factor of the 
micro-fractures is larger than fracture toughness, 
the extension of these fractures will occur [13]. In 
order to research the effect of liquid nitrogen on 
rock cracking, the shale samples were selected to 
be submerged in liquid nitrogen. Then the cracking 
effect attributed to liquid nitrogen cooling was 
evaluated by observing the surface of samples and 
measuring the changes of acoustic wave velocity and 
permeability. In the experiments, the rock samples 
were processed into cylinders with the diameter of 
25 mm and the length of 50 mm.

3.1. Rocks cracking phenomenon due to liquid 
nitrogen cooling

As shown in figure 2, many macro-cracks appeared 
on the surfaces of samples after cooling with liquid 
nitrogen. This was because the liquid nitrogen 
would cause the shrinkage of mineral grains when 
it contacted with the rock. Consequently, thermal 
stress was induced. When the thermal stress exceeded 
the strength of rock samples, thermal cracks would 
be created. The thermal cracks are distributed not 
only along the axial direction but also along the 
circumferential direction. The results indicated that 
the extremely low temperature (about -195.8 oC) of 
liquid nitrogen can cause the open of pre-existing 
cracks or the generation of new cracks. Thus, during 
the fracturing, when liquid nitrogen is injected into 
hot reservoirs, thermal fractures may be created. 

3.2. Effect of liquid nitrogen cooling on rock 
damage

To further research the cracking effect attributed 
to the liquid nitrogen cooling, the acoustic test was 
performed on the same samples before and after 
cooling. Acoustic test is an important method to 

evaluate the rock damage. For the same kind rock, 
the acoustic wave velocity is mainly controlled by the 
crack volume inside rock. The more the cracks inside 
rock are, the smaller acoustic wave velocity will be. In 
this paper, the P-wave velocity was used to analyze 
the rock damage degree.

Figure 3 shows the P-wave velocity (Vp) of shale 
samples before and after liquid nitrogen cooling. 
It can be seen that the wave velocity decreased by 
2.69%-3.53%. Sample 1# presented a largest decrease 
and sample 4# presented a smallest decrease. 
From the mesoscopic view, the damage of rock is 
presented in the growth of micro-cracks. Thus, the 

Fig.1. schematic diagram of “water frozen” diverter

Fig.2. rock cracking phenomenon
after liquid nitrogen cooling
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change in damage degree of rock is mainly caused 
by the change of micro-cracks. If micro-cracks 
grow and expand after liquid nitrogen cooling, the 
damage degree will increase accordingly. As the 
acoustic wave propagates more slowly in the air 
than in the solid, the reduction of wave velocity 
proves the growth of micro-cracks. These results 
indicated that liquid nitrogen cooling can aid in 
cracking the rock and promote the growth of micro-
cracks. 

3.3. Change in permeability
In order to research the effect of liquid nitrogen 

cooling on the connectivity of rock pore structure, 
the permeability technique was adopted. Generally 

speaking, the better the connectivity of pore structure is, 
the larger permeability will be. During the permeability 
test, the pressure difference between the ends of 
cylindrical sample was generated by pressuring the 
liquid or gas. The inlet pressure and confining pressure 
were set as 0.25 MPa and 2.25 MPa respectively. The 
permeability test was performed on the same samples 
before and after cooling. The nitrogen gas was used to 
measure the permeability of rock. 

Figure 4 shows the permeability of rock samples 
before and after liquid nitrogen cooling. As shown in 
this figure, the permeability increased by 11.55%-177.27% 
after liquid nitrogen cooling. Sample 3# had a greatest 
increase and sample 4# presented a smallest increase. 
As the samples contacted with liquid nitrogen, thermal 

Fig.3. p-wave velocity of samples before and after cooling

Fig.4. permeability of samples before and after liquid nitrogen cooling
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stress were induced because of the shrinkage of rock 
matrix. When the thermal stress exceeded the strength 
of inter-grain cementation, new micro cracks would 
be created. Besides, the pre-existing cracks could be 
expanded further. Consequently, the connectivity and 
the damage degree of rock pore structure were improved. 

4. the advantages of liquid nitrogen 
fracturing

Liquid nitrogen fracturing is a waterless fracturing 
technology that uses liquid nitrogen as a fracturing 
fluid. This technique allows liquid nitrogen to be 
pumped into a well at typical flow rate and pressure 
and then artificial fractures are created. As the relative 
inertness, liquid nitrogen is well compatible with 
reservoir fluids. When it contacts with reservoirs, the 
harmful phenomenon such as the expansion of clay 
minerals as well as the increase in water saturation 
can be avoided. What’s more, liquid nitrogen can 
eliminate the usage of fresh water and avoid potential 
impact to watershed and drinking water sources. 
After fracturing, liquid nitrogen will turn into gas 
quickly; this could increase the flow-back rate of 
the fracturing fluids. Thus, it hopefully resolves the 
challenges existing in hydraulic fracturing.

Current fracturing for unconventional reservoirs 
including shale gas and CBM focuses on how to 
increase the stimulation reservoir volume (SRV) for 
the purpose of high yield [14]. The most efficient 
method to improve SRV is to generate fracture network 
with the proper multistage fracturing treatment [15]. 
During liquid nitrogen fracturing, thermal stress will 
be generated when liquid nitrogen flows in the main 
fractures, thereby resulting in damage for the rocks 
on the main fracture surface and forming secondary 
fractures which are orthogonal to the main fracture 
as shown in figure 5. Additionally, the decrease in 
temperature could cause the shrinkage of mineral 
grains in the rocks, which may lead to the open of 
natural fractures [16]. 

5. prospect analysis of liquid nitrogen 
fracturing

5.1. Applicability of liquid nitrogen fracturing
In the 1990 s, the liquid nitrogen had been used 

as fracturing fluid in coal seams and sandstone 
formations. The fracture depths of these wells are all 
less than 1000 m because the liquid nitrogen easily 
evaporates under the bottom conditions. The key 
procedure of liquid nitrogen fracturing is that how 
to transport the nitrogen into the target formation at 
extremely cold temperature. When the liquid nitrogen 
flows along the tubing pipe, it will exchange heat 
with the hot formation, leading to the increase of its 
temperature. In order to avoid gasification of liquid 
nitrogen, the well depth is restricted. This is also the 
reason why the depths of fractured wells with liquid 
nitrogen are usually less than 1000 m. However, as 
mentioned in section 2, the liquid nitrogen which is 
pumped through tubing pipe is mainly used to induce 
the thermal shock to the reservoir rock and create 
thermally induced micro fractures to prevent the close 
of the major fractures. However, the major fractures 
are generated by the annulus fluid (nitrogen gas). 
Thus, this technology can be realized as long as liquid 
nitrogen keeps liquid state before it enters the target 
formation. In this case, a thermal insulation tubing 
pipe can be used instead of the conventional pipe. 
Xu et al. [17] indicated that during liquid nitrogen 
fracturing, the liquid nitrogen fluid could be pumped 
into fracture depth of 1500 m (TVD) successfully using 
the thermal insulation pipe. Therefore, it can be seen 
that with the proper engineering and equipments, 
liquid nitrogen can be used as fracturing fluid to 
improve stimulation performance of shale gas. 

5.2. Technical difficulties of liquid nitrogen 
fracturing

As the increasing attention is paid to the shale gas 
development, multistage and volumetric fracturing 
treatment has played an important role in stimulating 
this reservoir. During conventional liquid nitrogen 
fracturing, the fracture location cannot be controlled 
accurately because the liquid nitrogen is injected 
into the reservoirs directly without any machinery 
packers. Additionally, the rubber packers easily fail 
to work at the extremely cryogenic temperature. Let 
alone realize creating several fractures along wellbore. 
So the liquid nitrogen should be used as fracturing 
fluid using a more efficient method. 

Hydrajet fracturing is a stimulation method which 
integrates the operations of perforation, fracturing 
and isolation. It can perform point fracturing precisely 
and isolating effectively for several layers without 
machinery packer in one trip [18]. Thus, the problems 
that the fracture location is difficult to control and 
the isolation of wellbore is hard to accomplish can 
be solved perfectly by liquid nitrogen jet fracturing 
which combing the liquid nitrogen jet and liquid 
nitrogen fracturing.

5.3. Application prospect
Nowadays, shale gas plays a significant role in 

global energy supply. However, higher technical 
requirements have been arisen for fracturing treatment 

Fig.5. secondary fractures induced 
by cryogenic liquid nitrogen [13]
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because of low reservoir quality and water issues. In 
order to protect the water resources and reservoirs, the 
fracturing fluid should present excellent compatibility 
with formation fluids non-polluting underground and 
surface water. During the fracturing, the fracture network 
is expected to be created to improve the SRV. In arid 
region, the fracturing treatment is required to consume 
water as less as possible. In future, the limitations for 
hydraulic fracturing will be stricter. To solve these 
issues the petroleum engineers begin to pay increasing 

attention to substitutes for water-based fluids. Along 
with the possibilities of creating self-propping fractures 
and reducing water usage, the stimulation treatment of 
liquid nitrogen fracturing requires further investigation 
[19]. As mentioned above, compared to conventional 
fracturing, liquid nitrogen fracturing performs much 
superiority in reservoir and environment protection as 
well as  improvement of SRV. It is expected to become 
one of the significant methods for the efficient stimulation 
of unconventional gases.
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Безводный разрыв пласта (РП): РП с использованием 
жидкого азота и перспективы применения 
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Реферат

В настоящее время жидкий азот рассматривается как превосходный заменитель жид-
кости разрыва на водной основе. В статье, с целью анализа влияния охлаждения жидким 
азотом на растрескивание пород, рассматриваются результаты акустического тестирования 
и тестирования на проницаемость одного и того же образца сланца до и после охлаждения 
жидким азотом. Результаты показали, что охлаждение жидким азотом может привести 
не только к появлению термических трещин на поверхности образцов, но также к росту 
микротрещин. После охлаждения жидким азотом, скорость акустической волны в образ-
це сланца снизилась на 2.69% - 3.53%, а проницаемость образца увеличилась на 11.55% - 
177.27%. В статье также обсуждаются преимущества, технические трудности и перспективы 
применения. 

Layların susuz yarılması: Maye azotun istifadəsi 
ilə layların yarılması və tətbiqi perspektivləri

Ç.Kai1, Q.Li2, J.Huanq2, H.Çi3

(1Çin Dağ Sənayesi və Texnologiyası Universiteti, 
2Çin Neft Universiteti, 3Çin Geoloji Xidməti)

Xülasə

Hal-hazırda maye azot su əsaslı yarılma mayesinin ən yaxşı əvəzedicisi hesab edilir. Məqalədə 
maye azotla soyutmanın  süxurların çatlamasına təsirini təhlil etmək məqsədi ilə eyni şist 
nümunəsinin azot ilə soyudulmadan əvvəl və sonra keçirilmiş akustik və keçiricilik testlərinin  
nəticələri təqdim olunur. Nəticələr göstərmişdir ki, maye azot ilə soyutma nəinki nümunənin 
səthində termiki çatların əmələ gəlməsinə, həmçinin mikroçatların da artmasına gətirib çıxarır. 
Maye azot ilə soyudulduqdan sonra şist nümunəsində akustika dalğasının sürəti 2.69%-3.53% 
aşağı düşmüşdür, nümunənin keçiriciliyi isə 11.55% - 177.27% artmışdır. Məqalədə həmçinin 
tətbiqin üstünlükləri, texniki çətinlikləri və perspektivləri müzakirə edilir.


