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Liquid nitrogen stimulation has important application value in the fields of deep
geothermal development, and unconventional oil and gas reservoir exploitation.
1t is difficult to experimentally observe the evolution of temperature and cryogen-
ic-induced stress inside the rock during the cooling process. Numerical simula-
tion complements the experimental difficulties. In this study, the liquid nitrogen
cooling process of high temperature granite under different parameters is studied
by numerical simulation. The results show that a higher heat transfer coefficient
and model initial temperature enhance the heat transfer efficiency of the cooling
process, thus resulting in more severe cryogenic-induced stresses. Young s modulus
and expansion coefficient are independent of the temperature distribution during
the cooling process. Higher Young's modulus amplifies stress under identical ther-
mal contraction constraints. Higher expansion coefficients enhance the thermal
strains and thermal strain incompatibility, thus elevating the cryogenic-induced
stresses. This study will provide the theoretical basis for the application of liquid
nitrogen in reservoir stimulation.

Key words: liquid nitrogen, heat transfer coefficient, initial temperature,
Young s modulus, expansion coefficient

Introduction

Liquid nitrogen stimulation, as an effective means of inducing thermal damage in
rocks, has important application value in the fields of deep geothermal development, and un-
conventional oil and gas reservoir exploitation [1]. For deep geothermal reservoirs, by applying
liquid nitrogen (—196 °C) in contact with high temperature rock (above 150 °C), the technique
triggers a drastic unsteady temperature gradient inside the rock, which induces thermal stresses
and damage inside the rock [2].

Experimental tools provide key support for revealing the rock damage induced by lig-
uid nitrogen cooling. Advanced instrumentation, including acoustic emission [3], nuclear mag-
netic resonance [4], and micro-computed tomography scanning [5], has enabled quantitative
assessment of liquid nitrogen-induced damage progression. Experimental data systematically
demonstrate that a single liquid nitrogen cooling reduces the uniaxial compressive strength [6],
P-wave velocity [6], and increases permeability [7], depending on initial rock temperature and
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rock types [7]. In addition, fracture modes are also altered by liquid nitrogen cooling [8]. These
are attributed to the generation of cryogenic-induced stresses during the cooling process [9].
The cooling rate is usually related to the heat transfer coefficient and rock initial temperature
[10], which in turn affects the generation of cryogenic-induced stresses. Cryogenic-induced
stresses are also related to the rock’s physical properties (e.g. Young’s modulus and coefficient
of expansion) [11]. The liquid nitrogen cooling process has not been adequately studied. It is
difficult to experimentally observe the evolution of temperature and cryogenic-induced stress
inside the rock during the cooling process. Numerical simulation complements the experimen-
tal difficulties. The thermal-mechanical coupling finite element model can accurately calculate
the rock temperature and stress during liquid nitrogen cooling by solving the transient heat
conduction equation and the thermoelasticity equation [9, 11].

In this study, the liquid nitrogen cooling process of high temperature granite is stud-
ied by numerical simulation. The effects of heat transfer coefficient, rock initial temperature,
Young’s modulus, and expansion coefficient on the temperature and cryogenic-induced stress
of granite are investigated. This study will provide the theoretical basis for the application of
liquid nitrogen in reservoir stimulation.

S5 Model description
e, —— The standard specimen subjected to the liquid nitrogen
i il cooling is simplified to a 2-D axisymmetric model with a length
}\/ | of 100 mm and a radius of 25 mm, fig. 1. The initial structural

‘ | displacement and velocity are set as 0. The outside of the model
is the cooling boundary (liquid nitrogen temperature is —196 °C),
| which is applied to the convective heat transfer boundary. The
B | liquid nitrogen’s heat transfer coefficient, model initial tempera-
| | ture, and thermodynamic parameters are shown in tab. 1. The
| COMSOL 5.6 software is used for model solving. The heat con-

duction equation is expressed [12]:
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Figure 1. Model description  where p is the material density, ¢, — the material heat capacity, T
— the temperature, ¢ — the time, £ — the material thermal conduc-
tivity, and Q — the source term.

Table 1. Model parameters

Parameters Value
Heat transfer coefficients of liquid nitrogen [Wm2K™] 100, 500, 1000
Initial temperature [°C] 200, 300, 400
Young’s modulus [GPa] 10, 20, 30
Expansion coefficient [-107¢ K] 8,10, 12
Poisson’s ratio 0.13
Density [kgm™] 2654
Thermal conductivity [Wm'K™'] 2.6 [13]
Heat capacity [Jkg'K™'] 820 [13]
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The thermal-mechanical coupling equations for linear elastic materials are expressed
[12]:

2

ou
p?:VS'FFV
S=C(E,u):g,

e, = %[(Vu)T +(Vu)|-e,

€ =G’T(T_TO)

where u is the displacement tensor, S — the stress tensor, Fy — the volume force tensor, C — the
fourth order constitutive tensor, £ — the Young’s modulus, x4 — the Poisson’s ratio, &, — the
elastic strain tensor, &;, — the thermal strain tensor, &, — the expansion coefficient, and 7; — the
initial temperature.

Effect of heat transfer coefficients

Figure 2 shows the temperatures and maximum principal stresses along A to B af-
ter 60 seconds of liquid nitrogen cooling at various heat transfer coefficients. The tempera-
ture of the model’s exterior in contact with the liquid nitrogen decreases significantly, and the
temperature decrease is more pronounced with elevated heat transfer coefficient. The model’s
exterior exhibits temperature drops from 200-71 °C at 100 W/m?K compared to —147 °C at
1000 W/m?K. This enhancement in cooling rate directly correlates with the heat transfer coeffi-
cient, demonstrating convective heat transfer’s dominant role in cryogenic shock severity. The
higher heat transfer coefficient enhances the cooling efficiency of liquid nitrogen, leading to
a more rapid temperature change at the model’s

exterior under the same cooling time. Also due g ?ZZ A h=100, ,-—-"*':::'::;;;_ :Z 5
to the enhanced cooling efficiency, the tempera- ¢ ool ‘%ﬁ{,"" 500 ’,,;jf il 2
ture difference between the interior and exterior & BT W, A =00 1% ¢
of the model becomes larger correspondingly. £ *°[ " .._",ﬁ;;}/’A 1710 «—E_
The model is under tension on the exterior and ¥ Of .,/"',"""t.,.___ {0 8
compression on the interior, and the outer tensile sop A i .;;;;"“'“““'_ 10 g
stress increases with the elevated heat transfer 100 a22se00ee g
coefficient while the inner compressive stress _150 'f’Stress:l—'— h=100 —e— h-500 —i— nzto00 | 2 g

increases accordingly. A higher heat transfer o < 0 15 20 o5

coefficient leads to faster temperature change
inside the model during the cooling process,
resulting in a larger temperature gradient and
more severe cryogenic-induced stress genera-

Distance from A [mm]
Figure 2. Temperatures and maximum
principal stresses along A to B after
60 seconds of liquid nitrogen cooling
at various heat transfer coefficients

tion in constrained contraction scenarios.

Figure 3 presents the maximum principal stress distributions during liquid nitrogen
cooling at various heat transfer coefficients. During the cooling of the liquid nitrogen in contact
with the model’s exterior, the maximum value of tensile stress occurs at the exterior surface
of the model. As the cooling time increases, the tensile region gradually extends towards the
interior of the model. As the model heat transfer coefficient increases, the tensile stress as well
as the tensile stress region increases for the same cooling time. This phenomenon arises from
Fourier’s law-driven temperature gradient intensification within the model, which in turn raises
the cryogenic-induced stresses. Experimentally measured tensile strength of granite is approx-
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imately 8 MPa [8], the region where the tensile stress exceeds 8 MPa from the exterior to the
interior of the model increases accordingly as the heat transfer coefficient increases, indicating
an increase in the cryogenic-induced damage depth. The aforementioned results suggest that
the cryogenic-induced stresses during the cooling process are sufficient to damage the rock and
that the elevated heat transfer coefficient has a significant effect on the stress magnitude and

damage area.
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Figure 3. Maximum principal stress distributions
during liquid nitrogen cooling at various heat transfer coefficients
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Figure 4. Temperatures and maximum
principal stresses along A to B after

60 seconds of liquid nitrogen cooling
at various granite temperatures
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Effect of model initial temperatures

Figure 4 shows the temperatures and
maximum principal stresses along A to B after
60 seconds of liquid nitrogen cooling at various
model initial temperatures. As the model’s ini-
tial temperature increases, the temperature of
the exterior decreases more significantly and
the temperature difference between the exterior
and the interior becomes larger under the same
cooling time, which is because the temperature
difference between the model and the liquid ni-
trogen becomes larger as the initial temperature
increases and the heat transfer efficiency of the
cooling process is increased. The model is under
tensile stress on the exterior and compressive
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stress on the interior. As the model initial temperature increases, the stresses in both the ten-
sile and compressive zones increase accordingly, which is attributed to the fact that the initial
temperature enhances the cooling efficiency, and the magnitude and gradient of temperature
change within the model become larger, increasing the constrained deformation and therefore,
increasing cryogenic-induced stresses.

Figure 5 presents the maximum principal stress distributions during liquid nitrogen
cooling at various granite temperatures. The tensile region on the model’s exterior gradually
extends into the interior with cooling time. The exterior tensile stresses escalate significantly
with increasing initial temperatures, reaching 16.1 MPa at 200 °C compared to 24.3 MPa at
400 °C at 60 seconds, which is attributed to the enhanced temperature difference between the
liquid nitrogen and model. The tensile stress region and the tensile damage zone (>8 MPa) are
enlarged with elevated initial temperature. The enhanced temperature difference between liquid
nitrogen and the model raises the temperature gradient within the model driven by Fourier’s
law, inducing greater thermal strain incompatibility. Thus the tensile stress field exhibits both
magnitude amplification and spatial extension. These results suggest that liquid nitrogen has the
potential to be used for high temperature reservoir stimulation.
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Figure 5. Maximum principal stress distributions during
liquid nitrogen cooling at various granite temperatures

Effect of Young’s modulus and expansion coefficients

Figure 6 shows the temperatures and maximum principal stresses along A to B after
60 seconds of liquid nitrogen cooling for various Young’s modulus and expansion coefficients.
The temperature change within the model during cooling is independent of Young’s modu-
lus and expansion coefficients. The cryogenic-induced stresses are affected by Young’s mod-
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ulus and expansion coefficients. For models with different Young’s modulus and expansion
coefficients, the models are also subjected to external tensile and internal compression due to
the same temperature change during the cooling process. Under different Young’s modulus,
the model deformation is invariable, and the cryogenic-induced stress increases with a higher
Young’s modulus, fig. 6(a). This phenomenon correlates directly with Hooke’s law governing
thermal stress formation (e.g. if the material is subjected to a uniform temperature change and
is completely constrained, the thermal stress is o = Ea. AT), where enhanced modulus amplifies
stress development under identical thermal contraction constraints. Thus both tensile and com-
pressive stresses are positively correlated with Young’s modulus. Under different expansion
coefficients, the cryogenic-induced stress increases with a higher expansion coefficient, fig.
6(b), which is attributed to that a high expansion coefficient enhances the thermal strains as well
as the thermal strain incompatibility.
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Figure 6. Temperatures and maximum principal stresses along A to B
after 60 seconds of liquid nitrogen cooling for various;
(a) Young’s modulus and (b) expansion coefficients

Figure 7 presents the maximum principal stress distributions during liquid nitrogen
cooling for various Young’s modulus. The maximum tensile stress manifests at the exterior
of the model across all Young’s modulus conditions, aligning with fundamental principles of
thermal stress generation in constrained contraction scenarios. The tensile region gradually
develops towards the model’s interior with cooling time. At the same cooling time, the outer
tensile stress as well as the stress difference between the interior and exterior are enhanced with
Young’s modulus. In addition, the tensile damage zone (=8 MPa) is also enlarged gradually
with increasing Young’s modulus. Due to the same deformation caused by the same temperature
change, higher modulus materials exhibit amplified stress magnitudes due to their enhanced re-
sistance to elastic deformation under equivalent thermal strain conditions, thus increasing the
range of the tensile damage zone. Figure 8 presents the maximum principal stress distributions
under various expansion coefficients. Under the same temperature difference within the model,
the high expansion coefficients enhance the constrained thermal deformation, thus elevating the
tensile stress and tensile damage zone.

Conclusion

Numerical simulations of the liquid nitrogen cooling process for standard specimens
under different parameters are carried out. It can be concluded that a higher heat transfer co-
efficient and model initial temperature enhance the heat transfer efficiency of the cooling pro-
cess, thus resulting in more severe cryogenic-induced stresses. Young’s modulus and expansion
coefficient are independent of the temperature distribution during the cooling process. Higher
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Figure 7. Maximum principal stress distributions during liquid
nitrogen cooling for various Young’s modulus
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nitrogen cooling for various expansion coefficients
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Young’s modulus amplifies stress under identical thermal contraction constraints. Higher ex-
pansion coefficients enhance the thermal strains and thermal strain incompatibility, thus elevat-
ing the cryogenic-induced stresses.
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